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ABSTRACT

THE DIURNAL VARIATION OF THRESHOLD SKIN SENSATION

Jean Mooney 

Submission for the Degree of Doctor of Philosophy 

Spring 1999

Circadian (24 hour) rhythms are the manifestation of the output of the hypothalamic, thalamic 

and neuroendocrine structures, which are driven by the central pacemaker or ‘clock’ and cause a 

diurnal variation in the levels of activity of body systems. This research was carried out to 

explore skin sensory thresholds in relation to time of day.

Sensory thresholds of skin were assessed in the morning (~09:00 hours) and late afternoon 

(-17:00 hours) in normal human subjects, using subjects as their own controls. Touch-pressure 

(T-P) thresholds were tested with calibrated aesthesiometry filaments in glabrous and hairy skin 

areas. Pin prick and heat pain thresholds of glabrous skin were also tested, using adapted 

aestheiometry filaments and a small heat probe, respectively. Axillary temperatures were 

recorded. In addition, further T-P and pin prick thresholds tests were made at other times through 

the day / evening. Aesthesiometry tests were made under varying experimental conditions, and 

also in a group of pre-disease subjects (permanent night-shift workers).

A significant, robust pattern of diurnal variation was noted in both T-P and pin prick pain 

thresholds in normal subjects, in all experiments, with — 60% change between morning and late 

afternoon / early evaiing tests, although the magnitude of change was, to some extent, site 

dependent. The observed pattern of change also indicated that both T-P and pin prick thresholds 

follow a circadian rhythm, with maxima (least sensitivity to stimulus) at around 07:00 hours and 

minima (greatest perceived sensation) at around 19:00 hours, i.e. in anti-phase to the rhythm of 

core body terrperature. However, heat pain thresholds did not show diurnal variation, although 

subjects demonstrated reliability of criteria and good discrimination. As diurnal variation in T-P 

thresholds was lost in pre-disease (night-working) subjects, it suggests that T-P threshold 

sensation could be used as a marker of the activity of the circadian timing system. The influence 

of the output of the circadian timing system on the somatosensory system is discussed, and a 

model of the inter-relationship of the two systems is presented.
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1: LITERATURE REVIEW:

INTRODUCTION:

The cycle of light and dark, day and night, caused by the rotation of the earth in relation to the 

sun, has been the most pervasive and recurrent envircaimental stimulus in the evolution of all 

eukaryotic organisms (Moore, 1997). It is only to be expected, therefore that biological 

ibythms, relating to the stimulus of the 24 hour pattem of hght and dark, become apparent in 

physiological variables when these are monitored over time, and the time-series data analysed. 

The rhythms show a spectrum of distinct, and individual, periods (Comehssen and Halberg, 

1994; Reuss, 1996). Short period rhythms (repeat phases; ultradian rhythms) occur in 

hormone secretion patterns, and long period, seasonal rhythms (infradian rhythms) control 

reproduction cycles. But the most easily observed variables show reliable repetition every 24 

hours, in clear relation to the daily light / dark cycle (circadian rhythms [Latin: circa diem 

‘approximately I day’] diumal rhythms) (Ikonomov et al, 1998). It is a new example of a 

regular, daily rhythm, that is the subject of this thesis.

The circadian rhythms that are a cardinal feature of all living organisms (Florez and 

Takahashi, 1995) also govem most aspects of mammalian physiology (Ebling, 1996) (See 

Table 1, below). Daily fluctuations in homeostatic, endocrine, and behavioirral variables 

represent a major strategy of environmental adaptation (Aronson et al, 1993; Turek, 1994; 

Florez and Takahashi, 1995). These rhythms occur not merely as a passive response to the 

cyclical pattem of light and dark, but embody the organism’s ability to keep, and tell, time 

(Aronson et al, 1993). They arise from the interacticai of the activity of an endogenous 

oscillator / s (the ‘clock’) and exogenous ^zeitgebef, or time cues relating to the 24 hour light / 

dark cycle (Ashkenazi et al, 1993). It is the norm that these remain in a 24 hr relatiwship with 

one another, using daylight as the primary zeitgeber. Under normal circumstances, the 

influence of light brings about the organisation of behaviours into periods of rest and activity, 

sleep and waking (Moore, 1997). The entire pattem of temporal organisation is generated and 

co-ordinated by a central circadian neuronal ‘clock’ (the circadian oscillator, or master 

pacemaker). However, the overwhelming influence of the intemal clock mechanism on the 

relationship of circadian ihythms is demonstrated by the maintenance of their relationship in 

subjects living in isolation, under constant illumination, in an environment that is free of time 

cues and without any form of social interaction (Hastings, 1997). But without environmental 

cues, the inherent oscillation of the ‘clock’ (tau; t ) is revealed, and rhythms tend to free run
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with a period of just longer than 24 hours (usually approximately 24.3 hrs) (Ashkenazi et al, 

1993).

The ‘clock’, or master pacemaker mechanism functicms independently of the external 

environmental, yet is responsive to changes in light (Aronson et al, 1993). Its periodicity is re

entrained (reset) on a daily basis by the light / dark cycle, so that circadian ihythms follow the 

exact 24 hr solar day, yet can adapt to respond to the gradual changes of the seasons 

(Waterhouse et al, 1993). The synchronisation to the environmental light / dark cycle is 

brought about by photic cues perceived by the retina. The changes in hght intensity that 

characterise dawn and dusk are particularly influential (Roenneberg and Foster, 1997), as are 

non-photic cues, such as food intake, activity and social interactions -  but to a fer lesser extent 

(Ebling, 1996). The cychcal activity of the intemal ‘clock’ ensures that predictable circadian, 

ihythms occur in a wide range of physiological systems (Table 1) (see Lemmer, 1995 for 

review). So predictable are these ihythms that changes to an expected circadian pattem in a 

body system can indicate impending pathology, or exacerbation of a disease state (Lingens et 

al, 1997; Pons et al, 1996; Lingms et al, 1996). In particular, their almost universal presmce 

suggests that dismption of the normal pattem would have serious consequences for health and 

well being (Turek, 1994).

Circadian rhythmicity in humans is not confined to normal physiological parameters alone. The 

times of onset and symptoms of a range of diseases, such as asthma attacks, coronary 

infarction, angina pectoris, stroke and ventricular tachycardia also follow time pattem. The 

effectiveness of the pharmacological treatment for these and other illnesses also shows a 24-hr 

variation, in both pharmacokinetics, and pharmacodynamics. A circadian variation of 

effectiveness is noted in many dmg regimes, including cardiovascular-active dmgs, anti

asthmatics, anti-cancer dmgs, psychotropics, analgesics, local anaesthetics and antibiotics. The 

principle is becoming increasing utilised in the science of chronopharmacology, in order to 

achieve maximum pharmacological effectiveness and minimisation of unwanted side effects 

from dmgs regimes (see Arendt, 1998a, and Lemmer, 1995, for reviews; also Lemmer, 1996).
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Table 1: Examples of Circadian Rhythms in Physiological Systems (Lemmer, 1995; see 

also: Stoynev et al, 1996; Ebling, 1996; Florez and Takahashi, 1995; Sensi et al, 1993; 

Guyton, 1991; Baumgart, 1991)

Physiological System Variable within System
Cardiovascular system Heart rate; myocardial output; stroke volume; 

blood flow and organ perfusion rates; blood 
pressure; peripheral resistance; blood viscosity; 
clotting mechanisms; levels of circulating red and 
white blood cells and blood platelets;

Endocrine system
(plasma concentration of hormones)

Cortisol; melatonin; growth hormone; insulin 
(and plasma glucose); prolactin; noradrenalin.

Respiratory system Lung Amctions (minute volume, peak flow, 
forced expiratory volume, dynamic compliance);

Hepatic system Liver functions (metabohsm, estimated hepatic 
blood flow, first pass effect)

Renal system Kidnqr function (glomerular filtration, renal 
plasma flow, urine pH, urine volume, electrolyte 
excretion); the renin-angiotensin-aldosterone 
system

Gastrointestinal system Acid secretion in the GIT; ^stric emptying time; 
gut motihty and peristalsis

Metabohc functions Core bocty temperature; Plasma electrolyte levels; 
Protein production; Enzyme activity

However, there is considerable variability within circadian rhythms, with marked differences 

throughout the 24 hours in the phase and peak (acrophase) of effect [see Table 2: acrophase 

times in pain perception thresholds, as example]; see also Comehssen and Halberg, 1994). 

Furthermore, some rhythms (such as behavioural, hormonal and cardiovascular variables) can 

adjust within a few days to an enforced phase change, yet others (such as core body 

temperature, and renal electrolyte secretion ihythms) may take several weeks to re-syndironise 

to a new time pattem. This suggests that there may possibly be more than one central circadian 

‘clock’ in overall control (Ikonomov et al, 1998).

From this brief introduction, it will be appreciated that the circadian timing system is extremely 

complex. As well as the putative secondary central clock (Ikonomov et al, 1998), the molecular 

time-keeping mechanisms through which the system functions are not fully understood, and the 

ways in which these communicate with other parts of the nervous and neuroendocrine systems 

are still the subject of hypothesis (Hastings, 1997a). Yet in spite of these differences and 

complexities, all circadian timing systems show common, interlinked components: these include

• a mechanism of hght detection (the retina in man and mammals),

• inherent, genetically programmed rhythmicity of a central ‘clock’ (primarily the 

hypothalamic suprachiasmatic nuclei, in man and mammals), and
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• rhythmic outputs from the ‘clock’ to neural and neuroendocrine structures which

themselves induce rhythmicity in other variables throughout physiological systems. The 

efferent output of the ‘clock’ is observed, indirectly, as 24 hour fluctuatims of pineal 

melatonin levels, cortisol secretion, and core body temperature, and these are used by 

researchers as markers of the activity of the central pacemaker (Moore, 1997; Reuss,

1996).

Thus the study of the inherent (endogenous) circadian rhythmicity of human subjects requires 

ongoing, long term, 24-hr measurement of the output systems that are reliably and predictably 

influenced by the endogenous ‘clock’. This is achieved by assay of melatonin or cortisol levels 

from blood samples, or from assay of urine or saliva for melatonin metabolites. Alternatively, 

the subject may wear an in-dwelling rectal thermometer for prolonged periods, to record 

changes in core body temperature. But since circadian rhythms are widely demonstrated 

throughout many body systems (see Table 1), it is reasonable to hypothesise that there may be 

other reliable markers of the ‘clock’ which might be accessed and recorded in a less invasive 

manner.

An empirical observation (Mooney, unpublished, 1983) noted that plantar (sole of foot) skin 

sensation thresholds were non-constant in a population of long-stay psychiatric in-patients. 

Sometimes these subjects appeared to be almost insensate, Wiilst at other times they would be 

unable to accept the lightest skin contact, and treatment would have to be timed to take account 

of this variable. It was conjectured that their variation in skin sensitivity might mirror an 

overall alteration in susceptibility to their medication regimes. It was not uncommon for 

patients to take a cocktail of powerful chemicals daily, for several years, to control mood 

swings, maniac and / or depressive illnesses. Many of these drugs have profound side effects on 

the central nervous system vhen taken long term, resulting in severe Parkinsonian-type 

synq)toms, and other dyskinesias. The formative proposal was that a single test to determine 

skin sensation could act as a predictor of the amount of medication needed at that time of day, 

with the result that some of the side effects of high level, long term dosage might be ultimately 

avoided. But there was little in the literature to support such a hypothesis.

The research reported in this thesis was formed from these early thoughts. Normal values of 

skin sensation throughout the day had not, apparently, been determined. A search of the current 

literature failed to identify any reports on changes in sensory thresholds in psychiatric patients, 

but a number of papers described variation in the times of maximal sensitivity, particularly to
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pain in non-psychiatric subjects (See Table 2). A preliminary study, cm a normal 18 years old 

female, tested morning and evening for 8 consecutive days (Mcmney, unpublished, 1986) 

demonstrated that touch-pressure thresholds showed a pattem of diumal variation in plantar 

skin. Thresholds, in that case, were lowest (i.e.: sensation was maximal) at the end of the 

aftemcxm / early evening. The literature identified an amount of detail cm touch-pressure 

thresholds, in normal (that is non-medicated) subjects, but virtually nothing was reported on 

time related changes in tactile skin thresholds.

The research, Wiich this thesis reports, was formed in response to these observaticms:

• the paucity of detail within the hterature cm somatosensaticm, and skin touch-pressure 

thresholds, in particular;

• the inconsistency of time-of-day changes of threshold sensitivity reported in the literature;

• the indication (in the unpublished 1986 study) that there was a time of day effect in skin 

sensaticm

• the difficulty of the assessment of human circadian ihythms in a non-invasive, subject- 

fiiendly manner

It was proposed that a circadian rhythm in threshold skin sensation, if it existed, could serve as 

a single, ncm-invasive and highly acceptable means to indicate the phase of the body ‘clock’. 

There is a body of evidence that demonstrates circadian rhythmicity within the neural domain, 

including the autonomic system (See Labreque and Vanier, 1995 for review; Haggerty et al, 

1993; Montagna et al, 1985; Ferrario et al, 1980), although the timing of maxima and minima 

vary with modality, method and researcher (Table 2). In view of these reports, and the 

ubiquitous nature of circadian ihythms throughout physiology (see Table 1, above), it is 

hypothesised that there is also a circadian ihythm of sensitivity in human skin, with thresholds 

changing consistently, repeatably, and rehably in relation to time of day. The research 

presented in this thesis was carried out to determine whether a reliable, circadian, pattem of 

somatosensation could be rehably observed in normal human subjects.



Table 2; TIMES OF MAXIMAL AND LEAST SENSITIVITY TO PAIN:

AUTHOR STIMULUS / MODE TIME OF GREATEST AND LEAST SENSITIVITY TO PAIN
NIGHT 
(00:00 - 06:00)

MORNING 
(06:00 - 12:00)

AFTERNOON 
(12:00 - 18:00)

EVENING 
(18:00 - 24:00)

Experimentally Induced Pain

Gobel and Westphal, 1987 Mechanical pain Pain thresholds similar at all test times
Gobel and Cordes, 1990 Pressure pain Pain thresholds similar at all test times
Monawetz et ai, 1984 Electrical pain Pain thresholds similar at all test times
Hildebrand! and Pôllman, 1973 Electrical pain Pain least at 06:00
Rogers and Vilkin. 1978 Electrical Pain

Strempel 1977 Electrical Pain Pain greatest at 03:00 Pain least at 11:00
Stacheretal, 1982 Heat pain Pain thresholds similar at all test times
Strian. et al. 1989 Heat pain (to the foot) Pain thresholds similar at all test times
Bragin and Durinyan. 1983 Heat

Procacci et al, 1974 Radiant heat Pain least at 18:00 
(M)

Pain least at 22:00 
(F)

Hummel et al. 1995 CO2 to nasal mucous membrane f a & n ^ e # # a t  02 00
Kobal et al, 1991 CO2 to nasal mucous membrane # # m a # 0 2 #

and
Bourdallé-Badie et al. 1989 Nociception reflex f%siestaiÔI:ÔOl Slowest around 12:00
Sandrini et al, 1986 Flexion reflex Maximum responsé'  ̂

m O O -l3X )O r '
Least response 
20:00 -23:00
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Table 2: Continued

AUTHOR STIMULUS / MODE TIME OF GREATEST AND LEAST SENSITIVITY TO PAIN
NIGHT 
(00:00 - 06:00)

MORNING 
(06:00 - 12:00)

AFTERNOON 
(12:00 - 18:00)

EVENING 
(18:00 - 24:00)

Pathological Pain

Anke et al, 1995 Trauma Pain least, up to noon
Bellamy et al, 1990 Osteoarthritis

Labreque et al, 1995 Osteoarthritis
Labreque et al, 1995 Rheumatoid arthritis II
Harkness andGijsbers. 1989 Pain of childbirth Pain least « 1 IS Pain least
Machalek and Tilscher, 1983 Chronic back pain fj Pain least in the 

forenoon
Pednault and Parent, 1993 Chronic back pain Pain least at 08:00
Pownall and Pickvance, 1986 Chronic back pain

Uiniiiiiii
Minoli et al, 1991 Bilary pain
Rigas et al 1990 Bilary pain

2 3 , « U ^ 0 e ^ iHiBB
Pôllman, 1981, 1984 Tooth pain P a i» w « s t^ »

night. 'f _08;00 J i i i
Pain least at 15:00 - 
18:00

Sittletal, 1990 Cancer pain mm™™™:
Solomon, 1992 Migraine onset Occurs least at 00:00
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2: CIRCADIAN RHYTHMS AND CIRCADIAN RHYTHMICITY 

2: 1 BIOLOGICAL RHYTHMS

The science of chronobiology evolved during the latter half of the 20th century, in response to 

the observation that the functional oulput of any biological systems is not constant, and shows 

time-related variation, (see Lavie, 1980, Rusak and Zucker, 1979 for reviews). The concept of 

regular, rhythmical, and predictable time-dependent system changes were not routinely 

considered within the design of experiments until about 50 years ago. Prior to then, 

physiologists had recognised homeostasis as the primary controlling mechanism within an 

organism, and fluctuations within physiological systems throughout the day, as a norm, were 

largely ignored. Since those early days, the principles of chronobiology have established 

circadian rhythmicity in most body systems, in the exacerbation of disease states, and in their 

amelioration by medication regimes, with some degree of certainty (Smolensky et al, 1988).

In the latter half of the 20* Century, a body of research has been published on the precise, 

autonomous, and temporal parameters that are noted in both animal and plant physiology 

(Smolensky et al, 1988). These rhythmical variations may be described as either infradian or 

clock functions:

• infradian (reactive) ihythms are observed in signal transmission (such as action potentials, 

pulsatile hormone release, intracellular calcium waves), and punning mechanisms (heart 

beat, breathing, peristalsis)

• ‘clock’ (cyclical) functions repeat to a regular daily, monthly or yearly cycle (for example: 

circadian, ultradian, lunar and annual rhythms) (Reusing, 1997).

The most obvious amongst ‘clock’ functions are circadian rhythms, which are widely 

recognised as regular, predictable variations within system functions, linked to the light / dark 

cycle of the 24 hour solar day. The principle feature of circadian rhythms is ‘diumal 

variation’, that is predictable differences of activity pattem, between day and night, light and 

dark (Wetterberg, 1994; Yu and Reiter, 1992; Rosbash and Hall, 1989; Takahashi and Zatz, 

1982).

Chronobiological rhythms have common characteristics. These are summarised in Diagram 1.

• frequency (the number of oscillations per unit time)

• period (the time between the same points of two oscillations)

• amplitude (maximal excursions of the oscillatory variable from the zero, or the mean, 

value)
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Diagram 1: Descriptors of Circadian Rhythms
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• phase (the temporal position of a certain event within a period, or with respect to temporal 

cues)

• level (the value of the oscillating variable, with respect to zero) (Rensing, 1997)

2.2: THE CIRCADIAN TIMING SYSTEM

Although it is likely that all cells have some individual capability to express spontaneous 

rhythms (Kondo et al, 1994), specialised structures have evolved in vertebrates that operate as 

circadian ‘clocks’, to generate a representation of the period of the 24 solar day within the 

animal. The ‘clocks’ function as self-sustaining oscillators or pacemakers (Miller et al, 1996). 

Their prime function is to regulate and integrate the phases at which biological events occur, 

either in relation to specific features of the 24 hour environmental cycle, or in relation to 

periodic events within the organism, independent of the normal variations that occur within 

physiological functions (Hastings, 1997). The pacemaker normally follows the periodicity of 

the light /  dark cycle, but, in the absence of light cues, will continue to oscillate, that is to 

‘free run’, at its inherent period that approximates to the 24 hour day.

The circadian timing system (CTS) is made up of a network of specialised neural tissues that 

generate the basic circadian rhythm. These systems provide not only temporal organisation to 

behaviours, but also integrate the wide range of physiological and endocrine functions that 

form the critical substrate of behaviours that link to the light - dark pattern (see Moore, 1997a, 

for review; Roenneberg and Foster, 1997). Through a complex system involving 

photoreceptors, the pacemaker, and effector cells (see below), diurnal and / or circadian 

rhythms are induced in most physiological systems. The rhythms allow, and programme, man 

to function, predominantly as a diurnal animal. The suprachiasmatic nuclei of the 

hypothalamus are the principal ‘clock’ or pacemaker, in mammals, including man (see 

below). But there are also robust photoreceptive circadian rhythms noted within the 

mammalian eye (Hastings, 1997; Tosini and Menaker, 1996; Reuss, 1996; Reme et al, 1991).

The CTS has four principal components: the photoreceptive mechanism / entrainment 

pathway, the central circadian pacemaker, or ‘clock’, the efferent pathways from the 

pacemaker to neural and neuroendocrine structures, and non-‘clock’ factors that are involved 

in the generation of circadian ihythms (see Moore, 1997a, and Miller et al, 1996 for reviews, 

and individual references) (Diagram 2):
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Diagram 2: Components of the Circadian Timing System

1: Photoreceptive mechanisms
2: The central circadian pacemaker (the SCN)
3: Efferent pathways to neuro-endocrine structures 
4: Non-clock zeitgeber

R ETIN A

Zedtg*«
(tod other o a n ^  P*cemaken7)
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• photoreceptors and entrainment pathways provide and transduce photic information to the 

central pacemakers (see below). In man, these are the retinal photoreceptors and the retinal 

ganglion cells that are the origin of the retino-hjpothalamic tract (RHT). They provide the 

entrainment mechanism that daily resets the inherent / endogenous 24.3 hr periodic 

rhythmicity of the SCN ‘clock’ to the exact 24 hour light / dark cycle of the solar day. The 

majority of this function is carried out via the RHT, but the lateral geniculate nuclei of the 

thalamus (LGN) also receive RHT input, and make input through their projection 

(geniculohypothalamic tract - GHT) to the SCN. There is a third, but indirect, visual input 

to the SCN (in addition to the RHT and GHT), from the raphe nuclei, projecting to the 

same SCN area as the termination of the GHT fibres (Reuss, 1996)

• central circadian pacemaker structures: in man, the suprachiasmatic nuclei (SCN) of the 

hypothalamus of the diencephalon act as the central oscillator, or master pacemaker - the 

biological ‘clock’. They form a pair of discrete groups of neurones (nuclei) that are located 

within the ventral area of the hypothalamus, and show regular ~ 24 hr periods of electrical 

and genetic activity / inactivity (see below)

• efferent pathwavs couple the master pacemaker with the effector systems that are under its 

circadian control. These comprise a series of projections to hypothalamic and thalamic 

nuclei (Moore, 1995), with additional limited projections to the basal forebrain, and 

periaqueductal gray. The major SCN projections are to areas that themselves receive direct 

retinal input, and project reciprocally to the SCN - areas such as the intergeniculate leaflet 

(IGL), the retrochiasmatic area, subparaventricular zone (SubPVZ) and the paraventricular 

nuclei (hPVN and tPVN -  see below). Thus these projections create a widely disseminated 

set of pathways innervating brain areas which themselves express circadian rhythmicity 

(Moore, 1995).

• There is evidence that suggests that the CTS includes structures outwith the SCN that 

generate endogenous circadian rhythms. For exan^le timed restriction of feeding of 

laboratory animals acts as a non-photic zeitgeber, which suggests that there may be a 

separate, and independent, fbod-entrainable oscillator (Turek, 1994). It is also speculated 

that ‘slave’ oscillators may exist, which are under the control of the central pacemaker, 

and are synchronised by the pineal hormone, melatonin, though these cannot be classified 

as true pacemakers (Armstrong, 1989). It is also well accepted that the extra- 

suprachiasmatic generation of circadian rhythms occurs in the mammalian retina (see 

Reuss, 1996). Although efferent pathways from the SCN are neuronal, there is a 

suggestion that humoral effects (see below) may also be of some significance in the 

maintenance of circadian rfiythms (see Miller et al, 1996, for review; Oren, 1996). But the 

non-SCN pacemakers are relatively insignificant in comparison to the ‘master’ circadian
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pacemaker of the SCN, v^ich is primarily responsible for the oscillatory activity that 

results in the expression of circadian rhythms in body temperature, locomotor activity, 

sleep, oxygen utilisation, water and food intake, adrenal corticosterone content, pineal 

melatonin synthesis and receptor densities (see Reuss, 1996 for review)

The true effect of the activity of the CTS, reflected in the neural activities it controls, can be 

observed in animals, or humans, in free run (see Diagram 3). In that state,, but the true period 

(tau - x) of the inherent rhythm of the CTS will be seen, usually as a daily, and incremental, 

delay in the time of onset of the variable. Under normal light / dark, sleep / wake conditions, 

the pattern of a circadian rhythm will reflect two influential components:

• the endogenous component  ̂that is due to, and reflects, the activity of the central ‘clock’, 

entrained to the 24 hour day

• the exogenous component that reflects the effect of changes in all aspects of the 

environment, or the effects of the sleep / wake / activity cycle, on the endogenous pattern. 

The effects, due to exogenous factors, on the dynamics of the circadian system, is termed 

‘masking’, which usually exerts a danq)ening effect on the amplitude of the variable 

(Waterhouse et al, 1993).

In terms of pure research, the magnitude of the endogenous rhythm is of the prime interest 

(Waterhouse et al, 1993). Methods have been devised to estimate the true magnitude of the 

endogenous con^onent of a circadian rhythm. These include the application of specific, 

mathematical data-purifrcation techniques to the clinically derived data (Folkard et al, 1991; 

Minors and Waterhouse, 1991), or carrying out protracted, longitudinal studies (Lewy and 

Sack, 1989; Minors and Waterhouse, 1984). But the magnitude of any circadian rhythm 

measured in the clinical situation is always an amalgam of the true dimension of the 

endogenous rhythms, overlain by the regulating effects of zeitgeber entrainment, masked by 

environmental and social fectors.

2.2.1 Photoreceptors and Entrainment Pathwavs

The period of the solar day is characterised by alternating cycles of light and dark, and the 

majority of life systems have evolved systems that detect these changes. In mammals, and 

man, the retina of the eye fulfils this function, with the amount and type of environmental 

light that reaches the retina having a profound influence on the ouQ)ut of the circadian 

pacemaker.



30

DIAGRAM 3: Free-running Rhythm of a Young Female Subject Kept in Temporal 
Isolation for 1 Month (Tau = 24.3 hrs) (taken from Moore, 1997a)

• Waking (Closed Bars)
• Sleep (Open Bars)
• Highest Temperature (Up Carats)
• Lowest Temperature (Down Carats)

(hours)
12 24 12 24

I
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Within the retinal visual system, there are two distinct processes which subserve received 

hght (Foster, 1998):

• The most obvious is the image-forming detection system through which the subject gains a 

sophisticated, three-dimensional visual awareness of his environment. To function 

maximally, this system requires long duration exposure to a wide range of wavelengths of 

incident light at the retina

• There is also a less obvious, but evolutionarily older, non-image forming detection system, 

through which the subject marks the pattern of the solar day and the passage of the 

seasons, and programmes (entrains) the body’s response to these changes (i.e.: circadian 

and ukradian biological rhythms). This system detects crepuscular hght at the retina, i.e.: 

the regular e^qjosure to short duration hght of specific wavelength, such as the irradiance 

and intensity of dawn and dusk hght (Roenneberg and Foster, 1997).

These twin retinal pathways are anatomically separate and project to different brain areas.

The neural path for circadian modulation projects to the hypothalamus and that for vision 

projects to the thalamus (Ruberg et al, 1996) (see Table 3). Yet they are functionally linked 

through their mutual projections from the lateral geniculate nuclei (Brainard, Rollag and 

Hanifm, 1997)

Table 3: Functional divisions within the optic system (see Reuss, 1996):

The Visual System The Non-visual system

Projects to lateral geniculate and optic 

tectum, to process spatial images and detect 

motion

Projects to die SCN via the RHT, to analyse 

temporal aspects of light and synchronise 

endogenous ihythms to the light / dark cycle

Strong contralateral predominance (in man) Ipsilateral projection pattern (in man). The 

RHT projects to the ventrolateral SCN

The extent of optic fibre decussation at the 

optic chiasm is inversely related to the degree 

of frontal orientation of the optical axes of 

the eyes

The extent of optic fibre decussation at the 

optic chiasm is not inversely related to the 

degree of frontal orientation of the optical 

axes of the eyes

The optic tract shows retinotopy The RHT lacks retinotopy

As this research e^qilores the effects of circadian rhythms within somatosensation, the non

visual retinal pathways and the entraining effects of light on these pathways, will be 

emphasised within this review.
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Within the retina there is a distinct sub set of retinal ganglion cells (RGCs) (1% of the total) 

(Perry, 1979) which have a diffuse distribution over the entire retina (Foster et al, 1993; 

Johnson, Moore and Morin, 1988). They connect distally to retinal cone bipolar cells and 

cone photoreceptors (Moore et al, 1995). Their axons project centrally, as the 

retinohypothalamic tract (RHT) to those areas of the CNS which are involved in the initiation 

and perpetuation of endogenous circadian ihythms (Card et al, 1991). Photic activity at the 

retina is thus transmitted to the SCN, with the result that SCN ouQ)ut is maintained within the 

24 hour day, yet can adapt to the alteration day length that characterises the passage of the 

seasons (see Moore, 1995 for review).

The ganghon cell axons that form the RHT project through the optic nerve into the optic 

chiasm, where 2/3 decussate to the contralateral, and 1/3 project to the ipsilateral, 

suprachiasmatic nuclei of the hypothalamus (Johnson, Morin and Moore, 1988; Sefton and 

Dreher, 1995). The majority of RHT axons project to the ventrolateral areas of the SCN 

(Levine and de Simone, 1991), although a smaller projection reaches the dorsomedial SCN. 

(Miller et al, 1996). Collateral RHT axons also project to innervate the intergeniculate leaflet 

(IGL) of the lateral geniculate complex of the thalamus (Moore and Card, 1984) which itself 

projects back to the SCN (Moore and Card, 1994) (Diagram 4).

Despite the pre-eminence of light as the synchroniser of the circadian timing system, the 

actual phototransductive machinery of mammals remains largely unidentified. However, it 

has been demonstrated that the cone pigments which mediate colour vision can also mediate 

circadian vision (Zeiter et al, 1997). The ganglion cells that project in the RHT appear to be 

particularly responsive to light in the green area of the spectrum: ~ 511 nm wavelength 

(Ruberg et al, 1996; Takahashi et al, 1984), such as the light intensity that occurs at dawn and 

dusk (Roenneberg and Foster, 1997; Meijer et al, 1986). This is why the phase shifting effects 

of light-induced SCN activity is maximal during the dawn and dusk portions of the phase 

response curve (see diagram 8, below).

The process of photo-entrainment, initiated within the retina, is absent in animals without 

eyes, yet persists in animals that have eyes in which the rods and cones are non-ftmctional 

(Foster et al, 1991). Yet some retinally blind subjects, with no conscious light perception 

(NCLP) will demonstrate normally entrained circadian ihythms (Czeisler et al, 1995), as do 

subjects with red (protanopia) and green (deuteranopia) colour blindness (Ruberg et al, 1996). 

This apparent paradox implies that there may be a novel system that mediates the entrainment
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Diagram 4: Retinal Projections to Central Structures

Optic T e d n  
U G e n i d a l e M i
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of the endogenous circadian rhythm to the 24-hour day (Ruberg et al, 1996). This may 

involve a subset of, as yet undefined, retinal photoreceptors, or a novel photopigment, either 

or both of which could subserve photo-entrainment (Foster, 1998).

2.2.2: The Central Circadian Pacemaker: The Suprachiasmatic Nuclei of the Hvpothalamus

The suprachiasmatic nuclei (SCN), in both man and mammals (Moore, 1992; Mai, et al 1991; 

Cassone et al, 1988) are small, paired, ovoid neuronal masses within the ventral area of the 

hypothalamic division of the diencephalon. Each nucleus contains approximately 8 - 10,000 

neurones, and lies to either side of the base of the III ventricle, immediately superior to the 

optic chiasm (Diagram 5) (van den Pol, 1991a). The SCN drive overt circadian ihythms, and 

the 24 hour patterns observed in physiological systems and behaviours are mirrored perfectly 

by their spontaneous cycle of neuroactivity (Hastings, 1997a). Much of the research into the 

function of this area of the brain has been carried out using the hamster model, but 

comparable cellular topography and phenotypes are seen in human SCN (Moore, 1992; Mai 

etal, 1991).

The SCN show characteristics that allow them to be designated as the endogenous pacemaker 

(see below) (Welsh et al 1995; Ding et al 1994; Watanabe, et al 1993), and they are the only 

circadian pacemakers identified in the mammalian brain, to date (Hastings, 1997). Individual 

neurones within the SCN can each, individually, act as an oscillator (Welsh et al, 1995), and 

appear to be coupled within each nucleus to form a network that functions as a circadian 

pacemaker or the biological ‘clock’ (Hastings, 1997; Hastings, 1997a; Ikonomov et al, 1994; 

Moore and Bernstein, 1989). The SCN do not require functionally intact optic tracts for 

normal, circadian rhythms to be maintained in all cases (Watanabe, et al 1993; Ding et al 

1994; Welsh et al 1995), and it is thought that the SCN may not be the only central circadian 

oscillator (Hastings, 1997a).

The SCN have two functional subdivisions: The ventro-lateral area, which receives the major 

retinal (RHT) input (see below) and the dorso-medial area Wiich receives only a sparse 

retinal input (Moore, 1992; Mai et al, 1991; (Zassone, et al, 1988). It is not certain exactly 

which conçonents of the SCN generate the circadian (pacemaker) signal, but activity of the 

vasoactive intestinal polypeptide (VIP) neurones in the ventro-lateral area, arginine 

vasopressin (AVP) cells in the dorso-medial area, and local astrocytes is implicated (see 

Hastings, 1997 for review). A distinct subpopulation of VIP cells, which are reactive to nitric 

oxide synthetase (NOS) have been identified in the rostral half of the ventrolateral division of
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DIAGRAM 5: THE MAJOR HYPOTHALAMIC NUCLEI
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Nuclei of the supra-optic region are shaded blue, and include the suprachiasmatic nucleus (SCN) 
and the paraventricular nucleus (hPVN)
Nuclei of the middle (tuberal) region are shaded yellow 
Nuclei of the caudal (mammillary ) region are shaded red.
The pre-optic area is shaded gray, and lies rostral to the supra-optic region

(from Parent. 1996)
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the SCN, and appears to be innervated by the retinohypothalamic tract (RHT) (see review: 

Reuss, 1996). Both the VIP and A VP are co-localised within y-amino butyric acid (GABA)- 

ergic neurones (Moore and Speh, 1993), so that the net output of the SCN is inhibitory 

(Moore, 1996). The inhibitory output of the SCN activity is especially marked during the day, 

or at times of very bright environmental light and low at night or times of darkness. Imposed 

light will produce an increase in their activity at any time (Inouye, 1984; see also Moore, 

1997a, for review).

The SCN are considered to act as the principal mammalian pacemaker because:

• the circadian periodicity of the ihythm of rest / activity and other physiological variables 

in the animal is lost if the SCN are removed or destroyed (Klein et al, 1991)

• transplantation of foetal or perinatal SCN to a SCN-lesioned animal restores circadian 

rhythmicity in the host, but with the period characteristic of the donor animal (Ralph et al, 

1990; Lehman et al, 1987)

• electrical stimulation (Rusak and Groos, 1982), or infusion of a number of 

neuromodulators or agonists in to the SCN (see review: Morin 1991) changes the phase of 

behavioural rhythms

• SCN neurones maintain their 24hr pattern of rhythmicity even when isolated from the rest 

of the brain, in vivo (Meijer and Rietveld, 1989). And circadian rhythmicity is maintained 

in vitro in the SCN slice, or even in SCN cells in culture, due to their inherent oscillatory 

mechanisms (see Miller et al, 1996, for review).

But there is a body of research which suggests that circadian out from the SCN may not be 

solely a neuronal / synaptic phenomenon. A surgically isolated island of SCN (that is, a viable 

section of SCN which has no synaptic contacts with other tissue) introduced to the III 

ventricle of a SCN-lesioned animal, induces its own circadian rhythm in the host. This 

indicates that the rhythm may originate from an endocrine discharge from the transplant into 

the cerebrospinal fluid (CSF) within the III ventricle, as there is no direct synaptic contact 

between the island transplant and the host (Miller et al, 1996). Also, as SCN pacemaker 

function is estabhshed prior to synaptogenesis in the foetus, early ‘clock’ communication 

between cellular components of the foetal SCN must be mediated by non-synaptic 

transmission (Reppert, 1992). Thus there appears to be at least 2 oscillatory ou^ut 

mechanisms for the circadian clock: a primary intra-hypothalamic projection system using 

classical synaptic transmission, and a potentially global system allowing secretion of 

diffusible ouQ)ut transmitters into the CSF or the cerebral vasculature. (Miller et al, 1996).
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Afferent connections to the SCN (Diagram 6):

There are three major inputs to the SCN: the RHT, the GHT and the raphe projection

1 : The SCN form the major site of termination of the retinohypothalamic tract (RHT), The 

RHT is made up of retinal ganglion cell axons, which bifurcate, to project to the ventrolateral 

area of the SCN

2: The other bifurcation from the retinal ganglion cells projects to the intergeniculate leaflet 

(IGL), which is a subdivision of the lateral geniculate nucleus of the thalamus. The IGL 

projects back to the ventrolateral division of the SCN via the GABA-ergic neurones of the 

geniculohypothalamic tract (GHT). The IGL acts the ‘relay station’ of visual processing 

between the retina and the cortex. It is located between the dorsal and ventral parts of the 

lateral geniculate nucleus, and shows reactivity both to NPY and to G ABA (Moore and Card, 

1994). The GHT provides a secondary visual input to the SCN via NPY neurones synapsing 

on the VIP neurones of the ventrolateral area of the SCN. The GHT is assumed to play an 

important role in the generation and maintenance of circadian rfiythmicity, especially the 

adjustment to phase changes in the light / dark cycle (Reuss, 1996). It also appears to 

integrate photic and non-photic information, thereby providing entraining information to the 

pacemaker, to maintain its oscillation to the 24 hour day (Moore, 1996).

3: There is a third visual input to the SCN (in addition to the RHT and GHT), from the dorsal 

and median r^h e  nuclei, through a serotonin-ergic projection to the VIP neurones of the 

ventral area of the caudal SCN area, i.e.: the area where the GHT fibres terminate.

In addition to these neuronal projections, neuropeptides also appear to influence the SCN: 

noradrenaline, originating from neuronal projections from the brainstem, shows a clear 

circadian pattern within the SCN, with a peak in the subjective day. And retinal activity and 

acetylcholine both cause similar excitatory effects at the SCN (see review: Reuss, 1996)

Efferent connections from the SCN:

Efferent connections from the SCN transmit information about pacemaker / rhythmic changes 

to a number of central brain structures. These include diencephalic regions, such as the 

preoptic area, the sub-paraventricular zone (subPVZ) and the retrochiasmatic area of the
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Diagram 6: Direct and Indirect Afferent Connections to the Suprachiasmatic Nuclei 
(SCN) (after Moore, 1997a)
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hypothalamus, the hypothalamic and thalamic paraventricular nuclei (hPVN and tPVN), the 

IGL, the nucleus reuniens of the thalamus, and the basal forebrain (Watts, 1991). In particular 

the tPVN, the sub PVN, the IGL, and the retrochiasmatic area are reciprocally connected to 

the SCN, and are considered to form the circadian pacemaker complex (Moore, 1997) (see 

Diagram 7). These areas (the hypothalamus, the basal forebrain and the thalamus) all have 

widespread secondary projections to areas which are involved in the control of the many 

functions that are regulated by the circadian s>^em (Moore, 1995). The secondary projections 

include relays to the anterior pituitary, and the hypothalamic and brainstem reticular 

formations - i.e.: the regions that regulate the control of autonomic and metabolic activity, 

body temperature, and the temporal organisation of sleep (see Moore, 1997a, for review; 

Vrang et al, 1997). The pineal, in particular, is under direct SCN control, via the SCN efferent 

projections to the paraventricular hypothalamic nucleus ^PVN), medial forebrain bundle, and 

the intermedio-lateral (IML) cell column of the upper thoracic spinal cord pathway (Luiten et 

al, 1985; see Moore, 1997a, for review). The great majority of the efferent SCN neurones are 

GABA-ergic, and thus exert an inhibitory efferent effect in response to afferent light-induced 

stimuh (Morin, 1994). However, VIP and GRP also appear to play a role in the endogenous 

regulation of circadian rfiythmicity in rat and hamster (see review: Moore, 1997a).

Neurochemistrv within the SCN

Neuronal sub-populations within the SCN are identified by their content of neuroactive 

substances. The dorsomedial cells contain arginine-vasopressin (AVP), and the ventrolateral 

cells (the termination of the RHT) are strongly reactive for vasoactive intestinal polypeptide 

(VIP), peptide-histidine-isoleucine (PHI) and to a lesser extent, substance P (SubP). The exact 

nature of the oscillatory neurochemistry of the SCN neurones has yet to be fully decoded, and 

mammalian SCN cells contain numerous other co-localised neuroactive substances (see 

review: Reuss, 1996; Shinohara et al, 1995). Their levels within the SCN show distinct 

dianges in relation to circadian time, or the photoperiod. For example, as AVP levels are high 

during the day, regardless of whether the animal is housed in light / dark (LD), or dark / dark 

(DD). AVP it is thought to be a marker of the endogenous pacemaker. In contrast, ambient 

lighting regulates the activity of VIP neurones, which are the main afferent targets of the RHT 

within the SCN, and therefore they are probably involved in the mediating effect of photic 

information on the circadian pacemaker, although they are also influenced by the ‘clock’ 

mechanism. And as the number of neurones showing immunoreactivky to substance P (SubP) 

decreases during the light phase, it indicates that SCN neurones are responsive to changes in 

the levels of exterior luminance (see review: Reuss, 1996).



DIAGRAM 7: Effector Coupling by SCN Connections (from Moore, 1997a)

The SCN projects to four primary output areas: the tPVN, the SubPVZ, The RCA and the IGL
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Neurotransmitters within the SCN:

The principal excitatory neurotransmitter of the RHT at the SCN appears to be N-acetyl- 

aspartyl-glutamate (NAAG; glutamate). Glutamate is demonstrated in the pre-synaptic 

terminals and N-methyl-D-aspartate (NMDA) receptors at the RHT termini within the SCN in 

response to light stimuli, although it is also produced within the SCN by another unknown 

source (Shirakawa and Moore, 1994; Ding et al, 1994; Moore and Card, 1994). Glutamate, 

co-localised with SubP, increases the electrical activity of SCN neurones, causing same 

effects as photic stimulation to the eyes, or stimulation of the optic nerve. The transmission of 

retinal signals is also mediated by non-NMDA receptors, via nitric oxide (NO) and cyclic 

nucleotides (cGMP) (Reuss, 1996; Ding et al, 1994). Both glutamate and NMD A, induce c- 

fos gene expression (see below) in the SCN under the effects of light. (Ebling, 1996).

Mechanisms of oscillation and entrainment

The true molecular mechanisms of oscillation within the SCN cells, and entrainment and 

communication with other parts of the brain (see for example; Mrosovsky, 1995) is not fully 

understood (Kako et al, 1997; Hastings, 1997a). It is known that ‘clock’ function does not 

rely on synaptic transmission, yet is homogenous throughout the SCN neurones (see review: 

Miller et al, 1996) as all SCN neurones function as circadian oscillators (Welsh et al, 1995). 

But changes in SCN activity in response to light stimuli appear to relate to changes in 

intracellular calcium levels, and activation of calcium dependant intra-cellular pathways 

(Miller et al, 1996). This suggests that there are two important, endogenous, mechanisms in 

the SCN. One system is comprised of autonomous, cellular oscillators. The other is formed by 

the small molecule-based mechanisms, coupling and synchronising the activity of the 

individual oscillators (Kako et al, 1997; Masutani et al, 1994; Glass et al, 1994; Miller, 1994; 

van den Pol et al, 1992).

Circadian Rhythm Generation

The spontaneous activity of the SCN relates to gene expression. It shows a circadian pattern, 

with enhanced activity during daylight. The effect of light, acting via receptor cells, neurones 

and neurotransmitters, on second messengers (such as cyclic nucleotides and calcium ions) 

activates protein kinases, which in turn activate transcription fectors, or degrade ‘clock’ 

proteins to reset the clock. Thus, circadian synchronisation, oscillation and ou^ut are the end 

result of light-related gene expression within the individual SCN neurones (Ikonomov and 

Stoynev, 1994). Gene e?q)ression with the SCN is also dependent on the release of excitatory 

amino acids, whose levels are noted to be higher during daylight -  Wien SCN activity is 

highest (Rea, Michel and Lutton, 1993). Day / night differences in intra-neuronal nucleotides.
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such as cAMP and cGMP are also noted. This indicates that these may function as reciprocal 

messengers, with cAMP inducing SCN inhibition, and cGMP fecilitating SCN neuronal 

activity. There is also a rhythm in the e?q)ression of immediate early genes (lEG), such as 

Fos, within the SCN, in a manner that indicates that lEGs may be involved as molecular 

signals in mammalian time keeping mechanisms. In the hamster, light during the dark phase 

induces expression of Fos amongst a discrete population of cells in the SCN. But as predicted 

by the light phase response curve (see below), light will only stimulate Fos e?q)ression when 

it is administered at those circadian times which cause a phase shift (i.e.: dawn and dusk) 

(please refer to Rensing, 1997; see also review: Reuss, 1996; Rea, Michel and Lutton, 1993).

2.3: ZEITGEBER

The daily resetting of the natural period of the biological ‘clock’ ( ~24.3hrs) to the 24 hrs of 

the solar day is brought about by the effects of regular and systematic variations of 

‘zeitgeber’. Zeitgeber are exogenous and environmental cues to the SCN pacemaker, and 

include the changes in the length of daylight hours with the passage of the seasons, and the 

changes in the nature, quality and intensity of light at twihght (dawn and dusk) (Roenneberg 

and Foster, 1997).

Lisht: the principal zeitgeber

Bright light (>  1,500 lux) is the most potent zeitgeber of circadian rhythms. It establishes the 

period and phase of the CNS (circadian) pacemaker, and alters and adjusts its function in a 

time dependent manner (Moore, 1997a). This can be demonstrated by delivering pulses of 

light to animals maintained in total darkness, i.e.: at < 8 lux (Middleton et al, 1996). The 

timing of the internal ‘clock’ adjusts at the next cycle, and the onset / offset of physical and 

physiological behaviours will be seen to have changed (phase shifted) to reflect the timing of 

the administered light (Middleton et al, 1996; Czeisler, 1995. See Diagram 8). It is suggested 

that humans require 3 - 6  hours daily of e?q)osure to daylight to entrain the inherent 

oscillatory systems (the SCN) to the 24 hour hght / dark cycle of the solar day (Wever, 1989). 

However, the exact manner by which light synchronises the circadian system is not fully 

understood. It is not known whether the system is reset once, or twice, a day, when light 

intensities reach a critical fluence threshold (discrete entrainment) or whether there is a 

continuous process of modulation throughout the photo period (continuous entrainment) 

(Roenneberg and Foster, 1997).
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Non-Lisht Zeit2eber

Social cues, too, are of significance in the entrainment process, but they are nothing like as 

influential as the primary effect of the light - dark cycle of the solar day on the system 

(Moore, 1997a). Social cues will bring about partial entrainment in free running laboratory 

animals, and in the absence of photic cues, will induce changes in both tau (the period of the 

endogenous pacemaker), and the phase of free-running rhythms (Goel and Lee, 1997). But in 

humans, the influence of social zeitgeber as an entraining force are notable only when the life 

style permits a very limited duration of exposure to daylight (eg: 0.5 -1.5 hours). These 

circumstances occur during the long polar winters, or at high latitudes (Ross et al, 1995; 

Elmore, Betrus and Burr, 1994; Midwinter and Arendt, 1991). In small mammals, time- 

restricted food intake will also act as potent phase shifting agent, advancing melatonin, 

corticosterone, body temperature and activity rhythms and to induce an apparent change in 

the internal synchronisation of the circadian system (Challet et al, 1997).

2 .3 .1: Hie Free Run State

Humans, as other animals, continue to show circadian rhythms when studied in conditions 

that are free of environmental and time cues -  that is in the free running state, without 

zeitgeber. But the circadian period in free run delays to ~ 24.3 hrs, i.e.: to tau (Middleton et 

al, 1996; See Diagram 3), yet the synchrony and relationship between the intrinsic behaviours 

of the rhythms directly influenced by the endogenous circadian pacemaker is maintained. 

Subjects are internally synchronised, although they are externally desynchronised from the 24 

hr day (Czeisler, 1995). However, normal e?q)osure to zeitgeber - especially to the light 

intensity of twilight (Roeimeberg and Foster, 1997) - ensures that subjects are constantly re

entrained to the 24-hr solar day. Thus the internal clock is reset at each cycle to external time, 

and sighted, diumal subjects do not normally live in ‘free run’ (Hastings, 1997).

In the free running state, the endogenous clock defines 2 major phases (subjective night, when 

processes associated with darkness take place, and subjective day, when typical diumal 

activities occur). In prolonged free run, stable circadian rhythms, such as core body 

temperature, cortisol and melatonin secretion, as well as alertness and cognitive performance, 

all continue to oscillate at their normal, near-24 hour ihythm. They show regular fluctuations 

about the mean, and conparable amplitudes and temporal relationships with each another, but 

the subject’s internal time drifts, cumulatively, away from the light / dark cycle of the external 

solar day (Hastings, 1997), by approximately 20 mins, per tau period (Diagram 3).
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2.3.2: The Period of Circadian Rhythms -  Tau ( t)

(Please refer to Roenneberg and Foster, 1997, for review)

The circadian rhythms in physiological and behavioural systems are strongly influenced by 

gradual, or gross, changes in environmental conditions. These influences (zeitgeber) modify 

the genetically controlled, inherent rhythmicity of the activity of the SCN neurones of the 

master ‘clock’, to synchronise external and internal time, and reflect the period of the 24 hour 

day [i.e.: T (the solar day) = x (the period of the central pacemaker)]. Normally, the SCN are 

entrained to the solar cycle by the regular changes in the intensity of daylight at the retina 

(Moore, 1995). This is achieved through resetting mechanisms that induce a change of the 

‘clock’ rhythm, by phase advance or phase delay, to correct for the differences between the 

periods of the external and internal environments. This allows the subject to make continuous 

adaptation to reflect the daily change in ratio of hght : dark.

Light, and most importantly the changes in the qualitv of light at dawn and dusk, is the 

principal environmental resetting signal Under normal conditions, the difference between T 

and X is small (approximately 20 mins), and is corrected during the twilight times: at dawn (x 

> T) by advancing, or at dusk (x < T) by delaying, the phase of circadian rhythmicity 

(Roeimeberg and Foster, 1997).

2.3.3: The Phase Response Curve (Diagram 81

(Please refer to Roenneberg and Foster, 1997, for review; Hastings, 1997)

An essential feature of the resetting mechanism of the ‘clock’ is that phase changes vary 

systematically throughout the endogenous cycle, to maintain a stable internal environment 

that is always in phase with the external day length. This characteristic can be drawn as a 

phase response curve (PRC), i.e.: a graphical representation of the reaction of the pacemaker 

to light pulses. The magnitude and direction of light-induced phase shifts are plotted as a 

function
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DIAGRAM 8: The Phase Response Curve (from Moore, 1997a)

The activi^ (horizontal bars) of animals maintained in constant dark is recorded, with 
light pulses given during or after the period of activity. Once the effects of light are 
determined, the PRC can be drawn.
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the time within the circadian cycle that light pulses were presented (Diagram 8). Light PRCs 

drawn for a wide range of micro-organisms, plants and animals are all remarkably similar, 

and they explain how the animal adapts to the passage of the seasons, marked by the daily 

alteration in day length. From the diagram it can be appreciated that the influence of hght on 

entraining mechanisms is maximal at dawn and dusk (i.e.: at times -06:00 and -18:00, in 

spring and autumn). Light given during the night or in the middle of the day does not induce a 

phase advance or delay. In contrast, in diumal animals, such as man, hght in the early 

morning advances the ‘clock’ and light in the evening delays it. Phase response curves can be 

drawn not only for light, but also dark, and for the markers of the internal clock, including 

core body temperature, endocrine secretions (melatonin, cortisol), and in small mammals, for 

locomotor (wheel running) activity.

Phase shifts, as demonstrated by the timing of the onset and offset of episodes of activity, in 

the animal or cell, are dependent on not only the PRC but also the dose response curve (DRC) 

- that is the intensity and duration of the light exposure. Thus, the resetting response, 

described by the PRC, varies with the DRC. The central pacemaker shows a peak response to 

environmental light of —51 Inm wavelength, and the onset and ofifeet of pacemaker activity 

responds to, and reflects, the changes in day length that mark the passage of the year 

(Roenneberg and Foster, 1997).

2.3.4: Circadian Time

‘Circadian time’ (CT) is the convention which is used to describe the 24 hour period, in 

respect of activity / rest, or waking / sleeping. CT starts at CO, with activity during CO - Cl 2, 

and rest during C12- C24. Under this system, light administered between CT 10 - CT16 

delays the onset of the next rest cycle, and advanced if given between CT18 -CT2. Diagram 8 

illustrates how the circadian system (in humans as well as lower mammals) is most 

responsive, and therefore sensitive, to changes in the intensity of light, rather than the times of 

maximum light or maximum darkness (see reviews: Bjamson, 1995; Van Cauter et al, 1993; 

Minors et al, 1991).

2.3.5: The Genetic Basis of Entrainment

Entrainment of the circadian clock does not require exposure to the full 24hr cycle of light / 

dark. Animals held in constant darkness or dim light can achieve entrainment to the 24 hour 

solar day by a daily exposure to only brief pulses of hght, as each pulse induces a phase shift 

which resets the period of the endogenous clock to exactly 24hrs (Shimomura and Menaker,
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1994). But the magnitude of the phase shift will depend on the circadian time it is delivered, 

and the intensity (flux) of the light pulse (please refer to the PRC above) (Hastings, 1997).

Photic entrainment is a signal transduction process that couples the period of an extra-cellular 

stimulus (light) to the period of a lasting cellular response. It ensures that the inherent 

oscillatory period of the pacemaker is reset to the 24-hour day, through a gene transcription 

process within the SCN. The genetic and molecular basics of biological ‘clocks’ all show 

similarities across the animal and plant kingdoms, suggesting that they all share common 

basic mechanisms (see Rensing, 1997). Insect, fungus and mouse models indicate that the 

endogenous rhythm of the circadian pacemaker (the biological ‘clock’) is generated as an 

auto-regulated negative feedback loop, at the molecular level. mRNA, and its protein, are 

produced as the result of pacemaker gene activity. The produced protein down-regulates, or 

inhibits, its own gene expression (Dunlap, 1998), in direct response to environmental light 

levels (Roenneberg and Foster, 1997; Miller et al, 1996). The basic mechanism is very 

complex, and involves the interaction of nuclear DNA-binding proteins, regulatory DNA 

sequences, and intra-cellular biochemical cascades. These events combine to achieve gene 

expression in the SCN, m response to the intensity of environmental light, under the influence 

of glutamate, which acts as the primary neurotransmitter at the RHT - SCN interfece. (please 

see: Dunlap, 1998, and Miller et al, 1996 for a review of this process; see also Weber,

Gannon, Michel et al, 1995; Weber, Gannon, Rea et al, 1995; Ginty et al, 1993; Takasuji et al, 

1991; Liou et al, 1986). Pulses of light, presented during the dark phase, cause both the 

liberation of glutamate in the RHT terminals of the SCN (see above) and the concomitant 

egression of a number of immediate-early genes (lEGs, such as cfos\ in the SCN (Rea,

1989; Rusak et al, 1990; Ebling etal, 1991; Vindlacheruvu et al, 1992; Komhauser, 1992; 

Rea, Michel and Lutton, 1993; Rea, Buckley and Lutton, 1993). TTiis is not observed, and 

would not be ejqjected - in view of the phase response curve - if light pulses are delivered 

during the subjective day (Grosse et al, 1995). However, the targets of the lEGs are not 

known but are likely to initiate a complex signal transduction cascade within the SCN cells 

(please see Hastings 1997 for review; see also Gekakis et al, 1998; Darlington et al, 1998).

Thus it can be seen that circadian rhythmicity (CR) is not a group of learned behaviours. 

Rather, it involves a large number of genes, the activity of which both determine, and are 

under, circadian control. Even single gene mutations have been demonstrated to have 

profound effects on circadian behaviour (Florez and Takahashi, 1995). Normal animals are 

dominant to the normal 24hr ‘clock’ gene, but single recessive ‘clock’ gene mutations occur 

naturally. The best known example is the tau-mutant of the golden hamster, i-mutant 

hamsters show quite different response to light signals and phases of locomotor activity than
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the wild type (24hr dominant) animal (Rensing, 1997). And there are structural similarities 

between mouse gene, mPer, and the human (hPÆ/?) gene suggesting commonality of function 

(Tei et al, 1997; see also Antoch et al, 1997; King, Vitatema et al, 1997; King, Zhao et al, 

1997).

2.3.6: Extra-Photic Entrainment

The majority of photo-entrainment effects on circadian ihythms occur as the direct result of 

light falling on the retina, with maximal phase shifting effects occurring in response to the 

light intensities of dawn and dusk (Roenneberg and Foster, 1997). But entrainment by non- 

photic synchronisers also occurs, even in the complete absence of light input to the SCN. 

These non-visual factors include entrainment cues such as social zeitgeber, and meal times, 

and some ‘blind’ subjects retain a non-image forming, photoreceptor system that detects 

changes in the overall quality and quantity of light at times of twilight (Czeisler et al, 1995). 

The non-visual element central to photic entrainment appears to be mediated by the retinal 

ganglion cells (RGCs). The responsiveness of this system to crepuscular light is apparently 

independent of rod and cone function, but it is initiated within the eye, as ennucleation blocks 

all circadian responses to light (see, for exanq>le, review: Foster et al, 1991). This retinal 

function may be mediated by a population of as yet unidentified cells. Alternatively, it may be 

due to a novel visual pigment, that reacts particularly to light of wavelength —510 nm, such as 

the VA opsin that has been recently identified in other vertebrates (see reviews: Foster, 1998; 

Roenneberg and Foster, 1997; Foster et al, 1991).

Under conditions of photic entrainment, expression of the immediate-early gene, c-fos, is 

induced within the SCN by retinal illumination via the RHT, at times when the circadian 

system is particularly sensitive to light (dawn and dusk) (Rea, Michel and Lutton, 1993). The 

egression of c-fos expression parallels the strength of the photo-entrainment signal, even in 

retinally degenerate (blinded) mice (Colwell and Foster, 1992), and other blind animals, 

including humans (see Roenneberg and Foster, 1997 for review). In ccmtrast, non-photic 

entrainment appears to be mediated through the projection from the intergeniculate leaflet to 

the SCN (Johnson, Smale, et al, 1988). lEGs are seen to be expressed in the IGL through the 

influence of non^hotic, phase-shifting stimuli phase (see: Mrosovsky, 1995; Moore, 1992; 

Mikkelsen and O’Hare, 1991; Card and Moore, 1991; Mikkelsen, 1990). But it is not yet 

known how the information relating to non-photic entrainment events reaches the IGL 

(Mrosovsky, 1995). Most vertebrate and non-vertebrate species have multiple photoreceptor 

systems through which circadian entrainment can be achieved. As indicated above, the 

photoreceptors responsible for entraining the mammalian biological clock may not be the
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same cells as mediate vision (Foster, et al, 1993), and all vertebrates, including mammals, 

have specialised non-visual photoreceptors that mediate circadian responses to the light /dark 

cycle (Foster et al, 1989). It is unlikely that the non-photic circadian response is mediated 

through the pineal gland as it does not function as an entrainment photoreceptor in man, as 

mammalian pinealocytes do not contain chromophore (eg: 11-cis retinaldehyde) (see for 

example: Foster et al, 1989).

But, the assumption that non-visual photoreceptors reside exclusively within the retina has 

been the subject of some discussion (see: Cançbell and Murphy, 1998; Oren, 1997). An 

extra-retinal pathway for photic entrainment has been proposed, as very bright light dehvered 

to the skin has been shown to induce classical phase advances or delays of core body 

temperature and pineal melatonin secretion, from which a PRC is constructed (Campbell and 

Murphy, 1998). The exact reason for this finding has yet to be determined. As haemoglobin 

and bilirubin are both light sensitive and act as the animal analogues of plant chlorophyll and 

phytochrome, it is suggested that they could, under the influence of very bright hght, act in 

concert with melatonin to shift the phase of the biological clock. This is termed the ‘humoral 

hypothesis’ (Oren, 1996; Oren and Terman, 1998). Although such a hypothesis could e?q)lain 

why normal circadian rhythms persist in blinded animals, it does not explain why the spectral 

curve for photo-entrainment resembles that of a retinal based photopigment (green conopsin, 

wavelength 515 nm) rather than that of a tetrapyrrol protein (haemoglobin). Studies of blind 

subjects also refute the humoral hypothesis, demonstrating, that despite these subjects 

continually living, working, eating and socialising, to the normal diumal 24 hour pattern, their 

circadian rhythms often are not entrained to the 24 hour cycle (Lockley et al, 1997). The 

humoral hypothesis also carmot explain how the largest shifts in the light phase response 

curve are known to occur during the hours of darkness, at times when people are asleep and 

the skin is not exposed to light. Overall, it is thought that non-photic synchronisers play only 

a minor role in the entrainment of the circadian pacemaker (Foster, 1998; Sack et al, 1992).

2.4: MARKERS OF THE ENDOGENOUS PACEMAKER

Circadian rhythms are noted throughout physiology (see Tables 1 and 2), and are particularly 

well marked in the endocrine system, although they may not always be immediately apparent, 

because of the influences of a rhythm hierarchy (El-Hajj Fuleihan et al, 1997; Sensi et al,

1993). Hormonal rhythmicity originates from the hypothalamus, through the secretion of 

releasing hormones (hypothalamic neuropeptides), that are controlled by both homeostatic 

mechanisms, and the influence of the endogenous circadian rhythm of the SCN. However, the
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true output of the biological ‘clock’ of the SCN is seen in the so called ‘stable’ circadian 

rhythms (i.e.: the regular, and predictable 24 hr patterns in core body tenperature, and 

melatonin and cortisol secretion). These are recorded as markers of the circadian ihythmicity 

of the central pacemaker as they are maintained in both the constant environment, and free 

run. They are used in both clinical and field e?q)eriments, to determine and demonstrate phase, 

and change of phase, of the SCN (Arendt, 1995a). Under normal circumstances, the inherent 

rhythms of core body temperature, melatonin and cortisol secretion are mutually ahgned 

(Diagram 9) to facilitate a diurnal lifestyle, i.e.: wakefulness during daylight, and sleep at 

night (Monk, Folkard and Wedderbum, 1996). In contrast, apparently circadian rhythms, such 

as the 24-hr patterns of sleep-wake, blood pressure, heart rate, and skin temperature, are more 

labile. Their rhythmicity reflects the outcome of SCN oscillatory activity, but they are not 

oscillators in themselves. They are the ‘hands of the clock’ and should more correctly be 

described as ‘diurnal rhythms’ (Reusing, 1997). Their diurnal pattern can alter, for example in 

response to inqiosed changes, in posture, activity level, mealtimes, and the rest - activity 

cycle, and the magnitude of the diurnal change tends not to be of significance, when recorded 

under conditions of constant environment (Czeisler, 1995).

2.4.1: Melatonin

Direct activity of the SCN cannot be directly measured in human eîq)eriments. Therefore, 

levels of SCN activity have to be inferred by measuring activity in systems, or organs, that the 

SCN oscillators control. These include the 24 hour pattern of core body temperature (CBT), 

or the circadian rhythms of the circulating levels of neuroendocrine metabolites, such as the 

cyclical production of urinary or salivary 6-sulphatoxymelatonin (aMT6s) (Arendt, 1998; 

Lushington et al, 1996; Bojkowski et al, 1987). Melatonin is synthesised from plasma 

tryptophan primarily within the pineal gland, at night, through a con^lex enzymic process 

which converts it firstly to serotonin, and then to melatonin (Klein et al, 1997; Klein, 1993; 

Stehle et al, 1993). In humans, serum melatonin, and urine concentrations of melatonin
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DIAGRAM 9:
THE PHASE RELATIONSHIP OF CORE BODY TEMPERATURE, PLASMA 
CORTISOL AND PLASMA MELATONIN

Circadian rhythms in rectal temperature (deviation from 24hr mean), plasma cortisol, and 
plasma melatonin from 10 young men (ym) on a normal routing, sleeping at their habitual 
bedtimes. NB: Each point is double plotted. (From Monk, Folkard and Wedderbum, 1996)
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metabolites, increase during the night, responding directly to fluctuations in photoperiod and 

light intensity (see review: Hofinan, Skene and Swaab, 1995). In particular, the rhythmicity of 

melatonin production has been extensively investigated and widely reported (see review: 

Arendt, 1998)

In developmental and evolutionary terms the pineal gland and the eyes show some similarity, 

so that in lower vertebrates the pineal functions as a third eye, with a true photoreceptive 

function (Okano et al 1994; Zatz, 1992; Takahashi et al, 1989). But in higher vertebrates, 

pineal exteroptic sensory function is lost. The gland serves as a secretory organ, releasing the 

hormone melatonin, during darkness, i.e.: during the absence of the inhibitory, light-induced, 

efferent signal from the SCN (Hastings, 1997). The cyclical production and secretion of the 

hormone, melatonin (N-acetyl-5 -methoxytryptamine), encodes photo-periodic information for 

the organisation of circadian and seasonal riiythms (Arendt, 1995a; Hofinan et al, 1995). But 

although pinealectomy, or denervation of the gland in lower vertebrates and mammals 

abolishes seasonal behaviour, the loss of pineal function in humans does not appear to disturb 

circadian rhythms (Arendt, 1997), suggesting that other circadian ‘clock’ mechanisms are also 

of influence.

Melatonin production is under the direct influence of the SCN circadian oscillator (Moore,

1996), and is entrained to the light / dark cycle, through RHT input to the SCN. The rfiythmic 

output from the SCN ‘clock’ causes cyclical bursts of efferent sympathetic activity, leading to 

the production and release of melatonin from the pineal gland (Moore and Speh, 1993). The 

secretory pattern of melatonin shows a true circadian rhythm (Moore, 1996) as it will persists 

in the absence of a light - dark cycle, and other zeitgeber (Arendt et al, 1985a). It is a reliable 

marker of central pacemaker activity, as its amplitude is not readily reduced by changes to the 

normal light / dark cycle (Arendt, 1998), and is only masked minimally by sleep, activity or 

stress (Arendt, 1995a) (Diagram 10). The circadian rhythm of melatonin production (high 

during darkness, low / absent during light) is the same in diurnal and nocturnal animals. Its 

phase of secretion is determined by the exact phase of the environmental light / dark cycle, 

according to a PRC which mirrors the PRC for light (Arendt, 1998; Lewy and Sack, 1996; 

Lewy et a l , 1992; Minors et al, 1991; Armstrong, 1989). In humans, secretion onset begins 

between 19:00 and 23:00 hours, and offset occurs between 06:00 and 10:00 hours, with peak 

levels between 02:00 and 05:00 hours (Reiter, 1991; Bojkowski et al, 1987a). Environmental 

(day) light effectively ‘switches o ff melatonin production at the pineal, so that melatonin is 

only produced by the gland during the hours of darkness when sympathetic activity is high
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DIAGRAM 10:
THE EFFECT OF EXERCISE ON MELATONIN, CORTISOL AND CORE BODY TEMPERTURE

Diagram 12; Mean melatonin, cortisol and core body temperature (CBT). The figure shows transverse mean 
profiles (n=8) of melatonin, cortisol and CBT in baseline conditions of continuous constant routine, a low- 
intensity 3 hour exercise stimulus (23:30 -  02:30 hours) and a high-intensity 1 hour exercise stimulus (00:30 -  
01:30 hours). Black bars represent periods of darkness in which sleep was allowed. Open rectangles represent
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(Cagnacci et al 1997). Thus, light-influenced SCN activity is relayed to the pineal gland 

primarily via a peripheral sympathetic tract in the superior cervical ganglion, although there 

is an element of direct central innervation via projections of the lateral geniculate nucleus 

(Arendt, 1998). In mammals, melatonin is synthesised primarily within the pineal, although 

some is also produced by the retina, and possibly at some other sites (Arendt, 1998).

Melatonin has been credited with a very wide range of effects in humans, from acting as a 

contraceptive (through its stimulation of prolactin, and partial inhibition of 

gonadotrophins), to an onchostatic (Arendt, 1998). It is reputed to hasten re-entrainment 

following eastward (transmeridional) travel across several time zones (Lewy and Sack,

1996), and alteration of its normal circadian patterns of secretion have been reported in 

psychiatric disease and in sudden infant death syndrome (Garcia-Patterson et al, 1996). It 

does not appear to show toxicity in humans, if administered exogenously, even at supra- 

physiological doses (Guardiola-Lemaitre, 1997)

All functions which appear to be directly influenced by day length can be influenced by 

modifying melatonin levels (Steinlechner, 1996). But although it inhibits, and phase shifts, 

SCN neuronal activity ihytiims (Steinlechner, 1996), the release of melatonin occurs as the 

effect of SCN output, not the reverse (see review: Reuss, 1996). The most notable 

abnormalities in human melatonin secretion are observed in blind subjects who have no 

light perception (NLP). Blind subjects produce the same amount of melatonin as sighted 

individuals, even though the majority of the blind subjects are in free run (Lockley et al,

1997). Yet some of these subjects retain the ability to suppress melatonin in response to 

light stimuli (Lockley et al, 1997; Czeisler et al, 1995). The mechanisms by which this is 

achieved are not defined. Humoral influences (see above) are suggested by some 

researchers (Oren and Terman, 1998; Campbell and Murphy, 1998), whilst others indicate 

that the physical presence of eyes (regardless of the paucity of their visual perception 

function) is the influential fector (Lockley et al, 1997). Thus melatonin appears to be 

involved in the control of circadian rhythms in mammals by an as yet not fully known 

mechanism.

Administered melatonin can inhibit SCN metabolic activity in humans (Cassone, 1990), 

induce phase shift (McArthur et al, 1991), and increase the anq)litude of body ten^erature 

rhythm (Samel et al, 1991). It has only weak zeitgeber effects in humans (Middleton et al,

1997), although it can be shown to affect the phase of sleep (Middleton et al 1995), and 

consistently improve subjective sleep, alertness and performance, even in the presence of 

inappropriately timed bright light (Deacon and Arendt, 1996a and b). These observed
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effects are thought to be due to the acute phase adaptation effects of melatonin on body 

temperature in particular (Arendt, 1998), as a suitably timed pharmacological does of 

melatonin (5mg) will increase the rate of re-entrainment of body temperature in subjects in 

environmental isolation (Samel et al, 1991). It principal effect appears to be to shorten tau, 

and emphasise adaptation to phase shift in both sighted (Lewy et al, 1992; Zaidan et al,

1994) and blind subjects (Sack et al, 1991), when administered at the appropriate circadian 

time (Arendt et al, 1997). Overall, it induces a short-lived reinforcement of the physiology 

and behaviours associated with darkness. (Please see also: Liu et al, 1997; Arendt et al, 

1997; Deacon and Arendt, 1995a; Reppert, Godson et al, 1995; Slaugenhaupt et al, 1995; 

Dollins, 1994; Reppert et al, 1994; Weaver et al, 1993; Tzichinsky et al, 1992a; Lewy et al, 

1992; Cagnacci et al, 1992; McArthur et al, 1991; Reppert et al, 1988).

There is a body of evidence indicating that melatonin feeds back to, and influences SCN 

function (Gillette and McArthur, 1996), as there is a clear link between pineal N- 

acetykransferase [NAT] rhythms and the intrinsic rhythmicity of light-induced c-fos gene 

expression with in the SCN (lllnerova and Sumova, 1997). The daily re-entrainment of the 

biological clock (tau ~ 24.3 hrs) to the 24 hour day is achieved through exposure to daylight 

(Minors et al, 1991). The subsequent rise in evening melatonin levels (which is itself 

induced by the decrease in SCN activity) may reinforce this effect, giving a definite 

physiological role for pineal and melatonin in circadian organisation in mammals (Arendt,

1998). The circadian effects of melatonin appear to be mediated by the e?q)ression and 

activity of melatonin receptors in the SCN (please refer to: Reppert et al, 1996; Reppert and 

Weaver, 1995; Reppert, Godson et al, 1995; Slaugenhaupt et al, 1995; Krause and 

Dubocovich, 1990; Reppert et al, 1988), with melatonin appearing to act directly at the 

SCN, to entrain circadian rhythms to the light / dark cycle (Reppert et al, 1994). The density 

of SCN melatonin receptors peaks at the light / dark transition, coinciding with the time of 

the decrease of spontaneous electrical activity at the SCN, and creating a window for 

melatonin effects (see eg: McArthur et al, 1991). Melatonin binding sites have also been 

identified at the synapse of bipolar and ganglion cells in the irmer plexiform layer of the 

mammalian retina (luvone and Gan, 1995), and retinal melatonin, which shows a 24-hr 

rhythmicity, inhibits the release of dopamine to regulate the metabolism and position of 

photoreceptors. This mechanism may modulate visual processing throughout the 24 hrs (see 

review: Reuss, 1996).

In spite of the notable short-term effects of exogenous melatonin, the exact function of 

endogenous melatonin in humans is not immediately obvious, as the sensitive zone of the 

melatonin PRC fells at a time in the circadian day when endogenous melatonin is not
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secreted (McArthur et al, 1991). It is hypothesised that, as it exerts an inhibitory effect on 

SCN neurones, melatonin could help define SCN sensitivity (i.e.: ‘set the gain’) to phase- 

shifting stimuli (Ding et al, 1994). As light causes levels of circulating melatonin to fell 

precipitously (Klein, 1993), hght exposure at night actively potentiates its own 

effectiveness at the SCN, at the time in the circadian cycle when the clock is most 

responsive to the phase shifting effect of light (Liu et al, 1997). But it is difficult to make a 

case for a major role of the pineal or melatonin mammalian circadian control (Arendt,

1998), as the entraining effect of melatonin on the biological clock is very weak, compared 

to that of light (Reppert and Weaver, 1995).

2.4.2: Circadian Variation in Core Bodv Temperature (CBT)

There is a link between the pattern of pineal gland activity, melatonin levels, and the 

regulation of the diurnal ihythm of core body temperature (CBT) (please refer to Diagram 

9, above). Exogenous melatonin always suppresses core body temperature (please refer to 

Cagnacci et al, 1997; Myers, 1995; Strassman et al, 1991; McIntyre et al, 1989). In humans, 

the circadian rhythm of melatonin is strictly associated with the rhythm of CBT, with the 

nocturnal decline in CBT inversely related to, and caused by, the rise in melatonin levels 

(Arendt, 1998). Heat loss occurs as the dependent variable of heat production, with heat 

production being driven by the circadian activity of the SCN and its effects on levels of 

circulating melatonin (Cagnacci et al, 1997). SCN efferents input to the thermoregulatory 

pre-optical areas of the hypothalamus, and melatonin (indirectly) affects their 

thermoregulatory activity through the feedback loop, to modify the metabolic and electrical 

activity of SCN neurones (Cagnacci et al, 1997; Krause and Dubocovich, 1990). The 

nocturnal rise in melatonin both enhances heat loss and reduces heat production through its 

action at the thermoregulatory centres of the hypothalamus, to cause peripheral 

vasodilatation (Cagnacci et al, 1997). It is postulated that almost half of the observed 

amplitude of body temperature ihythm in the non-free running (i.e.: normal) situation is due 

to the effect of the 24 hour pattern of endogenous melatonin levels (Minors et al, 1993; 

Cagnacci et al, 1992).

Body temperature shows a constant increase from the early morning low (at 03:00 - 06:00 

hours), through to the late afternoon. This peak is followed by a steady decrease back to 

minimum (Diagram 9). The unmasked amplitude of body temperature, morning to late 

afternoon is 0.38®C +/- 0.02®C (see, for example, Krauchi and Wirz-Justice, 1994; Cagnacci 

et al, 1992; Brown and Czeisler, 1992). This pattern of change in temperature reflects the 

circadian rhythm of heat production and heat loss, itself the product of hypothalamic
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activity (see above), observed even under constant routine regimes (Krauchi and Wirz- 

Justice, 1994). The evening decline in CBT is not due solely to passive heat loss from 

peripheral tissues. It is actively associated with changes in circulating melatonin levels 

(Cagnacci, 1997; Krauchi et al, 1997c; Krauchi et al, 1997d; Cagnacci, 1996). The fell in 

CBT normally begins approximately 4 -5  hours before onset sleep, in diurnal subjects and 

thus precedes the night-time rise of melatonin (Cagnacci et al, 1992). This timing pattern 

persists in the sleep deprived, in night-workers, and under conditions of constant routine. 

The decline in melatonin levels, that occurs later in the subjective night, is immediately 

followed by the increase in CBT (Cagnacci et al 1997), both in subjects normally entrained 

to the light/ dark period, and also in those subjected to light-induced phase shifts 

(Shanahan, and Czeisler, 1991). This phenomenon persists under conditions of forced 

desynchrony, where the rest / activity cycle lengthens to match the imposed artificial day / 

night cycle (Arendt, 1995). Thus CBT, like melatonin, gives a reliable marker of the 

endogenous rhythm of the master ‘clock’ (Krauchi and Wirz-Justice, 1994; Cagnacci et al, 

1992; Shanahan, and Czeisler, 1991), and is used (Cagnacci et al 1997), in both normal and 

phase shifted subjects (Shanahan, and Czeisler, 1991), to indicate the phase of circulating 

melatonin.

There is a close relationship between the timing of the circadian ihythm of core body 

temperature and the ihythm of sleep propensity (Nakao et al, 1995) and both appear to be 

governed by a common oscillator (Lack and Lushington, 1996). The period of the sleep- 

wake cycle seldom differs from 24 hours (Ashkenazi et al 1993). Activity / rest, and sleep / 

wake, cycles are entrained to the 24 hour light / dark period of the solar cycle (Klein et al,

1991), so that sleep tendency is controlled by SCN activity (Edgar, Mement and Fuller, 

1993), and the thermoregulatory mechanisms of the pre-optic / anterior hypothalamus 

(Nakao et al, 1995). Overall subject performance tends to show positive relationship with 

core body temperature and an inverse relationship with raised levels of melatonin and 

cortisol (Arendt and Deacon, 1997; Monk et al, 1997).

2.4.3: Cortisol

Cortisol, like melatonin, is secreted in a pulsatile manner, but to a different diurnal rhythm. 

The secretion pattern and baseline values of cortisol are high in the early part of the day, 

and low in the later evening (Diagram 9, above). This contrasts with the pattern of 

melatonin release which begins to rise when cortisol levels are at their lowest, peaking 

when cortisol levels begin to rise, and decreasing when cortisol levels peak (Diagram 9, 

above). The hormones appear to be in anti-phase with one another, and the different
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patterns of release suggest that they may be under different controlling mechanisms (Rivest 

et al, 1989)

2.5: INDUCED CHANGES IN CIRCADIAN RHYTHMS:

The phase of circadian rhythms is not fixed, as zeitgeber induce circadian rhythm 

adaptations in response to changes in light e?q)osure (see above). But, internal rhythms will 

be out of phase with the external environment during the adaptation period to the new time 

phase. Subjects tend to complain of poor sleep, reduced alertness and a decrement of 

performance during the adaptation period - they are ‘jet lagged’ (Arendt et al, 1997). The 

desynchrony with solar time is particularly marked in night workers and some blind 

subjects. Night workers have to work when the core body temperature and performance 

rhythms are lowest, and fatigue, sleep propensity and melatonin secretion rhythms are 

maximal (Arendt et al, 1997). And some totally blind subjects free run (Lockley et al,

1997), so that their circadian rhythms are out of phase with the mass of the population the 

majority of the time, synchronising with the norm for only a few days in every 6 -7  week 

period (Lewy and Sack, 1996).

2.5.1: Shiftwork

75% of the working population live a diurnal life style. In contrast the remaining 25% work 

shifts (Maurice, 1981), having to sleep during the hours of daylight, and work during the 

night. The effect of this inversion of the diurnal pattern extracts a toll from night workers. 

They are exposed to altered lighting patterns. Daytime retinal light is absent, when they 

sleep, and they are exposed to domestic levels of light (of approximately 500 lux all night) 

whilst at work. Zeitgeber changes tend to induce phase delays in some, but not all, aspects 

of the circadian timing system (Barnes, et al, 1998; Arendt et al, 1997; Roller et al 1994). 

Most night-workers do not sleep well (Monk et al, 1996; Barak et al, 1995; Czeisler et al, 

1990; Knauth and Rutenfranz, 1976), as they have to sleep during the day, when levels of 

melatonin are low and core body temperature is raised (see below) (Sack, Blood and Lewy,

1992). As a result, circadian ihythm disorders are very common in night woricers (van 

Cauter et al, 1997; Sack et al, 1992; Waldhauser et al, 1986) (Diagram 11). For example, 

both day and night workers have similarly timed peaks and troughs of cortisol production 

(Touitou et al 1990; Sharma et al, 1989; Fibiger et al, 1984), but the peak to trough 

difference of night workers is about only 70% of that of day workers (Touitou et al, 1990).
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And many researchers have reported an increased tendency to, and incidence of, disease in 

night workers (see, for exan^le: Arendt et al, 1997; Knauth, 1997; Shephard and Shek, 1997; 

Vrethem et al, 1997; Hanq>ton et al, 1996; McNamee et al, 1996; Knapper et al, 1995; Paley 

and Tepas, 1994; Rosa and Bonnet, 1993; van Cauter, 1992; Knutsson, 1989).

Night shift working severely disrupts the normal sleep pattern (Monk et al, 1996; Barak et al, 

1995; Czeisler et al, 1990; Knauth and Rutenfranz, 1976), yet it does not really alter the desire 

to go to sleep at night (Âkerstedt, 1991). This mismatch causes nightworkers to report more 

fatigue than day workers do, especially whilst working night shifts (Âkerstedt, 1991), as they 

have to be awake and active at the time of maximal sleep propensity (see, for example, 

Dahlgren, 1981a). Night-workers tend to take unofficial naps during their shifts (Âkerstedt et 

al, 1983), and this, anecdotally, is a well-known practice amongst nurses (Âkerstedt, 1991). It 

may counter the reported tendency for night workers to sleep during the day for only 2/3 of 

the total time that they would normally sleep at night when not working night shifts 

(Âkerstedt, 1991).

Night workers have evolved a set of stratagems that aid coping with having to work when the 

biological clock dictates the need to sleep. Bright environmental light (> 1,000 lux) during the 

night shift is beneficial, raising alertness and improving cognitive performance levels 

(Canq)bell and Dawson, 1990). And if the night worker can be e?q)Osed to bright light at the 

time of the ‘normal’ (diurnal) bedtime, he adapts to night working more readily, with a 

greater degree of synchrony between endogenous circadian rhythms and daytime sleep (Sack 

and Lewy, 1997). The common ploy of drinking strong coffee to stay awake does increase 

night-time wakefulness (Walsh et al, 1995). If the subject takes an afternoon siesta before 

going to work, as well as the strong coffee during the night shift, then cognitive performance 

and alertness levels during the subsequent night shift are further enhanced (Boimet and 

Arand, 1994). And 5mg melatonin taken at the desired bedtime often improves sleep 

problems in night shift workers, and increases alertness during the very early morning 

(Folkard, Arendt, Clark 1993).

2.6: SUMMARY:

Circadian ihythms are a cardinal feature of all living organisms, and govern most aspects of 

mammalian physiology. In simplest terms, they arise from the interaction of the endogenous 

activity of the suprachiasmatic nuclei of the hypothalamus (SCN), and exogenous zeitgeber, 

or time cues. Light is the principal zeitgeber, and the inherent pacemaker activity of the SCN
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is tuned to the 24-hour cycle of the solar day via the circadian timing system (CTS). The CTS 

has three principal components: the afferent photoreceptor / entrainment pathway, the central 

pacemaker structure, which expresses its own inherent ~ 24hr ihythm (Tau), and efferent 

pathways from the pacemaker to central nuclei in the hypothalamus and thalamus. Afferent 

input can modulate the gene-based activity that undeipins the inherent oscillatory frmction of 

the pacemaker. Efferent output inposes pacemaker activity on a wide variety of physiological 

variables, many of which are mediated by the autonomic system. For a rhythm to be 

designated as ‘circadian’ it must be maintained in a constant environment. Both plasma 

melatonin and body temperature show classical circadian rhythmicity, and the effect of light 

on their timing can be represented as a phase response curve. Other variables, which 

apparently show circadian rhythmicity, are more appropriately designated as diurnal (or 

nocturnal) rhythms, and their cyclical fluctuations may become non-significant in a zekgeber- 

free environment. As a result, subjects who consistently work at night predispose to rhythm 

disruption.
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3: CUTANEOUS SENSATION

3.1: INTRODUCTION TO CUTANEOUS SENSATION:

The term ‘somatosensation’ describes the unconscious, and conscious, appreciation of sensation 

from somatic tissues -  that is in contrast to afferent input from the special senses: sight, audition, 

taste, olfection, and vestibular equilibrium (Bear et al, 1996). The receptors that serve 

somatosensation have a body-wide distribution. All parts of the skin receive a dense innervation 

with afferent nerve fibres, to form a major part of the somatosensory system. Thus a precise 

awareness of cutaneous events is achieved through a network of specialised epidermal, dermal, 

and sub-dermal nerve endings, some of which show characteristic termini at the peripheral 

arborisations of the afferent (distal) nerve fibres. Others, are classified as ‘free nerve endings’ 

(Lynn, 1994). Cutaneous receptor nerve endings encode the intensity, duration and position of 

external and peripheral events by their transduction into afferent neural signals, and transmission 

along sensory nerve fibres to the central nervous system (CNS). Via this route, regionally specific 

and characteristic information is transmitted through the dorsal root ganglia, to the spinal cord, 

and brain (Willis and Coggeshall, 1991). There are two major parallel afferent cutaneous CNS 

pathways within the spinal cord which subserve the sensations that include those that are 

consciously appreciated as touch, pain and temperature. Afferent impulses travel through the 

ascending cord by different routes, to terminate at similar areas of the CNS (Bear et al, 1996). But 

all incoming stimuli are profoundly influenced by descending systems from the brainstem and 

cerebral cortex (Rustoni and Weinberg, 1989), with the result that appropriate behavioural 

responses to the incoming stimulus are generated (Bear et al, 1996).

Afferent sensation from the skin was characterised by the anatomical characteristics of the termini 

of sensory nerves by von Frey and his contemporaries, at the turn of the century. Head (1920), in 

contrast, described afferent sensation in terms of physiological reflex reactions to innocuous and 

noxious stimuli. But the appreciation of unpleasant and noxious sensation, in particular, is now 

recognised as involving fer more than a basic reflex effect. A more realistic, and complex, set of 

psychological descriptors has been delineated, and acknowledges the influence of supra-reflex 

events, such as the analysis of the incoming stimulus and its relation to past e^qjerience. For 

example, nociception can be defined as the response to stimuli that threaten or actually damage 

tissue (Sherrington, 1906), but nociception includes at least three elements. The sensory- 

discriminative element analyses the nature, location, intensity and duration of the incoming 

stimulus. The motivational element determines the incoming stimuli as unpleasant, frightening, or 

having characteristics that might be subject threatening, or have an association with pleasant
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events. And the cognitive and evaluative element interacts with the sensory-discriminative and 

motivational systems (Bear et al, 1996). These elements, in concert, allow the subject to link the 

perceived incoming stimulus to previous experience, and activate recognition patterns and other 

high level CNS functions associated with anticipation, attention, suggestion, and learned 

behaviours.

Thus, the conscious awareness of sensation is not a direct and unidirectional ‘stimulus 

response’ effect. The conscious appreciation of the incoming stimulus not only reflects the nature 

and intensity of the stimulus, but also the context in which it is delivered, and the previous degree 

of exposure that the subject has had to similar stimuli. By this definition, a potentially tissue 

damaging stimulus may not always be appreciated as painful, although it has been transmitted 

along the sensory pathways that primarily subserve nociception. Many skin receptors function as 

mechanoreceptors, responding to skin distortion, such as stretch. But skin sensation also depends 

on a range of other types of receptor, including thermoreceptors v^ich are sensitive to changes in 

temperature, and chemoreceptors which respond to the release of particular chemicals (Bear et al, 

1996). Through the activity of the cutaneous sensory receptor system, the individual is initially 

alerted, in an unambiguous maimer, to his environment, and to potential threat. Touch awareness 

and pain sensation are inportant components of this aspect of cutaneous function (Berkley and 

Hubscher, 1995a).

3.2: SENSORY RECEPTORS IN SKIN (See Lyim 1994 and 1990 for reviews; Willis and 

Coggeshall, 1991);

The mechanism for transmission of afferent information concerning a specific modality or 

submodality of sensation can be called a sensory chatmel. A sensory chaimel would include a set 

of sensory receptors, the spinal cord processing circuits, one or more spinal cord sensory 

pathways, and the parts of the brain (including the thalamus and cerebral cortex) that use the 

afferent information to create an awareness of sensation, i.e.: perception (Parent, 1996). The first 

part of this section of the literature review considers sensory chaimels and receptors-types that are 

associated with the perception of touch / pressure and noxious stimuli. The later parts review the 

circuits and pathways within the spinal cord, and areas of the CNS devoted to sensory processing.

3.2.1: Cutaneous mechanoreceptors:

Mechanoreceptors within the skin mediate both touch and kinaesthesia, but vary in terms of their 

preferred stimulus frequencies, pressures, and receptive field sizes (See Table 4). For exanple: 

Meissner’s corpuscles (which are located in the upper dermis, at the height of the dermal ridges) 

and Merkel’s disks (which are located within the stratum germinativum of the epidermis) have
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small receptive fields, only a few millimetres in diameter. In contrast. Pacinian corpuscles (which 

lie deep within the dermis or in subdermal tissue) and Ruffini endings (which occur in both hairy 

and glabrous skin, deep in the dermis) have large receptive fields, several centimetres across. 

Meissner’s and Pacinian corpuscles make a rapid, short-lived response to a continuing stimulus 

(and are classed as ‘rapidly adapting’ [RA] receptors). In contrast, Merkel’s disks and Ruffini 

endings generate a more sustained response to an ongoing stimulus (and are classed as ‘slowly 

adapting’ [SA] receptors). Pacinian corpuscles respond optimally to vibration, of 200-3OOHz, 

whereas Meissner’s corpuscles respond optimally at ~ 50Hz. In hairy skin, rapidly adapting nerve 

endings invest the hair follicle to fire in response to fine hair movement (Bear et al, 1996).

3.2.2: Cutaneous nociceptors:

Nociception, regardless of the nature of the original stimulus, is mediated by branching, 

unmyelinated, free nerve endings (nociceptors) within the skin. However, during the time lapse 

between the initial stimulus, and its becoming intense enough to cause awareness of pain, all other 

local superficial receptors are also likely to be activated. Nociceptors, which are widely 

distributed throughout the skin, can be subdivided into four broad categories (see Table 4):

• mechanical nociceptors, which respond to strong, shaip pressure;

• thermal nocicq)tors, which respond to heat > 45^C (or extreme cold),

• chemically sensitive / mechanically insensitive nociceptors, viiich respond to a variety of 

environmental or tissue agents,

• polymodal nociceptors which respond to mechanical, thermal and chemical stimuli (Bear et 

al, 1996)

The characteristics of cutaneous mechano- and nociceptors are summarised in Table 4.

3.2.3: The characteristics of cutaneous receptors (Diagram 12):

RA units and SA I units have receptive fields which show several zones of increased sensitivity 

within a small receptive field with distinct borders (Johansson, 1978). RA units are common in the 

glabrous skin of the human hand and make up about 45% of the mechanoreceptor population. The 

zones of increased sensitivity within their receptive fields appear to relate to underlying 

Meissner’s corpuscles located near the apices of dermal papillae. Each corpuscle is made up of 

layers of flattened cells, between which lie unmyelinated terminals of myelinated nerve fibres.

The structure responds to stretch or compaction within the skin, to generate an impulse within the 

Ap fibre. SA Type I units, which make up about 26% of mechanoreceptor endings, are associated 

with groups of Merkel cell complexes at the basal layer of the epidermal ridges. It appears that the
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Merkel cell functions as a transducer, and, on stimulation, brings about depolarisation of the A(3 

axon terminal.

Table 4: Characteristics of Cutaneous Mechanoreceptive and Nociceptive Units (adapted from Lynn, 
1990)

MECHANORECEPTIVE UNITS IN SKIN

Unit Name Receptive field characteristic Responding to Fibre
Field“ ‘̂V
RA“® U nit
(45%)

Multi zone
Locates to Meissner corpuscles (in 
glabrous skin)
Small distinct field
(3mm diam. finger, 6mm diam. palm)

Moderate frequency skin movement AP

Pacinian
corpuscle®
(13%)

Single zone 
Large indistinct field

High ficquency or rapid skin 
movement ( < ! / / in glabrous skin)

Ap

SA Type 1̂  
(26%)

Multi zone
Locates to Merkel cells in touch domes 
in hairy and glabrous skin (cat)
Small distinct field

Skin indentation, o f steacfy and 
moderate frequency

Ap

SATypeU"
(16%)

Locate to Ruffini endings in hairy skin 
(cat)
Large indistinct field

Skin indentation and lateral stretch 
(++ in glabrous skin) of steatfy and 
low fi-equency

AP

NOCICEPTIVE UNITS IN SKIN

Unit Name Receptive field characteristic Responding to Fibre
HTMUnit"
(16-26%)

Multi zone 
Large field

Strong pressure
Rarely respond to initial heat
stimulus

AÔ

PMN Umt“ 
(52-79%)

Single zone Moderate pressure 
Heat (45-55 ®C) and 
Irritant chemicals

C

Heat sens. 
Nociceptor

Observed in primate and pig skin Poor or absent response to pressure 
Responds to noxious heat and irritant 
chemicals

C

A-Mech-
Heat
Nociceptor

Responds to noxious heat and strong 
pressure, but not irritant chemicals

AÔ

“ Rapidly adapting mechanoreceptive unit C Hairy skin; “ Glabrous skin) 
 ̂Slowly adapting unit 

® High Threshold Mechanoreceptor 
 ̂Polymodal Nociceptor Unit
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Diagram 12: MECHANOSENSmVE NERVE ENDINGS IN SKIN
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In contrast to the RA and SA I units, PC and SA Type II units have receptive fields that are 

characterised by a single central zone of maximum sensitivity (Johansson, 1978). PC units 

form about 13% of mechanoreceptive units of human palmar skin. They are large lamellated 

corpuscles, which are common at distal areas of the limb, in primates. Graded depolarising 

receptor potentials are generated in their axon terminals in response to rapid and high 

frequency mechanical stimulation of the corpuscles, e.g.: vibration. SA Type II units (which 

make up 16% of mechanoreceptive endings in the cat) appear to relate to the Ruffini dermal 

endings. These are spindle-shaped capsules, enclosing a single large axon, which undergoes 

depolarisation and generation of the nerve impulse, in response to stretching of the spindle.

The different types of nociceptive units show characteristically different receptive fields. 

Those subserved by AÔ fibres show multi-zone fields, and those subserved by C fibres usually 

have single zone fields. HTM units, which make up some 16-26% of nociceptor endings, have 

large receptive fields within which are several zones of increased sensation. In contrast, the 

more common PMN units, Wiich account for between 52 - 79% of skin nociceptors have 

smaller fields with a single central zone of increased sensitivity (Diagram 12) (see: Willis and 

Coggeshall, 1991; Lynn, 1990; Thompson et al, 1981; Kenshalo et al, 1979; Torebjôrk, 1974, 

Bessou and Perl, 1969).

3.3: CUTANEOUS AFFERENT (SENSORY) FIBRES (See reviews: Lynn, 1994; 1990)

Table 5 demonstrates that cutaneous sensation is subserved by Ap, Aô and C sensory nerve 

fibres. Each type of fibre has individual characteristics, most notably the presence / absence 

of myelin surrounding the afferent nerve fibre, the rate of conduction of the impulse along the 

fibre, and the type of sensation conveyed. These are summarised in Table 5.

Table 5: Characteristics of Afferent Nerve Fibres:

Fibre Type Conduction Type Conduction Rate Subserving
AP Fast myelinated > ~  20 m s ‘ Light Touch 

Pressure
AS Slow myehnated < ~  20 ms* Thermal (Heat, in man) 

Pain (heat and pinprick) 
Touch (?)
Pressure (?)

C Slow non-myehnated 0.5 - 2 ms * Pain (heat, and piiqxick [?]) 
Chemical algogens 
Thermal 
Itch
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Under experimental conditions, activity in Ap fibres is associated with innocuous mechanical 

stimuli to the skin, such as touch and pressure. AÔ and C fibres, too, may be activated by 

innocuous mechanical stimuli, but also by thermal and noxious stimuli, such as pinprick and 

heat (Johansson et al, 1980). In humans, nociceptive stimuli are transmitted from the 

periphery to the spinal cord predominantly via the myelinated Aô and unmyelinated C- 

primary afFerents, of which 25% and 50%, respectively, subserve nociception (Labrecque, 

Karzazi and Vanier, 1997). But increasing activity of Ap fibres in response to point pressure 

stimuli at the skin will not induce nociception, unless Aô fibres are also stimulated 

(Wiesenfeld-Hallin et al 1984).

Of the sensory modalities assessed in this research;

• Touch-pressure sensation is particularly associated with receptor activity subserved by 

large myelinated (Ap) afferent fibres (see tables 4 and 5 above), but touch stimuli to the 

skin may also induce activity AÔ mechanoreceptors. C mechanoreceptors, however, do 

not appear to contribute to mechanoreception in the distal extremities in humans, as these 

receptors are not found in these areas (Willis and Coggeshall, 1991)

• Pin prick stimuli also activate all of those mechanoreceptor nerve endings, as well as high 

threshold mechanoreceptor (HTM) units, vriiich are subserved by Aô fibres, polymodal 

nociceptor (PMN) units with C axons, and possibly C units that respond to strong 

pressure (i.e.: C-HTM).

• Noxious heat stimuli (i.e.: > 45®C) appear to primarily activate C-PMN units, and also the 

mechano-heat sensitive Aô nociceptors and the C-heat nociceptors that have been 

described in primate skin (See Lynn, 1990, for review).

3.4: SOMATOSENSORY PATHWAYS (see Lynn, 1994; 1990; and Willis and Coggeshall, 

1991, for reviews)

3.4.1: Sensory Pathways:

As described above, sensory impulses are transmitted from peripheral cutaneous receptors 

along afferent nerve fibres, acting as a sensory pathway, to the central nervous system. A 

sensory pathway can be viewed as a set of neurones arranged in series, so that first, second, 

third, and higher order neurones serve as sequential elements in a given pathway. But 

differing parallel sensory pathways can transmit similar sensory information (see below). The 

first order neurone in a sensory pathway is the primary afferent neurone. This has its soma in 

the dorsal root ganglion, and two principal axonal processes. One of these projects
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peripherally, to the skin as part of the afferent nerve fibre, terminating as an unmyelinated 

nerve ending, sometimes within a cutaneous receptor. The other process projects centrally. It 

may either link within the spinal cord to a second order neurone within the brain stem nuclei, 

or synapse with dendrites or soma of a second order neurone within the dorsal horn. Afferent 

projections from the second order spinal cord neurones decussate and synapse with the third 

order neurone, which is usually within the sensory nuclei of the thalamus. The axons of 

thalamic sensory neurones synapse with h i^ e r order neurones within the cerebral cortex 

(Berne and Levy, 1996) (See diagram 13).

3.4.2: Dorsal horn neurones (Rustoni and Weinberg, 1989):

The neurones of the dorsal horn are classified by their reaction to the incoming stimulus:

• low threshold (LT) cells respond to major input from low threshold mechano - and 

thermo - receptor afferents

• high threshold (HT) cells respond to input from high threshold mechano-receptor 

afferents

• nociceptor specific (NS) cell fire in response to noxious stimuli only

• wide dynamic range (WDR) units respond to low intensity stimuli, but only generate 

maximum activity in response to stimuli of noxious intensity.

Dorsal horn neurones may respond to more than one type of stimulus. Approximately one 

third respond preferentially to light touch (LT neurones), one third to strong mechanical 

stimuli (HT), and one third to both light touch and severe mechanical stimuli (WDR 

neurones). LT neurones saturate at the level of hght mechanical stimuli, whereas WDR 

neurones show an increasing response to an increasingly severe stimulus. But approximately 

15% of all dorsal horn neurones, that are within the population of WDR neurones that 

respond to innocuous mechanical stimuli, will also show a graded response to graded noxious 

mechanical and thermal stimuli, and also respond to noxious heat (Katter et al, 1996b). Their 

input originates from primary afferent nociceptors, vriiich are the only type of primary 

afferent fibre capable of responding in an incremental manner to an increasingly intense 

(noxious) thermal stimulus (See Burstein et al, 1987). The touch-pressure threshold stimuli 

used in this research would excite LT and some WDR cells, whereas pin prick stimuli would 

excite NS, as well as LT and some WDR units, and noxious heat stimuli would excite NS and 

WDR units.
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DIAGRAM 13:
THE ‘TRADITIONAL’ VIEW OF SOMATOSENSORY ASCENDING PATHWAYS
(From: Parent 1996)
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3.4.3: Dorsal Horn Laminae (Diagram 14);

Within the dorsal horn, the afferent axons terminate within the various laminae of Rexed.

Laminae I, II, and V neurones respond to nociceptive activity within HTM and PMN units

(input via Aô and C fibres). The majority of afferent axons terminating in Lamina II are C

fibres. Small diameter axons, such as Aô and C fibres, conveying noxious and temperature

sensations, ascend within the zone of Lissauer of the spinal cord, to synapse with cells on the

outer areas of the dorsal horn (at the substantia gelatinosa [Lamina II] and Lamina I). Large

diameter primary afferent fibres, such as mechanosensory Ap fibres, synapse with neurones

in the deeper areas of the dorsal horn. LT mechanoreceptive units, excited by afferent Ap

fibre inqDulses, associated with activity in PC, RA / field, SAI and SA II cutaneous

mechanoreceptors are found in Laminae III and IV. A small number of the WDR cells within

Laminajy which respond to strong heating,, also link with the lateral.cervical nuclei JLCN), via the fibres of the épmo-cervicartract (SCT -  see oelow). The lammae withm the DH are

interlinked by small neurones, so that laminal neurones outwith the substantia gelatinosa tend

to hyper-excitability after C fibre nociceptor activity, even though C fibres predominantly

terminate in Lamina II (See Diagram 14) (Bear et al, 1996; Rustoni and Weinberg, 1989;

McMahon and Wall, 1989a).

Of the sensory modalities tested in this research, it appears that touch stimuli to the skin 

would induce afferent impulses via activity in PC and RA units. These link via Ap fibres to 

synapse with dorsal horn cells within laminae III - V, although some PC and SAD axon 

terminals extend to lamina VI. Pinprick stimuli would induce activity in PC, RA, and HTM- 

type AÔ mechano-nociceptors and C nociceptors. HTM terminate in Laminae I and V, 

whereas C axons terminate in lamina II (the substantia gelatinosa), although some also 

terminate in Lamina I.
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Diagram 14: DORSAL HORN LAMINAE AND DORSAL HORN NEURONES 

14a Termination of cutaneous afferent fibres within the dorsal horn laminae

KEY:

RA; PC; SA I; SA II Units (Ap fibres)

PC; SA II Units (Ap fibres)

HTM (AÔ fibres)

PMN (C Fibres)

HTM High Tlireshold Mechanoreceptor Units
PMN Polymodal Nociceptor Units
RA Rapidly Adapting Mechanoreceptor Units
PC Pacinian Corpuscles
SA I Slowly Adapting Meehanoreceptor Units, T>pe I
SA 11 Slowly Adapting Mechanoreceptor Units, Type II

14h: Dorsal Horn Neurones

NS
TS
MS

Nociceptor Specific Neurones 
Thermo Specific Neurones 
Mechano Specific Neurones

WDR Wide Dynamic Range Neurones

WDR

TS NS

MS
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3.5 AFFERENT TRANSMISSION WITHIN THE CENTRAL NERVOUS SYSTEM

3.5.1: The ‘traditional’ view of the spinal routes of somatosensation;

Afferent impulses travel either ipsilaterally or contralaterally within the spinal cord, to the 

brain. Within the spinal cord, two afferent somatosensory pathways predominate, one 

subserving touch / proprioception, and the other noxious / tençerature sensation. These are, 

respectively, the dorsal column - medial lemniscai, and the antero-lateral pathways. These 

pathways segregate at the very margin of the spinal cord. Large diameter fibres, such as Ap 

fibres subserving touch, enter the cord more medially. Small diameter myelinated and non

myelinated fibres, such as Aô and C fibres subserving nociception and temperature, enter 

more laterally, through the zone of Lissauer at the outer edge of the dorsal horn (Bear et al, 

1996) (see Diagram 15). Ap axons terminate in the deeper part of the dorsal horn, within the 

intermediate zone, and to some extent in the ventral horn. AÔ and C fibres ascend and 

descend within the zone of Lissauer, and then synapse on cells in the outer parts of the dorsal 

horn -  the substantia gelatinosa (Bear et al, 1996). The ascending branch of large diameter 

(Ap) fibres enters the ipsilateral dorsal column to terminate at the second order neurone of the 

medullary dorsal column nuclei (DCN). In contrast small fibres (Aô and C) synapse with 

second order neurones within the dorsal horn, whose axons decussate to the other side of the 

cord, and ascend to the brain in the ventrolateral spinal tracts (see Diagram 13, above). 

Although afferent sensation travels through the ascending cord by different routes, all types of 

impulse have input via sensory axons that terminate at the third order neurones of the 

thalamus, although within different thalamic nuclei. From the thalamus signals are relayed to 

the postcentral gyri of the cerebral cortex, where conscious processing of the incoming 

stimulus occurs, and thence to other brain areas (Bear et al, 1996).

However, the central transmission of afferent information is not as clearly defined or as 

segregated as the traditional view, outlined above, suggests. Although information about rapid 

mechanical stimuli, particularly fine touch, travels centrally, notably via the ipsilateral dorsal 

columns (DC), it is also conveyed by the ventral lateral system. Some Aô or C axons primary 

fibres carry innocuous information and project to the dorsal column nuclei (DCN). Lissauer's 

tract (LT) is often described as the ‘pain pathway’, but the DC also have a role in the 

transmission of nociceptive information, with high threshold mechanoreceptor fibres 

projecting in both the DC or LT (Traub and Mendell, 1988). Noxious information travels 

along all central routes, but it is especially well represented in the ventro-lateral system, 

which includes the spinothalamic, spinohypothalamic and spinocervical tracts. The DCN
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(a)
brainDorsal columns

Dorsal horn
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.V /

Intermediate zone
Ventral horn

(b)

Zone 
Lissauer/

To brain

Dorsal root

fibre

Spinothalamic
tracts
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DIAGRAM 15:

TWO PATHWAYS OF PRIMARY SENSORY INFORMATION THROUGH THE SPINAL 
CORD (from Bear et al. 1996)

(a) Large diameter fibres, such as an Ap axon, enter through a dorsal root and send one branch to the 
dorsal horn and another into the dorsal colurmi on the same side.

(b) Small diameter fibres, such as a C axon, enter the zone of Lissauer and send branches that synapse on 
neurons of the dorsal horn. The second order neurons of the dorsal horn then sens an axon across the 
cord, and into the spinothalamic tract.
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route is not considered to be a major path for the central transmission of thermoreception or 

nociception (Labrecque, Karzazi and Vanier, 1997).

3.5.2: The dorsal column: medial lemniscus pathway (Bear et al, 1996):

The dorsal column medial lemniscal system has a major role in tactile localisation, and is 

important for complex spatio-temporal discrimination, and motor control. The dorsal columns 

are made up primarily of primary sensory axons, but include axons of some second order 

neurones within the spinal gray matter. Axons from the dorsal columns terminate ipsilaterally 

at the second order neurones of the dorsal column nuclei (DCN - see below) which he at the 

caudal medulla. DCN axons decussate to ascend within the medial lemniscus and synapse on 

the third order neurones of the ventral posterior nucleus of the thalamus (see below), which in 

turn project to the higher order neurones of specific areas within the primary somatosensory 

cortex (see below).

Approximately 50% of large myelinated mechanoreceptor (Ap) RA afferent neurones project 

to the DCN, whereas fibres from S AI cutaneous receptors tend not to input to the DCN. The 

cells of origin of second order fibres running to the DCN mainly lie within Lamina IV, 

although some are in Laminae III and V. Their post-synaptic (non-primary) afferent fibres run 

deep in the DC and in the dorsolateral funiculus. Most of these neurones display modality and 

submodality convergence, and will respond to both innocuous and noxious stimuli (Rustoni 

and Weinberg, 1989).

As a general rule, information is re-coded every time it passes through a synapse, and 

incoming signals undergo considerable modification within both the DCN and thalamic 

nuclei. For example, inhibitory interactions between adjacent sets of inputs ‘shaipen’ the 

contrast of the stimulus, and some synapses show a degree of plasticity, depending on their 

levels of recent activity. The activity within both the DCN and thalamic neurones is also 

controlled by descending cortico-spinal and cortico-thalamic (that is corticofugal) projections, 

so that output fi'om the cortex influences input to the cortex, and vice versa (Bear et al, 1996).

3.5.3: The Dorsal Column Nuclei (Parent, 1996):

The dorsal column nuclei (DCN) are groups of neurones within the medulla. They include the 

(lateral) cuneate and medial (gracile) nuclei, and receive their main sensory input from the 

dorsal columns (Parent, 1996). Other DCN include the external cuneate nucleus which 

projects to the cerebellum, and other smaller accessory DCN have been identified, which also



77

receive somatosensory input (Rustoni and Weinberg, 1989). The DCN send axons into the 

contralateral medial lemniscus, to target the somatosensory thalamus (see below).

DCN neurones are most readily activated by afferent input arising from innocuous tactile 

stimuli, especially those involving RA receptors (such as Meissner’s corpuscles). Core 

neurones (which form most of the cuneate and gracile nuclei) show an element of selective 

activation to input from a single receptor class, and small receptive fields. In contrast, 

surround cells do not show selective activation, and have larger receptive fields. There is a 

degree of submodality convergence within the lemniscus, and more than half of the neurones 

in the core of the cuneate nucleus that project to the thalamus have input from multiple 

receptor classes. 15% of the neurones of the gracile nucleus that respond to light touch (LT) 

also respond to high threshold input (HT), and some respond to stimuli within the noxious 

range (NS), as the terminal fields of primary afferents overlap extensively within these nuclei 

(see also: Clififer and Giesler, 1989). DCN neurones will respond to noxious stimulation of 

widespread skin regions, indicating that the DCN and spinal routes co-operate, rather than 

operate separately, to produce many perceptions of touch and pain (Berkley and Hubscher, 

1995). Primary afferent fibres project to the core neurones of the DCN, but neurones at the 

periphery of the gracile and cuneate nuclei synapse with projections fi'om both non-dorsal 

root ganglion and dorsal root ganglion afferents, to project to the tectum, thalamic nuclei and 

other loci (Berkley et al, 1980). Projections to the pretectum, tectum and diencephalon 

originate from different populations of neurones within specific domains of the DCN, and it 

appears that the pretectum- and tectum-projecting neurones may be part of a nociceptive 

pathway that originates in the DCN (Bull and Berkley, 1984).

3.5.4: The Anterior and Lateral Funiculus Ascending Pathways (Parent, 1996):

The axons that form the fibres of the antero-lateral ascending tracts originate from second 

order neurones within the spinal cord decussating within a few segments of the point of entry 

of the primary afferent fibre, and projecting to the diencephalon. The projections are 

described as the spinothalamic, the spinohypothalamic and the spinocervical tracts.

A: The spinothalamic tract:

The cells at the origin of the spinothalamic tract (STT) are located widely within the spinal 

cord (see Table 6). Wide dynamic range (WDR) STT neurones project from the deeper 

laminae of the spinal cord, but nociceptor specific (NS) cells, are mostly located in Lamina I 

(see Diagram 14, above). There is also a small population of STT neurones that show a 

selective response to innocuous mechanical stimuli (Gerhart et al, 1981). Central axons of 

STT neurones decussate within one or two segments of their point of entry to the cord, to
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ascend rostrally as the STT. The STT, which lies in the ventro-lateral quadrant of the spinal 

cord, carries both contralateral thermal and nociceptive information, and ipsilateral 

mechanosensation. It projects through the medulla, pons and midbrain, without further 

synapse, to the thalamus. Although at the medulla STT fibres lie alongside the medial 

lemniscus, the two groups of axrnis (i.e.: the former DCN output and the STT fibres) remain 

separate (Bear et al, 1996). The STT plays a prominent role in the mediation of nociception, 

with STT cells signalling the occurrence, intensity, and location of the noxious stimuli at the 

body surfece (Ferrington et al, 1986)

The axons of both the STT and the medial lemniscus terminate within the ventroposterolateral 

nuclei (VPL) of the thalamus, but the two systems are largely segregated within that structure, 

into separate regions. Other STT axons terminate at other thalamic nuclei, including the 

intralaminar nuclei and the central lateral nucleus (CLN) (please see below, and Appendix 

IX). The individual role of these projections is not conq)letely understood, but STT 

projections to the CLN are thought to play a part in the affective or motivational response to 

pain. The projection to the VPL probably contributes to the ability to discriminate the 

intensity and location of noxious stimuli (Giesler et al, 1994). Sacral STT neurones that 

respond preferentially to innocuous mechanical stimuli appear to project almost exclusively to 

the VPL. In contrast, preferentially nociceptive sacral STT neurones project to several 

thalamic nuclei with the majority terminating in areas that are posterior to the VPL (Katter et 

al, 1996a). Table 6 shows the origin and termination of STT neurones (Katter et al, 1996a), 

and Diagram 17, below, shows the relationships of the thalamic and hypothalamic nuclei. 

From the thalamic nuclei, axons project to the cerebral cortex (see below). The thalamic 

regions with STT input project to a wider cortex area than the cortical connections of the VPL 

that receive the medial lemniscal pathway (Bear et al, 1996).

B: The Spinohvpothalamic Tract (SHT) (review: Rustoni and Weinberg, 1989):

The SHT is of the same order of magnitude as the STT, in rat (Giesler et al, 1994). It projects 

from the spinal cord to the hypothalamus, which appears to play an important role in some 

aspects of nociception (Katter et al, 1996a). Many spinal cord neurones (mainly from laminae 

I

and V, the lateral reticulated area, the gray matter surrounding the central canal and the 

marginal zone) carrying nociceptive information send axons directly into the hypothalamus 

(Giesler et al, 1994; Burstein et al, 1987).
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Table 6: Termination sites of STT neurones, n=33 (Katter et al, 1996a)

Terminating Posterior to VbC Terminating at the Level of VbC
ML OT Po/MG APt VbC ZI P f ML U

LT 0 0 0 0 80% 0 0 0 20%
W DR 9% 18% 36% 0 18% 9% 9% 0 0
HT 25% 0 38% 25% 0̂ 0 0 12% 0
[VbC: Ventrobasal complex of the thalamus (i.e.: ventro-posterio-lateial, ventro-posterio-medial and 
ventro-posterior nucleus); STT: spinothalamic tract; ML: medial lemniscus; OT: optic tract; Po/MG: 
posterior nuclear group o f the thalamus /  medial geniculate nucleus; APt: anterior pretectal nucleus; ZI: 
zona incerta; Pf: parafascicular nucleus of the thalamus; U: unassigned]

SHT neurones project equally, ipsilaterally and contralaterally (in contrast to the great 

majority of STT fibres which have a contralateral projection) to follow a con^lex rostral 

course. SHT fibres cross the midline within one or two segments of the point of entry of the 

primary afferent fibre, and ascend through contralateral anterolateral quadrant to the 

brainstem, thalamus and hypothalamus. There they re-cross the midline to the ipsilateral 

hypothalamus, turning posteriorly (caudally) to continue into the ipsilateral thalamus, and 

beyond to the midbrain area. These axons appear to provide bilateral nociceptive information 

to a range of nuclei within both thalamus and hypothalamus (Giesler et al, 1994; Burstein et 

al, 1987). SHT axons appear to be capable of supplying a number of somatosensory nuclei 

with nociceptive information, particularly those in the reticular formation (Kostarczyk, Zhang 

and Giesler, 1997). Some of the neurones at the origin of both the STT and the SHT (see 

below) respond preferentially, or exclusively, to noxious mechanical stimulation. 

Approximately one fifth of these project to both to the contralateral and ipsilateral 

diencephalon (Katter et al, 1996a; Dado et al, 1994b; Burstein et al, 1991a). Hypothalamic 

targets of the SHT include the posterior hypothalamus, the lateral hypothalamus, the 

supraoptic decussation / optic tract, anterior hypothalamus and dorsal hypothalamus (Katter et 

al, 1996a). But the majority of SHT fibres terminate in the lateral hypothalamus. Only a few 

projections reach the medial hypothalamus, the basal forebrain, the septal nuclei or other 

telencephalic areas such as the nucleus in the vertical limb of the diagonal band of Broca and 

the medial nucleus accumbens (Giesler et al, 1994).

Neurones of the SHT give projections to various thalamic nuclei, which include the posterior 

thalamic nuclear group (an area that also receives STT neurones), and the centrolateral 

nucleus (CLN) (Giesler et al, 1994). Thus, single anterolateral quadrant axons can project to 

multiple targets, vhich therefore share the common sensory input. This mechanism could 

serve both the cognitive and affective aspects of nociception, and fecilitate the transmission of 

nociceptive information to brain areas that are involved in the regulation of affective, 

autonomic and neuroendocrine responses to noxious stimuli (Giesler et al, 1994). It is thought
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that the SHT is an inq)ortant source of afferent information to those hypothalamic neurones 

that directly, or multisynaptically, regulate preganglionic sympathetic and parasympathetic 

neurones, such as the hypothalamic (SCN) -  pineal link (see section 2 above, and 3.6 below). 

The lateral hypothalamus, septal nucleus and nucleus accumbens are associated with the 

e^qjression of emotional behaviours (see Burstein et al, 1987 for refs). The hypothalamus also 

has extensive connections with structures that form the limbic system (these include: the 

amygdala; septal nuclei; frontal cortex; cingulate gyrus), and it is presumed that hypothalamic 

neurones also play significant roles in producing emotional responses to painful stimuli (see 

below) (Giesler et al, 1994).

C: The Spinocervicothalamic Tract:

The spinocervicothalamic tract (SCT) originates from dorsal horn neurones, primarily located 

in Laminae III and IV that are monosynaptically activated by dorsal root afferents responding 

to low threshold cutaneous stimuh. The cells of origin of the SCT give rise to uncrossed fibres 

that ascend in the dorsolateral funiculus and project to the lateral cervical nucleus (LCN) In 

primates, the LCN is found in the upper cervical segments of the spinal cord, and ~ 90% of 

its neurones project to the contra-lateral thalamus, after giving collaterals to the midbrain, 

brainstem, spinal cord, ipsilateral thalamus or tectum. The neurones of the LCN have 

response properties intermediate to those of the STT and DCN neurones (review: Rustoni 

and Weinberg, 1989). But some SCT collaterals terminate in the dorsal column nuclei, and 

some cells of the DCN project to the LCN. Cells of the SCT respond to hair movements, but 

also react to tactile, thermal, pinch and pressure stimuli. They have a role in nociception, and 

the integration of motor functions (Parent, 1996; review: Rustoni and Weinberg, 1989)

D: Other Afferent Pathwavs:

A number of other structures are involved in the transmission, or modulation of cutaneous 

sensation, and are detailed in Appendix VIII.

Overall, cutaneous sensation has three primary entry points to the central nervous system. As 

well as input through the dorsal column nuclei and the spinal cord, input is also made via the 

solitary nucleus of the medulla (see: Berkley and Hubscher, 1995). And it has been shown 

that central afferent pathways are much more complex than the sinqjlistic description of 

ipsilateral, dorsal, touch / proprioception, and contralateral, ventral, nociception / temperature 

pathways. This is emphasised by the retention of somatosensory responses following spinal 

cord lesions (Nathan, 1990; review: Rustoni and Weinberg, 1989), and the finding that the 

SCT appears to convey light touch information in as precise a manner as the dorsal column - 

medial lemniscus system (Hirata and Pubols, 1989). Nociceptive information is carried via a
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branch which travels in the dorsal columns to synapse at the DCN, and projects to both to the 

VPL (Willis and Coggeshall, 1991; Berkley at al, 1986), and to the inferior olive and the 

cerebellum (McMahon et al, 1993; Berkley et al, 1986). Large numbers of neurones 

throughout the length of the spinal cord, that are driven by noxious stimuli, also send axons 

directly areas of the limbic system, including the amygdala (Giesler et al, 1994). The work of 

Berkley and Hubscher (1995) and others demonstrated multiple anatomical routes by which 

neurones in the solitary nucleus, the dorsal column nuclei and the spinal cord gray matter 

influence each other’s activity. Rather than the rather simplistic ‘traditional’ pathways of 

cutaneous sensation, they propose, an alternative ‘ensemble’ view (see Berkley, 1996). This 

describes cutaneous sensation as travelling from all three central entry ports, to give 

projections to common central, interconnected targets. And the targets, which include the 

pontine and parabrachial nuclei, the medullary inferior olive, and the lateral and medial 

thalamus, directly, or indirectly, feed information back to the entry ports (see below) (Berkley 

and Hubscher, 1995) (Diagram 16).

3.6: THE DIENCEPHALON (review: Parent, 1996)

The diencephalon comprises the epithalamus, the thalamus, the hypothalamus, and the 

subthalamus. This review will concentrate primarily on the thalamus and hypothalamus, but 

gives a brief introduction to the epithalamus (please refer to Diagram 17).

3.6.1: Introduction:

The epithalamus forms the dorsal part of the diencephalon, and consists of the pineal gland, 

the habenular nuclei, the stria medullares, and the tenia thalami. The habenular nuclei project 

to, and receive serotoninergic projections from the raphe nuclei (see below), and the medial 

habenular nucleus receives limbic system input from the hippocampal formation and the 

amygdaloid nuclear complex. The pineal gland has been discussed within Section 2, above.
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DIAGRAM 16:
THE ‘ALTERNATIVE’ VIEW OF SOMATOSENSORY INPUT TO THE CNS

1 Æ

i

# e # e #

T O U C H /P A W

A; a modification of the traditional view (ie; the view that touch and pain take separate discrete routes 
within the central nervous system, with touch sensation conveyed via the dorsal tracts to the dorsal 
column nuceli and to specific rostral targets in the brain, and pain sensation via cutaneous nociceptors 
to the spinal cord and to rostral brain targets ). In the modified view the ‘pain’ pathway includes 
additional rostral targets of spinal neurons and the flow of information tlnough it can be modulated by 
various descending excitatory and inhibitory influences on the spinal neurons, and by input from low- 
threshold mechanoreceptors. The ‘touch’ pathway is as in the traditional view.

B: an ensemble view of perceived cutaneous and visceral sensation. Information conveyed by afferent 
fibres from the periphery arrives to form its first synapse at three sites: the spinal cord, the dorsal 
column (and trigeminal) nuceli, and the solitary nucleus. Neurons in all of these regions can all 
influence each other’s activity by various excitatory and inhibitory molecular mechanisms, not only via 
direct interconnections, but also indirectly, via multisvmaptic routes through various brain targets. The 
neurons of the spinal cord, the dorsal column (and trigeminal) nuceli, and the solitary nucleus share 
some projection targets in the rostral brain regions, that can in turn influence one another

(from Berkley, 1996, and Berkley and Hubscher, 1995)



83

DIAGRAM 17:
THE RELATIONSHIP OF THALAMIC AND HYPOTHALAMIC NUCLEI

L o te ro l ven tric le  Forni* (crus)

C oudflte  n u c leu s

In te rnal ca p su le  
(p o s te r io r  lim b)

M edullary  iQimnoe. 
In te rn o l 
E x te rn a l

M ommillotholomic t r a c t

P u to m e n

G lobus p a llid u s

An so  le n t ic u lo n s

A n te rio r co m m issu re

A m ygdoloid nucleus

O p tic  t r a c t

C om m issu re  fo rn ic is  s t r i a  m edu llo ris

S tr ia  te rm ina l is

T h a la m ic  nucle i.

A nterio r

R eticu lar nucleus 
D o rso l m ed ia l 

M idline
V entra l la te ra l (in term edius)

T h ird  ven tricle  

H ypothalam ic nuclei:

»—  D orsom edia l

Infundibulum

V en trom ed ia l
L a te ra l
S u p rao p tic

T u b e ra l

This brain section shows the relationship of the thalamic and hypothalamic nuclei.
The paraventricular nuclei of the thalamus (tPVN) form part of the midline thalamic nuclei 
The paraventricular nuclei of the hypothalamus (hPVN) lie to either side of the third ventricle 
The suprachiasmatic nuclei of the hypothalamus (SCN) are not shown on this section, as they are 
located slightly more anteriorly (see Diagram 22)

(from; Parent. 1996)
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The thalamus, which forms the major and central part of the diencephalon, is described as 

‘the gateway to the cerebral cortex’. Virtually all sensory systems pass to and through it on 

their way to the cerebral cortex, and in turn, the thalamus receives reciprocal projections 

from the cortex. The thalamus is a nuclear complex. It is very highly developed in man, and 

is much more than a passive relay of cortical information as it actively filters the flow of 

information to the cortex, and plays an important role in arousal, consciousness and sleep 

mechanisms.

The thalamus can be divided into

the dorsal thalamus (known as the ‘thalamus’), which contains many groups of nuclei, and 

has massive reciprocal connections with the cerebral cortex and striatum 

the ventral thalamus (which includes the reticular nuclei, ventral lateral geniculate nuclei, 

and the zona incerta / the sub-thalamus). The ventral thalamus receives projections from the 

cerebral cortex, but does not project to the cerebral cortex

The hypothalamus is a small, diamond shaped structure (<1% of adult brain), which is 

located ventral to the thalamus within the walls of the third ventricle, bounded rostrally by 

the optic chiasm and posteriorly by the mammillary bodies. It is divided into medial and 

lateral nuclear groups, and is continuous with the pituitary gland through the infundibulum. 

It is concerned with visceral, endocrine and metabolic activity, as well as temperature 

regulation, sleep and emotion (Parent, 1996).

Within the diencephalon, there are 5 major domains receiving input from the ascending 

somatic sensory pathways (Berkley et al, 1986):

The thalamic ventroposterolateral nucleus (VPL). This is considered to act as a specific 

somatic relay. It receives dense, synaptically secure, and precisely organised input from the 

equally precisely organised DCN, to project to the somatosensory cortex.

The posterior group complex. This group of thalamic nuclei receives spinothalamic medial 

lemniscal fibres, and is involved in nociception. It may also receive projections from the SI 

somatosensory cortex. These nuclei are multimodal, and integrate visual, auditory and 

somaesthetic information (Parent, 1996)

The zona incerta of the sub-thalamus. This receives projections from the reticular nucleus 

of the thalamus, and corticofugal fibres from the pre-central cortex 

The intralaminar complex. The intralaminar nuclei receive multiple projections, including 

those from the cerebellum, the spinal cord, the pons, the dorsal raphe nucleus, the locus 

coerulus, and the brainstem reticular formation. They project to the striatum and throughout
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the cerebral cortex (frontal, medial and dorsolateral cortex), and are though to be involved 

in the processing of difruse sensory inputs, particularly those pertaining to nociception 

(Parent, 1996)

The thalamic reticular nucleus. This structure connects to all thalamic nuclei except the 

anterior nuclei, and receives projections from cholinergic fibres of the brainstem 

These areas are presented in greater detail in Appendix IX;

3.6.2: The Thalamus (review: Parent, 1996)

The thalamus proper contains discrete nuclear masses. The ventral nuclear group o f the 

thalamus : is of prime importance in somatosensory fimction. The group includes the 

ventral anterior nucleus (VA), the ventral lateral nucleus (VL) and the ventral posterior 

nucleus (VP) The VP is also known as the ventrobasal conplex of the thalamus (VBC).

The VP projects caudally, and the medial and lateral geniculate bodies (see below) may be 

considered as the caudal continuation of the ventral nuclear group. The combined ventral 

and geniculate nuclear groups constitute the largest division of the thalamus concerned with 

relaying impulses from other portions of the neuraxis to specific parts of the cerebral cortex. 

Caudal parts of this complex are concerned with relaying inqjulses of specific sensory 

systems (eg: vision) to cortical regions, while the more rostral nuclei (VA and VL) relay 

impulses from the basal ganglia and cerebellum. The VA is fimctionally related to the 

intralaminar nuclei of the thalamus. The ventral nuclei receive a somatotopic representation 

similar to that of the somatosensory relay nuclei from the deep cerebellar nuclei, and project 

topically to area 4 of the cerebral (motor) cortex.

The VP has two fimctional divisions: the ventral posteromedial nucleus (VPM) and the 

ventral posterolateral nucleus (VPL). Sensory impulses from the spinal cord and relay 

nuclei in the medulla input to the caudal area of the VPL (VPLc) via the medial lemniscus 

and the spinothalamic tracts. Fibres of the medial lemniscus terminate exclusively in the 

VPLc. The VP shows somatotopic features in which the contralateral limbs and trunk are 

represented in the VPLc, and the head and face in the VPM. Neurones of the VPLc are 

regarded as place specific, and modality specific. They are concerned almost exclusively 

with the perception of tactile sense, although small populations of VP cells also appear to 

be activated by noxious stimuli. The VP has a precise topical projection to the 

somatosensory cortex.



3.6.3: The somatosensory thalamus (Table 7):

TABLE 7: THALAMIC NUCLEI (adapted from Parent, 1996)
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GROUP NUCLEI ABBREV. INPUT FROM PROJECTION TO

Anterior Anteroventral
Anterodorsal
Anteromedial

AVN
AND
AMN

Hippocampal Formation 
DoKal Raphe Nuclei 
Tegmental Nuclei

Cingulate Cortex

Medial Mediodorsal MDN Amygdaloid Complex Prefrontal Cortex 
Limbic System 
Association Cortex

Midline Paraventricular
Reuniens

tPVN
NR

Hypothalamus (intrinsic) Amygdaloid Complex 
Cingulate Cortex

Intralaminar ILN Cerebellum 
Spinal Cord 
Pons
Dorsal Raphe Nuclei 
Locus Coerulus 
Reticular Formation

Cerebral Cortex 
Striatum

Lateral Lateral Dorsal 
Lateral Posterior 
Pulvinar

LDN
LPN
P

Limbic System Parietal (Visual) 
Cortex

Ventral Ventral Anterior
Ventrolateral
Ventroposterior

VAN
VLN} VBC 
VPN}

Basal Ganglia 
CerdxUum 
Locus Coerulus 
Dorsal Raphe Nuclei 
Periaquetbctal Gray 
Dorsal Column Nuclei 
Spinal Cord (SCT, STT, 
Meniseal Paths)

Sensory Cortex (S 1 
and SII)
Medial and Lateral 
Geniculate Bodies

Posterior Po Meniscal Paths 
Somatosensory Cortex

Reticular RN All Thalamic Nuclei 
except Anterior Group 
Cerebral Cortex

Midbrain Reticular 
System
Superior Colliculus 
Periaqueductal Gray

TABLE 8: HYPOTHALAMIC CONNECTIONS

RECIPROCAL
CONNECTIONS

AFFERENT
PROJECTIONS

EFFERENT PROJECTIONS

Medial Forebrain Bundle
Hippx)campus
Amygdala
Septum
Brainstem
Thalamus (IGL)
Thalamus (tPVN)

Raphe Nuclei 
Retina (RHT) 
Forebrain 
Cerebral Cortex

Midbrain Tegmentum
Central Gray
Mammilliary Bodies
Spinal Cord (SHT; STT/SHT)
Intermedio Cell Column (via hPVN)

The somatosensory thalamus consists primarily of the ventro-posterior complex (VP) the 

posterior (Po) and medial (MA and MD) thalamic nuclei (see Appendix IX). The VP is the 

major recipient of the lemniscal projections, as well as fibres of the spinothalamic (STT)
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and spinocervicothalamic (SCT) tracts. Thus it is involved in the discrimination of 

innocuous somatic sensation, but it also contains neurones that respond preferentially to 

noxious stimuli.

Lemniscal and STT fibres terminate as somatotopically organised lamellae within the core 

of the VPL, with large areas devoted to regions of dense somatosensory innervation, such 

as the hands and feet. VPL neurones also receive projections from the locus coerulus (see 

below), the raphe nuclei, the periaqueductal gray (PAG) and the pedunculo-pontine 

nucleus. Core VPL neurones and their collaterals project to several areas of the sensory 

cortex, including SI, and SII (review: Rustoni and Weinberg, 1989)

Although both the dorsal and ventrolateral spinal tracts input into the VPL, its input is 

dominated by the cutaneous input from the DCN, via the lemniscal pathway. Units 

responding to pressure and light touch are segregated into clusters within VPL core nuclei. 

In contrast, units responding to noxious input have no specific location in the VPL, and 

approximately half of the VPL neurones, which discharge in response to noxious 

mechanical stimulation, will also respond to noxious thermal stimuli (review: Rustoni and 

Weinberg, 1989). VPLc neurones respond either exclusively or preferentially to mechanical 

nociceptive stimuli, with ~ 50% responding to low threshold cutaneous stimulation, and ~ 

30% act as WRN neurones. (Chung et al, 1986).

3.6,4: The Hypothalamus (see review: Parent, 1996) (see Diagram 5, and Table 8)

The hypothalamus and limbic system (see below) link autonomic, neuroendocrine and 

motivational mechanisms to ensure the maintenance of the constant internal environment, 

through homeostasis. The hypothalamus both receives information on the internal 

environment, and acts upon the internal environment, to programme and integrate the 

neural systems that modulate basic life support mechanisms. These include fluid and 

electrolyte balance, food ingestion, energy metabolism, thermoregulation, reproduction and 

emotional responses. It also controls the release of hormones fi'om the pituitary gland, via 

the hypothalamic -  pituitary -  adrenal axis (HPA) and appears to play an important role in 

several aspects of nociception (see below; see also Kostarczyk, Zhang and Giesler, 1997; 

Katter et al, 1996a; Giesler, Katter and Dado, 1994; Dado et al, 1994b; Burstein et al,

1991a; Burstein et al, 1990b; Burstein et al, 1987).

The fimctional divisions within the hypothalamus are shown in Appendix X. The areas of 

the hypothalamus that influence the somatosensory and circadian systems include the hPVN 

and the SCN. The neurones of the paraventricular nucleus OiPVN) give rise to descending
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Table 9: Afferent and Efferent Connections of the Hypothalamus (see: Parent, 1996)

Afferent Connections of the Hypothalamus

• the medial forebrain bundle

• the hif^xx^ampo-hypothalamic fibres

• amygdalo-hypothalamic fibres (that allow the amygdala to influence the autonomic nervous 
system),

• brainstem afierents (which include serotoninergic fibres from the median raphe nucleus, passing 
through the medial bundle to the suprachiasmatic nuclei and the lateral hypothalamus),

• retino-hypothalamic (RHT) fibres (which arise from the retinal ganglion cells and project 
bilaterally to the SCN via the optic nerve and chiasm The retinal axons terminate primarily on 
dendrites of SCN cells.

• Thalamic input from the lateral geniculate nucleus (via the GHT) and the paraventricular nucleus 
of the thalamus

• forebrain afierents (arising from the piriform complex and the hippocampal formation).

• cortico-hypothalamic fibres. Each cortico-hypothalamic projection is reinforced by a 
corresponding subcortical projection, from the amygdala and the septum, and each of which is 
reciprocally connected with the overlying cortical area. The cingulate gyrus is particularly 
influenced by the hypothalamus, indirectly through the entorhinal cortex and the hippocampal 
formation (Papez circuit), and itself is influenced by intrinsic hypothalamic projections to the 
anterior nuclear group (SFO and OVLT) of the hypothalamus

• Projections from the SHT and STT / SHT

Efferent Connections of the Hypothalamus (frequently reciprocate afferent connections)

• to the medial forebrain bundle (as indirect connections between the lateral hypothalamus and the 
hippocampal formation) to connect the forebrain autonomic and limbic regions with the 
hypothalamus and k-ain stem

• projections to the amygdaloid nuclei, via the stria terminalis
• to the midbrain tegmentum and central gray matter via the dorsal lateral fasciculus (as a major 

pathway of communication between the hypothalamus and the brain stem)

• paths to the mammillary bodies and thalamus
• descending hypothalamic projections to the brainstem and spinal cord (where fibres descend in the 

lateral funiculus, and terminate in the intermediolateral cell columns at all levels) to input central 
autonomic influences via the hypothalamus.

• Reciprocal projections with the paraventricular nucleus of the thalamus
• An efferent projection fi-om the paraventricular nucleus of the hypothalamus, and thence to the 

intermedio cell column of the spinal cord and the superior cervical ganglia
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axons to the brain stem and all levels of the spinal cord, so that hypothalamic oii^ut 

influences lower autonomic nerve centres.

The suprachiasmatic nucleus (SCN) of the hypothalamus is a small group of cells (~ 

10,000 neurones) which lie immediately dorsal to the optic chiasm, close to the ventral part 

of the third ventricle (please refer back to section 2, above). They receive direct bilateral 

projections from the retinae (RHT) as well as an indirect retinal input via the geniculo- 

hypothalamic pathway (GHT). The direct retinal (RHT) input appears to exert a glutamate- 

mediated excitatory effect on the SCN, whereas the indirect (GHT) pathway exerts a 

GABA-mediated inhibitory effect. Neurones of the GHT, projecting from the 

intergeniculate leaflet of the thalamic lateral geniculate complex, also express neuropeptide 

Y. RHT projections to the SCN provide the anatomic link between the external 

environmental cycles and the internal, gene-driven biological clock. Hie neurones of the 

SCN use GAB A as a small-molecule transmitter, but also express one or more specific 

neuroactive peptides or hormones, such as vasqiressin, somatostatin, vasoactive intestinal 

peptide, neurotensin, thyrotropin hormone and angiotensin II. Environmental light regulates 

cellular levels of some of these peptides (Parent, 1996).

The SCN also receive a dense serotoninergic projection from the midbrain raphe nuclei, to 

exert a marked regulatory effect on circadian rhythmicity. The circadian timing system 

appears to co-ordinate the activities of a series of homeostatic mechanisms, so that the 

control of the behavioural state is in phase with the temporal phase. The SCN could be 

considered to provide the appropriate physiological and adaptive behavioural background to 

fecilitate environmental adaptation and survival (Parent, 1996).

The hypothalamus is the principal subcortical centre for the regulation of both sympathetic 

and parasympathetic activities. It is thought that the SHT may be an important source of 

afferent information to hypothalamic neurones that directly, or multisynaptically regulate 

preganglionic sympathetic and synq>athetic neurones (Giesler et al, 1994). The lateral and 

posterior hypothalamic regions are concerned with the control of syn^athetic responses. 

Parasympathetic control is related to the anterior and medial hypothalamic regions (supra

optic and pre-optic areas) and the ventricular portion of the tuber cinereum. These systems 

co-ordinate, to maintain the internal body environment.
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3.6.5: The influence of the hypothalamus on the autonomic system;

The hypothalamus has large, direct projections to, and receives projections from, almost all 

areas within the CNS that are involved in autonomic control. Descending axons from 

hypothalamic neurones project throughout the spinal cord (in the intermediolateral cell 

column, the central gray, and the substantia gelatinosa) (Benarroch, 1994; Barman, 1990). 

These projections, including those to the intermediolateral cell column of the thoracolumbar 

spinal cord, profoundly influence the activation of the autonomic system (Cechetto and 

Chen, 1992). Noxious stimuli to peripheral tissues, via afferent STT / SHT fibres ascending 

from all levels of the spinal cord activate neurones throughout the hypothalamus (differ et 

al, 1991). The resultant hypothalamic output appears to bring about the autonomic changes 

that acconqjany nociception (Kostarczyk, Zhang and Giesler, 1997; Janig, 1995; Giesler et 

al, 1994). Thus, sympathetic activity influences somatosensory input, and somatosensory 

input mediates sympathetic activity (Wiesenfeld-Hallin and Hallin, 1984).

3.6.6: The Paraventricular Nuclei of the Thalamus and the Hypothalamus:

There are two distinct regions within the diencephalon that are designated as 

paraventricular nuclei (see Diagram 17 and 5). These are the hypothalamic paraventricular 

nucleus (hPVN), and the thalamic paraventricular nucleus (tPVN) (see Moore 1995, 1996 

and 1997), and both nuclei receive projections from the SCN.

The tPVN has a reciprocal projection with the SCN. The tPVN also projects rostrally to 

the septum, amygdala, hippocampus and cingulate cortex, that is to hmbic system areas (see 

below) involved in memory, forebrain control of autonomic functioning and affective tone 

(Moga et al, 1993; Moore, 1996, 1997).

The hPVN receives an efferent projection from the SCN, as well as a sparse projection 

from the RHT (Moore, 1997). The hPVN gives a major projection, via the medial forebrain 

bundle, to the intermedio-cell column of the spinal cord, and to the superior cervical 

ganglia, to regulate sympathetic outflow (Parent, 1996).

3.7: THE SENSORY CORTEX (Parent, 1996):

Ipsilateral and contralateral spinal tracts conveying cutaneous project axons to the primary 

somatosensory receiving area in the parietal lobe of the cerebral cortex, which is made up 

of 6 neuronal layers (designated I -  VI). The areas of the cerebral cortex that are dedicated 

to general somatic sensibility are located in the post-central gyrus, and in the posterior part 

of the paracentral lobule. The various areas of the body are organised as a ‘sensory 

homunculus’ at the cortical surface, with the hand at the dorsal surface, and the foot within 

the paracentral lobule (the medial surfece of the brain). Hie primary somatosensory cortex
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(S I) occupies the post-central gyrus. Although certain aspects of sensation probably enter 

consciousness at thalamic levels, the primary sensory areas of the cerebral cortex are 

concerned especially with the integration of sensory ejq)erience and the discriminative 

qualities of sensation. Adjacent to each primary receptive area there are cortical zones that 

also receive sensory inputs directly from the thalamus, from the primary sensory area, or 

both. These area form the secondary sensory cortex (S H), and are located ventral to the 

primary sensory and motor areas, along the superior lip of the lateral sulcus. SII, like S I, is 

dedicated to processing somatic sensation. There is an intimate functional relationship 

between the primary and secondary sensory cortices, through reciprocal and somatotopical 

coimections within the same hemisphere, and commissural connections to the other 

hemisphere. S I and S II are also interconnected with the areas of the motor cortex that 

subserve the same body areas as the afferent sensory fibres.

3.7,1: The Primary Sensory Cortex

The primary sensory cortex occupies the post central gyrus, and is made up of three narrow 

strips of cortex (areas 3,1, and 2). Area 3 is thin, as some of the 6 layers within its structure 

are fused, and it is subdivided into two parts; areas 3a and 3b. Area 3b hes along the rostral 

aspect of the posterior wall of the central sulcus, and area 3a at the sulcus depth. Areas land 

2 form the crown and posterior (caudal) wall of the post-central gyrus, and have the 

typically 6 layered structure of the cerebral cortex. Layer IV of areas 3b and 1 of the 

postcentral gyrus receives the projections from the outer part of the central core of the 

ventral posterior (VP) group of thalamic nuclei (VPLc), and therefore include impulses 

(such as those arising in response to touch-pressure, pin prick and heat pain stimuli at the 

skin surface) relayed from the medial lemniscus and the spinothalamic tracts. Neurones in 

area 1 receive collaterals of fibres projecting to area 3. Fibres projecting to area 2 appear to 

be collaterals of fibres passing primarily to areas 3 and 1.

The cell columns of the cortex of the post central gyrus have constant unchanging receptive 

fields on the body surfece, and are highly adapted to discriminative functions. The cortical 

neurones of area 3 respond to light tactile skin stimuh, and low threshold skin stimuli are 

represented in both areas 1 and 3, with each being an approximate mirror image of the 

other. Many of the neurones in S I are modality specific. But other neurones within this area 

have complex properties and large, convergent, receptive fields, indicating that some 

processing of raw information takes place within S I. But the primary somaesthetic cortex is 

not concerned primarily with the recognition of crude sensory modalities, such as 

nociception or mere skin contact. The number of S I neurones that can be activated from 

nociceptor stimulation is relatively low, and direct stimulation of S I does not usually elicit
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painful sensations. It is thought that the massive and reciprocal thalamic connections, as 

well as the thalamus itself, play a crucial role in the perception of nocicq)tive and thermal 

sensory modalities (Parent, 1996).

3.7.2: The Secondary Sensory Cortex

The secondary somaesthetic area (SII) lies along the superior bank of the lateral sulcus and 

extends posteriorly into the parietal lobe. Its body map is the reverse to that of S I. It has 

two distinct areas: - an anterior part which responds to bilateral low threshold somatic 

stimuh and a posterior region which is responsive to nociceptive stimulation. S II receives 

afferents from the ventral posterior nucleus (VPLc) of the thalamus, and bilaterally from S 

I.

There are also a number of other areas within the parietal and insular cortex area which 

respond in various ways to cutaneous stimulation. For exanqale, the retro-insular area 

receives projections from the medial part of the posterior thalamic nucleus, and is activated 

from small contralateral receptive fields on the hand and foot.

3.7.3: Descending Projections from the sensory cortex:

Corticofugal fibres arise fi'om all regions of the cerebral cortex, and include impulses that 

modulate sensory input, to alter sensory awareness. Descending cortical fibres originate 

mainly from the deeper cortical layers. Those not specifically involved in the integration of 

movement are designated as the corticoreticular, corticopontine, corticothalamic, and 

corticonuclear projections (the latter projecting to the brainstem nuclei and cerebellum). 

There are a few corticohypothalamic projections which terminate in the lateral, dorsal and 

posterior hypothalamus

3.7.4: Neurotransmitters and cortical projections

Approximately 90% of cortical neurones receive cholinergic projections fi'om the 

amygdala, via the basal nucleus of Meynert ^a rt of the substantia innominata). The dense 

projections from the pontine locus coerulus (LC; also named as the nucleus pigmentosa) 

provide the major noradrenergic innervation of the cerebral cortex. [NB: Other structures 

receiving LC projections include the midline thalamus, other thalamic structures including 

the intralaminar, anterio and lateral geniculate nuclei, the amygdaloid conylex, 

hippocampal formation and cingulate cortex, and the periaqueductal gray. 10% of LC 

projections iimervate both the cerebellar and cerebral cortices. Other LC projections pass to 

the colliculi and primary sensory and association nuclei of the brainstem, and to the spinal 

cord]. Via its multiple projections, the LC is considered to play a role in the facilitation and



93

inhibition of sensory neurones and the control of cortical activation, as well as supplying 

the preganglionic sympathetic neurones of the intermediolateral cell column of the spinal 

cord.

The midbrain raphe nuclei give rise to the principal serotonineigic innervation of the 

cerebral cortex. Ascending fibres from serotonin cell bodies in the raphe nuclei include 

projections to the intralaminal thalamic nuclei, the lateral geniculate body, the stria 

terminalis, the amygdala and the hippocanq>al formation. Descending fibres project to the 

locus coerulus, the parabrachial nuclei, the cerebellum, the brainstem and the spinal cord. 

The nucleus raphe magnus, in particular, projects to structures primarily concerned with 

nociceptive and/or visceral afferent input. Spinal projections, which have inhibitory effects 

on afferent impulses, terminate at laminae I, II and in parts of V, VI and VII of the spinal 

gray matter.

3.8: THE LIMBIC SYSTEM (Parent, 1996) (Diagram 18; ^pend ix  XI):

The limbic lobe and system occupy central positions with in the neural mechanisms that 

govern behaviour and emotion. The components of the limbic system have afferent and 

efferent relationships with both the neocortex and the viscero-endocrine periphery, and are 

heavily implicated in the higher integration of somatic information, and the patterning of 

homeostatic responses. Within the limbic system, the amygdala, and its complex 

connections to and from the cerebral cortex and subcortical autonomic centres, appears to 

represent the key structure to link the functions of the neocortex with peripheral endocrine 

activity.

3.8.1: The Amygdala (Appendix XI):

Information from all sensory systems feeds into the amygdala, and the amygdala has 

reciprocal connections with the paraventricular nuclei of the hypothalamus and the 

thalamus (hPVN and tPVN) The amygdala receives an enormous array of convergent 

sensory information. It represents an important relay whereby external stimuh can influence 

and activate emotions, and the amygdala can modulate sensory processing according to the 

affective state (Parent, 1996).
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3.9: SUMMARY:

Nerve endings within the skin, which may or may not terminate in specialised structures, 

convey impulses that are interpreted centrally as tactile or noxious stimuli. Tactile stimuli 

are conveyed to the spinal cord primarily by larger myelinated (AP) afferent nerve fibres, 

whereas noxious stimuh travel in smaller myelinated (Aô) or unmyelinated (C) fibres. The 

majority of cutaneous afiFerent fibres enter the spinal cord via the dorsal horn of the spinal 

cord. From the dorsal horn, afferent sensory impulses are conveyed to the thalamus by three 

principal routes within the spinal cord: the dorsal column -  medial lemniscal pathway, the 

spino thalamic tract and the spino cervical tract, although there is a notable spino

hypothalamic pathway that also subserves somatosensation. From the thalamus, afferent 

inpulses are conveyed to the cerebral cortex, the hypothalamus and the limbic system. Both 

the hypothalamic and limbic system outputs have a major effect on sensory awareness.
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DIAGRAM 18:
Limbic Pathways Inter relating the Telencephalon and Diencephalon with Medial 
Midhrain Structures

(from Parent, 1996)

Marmni ! lotbalmniu iraci
A ragncf n u c leo f group

S>na meduüofîs

Fasctcuîus retrodiexus

Dor&o' ’egmer.îo!

Ventral (egmeniai nucleus

Interpeduncufar
nucleus M orom ii'ofy p ed u n cle  

Sup erior cenrroJ n u cleu s

The medial forebrain bundle originates from the septal and lateral pre-optic regions, traverses the lateral 
h>pothalamic area and projects into the midbrain tegmentum. It also includes many ascending fibres.
TTie fasciculus mammillary princeps divides into two bundles: the manimillo-thalamic tract, and the 
mammillo-tegmental tract.

Most of the fibres of the mammillary peduncle, arising from the dorsal and ventral tegmental nucleus, pass 
to the mammillaiy body, but some continue rostrally to the lateral hypothalamus, the pre-optic region, and 
the medial septal nucleus.

Fibres arising from the septal nuclei project caudally in the medial part of the stria medullaris. to terminate 
in the medial habenular nucleus. Impulses conveyed in the habenular nucleus are distributed to midbrain 
tegmental nuclei via the fasciculus retrofiexus (habenular-interpeduncular bundle)
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4: CIRCADIAN RHYTHMS IN NEUROLOGICAL SYSTEMS, 
AND THE SITES WITHIN THE CENTRAL NERVOUS SYSTEM 
WHERE CIRCADAIN RHYTHMS MIGHT INFLUENCE 
NEUROLOGICAL FUNCTION

From the work presented in the earlier part of this review of the literature, it is clear that the 

circadian timing system and the sensory nervous system share certain neuro-anatomical areas, 

to form sites where the sensory system may act upon the circadian timing system, and vice 

versa.

The components of the circadian timing system are all structures within the nervous system 

(Moore, 1995). These are the visual pathways (mediating light, and particularly crepuscular 

light, entrainment), the central circadian pacemaker structures, and the pathways that couple 

the central pacemakers to effector systems within the CNS e3q)ressing circadian function. This 

final section of the literature review will concentrate principally on the last of these 

components -  the paths that connect the circadian activities of the ‘clock’, or master 

pacemaker, to other elements of the neurological system, and vice versa. The first two of 

these are considered in the earlier sections of the Literature Review. But it is also necessary to 

consider the visual entrainment pathways. These have significant input to the thalamus and 

hypothalamic areas -  that is, to the areas of the brain that process afferent information from 

the skin, and also have reciprocal connections with the central pacemaking structures.

4.1: VISUAL ENTRAINMENT PATHWAYS:

The process of entrainment ensures that elements of the neural system which show a circadian 

pattern of activity, and the structures / systems that they influence, are in phase with the 

external light / dark cycle. This is primarily achieved by the influence of environmental light 

on the retina, and direct and indirect retinal links with the suprachiasmatic nuclei (that is the 

retinohypothalamic tract [RHT], the intergeniculate leaflet [IGL] and, indirectly, the 

geniculohypothalamic tract [GHT]). In addition to the light-influenced, neurophysiological 

connections, feedback from non-photic physiological and behavioural variables also affects 

input to the central pacemaker (Please refer to Section 2, above) (Moore, 1995). In general, 

each area that receives projections from the SCN, or has reciprocal connections with the SCN, 

also receives a direct input fi'om the retinal ganglion cells, and light-induced activity of the 

SCN cells inhibits activity in many areas that are innervated by SCN efferent connections 

(Moore, 1996).
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4.1.1: The Retinohypothalamic Tract;

The central circadian timing system is programmed to the external light / dark cycle by input 

from a population of ganglion cells, which project from non-visual photoreceptors of the 

retina (Foster et al, 1991; Card et al, 1991), as the retinohypothalamic tract (RHT). The 

largest subdivision of this tract of fibres terminates within the ventrolateral area of the 

suprachiasmatic nucleus (SCN), within the (central) master pacemaker, to ‘drive’ the 

circadian timing system. A small tract within the RHT also projects to the intergeniculate 

leaflet (IGL) of the thalamus (Pickard, 1985), so that neural impulses generated in a diurnal 

pattern by light-induced activity of the retina are transmitted directly to both the 

hypothalamus and thalamus.

4.1.2: Intergeniculate Leaflet (IGL) and Geniculohypothalamic Tract (GHT):

The lateral geniculate complex of the thalamus, of which the intergeniculate leaflet (IGL) is 

part, receives a direct retinal input via the optic nerve, and is a major factor in the processing 

of visual information. But the IGL is also in communication with the SCN via the 

geniculohypothalamic tract (GHT) (Moore and Card, 1994), so that the IGL-GHT system 

integrates photic and non-photic information, to modulate SCN pacemaker function (Moore, 

1995; Moore and Card, 1994; Moore, 1992a). The IGL also receives projections from the 

noradren-, serotonin- and acetylcholine-ergic nuclei of the brainstem, so that the SCN is also 

(indirectly) influenced by projections from the brainstem to the IGL. The midbrain 

serotoninergic system also has a major in tact on visual regulation of the circadian system 

(Miller et al, 1996). There appears to be a large degree of pre-synaptic interaction in the SCN 

between the glutamergic projection from the retina, the neuropeptide Y- (NPY) containing 

projection from the IGL, and the serotoninergic projection from the raphe, due to their 

anatomical juxtaposition within the SCN (Miller et al, 1996). For example, it is thought that 

serotonin may modulate photic input to the ‘clock’ by gating glutamate release from the RHT. 

However, there does not appear to be a physiological interaction between the raphe / 

serotonin and IGL / NPY afferents in the SCN, although it is thought that the median raphe 

appears to modulate rhythmicity, via its direct projection to the SCN (Miller et al, 1996). The 

IGL also has a projection to the posterior limitans nucleus (PLi), which is another area within 

the thalamus, which receives a direct retinal innervation. This suggests that either the PLi also 

has a significant role in rtiythm regulation, or the IGL is the only nucleus that communicates 

with the circadian and pretectal visual systems, as well as the visual tectum (Taylor et al, 

1986).
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4.2: PROJECTIONS TO AND FROM THE SCN;

4.2.1: Afferent SCN Projections:

As well as the RHT and IGL / GHT afferent paths outlined above, the SCN receive afferent 

input from other CNS areas. These include input from the raphe nuclei and the limbic system:

• There is a major input to the SCN originating from the inhibitory serotoninergic neurones 

of the midbrain raphe nuclei (indicated above; see also below) (Morin, 1992). Their 

terminal plexus within the SCN largely overlaps those of the RHT and GHT, so that the 

raphe:SCN projection appears to modulate pacemaker function, in a similar manner to the 

IGL-GHT projection, with serotonin acting as an inhibitor of SCN sensitivity to 

environmental light. The median raphe nucleus projects to the SCN but not to the IGL, 

and the dorsal raphe nucleus projects to the IGL but does not project to the SCN (Meyer- 

Bemstein and Morin, 1996). The effects of social and behavioural cues on the circadian 

timing system (Klein et al, 1991) appear to be mediated by the raphe:SCN projection 

(Jacobs and Azimitia, 1992).

• Additional excitatory input to the SCN (in rat) arises from projections from central 

structures that are part of, or are highly influenced by the limbic system. These include 

the infra limbic cortex, the lateral septal nucleus, the paraventricular thalamic nucleus 

(tPVN), the medial pre-optic area, certain hypothalamic nuclei (including the 

ventromedial - dorsomedial-, and posterior-hypothalamic nuclei), the zona incerta, and 

the ventral subiculum (Moga and Moore, 1996)

There are a number of other afferent inputs to the SCN, and other projections from the RHT 

to the medial and lateral hypothalamus, outwith the SCN, but their possible circadian 

functions have not yet been identified (Miller et al, 1996).

4.2.2 Efferent SCN Projections (Moore, 1996):

Projections from the SCN connect directly and indirectly with a number of CNS areas that are 

involved in sensory processing (Diagram 7). The major SCN efferent projections that are 

noted in the hamster and rat are thought to be characteristic of all mammals (Miller et al,

1996, Kalsbeek et al, 1993). It is thought that the efferent fibres from the SCN to the 

subparaventricular zone of the hypothalamus (the inhibitory projection between the SubPVZ 

-  see below), the paraventricular nuclei of the hypothalamus and the thalamus (hPVN and 

tPVN) and the medial hypothalamus in particular, all have a special role in the transmission 

of the ou^ut signal from the SCN circadian clock. These structures, and therefore other 

structures that receive their projections, will all be influenced by SCN circadian activity. The 

efferent connections of the SCN include major projections to other areas of the hypothalamus,
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and lesser projections to the basal forebrain, and the midline thalamus (Watts, 1991; see also 

Moore, 1996). The information (from primary projections to the forebrain and midline 

hypothalamus) is relayed to the secondary forebrain areas involved in higher functions 

(Moore, 1997a). These direct and indirect SCN efferent projections include:

• A projection to the anterior thalamus, ventrolateral septum, and bed nucleus of the stria

terminalis (parts of the limbic system, which receive projections from the raphe nuclei)

• A reciprocal lateral thalamic projection to the IGL (see above), and to the retrochiasmatic 

area of the thalamus (see above)

• A projection to the paraventricular nucleus of the thalamus (tPVN)

• A projection the pre-commissural nucleus and olivary pretectal nucleus (an area which

receives DCN projections [Bull and Berkley, 1984] )

• There is a substantial projection to a region ventral to the paraventricular nucleus of the 

hypothalamus (hPVN), called the sub-paraventricular zone (SubPVZ). This area in turn 

sends projections to most of the same sites as the direct efferents of the SCN. In 

particular, the projections of the SubPVZ reach the dorsomedial hypothalamic nucleus, 

the ventral tuberal area and the ventromedial nucleus. From the ventromedial nucleus, 

some projections continue on into the posterior hypothalamic area, the anterior 

paraventricular (tPVN) thalamic nucleus, and also to the periaqueductal grey (Watts, 

1991).

Intrinsic and extrinsic hypothalamic projections result in pacemaker information being 

relayed to the anterior pituitary, and to the hypothalamic and brainstem (reticular) formations 

that are involved in the regulation of the autonomic nervous system, the control of 

metabolism and body temperature, and the tenporal organisation of the sleep / wake cycles. 

The control of pineal function is mediated through a direct SCN projection to the 

hypothalamic paraventricular nucleus (hPVN), and from there to the upper thoracic 

intermedio-lateral cell column, and thence to the superior cervical synqjathetic neurones that 

project to the pineal gland (Moore, 1996a). Melatonin, secreted from the pineal gland under 

the direct control of SCN activity, itself feeds back to moderate SCN activity (Moore, 1996; 

Gillette and McArthur, 1996; Morgan et al, 1994; Lewy et al, 1992; Cassone, 1990; also see 

Moore, 1997a, for review)
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4.3: THE CIRCADIAN TIMING SYSTEM: (Diagram 19)

It is not fully understood how the rather limited projections from the SCN regulate the body- 

wide and diverse functions that are under the control of the circadian timing system. But the 

IGL, the retrochiasmatic area of the thalamus, and the sub-paraventricular zone (SubPVZ) 

must all be considered as components of the circadian timing system, in addition to the SCN 

pacemaker (Moore, 1995). And the direct connection between the SCN and the thalamic 

paraventricular nucleus (tPVN) (which is noted in humans, as well as in the animal model) 

appears also to be of significance in this system (Dai et al, 1997). Therefore, it is reasonable 

to assume that the efferent connections from all of these areas form part of a system which 

disseminates circadian rfiythms to other structures and systems (Moore, 1995). For example:

• the raphe nuclei have a reciprocal projection with the SCN, and are under the circadian 

control of SCN efferents, through, via the release of serotonin. (Miller et al, 1996)

• the paraventricular thalamic nucleus (tPVN) projects to the forebrain, to the septum, 

amygdala, hippocampus and the cingulate cortex, that is to the limbic areas which are 

involved in memory, the control of autonomic function, and affective tone (Moore, 1995)

• the paraventricular thalamic nucleus (tPVN) also has other projections to the nucleus 

accumbens of the striatum (an area which receives projections from the intralaminal nuclei 

of the thalamus, and from the amygdala) (Moore, 1995)

• the paraventricular nucleus of the hypothalamus (hPVN) has a reciprocal projection back 

to the SCN (Moga et al, 1993), and its input is reinforced by the rostral projections from 

the subPVZ

• efferents from the SCN, vdiich overlap the subPVZ projections to the basal forebrain, 

project into the retrochiasmatic area, to synapse on to second order thalamic neurones 

which project extensively to the forebrain and brain stem (Morin, 1994)

• areas of the basal forebrain that receive direct / indirect SCN projections themselves 

project widely to the neocortex, as well as to the brainstem areas that are involved in 

autonomic regulation, and to the inhibitory neurones of the spinal cord gray

• as well as its reciprocal projection to the SCN, the IGL also projects to

the midline thalamic nuclei, including the thalamic paraventricular nuclei (tPVN)

(and regulates the behavioural state)

the sub-thalamic area (the zona incerta, that participates in motor integration and 

regulation)

the olivary pretectal and tectal zones, and the superior colliculus (which mediate 

visual function)
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Diagram 19:
STRUCTURES AND PATHWAYS OF THE MAMMALIAN CIRCADIAN TIMING
SYSTEM
(from Reuss, 1996)
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• the pineal gland is influenced primarily by photic-induced activity from the SCN, relayed 

via a peripheral sympathetic tract in the superior cervical ganglion, but the pineal also 

receives some direct central innervation from the lateral geniculate nucleus (LGN)

(Arendt, 1998)

• there is also a projection from the SCN to the ventral pre-optic nucleus, by which means 

the SCN appear to regulate the circadian pattern of sleep (Sherin et al, 1996)

• the major SCN -  SubPVZ -  hypothalamus -  spinal cord projection integrates and imposes 

circadian ihythmicity in neuroendocrine and autonomic mechanisms (Vrang et al, 1995a 

and b).

• there is also a extra-synq>athetic pathway that connects the pineal to the paraventricular 

(hPVN), lateral hypothalamic, and the habenular nuclei (Vrang et al, 1995a and b)

• there is a further projection to the dorsal and medial parvocellular subnuclei of the hPVN, 

with the implication from animal models that different subparts of the SCN may regulate 

different circadian rhythms (Vrang et al, 1995a and b)

• hypothalamic-cortical coimections allow a functional interrelationship between the 

circadian and visual systems (Reuss, 1996)

Through the coimections between the SCN, the hypothalamus and the midline thalamus, the 

SCN has the potential to exert temporal control over the organisation of the behavioural state 

(Moore, 1995).

4.4: NON SCNiRHT PROJECTIONS THAT MAY INDUCE OR AFFECT 

CIRCADIAN RHYTHMS:

In addition to the RHT : SCN projections, there are also RHT projections to other central 

areas. For exarr^le, the RHT also gives a collateral projection to the mago- and parvo-cellular 

parts of the hypothalamic paraventricular nucleus (hPVN) (see below), and to the supra-optic 

nucleus (directly and indirectly, via the peri-supra-optic terminal field). These non-SCN RHT 

projections are thought to give the morphological basis of the non-photic effects on 

mammalian physiology, such as social cues, that are not mediated directly by the circadian 

timing s>^em (Reuss, 1996). There is also a direct projection from the retina to the lateral 

region of the dorsal raphe nucleus, and the adjacent meso-pontine periaqueductal gray, which 

appears to have a role in sensori-motor co-ordination and the regulation of circadian rhythm 

and sleep / wakefulness (Shen and Semba, 1994).
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4.5; THE PARAVENTRICULAR NUCLEUS OF THE HYPOTHALAMUS (hPVN):

Hie parav^itriciilaF nucleus of the hypothalamus (hPVN) forms m  influmdal part of the 

rhythm regulating system. This is because (Reuss, 1996):

• it receives direct innervation from the RHT

• it receives input from all the majw comprments of the circadian timing system, including 

the SCN, the intergenicul^e leaflet and the retina.

•  it is a target of SCN — sutfVZ prelections

• it prefects to autcæomic qiinal regksis, to integrate neuroendocrine and autonomic 

medianisms. The prelection from the SCN to the paraventricular nucleus (hPVN) is o f 

particular ingx)rtance in thetrmismission of circadian rhythms Arou^ioirt the neuraxis, as 

there does not appear to be a direct projection from the SCN to the spmal medulla (Reuss, 

1996).

• it prefects to the \isual cortex

•  its neurcmes influence functkmal connections of the retkio-pineal pMhway, and are 

in^iortant in the regulatkm of pineal functkm

• it innervates the lateral hypothalamic area, which also receives ii^ut from the retina

• hPVN activrty increases sympathetic outflow (Moore, 1996).

There are two subdiviskxis within the hPVN: the posterior mid arrteriw areas. The posteriw 

area has limited efferent output, primarily to the areas concerned wrth olfactkm, aUhough it 

also has (xmnet^xms with the limbic system (for exanqile, with the amygdaloid nuclei). In 

crmtrast, the arrterior hPVN smds recqirocal pregectKxis to the SCN, the medial hypothalamic 

nuclei, and the sacral parasympathetic nucleus (differ et al, 1991), as well as to the olfrctory 

cmitres mid the amygdaloid nuclei. (P m ^ , 1996), mid this is indicated as a fector in the 

transmisskm of circadian ihythmicity to the limbic system.

These &ctws indicate that anterior hPVN is ideally suited to act as one of die relays of SCN- 

originated circadian timing infmmation, as efferents cwnect with Warn areas that mediate the 

visceral and motivational aspects of behaviour (Moga et al, 1995). In particular, prcgectKXis to 

the intermediolateral nucleus (the location of the sympathetic pre-ganglicmic nmircmes [SPN]) 

origmate predominmitly from the dorsomedial cap of the hPVN. Chie tract projects from the 

dorsal hPVN to the periaqueductal gray. Another projects from the medial area to the 

autonomic neurones of the intermediolateral nucleus and area 10 of Rexed. There is a direct 

inhibitory prcjecticm between the hPVN and the SPN, to provide the cmtral norathmiergic 

p ^ w a y  fcH* the integr^kxi of neuroendocrine and autcximnic mechmiisms. There are also
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efferent projections from the lateral, dorsomedial and ventromedial hypothalamus to the SPN, 

mediated by input from the spinohypothalamic tract (SHT) (Reuss, 1996).

4.6: THE AUTONOMIC NERVOUS SYSTEM:

As indicated above, the endogenous circadian activity of the SCN neurones is projected to the 

paraventricular nuclei of the hypothalamus (hPVN), the pre-ganglionic synq)athetic neurones 

of the upper thoracic intermedio-lateral cell columns, and the superior cervical ganglia. This 

pathway therefore influences the activity of the autonomic nervous system, and will affect the 

output from endocrine glands, including the pituitary and the pineal via the HP A axis (see 

Moore, 1995 for review; Klein et al, 1991). The influence of the SCN:hPVN projection makes 

it likely that this could be one of the prime routes for the passage of circadian information to 

the autonomic system. TTie majority of SCN neurones project to the hPVN, and the hPVN 

predominantly innervates the intermedio-lateral cell column (IML). TTie bi-neuronal link 

between the SCN and the IML is probably involved in the transmission of circadian signals 

from the endogenous clock both to the pineal gland, and to other organs that receive 

sympathetic afferents (Vrang et al, 1997). The SCN pacemaker also generates the diurnal 

rhythm of activity of the hypothalamic-pituitary-adrenal axis, through the direct connection 

between the SCN and the corticotrophin releasing factor (CRF)-producing neurones of the 

hypothalamic-pituitary-adrenal axis, (Vrang, Larse and Mikkelsen, 1995a).

The cyclical fluctuation of pineal melatonin production is one of the most easily observed 

markers of circadian rhythmicity, reflecting the circadian pattern of activity of the 

synç>athetic system at the pineal gland. Melatonin is produced by enzymic activity within the 

pineal gland in response to neuronal input from the SCN, via the hPVN and autonomic 

pathways, i.e.: the HPA axis (Moore, 1996; see also Section 2, above). The oufr)ut signal from 

the SCN controls levels of neural activity in the circuit from the hypothalamic paraventricular 

nucleus to the sympathetic innervation of the pineal (Moore, 1997a). The pathway includes 

the following components (Moore, 1996):

• retinal ganglion cells, whose axons form the RHT projection to the SCN

• the pacemaker cells of the SCN, which generate an endogenous circadian signal (see 

above) with a high firing rate during the day, and a low firing rate at night

• the SCN projections to the parvocellular autonomic subdivision of the paraventricular 

nucleus
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• parvocellular paraventricular nucleus projections through the medial forebrain bundle and 

brainstem reticular formation, to the intermedio-lateral cell column of the T1 - T3 

segments of the spinal cord

• intermedio-lateral cell column projections to the superior cervical ganghon

• superior cervical ganglion projections through the cervical syrt^athetic fibres to the pineal

• post-ganglionic sympathetic fibres release noradrenaline (NE) rhythmically within the 

pineal gland. In mammals, NE input is higher during darkness than during the day 

(Cassone et al, 1990). The noradrenergic system of the post-ganghonic fibres is supported 

by the GABAergic daytime signal from the SCN. High daytime levels of G ABA inhibit 

melatonin production, and the low levels of output from the SCN at night fecilitates 

melatonin production (Moore 1996)

4.7: THE RAPHE NUCLEI:

The raphe nuclei provide an important relay station within the circadian timing system. The 

dorsal raphe nucleus (DRN) is regulated by environmental lighting conditions, through its 

direct, reciprocal projection with the retina (Reuss, 1996), vdiich terminates at the 

ventrolateral SCN (Cagampang et al, 1993). There is also a parallel serotoninergic projection 

from the raphe to the IGL (Morin, 1994), and a subpopulation of DRN neurones receives a 

reciprocal excitatory projection from the hPVN (Morin, 1994).

The raphe nuclei exert powerful controlling influences on CNS output. Both the 

serotoninergic and non-serotoninergic neurones of the raphe nuclei project to the autonomic 

cell groups of the spinal cord, to provide a direct inhibitory effect on pre-ganglionic 

autonomic cells (Reuss, 1996). Their descending serotoninergic projections within the spinal 

cord form one of the major inhibitory nociception control systems (Parent, 1996). These 

control mechanisms are likely to show some degree of circadian rhythmicity of effect, as the 

serotonin content of the DRN shows a circadian rhythm, with a peak during the light phase 

(Cagampang et al, 1993). The link between SCN activity, the raphe, the autonomic system, 

and the descending tracts of the spinal cord could provide a major fector in the overt 

manifestation of circadian rhythms in body systems.
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4.8: CENTRAL PROJECTIONS OF FIBRES WITHIN THE SPINAL CORD:

The experimental work of differ et al (1991) demonstrated clearly that the central projections 

of labelled spinal cord fibres include direct afferent connections to the midbrain 

(periaqueductal gray [PAG] and pretectum), and to several thalamic and hypothalamic nuclei 

(including the SCN and hPVN). Limited projections also reached the basal forebrain, as well 

as structures of the limbic system. Unfortunately the tracts within the spinal cord containing 

the labelled fibres were not named within their paper. But it is reasonable to presume that 

STT and DC fibres would have been included, as these form the principal tracts of ascending 

fibres within the spinal cord, and the link between STT / SHT fibres and the limbic system 

has been demonstrated by Geisler et al (1994). Their work (differ et al, 1991) described an 

afferent link between spinal somatosensory pathways and the SCN pacemaker. It could be 

hypothesised that the limbic connections from the hypothalamus that link to the cerebral 

cortex could reflect activity in both the ascending sensory systems and the output of the 

central pacemakers

4.9: CONNECTIONS BETWEEN THE VISUAL IMAGING SYSTEM AND THE 

SOMATOSENSORY SYSTEM:

Although part of the pretectum receives direct input fi*om the retina and projects to 

diencephalic structures with visual functions, other areas within its structure do not receive 

visual input. But some of these non-visual areas of the pretectum receive an extensive input 

from the DCN and the somatosensory areas of the cerebral cortex, and the non-visual 

pretectum has a projection to the thalamic reticular nucleus (RN) (Berkley and Marsh, 1978). 

The RN can sample any neural activity passing to and through the cerebral cortex and nuclei 

of the thalamus. The projection between the non-visual pretectum and the RN could provide a 

secondary modulating link between the somatosensory system and the circadian system, via 

the SCN efferent projection to the RN (Vrang et al, 1997)

4.10: THE INFERIOR OLIVE AND CEREBELLAR STRUCTURES:

There is an apparent coupling between the riiythmic discharge from ensembles of neurones 

within the inferior olive (10), and sensori-motor performance. There is greater ouq)ut from 

the 10 during the dark phase of the light / dark cycle in nocturnal animals, and it has been 

shown that 10 activity is modulated by serotonin, dopamine, noradrenaline and G ABA 

(Smith, 1998). As levels of these neurotransmitters show circadian rhythmicity (Schade et al, 

1995), it is suggested that the output of the 10 may indirectly reflect the ouq)ut of the SCN.
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4.11: SUMMARY:

There are a number of sites within the central neuraxis Wiere direct and indirect ou^ut from 

the central pacemaking structures of the hypothalamic and thalamic circadian timing system 

could influence somatosensory processing. The pacemaking structures include the SCN, the 

SubPVZ, the paraventricular nuclei of the hypothalamus and thalamus and the intergeniculate 

leaflet. And areas within both the hypothalamus and thalamus receive visual and non-visual 

retinal input to entrain them to the external light / dark cycle. The SCN has notable reciprocal 

connections with areas within the hypothalamus that affect autonomic activity, such as the 

hPVN, with effects that are noted throughout all physiological systems. The SCN also links 

reciprocally with the tPVN, with projections to the limbic system, and thence to the cerebral 

cortex. Reciprocal SCN connections with the retrochiasmatic area of the thalamus provide a 

link to the main sensori-motor processing areas of the cerebral cortex and the thalamus. And 

levels of serotoninergic ou^ut from the raphe nuclei is mediated through the non-visual RHT 

pathway, to further influence the inherent levels of circadian activity of the SCN.
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METHOD

Introduction:

The e^qjeriments reported in this thesis were performed in vivo, assessing cutaneous threshold 

sensation in human glabrous and hairy skin, under non-laboratory and laboratory conditions. 

Sensory thresholds were assessed using an aesthesiometer (cahbrated von Frey filaments) to 

test touch-pressure, a modified aesthesiometer to assess pin prick pain, and a small heat probe 

to determine heat pain. Tests were performed in the early part of the morning and late 

aftemoon as a minimum, as well as at other times during the 24 hours. Test were carried out 

at various times of the year.

Subjects were required to make a direct judgement on the nature of stimuh that were applied 

to the skin of the foot, hand and arm. There are two basic methods that can be used to achieve 

this: to present the same range of stimuli to all subjects, or to tailor the range of stimuli to the 

individual (Rollman and Harris, 1987). In these experiments, the latter approach was used. 

Threshold stimuli were self-selected by the subject to be within his individual range, so 

considerable intra-individual variation of thresholds within the groups could be e;jq)ected. But 

as comparisons of averaged thresholds between times of day were made, so subjects acted as 

their own controls (Courtiss and Donelson, 1988; Bojkowski et al, 1987)

This chapter presents the study population and the settings in which the sensory tests were 

made. The overall method of the touch-pressure, pin prick and heat pain threshold tests is also 

described, but specific variations within the experimental methodology are given within the 

Results chapter, immediately before the results of individual experiments.

Ethical Approval:

This research was approved by the Clinical Investigations Panel of University College 

London Medical School (94/147).

Had it become apparent during any of the e?q)eriments that observed skin sensations were not 

within normal or anticipated ranges, those subjects would have been directed, with a covering 

letter, to the GP for advice, with a request for referral to the appropriate medical specialist, 

where necessary.
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Study Population:

The subjects that participated in these experiments were all self-reported healthy, well 

nourished individuals who did not demonstrate any adverse sensory symptoms such as 

numbness, paraesthesiae, or dysaesthesia. They had no history of stroke, nerve or spinal cord 

injury, nor any incidence of diabetes mellitus or rheumatoid arthritis (Merchut and Cone 

Teleikis, 1990), and therefore could be considered as ‘normal’ subjects. No distinction was 

made for those that were cigarette smokers or social drinkers, as those factors do not appear to 

relate to quantitative sensory indices (Sosenko et al 1989).

Inclusion criteria:

All subjects included in this study conformed to the Merchut and Cone Teleikis (1990) 

criteria of normalcy. All were volunteers, recruited by advertisement, aged between 18 and 50 

years of age, and able to attend for all repeat tests required by the protocol. Subject numbers 

were balanced, as fer as possible, between sexes.

Exclusion criteria:

Volunteer participants were excluded from the study if:

1 : their age was > 55 years, as older subjects have higher, or altered sensory 

thresholds (Dyck et al, 1984; Neri and Agazzani, 1984; Kenshalo, 1977; Axelrod and Cohen, 

1961). Age can affect melatonin production, and its amplitude is reduced in older subjects 

(Bojkowski and Arendt, 1990; Arendt, 1998), and the circadian function of the hypothalamic 

- pituitary - adrenal system is impaired (Swaab, 1995; Swaab et al, 1993)

2: they self-reported a specific pathology, or use of a medication regime, that is 

associated with sensory neuropathy, as subjects who have impaired skin sensation in one 

modality are likely to have abnormalities of other cutaneous sensory modalities (Smith et al 

1991). Examples of these include diabetes mellitus; pernicious anaemia; rheumatoid arthritis; 

alcoholism; tarsal or carpal tunnel syndrome; peripheral neuropathy; parental beta blockers: 

fibromyalgia (Kosek et al, 1996; Vecchiet et al, 1994; Evans et al 1992; Gelberman et al 

1983).

3: they had a history of neurological pathology or trauma, such as stroke, nerve or 

spinal cord injury (Merchut and Cone Toleikis, 1990), or a recent history of shingles (heipes 

zoster) at any of the skin test sites (Baron and Saguer, 1993)

4: they suffered from any form of chronic pain, as subjects who experience chronic 

pain may demonstrate a significantly higher (up to 7®C) threshold to heat pain than controls
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(Naliboff et al, 1981) as their discrimination of painful stimuli is poor, in comparison to 

healthy controls (Yang et al, (1985).

5 : they had taken any analgesic or anti-inflammatory medication on the day of the 

test, because these drugs may increase the time taken to reach pain threshold, showing an 

artificially high heat pain threshold (Stacher et al, 1982)

6: they reported any signs of sensory impairment, such as numbness, paraesthesiae, 

local to the test site, or had been administered a local anaesthetic to the test area < 24 hours 

before the start of the e>q)eriment.

7: If they had major visual impairment, as circadian rhythmicity is frequently 

disturbed in blind subjects (Lockley et at, 1997), although red /  green colour blindness does 

not affect circadian rhythms (Ruberg et al, 1996).

8: If they were on a medication regime involving MAOIs and serotonin-uptake 

inhibitors, or had a diet excessively high in tryptophan, as these all increase serotonin and 

melatonin production; or were taking benzodiazepines, non-steroidal anti-inflammatory 

drugs, or decarboxylase inhibitors, as these can increase melatonin secretion, by suppressing 

its metabolism (See Arendt, 1997)

9: there was a history of trauma to the limb / area under test 

10; there were any signs of skin pathology, including scarring, within the area under 

test (Wermer and Omer, 1970)

11 : the skin in the tests sites was callused, obviously roughed, or its texture was 

atypical of the site (Greenspan and McGillis, 1991)

Experimental Setting:

The sensory threshold experiments that formed this research were carried out in surroundings 

that ensured subject comfort. Some took place in a clinic, some in the subject’s home or 

worlq)lace rest- room, and others - the heat pain experiments - were held in a laboratory. In all 

cases, subjects were seated on a comfortable, upholstered chair, with the test leg / arm 

extended and fully supported and cushioned along its length (Diagram 20). The test limb was 

positioned so that the approaching stimulus, and in the case of heat pain, the visual 

temperature read out, were obscured from the subject’s view. AU tests were carried out under 

ambient conditions of room temperature and relative humidity, and under normal daylight or 

domestic lighting conditions (Âkerstedt, 1991). High levels of humidity and high room 

temperatures can reduce the forces at which the nylon filaments, used to test touch-pressure 

and pin prick, bend (Omer, 1968) but they are reliable at ambient conditions (Andrews,

1993), and independent of the subject’s skin temperature (Green, 1977; Stevens et al, 1977).



Diagram 20: AESTHESUOMETRY TESTING

113

%



114

During all tests, distractions were kept to the absolute minimum, as subjects perform better if 

their concentration is not interrupted (Miron et al, 1989; Grabfield and Martin 1912). Night 

workers were tested on night 5 of the 7 night shift series, to allow the subject to become 

accustomed to the change in sleep pattern (Knauth et al, 1980; Âkerstedt, 1991). The majority 

of tests were made by the same observer (Merchut and Cone Toleikis 1990; Szabo et al 1984; 

Bell 1978), except for one that was carried out as a double-blind experiment.

Skin areas tested to sensory threshold

Areas of glabrous and hairy skin were tested. Sensory thresholds of glabrous skin at the palmar 

and plantar areas of the hand and foot, and hairy skin of the dorsum of the hand, foot and inner 

arm were assessed. The points where the sensory stimuli were apphed within these anatomical 

divisions were determined in the manner outlined below:

• No marks were made on the skin for the touch and pin prick tests, but, heat stimulus points 

were marked on the skin, as dots with a felt tip pen.

• The anatomical areas to be tested were divided into notional test areas, following 

anatomical markers, such as skin creases, or the limit of weight bearing / non-weight 

bearing areas, as shown in the diagrams, and drawn on the record card as heavy lines.

• With each area, a number of stimuli were delivered to equally spaced points, that 

corresponded to the cells marked on the record sheet by the light lines (see Table 10, 

below).

• Mean sensory thresholds were calculated for each test time, for each area, as the average of 

the point (record cell) thresholds.

• Mean threshold of anatomical areas, eg: the medial longitudinal arch of the foot; the palm 

of the hand, were calculated as the mean of the data within that anatomical division.

Test areas on the foot:

The plantar sur6ce of the foot was divided equally into medial and lateral halves, to either side 

of a hypothetical longitudinal line that separates the non-weight bearing skin of the instep (the 

medial longitudinal arch, MLA) from the weight bearing skin of the lateral middle third of the 

sole of the foot (LLA), and extended from the centre of the heel, to the interdigital space 

between the second and third toes. Each half was subdivided into 3 zones, by hypothetical 

transverse lines at the distal weight bearing margin of the heel, and at the proximal limit of the 

ball of the foot (ie: the limits of the instep), to designate the medial (MFF) and lateral fore foot 

(LFF) areas, and the medial (MH) and lateral (LH) heel areas. The plantar aspects of the toes 

(T) were taken as a single weight bearing area. Thus the plantar surfrce of the foot was
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considered as seven areas: six of weight bearing skin, and one (ie: the MLA) of non weight 

bearing skin. The hmits of the test area on the dorsum of the foot (Dors F) were hypothetical 

transverse lines from the medial eminence of the 1st metatarsophalangeal joint to the lateral 

border of the 5th metatarsophalangeal joint, and from the tuberosity of the navicular on the 

medial side of the mid foot, to the proximal margin of the cuboid, on the lateral aspect of the 

tarsal area (Diagram 21).

Table 10:
Skin areas, and zones, assessed in the touch-pressure, pin prick, and beat pain threshold tests

Touch Pin
Prick

Heat

Area Skin Type Test No: of No: of Exp. 1 Exp. 2
Areas zones zones Zones Zones

Foot Plantar Glabrous T 10 2
MFF 8 2
LFF 8
MLA* 8 8 8 4
LLA 8 8
MH 8
LH 8

Dorsum Hairy Dors F 16 1
Hand Palm Glabrous MP* 8 8

LP* 8 8
Fingers* 15

Dorsum Hairy DorsH 16
Arm Timer Hairy Volar 20

arm
• Non-weight bearing glabrous skin 

Abbreviations used to describe skin areas:

T Toes MFF Medial Forefoot
LFF Lateral Forefoot MLA Medial Longitudinal Arch
LLA Lateral Longitudinal Arch MH Medial Heel
LH Lateral Heel Dors F Dorsum of the Foot
MP Medial (Radial) Palm LP Lateral (Ulnar) Palm
Dors H Dorsum o f the Hand Volar Arm Irmer Surface o f the Upper Arm
Fingers Volar Surfaces o f the Finger and Thumb

Test areas on the hand:

The palmar surface of the hand was divided to either side of the longitudinal palmar crease, 

into medial (MP) and lateral (LP) area. The palmar aspects of the fingers and thumb were each 

divided into zones, by the skin creases overlying the interphalangeal and metacarpophalangeal 

joints. The limits of the test area on the medial (MP) and lateral (LP) area. The palmar were 

hypothetical transverse lines linking 2 -5 metacarpophalangeal joints, and the styloid process 

of the radius to the styloid process of the ulna (Wermer and Omer, 1970) (Diagram 22).
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Diagram 21: SKIN TESTS SITES ON THE FOOT

PLANTAR SKIN SITES DORSAL SKIN SITES

RECORD CARD : PLANTAR TESTS RECORD CARD: DORSAL TESTS

Subject:
Date:
Time:
R /L

Subject:
Date:
Time:
R /L
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Diagram 22: SKIN TESTS SITES ON THE HAND

PALMAR SKIN SITES DORSAL (H) SKIN SITES

RECORD CARD : PALMAR TESTS RECORD CARD: DORSAL (H) TESTS

Subject:
Date:
Time:
R /L

Subject:
Date:
Time:
R /L
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Test areas on the arm:

The test area of the inner surface of the upper arm was defined by the limits of the proximal 

bulge of the biceps muscle transversely across the inner arm surfece to its outer border, and from 

the distal bulge of biceps muscle to the outer border of the arm, parallel to the first line (Diagram 

23).

Design of the Experiment, and Statistical Analysis

There is a wide variabihty within the range of normal thresholds to sensory stimuli, in any 

population. This can obscure within-subject diurnal variation of sensory thresholds, if group 

means are compared at repeat tests. The methodology of the experiments described below 

acknowledged this, and used subjects as their own controls. The subject’s sensory threshold, at 

any time, was calculated as the mean of a number of observations at the skin test site (eg: 58 at 

the glabrous - plantar - skin of the foot; 31 for the glabrous - palmar - skin of the hand). The 

diurnal variation of threshold, ie: the difference in threshold between tests made in the morning 

and repeated in the late aftemoon, was calculated as the subject’s threshold morning mean (time 

1) minus the subject’s threshold late afternoon / evening mean (time 2 ). Group means were 

calculated as the mean of the individuals’ differences between timed tests.

For example, the mean plantar T-P threshold of a group of 16 normal subjects, calculated from a 

morning test, with a repeat test in the aftemoon was 3.9995 +/- sem 0.0539 Log units, with a 

standard deviation of 0.2158. This represented subject’s thresholds of between 3.6095 - 4.3476 

log units. Within this global figure, the group moming threshold was 4.1284 +/- 0.0616 Log 

units, St dev 0.2463 (range: 3.5965 - 4.5695 log units), and the late aftemoon threshold was 

3.8706 +/- 0.0517 Log unit, st dev 0.2069 (range: 3.6226 - 4.1781). But vdien the group’s 

moming - aftemoon mean, calculated as above, is examined, a robust diumal variation emerges:

0.2578 +/- 0.0360 Log units, st dev 0.1439. Whilst one subject within the group showed an 

insignificant rise in threshold of 0.0261 log units by the aftemoon, the remaining 15 subjects 

showed a very significant decrease in threshold of between 0.0870 - 0.4690 log units.

Randomisation was built into this basic method, where the areas within the anatomical sites were 

tested in random order, and the order of repeat tests (i.e.: am -> pm; pm -> am)was varied 

within the subject groups. These measures allowed paired data within the group (such as timed 

thresholds, left / right foot / hand, areas of different skin thickness, glabrous and hairy skin) to be 

analysed using repeat measures analysis of variance, and paired ‘t ’ tests. Where variables could 

not be directly paired (such as gender, test order, age, laterality, global analysis of site related 

thresholds) comparisons were made using single factor analysis of variance and 2 - sample
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Diagram 23: SKIN TESTS SITES ON THE ARM

RECORD CARD : VOLAR TESTS, UPPER ARM

Subject;
Date:
Time:
R/L
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‘t ’ tests. All calculations and graphical displays of group means and differences were made 

using Microsoft Excel and SPSS - Statistical Package for the Social Sciences - computer 

programmes.

The more complex forms of data analyses were not used, as their requisite method of data 

collection was beyond the remit of this project. This study was designed to perform sensory 

threshold tests similar to those that are used during a routine patient assessment. Therefore, 

this ruled out signal detection theory-type experiments, which require subjects to be presented 

with up to 250 pairs of signal + ‘noise’ / ‘noise’ stimuli at each trial (Rollman, 1977). In 

addition, as the subjects that participated in these studies were not available for multiple 

repeat testing at each test time, cosinor analysis on the generated data was precluded. This (ie: 

the least squares fitting of a cosine model) is a very through form of data analysis, but one 

which requires the subjects to be tested many times at each test session, in order to generate 

sufficient data to complete the analysis. A linear multiple regression analysis would be 

performed so that the period (x) must be known or assumed a priori, and the mesor (M) and 

amplitude (A) and the acrophase (0) are estimated from the regression analysis (Minors and 

Waterhouse, 1981). Its multi-test approach can also sometimes result in inaccurate base line 

thresholds, due to induced hypersensitivity at the test site, especially where heat pain is being 

assessed, and if the analysis is computed using data fi-om lower numbers of tests, over, or 

under, estimations, of the rhythm amplitude can occur (de Prins and Waldura, 1993).

1: Touch Pressure Sensation Tests

All touch-pressure threshold tests were made using an aesthesiometer, that is, a set of 

calibrated von Frey filaments. This is probably the most commonly used method of making a 

detailed and reliable assessment of touch-pressure thresholds in the clinical setting (Bell- 

Krotoski et al,1995; Bell, 1984; Johansson et al, 1980; von Prince and Butler, 1967). The 

range of monofilaments allows increasing stimulus intmsities to be delivered, with their force 

values expressed as Log units (Log lo force mg * 10).

Apparatus:

The von Frey Aethesiometer:

von Frey had demonstrated that the pressure apphed by the tip of a flexible rod relates to the 

bending force of the rod, and is independent of the manual force that causes the rod to bend 

(von Frey, 1896). He apphed this principle to a clinical method for evaluating the skin’s
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sensitivity to touch. By depressing the skin with a thorn that had been glued to the end of a 

hair, until the hair just began to bow, he obtained a measure of the touch-pressure sensibility 

of skin nerve endings. By varying the thickness and lengths of the hairs, he was able to vary 

the force of the skin stimulus (yet maintain a constant stimulus tip size). From the diameters 

of the filaments and using a chemical balance he was able to calibrate the hairs, to express the 

forces exerted by their tips in terms of grams weight per unit area.

The modem aesthesiometer

von Frey’s original set of filaments used a range of natural fibres (e.g.: horse hair; bristles) 

mounted in wooden handles. Since then, commercially manufectured sets of von Frey 

filaments, based on the work of Semmes, Weinstein et al (1960), are available, as 

‘aesthesiometers’. Each aesthesiometer is made fi'om a plastic handle set with a nylon 

monofilament, as the use of the man-made fibre ensures a measure of quality control. In the 

Senunes-Weinstein aesthesiometer, all filaments were cut to the same length (27mm), but 

their thicknesses ranged fi'om the very, very fine and flexible, to thick and relatively rigid. 

Although the relationship between touch threshold forces and probe sizes is non-linear 

(Greenspan and McGillis (1991), logarithms of their bending forces, (i.e.: Logio of the 

bending force in mg* 10, equivalent to milli-Newtons), show a near linear relationship to one 

another. The bending force for each filament, as Logio mg* 10 (‘Log units’) is printed on the 

plastic handle, and that value is used in the calculation of touch-pressure thresholds. This 

apparatus gives a reliable, quantitative measurement of light touch - pressure (Gelberman,

1983), as the applied filament tip exerts its force at the skin surfece almost instantaneously 

(Johansson et al, 1980; Omer 1968). There is a good degree of similarity between probes of 

the same value from different sets, and individual filaments can be expected to deliver reliable 

stimuli at repeat applications (Bell-Krotoski et al, 1995; von Prince and Butler, 1967).

The 14 filaments used in this study were taken from a set of 2 0 , designed and made by Alan 

Ainsworth for Nova Instruments, making a small adaptation the basic design of the other 

commercially available sets (Diagram 24). Lengths of nylon filament were glued with epoxy 

resin into 2mm deep drilled recesses in 10cm x 1cm x 1cm Perspex® rods. The tips were 

precision cut, orthogonal to the shaft of the filament, using a scalpel. The tip shape was 

checked by microscopy, at the time of manufocture to ensure that there were no ragged ends. 

By slightly varying the lengths of individual filaments, the technician was able to make a set 

of aesthesiometer filaments whose bending forces, when expressed as Logiomg*10, (i.e.: log 

units) were in an exact linear relationship. The filaments were ranged in 0.22 log unit (6 6 %) 

intervals, representing a range of weight / forces from 17.4mg (2.24 log units) to 12.6g (6.42
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Diagram 24: AESTHESIOMETRY FILAMENTS

Some of the range of 14 filaments that were used to test skin touch-pressure thresholds

The numerical label on each handle is the value of the tbrce (in mg) * 10 exerted by the filament (log 
unit)

4 , %
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log units), but as tip areas varied with the diameters of the monofilaments, the log unit value 

does not describe the pressure in terms of force / unit area.

The filaments were calibrated at manufacture, and again at the completion of the research. The 

table (Table 11, below) shows the dimensions of the filaments, together with the log unit (Logio 

mg* 10) and the balance values (in g), from the first and second calibration exercise. Note: There 

was no significant difference between the Log unit values of the filaments at the first and second 

calibration (Student’s paired ‘t ’ test = 0.9671)

Table 11: Forces exerted by von Frey Filaments, at manufacture, and after use:

Filament Calibration 1 Calibration 2 C1-C2

No: Length
(mm)

Width
(mm)

Log
units

g Log
units

g Log units

1 32.21 0.02 2.24 0.0174 2.18 0.015 0.06
2 26.63 0.05 2.46 0.0292 2.48 0.03 -0.02
3 29.89 0.06 2.68 0.0479 2.78 0.06 -0.1
4 24.04 0.07 2.9 0.0794 2.91 0.082 -0.01
5 26.90 0.09 3.12 0.132 3.15 0.14 -0.03
6 20.86 0.10 3.34 0.219 3.4 0.25 -0.06
7 23.48 0.12 3.56 0.363 3.6 0.4 -0.04
8 25.42 0.14 3.78 0.603 3.78 0.6 0
9 34.66 0.19 4.00 1 4.04 1.1 -0.04
10 39.05 0.25 4.22 1.66 4.15 1.4 0.07
1 34.00 0.27 4.44 2.75 4.36 2.3 0.08
12 36.0 0.34 4.66 4.57 4.65 4.5 0.01
13 45.7 0.43 4.88 7.58 4.84 7 0.04
14 54.50 0.47 5.1 12.6 5.08 12 0.02
15 40.67 0.52 5.32 20.9 5.30 20 0.02
16 27.88 0.53 5.54 34.7 5.54 35 0
17 30.4 0.63 5.76 57.5 5.74 55 0.02
18 32.71 0.72 5.98 95.5 5.90 80 0.08
19 30.71 0.87 6.2 159.0 6.18 150 0.02
20 29.56 0.95 6.42 263.0 6.46 290 -0.04
Mean Difference (+/- s.e.m). Cl - C2 0.194 +/- 

0.201

Application of the aesthesiometer

When using filaments to determine touch-pressure thresholds, the probeiskin surface angle is 

crucial. To ensure constancy of skin deformation during stimulation, the probe is applied at right 

angles to the skin surface, as tips with flat ends and vertical sides, such as these filaments, 

induce maximal skin deformation and stretch at their ‘comers’, when applied to a soft surfece, 

such as skin. If the probe tip is tilted more then 5® from the perpendicular, or if the end of the 

filament is not cut at a right angle to the shaft, a significant change in subjective threshold can
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occur, even though the probe size (its length and diameter) and force of appUcation remains 

constant (Greenspan and McGillis, 1991). This potential problem was appreciated by von Frey. 

He cut the thorn tips of his filaments with great care, to ensure that stimuli varied because of the 

different bending forces of individual filaments, rather than due to a mix of differing filaments, 

varying tip areas, and varying tip geometry (Bell, 1984).

When the probe is applied to the skin surface, the mechanical behaviour of the nylon 

monofilament is described as buckling, as one end of the filament is fixed (to the handle) and the 

other is pinned (to the skin surfece). The filament displays an increased lateral displacement at 

its critical bucking stress (Levin et al, 1978), which occurs when the handle is depressed by 

about l-2mm (Johansson, et al, 1980). The method of application of the filament to the surfece is 

crucial to its accuracy as a measure of threshold (Diagram 25). A correctly applied filament will 

buckle as in A, where its lower end is ‘pinned’ to the skin surface by the method of application 

of the probe, the force applied to the handle, and the compliance of the skin surface. The fi*ee 

end must be located directly under the fixed end to avoid the 1st and 2nd order buckling shown 

in B and C.

The filaments were apphed to the centres of the points within the skin test areas (see Diagrams 

21, 22, and 23), avoiding skin creases (Johansson et al, 1980) in an ascending order starting with 

the lightest filament, 2.24 log units, until the subject acknowledged a sensation of touch. 

Filaments of up to 4 log units were apphed a maximum of 3 times at each test zone before being 

tested with the next filament in the series, but heavier filaments were only apphed once (Bell,

1984). All filaments were apphed perpendicular to the skin surface, taking 1-1.5 secs to make 

the necessary wrist movement to contact the filament tip on the skin, 1-1.5 secs contact time, and 

1-1.5 secs to make the necessary wrist movement to remove contact. Any vibration inherent 

within the examiner’s hand is minimised, and the speed of approach of the filament is danpened 

by the filament as it bends in response to the apphed force. Only if the filament is apphed too 

rapidly will the force exceed the predicted level of bending force, and the apparatus prove 

unreliable (Bell 1984). Once the bending force of the filament is reached, it remains constant 

until the filament is removed from the skin (Wermer and Omer, 1970).

The rapidity of the subject’s response to the stimulus indicates that the stimulus is at threshold. 

For example, at T-P threshold, his response occurs immediately following the filament 

application to the skin. However, a long pause between the stimulation and the subject’s 

response can indicate a degree of uncertainty on his part. Where this occurs, the area should be 

re-tested later in the experiment, and if the subject still fails to give a rapid response, the next 

higher in the filament series should be used to obtain the true positive response, that threshold
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Diagram 25: AESTHESIOMETER FILAMENT - BUCKING REACTIONS

B

To ensure constancy of application force, the filament should buckle as in A.
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sensation has been appreciated (Wermer and Omer 1970). Subjects may spontaneously verbalise 

differences in the degree of sensation they experience from the stimulus, eg: itch, spread across 

a wider area, apparent prolonged application of the stimulus. These ‘odd’ sensations should be 

allowed to subside before the zone / area is re-tested with the same filament (Bell, 1984). The 

subject may also report threshold sensation without a preceding stimulus. This was noted by von 

Prince and Butler (1967) who could offer no explanation other than overactive imagination on 

the part of the subject. However, a true response to stimulation, indicating threshold sensation, 

is quite apparent as it occurs immediately after the application of the stimulus. Areas of 

questionable sensation (eg: I don’t know. I’m not sure, positive report of spurious stimulation) 

should be re-tested, later in the e?q)eriment (Wermer and Omer 1970).

Delivery of the Touch-Pressure Stimulus:

As the exact method of application of the von-Frey filament to the skin surface at each test point 

is crucial to the outcome of the test exercise, it is considered that all tests should be carried out 

by the same e3q)erienced operator (Bell, 1984; Omer 1968). This recommendation was followed 

throughout these experiments, except in one case where a double blind experiment was made. 

The touch-pressure experiments this study followed the recommendations of Greenspan and 

McGillis (1991), in that all forms of skin stimulation at the test sites were avoided, prior to the 

actual test. Therefore, test sites were not swabbed or touched, prior to contact being made with 

the filament (Omer 1968), and subjects were asked not to rub at the skin of the feet, with their 

socks, after taking their shoes off, which is a very common, and probably defensive, action. 

Subjects were not required to localise the test site, or point to the test area after stimulation, as 

touch threshold can be simply and accurately measured by having the patient make verbal 

response as soon as he is aware of the filament contact (Bell 1984).

Subject Familiarisation Process:

Before the experiment began, the test method was ejqslained, and demonstrated to the subject 

using the same method of filament application as used in the experiments, but on a non-test skin 

area. During the demonstration, the subject first watched the threshold test process, then went 

through a practice session, under test conditions (see below), to familiarise him with the test 

format, and the range of sensations that arise at threshold. The tester initially demonstrated a 

filament that was likely to exceed touch-pressure threshold, then one that was likely to be well 

below threshold. The subject was asked to report any sensation of touch that resulted from the 

filament application. TTien, by serially applying filaments between these extremes, and the 

subject reporting any perception of touch sensation, his criterion of the threshold where touch-
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pressure could be determined, and demonstrated to him. Once the subject felt he understood the 

procedure and was sure of his personal criterion of touch threshold, the test began.

Touch-Pressure Threshold Tests:

The method of appUcation of the filaments in this study followed the format outlined by 

Wermer and Omer (1970) and Omer (1968), and elaborated by Bell (1984). A record card, 

based on sensory threshold testing in the hand of Omer (1968) was completed for each subject 

at each test (See Diagram 21, 22, 23). The anatomical area to be tested was divided into test 

areas, as described above. The patient was seated comfortably with the leg / arm fully 

supported, and with closed eyes. The subject was informed when the experiment was about to 

begin, but individual stimuli to the test zones were not preceded by any verbal warning. The 

operator did not touch the skin, and all extraneous movements were kept to a minimum, to avoid 

local drafts, or other indications that a stimulus would occur. Thus the subject was aware of the 

area in which sensation would arise (e.g.: the sole of the foot) but unaware of exactly where 

within that anatomical area the stimulus would arise. The plantar areas of the feet were tested in 

the order given in Table 12, below. Within each test area, and at the dorsa of the foot and hand, 

and at the inner arm, stimuli were appUed from distal-medial to proximal lateral.

Table 12: Order in which Areas of the Foot and Hand were Tested to Touch-Pressure Threshold
(NB: within each area, stimuh were applied from disto-medial to proximo-lateral)

Locus Order of Testing Test Area Abbreviation
Foot, Plantar 1 Medial Longitudinal Arch MLA
Surface 2 Lateral Longitudinal Arch LLA

3 Toes T
4 Medial Forefoot MFF
5 Lateral Forefoot LFF
6 Medial Heel MH
7 Lateral Heel LH

Hand, Palmar 1 Fingers (2,3,4,5,1) FI, F2 etc
Surface 2 Medial Palm MP

3 Lateral Palm LP

Areas of the foot / hand / arm skin that corresponded to the centres of the squares on the record 

card (Diagrams 21,22, and 23) formed the skin test zones. Each filament was brought into 

contact with the centre of each zone, so that the shaft of the filament was perpendicular to the 

skin surface (Greenspan and McGillis, 1991), and the filament tip did not slip on the skin 

surfece. Continuing contact force from the operator caused the filament to bend, yet keep the tip 

in full contact with the skin (Levin et al, 1978). This ensured that the force exerted at the skin 

surface was a function of the bending force of the filament, and independent of the force apphed 

by the operator (see von Frey’s principle, above) (Diagram 26).
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Diagram 26: APPLICATION OF THE AESTHESIOMETER FILAMENT
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All touch-pressure e?q)eriments took place in the home, workplace rest room, or clinical 

surroundings. The tip of the hghtest filament in the series (2.24 log units) was held in contact 

with the selected skin, until the filament just bent. This contact was maintained for 

approximately 1.5 second. If the subject reported a sensation of touch, the filament force, in 

Log units, was noted in the corresponding cell on the record sheet. Once a zone had been 

assigned a threshold value, it was not retested with a coarser filament. If the subject &iled to 

identify threshold sensation at the first contact of the < 4 log units filament, it was presented 

twice more to that skin area, in the same manner, but allowing a minimum of 30 secs to 

elapse between contacts, as low threshold receptors tend to fetigue with rapidly repeated 

stimuh (Bessou et al 1971). All zones within the test area left unscored were then re-tested 

with the next highest filament in the series in exactly the same manner as described, and so 

on. This process was repeated within all test areas, until all cells of the record card had been 

assigned a sensory threshold, in Log units.

The scores from each test area, for each test time, for each subject were averaged, to give a 

mean value per subject per test. Group averages were calculated from subject averages. Time 

related changes of threshold were calculated as the mean of individual’s differences, between 

the various test times, with subjects acting as their own controls.

This method testing threshold sensation was used for all touch-pressure tests in this study. 

Individual variations of e?q)erimental protocols are presented immediately prior to the 

relevant section of the results in the next chapter of the thesis.

A form of the Home and Ostberg (1976) ‘Momingness / Eveningness’ questionnaire was 

completed by the day worker and night shift worker populations (See Appendix II for details 

of the questionnaire used).

2; Pain Threshold Tests

Within this research, two modalities of threshold pain stimulus were being compared: point 

pressure pain, and heat pain, both of which give a similar pricking sensation at threshold. 

Graded heat stimuh are relatively easy to deliver and control, allowing heat pain thresholds to 

be determined and recorded (see 2.2 below). Point pressure / pin prick threshold is less 

frequently assessed in the laboratory, and most clinically-based tests do not require graded 

stimuli to determine subjective sensation. Aethesiometer filaments were adapted to deliver 

point stimuli of the same dimension, but at graded intensities, to induce threshold pain, and 

allow cross comparison with heat pain thresholds.
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2.1: Pin Prick Threshold Tests:

Pin Prick thresholds were determined by the apphcation of a point stimulus to the skin. A 

range of the aesthesiometer filaments were modified, by adding a machined wire tip (a 

Neurotip) to each filament end. They were used to determine pin prick pain thresholds of the 

glabrous skin areas, at the middle 1/3 of the sole of the foot (MLA and LLA) and the medial 

and lateral areas of the palm of the hand (MP and LP).

Apparatus:

A Neurotip is a device that is commonly used to carry out routine, non-graded clinical tests of 

some aspects of skin sensation. It is a small, double ended probe: one end forms a short blunt 

plastic cylinder - approximately 2 mm diameter x 1cm long - and the other a short, pointed 

length of machined wire - 1 .5mm diameter; 2.5cm long, of which 15mm protrudes from the 

plastic handle (Diagram 27). The plastic end is used to assess appreciation of blunt / touch 

sensation, and the wire end is used to test for pin prick / pain awareness. By touching the skin 

with either end of the probe, held at right angles to the skin surface, the Neurotip can be used 

to assess, for example, the degree of skin anaesthesia following administration of a local 

anaesthetic, to determine sensory neuropathy, or to determine whether the subject can 

distinguish between blunt and sharp stimuli. They do not administer a calibrated stimulus, as 

the size of the stimulus is the product of the force applied to the probe by the tester, and the 

resistance of the tissues to which the stimulus is applied. Whilst they are useful to corroborate 

skin anaesthesia, or to indicate similarities or dissimilarities of sensory function in different 

areas of skin, they are not sophisticated enough to overcome the variables introduced by the 

operator in testing touch or pin prick stimuli in normal skin.

In order to deliver graded, reliable, and quantifiable pin prick stimuli to the skin, wire ends 

were cut fi*om Neurotips and fixed to the terminal 4mm of a range of 12, consecutive, 

aesthesiometer filaments, made by Nova Instruments, to the same criteria as those used in the 

touch-pressure experiments. Using microscopy, 12 wire tips of near identical tip shape, size, 

and sharpness were selected. They were removed from their plastic handles, and the terminal 

14mm cut off, and glued to the nylon filaments using 5 min Epoxy resin. They were fixed so 

that the cut end of the wire overlapped the filament, by 4mm, leaving 10mm of the machined, 

and matched, terminal ends protruding beyond the end of the nylon filaments. The modified
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Diagram 27: PIN PRICK AESTHESIOMETRY
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aesthesiometers (the pin point aesthesiometer) were calibrated by the same technician, using the 

same electronic balance, as used for the original aesthesiometer. The handles were marked with 

the bending force of the modified filaments, in Log units. At the end of the series of 

experiments, the modified filaments were re-calibrated by the same technician, using the same 

balance. Details are shown in Table 13.

Delivery of the Pin Prick Stimulus:

The modified filaments were used to test plantar and palmar pin prick thresholds.

Subject Familiarisation Process

As in the touch-pressure experiments, each subject went through a familiarisation process with 

the test apparatus, and procedure, prior to beginning the pin prick threshold test e?q)eriments.

The test procedure was explained, and the need to report pain at threshold, rather than at 

tolerance, stressed. The pin prick aesthesiometer was demonstrated on an area of skin that would 

not be used in the experiment. Firstly a fine filament was apphed, at right angles to the skin 

surfece and the subject asked to note the touch-pressure sensation that it caused as its filament 

bent. Then a very much coarser filament was apphed very briefly to the same area, to 

demonstrate supra-threshold pain. Then stimuh, dehvering increasing intensities of touch - 

pressure, and decreasing intensities of pain, were given, until the subject could discriminate 

between the filament that gave a stimulus of ‘intense’ touch-pressure, and the next highest in the 

series, that induced threshold pain. This test was repeated as often as the subject wished, until he 

was certain of his personal criterion for threshold pain.

Pin Prick Threshold Tests:

The pin prick threshold tests took place in the same surroundings as touch-pressure tests, with 

patients seated in the same manner. As in the touch-pressure tests, subjects were not allowed to 

watch the delivery of the stimulus, and all diversions were kept to a minimum. Pin prick stimuli 

were administered to the selected skin sites, shown in table 14, with the same manner of delivery 

as described in the touch-pressure experiments. Incremental stimuli were administered, and the 

subject made a verbal response as soon as the sensation changed to one that had any 

characteristic of pain (Rogers and Vilkin, 1978). The test was completed once all areas under 

test had been assigned a pain threshold score. Repeat tests at other times were carried out in 

exactly the same manner, and group means and differences calculated as in the touch-pressure 

ejqjeriments. Additional details of individual ejqjeriments are given within the Results.
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Table 13:
Forces exerted by adapted von Frey Filaments, at manufacture, and after use:

Filament +  Wire End Calibration 1 Calibration 2 C 1 -C 2

No: Length
(mm)

Width
(mm)

Log
units

g Log
units

g Log units

1 29.96 0.76 3.76 0.575 3.67 0.47 0.09
2 32.74 0.77 3.98 0.955 3.78 0.60 0.2
3 34.34 0.77 4.23 1.698 4.11 1.29 0.12
4 36.12 0.77 4.43 2.692 4.48 3.02 -0.05
5 39.72 0.77 4.66 4.571 4.60 3.98 0.06
6 43.68 0.77 4.88 7.586 4.98 9.55 -0.1
7 43.12 0.77 5.10 12.589 5.11 12.88 -0.01
8 39.93 0.76 5.32 20.893 5.34 21.88 -0.02
9 40.92 0.77 5.54 34.674 5.57 37.15 -0.03
10 42.90 0.77 5.76 57.544 5.74 54.95 0.02
11 42.22 0.76 5.98 95.499 6.04 109.65 -0.06
12 39.18 0.76 6.20 158.489 6.26 181.97 -0.06

Mean Difference (+/- s.e.m) 0.0133 +/- 
0.0254

Table 14: Order in which Areas of the Foot and Hand were Tested to Touch-Pressure Threshold
(NB; within each area, stimuh were apphed from disto-medial to proximo-lateral)

Locus Order of Testing Test Area Abbreviation
Foot, Plantar 1 Medial Longitudinal Arch MLA
Surface 2 Lateral Longitudinal Arch LLA

Hand, Palmar 1 Medial Palm MP
Surface 2 Lateral Palm LP

2.2: Heat Pain Threshold Tests:

Areas of weight bearing and non-weight bearing skin of the sole, and the dorsum of the foot 

were heated to pain threshold using a contact heating probe.

Apparatus:

All heat pain threshold tests were carried out in the laboratory, using a heat probe of the type 

described by Lynn (1981) to deliver stimuh to the skin. The skin zone to be tested was contacted 

with a 7mm copper disc (area equivalent 0.385cm^) mounted at the tip of a Perspex®, spring- 

loaded grip. The disc was heated by an enamelled nichrome wire which was soldered to its 

underside. The temperature of the disc, measured by thermocouple, was fed back to the control 

amplifier, which regulated the current supplied to the heating element, so that the thermode 

could be maintained at any desired temperature (Diagram 28). The ramp voltage caused the disc 

temperature to raise steadily via the heater control amplifier (Lynn, 1981). Because of the
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sprung handle, probe skin pressure was constant during skin contact (45g). The apparatus 

incorporated a subject-operated ‘ofT switch. Closure of the switch interrupted the current to 

the heating element and reset the heat ramp, whilst the VDU displayed the probe temperature 

at the point of switch activation. Thus the subject could either stop the rise in temperature of 

the copper disc at the instant of heat pain threshold, or at any time during the experiment, by 

closing the switch, or by withdrawing his foot from the heat probe. The accuracy of the 

apparatus was checked at the beginning of each e^qDerimental session, by recording the probe 

temperature, at 3 points: in contact with melting ice, in water at 35®C, and 55®C.

The apparatus was set to operate within defined temperature ranges. Thinner areas of skin such 

as the dorsum and the non-weight bearing areas of the foot were heated through a maximum of 

20®C, from 35-55®C. Areas of more heavily keratinised skin, such as the plantar skin overlying 

the 1st metatarsophalangeal joint, were heated through a maximum of 22®C, from 35-57®C, as 

these tend to show higher pain thresholds (Stoll et al, 1981; Hardy, Woolf and Goodall, 1952). 

Skin injury, at the upper temperatures was not anticipated, as the time of application of high 

temperatures was of very short duration (Fruhstorfer et al, 1976). Even though epidermis is 

irreversibly damaged if it is maintained at over 56®C for more than 9 secs, and C-PMN unit 

activity can be suppressed if the skin is held at over 53®C for 30 secs (Beitel and Dubner,

1976), skin, or nerve ending damage, was unlikely. The threshold heat pain stimulus was 

maintained for no more than 1 or 2  seconds at any site, and probably less, i.e.: the reaction time 

of the subject to operate the hand switch and report threshold pain, and / or the operator to 

remove the heat probe from skin contact. The longest (theoretical) time that the probe would be 

in skin contact during a single stimulus was approximately 32secs, when the medium heating 

ramp (0.7®Csec'*) was used, over the greater temperature range (22®C) at weight bearing skin.

In this example, the probe temperature would only exceed 55®C during the last 3 secs of 

heating. Thus, if the reaction time is added to this figure, it is apparent that the maximum 

duration of the potentially damaging stimulus was less than 50% of the time it takes to cause 

injury.

Thus the selected method was considered to be very safe, and unlikely to cause any skin 

damage. C-PMN hypersensitivity was unlikely to occur (Severin et al, 1985; LaMotte et al, 

1982), as each skin site was heated to pain threshold only twice, and at least 10 mins was 

allowed to elapse between each stimulus at the same site. The small size of the heated copper 

disc (7mm diameter), ensured that spatial and ten^oral summation were minimal (Price et al, 

1989). As there was a minimum of 15mm from centre to centre of each adjacent stimulus zone, 

nerve endings beyond the probe surface during heating were unlikely to be stimulated to firing 

threshold, or sensitised by adjacent stimuli.
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Application of the heat probe:

Subject Familiarisation Process

Each subject went through two 6 miharisation processes. The first was to give basic 

information on the working of the apparatus, and the second was a ‘rehearsal’ of the 

experimental technique.

1 ; Prior to heat pain threshold e?q)eriment, the equipment was demonstrated to the subject. This 

was to allow him to become femihar with the apparatus, and the operation of the ‘o ff switch. 

He was able to determine his personal criterion of heat pain threshold, and assuage any 

possible feelings of apprehension about the test. The tip of the left index finger was used for 

this familiarisation exercise. The subject was seated on a comfortable chair, with the left arm 

extended, palm upwards, along a cushioned bench, at just above waist height. The subject held 

the ‘o ff switch, so that it could be easily operated by his left thumb, with the heat probe, held 

in his right hand. He applied the heat probe to the tip of the extended left index finger. The 

tester set the heat ranq) to 1°C, and switched on the apparatus. The subject noted that the probe 

began to warm the skin sur&ce under the copper disc, and closed the switch to stop the heat 

stimulus as soon as the incoming sensation changed from one of warmth, through hot, to the 

pricking sensation of heat pain threshold (Hardy, Woolf and Goodall, 1952;). Subjects were 

advised that the ejqjeriment required them to identify threshold, NOT tolerance. This 

frmiliarisation exercise was repeated, as desired, until the subject was confident that he had 

established his personal criterion of heat pain threshold, and was comfortable and confident 

with the action of the ‘o ff switch, and aware of the rapidity that the skin cooled after the heat 

stimulus was removed. Subject knowledge, and therefore co-operation, is essential to good test 

outcome (Fowler et al, 1987).

2: A second 6 miliarisation exercise was carried out, to ensure that data generated during the 

experiment would reflect true threshold, rather than an inability to perform the test properly 

(Smith et al, 1991). Heat pain threshold test(s) were made, this time to the skin of the subject’s 

left palm. The subject was seated as above, holding the ‘o ff switch in the right hand, but this 

time with the heat probe operated by the tester. The subject was asked to keep his eyes closed, 

and to concentrate on the incoming stimulus. All distractions were kept to an absolute 

minimum. All test stimuli began with skin sites pre-warmed to the same temperature (35®C) 

(Bush et al, 1993), as the initial skin temperature has been shown to contribute to the response 

of C fibre polymodal nociceptors (Beitel and Dubner, 1976). The pre-warming was achieved
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by holding the probe in contact with the skin test area for a minimum of 10 secs before starting 

the test run. The probe was positioned with the tensator spring depressed by 50% to ensure 

constancy of pressure (45g) throughout all apphcations. The heat ranq) was selected, and the 

apparatus switched on by the tester. The subject closed the switch at the point that he decided 

that his heat pain threshold had been reached, whilst giving a simultaneous verbal report of 

threshold. The tester removed the probe away from the skin surfrce immediately this occurred. 

This exercise was used to increase subject familiarity with the test procedure, and to ensure his 

confidence that the probe would not be kept in contact with his skin past the instant of 

threshold pain. Thus, any tendency to activate the ‘ofiT switch prematurely would be 

minimised. As in the first familiarisation exercise, this process was repeated as often as the 

subject wished. Once he was sure of his personal criterion of heat pam threshold, and felt 

confident and comfortable with the methodology, the ejqjeriment began.

Application of the heat stimulus:

The subject was seated in the same manner as in the touch-pressure and pin prick pain 

thresholds: i.e., on a comfortable upholstered chair, with the leg extended, and supported to hip 

height on cushions, yet free to move away from the test stimulus. The test areas of plantar skin, 

and the visual display of the heat probe temperature, were obscured from the subject’s view. A 

record sheet was completed at each test time (see Diagram 21)

The skin sites to be tested were marked on the foot with a felt tip pen, to ensure that all repeat 

tests were made to the same points, as fer fewer test sites were used, in conq>arison to the 

touch-pressure and pin prick threshold tests. Subjects were advised to keep eyes closed during 

the test, and all extraneous disturbances were kept to a minimum, to maximise subject 

concentration on the test. Two heat ramps (0.7®C sec'\ and 1®C sec'^) delivered in random 

order (see below) were used in these e?q)eriments.

The thermode, maintained at 35®C, was placed in full contact with the skin surfrce at the test 

point, so that the tensator spring was depressed by 50%, to ensure the same loading force (45g) 

at each apphcation of the probe (Diagram 29). Care was taken to ensure that there was good 

contact between the thermode and the skin (Bessou and Perl, 1969). The probe was held in 

position at the test site for 10 secs, prior to starting the heat ranq), to ensured that all tests were 

made from the same initial skin tenq)erature (Fowler et al, 1987; Jamal et al, 1985). The 

subject was alerted that the test was about to start, by the experimenter saying ‘now’, and the 

heat ramp switched on in accordance with the randomisation tables (Tables 15 and 16). Two 

basic methods were used:
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Diagram 29: THE HEAT PROBE
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The Applied Heat Probe - Note the 50% loading of probe shaft = 45g load, via tensator spring
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In the first.each of 8 skin test points along the medial border of the non-weight bearing skin of 

the medial longitudinal arch (MLA) of the left foot were heated to threshold pain, twice, from a 

start tenqjerature of 35°C, following the schema below (Table 15). The second heat stimulus to 

each test point was given a minimum of 10 mins after the first. Although the subject was alerted 

that each heat stimulus was about to begin, he was unaware that the heat ramp would be varied 

during the experiment. Heat pain thresholds were assessed at the MLA using a mix of fast (1®C 

secT) and medium (0.7®C secT) ramp stimuli. The two heat ramps were alternated throughout 

the e5q)eriment (i.e.; Stimulus 1 - Fast [F], Stimulus 2 - Medium [M], Stimulus 3 - Fast [F], and 

so on) to reduce subject anticipation of pain threshold. The second stimulus to each zone used 

the alternative heat ramp to that given first, so that Wiere the first was at a heating rate of 1®C 

secT, the second was given at was given at 0.7®C secT (and vice versa). Thus, each test zone 

was heated to threshold twice, once at 1®C secT, and once at 0.7®C secT. Half of the subjects 

were tested in the order am / noon / pm, and the remainder pm /am /noon, to partly balance out 

order effects, and stimuli were delivered in identical ‘random’ pattern, outlined above, to all 

subjects. Thus, the opportunity to anticipate the stimulus was minimised by varying the heat 

ramp, the test site, and the test order, for each subject (Miron et al, 1989).

Table 15: Order of Heat Pain Stimuli to the MLA

Test Order of Application of Heat Stimuli to MLA
Proximal Distal

1 IF* 2M* 3F 5F 7F 4M 6M 8F
2 IM 2F 3M 5M 7M 4F 6F 8M

*M = Medium Heat Ranq), 0.7®C sec ’

In the second. 4 non weight bearing, (medial longitudinal arch: MLA), 4 weight bearing (medial 

area of the ball of the foot: 1st Ray) plantar skin sites, and a dorsal skin site (the dorsum of the 

great toe joint: 1 MTPJ) on the left foot were heated to threshold pain, twice. All tests were 

made in the same manner as the first experiment, from a start temperature of 35®C, following 

the schema below (Table 15). The second heat stimulus to each test point was given a minimum 

of 10 mins after the first. Heat stimuli were alternated as in the first experiment, and delivered in 

a similar ‘random’ manner. Tests were made in the morning, and repeated in the late afternoon, 

with half of the sanq)le tested in the order morning / afternoon, and the remainder afternoon / 

morning (i.e.: am=>pm, or pm=>am) to partly balance out order effect. In all other respects, the 

second experiment was carried out as the first.
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Table 16:
Heat pain stimuli to weight bearing and non-weightbearing plantar skin sites, and the dorsum of 
the foot

Skin Test Area
Plantar Proximal Plantar Distal Dorsum

MLA 1st Ray IM T P J
T e s t l IF* 2M* 3F 5F 7F 4M 6M 8M 9F
Test 2 IM 2F 3M 5M 7M 4F 6F 8F 9M
*F = Fast Heat Ramp, 1 C sec 
*M = Medium
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RESULTS

The experimental hypotheses (p 142)

1: Diurnal variation in somatosensory thresholds (p 144)

1.1: Diurnal variation in touch-pressure thresholds (p 144)

1.2: Diurnal variation in pin-prick pain thresholds (p 148)

1.3: Diurnal variation in heat pain thresholds (p 150)

2: Circadian Rhythms in somatosensation (p 152)

2.1: Circadian rhythms in touch-pressure thresholds (p 152)

2.2: Circadian rhythms in pin prick pain thresholds (p 157)

2.3: Rhythms in heat pain thresholds (p 162)

3: The effects of varying experimental conditions on somatosensory thresholds

(P 164)
3.1: Diurnal variation in touch-pressure thresholds under varying experimental

conditions (p 164)

3.2: Diurnal variation in pin prick pain thresholds under varying experimental

conditions (p 176)

3.3: Heat pain and pin prick pain thresholds (p 178)

4: Diurnal variation in touch-pressure threshold sensation in disease (p 187)

4.1: Diurnal changes in touch-pressure thresholds in day and night workers (p 187)

Tables of data analyses (p 194) 

Summary of results (p 213)

Review of the experimental hypotheses (p 216)
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It had been noted, (Mooney, unpublished) that touch pressure thresholds of plantar skin 

appeared to alter with time of day of test. The series of experiments, the results of which are 

reported within this chapter, were made to test that phenomenon, in order to determine if 

thresholds of other modalities of skin sensation were time dependent, and to look for 

indications that time -related changes in skin sensation followed a circadian pattern of change.

The experimental series, therefore, were designed to test the following hypotheses;

1. That skin sensation thresholds show diurnal variation

2. That the diurnal variation of skin sensation forms part of a circadian rhythm, in normal, 

day active subjects

3. That diurnal variations of skin sensation were robust and persisted under different test 

conditions

4. That the normal pattern of diurnal variation in skin sensation is lost in disease.

The sensory modalities used to test these hypotheses were touch-pressure (tested with von 

Frey filaments / aesthesiometer), pin prick pain (tested using modified von Frey filaments) 

and heat pain thresholds (tested using a small contact heat probe). Thresholds were recorded 

in plantar and palmar glabrous skin, and distal and proximal hairy skin in normal subjects, 

under varying test conditions (In particular, evaluation of touch-pressure thresholds was used 

as the prime example of skin sensation). Touch-pressure thresholds were also tested in group 

of acclimatised night workers, who were used to exan^le a disease state (Lingens et al, 1997; 

Pons et al 1996; Lingens et al, 1996).

It should be noted that no sensory threshold tests were made at the times of change to / from 

British Summer Time (BST) / Greenwich Mean Time (GMT), in any of these eîq)eriments. 

E)q)eriments undertaken during March were completed BEFORE the change over to BST, 

and those that were carried out in October were completed before the change back to GMT. 

Thus any test series starting in .^ ril began a minimum of three weeks after the start of BST, 

and similarly any test series taking place in November began a minimum of three weeks after 

reverting to GMT. This protocol was adopted to ensure that all subjects had sufficient time to 

adapt fully to the 1 hour imposed phase change caused by the transfer to and from GMT / 

BST (Touitou et al, 1990; Daniel, 1990).
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The results are presented in 4 sections:

1. Threshold data for touch-pressure, pin prick and heat pain, to address Hi ~ that threshold 

sensation in skin shows diurnal variation

2. Threshold data for touch-pressure, pin prick and heat pain, to address Hz ~ that the 

diurnal variation of threshold sensation in skin forms a circadian rhythm

3. Threshold data for touch-pressure, pin prick and heat pain, to address H3 ~ that diurnal 

variation in threshold sensation is robust under different test conditions

4. Threshold data for touch-pressure to address H4 ~ that diurnal variation / circadian 

rhythms in threshold skin sensation is lost in night workers

Tables of data and analyses are referred to, in sequential order, within the text, and are shown

towards the end of the Results chapter. A summary of the principal findings, and a review of

the hypotheses are presented at the end of the chapter.
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1: DIURNAL VARIATION IN SOMATOSENSORY THRESHOLDS

1.1; DIURNAL VARIATION IN TOUCH PRESSURE THRESHOLDS

1.1.1: Touch Pressure Thresholds of Glabrous (Middle 1/3 Plantar) Skin

APPROXIMATE TEST TIMES PLANTAR TEST AREAS
9am 5pm MLA LLA

The touch-pressure thresholds o f  68 healthy adults (Table 17), living a diurnal lifestyle were 

assessed using the von Frey Aesthesiometer. The plantar skin at the middle one third o f  the foot 

was tested to threshold in the morning and again in the late afternoon, using the method 

described in the previous chapter.

The data from these subjects showed that there was clear, and highly significant difference in 

the means o f  the mid-foot touch-pressure thresholds, between those recorded in the morning and 

those recorded at the end o f  that afternoon (am; 3.45 +/- 0.05 log units; pm: 3.19 +/- 0.04 log 

units; Aam -  pm = 0.26 +/- 0.03 log units; p < 0.001 [paired ‘t ’ test]; Table 18. Graph 1).

Graph 1:
Touch-Pressure Thresholds in Mid Foot Plantar Skin of Day Active Subjects 
Morning and Late Afternoon Tests (n=68)

The Diumal Change in Touch-Pressure 
Thresholds of Mid-Foot Plantar Skin (n=6 8 )

S SP 3.1

09:00 17:20

Time of Test

NB: AU graphs show standard error bars that represent the ‘between subjects' error.
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This analysis proved the first hypothesis (H I), o f  a diumal variation in touch-pressure 

thresholds (at the middle 1/3 o f  the plantar skin) with late aftemoon thresholds being 

approximately 55% o f  the morning threshold. It is o f  note that similar patterns o f  threshold 

change were observed in both the non-weight bearing (the medial longitudinal arch) and weight 

bearing plantar skin (the lateral longitudinal arch) areas o f  the midsole (see Table 18).

1.1.2; The Effects of Within-Group Variables on Diurnal Changes in Touch-Pressure 

Thresholds

The mid-foot data (ie: Medial and Lateral longitudinal arches, MLA; LLA) o f  this population 

was also analysed to determine the effects due to within-group variables (sex, age and test 

order) on the diumal variation in T-P thresholds. (NB; Where a subject had participated in more 

than sensory threshold experiment in any modality, his mean moming / late aftemoon threshold 

for that modality was entered into the analysis). Details o f  the sub-divisions within the 

populations are shown in Table 19.

The analysis showed that mom ing -  late aftemoon T-P thresholds were very consistent, across 

all subgroups (Table 20, Graph 2). There was no difference in m id-sole m ean thresholds 

regardless o f  the subject’s gender or age, or the order in which the tests were made (p > 0.96, 

single factor ANOVA). There was no difference in the am ount o f T-P change in threshold  

that occurred between m orning and late afternoon tests due to sub-grouping within the 

overall sample (p > 0.91, single factor ANOVA).

Graph 2; Comparisons of Mid-sole Moming and Late Afternoon T-T Thresholds, by Sub-Division
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Comparison of Moming and Late Aftemoon 
T-P Thresholds, by Subject Sub-.Groups

Gender
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Gender.
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A sub-group of the main population (n = 23) had given moming and late aftemoon T-P data for 

the full plantar surfece of both feet. Diumal changes of plantar T-P thresholds were compared 

for laterality (right foot / left foot)^ using two factor analysis of variance (Table 21). This 

analysis showed that although there was a highly significant difference between plantar 

thresholds that related to time of test^there was no difference at all due to laterality (p > 0.6), 

and no interaction between either variable (p > 0.5)

These analyses had shown that diurnal changes in plantar T-P thresholds were similar, 

irrespective of the subject’s age and sex. In addition, neither the order that the test was 

carried out (ie: am -  pm; pm -  an4 nor the laterality (right or left foot) was of any 

significance.

1.1.3 Diurnal Variation in Touch-Pressure Thresholds at Other Skin Sites:

In addition to the assessment and anal>^is of thresholds at the middle one third of the plantar 

skin, in the moming and in the late aftemoon, touch-pressure thresholds were also assessed at 

other areas of foot, hand and arm skin, in sub-groups of the main population. These skin areas.

are shown below.

*Where:
Dorsal skin o f the foot 
Palmar skin of the hand

Plantar skin o f toes 
Plantar skin of forefoot

DF
PFF

MLA Plantar skin if  the medial longitudinal arch
LLA Plantar skin of the lateral longitudinal arch
H Plantar skin of the heel

F Volar skin of fingers /  thumb
DH Dorsal skin o f the hand
lA  Volar skin o f the upper arm
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All skin areas showed notable, and largely significant, differences between the touch- 

pressure thresholds recorded in the morning and those recorded in the late afternoon

(Table 22)

The magnitude of the change noted in touch-pressure thresholds at individual sites between 

moming and later aftemoon tests were compared using single factor analyses of variance, and 

the Student-Newman-Keuls test (Table 23)

This analysis of the changes of T-P threshold between moming and late aftemoon tests showed 

that there were few significant differences between the skin sites tested, but revealed two 

overlapping groups, as shown by the vertical lines to the left of Table 23. This demonstrated that 

the amount of diumal change in T-P threshold at all the non-weight bearing skin sites was very 

significantly smaller that than that observed in weight bearing (plantar) skin. Thus, in terms of 

diurnal threshold change, the non-weight bearing plantar skin of the instep behaved in the 

same manner as other areas of non-weight bearing skin.

1.1.4; Seasonal Effects on the Diurnal Variation in Skin Touch-Pressure Thresholds

Touch-pressure thresholds in the study population had been assessed in experiments carried out 

at various tim es during the year. 14 subjects had been repeat tested at different tim es o f  year, 

that is in the summer period (longer [>12/24 hours] daylight) and during the spring /  autumn 

(shorter [<12 / 24 hours] daylight). Analysis o f  their data showed that there w as no seasonal 

effect in the amount of change in touch-pressure thresholds between morning and late 
afternoon test in these subjects (< 12 hrs daylight, Aam-pm = 0.35 +/- 0.06 log units; > 12 

hrs daylight, Aam-pm = 0.35 +/- 0.04 log units; 2-Way repeat measures ANOVA, f length o r  

d a y lig h t  = 0.82, p > 0.3; fume o f  t e s t  = 14.05, p = 0.0004; f in t e r a c t io n  = 0.002, p >  0.9) (Table 24)

This series of experiments allowed the acceptance of HI for touch-pressure thresholds
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1.2: D IU R N A L  V A R IA T IO N  IN PIN PR IC K  PAIN TH R ESH O LD S

1.2.1: Pin Prick Pain Thresholds o f  G labrous (M iddle 1/3 Plantar) Skin

Pin prick pain thresholds o f  29 healthy adults (Table 25), living a diumal lifestyle were 

assessed using the modified von Frey Aesthesiometer (Pin Prick Aesthesiometer). The plantar 

skin at the middle one third o f  the left foot was tested to threshold in the moming and again in 

the late aftemoon, using the method described in the previous chapter.

APPROXIMATE TEST TIMES PLANTAR TEST AREAS
9am 5pm MLA LLA

y

The data from tliese subjects showed that there was clear, and highly significant difference  

o f 0.2 log units ( ~  65% ), in the m eans o f the m id-foot touch-pressure thresholds, 

between tests m ade in the m orning and those at the end o f that afternoon (am : 5.60 +/- 

0.05 log units; pm: 5.41 +/- 0.06 log units; A am -pm  = 0.19 +/- 0.03 log units; p < 0.001  

[paired ‘t ’ test] Table 26, Graph 3). As had been noted for T-P thresholds, similar pattems o f  

threshold change were observed in both the non-weight bearing (the medial longitudinal arch) 

and weight bearing plantar skin (the lateral longitudinal arch) areas (see Table 26).

Graph 3: Pin Prick Pain Thresholds in Mid Foot Plantar Skin of Day Active Subjects 
M oming and Late Afternoon Tests (n=29)

The Diumal Changes in Pin Prick Fain 
at the Middle 1/3 of the Sole of the Foot (n=29)

aassgai

mss

09:30 17:30

Time of Test



149

1.2.2;The Effects of Within-Group Variables on Diurnal Changes in Pin Prick Pain 

Thresholds

The mid-foot data was examined for effects due to subject age, sex, and test order. The sub

groups reflecting these variables are shown in Table 27

The analysis showed that moming - late aftemoon pin prick pain threshold changes were very 

consistent, across all subgroups. There was no difference in the diurnal change in 

thresholds due to the subject’s sex or age, or the order in which the tests were made (p >

0.63, >0.969, > 0.707, respectively, two tailed, unpaired ‘t ’ tests) (Table 28)

This series of experiments allowed the acceptance of HI for pin prick pain thresholds
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1.3; DIURNAL VARIATION IN HEAT PAIN THRESHOLDS

1.3.1: Heat Pain Thresholds of the Glabrous Skin at the Instep flVlLA)

Heat pain thresholds were assessed in 18 day active normal adult subjects, using the method 

described in the previous chapter. The non-weight bearing plantar skin (the MLA) of the left 

foot was tested to threshold, in this group of subjects. Subject variables are shown in Table 

29.

APPROXIMATE TEST TIMES PLANTAR TEST AREAS
9am 5pm MLA
V V

Thermal stimuli were applied to the skin of the medial longitudinal arch at two heating rates 

(1®C / sec'  ̂ [fast] and 0.7°C / sec'  ̂ [medium] ). Both heating ranq>s were used within each test, 

with heat stimuli to any one point separated by at least 5 mins .

• Heat test 1 delivered a mix of heat stimuli to the skin test area, either at the fast or the 

medium heating rate.

• In heat test 2, points that had been heated with the fest ran^ during Test 1, were heated 

with the medium ramp, and vice versa.

Analysis of the results of this experiment showed that there was no diurnal change in heat 
pain thresholds (am: 49.31®C +/- 0.58; pm 49.40® C +/- 0.57, diurnal change = - 0.11®C +/- 

0.21, p > 0.5, paired ‘t ’ test) (Table 30)

1.3.2: The Effects of Within-Groun Variables on Heat Pain Thresholds

Within the experimental methodology, the tests had been carried out in the order morning => 

late afternoon, or late afternoon => morning, to partly balance out any learning effect. Within 

this grouping, some subjects were repeat tested within a 24 hour period (ie: at < 16 hours after 

the first test), and others who were repeat tested more than 24 hrs after the first test (ie: at >

31 hours). The effects of this variable were examined, as were the influences of subject’s sex 

(male or female) and age (< 30 years; > 30 years). The effects of the fast / medium heat ramp 

on the mean group data was also scrutinised (Table 31).

The heat pain threshold changes between morning and late afternoon tests were compared 

using single factor ANOVA. This showed that the heat pain thresholds at different times 
were not altered by the methodological difference, ie: the heating ranq) (p > 0.5). The 

majority of between-subjects variables were also not significant (the interval between the
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tests, subject age, and the order in vdiich the tests were made), when the data was analysed 

using 2 sample ‘t ’ tests (p > 0.37; 0.39; 0.4 respectively).

However, this analysis highlighted what appeared as a diurnal change in heat pain 

thresholds in relation to the subject’s sex. Male thresholds were (significantly) 0.5®C lower 

by the late aftemoon (p < 0.004, paired ‘t ’ test), whereas females showed an insignificant 

increase (of 0.56®C) in heat pain thresholds by the aftemoon test. This difference was further 

tested in a subsequent e?q)eriment (Please refer to 3 .3.1 below).

1.3.3: Heat Pain Thresholds at Different Skin Sites

Heat pain threshold tests at different test sites on the foot (the medial longitudinal arch 

[MLA], the plantar aq>ect of the 1  ̂metatarsophalangeal [great toe] joint (IMTPJ), and the 

dorsum of the foot showed that there was:

• No time-related change in threshold (p > 0 .1) at any of these skin sites

• A significant differaice between the heat pain threshold at the 1 MPTJ, and those of the 

MLA and dorsum of the foot ^  < 0.05) (Please refer to 2.2.1, below)

The somatosensory threshold tests reported in Section 1 of the Results showed that:

• Touch-pressure thresholds in the glabrous skin of the hands and feet, and hairy skin of 

distal and proximal skin sites showed a clear change between morning and late aftemoon 

tests, with maximal thresholds (least sensitivity to stimuli) in the moming, and minimal 

thresholds (greatest sensitivity) in the late aftemoon. This was observed regardless of the 

subject age / sex. The diumal change was not due to a leaming effect, as tests balanced 

am-pm or pm-am within the sample, with no significant difference between the groups, 

and was noted equally in right and left feet, and at different seasons of the year.

• Pin prick pain thresholds in the glabrous skin of the feet showed a clear change between 

moming and late aftemoon tests, with maximal thresholds (least sensitivity to stimuli) in 

the moming, and minimal thresholds (greatest sensitivity) in the late aftemoon. This was 

observed regardless of the subject age / sex, and was not a leaming effect.

• Heat pain thresholds in the glabrous skin of the instep did not change with time of day

H I, of a diurnal change in somatosensory thresholds, was accepted for touch-pressure

and pin prick pain, but not for heat pain
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2: CIRCADIAN RHYTHMS IN SOMATOSENSATION

2.1 CIRCADIAN RHYTHMS IN TOUCH PRESSURE THREHSOLDS

2.1.1; The Pattern of Change in Touch-Pressure Thresholds, from Morning to Late 
Evening

APPROXIMATE TEST TIMES PLANTAR TEST AREAS OTHER
FACTORS

9am 1pm 6pm 10pm T FF MLA LLA H
V y y y y y Right + Left

Plantar touch-pressure (T-P) thresholds were explored in group of 7 healthy, young adults, 

with more frequent assessments, throughout a longer test period. All areas of the plantar skin 

of both feet, of day active subjects were tested to T-P threshold using the standard method of 

serial apphcation of aesthesiometer filaments. Plantar skin was assessed in the moming, and 

tests were repeated approximately every 4 hours throughout the day and evening, so that T-P 

thresholds data was recorded four times, during 13 hours for each subject (Table 21). Axillary 

temperature was also recorded at each test time. All tests were completed during March

The plantar T-P thresholds of both feet varied throughout the day (Table 33; Graph 4). 

Midday, late aftemoon and evening thresholds were all significantly different to the 

morning values (p < 0.02, Table 16), and their pattern of time related change indicated 

that T-P thresholds in plantar skin may follow a circadian rhythm of change.

The rate of threshold change was not constant throughout the test period. The decrease in 

threshold from morning to midday was significant (p < 0.01), but the slight increase by the 

late aftemoon test was not. The rise in threshold, between the late afternoon and evening 

tests approached significance (p > 0.07) Subjects showed their lowest thresholds at the 

midday and late afternoon tests, when thresholds were only 54% of the morning value 

and 57% of the morning value, respectively. But by the late evening, thresholds had 

increased to reach 71% of the morning value (Table 33).

The plantar T-P threshold data throughout the day and evening is summarised in Graph 4.
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Graph 4: Changes in Plantar T-P Thresholds, recorded from Moming through Late Evening

I
o

4.1 j  

4 - 

3.9 -- 

3.8 -- 

3.7 -- 

3.6 -- 

3.5 - 

3.4 -

Touch-Pressiire Thresholds: 
Time Related Changes (n=7)

08:24

 h-
12:52 17:57

Time of Test

---- 1----
Ï

21:52

The T-P threshold data o f  individual subjects is also presented, as Graph 5, and shows that 

time o f  lowest threshold varied between the midday and late aftemoon tests for the majority 

o f  subjects. Only one subject did not follow  this pattern, and showed lowest threshold 

sensitivity at the late evening test.

Graph 5: T-P Thresholds of Individuals, Recorded Throughout the Day 
(with group mean +/- s.e.m [ heavy line])
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Thresholds, in relation to time of test
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Body temperature, recorded at the same times as the plantar T-P thresholds, showed the 

typical pattern. A rise from the moming low temperature (32.16 +/- 0.16®C), was followed by 

a plateau from midday (36.6 +/- 0.14^C) to late aftemoon (36.54”C ) and evening (36.56 +/- 

0.1°C ) (Graph 6; Table 33). Further details on changes in body temperature are presented in 

Section 4, at the end of this chapter.

Graph 6: Body Temperatures Throughout the Day and Evening

Body Temperature recorded at the 
same time as T-P Thresholds
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2.1.2: The Circadian Rhythm of Change in T-P thresholds

APPROXIMATE TEST TIMES PLANTAR TEST AREAS OTHER FACTORS
lip
111

3am 7am 11am 3pm 7pm T FF MLA LL
A

H

Repeat test at 
11pm, day 2. 
Right + Left Feet

A full, 24 hours study of plantar T-P threshold changes was made. 2 subjects (1 male, aged 18 

years; 1 female aged 22 years) were tested to touch-pressure threshold, using aesthesiometer 

filaments, in the manner described in the previous chapter. All areas of the plantar skin of 

both feet were tested approximately every 4 hours throughout the day and night. Tests began 

late on a Saturday night, and were repeated 4 hourly, through to the Sunday night, 25 hours 

later. The tests were re-run at the same times on 3 successive Saturday / Sundays from mid 

February to mid March, in the same subjects, and data for each test time, for each subject, 

averaged.

Mean T-P thresholds of both feet, for all test periods, are presented for each subject, in Graph 

7, where 0.75 on the ‘x’ axis is equivalent to 21:00 on the Saturday night, and 1.75 is 

equivalent to 21:00 on the Sunday night, 24 hrs later (see also. Table 34 below).
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Graph 7: 25 hour plots of plantar T-P thresholds

Plantar T-P Thresholds recorded over 4 
successive Satiuxlay / Sunday 25 hr Periods
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Where: 0.75 is equivalent to 21:00 (Start. Day 1)
1.0 is equivalent to 24:00 / 00:00 
1.25 is equivalent to 06:00
1.50 is equivalent to 12:00
1.75 is equivalent to 21:00 (Start Day 2)
2.00 is equivalent to 24:00 / 00:00

This experiment showed that plantar T-P thresholds, in both subjects demonstrated 
diurnal variation. Both subjects showed very similar T-P thresholds, and similar time 

related threshold changes through the daytime period (07:00 -19:00). There were clear 

diumal differences between thresholds recorded at 07:00 (Female: 4.57 +/- 0.11 log units; 

Male: 4.58 +/- 0.04 log units) and those recorded at 21:00 hours (Female: 4.05 +/- 0.15 log 

units; Male: 4.10 +/- 0.05 log units) (p <0.005 for both subjects, paired ‘t ’ tests; Table 34).

T-P thresholds in both subjects followed the same, time-related patterns of circadian 

variation (p > 0.15), returning to the same late evening start threshold (p > 0.15 for both

subjects, paired ‘t ’ tests. Table 34) after 25 hours. The partem of T-P threshold change

indicated circadian rhythmicity. Greatest skin sensitivity (minimum T-P threshold) was 

observed in the evening, from which point thresholds rose (T-P sensitivity decreased) to a 

maximum insensitivity approximately 12 hours later, after which thresholds declined 

(sensitivity increased) to the same evening value.

There was less agreement for tests made during the night. The male showed little variability 

of thresholds at the repeat test times on subsequent Saturday / Sunday nights. His thresholds 

made a very steep rise from 23:00 to 03:00, and a clear acrophase in his threshold partem was 

seen at around 03:00. In contrast, the female showed much greater variability of thresholds at
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the repeat tests, a less steep rise in threshold between 23:00 and 03:00, and no real difference 

between thresholds recorded at 03:00, 07:00 and 11:00. Mean T-P thresholds, across all tests, 

at all test times for the male were slightly higher than those of the female (male: 4.35 +/- 

0.102; female 4.25 +/0 0.083, log units +/- s.e.m)

This series of experiments allowed the acceptance of H2 for touch-pressure thresholds



157

2.2 CIRCADIAN RHYTHMS IN PIN PRICK PAIN THREHSOLDS

2.2.1; The Pattern of Change in Pin Prick Pain Thresholds, from Morning to Late 

Afternoon

The plantar mid sole (MLA and LLA) and palmar (MP and LP) skin of 29 subjects were 

tested to pii^rick pain threshold throughout 8 hours, with tests being made in the morning, at 

lunch time, and at the end of the aftemoon on the same day. Tests were carried out in 

November and December.

Approx. Test Times Pin Prick Test Areas
09:00 13:00 17:00 MLA LLA MP LP

*/
Where: MLA Glabrous skin of the instep: plantar medial longitudinal arch

LLA Glabrous skin: plantar lateral longitudinal arch
MP Glabrous skin of the medial (radial) palm
LP Glabrous skin of the lateral (ulnar) palm

The sample variables are shown in Table 35

The skin at the mid-sole of the foot and the palm of the hand were tested to pin prick pain 

threshold using the range of modified (metal tipped) aesthesiometer filaments, in the manner 

described in the Methods chapter. Subjects were asked to identify pin prick pain threshold by 

reporting when the tip stimulus became distinctly ‘pricking’ in nature, rather than just 

provoking a sensation of innocuous touch, or pressure. Threshold tests were made in the 

moming, and repeated in the middle of the day, and again in the late aftemoon. As in the 

touch-pressure tests, each subject acted as his own control.

When the time-related data was examined, it was seen that the pin prick pain thresholds in 

the glabrous skin of the feet and hands followed a pattern of time-related change, 

throughout the day, similar to that noted in the touch-pressure threshold experiments 

(Table 36). There was a gradual decline in pin prick pain thresholds from a morning 

high, to a late afternoon low. This was more marked in the feet than the hands (p< 0.01) 

(Graph 8).

The time-related threshold change was most clearly marked in plantar skin. Plantar 

thresholds changed from 5.60 +/- 0.05 log units in the morning, to 5.49 +/- 0.06 log units 

at midday, to 5.41 +/- 0.06 log units in the late afternoon. There was an overall 

threshold change to 65% of the moming value by the late aftemoon test, and differences in
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thresholds between both the morning - lunchtime, and lunchtime - late afternoon tests 

were of significance (p am-md< 0.001; p d̂.pm <0.01) (Table 36).

Graph 8: Pin Prick Pain Thresholds in Plantar and Palmar Skin
(NB: The error bars show ‘between subjects’ differences)

Pin Prick Pain Thresholds in Glabrous^Skin
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Time of Test 09-22 13:05 17:26

Palmar skin showed the same trend, changing from thresholds of 5.64 +/- 0.05 log units 

in the morning, to 5.60 +/- 0.06 log units at midday, to 5.55 +/- 0.06 log units in the late 

afternoon. There was an overall threshold change to 82% of the morning values by the 

late afternoon test (p < 0.01) although the differences in thresholds between moming - 

lunchtime and lunchtime - late afternoon tests were not significant (p > 0.1) (Table 36).

The mid-sole threshold data was subdivided, to differentiate between functionally dissimilar 

plantar skin sites - the weight bearing [lateral longitudinal arch; LLA] and non-weight bearing 

[medial longitudinal arch; MLA]. The palmar data was similarly divided into medial / radial 

palm [MP] and lateral / ulnar palm [LP], to reflect similar topographical (but now functionally 

similar) areas. The pin prick pain threshold data for the 3 test times for the sub-divisions of 

the plantar and palmar skin is shown in Graph 9 and Table 37.

The sub-divisions within all glabrous test sites all showed significantly lower pin prick 

threshold values at the late aftemoon tests (p < 0.05, Table 37), and all showed a steady fell in 

threshold throughout the test time. Thus, there was a pattern of change in thresholds to pin 

prick pain at all glabrous skin sites tested, but Student-Newman-Keul’s analysis showed 

that there was no clear difference in the amount of time-related change in pin prick thresholds 

at the various test sites. The LLA / MP / LP were together less sensitive than the MLA (p < 

0.05) and MLA / LP / MP were together more sensitive than the LLA (p < 0.05).
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Graph 9: Diurnal Changes in Pin Prick Thresholds of Plantar (MLA and LLA) and Palmar (MP 
and LP) Skin

(NB: Error bars show ‘between subjects’ differences)
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2.2.2; The Pattern of Change in Pin Prick Pain Thresholds, from Morning to Late 

Evening

13 subjects gave plantar and palmar pin prick threshold data every 4 hours from 09:00 to 

22:00 hours throughout the day and evening, to indicate the time of the acrophase of the 

pattern of threshold change.

n Test Times Pin Prick Test Areas
09:00 13:00 17:00 22:00 MLA LLA MP LP

13 s/ V"

The data from the four test times is shown in Graph 10, and Table 38

The fall in pin prick pain thresholds from moming to aftemoon was followed by a rise in 

thresholds during the evening, and this trend was seen in both feet and hands, but was most 

marked in plantar skin (Graph 10). The fall in plantar thresholds between morning and 

midday tests was significant (0.10 +/- 0. 04 log units, p < 0.05, paired ‘t’ test), and the 

rise in threshold between late afternoon and evening was also significant (- 0.11 +/- 0.04 

log units, p < 0.02 paired ‘t’ test). There was no significant change in plantar thresholds 

between the midday and late afternoon tests, and the palmar trend was not of significance 

between any of the tests.



160

Graph 10: Time Related Pin Prick Threshold Changes in Hantar and Palmar Skin (n=13)
NB: Error bars indicate ‘betvveen subjects’ differences
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2.2.3: The Pattern of Change in Pin Prick Pain Thresholds. Through 24 hours

10 subjects gave plantar and palmar pin prick pain data every 4 hours during the day, and at a 

repeat test, in the moming, 24 hours after the first test, to determine whether the moming 

threshold was regained at the second test time. Their data is shown in Graph 11, and Table 39

n Test Times Pin Prick Test Areas
09:00 
Day 1

13:00 
Day 1

17:00 
Day 1

09:00 
Day 2

MLA LLA MP LP

10 V ✓ V y y

Plantar and palmar thresholds fell significantly to 68% and 81% respectively of the moming 

value, by the late aftemoon test. But when the moming threshold data, for both plantar and 

palmar skin, from the tests on day 1 and day 2 were compared, using paired ‘t ’ tests, it was 

seen that there were no significant differences in pin prick thresholds between tests made 

at 09:00 on Day 1 (Feet: 5.52 +/- 0.09; Hands 5.56 +/- 0.10 log units +/- s.e.m) and Day 2 

(Feet: 5.50 +/- 0.10; Hands: 5.53 +/- 0.10 log units +/- s.e.m), (Feet: p > 0.5; Hands p > 0.1, 

Paired ‘t ’ tests).
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Graph 11: 8hr Pattern of Pin Prick Thresholds, with a Repeat Test at 24 hrs (n=10) 
NB: Error bars indicate ‘between subjects’ differences
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This series of experiments allowed the acceptance of H2 for pin prick pain thresholds
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2.3 RHYTHMS IN HEAT PAIN THREHSOLDS

2.3.1; The Pattern of Change in Heat Pain Thresholds, from Morning to Late Afternoon

Heat pain thresholds were assessed, concurrently, in weight bearing (1st Ray) and non-weight 

bearing (MLA) areas of plantar skin, and in the dorsal skin (1 MTPJ) of the foot. Tests were made 

in the moming, midday and in the late aftemoon, in a sanple of 14 healthy, adult volunteers (Table 

40) during May

Test Area Heat Ramps Test Times Other factors
MLA 1 MTPJ 1st Ray r c  sec' 0.7"C sec' am md pm
✓ ✓ «/ Raise each site to heat pain 

threshold, and repeat after 10 
mins

The contact heat probe was used to deliver heat stimuli to the foot to pain threshold, in the manner 

described in the Methods chapter. During this experiment, heat stimuli, to threshold pain, were 

applied to the plantar and dorsal aspects of the left foot:

• 4 test points along the medial longitudinal arch (non-weight bearing plantar skin)

• 4 test points at the plantar aspect of the 1st metatarsophalangeal joint (weight bearing skin),

• 1 test point at the dorsum of the 1st metatarsophalangeal joint.

Each point was heated twice to pain threshold. The second heat stimulus to each site was 

administered 10 mins after the first. Unknown to the subject, the heat ramps were altemated 

throughout the experiment (ie: Stimulus 1 - Fast, Stimulus 2 - Medium, Stimulus 3 - Fast etc., etc.) 

to partly balance out leaming and reduce the chance of the subject anticipating the pain threshold. 

All heat stimuli were delivered in the same ‘random’ order to all subjects (see table below, 

reproduced from Method, Table 16).

Order of Application of Heat Pain Stimuli to the Plantar Areas and Dorsum of the Foot

<= Proximal Skin Test Area Distal=>
MLA 1st Ray 1 MTPJ

Test 1 IF* 2M** 3F 5F 7F 4M 6M 8M 9F
Test 2 IM 2F 3M 5M 7M 4F 6F 8F 9M

Heat pain threshold tests were made in the moming, and repeated in the late aftemoon. Half of the 

subjects were tested in the order moming / aftemoon, and the remainder aftemoon / moming (ie: 

am => pm, or pm => am), with subjects being reassessed at either between ~ 8 to ~ 16 hrs after the 

first test, or > 30 hours after the first test.

Heat pain thresholds are shown in Graph 19 and Table 41
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Graph 19:

Heat Pain Thresholds in the Foot
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i
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There was no indication of significant time of day effect in heat pain thresholds at any of the 

test sites within this data (Paired ‘t ’ tests, p > 0.1) (Graph 19). But it was noted that heat pain 

thresholds at the plantar weight bearing skin of the 1st Ray were consistently, and significantly 

higher than those at the non-weight bearing plantar skin (MLA) and dorsal foot skin (1 MTPJ), at 

both test times. (One way analysis of variance [Student-Newman-Keuls Test] p < 0.05)

In view of the conflicting sex-related heat pain thresholds (1.3 .2 above) the male : female data 

from this series (2.3.1) for all three skin areas was re-examined for differences due to subject sex. 

2 factor analysis of variation [factor 1: subject sex (male; female); 2: skin locus (MLA; 1st 

Ray; Dorsum) ], was applied to the moming ; late aftemoon differences in heat pain thresholds 

(Tables 42 and 43). This analysis showed that there was no significant difference due to sex (p > 

0.5), none due to skin locus (p > 0.1) and no significant interaction between these factors (p > 

0.4) Thus the sex difference observed in 1.3.2, was not confirmed by the more rigorous test 

(df41).

The experiments of Section 2 demonstrated that;

• Touch Pressure and pin prick pain thresholds of the glabrous skin of the sole of the foot and

palm of the hand followed a pattern of time related change that indicated a circadian rhythm, 

with maximal thresholds in the early moming and minimal thresholds around 12 hours later

• Heat pain thresholds in the skin of the foot did not show a time of day effect

H2, of indicated circadian rhythms in somatosensory thresholds, was accepted for touch- 

pressure and pin prick pain thresholds. It was not accepted for heat pain thresholds.
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3: THE EFFECTS OF VARYING EXPERIMENTAL CONDITIONS 

ON SOMATOSENSORY THREHSOLDS

3.1: DIURNAL VARIATION IN TOUCH PRESSURE THRESHOLDS UNDER 

VARYING EXPERIMENTAL CONDITIONS

3.1.1: Touch Pressure Thresholds of Glabrous Mid-Sole Skin, with and without Skin 

Occlusion

APPROXIMATE 
TEST TIMES

PLANTAR 
TEST AREAS

OTHER FACTORS

9am 5pm MLA LLA

Skin area tested to threshold
Skin area occluded for 1 hr and then re-tested
Occlusion removed. Skin left uncovered for 1 hr, then re-tested

It was considered that the time-related changes in touch-pressure threshold that had been 

observed in 1.1 and 2.1 might be due to changes in skin hydration levels at different times of 

day. For example, sweat could have accumulated in the outer keratinised layers of the epidermis 

between moming and late aftemoon tests, because of local non-evaporation, or due to the 

occlusive effects of wearing shoes and socks / stockings.

6 subjects (4 males and 2 females; aged 28.83 +/- 4.4 yrs) took part in an experiment to assess 

the effects of induced sweating, and subsequent drying out of the skin, on plantar T-P thresholds.

T-P thresholds were determined in the normal manner at the left foot mid-sole (medial and 

lateral longitudinal arches, MLA / LLA), immediately after which the foot was wrapped in 

‘cling film’. Wearing socks and shoes over the polyfilm, subjects went about their normal tasks. 

After 1 hour, shoes and socks were removed, and the ‘cling film’ skin area was inspected. In all 

cases, transpiration from the skin had caused the inner surfrce of the polythene to be covered by 

a film of water, so that the occluded skin area was very wet, and the skin looked much whiter, 

and softer than normal (‘macerated’). The occlusive film was removed, and thresholds re

assessed immediately, using the same experimental technique described in the previous chapter. 

After the completion of the post-occlusion threshold test, subjects went barefoot for an hour, to 

allow the skin to fully dry out and recover its normal texture. Then the same plantar areas were 

re-tested to T-P threshold for a third time.
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This complete procedure was first carried out in the moming, and repeated at the end of the 

aftemoon. All tests were completed between mid April and mid May.

The results of the experiment are shown in Graph 20, and Table 44;

Graph 20: Plantar T-P Thresholds, before and after occlusion with plastic film 

Plantar T-P Thresholds, Before and After Skin Occlusion

The data from the two test times was compared, using 2 factor, repeat measures analysis of 

variance (where factor 1 = skin condition (pre-occlusion; after 1 hour of occlusion; after 1 hour 

going barefoot) and factor 2 = time of test (moming or late aftemoon) (Table 45). This 

confirmed that the overall trend of a decrease in T-P thresholds, noted in the previous 

experiments, persisted (p < 0.02) even when skin conditions were manipulated to be soft and 

macerated, through normal, to very dry. Neither skin condition nor interaction between the 

variables reached significance (p > 0.8, in both cases). It was concluded on the basis of this 

experiment that diurnal variation in T-P thresholds was unlikely to be due to the effects of 

sweating, or the occlusive effect of footwear.

3.1.2: The Effects of Enforced Inactivity on The Diurnal Change in Touch-Pressure 
Thresholds

APPROXIMATE TEST 
TIMES

TEST AREAS 0

C
OTHER FACTORS

9am 1pm 5pm T FF MLA LLA H P

V V V / Right foot;
Right palm 
Bed resting subjects
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In order to determine if subject activity influenced touch-pressure (T-P) thresholds, a series of 

test were made on a group of 10 young adults, who were required to stay in bed all day, and 

allowed up only for bathroom privileges (Table 46). T-P thresholds were assessed on all areas of 

the plantar skin of the right foot, and the palm of the right hand, which was used as a control. 

Tests were made as before, by the serial application of aesthesiometer filaments, in the manner 

described in the Methodology. Tests were made in the moming, and repeated twice more during 

the day, with approximately 4 hours elapsing between tests. Body temperature was also recorded 

at each test time. All tests were completed in early May.

When the means of both plantar and palmar T-P thresholds from the these tests were compared, 

it was seen that they were each significantly lower by the early afternoon test (Feet am: 4.14 

+/- 0.06 log units; pm: 3.79 +/- 0.08 log units; A am-pm: 0.36 +/- 0.04; p< 0.0001, paired ‘t ’ test; 

Hands am: 3.37 +/- 0.03 log units; pm 3.25 +/- 0.01; A am-pm: 0.13 +/- 0.02 log units; p <

0.006, paired ‘t ’ test. Table 47). Early afternoon thresholds in the feet and hands were 53% 

and 81% of morning values, respectively, and thresholds continued to decline, but not 

significantly, through the afternoon, to 56% and 75% of morning values. This is shown in 

Graph 21, and Table 47.

Graph 21:
Diurnal Changes in T-P Thresholds of Plantar and Palmar Skin, in Subjects on Bed Rest

Bed R est Subjects: Diumal Changes in 
Plantar and Palmar T-P Thresholds

E 4-2
4

£  ^  3.8

S I  3.6 

3 il In. In
09:42

i j -----1---- — ------1---- 1
13:47 17:48 

Time of Test
1 afoot □  hand

As had been observed in 2.1, the majority of the change noted in T-P thresholds occurred 

between the moming and the midday tests, in an inverse pattem to the change in body 

temperature (Graph 22). More details on changes in body temperature are presented at the end 

Section 4 of this chapter.
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Graph 22: Day Long Changes in Body Temperature in Bed Rest Subjects

Body Temperature Changes in 
Bed Rest Subjects

09:00 12:00 15:00
Time of Test

18:00

3.1.3: Diurnal Changes in Touch-Pressure Thresholds, tested under Double Blind 
Conditions

APPROXIMATE 
TEST TIMES

SKIN TEST AREAS OTHER FACTORS

9am 5pm MLA LLA P lA
V Both tester and subjects naive to test

The majority o f  the skin test assessments presented within this thesis were made by the same 

tester. It was necessary to check whether the phenomenon, o f  a decrease in T-P threshold by the 

late aftemoon test, could be reproduced by another tester, assessing another group o f  subjects. A 

naive tester, and a group o f  naive subjects, all o f  whom were unaware o f  the possibilitv o f  a 

diumal variation in touch pressure thresholds took part in a double blind experiment, where both 

the tester and the subjects were told that the thresholds tests were repeated within 24 hours, as 

part o f  the normal experimental methodology

In the experiment, the mid-sole o f  the plantar aspect o f  the left foot, the palm o f  the left hand, 

and also the volar aspect o f  the upper arm (biceps area) were tested. Aesthesiometer filaments 

were serially applied, in ascending order, to threshold as in the previous experiments in the 

moming, and the same skin areas were repeat tested the late aftemoon. The sample was balanced 

so that half the subjects were tested in the order am;pm, and the other half in the order pm;am. 6 

subjects volunteered for this test (Table 48), and all tests were completed between February and 

March.
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This group of subjects showed a highly similar pattem, and levels, of change to those observed 

in previous tests (Graph 22, Table 49).

Graph 22: T-P Thresholds, Assessed by a Naive Tester

Comparisons of Plantar, Palmar and 
Arm T-P Thresholds, Assessed by a 

Naive Tester

Barm

This experiment showed that, as in the previous experiments, T-P thresholds at all test sites 

were significantly lower by the afternoon test in this group of subjects (p < 0.03) (2 Factor 

ANOVA, where factor 1 =test site [foot, hand, arm], factor 2 = Time of test [moming, late 

aftemoon] Table 50).

3.1.4: The Reliability of the Method of Application of the Filaments, and the Reliability of 
the Subjects’ Threshold Criteria, over Time

APPROXIMATE 
TEST TIMES

PLANTAR 
TEST AREAS

OTHER FACTORS

9am 5pm MLA LLA At each test time;
y V y • subject tested to threshold in normal manner, then

• subject repeat tested at same sites, but given a mix of tme 
and sham stimuli

In any sensory system under test, afferent signals perceived by the subject are a mix of the 

imposed test stimulus, and the background fluctuations inherent within the system. Therefore, 

the nearer the test signal is to the sensory threshold, the harder it is for the subject to distinguish 

between the stimulus and the ‘noise’ in the system; The possibility of spurious signals being 

reported as threshold sensation must be acknowledged. Also, the more willing the subject is to 

give a positive response to a threshold stimulus in the test situation, the more likely he is to 

guess in favour of a stimulus having been given.
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The data presented so fer, were all based on the assunq)tion that the subject’s awareness of 

threshold touch, indicated by his verbal reports of perceived threshold sensations, was accurate 

and constant at all test times, and therefore gave a reliable indication of T-P threshold. It 

disregarded the possibility that the incoming ‘noise’ could have been erroneously perceived, and 

reported, by the subject as the threshold stimulus. It also assumed that the subject’s willingness  ̂

to report the test stimulus as being at sensory threshold, did not vary with time of day.

The data generated in experiment 3.1.4 was used to:

(i) check the accuracy of the normal method of threshold assessment, against a method in which 

the subject was challenged by a mix of true and blank stimuli, at moming and late aftemoon 

tests

(ii) test that the subject’s willingness to make a positive response was the same at both the 

moming and late aftemoon tests

21 young, healthy adults were tested to touch-pressure (T-P) threshold twice in the moming, 

using two methods of testing at the mid-sole of the feet, and repeat tested, using the two 

methods, at the end of the aftemocm (Table 51). The tests were carried out during September and 

October.

(:) Comparison of two methods of T-P threshold assessment:

Subjects were tested to T-P threshold, in the moming and in the late aftemoon, and at each test 

time, the subject was assessed twice. The first moming test used the normal method of T-P 

threshold assessment. The second moming test delivered a mix of real and blank stimuh. Both 

tests were repeated again in the late aftemoon. The methodology is explained as a worked 

example of one subject’s results.

During the first test in the moming. real stimuli of ascending intensity were delivered to all 

points at the plantar surfece of the mid sole, in the manner described for all other T-P threshold 

tests. No wamings preceded the stimuli. The subject was asked to report all / any perceived 

sensations o f touch within mid sole during the test time.

Thresholds were determined, by the application of filaments in ascending order, starting with the 

lightest (2.24) filament. The value of the filament at which the subject reported a threshold touch 

sensation for each test point was recorded. Once threshold had been identified within the test 

point, it was not re-tested with a higher filament. This test was completed once all points within 

the test area had been assigned a touch threshold value.
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TTie threshold for the first test was calculated as the mean of the log unit values at each test point

A total of 20 skin points were tested within the midsole. Under the conditions of the first test, the 

example subject reported a moming mean T-P threshold as 2.944 Log units (calculated as the 

mean of the values given in Table 52:

Table 52:: T-P thresholds at the midsole, m om ing first test =  2.944 log units

M LA LLA
2.68 2.9 3.12 3.34
2.68 3.12 3.12 3.12
3.12 2.68 2.68 2.9
3.12 2.9 2.68 2.9
3.34 2.68 2.9 2.9

During the second test in the moming. stimuli of ascending intensity were delivered to the same 

area of skin as in the first test, in the same manner, but allowing only 50% of the stimuli to make 

skin contact. The subject was told that each stimulus would be preceded by a verbal waming, but 

he was not told that some of the stimuli would be blanks. Each stimulus, whether tme or felse, 

was preceded by the same verbal warning, after which the subject was required to state whether 

he had detected a touch stimulus. The same range of aesthesiometer filaments used in the first 

test, were used in the second test, and were applied in the same order.

The order of application of the real and blank stimuli was the same for all filaments, all subjects, 

and all tests (Table 53). Real stimuli (T) were apphed to the same 10 points at the midsole and 

blank stimuli (F) to the remainder for each level of filament, regardless of whether threshold 

had already been identified at that point. The subject reported filament contact, by stating ‘yes’ 

[y] or ‘no’ [n]. The range of possible subject responses to each test point, from each filament 

was: Ty; Fy; Fn; Tn. All responses to all (real or blank) filament contacts were recorded. The 

threshold for each test per subject was calculated, as the mean of his lowest Ty scores.

Table 53: Real (T) and Blank (F) Test Points at the Midsole

MLA LLA
T T T F
F F T T
F F T F
T T F F
F T F T

Filaments were applied to all T points, starting with the lightest filament that the subject had 

identified in the first test. The subject’s response was recorded as a ‘y’ or ‘n’ response
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RESPONSE To Filament 2.68
MLA LLA
Ty Tn Tn Fn
Fn Fn Tn Tn
Fn Fn Tn Fn
Tn Tn Fn Fn
Fn Tn Fn Ty

RESPONSE To Filament 2.90
MLA LLA
Ty Ty Ty Fn
Fy Fy Ty Tn
Fy Fn Tn Fn
Ty Tn Fn Fy
Fy Ty Fy Ty

RESPONSE To Filament 3.12
MLA LLA
Ty Ty Ty Fn
Fn Fn Ty Tn
Fn Fn Ty Fn
Tn Ty Fn Fn
Fn Ty Fn Ty

RESPONSE To Filament 3.34
MLA LLA
Ty Ty Ty Fn
Fn Fy Ty
Fy Fy Ty Fn
Ty Ty Fn Fn
Fy Ty Fn Ty

The T-P threshold for the second moming test was calculated as the mean of the lowest Ty 

response from each test point, as shown in Table 22. In this example, the mean T-P threshold in 

the second moming test was 2.944 log units (So for this subject, by chance, both methods gave 

exactly the same moming T-P threshold value, although there was some variation in the raw data 

that was used to calculate the 2 mean values; see Tables 52 and 54)

Table 54: Second Test (morning) Mean Ty responses: =  2.944 log units.

MLA LLA
2.68 2.9 2.9

2.9 3.34
3.12

2.9 3.12
2.9 2.68

The same tests and calculations were repeated again, in the late aftemoon. Group means for each 

test method were compared, and are shown in Graph 23, and Table 55. The T-P thresholds 

calculated from the Ty responses alone were slightly lower (but not significantly lower - see 

Table 56 below) than those calculated by the ‘normal’ method, ie: the method used in the other 

experiments (Thresholds: ‘Normal’ method:- am: 3.40 +/- 0.08 log units; pm: 3.17 +/- 0.07 log
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units; A am-pm: 0.23 +/- 0.06; True / False Method:- am: 3.28 +/- 0.09; pm: 3.10 +/- 0.07; A am- 

pm: 0.19+/- 0.05)

Graph 23: Comparison of T-P Thresholds, from the ‘Normal and ‘True / False’ Methods of 
Assessment

Comparison of T-P Thresholds, assessed by two methods

moming aftemoon moming

I 3.5

T 3.4 
+
«  3.3 

3 3.2

I
1  '
^  2.9

J  2.8

Ty mean. Ty mean Norm Norm
aftemoon

The results of both first and both second tests were compared, using 2 factor analysis of variance 

(Table 56), where factor 1 = Test Method (first test; second test), and factor 2 = Test time 

(moming; late afternoon). This showed that there was a significant difference in T-P 

thresholds, due to time of test (p < 0.01), but no significant difference due to the two test 

methods (p > 0.2). There was no interaction between the variables (p > 0.7)

This experiment showed that thresholds, and diurnal variations of threshold, determined by 

the ‘normal’ method were not significantly different to those determined by a more 

rigorous methodology.

(ii) The Reliability of the Subjects’ Criteria, over Time

The same set of T-P threshold data was used to test the reliability, over time, of the subjects’ 

criterion of threshold, to show whether the observed diumal change was due to his being more 

willing to report sensation at the aftemoon test. This was done by comparing the Fy/Ty 

responses from both test times (See also Appendix 1) for a subset of 12 subjects. The subset was 

made up of those subjects who had made marginal errors to filaments at or near threshold in both 

the moming and late aftemoon tests. The remaining 9 subjects who had not made errors 

(subjects who did not score ‘Fy’ to any points) were excluded from this analysis. Their analysis 

is included in Appendix 1.
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Fy and Ty responses reflect both the subject’s accuracy of response to the threshold stimulus, 

and his willingness to report a signal as a threshold stimulus. For example, if he lowers his 

threshold criterion, or if he is more willing to say 'yes’, he would raise his hit rate, but also 

identify more imaginary stimuli (the false positive rate would rise). Alternatively, if he is more 

stringent in his threshold criteria, and is more inclined to say ‘no’ to a near-threshold stimulus, 

he will make less mistakes, but his overall detection rate will decline (the true positive rate 

would fall) (Sekuler et al, 1973).

The false positive and true positive (Fy ; Ty) responses from the data collected during the 

moming and late aftemoon second tests [see (i) above] were compared. NB; It was assumed that 

the both the false positive (the subject’s willingness to report the ‘noise’ in the system as a 

threshold sensation) and tme positive (the subject’s willingness to report the stimulus) responses, 

followed a normal distribution.

The subjects’ Fy and Ty responses, to the filaments to either side of their Ty-identified T-P 

threshold, for the moming and late afremoon second tests were averaged, and expressed as 

percentages. Using the criterion table (Table 57, see Levine and Parkinson, 1994) percentage Fy 

and Ty values were converted to criterion (z) values.

The same subject used in (i) as an example, is used again to illustrate this analysis. His results 

for the moming and late aftemoon second tests are shown in Tables 58 and 59.

Table 58: Example Subject: Mean Ty Response morning test,
together with his Fy and Ty responses to the filaments either side of the mean Ty response

Mean Moming 
Ty responses 
(log units)

Filaments to dther 
side of moming Ty 
T’hold

Mean % Criterion (z) 
Table Value

2.90 3.12
2.944 Fy 0.60 0.00 0.30 30 0.52

Ty 0.70 0.80 0.75 75 -0.67

Table 59: Example Subject: Mean Ty Response Late Aftemoon Test,
together with his Fy and Ty responses to the filaments either side of the mean Ty response

Mean Late 
Aftemoon Ty 
responses (log units)

Filaments to either 
side of late 
aftemoon Ty T hold

Mean % Criterion (z) 
Table Value

2.46 2.68
2.614 Fy 0.2 0.10 0.15 15 1.04

Ty 0.40 0.50 0.45 45 0.13

The same calculation was made for all 12 subjects (within the sangle of 21) who gave usefiil Fy 

values (the remaining subjects within the group did not make any errors of judgement, scoring
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Fy = 0 to the filaments either side of the Ty mean threshold, either in the moming, the aftemoon, 

or both). The data for the remaining 9 subjects did not show a trend (Paired ‘t ’ = 0.679), and is 

shown in Appendix I.

The subject’s criterion value (Q  for any test of signal detection can be calculated as the mean of 

his responses to the tme and the false stimuli, when these have been transformed to ‘z’ values 

(Table 43; See Appendix I, and Levine and Parkinson, 1994), so that:

C  = 0 .5  [z „ +  Z  sn  ]

where C is the subject criterion
Z n  is the transformed felse positive (Fy) rate 
Z s n  is the transformed tme positive (Ty) rate

The example subject showed a bias towards re^onding ‘yes’ in the moming (as the C value was 

negative) but had changed by the aftemoon to a positive C value, indicating that he was less 

likely to report the signal at that time (Diagram 30):

C.m=0.5 [ 0.52 + (_ 0.67)] = - 0.075 
Cpm=0.5 [ 1.04+ (0 .13 )]  = 0.585

When moming scores were compared with the late aftemoon scores, using a paired ‘t ’ test, it

was seen that the subjects’ willingness to report threshold stimuli did not alter with the time

of day (p > 0.1, paired ‘t ’ test) (Table 60). If anything, subjects showed a slightly higher (though 

not of significance) criterion value at the aftemoon test, inferring that they tended to make less 

threshold guesses in the aftemoon.

These ejqseriments had shown that the oserved changes in T P threshold with time of day 

were unlikely to be due to a non-stringent method of data collection, nor due to the subject 

being more willing to respond to a touch stimulus, real or supposed, at the late afternoon 

test. The observed changes were more likely to be due to a diurnal variation in T-P 

thresholds, showing as decreased thresholds by the end of the aftemoon, in comparison with 

moming values.

* * * * * * * * * *

These experiments allowed H3 to be accepted for touch-pressure thresholds



Diagram 30: CRITERIA: where the dark area shows false alarm probabilities, with its left edge 
demarcating the criterion (from Levine and Parkinson, 1994)

SN

I.

C = 0  5 ( Z n  +  Z m | = 0

no <= => yes

C riterion  1: At the point of intersection, the ordinates of the two distributions have the same value

17S

N SN

2

C = 0.5 [ Z n  +  Z s n ]  = negative value

no ves
C riterion  2: The criterion value is to the left. The subject has responded yes more often, leading to a 
higlier Fy score

N SN

3 .

C = 0.5 [ Z n  +  Z s n ]  = positive value

no ves

C riterion  3: The criterion value is to the right. The subject had only responded yes to a more intense 
signal, and his Fy score is lower
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3.2: DIURNAL VARIATION IN PIN PRICK PAIN THRESHOLDS UNDER 
VARYING EXPERIMENTAL CONDITIONS

3.2,1: The effect of skin occlusion on pin prick pain thresholds

Test
Times

Pin Prick 
Test Areas

Comments

13:00 MLA LLA
V Right Foot: Test 1, followed 1 hr later by Test 2 

Left Foot: Test 1, skin occlusion for 1 hr, then Test 2

It was considered that the pin prick threshold changes observed in 1.2 might be induced by 

changes in skin hydration levels - for example, due to sweat accumulation, or from wearing 

shoes and socks.

8 subjects, 3 females and 5 males, aged 36.88 +/- 4.87 yrs, took part in an experiment to 

assess the effects of induced sweating on plantar pin prick pain thresholds.

Pin prick pain thresholds were assessed in the manner described in the Methods chapter. All 

tests were made at around midday, and the non-weight bearing (MLA) and weight bearing 

(LLA) areas of the midsole of both feet were tested to threshold.

The left midsole was tested to pin prick pain threshold, and then the foot was wrapped in 

polythene film (cling film). The shoe and sock was replaced. The right midsole was tested in 

the same manner, shoes and socks were not replaced, and cling film was not applied.

After 1 hour, the cling film was removed from the left foot. It was noted that the inner surfece 

of the polythene was covered by a film of sweat, and the underlying skin was soft and wet.

Pin prick thresholds were tested immediately the cling film was removed. The right foot was 

also retested, an hour after the first test.

Thresholds for the skin areas, at each test time, and under the two conditions (occlusion or 

control) were averaged. They are shown in Graph 24, and Table 61
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G raph 24: Pin Prick Pain Thresholds at the P lan tar Midsole (MLA and LLA), Before and A fter 
Occlusion*, and Control (The error bars show ‘between subjects’ differences)

Comparison of Pin Prick Thresholds, 
Before and After 1 hr Occlusion, and Control

MLA 
Right Foot 
1 St + 2nd 

Test

LLA 
Right Foot 
1 St + 2nd 

Test

MLA 
Left Foot, 
PreH-Post 
Occlusion

LLA 
Left Foot, 
PrefPost 
Occlusion

1st Test 0  2nd Test ( 1 hr later)

* NB; The left foot was occluded for 1 hour between the first and second tests; the right foot was not

Two factor, repeat measures, analysis of variance factor 1 = Test 1 and Test 2; and

factor 2 = Right or Left Feet) showed that there were no difference in pin prick pain 

thresholds, at the midsole, due to induced sweating (p > 0.7 for both Actors) (Table 62).

It was unlikely, therefore, that observed changes in pin prick threshold in relation to 

time of day were due to skin hydration.

This experiment allowed the acceptance of H3 for pin prick pain thresholds
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3.3 HEAT PAIN AND PIN PRICK PAIN THRESHOLDS 

3.3.1:
Consecutive Assessment of Heat Pain and Pin Prick Pain Thresholds in the Foot

Test Area Heat Ramps Test Times Other Factors
MLA 1

MTPJ
1st
Ray

r c
sec'^

o.tc
sec'^

am md pm

«✓ ✓ (Raise all sites to heat pain 
threshold after testing to pin 
prick threshold) x2

This experiment was carried out to explore the apparent contradiction where a pattern of 

diurnal variation of pin prick pain thresholds had been observed (1.2; 2.2; 3.2), but heat pain 

thresholds did not vary with time of dav (1.3: 2.3). Therefore, subjects were tested 

consecutively to both pin prick and heat pain thresholds, at the non-weight bearing skin of the 

foot (MLA).

10 adults were tested to threshold, at the plantar non-weight bearing skin (MLA) of the left 

foot, with both the modified aesthesiometer filaments, and the contact heat probe (Table 63). 

Pairs of tests were carried out in the morning, and repeated in the same manner at lunchtime, 

and in the late afternoon. Half of the subjects were tested in the order am / noon / pm, and the 

remainder pm /am  / noon, to partly balance out order effects. All tests were carried out during 

July.

Plantar non-weight bearing skin sites at the medial longitudinal arch (MLA) were tested to 

pin prick threshold, in the manner described in the Methods chapter. But in this experiment, 

each skin site was assessed to pin prick pain threshold twice, at each test time. Immediately 

following the first pin prick threshold assessment test, the same points within the MLA were 

tested to heat pain threshold, following the heat ramp order given in the Method. 

Approximately 10 mins after completion of the first paired test, another pair of pin prick and 

heat pain thresholds tests were made to the same skin sites, again following the order given in 

the table (see Table 15, Methods) below

Order of 1st Test /  2ndTest Heat Pain Stimuli
Test <=Proximal Order of Application of Heat Stimuli to MLA Distal=>
1 IF 2M 3F 5F 7F 4M 6M 8F
2 IM 2F 3M 5M 7M 4F 6F 8M
♦where F = Fast heat ramp, and M = Medium ramp

Unknown to the subject, the heat ramps were alternated throughout the experiment (ie; 

Stimulus 1 - Fast, Stimulus 2 - Medium, Stimulus 3 - Fast etc., etc.) to partly balance out 

learning effects, and reduce the subject’s anticipation of the pain threshold. Heat stimuli to the
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MLA were delivered in the same ‘random’ order to all subjects (see Methods section). The 

first test was made up of a mix of fast and medium heat ramp stimuli. In the second test, the 

alternative heat stimulus to those given in Test 1 were delivered, to exactly the same skin 

sites.

When the data from the two pain modalities were compared, it was noted that although pin 

prick thresholds showed a significant diurnal pattern of change (am; 5 .19 +/- 0.12 log units; 

pm: 5.02 +/- 0.12 log units; Aam-pm: 0.17 +/- 0.05, p < 0.01, paired ‘t ’ test), heat pain 

thresholds did not vary significantly with time of day (am: 49.06 +/- 0.76®C; pm: 48.85 +/- 

0.79°C; Aam-pm 0.22 +/- 0.22®C, p > 0.1, paired ‘t ’ test; Graph 25, Table 64). Pin prick 

thresholds at the late afternoon were 68% of the morning thresholds, whereas heat pain 

thresholds in the afternoon were virtually unchanged, being within 0.2 +/- 0.2®C of morning 

values.

Raismg the skin test sites to heat pain threshold between Pin Prick Tests 1 and 2, at the three 

test times (am; md; pm) did not affect pin prick pain thresholds (Table 65, Single factor 

analysis of variance, p > 0.4). Similarly, subjects did not show any sensitisation at the second 

heat pain test, at any of the test times (Table 66, Single factor analysis of variance, p > 0.9).

Graph 25*: Heat and pin prick pain thresholds, tested consecutively, at the non-weightbearing 
plantar skin

Simulataneous Heat Pain and Pin Prick 
Thresholds at the MLA
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- 4.9
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Time of Test heat I pin prick

(*Y axis (right hand side) = Pin Prick Threshold (Log mg* 10 +/- s.e.m)

3.3.2; Correlation Of Heat Pain And Pin Prick Pain Data

Within the heat pain and pin prick pain thresholds experiments, data had been gathered at 

morning and late afternoon test at the medial longitudinal arch (MLA) in 18 subjects and 36 

subjects, respectively (Tables 67 and 68):
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Table 67: Heat Pain Thresholds at the non-Weight hearing Plantar Skin (MLA) in 18 subjects

Test
Site

am Threshold 
(®C +/- sem)
fC+/-9S%CI]

pm Threshold 
(®C+/- sem)
[®C+/-P5%C//

Aam-pm 
(®C +/- sem)
?C+/-95%CIJ

Paired ‘t ’ P

MLA 49.31+/-0.38
f49.31 +/- 0.811

49.42 +/- 0.57
[49.42 +/- 1.19]

-0 .1 1 + /-0 .2 1
r-0.11 +/- 0.45]

0.539 > 0 .4

Table 68:
Pin Prick Pain Thresholds, at the non-Weight hearing Plantar Skin (MLA) in 36 subjects

Test
Site

am Threshold 
(log units +/- sem)

[95% Cl]

pm Threshold 
(log units + /- sem)

[95% Cl]

Aam-pm 
(log units +/- sem)

[95% Cl] 

fà%J

Paired
‘t ’

P

MLA 5.3321+/-0.0527

[0.107]

5.1592+/-0.0574

[0.117]

0.1729+/-0.0305

[0.062]
fA67%]

5.675 < 0.001

The overall analyses showed that:

• there was no indication of diurnal change in heat pain threshold (p > 0.4). The 95% 

confidence limits for heat pain thresholds in the late afternoon were 0.34®C below and

0.56®C above the morning value.

• there was a clear diurnal variation in pin prick thresholds, with an increase in 

sensitivity to pin prick pain by the afternoon test (p < 0.001). Late afternoon pin prick 

thresholds were between 0.11 and 0.23 log units lower than the morning value, 

equivalent to 27 - 42 % fall in thresholds

This paradox warranted further investigation. The heat pain threshold tests had given an 

essentially negative result of no change in threshold with time of day, whereas the pin pain 

thresholds made a clear change of threshold, in relation to time of day that the test was made. 

But pain thresholds were recorded using very different, and non-comparable scales of 

measurement, ie ®C of heat, and Log units of pin point force. The main question was whether 

a change of 0.34®C in heat pain threshold (ie: the upper 5% ccaifidence limit) was equivalent 

to a 27% change in pinprick threshold force (ie: the lower 95% confidence limit), and if so, 

would the subject be e>q)ected to be able to detect such a small change in heat pain threshold. 

Was the lack of change in heat pain threshold observed during these ejqjeriments due lack of 

diurnal variation in this modality, or was it because the subject would not be able to detect 

such small variance in heat stimuli at and around the threshold for heat pain?
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One approach to the problem was to use the subject’s personal internal judgement of the 

intensity of sensation, to establish a parity of perception between the two modes of pain. Such 

cross modality matching has been used to establish equality between differing sensory stimuli 

(Lindsay and Norman, 1972). Subjects are singly asked to allocate a mark along a 10 cm line, 

tagged to each end as ‘no pain at all’ and ‘the worst pain imaginable’, each time they are 

presented with a stimulus at or around pain threshold. This method of recording perceived 

stimuli is known as the visual analogue scale (VAS). The subject is presented with a new, 

unmarked line for each stimulus, so that he is not reminded of the score he allocated to 

preceding stimuli. The VAS scores are derived as the distance, in cm., from the left end of the 

line to the mark the subject makes in response to contrasting stimuli, such as point forces, or 

heat. A mix of similar stimuli are repeated in random order, and the overall VAS scores are 

calculated as the mean of VAS scores given to repeat stimuli of like values.

Although this method of magnitude estimation may not seem very precise as a means of the 

assignment of quantity to a physiological or psychological quahty, it has been shown by many 

researchers to be very reliable, since its introduction by Stevens and Davis in 1938 and 

reiteration by Stevens (Stevens, 1956). At an individual level, there is a considerable variation 

in assigned scores to single stimuli, but at the group level, there is sufficient agreement to 

show generalised trends, and this methodology is described as simple, effective and reliable 

(Lindsay and Norman, 1972).

This experiment used cross modality matching to compare subjective intensities of heat and 

pin prick pain, to a mix of stimuli at, and around, threshold pain. The subjects’ assessment of 

consecutively delivered heat and pin prick stimuli to the MLA was correlated, using visual 

analogue scale (VAS) scores as the common indicator of pain intensity

Working independently in pairs, subjects tested one another to heat and pin prick pain 

threshold, with the same equipment used in the pin prick and heat pain threshold experiments 

(using the same method of application used in the previous experiments). A total of 12 

subjects participated, and all tests were completed within a one hour period in the early 

afternoon. 4 subjects followed the protocol given in Appendix V, and the remaining 8 

followed that of Appendix VI. Half the subjects in each sub-set were tested in the order heat 

pain ; pin prick pain, and the remainder in the reverse order. (For clarity, the experiments, 

below, describe the apphcation of pin prick stimuli to threshold, followed by heat stimuli to 

threshold). All tests were carried out during March.
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To allow the subject to become familiar with his personal criteria for pain threshold, heat and 

pin prick stimuli were delivered to the back of the hand. At this level of intensity, pin prick 

and heat stimuli induce similar pricking sensations. When the subject was satisfied that he 

was sure of the nature of threshold pain for both modalities, the experiment went ahead.

The subject’s pin prick and heat pain thresholds were estabhshed in the following manner:

The medial-plantar border of the non-weight bearing skin of the left foot (the medial 

longitudinal arch, MLA) was marked with a longitudinal line of 5 dots, each 1 cm apart

1. Pin prick stimuli were apphed to each of the marked sites, in incremental order, to pain 

threshold.

2. Heat stimuli were applied to the marked sites, to threshold.

3. The mean heat pain and pin prick thresholds for the MLA were calculated

The remainder of the ejqaeriment followed one of 2 shghtly different methods (Table 69):

The subjects in one group [(i)] were given stimuli at +2 and -2 units to either side of the 

individual’s identified pain threshold, and made VAS scores to either side of a 5cm mark 

on the VAS score lines (NB: 1 heat unit = 1®C; 1 pin pain unit = 0.22 log units)

(Appendix V)

The subjects in the other group ([(ii)] were given stimuli at threshold (0) and +1, +2, and 

+3 units above the individual’s identified pain threshold, and marked the VAS score line at 

a point of their choice, along its length (Appendix VI).

Table 69:

EXPERIMENT Units near threshold
(where threshold = 0; 1 heat unit = 1°C; 1 pin prick unit = 0.22 log units)

-2 -1 0 1 2 3
(i), n=4

(ii), n=8 ✓

(NB: 1 heat pain unit = 1®C; 1 pin prick pain unit = 0.22 log units [where ‘log unit’ is the logioof the 
bending force, in mg* 10, delivered by a blunt pin of known cross sectional area affixed to the end of 
the aesthesiometer ffiament] )

(i); (n=4)

The subject was tested with pin prick stimuli, at near and just above and below (+/- 2 

filaments) his personal pain threshold. The stimuli were delivered in random order to the 

marked skin sites. After each stimulus, the subject awarded a VAS rating, where the marked
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mid point of a 10cm line represented pain threshold, the left end well below threshold, and the 

right end well above threshold.

The same process was repeated using the heat probe at the fast ramp (1®C / sec) to deliver 

stimuli to the same skin sites at +/- 2°C heat pain threshold. After each heat stimulus the 

subject awarded a VAS rating, using the same scale criteria (Appendix V).

(ii): (n=8)

The subject was tested with pin prick stimuli, from the threshold filament (0) to +3 filaments 

above threshold, delivered in random order to the marked skin sites. After each stimulus, the 

subject awarded a VAS rating, where the left end (0) of a 10cm line represented threshold 

pain, and the right end (100) the worst pain the subject could imagine.

The same process was repeated using the heat probe at the medium ramp (0.7®C / sec) to 

deliver stimuli to the same skin sites, at threshold (0) to + 3®C above threshold. After each 

heat stimulus the subject awarded a VAS rating, using the same scale criteria (Appendix VI)

The heat and pin prick VAS scores (+/- s.e.m) for (i) (n=4) is shown in Graph 26 and Table 

70, and that for (ii) (n=8) in Graph 27 and Table 71. The individual pin prick and heat pain 

VAS scores for each subject are presented in Table 72.
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Graph 26: VAS Scores to 2 units either side of Heat and Pin Prick Pain Thresholds
(Subjects used the mid point of a 10 cm line (= VAS 5) as Pain Threshold)
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Graph 27: VAS Scores to Heat and Pin Prick Pain Thresholds, and 3 units above Threshold
(Subjects used VAS 0 as pain threshold)
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The VAS scores for each pain modality, and for each group of subjects [ (i) and (ii)] were 

compared using paired ‘t ’ tests. This showed that there was a significant difference in VAS
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scores allotted to just below and just above pain threshold, by (i) subjects (p < 0.05, pin prick 

pain, and <0.01 heat pain). Similarly, (ii) subjects showed a significant differaice between 

VAS scores at pain threshold, and just above threshold ^  < 0.02 pin prick pain, and p < 0.01 

heat pain) (Table 73). This suggested that subjects were able to distinguish small differences 

of intensity in noxious stimuli at, and around, pain threshold.

The different VAS scales used in (i) and (ii) showed as different levels of perceived pain 

intensity, but there was a very close relationship between the VAS pain scores for the two 

types of noxious stimulus. In view of these findings (detailed in Table 70 and 71), the VAS 

scores allocated to heat and pin prick pain stimuli could be used to explore the relationship 

between pain threshold values, previously recorded in heat units (®C) and force units (logio 

force mg* 10).

It was shown in (i) that 1 heat unit (1°C) was equivalent to 1.08 VAS, and 1 pin prick unit 

(0.22 log units) was equivalent to 1.213 VAS (Table 74)

Thus; 1®C = 0.22 * 1.08 / 1.213 log units

= 0.197 log units

Similarly, it was shown in (ii) that 1 heat unit (l^C) was equivalent to 0.480 VAS, and 1 pin 

prick unit (0.22 log units) was equivalent to 0.373 VAS (Table 74)

Thus: 1®C = 0.22 * 0.48 / 0.373 log units

= 0.283 log units

By using the weighted averages of log unit equivalents fi'om (i) and (ii) (calculated as 1/12 

( [4*0.197] + [8 * 0.283]) }, 1®C is equivalent to 0.254 log units

It had been demonstrated (see Table 67) that the 95% confidence intervals for the changes in 

heat pain thresholds between morning and late afternoon tests at the non-weight bearing 

(MLA) plantar skin were between a decrease of 0.34®C, and a rise of 0.56®C. Similarly, the 

95% confidence intervals for the expected changes in pin prick pain threshold at the same 

skin site firom morning to late afternoon, lay between a decrease of 0.1109 and 0.2349 log 

units (see Table 68).
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Since l “C = 0.254 log units, the maximum expected fell in heat pain thresholds through the 

day (0.34®C) is equivalent to a decrease of 0.0864 log units. As this is less than the least 

expected fall in pin prick pain thresholds throughout the day (0.11 log units) it can be 

assumed that the subjects would have been able to detect small time related changes in 

heat pain threshold, had they occurred, had they been of similar subjective magnitude as 

those found for pin prick pain.

It was concluded that, as subjects were shown to be able to detect small changes of threshold 

in both heat pain and pin prick pain, as shown by the use of VAS common scoring, they 

would have been able to identify a diurnal change in heat pain threshold. That they did not, 

suggests that whilst pin prick pain thresholds varied with time of day, heat pain 

thresholds did not show diurnal variation of equivalent magnitude.

The experiments of Section 3 demonstrated that:

• Touch Pressure and pin prick pain thresholds of the glabrous skin of the sole of the foot 

and palm of the hand followed a pattern of time related change that persisted, for touch- 

pressure in particular, under a number of different test conditions and differing test 

methodologies

• Heat pain thresholds in the skin of the foot did not show a time of day effect when tested 

at the same time as pin prick pain thresholds which did show a time of day effect. Yet 

subjects were shown to be able to discriminate small changes of intensity of the stimulus 

at and around pain threshold.

Thus, H3, that diurnal variation of skin sensation were robust and unaffected affected 

by different test conditions was accepted for touch-pressure and pin prick pain 

thresholds. It was not accepted for heat pain thresholds
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4: DIURNAL VARIATION IN TOUCH-PRESSURE THRESHOLD 

SENSATION, IN DISEASE

The 4th hypothesis posed that just as a pattern of diurnal variation in skin sensation is found in 

normal day active subjects^ the pattern would be lost in disease. A group of acclimatised night 

workers were used as the example of subjects with pathology (Knauth, 1997; van Cauter et al, 

1997; McNamee et al, 1996; Hanq>ton et al, 1996; Knapper et al, 1995; Knutsson, 1989). Their 

touch-pressure thresholds were conçared with thresholds of a group of similar (age and sex 

matched) day workers

APPROXIMATE TEST 
TIMES

TEST AREAS OTHER FACTORS

6
am

9
am

5
pm

9
pm

T FF ML
A

LLA H p ®c

y V V / V y y Day Workers,
Test Right or Left 
Lifestyle Questionnaire

y y / ✓ / y y Night Workers,
Test Right or Left 
Lifestyle Questionnaires

✓ ✓ y y Single Case: Both feet tested 
during 3 shifts o f Daywork 
and 3 shifts o f Nightwork

4.1; Diurnal Changes in T P thresholds in day workers and night workers

2 groups of healthy adult subjects were tested to ascertain the effects of life-style and work 

pattern on touch pressure (T-P) thresholds. One group of subjects were recruited from a 

population of day-active paramedical workers, whose normal working day was from 09:00 - 

17:00. The other group was made up of nursing and hospital security staff who worked 

permanent night shifts. Each night shift lasted 12 hours, from 22:00 - 08:00. The night workers 

typically worked a cycle of 7 nights on, 7 nights off̂  and were tested during night 5 of the 7 

continuous night shifts. All members of both groups had followed their current work pattern for 

minimum of six months prior to testing. The groups were balanced, as for as possible, for age, 

sex, test order, and laterality (Table 75). The tests were completed between August and October.

T-P threshold tests were made just after the start of the (day or night) shift, and again, just 

before the end of the shift, for all subjects in both work groups. In addition, 2 of the night 

workers were also tested to T-P threshold twice more during the course of their night shift. All
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areas o f  the plantar and palmar skin were tested with aesthesiometer filaments, in the manner 

described in the previous chapter. Body temperature was also recorded at each test time. Both 

day and night worker subjects completed a life-style questionnaire, based on the Hom e and 

Ostberg (1976) ‘M omingness - Eveningness’ questionnaire (Appendix II).

In a separate test series, plantar skin thresholds, o f  both feet, in a single case - a member o f  the 

security staff - were assessed in the normal manner, with aesthesiometer filaments. Tests were 

made in the morning and evening throughout 6 days, for 3 days before, and 3 days after starting 

a cycle o f  7 night shifts.

4.1.1; Comparison of Diurnal Changes in Touch-Pressure Thresholds in Day and Night 
Workers

Plantar and palmar (glabrous skin) T-P thresholds data from groups o f  day (n=17) and night 

(n=21) workers are shown in Graphs 28 and 29, and Tables 76 and 77

The mean touch pressure thresholds o f  plantar skin were similar in both work groups ( p > 0.1), 

but palmar thresholds were lower in day staff than night workers (p < 0.001) (Table 76).

Graph 28 Plantar T-P Thresholds in Day and Night Workers
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Graph 29 Palmar T-P Thresholds in Day and Night Workers
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However, when the time related data was inspected, it was seen that

• day staff showed a significant decrease in both plantar and palmar T-P thresholds by 

the late afternoon tests. Afternoon plantar thresholds were only 41% of the morning 

values, and palmar thresholds only 71% of morning thresholds (A Plantar <uys 0.38 +/- 

0.05 log units, p < 0.01; A Palmar days 0.15 +/- 0.03 log units, p < 0.01).

• In contrast, the night staff showed a small, but non significant increase in thresholds 

bv the evening test. Thus, plantar and palmar T-P thresholds in night workers, unlike 

that of day workers, did not change (significantly) between morning and evening tests 

(A Plantar nights -0.11 +/- 0.06 log units, p > 0.05; A Palmar nights - 0.08 +/- 0.05 log units, p 

0.1) (Table 77).

• Body temperatures of both groups of subjects followed the normal daytime increase 

between morning and late aftemoon / evening readings (p > 0.25) (Graph 30; Table 78).



190

Graph 30 Diurnal changes in Body Temperature in Day and Night Workers:
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4.1.2: Circadian Rhythms in Touch Pressure Thresholds in Night and Dav Workers

Within the night worker group, 2 subjects were also tested at two additional time points during 

the night shift, at around 01:00 and again at around OS.OOhrs, as well as at the beginning (20:30 

hrs) and end (08:00 hrs) of the night shift (Table 79). The plantar data, when contrasted with the 

plantar data of the 2 subjects who participated in 2.1.2 (25 hr tests), indicated that the maximal 

sensitivity to touch-pressure of the 2 night workers appeared to be approximately 12hrs 
out of phase with that of the 2 day active subjects (Graph 31, Table 79).

Graph 31: Comparison of Plantar T-P Thresholds in 2 Day-Active and 2 Night-Worker Subjects
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The segment of the cycle of threshold change from morning -  evening, in the night workers 

(Graph 31) indicated that their overall amplitude of threshold change was smaller than that of 

the day workers. But it is not possible to draw firm conclusions from such a small sample,.

4.1.3; The Circadian Pattern of Touch-Pressure Threshold Change in the Transition 

between Dav Activity and Night Work

Another individual (male, aged 48 years, security staff shift worker), who was not part of the 

main night worker group, was tested at all areas of the plantar surface of both feet. Tests took 

place in the morning and again in the early evening over a period of 204 hours, ie; during the 3 

days leading up to a series of night shifts, and the first 3 night shifts of the series. His data is 

shown in Graph 32, and Table 80.

Graph 32: Threshold Pattern in a Night Worker, Prior to and During Night Shifts
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2:50 is midday, day 3 
3:50 is midday, day 4, and so on

• In this subject, touch-pressure thresholds in this subject cycled throughout the entire test 

period. When the subject was day active, threshold maxima were noted at the morning 

test, and minima at the early evening (A am-pm 0.243 log units +/- 0.028).

• This pattern was immediately reversed as soon as he changed to night shifts.

Thresholds did not rise during the first night shift, but rose during the subsequent day to 

reach a maximum at the early evening test. Thresholds had fallen to a minimum by the next 

morning test, on Day 5.

• The pattern reversal was maintained during the remainder of the observation period (A am- 

pm - 0.161 log units +/- 0.014).
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3.1.4: Responses to a Lifestyle Questionnaire, bv the Dav and Night Workers;

16 (94%) of the day working paramedical stafif and 14 (67%) of the nursing and security night 

staff completed a modified form of the ‘Momingness / Eveningness’ questionnaire, on the same 

days as their touch-pressure threshold tests were made (Home and Ostberg, 1976; See Appendix 

II). The scoring of this questionnaire is designed to ensure that ‘larks’ (day orientated subjects) 

tend to high scores, and ‘owls’ (night orientated subjects) tend to lower scores. The theoretical 

maximum for totally day orientated subjects would be 86, and the theoretical minimum score 

for a totally night orientated subject would be 16.

Overall, it was seen that there was a tendency for the subject response to relate to his / her 

current work pattem, with mean scores for the night workers 50, and day workers 58 (p < 0.04,

2 sample ‘t ’ test) (Table 81). Although there were only small differences between the mean 

responses the individual questions, day workers scored higher on all but 2 of the questions. Day 

workers therefore self assessed as rather more ‘morning’ than ‘evening’ types. There was 

considerable overlap in the range of scores within the two work groups, and no one in either 

group was an extreme ‘moming’ or an extreme ‘evening’ type.

NB: The questionnaire scores from the two work groups, conçared with the observed diurnal 

changes in plantar and palmar T-P thresholds and changes in body temperature are shown in 

Appendix III.

A second questionnaire was also administered to the night workers only (Appendix IV) This 

showed that most had been in nursing / security work for over 15 years, and working the current 

night pattem of 7 nights on 7 nights off for 5.5 yrs. The average night shift lasted 12 hrs, and 

was considered to be less active than a similar day job, permitting occasional dozes during the 

shift. All but one subject slept during the day between shifts, for around 6 hrs, waking about 3.5 

hr before starting work, during which time they tended to rest up. They tended to adopt a diurnal 

life pattem in the week off between the series of night shifts, sleeping for about 8 hrs at night, 

although some volunteered that they generally tended to go to bed late, and slept in late in the 

moming, on their days off. About half of the subjects had locum jobs in the week off between 

nights, which involved working additional night shifts.
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The experiments of Section 4 demonstrated that:

• Touch-pressure thresholds of the glabrous skin of the sole of the foot and palm of the hand 

in night workers did not show the same pattem of time related change as day workers.

• The amplitude of time-related change in touch-pressure thresholds in night workers was 

much smaller than in day workers, and was not of significance.

• The change from a day-active to night-active pattem of time related threshold change 

reflected the change in lifestyle, from day activity to night work, in a single case study

H4, that the pattern of diurnal variation in skin sensation is changed in disease, was 

accepted for touch-pressure, where habitual night working was used as an example of a 

disease state
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RESULTS; TABLES OF DATA AND ANALYSES 

1; DIURNAL VARIATION IN SOMATOSENSORY THRESHOLDS

Table 17: The Main Study Population, and Test Times:

Variable Main Study Population
Sample size 68 (40 f; 28 m)
Mean Age 27 yrs (Range 19 -  51 years)
Test Times ~  09:00 

~  17:00

Table 18: Diurnal changes in Mid Foot Touch-Pressure Thresholds (n=68)

Midfoot Threshold 
(Log Units +/- s.e.m)

Medial Longitudinal 
Arch 

(Log Units +/- s.e.m)

Lateral Longitudinal 
Arch  

(Log Units +/- s.e.m)
09:00 Threshold 3.45+/-0.05 3.341 +/-0.043 3.553+/-0.049
17:20 Threshold 3.19+/-0.04 3.125+/-0.039 3.259+/-0.042
A am-pm Log units 0.26 +/- 0.03 0.22 +/- 0.03 0.29 +/- 0.03

Paired ‘t ’ 10.36 8.482 10.49
P <0.001 <0.001 <0.001
% A am-pm
[pm t’hold as % of am 
t’holdl

56% 61% 51%

Table 19:
The Effects of Within-Group Variables on Diurnal Changes in Touch-Pressure Thresholds

Variable Value
Number of subjects 68

(av. age 27.29 yrs; st dev 8.39; range 19-51 yrs)
Subject Sex Males: n=28

(av. age 30.32 yrs; st dev 9.54; range 2 0 -5 1  yrs) 
Females: n=40
(av. age 25.18 yrs; st dev 6.82; range 19 - 45 yrs)

Subject Age < 30 yrs: n=52 (age 22.9 yrs; st dev 2.55) 
> 30 yrs: n=18 (age 39.5 yrs; st dev 6.61)

Test Order am:pm, n = 46 
pm:am, n =  22

Test Times 08:59; st dev 00:37 
17:17; st dev 01:07
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Table 20: Touch-Pressure Thresholds due to Subject Sex /  Age, and the Test Order

Variable T’hold am +/- 
s.e.m

T’hold pm +/- 
s.e.m

A T’hold am-pm 
+/- s.e.m

Unpaired ‘t ’ 
(A data)

P

Sex:
Females (n=40) 
Males (n=28)

3.462+/-0.051  
3.415+/-0.080

3.231+/-0.049  
3.126+/-0.063

0.232 +/- 0.029 
0.290 +/- 0.046

1.1087 >0.13

Age:
<  30 yrs (n= 50) 
> 30 yrs (n= 18)

3.447 +/- 0.056 
3.431+/-0.067

3.197+/-0.049  
3.159+/- 0.064

0.249+/-0.031  
0.272+/-0.045

0.3889 >0.3

Order
am: pm (n=46) 
pm:am (n=22)

3.427 +/- 0.050 
3.477 +/- 0.090

3.166+/-0.048  
3.233+/-0.071

0.261 +/- 0.030 
0.244 +/- 0.047

0.3136 >0.3

Table 21: ANOVA: The effect of laterality on Diurnal Change in Plantar Touch-Pressure 

Thresholds

Source o f  Variation SS d f M S F P-value F  crit
Right foot /  Left Foot 0.01309 1 0.01309 0.24584 0.62125 3.94932
Test Time: 1.46569 1 1.46569 27.5183 l.lE -06 3.94932
- 0 9 : 0 0 / - 1 7 : 0 0
Interaction 0.01801 1 0.01801 0.33806 0.56244 3.94932
Within 4.6871 88 0.05326

Total 6.18389 91

Table 22: Diurnal Changes in Touch-Pressure Thresholds of the Foot, the Hand and the Arm:

Area n T-P t ’hold
-  09:00 

(+/- s.e.m)

T-P t’hold 
-1 7 :0 0  

(+/- s.e.m)

A am-pm 
(+/- s.e.m)

‘t’ value % A 
[pm t’hold as %  

of am t ’hold]
Plantar Toes 40 3.772

(0.052)
3.491
(0.069)

0.281
(0.042)

6.602* 52%

Plantar Fore Foot 40 3.988
(0.061)

3.632
(0.058)

0.355
(0.037)

9.536* 44%

Plantar MLA • 68 3.341
(0.043)

3.125
(0.039)

0.216
(0.025)

8.482* 61%

Plantar LLA • 68 3.553
(0.049)

3.259
(0.042)

0.294
(0.028)

10.49* 51%

Plantar Heel 40 4.418
(0.063)

4.081
(0.052)

0.338
(0.036)

9.445* 46%

Dorsum Foot 15 3.152
(0.089)

2.913
(0.076)

0.239
(0.059)

4.063** 58%

Palm 32 2.979
(0.056)

2.834
(0.045)

0.142
(0.028)

5.257* 72%

Volar Finger 17 2.855
(0.069)

2.767
(0.067)

0.088
(0.041)

2.148*** 82%

Dorsum Hand 12 2.676
(0.092)

2.456
(0.051)

0.221
(0.113)

1.949 ” 60%

Inner Arm 22 2.887
(0.071)

2.691
(0.049)

0.196
(0.066)

2.984** 64%

• * p < 0.001
•  ** p < 0 .0 1
•  * * * p <  0.05
•  “ 0.1 > p >  0.05
•  •  This data was presented in Table 18
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Table 23; The result of the application of the Stndent-Newman-Keuls Test to Mean Touch- 
Pressure Threshold Change, between M om ing and Late Aftemoon Tests:

Group AT’hoW 9 8 12 4 1 11 10 7 2 6 5 3
Fingers, Thumb 0.088 7
Palm 0.145 6
Inner Arm 0.196 10
PI Med Longt Arch 0.216 3
Dorsum Hand 0.221 9
Dorsum Foot 0.239 8
PI Toes 0.281 1
PI Lat Long Arch 0.294 4 * *
PI Heel 0.338 5 * *
PI Forefoot 0.355 2 * *

* Denotes significant difierence between groups ^  > 0.05)
Statistically similar groups are indicated by vertical lines to the left of the S-N-K table (Table 23)

Table 24: ANOVA: Comparison of D ium al Changes in Touch-Pressure Thresholds of Subjects

Source o f  Variation SS d f M S F P-value F  crit
Hours of daylight (<12 hours; >  12 hours) 0.0999 1 0.0999 0.8234 0.3684 4.0266
Thresholds (am; pm) 1.7038 1 1.7038 14.05 0.0004 4.0266
Interaction 3E-05 1 3E-05 0.0002 0.9878 4.0266
Within 6.3058 52 0.1213

Total 8.1095 55

Table 25: The Study Population: Pin Prick Pain Thresholds at the Plantar Mid-Sole Skin
Variable Study Population
Sample Size 29 (13 Females; 16 Males)
Age 32 yrs (Range 19 -  52 years)
Test Times -09:30

-  17:30

Table 26: D ium al changes in Mid Foot Pin Prick Pain Thresholds (n=29)

Midfoot Threshold 
(Log Units +/- s.e.m)

Medial Longitudinal 
Arch

(Log Units +/- s.e.m)

Lateral Longitudinal 
Arch 

(Log Units +/- s.e.m)
09:30 Threshold 5.6003+/-0.0516 5.3597+/-0.0523 5.8370 +/- 0.0557
17:30 Threshold 5.4134 +/- 0.0629 5.1920+/-0.0586 5.6363 +/- 0.0706
A am-pm Log units 0.1869+/-0.0315 0.1676+/-0.0344 0.2077+/-0.0345

Paired ‘t ’ 5.9389 4.8661 5.8249
P < 0.001 < 0.001 <0.001
% A am-pm
[pm t’hold as % of am 
t’holdl

65% 68% 63%
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Table 27: Sub-Groups within the Sample Population to Show Within-group Variables (Pin Prick 
Pain, n=29)

Variable Value
Number o f subjects 29 (av. age 32.38 yrs; st dev 10.57; range 19-52 yrs)
Sex Males; n=14 (av. age 30.92 yrs; st dev 10.46; range 18-52 yrs) 

Females: n=15 (av. age 33.56 yrs; st dev 10.85; range 19 - 50 yrs)
Subject Age < 30 yrs: n=14 (age 23.5 yrs; st dev 3.46) 

> 30 yrs: n=15 (age 40.67 yrs; st dev 7.74)
Test Order am:pm, n =  14; 

pm:am, n = 15
Test Times 09.23; st dev 00:21; 

17:27; st dev 00:46

Table 28: Pin Prick Pain Thresholds due to Subject Age, Sex, and the Test Order

Group
Variable

am Threshold
(Log Units +/- s.e.m)

pm Threshold
(Log Units +/- s.e.m)

A am-pm
(Log Units +/- s.e.m)

2-Smp t P
(2 tailed)

Order am:pm 5.624 +/- 0.064 5.425 +/- 0.083 0.199+/-0.053 0. 38 > 0.707
pm:am 5.578 +/- 0.082 5.403 +/- 0.097 0.175+/-0.037

Gender Female 5.674 +/- 0.066 5.473 +/- 0.075 0.201+/-0.036 0.487 > 0.63
Male 5.510+/-0.077 5.340+ /-0 .106 0.170+/-0.056

Age <30 yrs 5.566 +/- 0.072 5.381+ /-0 .082 0.186+/-0.045 -0.039 > 0.969
>30 yrs 5.632 +/- 0.075 5.444 +/- 0.097 0.188+/-0.045

NB: Tests for laterality were not made, as only left feet were tested in this series

Table 29: Subject and Test Details (Heat Pain Threshold Tests, at the MLA [n=18] ):

Number 18
Age Mean 32.44 + /-1 .84 yrs; St Dev 7.8; Range 21-51 years 

< 30 yrs: 26.22 yrs +/- st dev 3.42 (Range 21 -  29 yrs)
> 30 yrs: 38.67 yrs +/- sLdev 5.52 (Range 30 -51  yrs)

Gender Females: 10 (Aged 30.10 + /-1 .82 yrs; St Dev 5.74; Range 21-36 years 
Males: 8 (Aged 35.38 +/- 3.31; St Dev 9.36; Range 21-51 years)

Times of Test Moming: 09:12 (St Dev 00:23)
Late Aftemoon: 16:39 (St Dev 00:29)

Skin Test Area Medial Longitudinal Arch (Plantar non-Weight Bearing Skin)
Test Order am:pm 11 

pm:am7
Test Interval <16 hours between tests: 11 

> 3 1  hours between tests: 7

Table 30: Heat Pain Thresholds at Medial Longitudinal Arch

am T’Hold "C pm T’hold "C A am-pm Test of Significance P
49.31 +/- 0.58 49.40 +/-0.57 -0.11 +/-0.21 Paired T  = -0.539 (p>0.29)
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Variable am T'Hold pm T’hold A am-pm Tests of Significance
Fast Ramp (n=18) 
Medium Ramp (n=18)

49.47 +/- 0.60 
49.14+/-0.59

49.51 +/-0.60 
49.28 +/-0.55

- 0.09 +/- 0.26 
-0.14+/-0.27

Single Factor Anova 
F = 0.1486 (p> 0.7)
2 Sample *t* tests

Order am:pm (n= 11) 
pm:am (n=7)

49.21 +/- 0.70 
49.45 +/-1.09

49.26 +/- 0.71 
49.61 +/- 0.99

- 0.04 +/- 0.32 
-0.16+/-0.21

0.2475 (p> 0.4)

Gender Female (n= 10) 
Male (n=8)

48.71 +/- 0.74 
50.05 +/- 0.2

49.27 +/- 0.83 
49.55 +/- 0.81

- 0.56 +/- 0.28 
0.50+/-0.16

- 3.091 (p <  0.004)

Age < 30 yrs (n=9) 
>30 yrs (n=9)

48.35 +/- 0.67 
50.27 +/- 0.87

48.53 +/- 0.78 
50.31 +/- 0.75

-0.19+/-0.26 
- 0.04 +/- 0.34

0.2673 (p> 0.39)

Interval < 16 hrs (n=l 1) 
> 31 hrs(n=7)

49.48 +/- 0.67 
49.04+/-1.13

49.52 +/- 0.69 
49.21 +/-1.04

- 0.04 +/- 0.32 
-0.16+/-0.21

- 0.334 (p> 0.37)



199

2: CIRCADIAN RHYTHMS IN SOMATOSENSATION

Table 32:

Variable Subjects
Number in sample 7 (5 females; 2 males)
Age of subjects 22.86 Years; SD 3.02; 

Range 21-28 years
Test times 08:24 (SD 00:19) 

12:52 (SD 00:17) 
17:57 (SD00:14) 
21:52 (SD 00:10)

Table 33:
Changes in Plantar Thresholds, recorded over 13 hours from m om ing through evening (n=7)

Time of Test 
(+/-SD )

Temp. ®C (+/- 
s.e.m)

T-P Threshold 
(+/- s.e.m)

A from 
am Threshold

‘t ’ value P %A*

08:24 (00:24) 
am

36.12+ /-0 .16 3.964+/-0.087 - - - -

12:52 (00:17) 
md

36.60 +/- 014 3.698 +/- 0.041 0.266+/-0.148 4.4133 <0.01 54%

17:57 (00:14) 
pm

36.54+/-0.11 3.724+/-0.059 0.240+ /-0 .167 3.5114 < 0.02 57%

21:52 (00:10) 
eve

36.56+ /-0 .10 3.814 +/- 0.075 0.150+/-0.088 4.2010 <0.01 71%

(* Computed as Threshold (g) at test time x 100 /  Threshold (g) at am test)

Table 34:

FEMALE MALE
Mean Test Time Threshold +/- s.e.m Mean Test Time Threshold +/- s.e.m
21:42 +/- 00:13 4.018 +/- 0.087 21:55+/-00:15 4.136+/-0.049
03:00 +/- 00:25 4.463+/-0.166 02:53 +/- 00:26 4.821+/-0.03
07:00 +/- 00:10 4.568+ /-0 .107 07:01+/-00:10 4.578 +/- 0.043
11:03+/-00:16 4.393 +/- 0.072 10:57+/-00:11 4.416+/-0.112
14:46 +/- 00:26 4.125+/-0 .079 14:52 +/- 00:17 4.150+/-0.044
19:26 +/- 00:12 4.052+/-0.153 19:42 +/- 00:13 4.099 +/- 0.05
23:08+/-00:16 4.133+/-0.152 22:51 +/- 00:11 4.247 +/- 0.067

A 07:00 -19:26 0.517+/-0.087 A 07:01-19:42 0.479 +/- 0.074
P a ired ‘t ’ 5.907 Paired ‘t ’ 6.502
p A 07:00 -19:26 <  0.005 p A 07:01 - 19:42 < 0.005

A day 1 - day 2 
(21:42 - 23:08)

0 .115+/-0.118 A day 1 - day 2 
(21:55 - 22:51)

-0 .1 1 0 + /-0 .1 0 4

P aired ‘t ’ -0 .97 Paired ‘t ’ -1 .062
p A day 1 - day 2 > 0 .2 p A day 1 - day 2 > 0 .15
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Table 35: Subjects Tested to Determine Circadian Rhythms in Pin prick Pain Thresholds (n=29)

Number 29 (13 males, 16 females)
Age 32.38 +/- 1.99 years; stdev 10.57; Range: 19 - 52 years 

(Males: 30.92 +/- 2.9 years; st dev 10.46; Range: 18 - 52 years 
Females: 33.56 +/- 2.7 years; st dev 10.85; Range 19 -50 years

Test Order 19 subjects tested in the order am => pm 
10 subjects tested in the order pm => am

Times of test 09:25 st dev 00:22 (am) 
13:03 st dev 00:29 (md) 
16:41 st dev 00:23 (pm)

Skin test area Plantar Skin:
10 non-weight bearing skin sites 
(medial longitudinal arch - MLA)
10 weight bearing skin sites 
(lateral longitudinal arch - LLA)
Palmar Skin:
10 medial sites (medial [radial] palm - MP) 
10 lateral sites (lateral [ ulnar] palm - LP)

Table 36: Mean Pin Prick Pain Thresholds of Glabrous (Plantar and Palmar) Skin 
Morning : Midday : Late Afternoon

Test Time (n=29) Mid-sole (logio mg*10 +/- s.e.m) Palm (logio mg*10 +/- s.e.m)
09: 22 (am) 5.60 +/- 0.05 5.64 +/-0.05
13:05 (md) 5.49 +/- 0.06 5.60 +/- 0.06
17:26 (pm) 5.41+ /-0 .06 5.55 +/ 0.06

A am -m d 0.11+ /0 .03 0.04 +/- 0.03
‘t ’ 3.957 1.2393
P < 0.001 >0.1

A md - pm 0.08+/- 0.02 0.04+/- 0.03
‘t ’ 3.0887 1.4905
P <0.01 >0.1

A am - pm 0.19+/-0.03 0.08 +/- 0.03
‘t ’ 5.9388 3.2533
P < 0.001 <0.01

pm t ’hold = am t’hold 65% 82%
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Table 37: Pin Prick Thresholds and Threshold Changes at Suh-Areas of Plantar and Palmar 
Skin

Time
(n=29)

MLA
Log nnits +/- s.ejn

L IA
Log units +/- s.ejn

M P
Log units +/- s.em

L P
Log units +/- s.ejn

am 5.36 +/- 0.05 5.84 +/- 0.06 5.56+ /-0 .05 5.72 +/- 0.05
md 5.26+/- 0.06/ 5.72 +/- 0.07 5.53+/-0.06[ 5.67 +/- 0.06/
pm 5.19+/-0.06 5.64 +/- 0.07 5.49 +/- 0.06 5.61 +/- 0.06

A am-md 0.11+/-0 .03] 0 .11+ /-0 .04 0.03 +/- 0.04 0.05 +/- 0.03
P aired ‘t ’ 3.8688 3.2785 0.7819 1.6062

P < 0.001 < 0.01 >0.1 <0.1

A md-pm 0.07 +/- 0.03 0.09 +/- 0.03 0.04 +/- 0.03 0.05+/-0.03
P aired ‘t’ 2.215 2.5894 1.0788 1.8613
P < 0.05 < 0 .02 < 0.1 > 0.05

A am-pm 0.17+ /- 0.03 0.20+/-0.03 0.07 +/- 0.03 0.10+/-0.03
Paired
‘t’

4.9860 5.8249 2.2918 3.6142

P < 0.001 < 0.001 < 0 .05 < 0.01

pm t ’hold 
= am t’hold

67% 63% 86% 79%

Table 38: Pin Prick Pain Thresholds Throughout Day and Evening (n=13)

Test Time Mid-sole (logio mg*10 +/- S.E.M) Palm (iogio mg*10 +/- S.E.M)

09:32 (am) 5.6SH-/. 0.06 5.77 +/- 0.07
13:03 (md) 5.59 +/- 0.07 5 .67+ /-0 .10
18:09 (pm) 5.52+/- 0.08 5.67 +/- 0.09
22:21 (eve) 5.63 +/- 0.07 5.73 +/- 0.08

A (am - md) 0.KH-/-0.04 0.0931+/-0 .06
‘t ’ 2.5268 1.4504
P < 0.05 > 0 .1

A (md-pm) 0.07+/- 0.05 0 +/- 0.0609
‘t’ 1.3399 0
P > 0  1

A (pm-eve) -0.11 + /-0.04 -0 .0 6 + /-0 .0 4
‘t ’ - 2.809 - 1.402
P < 0.05 >0.1
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Table 39: Pin Prick Pain Thresholds Through 8 hours, with a repeat test at 24 hrs (n=10):

Test Time Mid-sole
(logio mg*10 +/- s.e.m)

Palm
(logiB mg*10 +/- s.e.m)

09:09 (am 1) 5.52 +/- 0.09 5.56+/-0.10
13:08 (md) 5.42+/-0.13 5.54+/- 0.11
16:57 (pm) 5.35+/-0.12 5.46+/-0.12
09:15 (am 2) 5.50+/-0.10 5.53+/-0.10

A am 1 - am 2 0.0222 +/- 0.0329 0.0257+/-0.0302
‘t’ 0.6550 0.8506
P >0.5 >0.1

Table 40: Subjects and Test Details (Heat Pain Thresholds, n = 14)

Sample 14 subjects (7 males; 7 females)
Age 33.64yrs +/-2.11 St Dev 7.91; Range 21-51 yrs
Test times 09:15 +/- 00:07 (sLdev 00:26) 

16:37 +/- 00:08 (St Dev 00:30)
Test Order 7 tested am: pm 

7 tested pm:am
Test Areas Plantar Skin fWeieht-bearinel

Ray, ie:2 sites at plantar hallux and 2 sites at the plantar 1 MTPJ 
Plantar Skin tNon-weieht-bearing)
MLA, i.e.: 4 sites at the jdantar medial arch 
Dorsal Skin tNon-weieht-beaiine)
1 MTPJ i.e.: 1 site: dorsum of 1 metatarsophalangeal joint

Table 41: Mean Heat Pain Thresholds at Weight Bearing and Non-Weight Bearing Skin

Test All Sites 
(®C +/- s.e.m)

MLA 
(®C +/- s.e.m)

1st Ray 
(®C +/- s.e.m)

I MTPJ 
(®C +/- s.e.m)

am 51.099+/-0.697 49.889+/-0.673 53.707+/-1.036 48.855 +/- 0.613
pm 51.178+/-0.636 50.069+/-0.533 54.038+/-0.814 48.540 +/- 0.983

A am-pm -0.169+/-0.317 - 0.179 +/- 0.276 - 0.330 +/- 0.633 0.583+/-0.631
t 0.5323 0.6495 0.5222 0.925

J - >0.5 >0.1 >0.5 >0.1

Table 42: 2 factor ANOVA: Subject sex and Skin Test Site
Source of Variation SS 4f MS F P-value
Sex (male; female) 3.186 2 1.593 0.529 0.594
Skin Locus (MLA; 1st Ray; Dors) 6.515 1 6.515 2.162 0.150
Interaction 5.580 2 2.790 0.926 0.405
Within 108.465 36 3.013

Total 123.747 41
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Table 43: Differences between Male and Female Morning and Late Afternoon Heat Pain 
Thresholds at 3 Skin Loci (n=14)

Gender Skin Site T’hold am 
(®C +/- s.e.m)

Tbold pm 
(®C +/- s.e.m)

Diff am-pm 
(̂ C +/- s.e.m)

Diff am-pm 
+/-95%CI

MALE Mean 50.883 +/- 1.054 50.554+/-1.014 0.329 +/- 0.455 0.785
MLA 50.411+/-1.041 49.846 +/- 0.854 0.564 +/- 0.259 0.665
1st Ray 52.95 +/. 1.494 53.389+/- 1.36 -0.439 +/- 0.979 2.077
Dorsum 49.287+/-0.694 48.426+/-1.115 0.861 +/- 0.705 1.08

FEMALE Mean 50.751 +/- 0.975 51.21+/-0.775 -0.459 +/- 0.332 1.076
MLA 49.368+/-0.089 50.291+/-0.761 -0.923+/-0.281 0.613
1st Ray 54.464+/-1.492 54.686+/-0.940 -0.221+/-0.878 2.316
Dorsum 48.422 +/- 0.663 48.654 +/- 0.908 -0.232 +/- 0.457 1.668
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3: THE EFFECTS OF VARYING EXPERIMENTAL CONDITIONS ON 
SOMATOSENSORY THREHSOLDS

Table 44: Touch-Pressure Thresholds and Skin Occlusion

Threshold pre-occlusion 
(Log units +/- s.e.m)

Threshold immediately 
after occlusion for 1 hr 
(Log units +/- s.e.m)

Threshold 1 hr after 
occlusion removed 
(Log units +/- s.e.m)

Mean 3.2502+/-0.1679 3.2013+/-0.1900 3.2593 +/- 0.2075

09:00 values 3.5081+/-0.1633 3.3822+/-0.1725 3.4243+/-0.2129
17:00 values 2.9923+/-0.1737 3.0204 +/- 0.2214 3.0943+/-0.2129

A am-pm 0.5158+/-0.0300 0.3618+/-0.1149 0.3300 +/- 0.095
Paired ‘t ’ 17.17 3.1481 3.4722
P < 0.0001 <0.02 <0.01

Table 45: AVOVA: Comparison of Plantar T P Thresholds, Morning and Late Afternoon, under 
Differing Skin Conditions (Pre-Occlusion; After 1 hour Occlusion; After 1 hour Bare Foot)

Source of Variation SS df MS F P-value
Skin Condition 0.0234 2 0.0117 0.0517 0.9497
Morning / Afternoon 1.4582 1 1.4582 6.4443 0.0166
Interaction 0.0592 2 0.0296 0.1309 0.8778
Within 6.7883 30 0.2263

Total 8.3291 35

Table 46: Subjects on Enforced Inactivity, and Times of Test

Variable Sample
Number 10 (3 males; 7 females)
Test Order 10 am:pm
Age 22.4 years (SD 2.72: Range 20 - 28)
Test Times 09:42 (SD 00:33) 

13:47 (SD 00:32) 
17:48 (SD 00:33)

Table 47: Plantar and Palmar Thresholds in Bed Rest Subjects

Plantar Thresholds 
(Log Units +/- s.e.m)

Plantar %A 
am - test

Palmar Thresholds 
(Log Units +/- s.e.m)

Palmar %A 
am - test

am Threshold 4.1422+/-0.0634 3.3733 +/- 0.0270
md Threshold 3.8643 +/- 0.0705 3.2844+/-0.0204
pm Threshold 3.7857+/-0.0788 3.2473+/-0.0140

A am-md 0.2779 +/- 0.0284 53% 0.0889 +/- 0.0248 81%
Paired‘t’ 9.7922 3.588

J> < 0.0001 <0.01

A am-pm 0.3565 +/- 0.0400 44% 0.1260+/-0.0246 75%
Paired ‘t’ 8.9021 5.1248
P < 0.0001 < 0.0006
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Table 48: Subjects Taking Part, and Test Times, in the Double Blind Experiment

Number 6 (2 males; 4 females)
Age 22 years ; stdev 1.41
Test Order 3 tested am:pm; 3 tested pm:am
Test Times 09:22, stdev00:18 

16:50, stdev00:29

Table 49: Touch-Pressure Thresholds (Double Blind Experiment)

Test Time Plantar Touch-Pressure 
Threshold 

(Log Units +/- s.e.m)

Palmar Touch-Pressure 
Threshold 

(Log Units +/- s.e.m)

Inner Arm Touch-Pressure 
Threshold 

(Log Units +/- s.e.m)
Morning 3.2117+/-0.0698 2.9167+/-0.0980 2.8306 +/- 0.0613
Afternoon 3.0100+/-0.1065 2.7397+/-0.0668 2.6556+/-0.0620
Difference
am-pm

0.2017+/-0.0625 
(63%)

0.1770+/-0.0554 
(67%)

0.1831+/-0.0554 
(66%)

Table 50: ANOVA: Comparison of T P Thresholds of plantar, palmar and hand skin. Double 
Blind Experiment

Source of Variation SS df MS F P-value
Threshold (Foot; Hand; Arm) 0.8752 2 0.4376 11.679 0.0002
Test Time (am; pm) 0.2506 1 0.2506 6.6871 0.0148
Interaction 0.01 2 0.005 0.1334 0.8757
Within 1.1241 30 0.0375

Total 2.2599 35

Table 51: Subjects (Reliability of the Method of Application of the Filaments, and the Reliability 
of the Subjects’ Threshold Criteria, over Time)

Variables Values
Number 21
Gender 9 Males 

12 Females
Age 30.95 years, st dev 9.599 

Range 22-52 years
Test Order am:pm
Test Area Mid sole left foot

10 points at MLA (non-weight bearing plantar skin) 
10 points at LLA (weight bearing plantar skin)

Test Times 08:52; stdev 00:49 
16:57; stdev 00:57

Tables 52 -  54 are included within the text of Section 3.1.4 (i) of the Results
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Table 55: Morning and Late Afternoon Thresholds (True / False Method),
First Tests (mean of all responses), and Second Tests (calculated from Ty responses only)

Test am Threshold 
(Log units +/- s.e.m)

pm Threshold 
(Log units +/- s.am)

A am-pm
(Log units +/- s.e.m)

1 (Norm) 3.3998+/-0.0781 3.1733+/-0.0681 0.2265 +/- 0.0576
2 (Mean Ty) 3.2844+/-0.0858 3.0990+/-0.0694 0.1854+/-0.0543
Difference 0.1154+/-0.0330 0.0743 +/- 0.0258 0.0411+/-0.0457

Table 56: ANOVA: Comparison of Two Test Methods and Times of Test

Source of Variation SS df MS F P-value
Test Method 0.1889 1 0.1889 1.5696 0.2139
Time of test (am; pm) 0.8905 1 0.8905 7.4005 0.008
Interaction 0.0089 1 0.0089 0.0737 0.7867
Within 9.6265 80 0.1203

Total 10.715 83

Table 57: The Normal Distribution Height and Percent%e of the Curve (Area) to the Right of 
Any Criterion

Percent Criterion (z) Percent Criterion (z)
5 1.65 95 -1.65
10 1.28 90 -1.28
15 1.04 85 -1.04
20 0.84 80 -0.84
25 0.67 75 -0.67
30 0.52 70 -0.52
35 0.39 65 -0.39
40 0.25 60 -0.25
45 0.13 55 -0.13
50 0 50 0

Tables 58 and 59 are included within the text of Section 3.1.4 (ii) of the Results Chapter

Table 60: Comparison of Mean False Alarm / Mean Eût Rates, Morning and Late Afternoon 
Tests

Morning Late
Afternoon

Difference Paired
‘t’

P

Fy % 
(Noise)

24.5833 +/- 
5.8858

17.5+/-
4.7871

Ty%
(Signal + Noise)

55
+/- 4.3952

58.75 +/- 
3.5953

z„ 0.7883 +/- 
0.1938

1.0892 +/- 
0.1790

z„ -0.1292+/-
0.1159

- 0.2367 +/- 
0.1010

c 0.3296 +/- 
0.1187

0.4263 +/- 
0.1158

- 0.0967 +/- 
0.1644

0.5882 >0.5
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Table 61: Pin Prick Thresholds in Mid-Sole Plantar Skin,
Before and After 1 hr Occlusion (Left foot), and Control (Right foot)

Test Area T hold 1st Test 
(log units +/- s.e.m)

T’hold 2nd Test 
(log units +/- s.e.m)

Difference 
(log units +/- s.e.m)

RIGHT
(Control)
Mean 5.68+/-0.14 5.66+/-0.17 0.01 +/- 0.03
MLA 5.45+/-0.14 5.45+/-0.19 0.01 +/- 0.06
LLA 5.90+/-0.15 5.88+/-0.15 0.02 +/- 0.02

LEFT
(Exp.)
Mean 5.63+/-0.11 5.59+/-0.17 0.04 +/- 0.03
MLA 5.48+/-0.16 5.39+/-0.17 0.09 +/- 0.03
LLA 5.79+/-0.19 5.79+/-0.17 -0.02+/-0.06

Table 62: ANOVA: Comparison of Mid-Sole Pin Prick Pain Thresholds, Before and After Skin 
Occlusion
Source of Variation SS MS F P-value
Right Foot (Control); Left Foot (Experiment) 0.0069 1 0.0069 0.0326 0.8580
Test 1; Test 2 0.0267 1 0.0267 0.1257 0.7256
Interaction 0.0018 1 0.0018 0.0085 0.9274
Within 5.9365 28 0.2120

Total 5.9719 31

Table 63: Subjects and Test Details (Consecutive Assessment of Heat Pain and Pin Prick Pain 
Thresholds in the Foot)

Sample n = 10 (6 Males; 4 Females)
Age 31.9 yrs +/- 2.95 (St dev: 9.31; Range 22-52 yrs)
Time of heat and pin prick pain 
threshold tests

09:24, st dev 00:25 (am) 
13:12, st dev 00:35 (md) 
17:12, stdev00:23 (pm)

Skin test area Medial border of medial longitudinal arch of left foot
Rates of skin heating to pain 
threshold

1st test:
All sites at MLA tested to pin prick pain threshold, then: 
sites 1,3,5,7,8 heated @ 1°C sec'̂  (fast heat ramp*), and 
sites 2,4,6 @ 0.7 °C sec'̂  (medium heat ramp*)
2nd test:
All sites at MLA tested to pin prick threshold, then
sites 1,3,5,7,8 heated @ 0.7 ®C sec'̂  (medium heat ramp) and
sites 2,4,6 1®C sec'̂  (fast heat ramp*)

Table 64: Heat and Pin Prick Thresholds (Tested Consecutively in 10 subjects)

®C +/- s.e.m Logio mg* 10 +/- s.e.m
Heat Threshold (09:24, am) 49.06 +/- 0.76 Pin Prick Hireshold (am) 5.1854+/-0.1156
Heat Threshold (13:12, md) 48.93 +/- 0.74 Pin Prick Threshold (md) 5.0959+/-0.1131
Heat Threshold (17:12, pm) 48.85 +/- 0.79 Pin Prick Threshold (pm) 5.0161+/-0.1160
Difference (am-pm)
A%

0.22 +/- 0.22 
99.5%

Difference (am-pm)
A%

0.1693+/-0.0493 
68%

Paired‘t’ 0.9662 Paired ‘t ’ 3.4370
P >0.1 P <0.01



Table 65: Single Factor Analysis of Variance, applied to the Differences in Pin Prick Pain 
Thresholds from Tests made Before and After Heating Skin Site to Threshold Heat Pain
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Source of Variation SS df MS F P-value
Between Test Times (am;md;pm) 
Within Threshold Differences

0.0185
0.3133

2 0.0093 
27 0.0116

0.7992 0.4601

Total 0.3318 29

Table 66: Single Factor Analysis of Variance, applied to the Differences in Heat Pain Thresholds 
from 2 Consecutive Tests, made 10 mins apart, and Repeated Morning, Midday and Late 
Afternoon

Source of Variation SS àf MS F P-value
Between Test Times (am;md;pm) 0.0029 2 0.0015 0.0094 0.9907
Within Threshold Differences 4.1847 27 0.155

Total 4.1876 29

Tables 67,68 and 69 are included within the text of Section 3.3.2 of the Results Chapter

Table 70: VAS Scores to 2 units either side of Heat and Pin Prick Pain Thresholds [Exp. (i)]
(see Table 55 for scores for individual subjects)

n=4 Units either side of threshold*
(1 heat unit = 1®C; 1 pin prick unit = 0.22 log units)

-2 -1 +1 +2
VAS Score 
(Heat)
[St dev]

2.79 +/- 0.67 
[1.34]

3.06+/-0.55 
[1.53]

5.54 +/- 0.36 
[1.00]

6.62+/-0.41 
[1.14]

VAS Score 
(Pin Prick) 
[St devl

2.256 +/- 0.47 
[1.30]

3.18+/-0.60 
[1.67]

6.21+/-0.38 
[0.1.05]

7.42 +/- 0..29 
[0.81]

*NB: VAS Pain Threshold = 5

Table 71:
VAS Scores to Heat and Pin Prick Pain Thresholds and 3 units above Threshold [ (ii) ]
(see Table 55 for scores for individual subjects)

n=8
(where threshold

Units at, and above, threshold **
= 0; 1 heat unit = 1®C; 1 pm prick unit = 0.22 log units)

0 1 2 3
VAS Score 0.73 +/- 0.29 1.79+/-0.40 2.27 +/- 0.52 3.11+/-0.73
(Heat) 
[St dev] [0.67] [0.92] [1.20] [1.68]
VAS Score 1.19+/-0.42 2.73 +/- 0.61 3.10+/- 0.66 3.67 +/- 0.62
(Pin Prick) 
[St dev] [0.97] [1.41] [1.52] [1.43]

■ NB: VAS Pain Threshold = 0



209

Table 72: Subjects’ VAS scores for Pin Prick and Heat Stimuli At and Around Pain Threshold

Exp.
(i)

VAS Scores (+/- s.e.m) to Pin Prick 
Stimuli, below and above Pain Threshold 
(ie: 0) (1 unit = 0.22 log units)

VAS Scores (+/- s.e.m) Heat Pain Stimuli, 
below and above Pain Threshold (ie: 0) 
(1 unit = 1®C)

Subject -2 -1 +1 +2 -2 -1 +1 +2
1 3.14+/-

0.16
4.50 +/- 
0.23

6.52 +/- 
0.14

8.02 +/- 
0.15

4.16+/-
0.56

3.68 +/- 
0.34

6.48 +/- 
0.25

7.8 +/- 
0.34

2 0.98 +/- 
0.49

1.70+/-
0.38

5.98 +/- 
0.50

7.76+/-
0.40

0.96 +/- 
0.19

1.50+/-
0.25

4.74 +/- 
0.83

6.38 +/- 
1.23

3 2.78 +/- 
1.17

3.66 +/- 
0.96

5.28+/-
0.64

6.72 +/- 
0.61

3.2 +/- 
0.51

3.94 +/- 
0.65

5.38 +/- 
0.24

5.96 +/- 
0.33

4 2.12+/-
0.87

2.86 +/- 
0.89

7.05 +/- 
0.53

7.18+/-
0.47

2.85 +/- 
1.41

3.08 +/- 
0.83

5.54+/-
1.14

6.32 +/- 
1.53

MEAN 2.26 +/- 
0.47

3.18 +/- 
0.60

6.21 +/- 
0.38

7.42 +/- 
0.29

2.79 +/- 
0.67

3.06 +/- 
0.55

5.54 +/- 
0.36

6.62 +/- 
0.41

Exp
(ii)

VAS Scores (+/- s.e.m) to Pin Prick 
Stimuli, at (ie: 0) and above Pain 
Threshold (1 unit = 0.22 log units)

VAS Scores (+/- s.e.m) to Heat Stimuli, at 
(ie: 0) and above Pain Threshold (1 unit = 
0.22 log units)

Subjects 0 + 1 + 2 + 3 0 + 1 + 2 + 3
1 0.42 +/- 

0.25
4.54 +/- 
1.14

3.90+/-
0.91

4.98 +/- 
1.34

2.56 +/- 
1.33

3.12+/-
0.98

4.60 +/- 
0.74

2.86 +/- 
0.99

2 1.44+/-
0.68

1.88+/-
0.23

2.36 +/- 
0.37

3.36 +/- 
0.74

0.66 +/- 
0.66

2.28 +/- 
0.77

2.64 +/- 
0.70

4.08 +/- 
1.07

3 0.02 +/- 
0.02

2.52 +/- 
0.68

3.16 +/- 
0.93

1.32+/-
0.59

1.08+/-
0.76

3.16+/-
1.22

3.66 +/- 
1.23

7.24 +/- 
0.53

4 1.54 +/- 
0.07

4.16+/-
0.78

4.68 +/- 
0.25

3.56 +/- 
0.39

0.10+/-
0

2.36 +/- 
0.47

3.16+/-
0.48

4.32 +/- 
0.34

5 0.66 +/- 
0.27

0.58 +/- 
0.20

1.2+/-
0.27

1.46+/-
0.26

0.32 +/- 
0.09

0.52 +/- 
0.13

0.74 +/- 
0.14

1.10+/-
0.11

6 0.34 +/- 
0.10

0.46 +/- 
0.09

1.02+/-
0.31

1.22+/-
0.24

0.18+/-
0.11

0.54 +/- 
0.19

0.66 +/- 
0.16

0.86 +/- 
0.24

7 1.3 +/- 
0.60

2.74 +/- 
0.91

2.02 +/- 
0.86

4.20 +/- 
0.52

0.22 +/- 
0.12

0.56 +/- 
0.31

1.28+/-
0.45

2.10+/-
0.67

8 3.76 +/- 
1.28

4.94 +/- 
0.75

6.46 +/- 
0.35

6.54 +/- 
0.98

0.72 +/- 
0.31

1.78 +/- 
0.58

1.42 +/- 
0.11

2.34 +/- 
0.57

MEAN 1.19 +/- 
0.42

2.73+/-
0.61

3.10 +/- 
0.66

3.67 +/- 
0.62

0.73 +/- 
0.29

1.79+/-
0.40

2.27 +/- 
0.52

3.11 +/- 
0.73

Table 73: Differences between ̂ Threshold VAS Scores, in Exps (i) and (ii)

Exp Pain Test Mean VAS 
T’hold -1

Mean VAS 
T’hold +1

Difference Paired‘t’ P

(i) Pin Prick 3.18+/-
0.60

6.21 +/- 
0.40

3.03 +/- 
0.70

4.31 <0.05

Heat 3.06 +/- 
0.55

5.54 +/- 
0.40

2.48 +/- 
0.38

6.48 <0.01

Exp Pain Test Mean VAS 
T’hold 0

Mean VAS 
T’hold +1

Difference Paired‘t’ P

(ii) Pin Prick 1.19+/-
0.42

2.73 +/- 
0.61

1.54+/-
0.51

3.01 <0.02

Heat 0.73 +/- 
0.29

1.79 +/- 
0.40

1.06+/-
0.29

3.62 <0.01



Table 74: VAS Scores for Supra-Threshoid Stimuli in £xps. 11 (i) and 11 (ii)
Derived from Tables 70 and 71)
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Pain Score Exp. Pain T’hold + 
1 (+/- s.e.m)

Pain T’hold +2 
(+/- s.e.m)

Difference
(2-1)

Mean Diff. 
( l l i- l l i i)

Heat VAS cm Exp (i), n=4 5.535 +/- 
0.436

6.615 +/- 0.557 1.080 +/- 
0.243

0.78

Exp (ii), n=8 1.790+/-
0.399

2.270 +/- 0.516 0.480 +/- 
0.193

Pin Prick VAS cm Exp (i), n=4 6.207 +/- 
0.401

7.420 +/- 0.427 1.213 +/- 
0.368

0.793

Exp (ii), n=8 2.728 +/- 
0.609

3.100+/-0.656 0.373 +/- 
0.258
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4; Diurnal Changes in T-P thresholds in day workers and night workers 

Table 75: Test Details of the Day Staff and N%ht Staff

Day Staff Night Staff
Number 17 21
Gender 10 Females; 7 Males 15 Females; 6 Males
Age 32.65 Years, SD 8.403 

Range 21 -50 Years
37.33 Years, SD 7.69 
Range 26 - 50 Years

Test Order 10 tested am:pm 
7 tested pm;am

9 tested am:pm 
12 tested pm:am

Laterality 10 right feet; 10 r i ^  hands 
7 left feet; 7 left hand

10 right feet; 10 right hands
11 left feet, 11 left hands

Test Times 09:14 (SD 00:17) 
16:05 (SD 00:30)

06:38 (SD 00:24) 
21:06 (SD 00:43)

Table 76: Mean Threshold Data in Day and Night Workers

Plantar Threshold (+/- sem) Palmar Threshold (+/- sem)
Day Staff 3.5847+/-0.0773 2.9040 +/- 0.0674
Night Staff 3.7676+/-0.0814 3.1546+/-0.0621
2 Sample‘t’ test 1.6019 2.7259
p (2 tailed) >0.1 <0.001

Table 77: Comparison of Plantar and Palmar Touch Thresholds in Day and Nightworkers

Staff Test
Area

am Threshold 
(Log units +/- 
s.e.m)

pm Threshold 
(Log units +/- 
s.e.m)

Difference am-pm 
(Log units +/- 
s.e.m)

t P

Day Staff 
(n=17)

Plantar
Skin

3.7755+/-0.0901 3.3939+/-0.0717 0.3817+/-0.0509 
(42%)

7.5233 <0.01

Palmar
Skin

2.979+/-0.0695 2.8290+/-0.0653 0.1500+/-0.0294 
(71%)

5.1014 <0.01

Temp
Cc)

36.59 +/- 0.0825 36.83 +/- 0.0824 - 0.2353 +/- 0.0538

Night Staff 
(n=21)

Plantar
Skin

3.7135 +/- 0.0700 3.8216+/-0.1006 -0.1081+/-0.0598 
(128%)

1.8689 >0.05

Palmar
Skin

3.1156+/-0.0560 3.1937+/-0.0753 - 0.0780 +/- 0.0464 
(120%)

1.6803 >0.1

Temp
fC)

36.25 +/- 0.089 36.59 +/- 0.071 -0.3476+/-0.0810
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Table 78: Work Pattern Related Changes in Touch Threshold and Temperature, in Day and 
Night Woriters

Test Work Pattern A am-pm 2 Sample t P
Plantar Skin Days (n=17) 0.3817 +/- 0.0509 log units 6.0677 < 0.0001

Nights (n=21) -0.1081 +/- 0.0598 log units

Palmar Skin Days (n=17) 0.1500 +/- 0.0294 log units 3.9267 < 0.001
Ni^ts (n=21) -0.0708 +/- 0.0464 log units

Temperature Days (n=17) -0.23+/-0.06 ""C 1.1363 >0.25
Nights (n=21) -035+A0.09"C

Table 79: Thresholds of 2 Night Worker Subjects, Tested Throughout the Night Shift

Time of Test Plantar Threshold Palmar Threshold
(Log Units +/- s.e.m) (Log Units +/- s.e.m)

21:30 3.936+/-0.135 3.131+/-0.126
00:52 3.792+/-0.150 3.009+/-0.005
03:50 3.642+/-0.020 3.078+/-0.058
06:45 3.743+/-0.173 3.091+/- 0.159
A 06:45-21:30 -0.19+/-0.038 - 0.04 +/- 0.03

Table 80: Work Pattern and Thresholds of One Night Worker: Morning and Evening Tests 
Made During the 3 days Before and the First Three Night Shifts

Work Pattern Work Hours Threshold 
Test Times

am
T’hold

pm
T’hold

mean A T’bold

Day 1 09:00 -18:00 08:30; 19:05 4.682 4.44 )
Day 2 09:00 - 18:00 08:25; 18:55 4.645 4.351 ) 0.243 +/- 0.028
Day 3 Leave 08:05; 17:50 4.664 4.467 ) (57%)

Day 4 (1st Night Shift) 20:00 - 08:00 07:25; 18:35 4.406 4.541 )
Day 5 (2nd Night Shift) 20:00 - 08:00 07:40; 18:40 4.328 4.492 )-0.161+/-0.014
Day 6 (3rd Night Shift) 20:00 - 08:00 07:55; 18:10 4.354 4.537 ) (145%)

Table 81: Response to Momingness / Eveningness Questionnaire in Day and Night Woiicers

Day Workers Night Woricers
n 16 14
(Questionnaire Score (+/- s.e.m) 57.56+/-2.55 50.21+/-2.13
St Dev 10.2 7.96
Range 30-71 37-64
2 sample *t’ test 2.175
P <0.04



-  09:00 -17:00
Toes 3.77 3.49
FF 3.99 3.63
MLA 3.34 3.13
LLA 3.55 3.26
H 4.42 4.08
Mean 3.78 3.39̂

-09:00 -17:00
DF 3.15 2.91

-  09:00 -17:00
DH 2.68 2.46

49:09 -17:00
Palm 2.98 3.49
Fingers 2.86 3.63

-  09:00 ~ 17:00
Ann 2.89 2.69

Diagram 31a: Diurnal Variation in Skin Touch-Pressure Thresholds (in Log Units) 
(Day Active Subjects)



PIN PRICK PAIN THRESHOLDS (Log Units)
HEAT PAIN THRESHOLDS ( ®C)

~ 09:00 ~ 17:00
MLA 5.36 5.19
LLA 5.84 5.64

~ 09:00 ~ 17:00
MLA 49.89 50.07
r ‘RAY(FF) 53.71 54.04
1MTPJ(DF) 48.86 48.54'

MLA LLA

Diagram 31b: Diurnal Variation in Skin Pin Prick and Heat Pain Thresholds 
(Day Active Subjects) •5



~ 06:30 -21:00
Toes 3.45 3.55
FF 3.66 3.77
MLA 3.34 3.45
LLA 3.50 3.63
H 4.20 4.29
Mean 3.63 3.81

-  Q&OO -J7.00
Palm 3.15 3.24
Fingers 3.05 3.16

LlA

Diagram 31c: Diurnal Variation in Skin Touch-Pressure Thresholds (in Log Units) 
(Night Active Subjects)

U\
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HI: Diurnal variation in somatosensation:

HI was accepted for touch pressure and pin prick pain thresholds. Significant diurnal 

variation was observed, with maximal thresholds (least sensitivity) in the early morning, and 

minimal thresholds (most sensitivity) in the late afternoon. This observation occurred reliably, 

in glabrous and hairy skin, distal and proximal areas, and was noted equally in both males and 

females, older and young subjects, on the right and left sides, and in different seasons of the 

year. But diurnal variation was not noted in heat pain thresholds, and thus HI could not be 

accepted for heat pain thresholds.

H2: Circadian Rhythms in somatosensation:

H2 was accepted for touch-pressure. Touch-pressure thresholds followed a circadian ihythm, 

with maximal thresholds at around 07:00 hours, and minimal thresholds at around 19:00. Pin 

prick thresholds indicated a similar pattern of time-related change, but heat pain thresholds 

did not, and thus H2 was not accepted for heat pain.

H3: The persistence of diurnal changes in somatosensation, under varying test 

conditions:

H3 was accepted for touch-pressure and pin prick pain. The time related patterns of change in 

touch-pressure and pin prick thresholds were not affected by changes in the local skin 

environment (increased hydration). Time-related changes in touch-pressure thresholds were 

not affected by subject activity between tests, were observed in a double-blind test, and 

maintained using a more rigorous methodology. Pin prick thresholds changed with time of 

day, where heat thresholds, tested at the same time, did not, yet subjects were shown to be 

able to discriminate between slight difference of stimulus at and around pain threshold.

H4: The loss of normal diurnal changes in somatosensation in disease:

H4 was accepted: there was no change in touch pressure thresholds of night workers from 

morning to evening. Thresholds in n i^ t  workers made smaller / insignificant amplitude 

change, in comparison to day workers. A trend to phase inversion was indicated in night 

workers. Body temperature of night workers followed the same pattern as that of day workers.
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DISCUSSION

Diurnal Changes in Somatosensory Thresholds (p 218)

Factors within the circadian timing system that may induce variation in threshold skin
sensation (p 224)

Changes to diurnal rhythms (p 232)

In conclusion (p 236)
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DISCUSSION

The research that supported this thesis explored and analysed skin sensation in areas of 

glabrous and hairy skin of the limbs, in normal subjects. Simple sensory tests, as used in the 

clinical environment, were used to determine touch-pressure, pinprick and heat pain 

thresholds. (Appendix XII gives the normal population values, as a point of reference).

But the principal observation of this research was that sensory thresholds changed in relation to 

the time of day that the test was made. Day active subjects consistently showed raised 

thresholds of touch-pressure and pin prick in the early part of the morning, and a consistent 

decrease in sensory thresholds (that is an increased sensitivity) in the late aftemoon / early 

evening. This pattern of time-related threshold change was consistent, and was unaffected by 

potentially confounding fectors, such as between-test activity, the microclimate of the skin, 

subject sex or age. Somatosensory thresholds (touch and pinprick stimuli) indicated a circadian 

pattern of change, with peaks and troughs around dawn and dusk, respectively.

1: Diurnal Changes in Sensory Thresholds:

Touch Pressure Thresholds:

From the results presented, it is proposed that skin touch-pressure threshold has a distinctive 

pattern of diumal variation in normal subjects, and follow a circadian cycle. In this test series, 

touch-pressure thresholds were highest in the early part of the morning, falling steadily during 

the day to reach a minimum (i.e.: maximum sensitivity to the stimulus) approximately 12 hours 

later. From the late aftemoon / early evening nadir, thresholds rose gradually during the 

evening, and steeply during the night, to regain the morning level. The diumal pattem of 

threshold change was observed at different skin types (glabrous and hairy skin) and at 

proximal and distal body sites (the feet, hands and upper arm). Similar time-of-day changes in 

threshold touch sensation have been indicated else where in the literature (see: Rogers and 

Vilkins, 1978; German, 1899).

The extensive series of tests of touch-pressure thresholds proved that the phenomenon of time- 

related change in touch thresholds was robust. The magnitude of the moming-evening change 

of threshold was consistent, regardless of the subject’s sex or age. It was not due to a leaming 

effect, and withstood the challenge of a double blind ejqjeriment (where both tester and subject 

were unaware of the likelihood of diumal variation), and artefect introduced by hydration of 

the skin site. It was as secure under rigorous test conditions, where subjects discriminated
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between a mix of real and sham stimuli, and morning and evening subject error rates were 

shown to be constant. The e?q)erimental design was thorough: time-of-day thresholds were 

calculated as the mean of multiple data points within each test area, and subjects were used as 

their own controls (; Courtiss and Donelson, 1988; Bojkowski et al 1987; Smolensky, 1983).

The magnitude of the diumal change in touch threshold was, to a certain extent, skin-site 

dependent, although the differences in threshold by site, morning -  late afternoon, could not be 

separated by post hoc analysis. Aftemoon palmar thresholds to touch stimuli were 

approximately 75% of moming values. But plantar weight bearing skin areas (the toes, 

forefoot, heel and lateral longitudinal arch), the non-weight bearing plantar skin (the instep, 

MLA) and the dorsal (hairy) skin of the foot / hand, and the ventral surface of the upper arm 

were all almost twice as sensitive by the late aftemoon, in comparison to the moming threshold 

value. The aftemoon thresholds (in g) of the middle one third of the plantar weight bearing 

skin (the LLA) were found to be exactly 50% of the moming values, a finding which indicates 

that this area should be the site of choice for clinical testing as expected time-related thresholds 

could be calculated fi'om a single daytime recording. The reasons for the observed site-specific 

threshold differences are not known, but may relate to epidermal thickness at the different test 

sites (Kowalzik, 1996), the density of the specialised nerve endings in these areas of skin 

(Johansson and Vallbo, 1979a), and / or the central paths taken by afferent touch-pressure 

impulses from these areas of skin. It was unlikely to be due to differences in the structure or 

function of peripheral nerve fibres, as, for exanq)le, the medial plantar nerve dermatome 

contains the areas of plantar skin with both the lowest (the instep) and highest (the plantar 

heel) sensory thresholds. However, there may be an association between the amount of 

threshold change, the thickness of the epidermis at the test sites and the local accumulation of 

sweat within the epidermis, as regulated by a central sudomotor mechanism (see Aoki et al,

1997).

Pin-Prick Thresholds

Pinprick pain thresholds followed a very similar circadian pattem to those for touch-pressure, 

indicating that both sensory modalities were in phase with one another. Pinprick thresholds, 

too, showed diumal variation, with the acrqphase in the early part of the moming, and 

minimum threshold levels at approximately 18:00 hours. This is in general agreement with 

some of the literature on threshold pain (Bourdallé-Badie et al, 1989; Rogers and Vilkins,

1978) please refer to Table 2). The magnitude of change between moming and aftemoon pin 

prick tests was different to that observed in the touch-pressure test series. The aftemoon
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thresholds to pin prick stimuli were 75% of the moming value at the instep 66% at the middle 

lateral one third of the sole (the LLA), and 80% in palmar skin.

Although the test series confirmed a diumal pattem of pin prick threshold change, this 

modality did not show such a large change between acrophase and nadir of the threshold levels 

as had been seen in touch thresholds. It is suggested that plantar LLA touch-pressure 

thresholds be accepted as the test modality of choice for the clinical assessment of the diumal 

phase of skin sensitivity. However, a full clinical assessment of somatosensation will include 

assessment of all sensory modalities with note made of the likelihood of time of day effects in 

threshold.

Heat Pain Thresholds:

This study was unable to detect an overall diumal ihythm in pain thresholds in response to 

noxious heat stimuli. It thus reflects much of the literature. Maximum pain sensitivity has been 

reported at various times throughout 24 hours (see, for example: Gobel and Cordes, 1990; 

Claus et al, 1990; Jamal et al, 1985; Morawetz et al, 1984; Stacher et al, 1982; Neisser 1959; 

Perissm et al, in press), with authors appearing to contradict one another on the time of 

maximum pain sensitivity (see also Table 2). The time-of-day changes in noxious heat 

thresholds that were noted in this series at the plantar skin were insignificant. Retrospective 

examination of the data showed that whilst some subjects showed a fall in heat pain thresholds 

by the aftemoon test, others showed a threshold increase, and some made no change at all. This 

observation, too, reflects much of the pain literature, where the reported times of threshold 

minima in response to noxious stimuli are highly inconsistent (See, for example: Sandrini, 

1986; Pollman 1981; Rogers and Vilkins, 1978; Procacci et al, 1974; Procacci et al, 1973; 

Procacci et al, 1972; Kleitman and Ramsaroop, 1948). Strian et al (1989) reported a very 

similar set of results with some (their stress) of their subjects showing tendency towards a 24hr 

component in heat pain thresholds, with lower thresholds between 15:00 and 23:00 hours 

(Strian et al, 1989). But the lack of clear results within the literature, and in this test, may have 

been due to a small sample size (Riley et al; 1998).

The research set out to assess normal (naïve) subjects, as they would be tested in the normal 

clinical environment, using simple equipment, of a type readily available to the clinician. 

Therefore the heat pain experiments were conducted using untrained subjects. As the test order 

within the sample was reversed to minimise end of day effects, and no overall significant 

difference in heat pain threshold due to time of test was noted, it would seem unlikely that 

training would have significantly influenced the subject’s decision to report threshold pain.
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However, if subjects had undergone a period of training to facilitate the detection of heat pain, 

they could be e^qjected to have shown a smaller group variance, so that small, but significant, 

changes in heat pain threshold might be identified from this type of e?q)eriment. But that would 

not have reflected a normal clinical examination, where subjects are tested, routinely, without 

the benefit of prior training. An e?q)erimental design, which required trained subjects, would 

have ignored one of the primary objectives of the research.

Circadian rhythmicity could not be proved absolutely by the methodology used in these test 

series, as all tests to skin were made as a series of separate, and discrete, timed events, rather 

than as a continuously recorded time series. To estabhsh, beyond all doubt, that threshold 

sensation showed circadian variation, multiple, continuous and on-going (i.e. all day / night 

long) tests would have needed to be made through several episodes of 24 hours, using a signal 

detection theory based methodology. However, the experimental results indicate clearly that 

both touch-pressure and pinprick pain thresholds, when tested in the typical clinical situation, 

show a predictable pattem of diumal variation and indicate a circadian cycle of threshold 

change. The lack of a diumal rhythm in heat pain threshold agreed with aspects of the literature 

(Gobel and Cordes, 1990; Claus et al, 1990; Jamal et al, 1985; Morawetz et al, 1984; Stacher et 

al, 1982; Neisser 1959).

The reason why subjects could be shown to have a diumal pattem of change in the thresholds 

for touch-pressure and pinprick pain, but not heat pain, is intriguing. It was demonstrated 

clearly (in Exps. 3.3.1 and 3.3.2) that subjects could readily discriminate between small 

temperature changes at near heat-pain-threshold levels (Bear et al, 1996), and Exp. 3.3.1 

showed that time-of-day changes occurred in pin prick pain thresholds, but not in heat pain 

thresholds, when both pain modalities were tested concurrently. The fundamental differences 

between the experimental methodologies used to induce threshold pain may have contributed 

to this. The step-wise application of the point filaments, with a discrete 60% difference 

between stimuh, could be e^qjected to fecilitate the detection of the difference between non- 

noxious and noxious point stimuli. In contrast, the heat probe delivered a continuous stimulus, 

requiring the subject to not only identify threshold pain, but also to operate the ‘off switch. As 

reaction times are slower by the end of the day (Atkinson and Reilly, 1996; Gold et al, 1992; 

Mitler et al, 1988; Monk and Folkard, 1985), the ‘switch o ff reaction could be expected to be 

slightly slower in the aftemoon. In that case, subjects would have tended to a higher late- 

aftemoon heat pain threshold, with heat pain thresholds apparently in anti-phase to those of 

touch and pinprick pain.
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This appeared to be the case for the female subjects, who showed a tendency towards an 

increase in heat pain thresholds at the instep (MLA) by the end of the day (They also had 

slightly lower mean heat pain thresholds as would be expected [Fillingim et al, 1998]; see also 

Appendix XI). The same site (MLA) in the male subjects showed a significant threshold 

decrease by the aftemoon test. However, this apparent sex difference was not reliable, as 

analysis of variance to include heat pain threshold data showed no significance due to subject 

gender. However, the phenomenon requires further study, especially as the literature on diumal 

changes in heat pain thresholds does not tend to analyse the data by sex (Riley et al, 1998; 

Hummel, 1995; Berkley, 1993). It is usually difficult to co-ordinate single gender data fi'om 

different studies, because of contrasting experimental methodologies. But any sex-related 

difference in heat pain thresholds is unlikely to be due to cyclical hormone levels, as heat pain 

thresholds do not vary throughout the menstrual cycle (Fillingim et al, 1997) even though 

ischaemic pain thresholds do. There are also conflicting reports on the influence of sex 

hormones on 24-hour changes in pain thresholds. For example, in rats at least, data suggests 

that a 24hr variation in pain threshold is not related to the within-day variation of sex 

hormones (Martinez-Gomez et al, 1994). But cyclical hormone levels do exert an effect in 

somatosensation, as it is noted that the wide dynamic range (WDR) dorsal hom neurones in the 

spino-thalamic tract (STT) and spino-hypothalamic tracts (SHT) of female rats are more 

sensitive to skin pinch during oestms (Katter et al, 1996b). In addition, taking the female 

contraceptive pill affects sensory thresholds (Robinson and Short, 1977). Therefore, in further 

studies in addition to subject sex, the phase of the menstmal cycle of female subjects 

(Giamberardino et al, 1997; Berkley, 1992), and the use of oral contraceptives (Robinson and 

Short, 1977) should be included into the analysis, or accounted for in the experimental design.

The use of multiple tests, and comparison of averaged data, as in these threshold tests, tends to 

minimise extremes of threshold that may have been introduced by non-physiological factors 

(Morgan and Minors, 1995b). But the ideal experimental design would be based on signal 

detection theory (SDT), as that is the acknowledged as the ‘gold standard’ of sensory testing. 

However, SDT is not always apprqjriate, or possible in field-based e)q)eriments and small 

clinical trials, as it requires large numbers of repeats of real and sham events (a minimum of 

250 per trial are suggested) to be presented to the subjects, for every stimulus level, at every 

test session. This would have been inappropriate for a group of subjects tested during the 

course of a normal day, such as in this test series. Test sessions would become too time 

consuming, and the whole procedure tedious to the subject, leading to boredom, or frank non- 

compliance. In addition, as signal detection theorists use subjects who are trained to the 

technique, their results do not necessarily reflect the results of tests made in a clinical 

examination. The results of this test series, using non-trained subjects, gave a greater spread of
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data, and thus greater group variability, but would be a more valid comparison for future 

patient test results

However, a form of signal detection was used in Exp. 3.1.4, to challenge the methodology used 

to define T-P thresholds used in the other ejqperiments, and to assess differences in the 

subjects’ willingness to report threshold stimulus at different times of day. A test which offers 

sham stimuli at, or near, sensory threshold will always give false positive results, as the subject 

will guess 50% of his responses to stimuli (Bell, 1984; Sekuler et al 1973). But Exp. 3.1.4 

demonstrated that the subject error, or ‘guess rate’, was constant, moming and aftemoon. It 

also showed that the diumal threshold changes, demonstrated by the less rigorous e?q)erimental 

design, were statistically similar to those from the more exacting ‘Tme / False’ method, 

although slightly lower thresholds were shown by the latter method. The aftemoon decrease in 

sensory thresholds was therefore not due to an increase in the subject’s willingness to report 

threshold by the late aftemoon and subjects appeared to apply a more stringent criterion late in 

the day. However, insufficient repeat tests were carried out to classify this approach as a tme 

signal detection experiment. Signal detection techniques are not appropriate for use in 

threshold pain experiments (Rollman, 1977), as repeats of noxious heat threshold tests are 

likely to induce hypersensitivity at the test site (Kenshalo et al, 1982) and resultant lowering of 

pain thresholds. None the less, in a further study on the assessment of pain thresholds, it would 

be pmdent to include at least one signal detection theory-based experiment, with the 

application of a narrower range of near-threshold stimuli, and a much great number of repeat 

applications.

Another potential detractor to these results was that the e^q^erimental design used an 

approximation of the method of limits. A tme ‘method of limits experiment’ methodology 

delivers increasingly intense stimuli to the subject, from below threshold, in ascending order to 

the level where he reports threshold sensation, and the threshold value recorded. Then stimuli 

are delivered in descending order from an above-threshold stimulus to the point where the 

subject first reports the loss of the measured sensation, and the mean of the two data points 

(just above and just below threshold) is taken as the tme threshold (see, for exan^le, 

Giamberardino et al, 1997). However, in this series, all subjects were tested up to threshold 

sensation, and the first reported sensation, of touch or pain, taken as threshold, and ethical 

approval had not been given for the administration of repeated supra-threshold pain stimuli.

But the similarity of thresholds shown by the more stringent (tme / false) methodology of Exp. 

3 .1.4 (i) indicates that the chosen design gave reliable thresholds throughout this research.
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The use of hand-held test devices to assess sensory thresholds may introduce bias. For 

example, both the clinician and the patient can, or may, wittingly, or unwittingly, control both 

the stimulus sequence and the interval between stimuli. The clinician governs both the rate of 

approach and the duration of the stimulus. The subject can obtain real or imagined cues from 

the clinician during the tests, and can second-guess the test outcome. These confounding 

factors may also vary from session to session, as well as from subject to subject, and may 

therefore introduce uncertainty as to the reliability of the resulting data. But thresholds 

determined by automated apparatus are essentially the same as those identified using hand held 

devices (Horch et al, 1992). And as the results of the true / sham stimuh experiment were very 

similar to those of the other touch-pressure e?qperiments presented in this thesis, it confirms 

that tests made under both stringent and less stringent methods were repeatable and reliable, 

and therefore valid.

The ejqjerimental data would probably reflect a degree of ‘masking’ (Waterhouse et al 1993) 

and would have been unlikely to demonstrate the full magnitude of the diumal effect in 

threshold touch and pain. But neither the extent of the masking, nor the upward or downward 

influence on somatosensory thresholds of other fectors, such as social zeitgeber, and meal 

times (Rea, Glass and Colwell, 1994; Strian et al, 1989) were calculated. Nonetheless, the 

results presented here are valid to clinicians, as without the use of special isolation units, all 

data collected in the clinical situation is likely to be distorted by a similar range of known, and 

unknown, variables.

2: Factors within the central circadian timing system that may induce diurnal variation 

in threshold sensation in skin:

The question of interest posed by this study is why diumal variation, in touch and pinprick pain 

thresholds, was so persistent throughout the test series. It is proposed that the diumal variation 

in sensory thresholds noted in this study forms one part of the generalised pattem of circadian 

rfiythmicity that is observed throu^out the majority of mammalian physiological systems, and 

thus, like other circadian rhythms, is under the influences of regulatory central factors. The 

circadian pattem of activity of the SCN-pacemaker system is reflected throughout the neuraxis 

(Moore, 1995, Stephan et al, 1981), through an extensive system of neuronal intercoimections 

(Stephan et al, 1981), resulting not only in a time-related pattem in autonomic activity (Vrang 

et al 1997) but also in sensory thresholds (Fehm-Wolfsdorf and Nagel, 1996). This system is 

very complex, and not all detail of its structure and function is available or frilly understood. 

The principal factors that could induce a time of day effect in sensory thresholds include the
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response of the structures of the circadian timing system (CTS) to the intensity and timing of 

environmental light, and the effect of light-influenced CTS activity on central structures and 

functions. These include levels of neurotransmitters within the central nervous system (CNS), 

neuronal inhibition, endocrine function, core body temperature and autonomic activity, via the 

hypothalamic -  pituitary -  adrenal (HPA) axis. These areas are discussed below:

The circadian pattern of threshold sensation observed in this research showed peaks and 

troughs in the early morning and late afternoon, that is at times that approximated to dawn and 

dusk. This indicates that crepuscular light (wavelength ~ 51 Inm) (Meijer et al, 1986), vhich is 

the primary exogenous zeitgeber of the SCN (Roenneberg and Foster, 1997) is also likely to be 

the primary entraining influence of the pattern of diurnal variation observed in skin sensation 

thresholds. The direct influence of light of this wavelength entrains the inherent, genetically 

controlled rhythm of activity of the SCN to the light / dark cycle of the 24 hours day (Foster,

1998), via a specialised retinal cell input and the retino-hypothalamic tract (RHT) (Roeimeberg 

and Foster, 1997). Environmental light will therefore influence the output of the SCN to the 

other central structures that make up, and are controlled by, the circadian timing system. 

However, a small contribution to this effect may be made by the direct effect of environmental 

hght on peripheral tissues (Campbell and Murphy, 1998 -  see below). SCN activity is highest 

during the day, and lowest during the night. And the pattern of SCN discharge / activity is 

essential to the control of the temporal organisation of the behavioural state (see Moore, 1997a, 

for review; Honma, Katsuno, et al, 1996; Gao and Moore, 1996; Shibata and Moore, 1988; 

Inouye and Kawamura, 1979). SCN output is largely inhibitory (Cagnacci et al 1997; Gao and 

Moore, 1996; Morin, 1994), and levels of their principal neurotransmitter, gamma 

aminobutyric acid (GABA) are greatest at dawn. SCN-GABA levels reduce as the day passes, 

to be lost after dusk, and re-estabhshed at dawn (Moore, 1996). It is the variation in levels of 

GABA throughout the 24 hours, ejqjressed as the result of the genetically-induced SCN 

activity, that is thought to govern the influence of the SCN on other systems (Moore, 1996). It 

is not known whether SCN activity is transmitted entirely through the GAB A-ergic synaptic 

connections (Ikonomov and Stoynev, 1994), or via non-synaptic transmission via another 

medium, such as the cerebro-spinal fluid (Reppert, 1992), or through both (Miller et al, 1996). 

Neuropeptides, such as vasopressin (ADH), gene-related peptide (GRP), vasoactive intestinal 

peptide (VIP) which are also engrossed rhythmically within the SCN, do not appear to form 

part of the SCN regulatory system. But they are produced as the outcome of the effects of the 

external light / dark cycle on the SCN, unlike GABA, which appears to act as an endogenous 

clock per se. (See review: Miller et al, 1996).
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There are other areas within the diencephalon which have the potential to link CNS areas that 

respond to somatosensory input, circadian output and autonomic activity. The paraventricular 

nucleus of the hypothalamus (hPVN), and the inter-geniculate leaflet (IGL), the 

retrochiasmatic area, the paraventricular thalamic nucleus (tPVN), the sub-paraventricular zone 

(SubPVZ), and the lateral geniculate nucleus (LON) of the thalamus also act as co^onents of 

the circadian timing system (Reuss, 1996; Moore, 1995; Morin, 1994; Moga et al, 1993). This 

suggests that the interconnections, between the SCN and these structures, provide the primary 

route for the transmission of rhythmic inhibitory SCN activity throughout the neuraxis (Moore, 

1995), including an interfece with ascending somatosensory input via the spino-hypothalamic 

tract (differ et al, 1991). There is also a projection from the SCN to the thalamic reticular 

nucleus (RN), the function of which is to sample neural activity passing between the cerebral 

cortex and all thalamic nuclei, including the ventro-posterior thalamic nucleus. Thus, circadian 

effects within the SCN-RN projection could conceivably influence the passage of 

somatosensory impulses to the cortex in a time-dependent manner (Vrang et al, 1997; d iffer et 

al, 1991). A majority of SCN neurones project to the hPVN (Vrang et al, 1997) and therefore 

the HPA. hPVN levels of neuronal activity are directly influenced by the intensity of 

environmental light, as, like the SCN, they also receive a branch of the RHT (Moore, 1996). 

hPVN efferents also connect with brain areas that mediate the visceral and motivational 

aspects of behaviour (Moga et al, 1995), and in particular, the anterior hPVN acts as the 

primary relay of SCN-originated circadian information to the autonomic system. The hPVN 

predominantly innervates the intermedio-lateral cell column (IML) of the spinal cord to 

transmit circadian pacemaker signals to all organs that receive autonomic efferents (Vrang et 

al, 1997). Thus the links between the retina, the hPVN, and its projections to the lateral 

hypothalamus, ensure that the intensity of environmental light influences the output of the 

autonomic centres of the spinal cord (Reuss, 1996), with the resultant diurnal rhythmicity in 

neuro-endocrine and autonomic mechanisms (Moore, 1996). The hPVN may also influence the 

descending control mechanisms (see below) through a projection from the dorsal hPVN to the 

periaqueductal gray (Reuss, 1996). The IGL projects to the brain areas Wiich mediate visual 

function (Moore, 1995), and may create a functional inter-relationship between the circadian 

(non-visual) and optic (visual) systems, via hypothalamic-cortical connections (Reuss, 1996). 

The LGN has direct connections with both the SCN and the retina, but also communicates 

directly with the raphe nuclei, which exert a very powerful descending controlling influence on 

sensory activity (see below) (Reuss, 1996; Moore, 1995). The activity of the inferior olive also 

shows a circadian pattern of output, and the correlation between olivary coupling (which is 

greatest during the dark phase in nocturnal animals) and sensorimotor performance, implies 

that it, too, has a role in the circadian timing system (Smith, 1998). It is reasonable to assume, 

therefore, that efferent connections from all of these areas form a network which disseminates
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circadian ihythms to influence other interconnected structures and systems (Moore, 1995) (see 

Diagram 32, below).

The SCN also receive excitatory input from a number of structures that themselves may 

influence on circadian function. Connections between the ventro-medial tracts of the spinal 

cord, and the hypothalamus are documented: the STT / SHT projects to both the thalamus 

(Moore et al, 1995) and the hypothalamus (Giesler et al, 1994). This includes a projection to 

the SCN (differ et al; 1991), and the hPVN (Kostarczyk, Zhang and Giesler, 1997), with the 

SHT -  SCN input influencing hypothalamic output to the sympathetic pre-ganglionic neurones 

(Reuss, 1996). The SCN and hPVN also receive direct input from structures within the limbic 

system (Moga and Moore, 1996; Parent, 1996; differ et al, 1991). The changes in levels 

hPVN activity that are noted in response to changes in intensity of environmental light, 

between day and night (Moore, 1996) may induce a time-of-day effect in levels of perceived 

sensation, via the links with limbic system, and the influence of the limbic system on the 

cerebral cortex.

Levels of CNS neurotransmitters also follow a circadian pattern of expression and may 

influence perceived somatosensation. For example, serotonin (5-HT) levels within the brain 

vary with time of day, in man (Martin and Marsden, 1985). Serotonin levels show a clear 

circadian ihytihm (Cagampang and Inouye, 1994), with peak levels during the light phase 

(Cagampang et al, 1993) and lowest levels in the late afternoon (Kosek et al, 1996; Ozaki et al, 

1993). The largest 5-HT rhythm amplitude within the CNS is noted within the SCN (Martin 

and Marsden, 1985), and levels of 5-HT are broadly in phase with the pattern of touch-pressure 

thresholds. But other brain areas which are all involved in circadian organisation, such as the 

hPVN, the LGN and the raphe nuclei, also show similar diurnal variations in serotonin levels 

(Ozaki et al, 1993). Practically every aspect of serotoninergic function, from its synthesis, 

metabolism and release, to its effect on neuronal firing rate, exhibits some degree of circadian 

rhythmicity. (see review, Martin and Redfem, 1997), and it has been shown that serotonin 

modulates olivary activity (Smith, 1998) (as do dopamine, nor-adrenaline, and which, like 

GABA, also show a circadian pattern of e?q)ression (Schade et a l , 1995). It is suggested, 

therefore, that circadian rhythms in the expression of neurotransmitters could also underpin, 

and influence, the diurnal change in sensory thresholds shown in this research.



228

Diagram 32:
Model of the principal links between the circadian and somatosensory systems
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Sensory transmission, especially sensory transmission in response to noxious stimuli, is 

inhibited within the spinal cord, by descending projections from central structures. The most 

prominent descending control pathway originates in the periaqueductal gray matter (PAG) the 

fibres of which synapse with the neurones of the nucleus raphe magnus (NRM) and the nucleus 

reticularis paragiganticocellularis (NRPG) of the medulla. These project to the spinal cord, to 

synapse in laminae II and III of the dorsal horn, and inhibit the central transmission of 

information about noxious stimuli through activation of the ‘pain gate’ and inhibition of C-fibre 

input, via inter-neurones within the spinal cord (Melzack and Wall, 1965). The neurones of the 

NRPG also exert an inhibitory effect on afferent (spinothalamic) projections from neurones in 

lamina V of the dorsal horn in particular (Kingsley, 1996). Descending projections from the 

dorsal raphe nuclei (DRN) show a circadian rhythm of effect, with activity being greatest during 

waking hours, and least during sleep (Feraro and Stege, 1990). This may be due to the 

regulation of DRN activity by environmental light, through the direct, reciprocal, projections 

from the retina (Reuss, 1996), or due to the projection from the ventrolateral SCN (Meyer- 

Bemstein and Morin, 1996; Miller et al, 1996; Cagampang et al, 1993; Moore, 1983). This 

system is likely to impose a circadian pattern on the activity within the descending control 

system, so that its influence is greatest in the morning (at the time of least perceived skin 

sensation) and least in the evening (at the time of maximal perceived sensation).

The circadian pattern of ejq)ression of DRN neurotransmitter, serotonin, (Kosek et al, 1996; 

Ozaki et al, 1993; Martin and Marsden, 1985) is also likely to influence the afferent 

transmission of sensory stimuli, in a time-dependent manner. The projection from the DRN to 

the SCN, which is also mediated by serotonin, appears to modulate the endogenous pacemaker / 

‘clock’, in a similar manner to the IGL-GHT projection (Morin, 1992). There is also a sub

population of the DRN neurones that receive a reciprocal excitatory projection from the hPVN, 

so that the inhibition of the DRN descending control system is switched on by hPVN activity, 

which is greatest in the earlier part of the day (Morin et al 1994). The raphe: SCN projection also 

appears to mediate effects due to Zeitgeber (the effects of social and behavioural cues on the 

circadian timing system) (Jacobs and Azimitia, 1992; Klein et al, 1991), via the reciprocal, 

serotoninergic connection between the DRN and the SCN (Rea, Glass and Colwell, 1994). The 

descending DRN-spinal cord control system is augmented by accumulations of 

neurotransmitters which are involved in pain modulation within the brain. These include 

opioids, which are shown to fluctuate over the 24-hour day in humans (Labrecque, Karzazi and 

Vanier, 1997), with peak levels in the morning (when sensory thresholds were shown to be 

highest), and lowest levels in the early evening (when subjects were shown to be most 

sensitive). It has been proposed that diurnal variation in nociceptive sensitivity, observed in the 

horse, is modulated by levels of endogenous opioids, with animals showing higher pain
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thresholds in the morning (Hamra et al, 1993). This indicates that the activity of the descending 

inhibitory control system, augmented by opioids, is highly likely to be influenced by the 

circadian pattern of activity of the ou^ut of the SCN and other pacemaker structures. Through 

that system, the descending control system could modify or alter the passage of incoming 

somatosensory inpulses at the spinal cord, in a time-ofkiay dependent manner.

The widespread and reciprocal, connections of the structures of the pacemaker system with 

other hypothalamic and thalamic areas (Moore, 1995), and their influence on the descending 

control systems (Meyer-Bemstein and Morin, 1996; Miller et al, 1996; Cagampang et al, 1993; 

Moore, 1983) are hkely to underpin the many reports of circadian variation within the neural 

domain noted in the literature. (See, for exanple: Bruera et al 1992; Martin, 1991; Bourdallé- 

Badie et al, 1989; Auvil-Novak et al, 1988; Bruguerolle et al, 1988; Smolensky et al, 1988; 

Pôllman, 1987; Sandrini et al, 1986; Wilson-MacDonald, 1984; Fibiger et al, 1984; Graves et al, 

1983; Naber et al, 1981; Strenpel, 1977). The diumal effects noted in sensory thresholds 

suggest that incoming stimuli are modulated at the spinal cord or within the diencephalon, with 

diencephalon modulation arising from SCN-hypothalamic output, and that at the spinal cord 

arising from descending control systems. Projections from the raphe nuclei are common to both 

the SCN and the dorsal horn, and it could be hypothesised that the influence of the raphe 

projections at the dorsal horn are modulated by the output from the SCN to the raphe nuclei, or 

vice versa. The ventral thalamic nuclei subserve somatosensory, and cochlear auditory 

functions, and the lateral nuclear group subserve retinal impulses (Parent, 1996). As both 

auditory and visual functions show diumal variation (Fehm-Wolfsdorf and Nagel, 1996; 

Kamicki, 1989), there is the possibility that the same pacemaker controls both. It is not known 

whether other thalamic nuclei, namely the ventro-posterio-lateral (VPL) nuclei of the thalamus 

or the posterior thalamic nuclei (both of which process somatosensory information) are under a 

similar influence. But they both receive input from the raphe nuclei, and the raphe nuclei have 

reciprocal connection with the SCN, and all cerebral -  thalamic activity is san^led by the 

reticular nucleus, and influenced by the direct SCN: RN link. A circadian effect in the pattern of 

activity of thalamic nuclei, outwith those thalamic structures that form the circadian timing 

system, and the resultant cerebral processing of sensory information is feasible.

The output of the SCN directly induces diumal rhythms in the hypothalamic-pituitary-adrenal 

(HPA) axis. Plasma cortisol (whose secretion is govemed by the HPA axis) shows a robust 

circadian rhythm (Vrang, Larsen and Mikkelsen, 1995a and b; see Moore, 1995 for review; 

Klein et al, 1991), with moming levels being almost twice that of the aftemoon levels (Chalew 

et al, 1995; Rivest et al, 1989). Aspects of corticosteroid metabolism are noted to have a 

profound influence on time-of-day variations within the sensory domain. For example, the
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administration of glucocorticoids will induce a decrease in the subject’s sensitivity to high tone 

auditory stimuli (see Fehm-Wolfsdorf and Nagel, 1996, for review), and impair taste 

discrimination (Fehm-Wolfsdorf et al, 1989). Epidermal proliferative activity, which is highest 

in the middle of the dark period (Scheving, 1959) inversely depends, in part, on the 

concentration and circadian periodicity of endogenous serum cortisol (Schell, Homstein and 

Schwarz, 1980). It is proposed that the variation of sensory thresholds observed in this study 

may have been, in part, brought about by changes in the levels of circulating cortisol, which 

reflect the rhythmic activity of the HPA.. Reduced sensory perception coincided with the 

reported moming peak of circulating cortisol (Monk, Folkard and Wedderbum, 1996; Fibiger et 

al, 1984; Kowanko et al, 1982) and sensory thresholds decreased through the day, as cortisol 

levels decline. Thus, in any further study on the diumal variation of threshold sensation, 

concomitant levels of circulating cortisol should be monitored.

In the present set of experiments, day active subjects were found to have maximal sensory 

thresholds at the times when serotonin, cortisol and natural opioids were maximal -  that is, in 

the earher parts of the moming (Monk, Folkard and Wedderbum, 1996; Rea, Glass and Colwell, 

1994; Cagampang et al, 1993; Touitou et al, 1990), and lowest sensory thresholds in the 

aftemoon, at times when the levels of free nor-adrenaline are elevated (Fujiwara et al, 1992). 

Raised levels of free nor-adrenaline are brought about by the effect, on the autonomic system, of 

the decline in the inhibitory output of the SCN during the aftemoon (Vrang et al, 1997; Moore, 

1996; Reuss, 1996). In addition to the major central circadian influences cited above, it is 

known that core body ten^erature, which follows a circadian pattem of variation, influences 

neural function. For exan^le, human nerve conduction velocity is fester at times when core 

body temperature is highest (Montagna et al 1985). The sympathetic nervous system, and the 

functions that it controls (including core body temperature regulation), are inversely influenced 

by the sleep pattem (Burgess et al, 1997; Imai et al, 1990; Malpas and Purdie, 1990) and the 

pattem of sleep is, in part, regulated by SCN activity (Sherin et al, 1996). Sympathetic effects 

are greatest during the earlier part of the day (Burgess et al, 1997), due to an exaggerated 

response of end organs to circulating nor-adrenaline in the moming (Middlekauff and Sontz, 

1995). For exanq)le, skin blood flow alters with time of day, with greater skin perfusion during 

the aftemoon / evening (Caspary et al, 1997; Houben et al, 1994) as the result of the fell-off of 

the effects of sympathetic activity (Burgess et al, 1997; Middlekauff and Sontz, 1995) at the 

pre-capillary sphincters. Thus, core body temperatures decrease throughout the day (Caspary et 

al, 1997; Cagnacci et al 1997) as heat is lost from the peripheral tissues. This may explain the 

apparent mediation of somaesthetic input by sympathetic activity (Kostarcz>4c, Zhang and 

Giesler, 1997; Janig, 1995; Giesler et al, 1994; Wiesenfeld-Hallin and Hallin, 1984), and this 

effect may have influenced the increased skin sensitivity noted in the late aftemoon, to some
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extent. But the reported early evening dominance of the right cerebral hemisphere (Corbera et 

al, 1993, Folkard, 1990; Zani, 1986) is unhkely to have been an influential fector as the sensory 

threshold changes in this test series were statistically the same for both sides of the body.

On the basis of the presented results, and the above discussion, it is proposed that the 

phenomenon of time-related change in sensory thresholds is new example of a true, centrally 

mediated, circadian rhythm. It is postulated that diumal changes in perceived sensory 

thresholds reflect the zeitgeber effect of environmental light on the central circadian pacemaker 

system, and its influence on areas of the sensory and the autonomic nervous systems throughout 

the neuraxis. It is proposed that the cyclical effects of environmental light, the diumal rhythm of 

excitatory and inhibitory neurotransmitters, and the activity of the descending inhibitory control 

systems are fundamental to manifestation of time-related changes in threshold skin sensation. In 

addition, the activity of the HPA and its effect on the diumal production of circulating levels of 

cortisol, and nor-adrenaline are also of hkely to be of considerable influence.

3; Changes in somatosenorv diurnal rhythms

Circadian rhythms are observed in many physiological systems, and include gene expression, 

autonomic and endocrine function, core body temperature, and the sleep-wake cycle (Ebling, 

1996; Florez and Takahashi, 1995). This research indicated that the pattem of diumal change in 

skin sensory thresholds also followed a circadian rhythm. Maintenance of the normal diumal 

pattem of circadian rhythms appears to be vital to good health and well being, and their 

dismption or alteration is associated with serious health consequences (see for exanq)le: 

Hartmann et al, 1997; Moldofsky, 1995; Turek, 1994; Kaneko et al, 1992). Changes in the 

expected pattem of a circadian rhythm can indicate an impending pathology, or predict the 

exacerbation of a disease state (Lingens et al, 1997; Pons et al, 1996; Lingens et al, 1996). For 

exanqjle, there is a strong, inverse relationship between the normal diumal rhythm in circulating 

cortisol and aspects of the immune system (Kronfol et al, 1997), and changes within the 

immune system are noted if the sleep-wake cycle is disturbed (Shephard and Shek, 1997; 

Moldofsky, 1995). This is demonstrated as a decrease in the an^litude of the 24 hours cortisol 

secretion levels when the normal sleeping pattem is changed (Touitou et al 1990; Sharma et al, 

1989; Fibiger et al, 1984; Chaumont et al, 1979), and appears to be mediated by the effect of the 

output of the SCN on the circadian pattem of sleep, via the SCN : ventral pre-optic nucleus link 

(Sherin et al, 1996). There are a number of wide ranging, and dismpting effects on circadian 

rhythms that are associated with working at night. Thus night-work is classed as a health risk, 

and is a predictor for certain diseases (Knauth, 1997; van Cauter et al, 1997; McNamee et al.
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1996; Hanpton et al, 1996; Knapper et al, 1995; Knutsson, 1989), including those affecting 

body systems controlled by the autonomic nervous system.

This research demonstrated that diumal rfiythms in sensory thresholds of skin were a robust 

phenomenon and resisted the challenge of various ejq)erimental manipulations, in day active 

subjects. They appeared to act as a reliable marker of the central pacemaker and thus were 

affected by the imposed phase change, due to working through the night. The night working 

subjects showed very similar means of touch-pressure thresholds, to the day active subjects (see 

Appendix XI), but the distinctive and significant diumal pattem of threshold change did not 

reach significance. In addition, they tended to a rhythm reversal, with mean aftemoon thresholds 

approximately 30% higher than moming values. This reversal to the typical day-active pattem 

occurred rapidly. It was observed on night 5 of the night shift rota, and was noted in the single 

night worker study, when sensory thresholds were recorded through the transition fi"om day to 

night working, when the subject went without sleep for 36 hours. This observation indicated 

that the pattem change seen in the main group of night workers occurred because they had 

changed to a night work life style, rather than being present as an a-typical artefact in this group 

of subjects. It was endorsed by the small number of night-workers (who slept during the day) 

tested throughout the duration of their 5* night shift. They demonstrated an acrophase that was 

approximately 12 hours out of phase with the threshold pattem of the 2 day workers subjects 

(who slept during the night) assessed in Exp. 2.1.2. This finding affirmed the hypothesis that 

skin sensory thresholds adapted rapidly to a life-style / environmental change, unlike the diumal 

rhythms of melatonin or core body temperature (Folkard et al, 1990).

The night active subjects had higher mean sensory thresholds during the night \haxi the 

comparable group of day active subjects, but an overall ‘flattening’ of the amplitude of their 

circadian sensory threshold pattem. They demonstrated the decrease in the amplitude of the 

diumal rhythms (Touitou et al 1990; Sharma et al, 1989; Fibiger et al, 1984; Chaumont et al,

1979) and rhythm dismption that typifies night working (Sack et al, 1992; Waldhauser et al, 

1986). This effect may reflect the loss of the peak-to-trough amplitude of corticosteroid levels 

observed in night workers (Touitou et al, 1990), and / or the 12 hour delay in the nor-adrenaline 

peak in subjects who work during the night (Fujiwara et al, 1992). The coincidence in the timing 

of the reported peak of cortisol secretion (Touitou et al, 1990) and maximal sensory thresholds 

in day workers (see above, and Fehm-Wolfsdorf and Nagel, 1996; Fehm-Wolfedorf et al, 1993), 

with the reported decrease of both of these rhythms in night woricers (see above and Touitou et 

al, 1990), strongly suggests a link or association between levels of cortisol and threshold 

sensation. But the indication that the sub-set of night workers, observed throughout their night 

shift, had undergone a 12 hour phase shift of threshold sensitivity lends support to the
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association between threshold skin sensation and nor-adrenaline ihythms. A further study of 

sensory thresholds in night workers should, include concurrent assay of circulating levels of 

cortisol and nor-adrenaline, to investigate their influence on sensory thresholds, during both the 

period of working nights, and the off duty week, between the night shifts.

Despite the difference in the an^litude and direction of changes in skin threshold sensation 

between the day- and night-worker groups, the pattem of change in body temperature was very 

similar. In both the day and night workers it followed the typical diumal rhythm (Adan, 1993; 

see also Cagnacci et al, 1992). This was expected, as the circadian rhythm of body temperature, 

as that of melatonin secretion, is normally very stable. It does not show a rapid response to 

sudden and transitory phase changes (Arendt, 1998; Monk, Folkard and Wedderbum, 1996; 

Minors et al, 1993; Shanahan and Czeisler, 1991), and is unaffected by sleq) deprivation 

(Dewasmes et al, 1993).

It is tenq)ting to hypothesise that this almost instantaneous alteration to the diumal pattem of 

touch-pressure thresholds, in night workers, was due, in part, to staying awake throughout the 

night, and the influence of this on central oscillators (Sherin et al, 1996; Sharma et al, 1989). 

But the data collection exercise had revealed that many of the night staff on duty napped in the 

early hours of the moming -  which was why so few subjects could be assessed throughout the 

night shift. The contrast between the rapid change to the diumal pattem in somatosensory 

thresholds in response to working at night, and the maintenance of a diumal pattem of core 

body temperature variation suggests that they are controlled by separate mechanisms, both of 

which interface with the environmental light / SCN / pineal axis. One system is slow to react to 

environmental change, and maintains the diumal pattem of circulating melatonin and the core 

body temperature variation during the night work period. In contrast, perceived sensory 

thresholds of skin (as the diumal rhythms in blood pressure, heart rate and the pattem of the 

sleep / wake cycle) are more labile, to respond rapidly to inposed phase, and environmental 

light, changes. (Ikonomov et al, 1998; Rensing, 1997). This suggests that rapidly responding 

circadian rhythms are all under the control of the same central pacemaker, or are all subject to 

the influence of a single factor, which itself influences the central pacemaker. But it may be 

because sub-elements of the SCN regulate différait circadian rhythms (Vrang et al, 1995a and 

b). A further study is indicated to specifically investigate the effect of sleep deprivation on the 

diumal rhythm of change in sensory thresholds.

As the central pacemaker system is entrained to, and by, hght, it is proposed that the differences 

in the sensory threshold pattems between the day- and night-workers may have been partly due 

to differences in their exposure to light and illumination levels. However, the exposure of all of
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the subjects in this day / night worker comparison study to light during the night was not 

controlled in any way, although both work groups were tested concurrently. But the rapid 

threshold reversal pattem observed in the night worker sub-sets (that is, from the typically 

diumal, to a night-work pattem), might have been due, in part, to exposure to normal room 

lighting throughout the night. It is known that exposure to quite low levels of environmental 

light (-150 lux) can reset the human circadian pacemaker (Brainard et al, 1997), independently 

of changes in the sleep / wake schedule, or the timing of social zeitgeber (Czeisler, 1995). The 

night workers would have been exposed to room lighting, during the night, but especially in the 

second half of the night, when its influence as a phase-shift mechanism is greatest (Arendt, 

1997). In contrast, the day workers would be unlikely to have been routinely e^qaosed to light in 

the second half of the night. Thus it is proposed that e^qposure to room-level illumination in the 

second half of the night could be a zeitgeber inducing the difference in the sensory threshold 

pattem of day and night workers. It would be relatively simple to test that hypothesis in future 

research, but the experimental design would have to control both groups for not only levels of 

room illumination, but also for degrees of retinal illuminance, due to gaze direction (Dawson 

and Campbell, 1990; Gaddy, 1990).

A full adaptation to sleeping during the day, when working at night, takes approximately 5 -7 

days to adiieve (Shanahan and Czeisler, 1991; Folkard, 1988; Aroidt et al, 1987; Mcmk et al, 

1985; Minors and Waterhouse, 1981; Ostberg, 1973b), due to the continuing presence of 

powerful diumallv orientated zeitgeber experienced during the day, between night shifts 

(Knauth etal, 1981. The antagonism between quick changes in the sleep-wake cycle and other 

zeitgeber (Chaumont et al, 1979), coupled with the persistence of the diumal body temperature 

pattem (Folkard, 1990), aisures that there is normally a degree of dissociation between the 

periods of circadian ihythms (Ashkenazi et al, 1993). Thus, in the ‘real life’ situation of 

altemating short periods of working nights with short periods of diumal living, body 

temperatures of even very experienced night workers, such as the subjects in this study, would 

not be expected to adapt fully to noctumal lifestyles (Folkard, 1988; Âkerstedt, 1985). A week 

on night shifts does not allow sufficient time for the intemal pacemakers to fully adjust to a 

pattem of sleeping during the day, and exposure to daytime zeitgeber contradicts noctumal 

adaptation (Bames et al, 1998; Arendt et al, 1997; Mcxik et al, 1996; Barak et al, 1995; Koller et 

al, 1994; Paley and Tepas, 1994; Czeisler et al, 1990; Knauth and Rutenfranz, 1976). In general, 

night shift workers tend to constantly re-entrain to the diumal pattem, with the result that the 

overall adaptation of the amplitude of the diumal variation of touch-pressure thresholds of the 

night workers subjects in this study was suppressed (Czeisler, 1995; Weaver et al, 1983). The 

trend towards adaptation -  through zeitgeber effects that characterise being awake and active 

during the hours of darkness (Campbell and Murphy, 1998; Challet et al, 1997; Ebling, 1996;
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Ross et al, 1995; Elmore, Betrus and Burr, 1994; Gaddy et al, 1993; Midwinter and Arendt, 

1991) -  tends to be negated by exposure to early moming light (Foster, 1998; Brainard, Rollag 

and Hanifin, 1997; Sack et al, 1992). The combination of these factors reduces the opportunity 

for re-entrainment of the more stable circadian ihythms, such as melatonin and core body 

temperature, to the night work pattem. In addition, the ‘during shift’ nap (Âkerstedt, 1991), 

taken by the great majority of the night workers in this study is also likely to have influenced 

their lack of adaptation to a full noctumal lifestyle (Lockley et al, 1997a).

Yet a full reversal of the diumal pattem was indicated by the sub-set of night workers who 

stayed awake all night. However, the lack of a significant night-time pattem of sensory 

threshold change in the night-worker population may have been influenced by subject 

performance, alertness, activity, or behavioural preference, in the night worker group. It is 

possible that the night workers performed less well under test, because of the ongoing 

disturbance to their sleep pattem and resultant loss of alertness (Monk, Folkard and 

Wedderbum, 1996; Paley and Tapas, 1994; Rosa and Bonnet, 1993). But as the night workers 

(with the exception of the single case study) were not tested until after their sleep pattem should 

have made a degree of adaptation to the daytime sleep and night-time work load (Deacon and 

Arendt, 1996a; Monk, 1991; Colquhoun et al, 1969), the dismption to the ‘diumal life-style’ 

sleep pattem should not have been of major influence on threshold skin sensation, although the 

loss / posQ)onement of sleep, during the first night shift (as shown by the single case study) 

may have been of influence. The threshold pattem differences between the two work groups 

was also unlikely to be due to differing amounts of work-related exercise (Buxton et al, 1997a 

and b), as both were employed on similar tasks whilst at work. Similarly, the subjects’ 

behavioural preference [i.e.: ‘momingness’ or ‘eveningness’ (Home and Ostberg, 1976)] was 

not of significance, as both the day and night workers tended to the same range of central values 

in answer to the questionnaire (see also: Almirall, 1993). As the most night-orientated person 

was found amongst the day workers, and the most moming-orientated subject was a night 

worker, individual questionnaire results can only act as an indicator of behavioural preference, 

or personal convenience, rather than a tme predictor of work-style selection, based on 

physiological / circadian pacemaker difference.

4: In conclusion:

The alteration in the typical diumal pattem of threshold skin sensation observed in the night 

worker group indicates that touch-pressure and / or pinprick pain thresholds showed the typical 

reduction of amplitude of a diumal variable to an imposed phase change. But this test series 

indicated that skin touch-pressure thresholds reverse rapidly in response to an imposed change
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of life style and environmental lighting, indicating that diumal variation in threshold skin 

sensation should be used as a marker of circadian rhythmicity. The rapid change from the 

diumal pattem also indicates that skin sensation thresholds would act as a very sensitive marker 

of the central pacemaker function, with a role to play in the assessment of biological rhythms. 

The lateral middle one third of the sole of the foot would be the test area of choice in day 

orientated subjects.

The loss of the normal diumal pattem of sensory threshold in response night work suggests that 

the difference may, in part, reflect the influence of exposure to light during the hours of 

darkness (Arendt, 1997; Middleton et al, 1996, Czeisler, 1995). In support of this proposal, it is 

noted that skin areas (of day active subjects) that are routinely shielded from light (that is, the 

sole of the foot) show the greater anq)litude of threshold change (see Table 22). The mean 

threshold change (to 51% of the moming value) at the sole of the foot contrasted with a change 

to 59% of moming values at the dorsum of the foot / hand, 64% at the inner arm, and 77% at the 

palmar surfrce of the hand. This suggests that the magnitude of the diumal change in touch- 

pressure thresholds may be subject to cormption by light pollution to ejq)Osed skin surfaces. It 

also raises the question of skin function, as a modulator of diumal variation. Campbell and 

Murphy (1998) hypothesised that the phase change induced by the effect of bright light to the 

skin was due to a humoral effect, mediated by haemoglobin, acting as an analogue of plant 

chlorophyll (Oren, 1996). An altemate view is that the ‘humoral’ effect may have been due to 

the effect of light on melanocytes within the epidermis. Melanocytes are interspersed within the 

kératinocytes of the basal epidermis (Quevedo et al, 1975). They are highly dynamic dendritic 

cells of neurological origin, and share a common multi-potential precursor with sensory 

neurones (Murphy et al, 1997). They synthesise catecholamines (Schallreuter, 1997), and both 

melanocyte and keratinocyte function is in part dependent on the presence of acetylcholine 

(Grando, 1997). Acetylcholine levels are highest during the dark phase (in rats) (Mizuno et al, 

1991), when keratinocyte activity is highest (Scheving, 1959) and melanocyte activity is 

inhibited (Iyengar, 1989). Thus the elevation of somatosensory thresholds during the dark, 

reported in this thesis, may relate to the inhibitory effect of acetylcholine levels on melanocyte 

activity. That proposal would re-defrne the most obvious fimction of the melanocyte (that is the 

increase in skin pigmentation in response to UV light) as a means of preserving the reaction of 

the skin to the most effective phase-shifting wavelength of light. This suggestion is not as 

unrealistic as first it may sound. Peripheral melanocytes affect central nervous system functions. 

For example, retinal melanocytes appear to affect sensitivity of the eye to light through their 

influence on photoreceptor function (Slominski et al, 1993), and a reciprocal, and functional 

link is indicated between peripheral melanocytes and pineal gland function (Slominski et al, 

1993). Melatonin levels feed back to the hypothalamus and modulate its discharge of
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gonadotrophic releasing hormones (ACTH), and melanocyte stimulating hormone (MSH), in a 

seasonal manner. With increasing day length, overall melatonin levels decline, and MSH and 

ACTH levels rise, causing a coat colour change, due to melanocyte activity, and bringing the 

animal into breeding condition. It is thought that the active melanocytes release fectors, which 

act as zeitgeber, by feeding back to the hypothalamus, and thereby enhancing adaptation to the 

passing season (Quevedo et al, 1975; Schally et al, 1973). It may be possible, therefore, that 

light-influenced feedback from melanocytes on a dailv basis may modify the activity of the 

HPA. Alternatively, the proximity of sensory nerve endings (within the lower levels of the 

epidermis) and q)idermal melanocytes (Morohashi et al, 1977) may allow their light-influenced 

melanocyte activity to influence sensory input, in a similar manner to their effect on auditory 

function in the iimer ear (Slominski et al, 1993). These hypotheses would not only explain how 

the circadian ihythms of some NLP blind subjects are in normal phase, but would also link the 

‘humoral’ and retinal theories of light entrainment. It also suggests a line of research that has yet 

to be explored.

It is proposed that aesthesiometry, can provide a viable, and possibly superior, alternative to 

core body temperature measurement or hormone assay, in the assessment of the phase of 

circadian rhythms. In particular, touch-pressure thresholds give a reliable and repeatable 

indicator of circadian ihythms of somatosensation, reflecting the endogenous circadian 

rhythmicity of the circadian timing system within the hypothalamic SCN, and other CNS 

structures (Moore, 1996; Sharma et al, 1989; Bartness and Goldman, 1989). The typical pattem 

of threshold change in the day active subjects indicated this links (directly or indirectly) to the 

controlling influence of environmental light (Roenneberg and Foster, 1997; Liu et al, 1997; 

Weaver et al, 1983) on the inherent pattem of activity of the SCN, and /or the neuro-endocrine 

variables that they influence.

The loss of magnitude, and / or the reversal, of the diumal pattem of touch-pressure changes 

noted in the night workers may simply reflect the generalised dismption to diumal pattems and 

circadian ihythms that are noted generally in night worker subjects. But body temperature 

ihythms of both day and night workers maintained the diumal pattem (Arendt, 1998; Bames et 

al, 1998; Arendt et al, 1997; Cagnacci et al, 1997; Koller et al, 1994; Folkard et al, 1991; 

Reppert et al, 1981; Lewy et al, 1980). This observation not only confirmed that CBT does not 

adapt readily to alteration of life-style, but also demonstrated that CBT rhythms are normally in 

anti-phase to skin sensation thresholds. It is suggested that the loss of the normal diumal pattem 

of sensory threshold change in the night worker group gave another exan^le of pathology 

associated with night working. This should be investigated in friture research.
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Other avenues of investigation would include the effects of diagnosed disease on the diumal 

pattem of skin sensory thresholds. Aesthesiometry tests should be made routinely as part of a 

general medical examination, and certainly from the earliest presentation of disease, to reveal 

any change to the e^qjected diumal variation. This is especially important for those diseases that 

are characterised by sensory dysfunction, such as Hansen’s disease, multiple sclerosis, diabetes 

mellitus and rheumatoid arthritis where there is known to be an association between circadian 

rhythms of pain and pathology (Vrethem et al, 1997; Labrecque al, 1995). Diseases 

characterise^ |)y pp^ropathy can also show compromise of autonomic nervous system (ANS) 

function for example: Trestman et al 1995; Chau et al, 1994; Tulen et al, 1991; Homung et 

aj, ]9^9; Bexton et al, 1986). For example, it has been shown that diabetic subjects have an 

abnormal pattem of melatonin production (O’Brien et al, 1986), and thus it could be postulated 

that a change to the ejq)ected pattem of somatosensory diumal rhythms could highlight early 

changes in ̂ e  SON - îffA  - ANS link. The early identification of impending neuropathy could 

allow a more proactive approach to diagnosis, and ultimately, perhaps, to treatment, with 

prevention or reduction of some of the debilitating consequences of sensory loss -  such as the 

impaired healing and ulceration that characterise the late stages of neuropathic and auto-immune 

diseases. The simplicity of aesthesiometry would be highly acceptable to both the subject and 

the clinician. It would avoid the need for more invasive forms of monitoring circadian rhythms, 

and the subject could even be trained to use aesthesiometry filaments to monitor the progress of 

his condition.

It is essential that diumal variation in threshold must be accounted for in the routine clinical 

assessment of skin sensation, with times of tests noted, to ensure that later re-examination 

allows a valid comparison. In addition, times of assessment should be always be reported in 

somatosensory research, so that meaningful comparisons can be made between publications. 

Clearly further investment is indicated to develop the aesthesiometry test to a level of 

sophistication that ensures that it would be used routinely -

• in the investigation of human biological rhythms,

• to determine pattem changes in response to parental medication,

• to monitor the progress of neuropathic and auto-immune diseases,

• and perhaps the most inq)ortant, to confirm the good health of the subject.

For tempora mutantur, et nos mutamur in illis (times change, and we change with them), in 

ways that we neither consciously appreciate, nor fully understand, but ignore at our peril.
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APPENDIX I

There are several methods of carrying out signal detection experiments, but all of them follow the 
same basic premise. The subject is told that sensory stimuli will be given, but is not told that 
during the test will he will receive a mix of both real and sham stimuh. When a real stimulus is 
given, the subject should be able to perceive the test stimulus over and above the background 
afferent ‘noise’ in the sensory system. He rqjorts sensation, and has scored a ‘hit’, ie: a true 
positive (Ty). When a ‘blank’ stimulus is given, the subject may, or may not, be able to identify 
that he has not received a stimulus, because of the barrage of incoming affermt information from 
the backgoumd ‘noise’ in the neural system. By referral to his personal criterion of the expected 
sensation, he decides whether the sensaticm he perceives includes an element due to the external 
stimulus, or not, and responds accordingly (Dyck, 1984). If he makes a positive response to a 
blank stimulus, he has given a ‘false alarm’, ie: a false positive (Fy).

As each (actual or supposed) stimulus is made, the subject reports whether he detected the test 
stimulus, and note is made of the accuracy of his response, according to the schema below. His 
willingness to report a threshold sensation at any one test time can be defined in terms of the ratio 
of his felse positive and true positive responses.

Response Coding:

Stimulus Code* Reply Accuracy Response
Accuracy

Score Coding

True stimulus S + N Yes Correct True positive Ty(Hit)
Blank stimulus N No Correct Tme negative Tn
True stimulus S + N No Wrong False negative Fn (Miss)
Blank stimulus N Yes Wrong False positive Fy (False alarm)
* Where: ‘S’ = Stimulus; ‘N’ = Noise

Since the Fy / Ty ratio reflects the subject’s accuracy of response to the threshold stimulus, it will 
also reflect his willingness to report a signal as a threshold stimulus. For example, if he lowers 
his threshold criterion, or if he is more willing to say ‘yes’, he would raise his hit rate, but also 
identify more imaginary stimuh (the false positive rate would rise). Alternatively, if he is more 
stringent in his threshold criteria, and is more inclined to say ‘no’ to a near-threshold stimulus, he 
will make less mistakes, but his overall detection rate will decline (the true positive rate would 
fall) (Sekuler et al, 1973).

The second part of Exp. 3.1.4, in the T-P threshold series conçared the subjects’ rates of 
willingness to report stimuli in the morning and late aftemoon. The false positive / true positive 
(Fy / Ty) ratios from the data collected during the morning and late aftemocm second tests [see 
Exp. 3.1.4 (i)] were compared. NB: It was assumed that both the false positive (the subject’s 
willingness to report the ‘noise’ in the system as a threshold sensaticxi) and true positive (the 
subject’s willingness to report the stimulus) responses, followed a normal distribution.



Fy and Ty responses to those filaments, either side of the subjects’ Ty-identified T-P threshold 
(See Exp. 3.1.4 (i), were averaged, to give morning and late aftemoon Fy and Ty values, and 
these converted to percentages. The percentage values were transformed to z scores, using Table 
1

The method of calculation of Percentage Ty and Fy is illustrated below, using the same subject 
data, used to illustrate Ejqj. 3.1.4 (i):

Example:

Morning: Second Test. One Subject

Mean Ty response 
(log units) - 
Morning Test

Filament score, to 
either side of 
morning T’hold

Mean % Criterion (z) 
Table Value

2.90 3.12
2.944 ¥y 0.60 0.00 0.30 30 0.52

Ty 0.70 0.80 0.75 75 -0.67

Late Aftemoon: Second Test

Mean Ty response 
(log units) -Late 
Aftemoon Test

Filament score, to 
either side of late 
afternoon Thold

Mean % Criterion (z) 
Table Value

2.46 2.68
2.614 Fy 0.2 0.10 0.15 15 1.04

Ty 0.40 0.50 0.45 45 0.13

Table 1: The Normal Distribution Height and Percentage of the Curve (Area) to the Right of Any 
Criterion (Lindsay and Norman, 1972)

Percent Criterion Percent Criterion
5 1.65 95 -1.65
10 1.283 90 -1,283
15 1.039 85 -1.039
20 0.8429 80 -0.8429
25 0.675 75 -0.675
30 0.5037 70 -0.5037
35 0.3865 65 -0.3865
40 0.2538 60 -0.2538
45 0.1256 55 -0.1256
50 0 50 0

The value, C, ie: the subjective criterion at any one time, can he calculated as the average of the 
transformed (z-score values ) bit (Ty) and false alarm (Fy) rates (Levine and Parkinson, 1994).

Thus, C = 0.5 [Zg + Zm].

The example subject showed a bias towards responding ‘yes’ in the morning (as the C value was 
negative) but had changed by the aftemoon to a positive C value, indicating that he was less 
likely to report the signal at that time:

C am = 0.5 [ 0.52 + (- 0.67) ] = - 0.075
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Cpm=0.5[ 1.04 + (0 .13 )]  = 0.585
The C value was calculated for each of the 12 subjects vdio gave useful Fy data, for both test 
times (Table 2):

Table 2: Morning and Late Aftemoon Percentage Hits (Ty) and False Alarms (Fy), z 
Transformations, C Values, and C Value Differences morning - late aftemoon (n=12)

am Ty am z 
(Ty)

am Fy am z
(f>)

Cam pm Ty pmz
(Ty)

pm Fy pm z
(Fy)

Cpm Cam-
pm

55 -0.13 80 -0.84 -0.485 55 -0.13 5 1.65 0.76 -1.245
70 -0.52 20 0.84 0.16 65 -0.39 10 1.28 0.445 -0.285
75 -0.67 30 0.52 -0.075 45 0.13 15 1.04 1.085 -0.66
55 -0.13 5 1.65 0.76 65 -0.39 5 1.65 0.63 0.13
25 0.67 10 1.28 0.975 60 -0.25 5 1.65 0.7 0.275
65 -0.39 15 1.04 0.325 45 0.13 25 0.67 0.4 -0.075
55 -0.13 20 0.84 0.355 85 -1.04 30 0.52 -0.26 0.615
30 0.52 25 0.67 0.595 60 -0.25 60 -0.25 -0.25 0.845
50 0 5 1.65 0.825 45 0.13 5 1.65 0.89 -0.065
70 -0.52 15 1.04 0.26 45 0.13 5 1.65 0.89 -0.63
50 0 40 0.25 0.125 65 -0.39 30 0.52 0.065 0.06
60 -0.25 30 0.52 0.135 70 -0.52 15 1.04 0.26 -0.125

Mean 55 -0.1292 24.5833 0.78833 0.32958 58.75 -0.2367 17.5 1.08917 0.46792 -0.0967
n 12 12 12 12 12 12 12 12 12 12 12

StDev 15.2256 0.4016 20.3892 0.67136 0.41109 12.4545 0.34976 16.5831 0.62018 0.44298 0.56933
s.e.m 4.39525 0.11593 5.88586 0.1938 0.11867 3.59529 0.10097 4.78714 0.17903 0.12788 0.16435

Within the group there was no significant difference between the morning C and late aftemoon C 
values, indicating that the change of threshold was not due to the subjects being more willing to 
report a stimulus at the late aftemoon test (Table 3).

Table 3: Comparison of False Alarm / Hit Rate, Moming and Late Aftemoon Tests

Moming Late
Aftemoon

Difference Paired ‘t ’ P

Fy % 
(Noise)

24.5833 +/- 
5.8858

17.5 +/- 
4.7871

Ty%
(Signal + Noise)

55
+/- 4.3952

58.75 +/- 
3.5953

z . 0.7883 +/- 
0.1938

1.0892 +/- 
0.1790

z „ -0.1292+/-
0.1159

-0.2367+/-
0.1010

c 0.3296 +/- 
0.1187

0.4263 +/- 
0.1158

0.0967 +/- 
0.1644

0.5882 >0.5
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Of the 9 subjects who did not make Fy response at one or other of the tests::
4 did not make a Fy response at either the moming or late aftemoon test
2 gave a Fy response in the moming, but not in the aftemoon.
3 gave a Fy response in the aftemoon, but not in the moming.

The same criterion analysis was used for Ty / Fy data from the 5 subjects who made some Fy 
responses:

Morning Aftemoon z values am z values pm C morning C aftemoon C am - C pm

Ty Fy Ty Fy z(sn) z(n) z(sn) z(n)
0.75 0.25 0.6 0 -0.67 0.67 -0.25 0 0 -0.125 0.125

0.6 0.1 0.75 0 -0.25 1.28 -0.68 0 0.515 -0.34 0.855
0.3 0 0.3 0.1 0.52 0 0.52 1.28 0.26 0.9 -0.64

0.45 0 0.65 0.05 0.13 0 -0.39 1.65 0.065 0.63 -0.565
0.6 0 0.5 0.1 -0.39 0 0 1.28 -0.195 0.64 -0.835

average 0.129 0.341 -0.212
count 5 5 5
s.e.m 0.1208 0.2415 0.3121
Paired ‘t’ -0.6793

This analysis showed that these subjects, too, did not make any significant change of criterion by 
the aftemoon test.



APPENDIX II

M ORNINGNESS - EVENINGNESS QUESTIONNAIRE
(Home and Ostberg, 1976)

The questionnaire printed below shows the questions that were put to the respondents. (The scoring 
system was not presented to the respondents)

INSTRUCTIONS TO RESPONDENTS:

1: Please read each question very carefully before answering 
2: Please answer ALL questions
3: Please .answer the questions in their numerical order
4: Each question should be answered independently of the others. Please do NOT go back and check 
your answers
5: All questions have a selection of answers. For each question, place a cross alongside ONE answer 
only. Some answers have a scale instead of a selection of answers. Place a cross at the appropriate 
point along the scale
6: Please answer each question as honestly as possible. Both your answers and the results will be kept 
in the strictest confidence.
7: Please feel free to make any comments in the section provided below each question 
8: Please return you questionnaire in the stamped addressed envelop provided.

THANK YOU FOR YOUR HELP

Ql: Considering ONLY your own ^feeling best* rhythm, at what time of day would you get up if 
you were entirely free to plan your day, assuming that you had slept normally the night before?

Time of Day 05:00 06:00 07:00 08:00 09:00 10:00 11:00 12:00
Score 5 5 4 3 3 2 2 1

Q2: Considering ONLY your own ‘feeling best* rhythm, at what time of day would you go to bed if 
you were entirely free to plan your evening, and you did not have to wake especially early the next 
day?

Time of Day 20:00 21:00 22:00 23:00 24:00 01:00 02:00 03:00
Score 5 4 3 3 3 2 1 1

Q3: If there is a specifîc time at which you HAVE to get up in the moming, to what extent do you 
have to depend on an alarm to waken you?

Reliance on alarm Score
Not at all dependent 4
Slightly dependent 3
Fairly dependent 2
Very dependent 1



Q4: Assuming normal environmental conditions, how easy do you find getting up in the moming?

Ease of getting up Score
Not at all easy 1
Not veiy easy 2
Fairly easy 3
Very easy 4

QS: How alert are you during the first half hour after having woken in the moming?

Alertness in fîrst half hour Score
Not at all alert 1
Slightly alert 2
Fairly alert 3
Very alert 4

Q6: How is your appetite in the fîrst half hour after having woken in the moming?

Appetite in first half hour Score
Very poor 1
Fairly poor 2
Fairly good 3
Very good 4

Q7: During the first half hour after having woken in the moming, how tired do you feel?

Tiredness in first half hour Score
Very tired 1
Fairly tired 2
Fairly refreshed 3
Very refieshed 4

Q8: When you have no commitments the next day, at what time do you go to bed, compared to 
your usual bed time?

Variation of bed time Score
Seldom / never later than usual 4
Less than 1 hour later than usual 3
1-2 hours later than usual 2
More than 2 hours later than usual 1
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Q9: You have decided to take up two, 1 hour spells of physical exercise each week. Your sports 
partner suggests that the time between 07:00 and 08:00 is the most suitable. Bearing in mind you 
own f̂eeling best’ rhythm, would you:

Choice of time for extra exercise Score
Be on good form at that time 4
Be in reasonable form at that time 3
Find it difficult 2
Find it very difficult 1

QIO: At what time of the evening do you feel tired, and thus is need of sleep?

Time of Day 20:00 21:00 22:00 23:00 24:00 01:00 02:00 03:00
Score 5 4 3 3 3 3 2 1

Q ll: You need to be at your peak for a test that you know will be mentally exhausting, and will 
last for 2 hours. You are entirely free to plan your day. Bearing in mind your own feeling best’ 
rhythm, which ONE of the following times would you choose to take the test?

Choice of time for test Score
08:00 - 10:00 6
11:00-13:00 4
15:00 -17:00 2
19:00-21:00 0

Q12: If you went to bed at 23:00, at what level of tiredness would you be?

Tiredness at 23:00 Score
Not at all tired 0
A little tired 2
Fairly tired 3
Very tired 5

Q13: For some reason, you have gone to bed several hours later than usual, hut you do not have to 
get up at any particular time in the moming. Which ONE of the following events are likely to 
occur?

Events after going to bed late Score
You will wake at the usual time and stay awake 4
You will wake at the usual time and doze thereafter 3
You will wake at the usual time but you will fall asleep again 2
You will not wake until much later than usual 1



IV

Q14: One night, you have to stay awake between 04:00 and 06:00, as part of a night watch. You 
have no special commitment the next day. Which ONE of the following alternatives would best 
suite you?

Events after waking from 04:00 - 06:00 Score
Not go to bed until after 06:00 1
To take a nap before 04:00 and sleep after 06:00 2
To go to bed before 04:00 and take a nap after 06:00 3
To go to sleep before 04:00 and stay up after 06:00 4

Q15: You have to do 2 hours of hard physical work. You are entirely free to plan your day. 
Considering only you own feeling best* rhythm, which of the following times would you choose to 
undertake the work?

Choice of time physical work Score
08:00 - 10:00 4
11:00-13:00 3
15:00 -17:00 2
19:00-21:00 1

Q16: You have decided to take part in some hard physical exercise for an hour each week. Your 
sports partner suggests that the time between 22:00 and 23:00 is the most suitable. Bearing in 
mind you own feeling best* rhythm, would you:

Hard exercise between 22:00 -23:00 Score
Be on good form at that time 1
Be in reasonable form at that time 2
Find it difiBcult 3
Find it very cüffîcult 4

Q17: Let us suppose that you are able to choose you own work hours. Assuming that you have to 
work for FIVE HOUR, including breaks, and that your job was interesting, paid by results, which 
FIVE CONSECUTIVE HOURS would you select?

c^Midnight
Time 1 2 3 4 5 6 7 8 9 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4

Score 1 1 1 5 5 5 5 4 3 3 3 3 2 2 2 2 1 1 1 1 1 1 1 1



Q18: At what time of day do you think that you reach your own feeling hest* peak?

Noon Midnight
Time 1 2 3 4 5 6 7 g 9 1 1 1 1 1 1 1 1 1 1 2 2 2 2 2

0 1 2 3 4 5 6 7 8 9 0 1 2 3 4

Score 1 1 1 1 5 5 5 4 3 3 3 3 3 3 3 3 2 2 2 2 2 1 1 1

Q19: One hears of moming* and evening* types of people. Which one of these types do you 
consider yourself to he?

Morning or evening type Score
Definitely a ‘morning’ type 6
Rather more a ‘morning’ type than an ‘evening’ type 4
Rather more an ‘evening’ type than a ‘morning’ type 2
Definitely an ‘evening’ type 0



APPENDIX III

The questionnaire scores (from the groups o f  day workers and night workers) were compared 
with their observed diumal changes in plantar and palmar T-P thresholds and changes in body 
temperature, reported in Exp. H (Graphs 1, 2 and 3).

Graph 1: The Relationship between am-pm Changes in Plantar T-P Thresholds and ‘Momingness 
- Eveningness*
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Q uestionnaire scores and Plantar T-P thresholds changes by the afternoon /  evening test
The diumal changes in plantar T-P thresholds o f  the day work group showed a negative 
correlation with questionnaire score, indicating that those dayworkers who made the greatest 
threshold change were less day orientated, on the basis o f  their questionnaire scores, than those 
who showed smaller threshold changes. All day workers showed a decrease in T-P threshold by 
the aftemoon test. The night workers showed a weak positive correlation between threshold 
change and questionnaire score, indicating that the more day orientated the night worker, the less 
likely he was to show diumal variation in plantar T-P threshold. In contrast, the more night 
orientated the night worker, the more likely he was to show an increase in T-P thresholds by the 
aftemoon test.



Graph 2: The Relationship between am-pm Changes in Palmar T-P Thresholds and Momingness 
- Eveningness’
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Questionnaire scores and Palmar T-P thresholds changes by the afternoon / evening test 
The relationship between diumal changes in palmar T-P thresholds and questionnaire scores were 
similar to those observed plantar threshold changes, but the negative correlation in the day 
workers was much weaker, and the positive correlation noted in the night workers more 
pronounced So, the more day onentated the night worker was, by questionnaire score, the less 
likely he was to show a diumal change in palmar thresholds, and the more night orientated he 
was, the more likely he was to show an increase in palmar thresholds by the evening test.

Graph 3: The Relationship between am-pm Changes in Body Temperature and Momingness - 
Eveningness’

h
I t
I "
S«

Questionnaire Scores and am-pm 
Temperature Change

0 .1  - -

' 20
-0.3 --

-0.5 -- 

-0.7

-0.9 i
Questionnaire Score

“ 1 . 1  —

* N i^ t workers 

 Linear (Night workers)

Day Staff 

•Linear(Day Staff)

Questionnaire scores and body temperature changes by the afternoon / evening test
Both work groups tended to show an increase in body temperature by the aftemoon / evening test, 
and the day workers’ diumal change in body temperature was more or less the same, regardless
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of their degree of day orientation by questionnaire score. There was a shght, but non-significant, 
tendency for the more night orientated day workers to show a slightly larger increase in body 
temperature by the aftemoon test than their day orientated colleagues. Night workers, in contrast, 
showed a strong negative correlation between body temperature change and day orientation. The 
most night orientated night workers showed the same diumal diange in body as the night 
orientated day workers. But the more day orientated ftie nigjit worker was, the larger the increase 
in body temperature by the evening he was likely to show.



APPENDIX IV

NIGHT STAFF - WORK AND SLEEP PATTERN QUESTIONNAIRE 

P lease answer as m any questions as you  nish  

THE INFORMATION FROM THIS QUESTIONNAIRE WILL REMAIN CONFIDENTIAL 

PLEASE DO NOT GIVE YOUR NAME

Ql : How many years have you worked night shifts?

Q2: For how long (Ycars / months) have you worked your current night shift pattem (ie:7 nights on 
followed 1 week oft)

Q3: How many nights are you into your current 7 nights programme? 1 2 3 4 5 6 7

WHEN YOU ARE WORKING THE ‘SEVEN NIGHTS ON’:

Q4: How long (in hours) is the night shift?
From pm to  am

Q5; In your opinion, is the night shift as active (in terms of walking about) as a day shift in the same 
job? YES / NO

Q6: Do you get any chance to rest (ie: sit down, or doze, for more than 20 mins) during the night shift, 
other than your scheduled breaks? YES / NO / SOMETIMES

Q7; Do you sleep during the day, between night shifts? YES / NO / SOMETIMES

Q8: How many hours, on average, do you sleep between night shifts?

Q9: How long after waking do you start your night shift?

QIC: In the waking hours, between night shifts, how do you spend your time?

resting (mainly sitting)
moderate activity (eg; normal household tasks) 
heavy activity (eg sport, or a second job)

Ql I : If you do a ‘day’ job between night shifts, please describe it: 
very similar in activity to the night job 
far less active than the night job

WHEN YOU ARE ON YOUR ‘WEEK OFF’ BETWEEN NIGHTS:

Q12: Do you keep to the same sleeping pattern as when you are on nights? (ie: sleeping in the day; 
awake most of the night) YES / NO

If not, please describe your non-nights sleeping pattern

Ql 3 : Do you have a job during your non-nights week oft? YES / NO / SOMETIMES

QI4: Does that job require you to work nights? YES / NO / SOMETIMES

Thank you. M ease return th is questionnaire in th e envelop provided.



APPENDIX V

ASSESSMENT OF PAIN

INSTRUCTIONS TO SUBJECTS (HEAT AND PIN PRICK PAIN ASSESSMENT)

Heat and pin prick stimuli to the skin can cause pain. In this ejqjeriment, your threshold pain level for 
both modalities of pain will be determined. You are asked to describe the sensation from further stimuli 
in relation to that threshold pain (using a VAS), when subsequent heat and pin prick stimuli at just 
below and just above threshold are delivered to the same areas of skin.

Work in pairs: one is the subject and the other the tester. When the test is completed, reverse roles, so 
that you end up with two complete sets of results.

1: Using the von Frey filaments, determine the pin prick threshold at the subject’s instep:
• Demonstrate the filaments to the subject, on the back of the hand, aR)lying them as described below. 

Use the lowest, then the highest. The first will feel like touch. The second will be fimikly painful.
Try one from the middle range. Soon your subject will learn the difference between touch, and the 
filament that she/he wishes to class as just painful. Remember, it is threshold pain - the point where 
the income stimulus changes from touch to one of pain - that you are trying to identify.

• Mark the instep with 5 evenly spaced dots, each approximately 1cm apart.
• Ask you subject to close her eyes (ie: not watch)
• Starting with the lowest filament, apply its tip to each skin mark in turn, so that the filament is at 90® 

to the skin surface. Further pressure will cause the filament to just bend, and apply its maximum tip 
force. Keep the (curved filament) tip in contact with the skin for approximately 1 second, then lift 
away. Re-apply for a maximum of three times with this filament at this test point.

• Test the next skin mark in the same maimer, and so on, until all 5 marks have been tested.
• Continue to test all skin marks, using thicker filaments, in ascending order
• As soon as the subject identifies a painful stimulus, note that value on the record sheet.
• Once all 5 points have been assigned a pain threshold, calculate the mean threshold (ie x/n)

Select the 4 filaments around the mean threshold (ie: two above and two below threshold)
Mark the record sheet with the filaments you intend to use 
Use these filaments to deliver further pin prick stimuli to the same skin test points.
At each stimulus, the subject is asked to make a VAS mark on the score sheet, recording how painful 
the stimulus is in comparison to threshold pain. The subject should use the mid point of the VAS line 
as threshold pain (see sheet)

• Test each of the 5 test points with each of the 4 filaments, applying the stimuli in the order on your 
record card.

2: Using the heat probe to determine heat pain thresholds at the subject’s instep:
• Demonstrate the heat stimulus probe to the subject, using the back of the hand as a test site. Show the 

subject how the probe gradually increases in temperature, until the sensation changes from warmth 
=> heat => threshold pain. Show the subject how to operate the personal control switch. Show the 
subject how quickly you will remove the probe from skin contact as soon as she/he identifies 
threshold pain. Emphasise that it is threshold pain NOT pain tolerance that is under test. Once you 
and the subject are familiar and comfortable with the apparatus, begin the experiment.

• Mark the instep as described above.
• Ask the subject to close her/ his eyes
• Apply the heat probe, using the 1®C / sec ’ heat ramp, to each of the 5 test points, and note the pain 

threshold temperature on the record sheet.
• Calculate the mean heat pain threshold



Mark the record sheet with pain threshold temp +/- 2^
Test each skin point 4 times more, each time keeping the probe in contact with the skin until it 
reaches the temperature indicated 1^ your record sheet (NB: the subject should not operate his on /off 
switch if pain threshold is exceeded).
The subject should make a VAS for each stimulus, using the mic^int of each line as the reference 
point (heat pain threshold)



Ill

RECORD SHEET

Pin Prick Pain Threshold NAME

Mean Threshold = (a + b + c + d + e)/5

Filaments selected:

Filament Value Test Order Tested
1
2
3
4
5

Threshold -1 (Log units)
Filament Value Test Order Tested
6
7
8
9
10

Filament Value Test Order Tested
11
12
13
14
15

Threshold + 2 (Log units)
Filament Value Test Order Tested
16
17
18
19
20



IV

RECORD SHEET

Heat Pain Threshold: NAME

Mean Heat Pin Threshold = (a + b + c + d + e)/5 

Heat Probe Temperatures selected:

Threshold - 2 (̂ C)
Filament Value Test Order Tested
1
2
3
4
5

Threshold - 1(̂ C)
Filament Value Test Order Tested
6
7
8
9
10

Threshold + 1 fC)
Filament Value Test Order Tested
11
12
13
14
15

Threshold + 2 (°C)
Filament Value Test Order Tested
16
17
18
19
20



VAS SCORES

Pin Prick Pain Thresholds NAME

Filam ent W ell below Threshold W ell above

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20



VI

VAS SCORES

Heat Pain Thresholds NAME

W ell below Threshold W ell above

1

2

3

4

5

6

7

8

9

10

11

12

13

14

15

16

17

18

19

20



APPENDIX VI

ASSESSMENT OF PAIN

INSTRUCTIONS TO SUBJECTS (HEAT AND PIN PRICK PAIN ASSESSMENT)

Heat and pin prick stimuli to the skin can cause pain. This experiment is designed to assess the 
subject’s ability to discriminate between painful stimuh. The individual’s threshold pain level for both 
modalities is determined, and the subject is asked to describe sensation in relation to threshold pain 
(using a VAS) when further heat and pin prick stimuli at around threshold are deUvered to the same 
area of skin.

1: Using the von Frey filaments, determine the pin prick threshold at the instep:
• Demonstrate the filaments to the subject, on the back of the hand, applying them as described 

below. Use the lowest, then the highest. The first will feel like touch. The second will be frankly 
painful. Try one from the middle range. Soon your subject will learn the difference between touch, 
and the filament that she/he wishes to class as just painful. Remember, it is threshold pain - the 
point where the income stimulus changes from touch to one of pain - that you are trying to 
identify.

• Mark the instep with 5 evenly spaced dots, each approximately 1cm apart.
• Ask you subject to close her eyes (ie: not watch)
• Starting with the lowest filament, apply its tip to each skin mark in turn, so that it is at 90® to the 

skin surface. Further pressure will cause the filament to just bend, and apply its maximum tip 
force. Keep the (curved filament) tip in contact with the skin for approximately 1 second, then lift 
away. Re-ajply for a maximum of three times with this filament at this test point.

• Test the next skin mark in the same maimer, and so on, until all 5 marks have been tested.
• Continue to test all skin marks, using thicker filaments, in ascending order
• As soon as the subject identifies a painful stimulus, note that value on the record sheet.
• Once all 5 points have been assigned a pain threshold, calculate the mean threshold (ie x/n)

• Select the threshold filament and three filaments immediately above threshold (where the subject’s 
threshold is between filaments, select the filament immediately below, and the next three filaments 
immediately above threshold)

• Mark the record sheet with the filaments you intend to use (Where 0 = Threshold, 1 = I above 
t’hold, 2 = 2 above t’hold, 3 = 3 above t’hold)

• Use these filaments to deliver further pin prick stimuli to the skin arm . , ^• Ask the suoject to make a VAS score to iifdicate now near to tnresnoTa the subsequent stimuli are
(where 0 = stimulus feels exactly like threshold pain; 100 = worst pain ever)

• Test each of the five test points with all possible combinations of paired filaments, in a random 
order

2: Using the heat probe to determine heat pain thresholds at the instep:

• Set the heat ramp threshold to medium (ie: 0.7®C / sec)

• Demonstrate the heat stimulus probe to the subject, using the back of the hand as a test site. Show 
the subject how the probe gradually increases in temperature, until the sensation changes from 
warmth => heat => threshold pain. Show the subject how quickly you will remove the probe from 
skin contact as soon as she/he identifies threshold pain. Emphasise that it is threshold pain NOT 
pain tolerance that is under test. Once you and the subject are familiar and comfortable with the 
apparatus, begin the experiment.

Mark the instep as described above.
Ask the subject to close her/ his eyes
./̂ pply the heat probe, using the 0.7®C / sec'̂  heat ramp (medium ramp), to each of the 5 test 
points, and note the pain threshold temperature on the record sheet.



Calculate the mean heat pain threshold

Note the threshold temperature ®C, +1°C, +2®C, +3®C for each test point
Mark the record sheet with the probe temperatures you intend to use
Apply heat stimuli to the skin test sites: apply the probe until the read out reaches the test
temperature. Remove the probe the instant that the probe reaches the test temperature.
Ask the subject to make a VAS score to indicate how near to threshold the stimulus (where 0 = 
stimulus feels exactly like threshold pain; 100 = worst pain ever)
Test each of the five test points with all possible combinations of paired heat stimuli, in a random 
order



Ill

RECORD SHEET

Pin Prick Pain Threshold NAME

Mean Threshold =(a + b + c + d + e)/5 

0= ; 1 =  ; 2 =  ; 3 =

Filaments selected;

Filament Value Test Order Tested
1
2
3
4
5

Threshold +l (Log units)
Filament Value Test Order Tested
6
7
8
9
10

Threshold + 2 (Log units)
Filament Value Test Order Tested
11
12
13
14
15

Threshold + 3 (Log units)
Filament Value Test Order Tested
16
17
18
19
20
RECORD SHEET



IV

Heat Pain Threshold: NAME

Mean Heat Pin Threshold =(a + b + c + d + e)/5 

0= ®C; 1= °C; 2= ®C; 3 =

Heat Probe Temperatures selected:

Threshold 0 fC)

^C.

Filament Value Test Order Tested
1
2
3
4
5

Threshold +1 fC)
Filament Value Test Order Tested
6
7
8
9
10

Threshold+ 2 (̂ C)
Filament Value Test Order Tested
11
12
13
14
15

Threshold + 3 (°C)
Filament Value Test Order Tested
16
17
18
19
20



VAS SCORES

Pin Prick Pain Discrimination 0 — Threshold; 100 =  Worst Pain Ever

100



VI

VAS SCORES

Heat Pain Discrimination 0 =  Threshold; 100 =  W orst Pain Ever

0 100



APPENDIX VII

Touch -Pressure Aesthesionieter Filaments: Tips Forces ( g mm ; mg mm
(Filaments used in this study to test T-P Thresholds)

Radius
(mm)

Tip Area 
(mm̂ >

Tip Force 
(Log units)

Tip Force 
(g)

Force per 
unit area 
(g mm%)

Tip Force 
(mg)

Force per 
unit area 
(mg nun^)

0.01 0.0003 2.24 0.0174 6E-06 17.4 0.01
0.025 0.0020 2.46 0.0288 6E-05 28.8 0.06
0.03 0.0028 2.68 0.0479 0.0001 47.9 0.14
0.035 0.0039 2.9 0.0794 0.0003 79.4 0.31
0.045 0.0064 3.12 0.1318 0.0008 131.8 0.84
0.05 0.0079 3.34 0.2188 0.0017 218.8 1.72
0.06 0.0113 3.56 0.3631 0.0041 363.1 4.11
0.07 0.0154 3.78 0.6026 0.0093 602.6 9.28
0.095 0.0284 4 1 0.0284 1000 28.35
0.125 0.0491 4.22 1.6596 0.0815 1659.6 81.47
0.135 0.0573 4.44 2.7542 0.1577 2754.2 157.69
0.17 0.0908 4.66 4.5709 0.4150 4570.9 415.00
0.215 0.1452 4.88 7.5858 1.1016 7585.8 1101.61
0.235 0.1735 5.1 12.5893 2.1842 12589.3 2184.17

Pin Prick Aesthesiometer Filaments: Tips Forces ( g mm ' ; mg mm
(Filaments used in this stucfy to test Pin Prick Pain Thresholds)

Radius
(mm)

Tip Area 
(mm )̂

Tip Force 
(Log units)

Tip Force 
(g)

Force per 
unit area 
(g mm^)

Tip Force 
(mg)

Force per unit 
area 

(mg mm^)
0.38 0.4537 3.76 0.5754 0.2610 575.4 261.03
0.385 0.4657 3.98 0.9550 0.4447 955.0 444.71
0.385 0.4657 4.23 1.6982 0.7908 1698.2 790.79
0.385 0.4657 4.43 2.6915 1.2533 2691.5 1253.33
0.385 0.4657 4.66 4.5709 2.1285 4570.9 2128.50
0.385 0.4657 4.88 7.5858 3.5324 7585.8 3532.42
0.385 0.4657 5.1 12.5893 5.8624 12589.3 5862.37
0.38 0.4537 5.32 20.8930 9.4780 20893.0 9478.03
0.385 0.4657 5.54 34.6740 16.1464 34674.0 16146.40
0.385 0.4657 5.76 57.5440 26.7961 57544.0 26796.10
0.38 0.4537 5.98 95.4993 43.3229 95499.3 43322.90
0.38 0.4537 6.2 158.4890 71.8980 158489.0 71898.00



APPENDIX VIII

Other Afferent Pathways within the Anterior and Lateral Funiculus (Parent l̂996);

In addition to the STT, the SHT and the SCT, a number of other structures are involved in the

transmission, or modulation of cutaneous sensation.

• The posterior spinocerebellar tract conveys impulses from the dorsal nucleus of Clarke 

(the nucleus dorsalis) and terminates within the cerebellum. The dorsal nucleus of Clarke 

receives fibres from the dorsal roots, in particular those of the hind limb. Although the 

spinocerebellar tract primarily conveys induises from muscle spindles, it is also involved 

in the transmission of exteroreceptive impulses, related to cutaneous touch and pressure 

(Parent, 1996)

• The anterior cuneocerebellar tract conveys impulses from the accessory cuneate nucleus 

to the cerebellar cortex, and functions as the upper limb equivalent of the posterior 

spinocerebellar tract (Parent 1996)

• The spino-olivary pathways appear to constitute another con^onent of the spinocerebellar 

circuitry. The fibres of the posterior spino-olivary tract ascend ipsilaterally in the dorsal 

columns to the DCN, and relay to the accessory olivary nuclei. The anterior spino-olivary 

fibres ascend contralaterally in the anterior funiculus and terminate at the dorsal and 

medial accessory nuclei. The accessory olivary nuclei project to the anterior lobe of the 

cerebellum. Fibres contributing to the spino-ohvary tract arise from Laminae IV and V at 

all levels of the spinal cord and are activated by cutaneous afferents, as well as by 

afferents from Golgi tendon organs (Parent, 1996)

• The spinotectal tract extends from its cells of origin in laminae 1 and V of the dorsal horn. 

Its fibres ascend in the contralateral anterolateral quadrant to the intermediate and deep 

layers of the superior colliculus and lateral regions of the periaqueductal gray. This tract 

is thought to form part of a mukisynaptic path transmitting nocicqjtive inq)ulses (Parent, 

1996)

• The spino-reticular neurones of the dorsal horn, and the region around the central canal 

(see above) are likely to be relevant to somatosensation (review: Rustoni and Weinberg, 

1989). Spino-reticular fibres arise from cells of the dorsal horn, ascend in the anterolateral 

area of the spinal cord and are distributed widely within the brainstem reticular formation, 

the medulla and the pons. Those terminating at the lateral reticular nucleus project to the 

cerebellum. Spinoreticular fibres represent a component of a polysynaptic system of 

crossed and uncrossed fibres which plays a significant role in behavioural awareness, 

modification of motor and sensory activities, and in the modulation of electrocortical 

activity (Parent, 1996; Welker and Shambes 1987)



Spino-pontine fibres are described which terminate upon pontine nuclei. It is suggested 

that these fibres may transmit exteroceptive impulses to the cerebellum (Parent, 1996) 

The spino-mesencephalic pathway, from Lamina I to the parabrachial area of the pons, is 

involved in the mediation, or modulation, of nociceptive information. The parabrachial 

nuclei project to the thalamus, hypothalamus and the amygdala (Parent, 1996) 

Nociceptive axons from the spinal cord also project directly to a number of telencephalic 

areas (including the ventral pallidum, globus palhdus, the central nucleus of amygdala, 

the nucleus accumbens, the cingulate cortex and the infi-alimbic cortex ) (Giesler et al, 

1994). Large numbers of neurones throughout the length of the spinal cord, that are 

driven by noxious stimuli, send axons directly areas of the limbic system, including the 

amygdala (Giesler et al, 1994)



APPENDIX IX

The Thalamic Nuclei:

A: The anterior nuclear group includes the anteroventral nucleus (AV), the anterodorsal 

nucleus (AD), and the anteromedial nucleus (AM). These nuclei project to the cingulate gyrus 

of the cortex (see below). They receive direct / indirect projections from the hippocampal 

formation, the serotoninergic dorsal raphe nucleus (see below) and the cholinergic tegmental 

nuclei, and are considered as part of the limbic system (see below). They modulate states of 

alertness and attack, and appear also to be involved in memory, learning and sustained 

attention.

B: The medial nuclear group. The mediodorsal nucleus (MD) projects to the prefrontal 

cortex, and also to the limbic and association cortex areas. It mediates principally limbic and 

cognitive processes, and is associated with learning and memory. The MD receives a 

projection from the amygdaloid complex (see below).

C: The midline nuclear group are small diffuse nuclei (which include the paraventricular 

nucleus of the thalamus [tPVN] and the nucleus reuniens). They have efferent projections to 

the amygdaloid nuclear complex and the anterior cingulate cortex. They are related to 

hypothalamic structures (see below) via fine fibres that course in the periventricular gray

D: The intralaminar nuclear group (see Berkley 1986, above) are well developed in the 

human CNS, and appear to act as a thalamic pacemaker, controlling electrocortical activities 

in a state-dependent marmer. For example: the rostral group of neurones play an important 

part in the processes that characterise wakefulness and some aspects of sleep, and also are 

involved in the processing of diffuse sensory inputs, particularly those pertaining to pain.

E: The lateral nuclear group includes the lateral dorsal nucleus (LD), the lateral posterior 

nucleus (LP) and the pulvinar (P). The LD receives limbic information. The LP and P are 

functionally similar, and project to the primary visual cortex, forming an extra-geniculate 

visual pathway.

F: The ventral nuclear group is of prime importance in somatosensory function. The group 

includes the ventral anterior nucleus (VA), the ventral lateral nucleus (VL) and the ventral 

posterior nucleus (VP). The VP is also known as the ventrobasal complex of the thalamus 

(VBC). The VP projects caudally, and the medial and lateral geniculate bodies (see below)



may be considered as the caudal continuation of the ventral nuclear group. The combined 

ventral and geniculate nuclear groups constitute the largest division of the thalamus 

concerned with relaying impulses from other portions of the neuraxis to specific parts of the 

cerebral cortex. Caudal parts of this complex are concerned with relaying impulses of specific 

sensory systems (eg: vision) to cortical regions, vfrile the more rostral nuclei (VA and VL) 

relay induises from the basal ganglia and cerebellum. The VA is functionally related to the 

intralaminar nuclei of the thalamus. The ventral nuclei receive a somatotopic representation 

similar to that of the somatosensory relay nuclei from the deep cerebellar nuclei, and project 

topically to area 4 of the cerebral (motor) cortex.

The VP has two functional divisions: the ventral posteromedial nucleus (VPM) and the 

ventral posterolateral nucleus (VPL). Sensory induises from the spinal cord and relay nuclei 

in the medulla input to the caudal area of the VPL (VPLc) via the medial lemniscus and the 

spinothalamic tracts. Fibres of the medial lemniscus terminate exclusively in the VPLc. The 

VP shows somatotopic features in which the contralateral limbs and trunk are represented in 

the VPLc, and the head and free in the VPM. Neurones of the VPLc are regarded as place 

specific, modality specific. They are concerned almost exclusively with the perception of 

tactile sense, although small populations of VP cells also appear to be activated by noxious 

stimuli. The VP has a precise topical projection to the somatosensory cortex.

G: The posterior nuclear group (Po) receives medial lemniscal fibres, and appears to be 

involved in both tactile and nociception, at least in part. The medial area may also receive 

projections from the primary SI somatosensory cortex.

H: The reticular nucleus (RN) receives inputs from all the principal thalamic nuclei (except 

the anterior thalamic nuclei, AM and AD) and from the cerebral cortex, and is an important 

interfrce between the thalamus and the cerebral cortex. Corticothalamic fibres to a particular 

nucleus give collaterals to the RN, as well as to the target nucleus, so that a particular area of 

the RN is dominated by a specific sensory system. Cortical projections to portions of the RN 

arise from the entire cerebral cortex and are topographically organised, so that the RN can 

sample any neural activity passing to and through the cerebral cortex and nuclei of the 

thalamus, although the RN do not project to the cerebral cortex. The RN send descending 

fibres to the midbrain reticular system, the superior colhculus and the periaqueductal gray.



APPENDIX X 

Functional areas within the hypothalamus

A: The lateral hypothalamic area. This includes the lateral thalamic nucleus. It also carries 

fibres of the medial forebrain bundle.

B: The anterior area of the hypothalamus, which is divided into the pre-optic and supraoptic 

regions.

In the pre-optic region, the subformical organ (SFO) and the organum vasculosum 

lamina terminalis (OVLT) are reciprocally connected with a wide variety of structures, 

including the brain stem, and the subcortical and cortical areas of the limbic system. The 

OVLT receives a particularly dense innervation from the dorsal raphe nucleus.

In the supraoptic region, neurones of the paraventricular nucleus (hPVN) give rise to 

descending axons to the brain stem and all levels of the spinal cord, which are involved with 

the mediation of the hypothalamic influence upon lower autonomic nerve centres.

C: The suprachiasmatic nucleus (SCN) forms a small group of cells (~ 10,000 neurones) 

immediately dorsal to the optic chiasm and close to the ventral part of the third ventricle 

(please refer back to section 2, above). These receive direct bilateral projections from the 

retinae (RHT) as well as indirect retinal input via the geniculo-hypothalamic pathway (GHT). 

The direct retinal (RHT) input appears to exert a glutamate-mediated excitatory effect on the 

SCN, whereas the indirect (GHT) pathway exerts a GABA-mediated inhibitory effect. 

Neurones of the GHT, projecting from the intergeniculate leaflet of the thalamic lateral 

geniculate complex, also express neuropeptide Y. RHT projections to the SCN provide the 

anatomic link between the external environmental cycles and the internal biological clock. 

The neurones of the SCN use G ABA as a small-molecule transmitter, but also express one or 

more specific neuroactive p^tides or hormones, such as vasopressin, somatostatin, 

vasoactive intestinal peptide, neurotensin, thyrotropin hormone and angiotensin II. 

Environmental light regulates cellular levels of some of these peptides (Parent, 1996).

The SCN also receive a dense serotoninergic projection from the midbrain raphe nuclei, to 

exert a marked regulatory effect on circadian ihythmicity. The circadian timing system 

appears to co-ordinate the activities of a series of homeostatic mechanisms, so that the control 

of the behavioural state is in phase with the tenporal phase. The SCN could be considered to 

provide the appropriate physiological and adaptive behavioural background to 6cilitate 

environmental adaptation and survival (Parent, 1996).
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D: The tuberal region of the hypothalamus is of importance in the regulation of hormonal 

output from the anterior pituitary, such as adrenocorticotrophic hormone (ACTH)

E: The hypothalamus has extensive and complex afferent and efferent connections (Parent, 

1996)

afferent connections include;

1. the medial forebrain bundle
2. the hippocampo-hypothalamic fibres
3. amygdalo-hypothalamic fibres (that allow the amygdala to influence the autonomic nervous 

system),
4. brainstem afferents (which include serotoninergic fibres from the median raphe nucleus, passing 

through the medial bundle to the suprachiasmatic nuclei and the lateral hypothalamus),
5. retino-hypothalamic (RHT) fibres (which arise from the retinal ganglion cells and project bilaterally 

to the SCN via the optic nerve and chiasm. The retinal axons terminate primarily on dendrites of 
SCN cells.

6. Thalamic input from the lateral geniculate nucleus (via the GHT) and the paraventricular nucleus of 
the thalamus

7. forebrain afferents (arising from the piriform complex and the hippocampal formation).
8. cortico-hypothalamic fibres. Each cortico-hypothalamic projection is reinforced by a corresponding 

subcortical projection, from the amygdala and the septum, and each of which is reciprocally 
connected with the overlying cortical area. The cingulate gyrus is particularly influenced by the 
hypothalamus, indirectly through the entorhinal cortex and the hippocampal formation (Papez 
circuit), and itself is influenced 1^ intrinsic hypothalamic projections to tiie anterior nuclear group 
(SFO and OVLT) of the hypothalamus

9. Projections from the SHT and STT / SHT

Efferent connections of the hypothalamus frequently reciprocate the afferent system:

1. to the medial forebrain bundle (as indirect connections between the lateral hypothalamus and the 
hippocampal formation) to connect the forebrain autonomic and limbic regions with the 
hypothalamus and brain stem

2. projections to the amygdaloid nuclei, via the stria terminalis
3. to the midbrain tegmentum and central gray matter via the dorsal lateral fasciculus (as a major 

pathway of communication between the hypothalamus and the brain stem)
4. paths to the mammillary bodies and thalamus
5. descending hypothalamic projections to the brainstem and spinal cord (where fibres descend in the 

lateral funiculus, and terminate in the intermediolateral cell columns at all levels) to input central 
autonomic influences via the hypothalamus.

6. Reciprocal projections with the paraventricular nucleus of the thalamus
7. An efferent projection from the paraventricular nucleus of the hypothalamus, and thence to the 

intermedio cell column of the spinal cord and the superior cervical ganglia (see below)

F: The hypothalamus is the principal subcortical centre for the regulation of both sympathetic 

and parasympathetic activities. It is thought that the SHT may be an iirportant source of 

afferent information to hypothalamic neurones that directly, or multisynaptically regulate 

preganglionic sympathetic and sympathetic neurones (Giesler et al, 1994). The lateral and 

posterior hypothalamic regions are concerned with the control of syn^athetic responses. 

Parasympathetic control is related to the anterior and medial hypothalamic regions (supra



U1

optic and pre-optic areas) and the ventricular portion of the tuber cinereum. These systems co

ordinate, to maintain the internal body environment.



APPENDIX XI 

The limbic system (Parent, 1996) (Diagram 26):

The limbic lobe and system occupy central positions in the neural mechanisms that govern 

behaviour and emotion, and the components of the limbic system have afferent and efferent 

relationships with both the neocortex and the viscero-endocrine periphery. Thus the limbic 

system is heavily implicated in the higher integration of somatic information, and the 

patterning of homeostatic responses. The limbic lobe is formed from the hippocan^us, and a 

group of cerebral structures, including the subcallosal, cingulate, dentate and 

parahippocampal gyri, which aicircle the upper brainstem. The limbic system includes all 

components of the hmbic lobe, as well as associated subcortical nuclei, such as the 

amygdaloid complex, the septal nuclei, the hypothalamus, epithalamus, various thalamic 

nuclei, part of the basal ganglia, and the medial tegmental region of the brainstem. Within the 

limbic system, the amygdala, and its complex connections to and from the cerebral cortex and 

subcortical autonomic centres, appears to represent the key structure to link the functions of 

the neocortex with peripheral endocrine activity.

The cerebral cortex has relatively few direct connections with the hypothalamus (see above), 

yet the cerebral cortex has a clear role in the subjective aspects of emotion. The limbic 

amygdala and substantia innominata have extensive reciprocal connections with the cerebral 

cortex. These structures appear to act as the principal interface between autonomic and 

visceral centres in the hypothalamus and brainstem, and the cortical mantle.

3.8.1: The Amygdala:

The amygdala is situated within the pole of the cerebral temporal lobe, just deep to the cortex. 

It is a complex of nuclei that are usually grouped as the basolateral, the corticomedial and the 

central nuclei, all of which show extensive intercormections. Some authorities also include the 

bed nucleus of the stria terminalis, and part of the substantia iimominata within the 

amygdaloid complex.

Afferents to the amygdala come from all areas of the neocortex, as well as from other parts of 

the limbic system. Information from all sensory systems feeds into the amygdala, particularly 

to amygdaloid basolateral nuclei. Each sensory system has a different projection pattern to the 

amygdaloid nuclei, yet interconnections within the amygdala allow the integration of 

information in different sensory systems. The amygdala is reciprocally linked to the basal 

forebrain via fibres from the hypothalamus, the medial dorsal and midline nuclei (including



the tPVN) of the thalamus, the brainstem, the striatum and hippocampus. Two major 

pathways connect the amygdala and the hypothalamus -  the ventral amygdalofugal pathway 

and the stria terminalis (Bear et al, 1996). The ventral amygdalofugal pathway terminates 

within the lateral preoptic and hypothalamic areas, the septal region, the diagonal band (of 

Broca), and the dorsomedial nucleus of the thalamus. Fibres that form the stria terminalis 

terminate in the bed nucleus, the anterior hypothalamic area and the medial forebrain bundle. 

And there is a projection from the bed nucleus which projects to the paraventricular nucleus 

of the hypothalamus (hPVN), the ventromedial hypothalamic area, and the lateral 

hypothalamus (Parent, 1996).

These findings demonstrate that the amygdala receives an enormous array of convergent 

sensory information. It represents an important relay vriiereby external stimuli can influence 

and activate emotions, and the amygdala can modulate sensory processing according to the 

affective state (Parent, 1996).



APPENDIX XII

NORMAL SOMATOSENSORY THRESHOLDS

1: Touch-Pressure Thresholds

Area Skin Type Sub-Division Threshold
(Log Units +/- s.e.m)

95% Cl -Range

FOOT Glabrous Toes 3.62+/-0.06 0.12 320 - 550 mg
Medial Fore Foot 3.81 +/- 0.06 0.12 485- 850 mg
Lateral Fore Foot 3.80+/-0.06 0.12 485 - 825 mg
Medial Longt Arch 3.38 +/- 0.04 0.09 195 - 295 mg
Lateral Longt Arch 3.54 +/- 0.05 0.10 275 - 445 mg
Medial Heel 4.20 +/- 0.06 0.11 1.20-2.05 g
Lateral Heel 4.26 +/- 0.05 0.11 1.40-2.35 g

Hairy Dorsum forefoot 3.06 +/- 0.07 0.15 80 - 165 mg

HAND Glabrous Medial Palm 2.93 +/- 0.05 0.10 65 - llOmg
Lateral Palm 2.91 +/- 0.05 0.10 80 -105 mg
Digits 2.81+/-0.07 0.14 45 - 90 mg

Hairy Dorsum 2.62 +/- 0.06 0.13 30 - 55 mg

Ann Hairy Volar, upper arm 2.83+/- 0.05 0.10 50 - 85 mg

2: Pin Prick Pain Thresholds

Area Skin Type Suh-Division Threshold
(Log Units +/- s.e.m)

95% Cl -Range

FOOT Glabrous Medial Longt Arch 5.27 +/- 0.05 0.11 14.5-24 g
Lateral Longt Arch 5.73+/- 0.06 0.13 40-72.5g

HAND Glabrous Palm 5.60 +/- 0.05 0.11 30-51.5g

3: Heat Pain Thresholds

Area Skin Type Suh-Division Threshold 
(®C +/- s.e.m)

95% Cl -  Range (®Q

FOOT Glabrous Medial Longt Arch 50.00 +/- 0.60 1.2 48.8-51.2
TRay 53.87 +/- 0.88 1.8 52.1-55.7

Hairy Dorsum 1®‘ MTPJ 48.62 +/- 0.73 1.5 47.1-50.1


