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Owr lives begin to end the day we become silent about things that
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ABSTRACT OF THESIS

The aim was to investigate the development o f spinal sensory processing in the human 

neonate using the cutaneous flexion reflex, and to measure changes in the reflex 

resulting from repeated tissue damage. A further aim was to quantify flexion reflex 

responses elicited by different intensities o f  mechanical and electrical stimuli using 

EMG recordings. Experiments were performed with ethical approval and informed 

parental consent on a group o f preterm and full-term infants aged between 27 and 42 

weeks postconceptional age.

Mechanical stimuli were applied to the sole o f the foot using calibrated von Frey hairs 

mounted on a piezo transducer which triggered the sweep o f an EMG unit. These were 

delivered at threshold intensities, and at 2.8, 7.6, and 21 x threshold. Heel lance stimuli 

were delivered with a modified ‘Autolet’ device which also triggered the EMG sweep. 

Electrical stimuli were applied to the skin overlying the sural nerve using a neonatal 

bipolar stimulator at threshold intensities, and in steps o f  0.5mA to 1.85 x threshold. 

Single surface EMG responses were recorded ipsilaterally from lower limb flexor 

muscles, and the latency, amplitude, duration and area o f  the response were recorded.

There was variability between neonates and between successive responses in all reflex 

parameters. Nevertheless, a clear correlation was found between stimulus intensity and 

the latency, amplitude, duration and area o f the mechanically-evoked reflex. The 

latency o f the response decreased with increasing stimulus intensity from threshold to 

heel lance. The amplitude, duration and area o f  the response increased with stronger 

stimuli across all PC ages. Repeated suprathreshold mechanical stimulation clearly

affected the duration and area o f  the response. Onset latencies o f  electrically-evoked
3



reflexes were more constant, but the relationship between stimulus intensity and 

response parameters was less clear. Finally, the flexion reflex threshold was clearly 

lowered by tissue damage.
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CHAPTER 1 : INTRODUCTION AND LITERATURE REVIEW

The management o f  pain in preterm and full-term human neonates receiving intensive 

care remains an area fraught with difficulties. Despite the explosion o f  research in this 

field over the last ten years, progress towards effective treatment is hampered by a lack 

o f  appreciation o f  the consequences o f immaturity o f the nervous system in this 

population, including those parts o f the nervous system concerned with the processing 

o f painful stimuli (Fitzgerald 1987a, 1988, Fitzgerald & Gibson 1984, Fitzgerald & 

Koltzenburg 1986). It is not sufficient to see neonates as 'little adults' when attempting 

to assess and treat their pain (Fitzgerald 1993, W olf 1994). Indeed, it is questionable 

whether a human neonate, particularly if  he or she is bom prematurely, 'feels' pain in the 

same way as an older child or adult. The anatomical and functional immaturity o f the 

nervous system, notably at higher levels than the spinal cord, means that a fully- 

integrated 'pain response' with all the physical and emotional elements which are seen 

later in life, is not achievable (Fitzgerald 1993). The responses to any stimuli, painful or 

otherwise, in the human neonate and even the infant are often variable or inconsistent 

(Vecchierini-Blineau & Guiheneuc 1981, Myklebust et a l 1986, Caccia et a l 1990, 

Majnemer et al 1990, Trader et al 1990, Andrews & Fitzgerald 1994a-c) or there is a 

failure o f  response altogether (Trader et al 1990).

It therefore follows that the reliability o f neonatal responses to stimuli is dependant on 

the type o f  response examined, and the level o f the nervous system from which that 

response emanates. For example, studies o f  changes in facial expression in human 

neonates in response to painful stimuli have demonstrated that the more preterm the 

infants being studied, the less robust their responses (Craig et al 1993, Johnston et al
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1995). This is because a fully developed facial response probably requires the presence 

o f  functional connections at higher levels o f the nervous system than the spinal cord, 

and these connections may not be fully developed in the most preterm infants 

(Fitzgerald 1991b, 1993). It has been demonstrated in studies o f  motor cortex 

development in newborn human infants o f less than one month postnatal age that the 

region for the face is least differentiated (Conel 1939, 1941). Furthermore, the 

outgrowth o f corticospinal fibres caudalward in the human fetus occurs latest for those 

supplying innervation for face musculature (Humphrey 1960).

Despite the anatomical and functional immaturity o f  structures concerned with 

processing painful stimuli at higher levels in the nervous system, some components o f  

the pain response at the level o f the spinal cord, such as central sensitization or 

hyperalgesia arising from repeated noxious stimulation or tissue damage, are present in 

the neonate, and are reflected in withdrawal reflex responses specifically to noxious 

stimuli, by a lowering o f reflex thresholds (Fitzgerald et al 1988, 1989, 1990).

In addition, other studies o f other cutaneous and proprioceptive reflexes in both animals 

(Anggard et al 1961, Bergstrom et al 1962, Ekholm 1967, Bekoff 1981) and human 

infants (Andrews & Fitzgerald 1994a, c, Myklebust et a l 1986) have demonstrated 

exaggerated responses during development. Again, this may be because, at the level o f  

the spinal cord, the connections necessary for the presence o f  these reflexes are fully 

functional, but lacking input from descending inhibitory fibres (Issler & Stephens 1983, 

Fitzgerald & Koltzenberg 1986). However, this has other implications for the study o f  

pain responses in human neonates, in that the threshold for withdrawal reflex responses 

is lower than that o f the older child and adult (Fitzgerald et a l 1988, 1989, Andrews &
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Fitzgerald 1994a), the reflexes being evoked by non-noxious aswell as noxious stimuli. 

That is why it is sometimes difficult to separate neonatal responses to pain from those to 

other stimuli, and why this literature review contains references to studies o f  reflexes 

evoked by touch as well as pain.

Studies involving other structures such as the autonomic and endocrine systems have 

also demonstrated that preterm and full-term neonates are capable o f  mounting a 

response to painful stimuli, although that response reflects immaturity in these systems 

too (Brown 1987, Craig et al 1993, Johnston et al 1995, Anand et al 1987, Anand & 

Hickey 1992). Therefore this introduction continues with a review o f  studies o f human 

neonatal responses to painful stimuli involving all systems, not simply reflex studies. 

There follows a detailed account o f  the anatomical and physiological development o f  

spinal cord structures involved in somatosensory processing, and the literature review  

ends with a section on reflex development.

1.1 A review o f  pain response studies in human neonates

1.1.1 Phvsiological indices

Changes in physiological parameters in response to innocuous and noxious stimuli in 

human neonates have been extensively studied, but are difficult to interpret (Porter 

1989, Craig et a l 1993, McIntosh et al 1994), and may reflect the immaturity o f  

homeostatic mechanisms in the developing autonomic nervous system (Lagercrantz et 

al 1990).

Early studies o f  heart rate as an index o f neonatal responses to noxious stimuli reported
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a consistent pattern o f  acceleration in response to painful stimuli, and deceleration 

following moderate or mild levels o f tactile stimulation (Owens 1984, Porter 1989). 

Repeated noxious stimuli produce a 'sensitization' o f heart rate, in that acceleration 

becomes more marked with successive stimuli (Booth et al 1990, W olf & Porter 1994). 

In a study which included changes in heart rate in response to sham and real heel lance, 

the distinction between innocuous and tissue-damaging events was not always clear as 

there was an increase in heart rate for the 'dummy' as well as heel prick procedures 

(Craig et a l 1993). The authors concluded that heart rate changes reflect a more 

generalized state o f  physiological stress rather than a specific reaction to a noxious 

stimulus. However, a recent study o f preterm infants between 26 and 31 weeks 

postconceptional age did show a difference in maximum heart rate between real and 

sham heel lance, but with the younger neonates responding less robustly (Johnston et al

1995).

Respiratory rate has also been used to monitor responses to a painful stimulus in human 

neonates (Brown 1987, Rawlings et al 1980, Craig et al 1993. Both accelerated 

breathing in response to a noxious stimulus (Brown 1987, Rawlings et al 1980), and 

breath-holding followed by a compensatory period o f accelerated breathing (Craig et al 

1993) have been reported. Nevertheless, the normal physiological variability in 

respiratory rate is so great that it is not really a reliable index o f  neonatal responses to 

painful stimuli (Porter 1989).

Studies o f  the transcutaneous partial pressure o f  oxygen and carbon dioxide in tissue 

(Tcp0 2  and TcpC0 2 ) in response to painful stimuli have also yielded conflicting 

findings. A  decrease in Xcp02 levels in healthy term neonates in response to a painful
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stimulus has been reported, but in preterm infants the results are less conclusive 

(Rawlings et a l 1980, Porter 1989). Craig and coworkers (1993) found no distinction 

between 'dummy' and beel lance for either Tcp02 or TcpC02 levels. There were no 

changes seen during the beel lance procedure or immediately after, but in the recovery 

period, decreases in Tcp0 2  and XcpC0 2  levels were seen.

Oxygen saturation appears to be a better index o f responses to painful events than 

Tcp0 2  or TcpC0 2  levels, because it declines progressively during both 'dummy' and 

beel lance procedures, being lower during beel lance than during any other invasive 

procedure (Craig et al 1993). This finding is supported by other studies (McGrath et al 

1994, Stevens et a l 1994) which also demonstrated a significant drop in oxygen 

saturation from the first to the second beel lance if  multiple beel lances were performed.

Increased variability in these physiological parameters in response to noxious stimuli, 

has been used in one investigation as a measure o f pain in preterm infants (McIntosh et 

al 1994). The authors found that variability in heart rate, respiratory rate, Tcp02, and 

TcpC0 2  (expressed as standard deviation around the mean) were significantly increased 

during a beel lance procedure as compared with 'dummy' and control procedures. The 

advantage o f  this measure is that it uses information which is routinely available at the 

cotside, and the software for analysis is commercially available (McIntosh et al 1994). 

However, variability expressed in this way remains quite a crude measure, and further 

evaluation is necessary o f  its usefulness during the diverse procedures performed on 

preterm neonates in the NICU.
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Significant blood pressure and intracranial pressure changes have been demonstrated in 

response to invasive procedures such as chest physiotherapy and suction, awake 

endotracheal intubation, circumcision, and heel lance (see Porter 1989, Fitzgerald & 

Anand 1993, for reviews). A study o f blood pressure changes during cardiac 

catheterization showed a brief elevation in blood pressure when the infant was strapped 

to the table (non-painful), but the first needle stick for local anaesthetic caused 

significant and more prolonged blood pressure elevation (Koh et al 1993). However, a 

more recent study showed no significant changes in blood pressure on heel lance or 

intravenous line insertion (McGrath et al 1994). The reliability o f  the response 

parameter may be determined in part by the procedure being performed.

The high frequency component o f the heart rate spectrum, which is associated with 

respiratory fluctuations, is said to reflect parasympathetic outflow to the heart (vagal 

tone, H opf et al 1995, Oberlander et al 1995), and has been used to study the neonatal 

stress response to invasive procedures (Porter 1989). Studies on the effects o f  cardiac 

catheterization on vagal tone (Zeltzer et al 1993, Aslam et al 1994), have demonstrated 

a significant decrease in cardiac vagal tone immediately following catheterization. Age, 

and duration o f  catheterization were significantly related to post-cath vagal tone. In 

addition, vagal tone is said to be a more sensitive index o f  stressor load on sick infants 

than either heart rate or blood pressure, and its measurement prior to cardiac 

catheterization can predict physiological reactivity to and recovery from the cardiac 

catheterization procedure (Aslam et al 1994).

However, as vagal tone only reflects the parasympathetic control o f  heart rate, there is a 

need for a measure o f  sympathetic tone to comprehensively reflect the neonatal stress
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response. It was thought that low-frequency spectral power was a marker o f cardiac 

sympathetic modulation in adult humans (Hopf et al 1995), but it is now thought to 

reflect both vagal and sympathetic activity modulated by a variety o f stimuli, including 

low  frequency respiratory activity and the arterial baroreflex (Hopf et al 1995, 

Oberlander et a l 1995). Oberlander and coworkers (1995) studied both low and high 

frequency power spectra in former preterm infants undergoing hernia repair under spinal 

anaesthesia. They found that these measures in combination can provide an indication 

of infant autonomic responses to procedural changes, and that infants are capable o f  

compensatory adjustments which indicate a functionally competent autonomic system  

even at this early stage.

The hormonal and metabolic concomitants o f  the stress response have been used to 

study the effects o f  painful stimuli (Anand et al 1987, Anand & Hickey 1992). Preterm 

infants were capable o f mounting a considerable stress response to surgery performed 

under what was then conventional anaesthesia. Significant changes in plasma and 

urinary hormones were shown to be significantly reduced by the addition o f fentanyl to 

the anaesthetic regimen, and there was a reduced incidence o f  post-operative 

complications in the fentanyl group (Anand et al 1987). A subsequent study compared 

2 groups o f  neonates undergoing cardiac surgery, and found that the group given the 

more comprehensive anaesthetic and analgesic regimen had reduced levels o f beta- 

endorphin, adrenaline, noradrenaline, and glucagon, and there was a reduced incidence 

o f sepsis, metabolic acidosis, DIG, and fewer deaths in this group (Anand & Hickey 

1992). Although these studies are useful in that they look at longer term responses to 

tissue-damaging events, there are many stressors which alter the metabolic response to 

surgery, aswell as pain, and the stress response is not synonymous with pain. In
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addition, the usefulness o f  these parameters as an assessment tool is severely limited 

because the tests are time-consuming to perform, and the results are not available in a 

time frame which enables clinical decision-making for individual patients.

Finally, emotional sweating has been used to determine the state o f  arousal o f newborn 

infants, as a function o f  development and in response to noxious stimuli (Harpin & 

Rutter 1982, 1983, Gladman & Chiswick 1990), either by measuring palmar water loss 

(Harpin & Rutter 1982, 1983), or plantar skin conductance (Gladman & Chiswick 

1990). In infants o f  >37 weeks PC A, both palmar water loss and skin conductance were 

significantly raised in response to heel lance (Harpin & Rutter 1982, Gladman & 

Chiswick 1990), and varied according to the type o f  lancet used (Harpin & Rutter 1983). 

However, emotional sweating is not observed in infants o f <36 weeks PC A, regardless 

o f  the state o f  arousal following a noxious stimulus, and is not clearly associated with 

the infant's state o f  arousal prior to noxious stimulation until 40 weeks PCA (Harpin & 

Rutter 1982, Gladman & Chiswick 1990). This renders it useless as a measure o f  

discomfort for more preterm infants receiving intensive care.

1.1.2 Behavioural indices

As with physiological indices, behavioural indicators o f neonatal responses to both 

innocuous and noxious stimuli have been studied in depth (Franck 1986, 1987, Johnston 

& Strada 1986, Grunau et al 1990, Craig et al 1993, Johnston et al 1993, 1995). 

However, here again, results o f studies are difficult to interpret because o f the 

immaturity o f  the neonatal nervous system (Fitzgerald 1991a, b), the consequent 

inconsistency o f  responses (Andrews & Fitzgerald, in press), and the peculiar 

restrictions o f  the intensive care situation (Porter 1989).
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Studies o f cry as an index o f  the neonatal response to painful stimuli has shown that 

intensity and duration o f cry are the most important parameters to measure, as they both 

increase with increasing intensity o f pain (Owens 1984). The cry o f  preterm infants is 

much more high-pitched with a higher fundamental frequency than that o f  full-term 

infants (Johnston et al 1993), and the authors o f  this study postulate that this is a 

biological mechanism to alert caregivers more acutely to the preterm infant's needs. 

However, cry requires very complex analysis, and is pharmacologically and 

mechanically suppressable in the intensive care situation (for example, by the presence 

o f an endotracheal tube).

Facial expression has demonstrated repeated reliability in studies o f  neonatal pain 

responses (Johnston & Strada 1986, Grunau et al 1990, Craig et al 1993, Johnston et al 

1993, Johnston et al 1995, Larsson et al 1996). There is a cluster o f  facial actions 

denoting pain, comprising brow bulging, eyes squeezed shut, deepening o f naso-labial 

furrow, and open mouth (Johnston & Strada 1986), and these form the basis o f  the 

Neonatal Facial Coding System (NFCS, Grunau et al 1990). In the above studies, the 

specificity o f  response to heel lance was greatest on facial activity measure than on 

other behavioural and physiological indices studied. In the study by Larsson and 

coworkers (1996), the NFCS discriminated between heel lance with a small lancet, a 

large lancet, or venepuncture, as to which was the most painful method o f blood 

sampling in neonates. However, its usefulness as a measure o f  pain may be limited to 

neonates o f  more than 26 weeks postconceptional age, because there is least reactivity to 

heel lance in infants below this age, and the facial activity response does not differ 

significantly from the reactions to non-noxious events (Craig et a l 1993, Johnston et al
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1995). In addition, it does not seem possible to use facial expression as a measure o f  

pain intensity, but simply to record the presence or absence o f pain, since a study by 

Lilley and coworkers (1996), demonstrated that pain intensity ratings as measured by 

the Baby Facial Activity Coding System (FACS) did not result in larger effect sizes 

within the sample.

Aspects o f  body movement have been studied as indicators o f neonatal pain (Franck

1986, Porter 1989, Craig et a l 1993, Grunau et al 1996). Preterm and full-term neonates 

display some very non-specific behaviours, such as squirming or agitation (Franck

1987, Guy & Abbott 1992, Grunau et al 1996), which may be significant indicators o f 

neonatal pain (Porter 1989). They also display specific bodily responses to noxious 

stimuli, such as flexion withdrawal o f an injured limb following a heel lance (see 

section below on cutaneous flexion reflex) (Fitzgerald et al 1988, 1989), and leg 

extension, finger splay, and hand to mouth movements, in response to endotracheal tube 

suctioning, chest physiotherapy, nappy change and nasogastric feeding (Grunau et al

1996). However, the Infant Body Coding System has been shown to be a less effective 

tool in studying neonatal pain responses than the Neonatal Facial Coding System, as 

there is less specificity to painful events on body activity than on facial activity (Porter 

1989, Craig et a l 1993). As with facial activity, the responses o f the most preterm 

infants are the least rigorous, but there is a slight difference in body activity between 

'dummy' and heel lance procedures (Craig et al 1993). The biggest disadvantage in 

using body movement to monitor responses to noxious stimuli in the intensive care 

situation is that it is often mechanically or pharmacologically suppressed, and therefore 

difficult to investigate under normal clinical conditions (Porter 1989).

28



1.1.3 The cutaneous flexion/withdrawal reflex as an indicator o f  neonatal responses to 

tactile and painful stimuli

One tool which has been used to study somatosensory function and seems relatively 

unaffected by factors such as hunger or stress, is the cutaneous withdrawal reflex. It has 

been successfully investigated in the neonatal intensive care environment, and has 

already yielded useful information on human somatosensory development, with and 

without the presence o f tissue injury (Fitzgerald et al 1988, 1989, Andrews & Fitzgerald 

1994a).

In both preterm and full-term human neonates, this reflex can be evoked with low  

intensity mechanical stimuli to the foot (Fitzgerald et a l 1988, 1989, Andrews & 

Fitzgerald 1994a), and has a much lower threshold than the nociceptive flexion reflex in 

the adult human (RIII, Hugon 1973). A low threshold reflex response to tactile 

stimulation has been reported in the adult (RII, Hugon 1973), but it cannot be elicited 

with mechanical stimuli, only with a brief train o f electrical stimuli (Hugon 1973, Wilier 

1977). The threshold o f the withdrawal reflex in the neonate rises with increasing post

conceptional age (PCA, Fitzgerald et al 1988, Andrews & Fitzgerald 1994a), and is 

therefore an interesting index o f somatosensory development.

The threshold o f  the reflex in humans is significantly lowered in the presence o f tissue 

injury o f  the type received during neonatal intensive care (Fitzgerald et a l 1989). It is 

also interesting to note that there is a large difference in threshold between those infants 

who receive intensive care, and those who do not (Andrews & Fitzgerald 1994a), 

although further studies are needed to confirm this effect. Nevertheless, it seems 

possible to use withdrawal reflex threshold changes to monitor the effects o f  trauma on
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the developing somatosensory system.

Another feature o f  the cutaneous withdrawal reflex in human neonates below 30-35 

weeks PCA, is the sensitization which occurs with repeated innocuous stimulation. This 

has been measured both by an increase in the amplitude and number o f  responses with 

decreasing PCA (Fitzgerald et al 1988, Andrews & Fitzgerald 1994a), and by a 

significant drop in threshold following repeated stimulation o f  10-20% (Andrews & 

Fitzgerald 1994a).

Above approximately 35 weeks PC age, habituation to repeated innocuous stimulation 

occurs, characterized by a decrease in the number o f responses and no drop in threshold 

on repeated stimulation (Fitzgerald et a l 1988, Andrews & Fitzgerald 1994a). This is 

more akin to the habituation o f withdrawal reflex responses seen in adults following 

repeated stimulation at regular intervals (Dimitrijevic & Nathan 1970, Dimitrijevic et al 

1972), although Hugon (1973) has reported sensitization occurring in adults, but only in 

response to noxious stimulation. The point o f  interest here is that, in the human 

neonate, non-noxious stimulation produces sensitization.

The receptive field for the withdrawal reflex in the human neonate occupies the same 

area as that o f  the flexor reflex in the adult cat and rat, extending from the toes to the top 

o f the thigh and buttock (Sherrington 1910, W oolf & Swett 1984, Andrews & Fitzgerald 

1994a). In the human neonate, as in the adult cat (Sherrington 1910) and rat (W oolf & 

Swett 1984), there is also a graded distribution o f  thresholds within the receptive field, 

with a 'hotspot' o f maximum sensitivity on the plantar surface o f  the foot, and a decrease 

in sensitivity progressing up the leg towards the knee (Andrews & Fitzgerald 1994a).
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However, there is far more uniformity o f threshold within the receptive field in the 

younger neonates (below 35 weeks PCA), and overall, the thresholds within the 

receptive field are lower in this age group (Andrews & Fitzgerald 1994a).

Despite the preceding phenomena which are indicative o f a higher level o f  excitability 

in the neonatal spinal cord, there is evidence that segmental, as opposed to descending, 

inhibitory mechanisms are well-established. The withdrawal reflex in the human 

neonate is clearly inhibited by non-noxious contralateral stimulation, even in infants 

from as young as 27.5 weeks PCA onwards (Andrews & Fitzgerald 1994a). The 

responses are similar across all PC ages up to full-term. Contralateral inhibition has 

been clearly observed in spinal adult rats, in response to both noxious stimuli involving 

AÔ and C-fibres, and non-noxious stimuli involving Ap fibres (Fitzgerald 1982). The 

former type o f  inhibition appears to be more powerful in the adult (Fitzgerald 1982), but 

this seems not to be the case in the neonate (Andrews & Fitzgerald 1994a).

From these observations, it can be seen that the withdrawal reflex has provided some 

valuable information on somatosensory processing at spinal cord level in human 

neonates. However, the observations have been quite rudimentary, and there is a need, 

not only for more quantitative data on the withdrawal reflex in neonates, but also for 

more information on the development o f basic spinal cord pathways in humans and in 

animals. Studies on the involvement o f  the spinal cord in somatosensory processing in 

the adult, in both humans and animals, have revealed not only that the withdrawal reflex 

is a useful index o f spinal cord excitability (Chan & Dallaire 1989, W oolf 1983, 1984, 

W oolf & Wall 1986), but that the spinal cord itself is an important site o f  modulation o f  

somatosensory signals (Delwaide et al 1981, Le Bars & Chitour 1983, Cook & W oolf
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1985, Schouenborg et al 1992). From studies already conducted, it is clear that these 

observations are also true in the neonate, which is why the withdrawal reflex is such an 

important area o f study in this age group.

1.2 The development o f neural pathways underlying responses to sensory stimuli in 

neonates

The characterization o f somatosensory pathways, particularly in the human spinal cord 

during development, has been hard to achieve, mainly because standard anatomical 

tracers must be actively transported, which requires living tissue (Konstantinidou et al 

1995). However, the more recent use o f intensely fluorescent lipid-soluble tracers, as 

were used in the aforementioned study, has largely dealt with this problem in the case o f  

circuits which can be traced over short distances. Nevertheless, many o f the findings in 

the ensuing sections come from studies which predate this development, and therefore 

have to be viewed with a critical eye, as some o f the staining methods may have been 

selective, and therefore the observations not entirely reliable. This is why a review o f  

human studies is accompanied by reports o f animal data, particularly from the rat, in 

order to compensate in part for the relative paucity o f  information on human 

somatosensory development.

Although the rat is bom at a more immature stage o f development than the human after 

a gestation period o f  21.5 days, comparison o f nervous system development in newborn 

laboratory rats and humans has shown that the first postnatal week o f the rat 

approximately corresponds to 24 weeks gestation to full-term (40 weeks) in humans 

(Dobbing 1981, Fitzgerald et al 1988, Fitzgerald 1991a). However, there are some 

important inter-species differences. By the time a rat is bom, many o f  the basic sensory
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and motor connections at the segmental level in the spinal cord have already been 

established (Fitzgerald et al 1988, Altman & Bayer 1984). However, considerable 

maturation occurs postnatally (Fitzgerald et al 1991, Fitzgerald & Anand 1993). In 

contrast, although this is also true in the human, some segmental sensory and motor 

connections in the spinal cord are established much earlier in fetal life. Connections 

between sensory fibres and spinal cord intemeurons in the human embryo are formed at 

8 weeks PCA, Okado & Kojima 1984), at which point axodendritic contacts can also be 

seen in the marginal zone o f the spinal cord, using electron microscopy (Rizvi et a l 

1986). At the same time, a few afferent fibres have also reached the motor pools 

(Konstantinidou et al 1995). Simultaneously, ventral commissural fibres are 'well- 

formed' at the cervical level (Windle & Fitzgerald 1937), and the ventral nerve roots are 

present throughout the spinal cord at 8.5 weeks PCA (Humphrey 1964). However, the 

presence o f  structures anatomically does not necessarily mean that they are functional, 

and there appears to be a prolonged developmental delay until the neural circuitry is 

fully established (Rizvi et al 1986, 1987, Konstantinidou et al 1995), and it isn’t until 

25 weeks PCA that multisynaptic contacts are formed in the dorsal horn o f  the spinal 

cord (Rizvi et al 1986). Nevertheless, it appears that fully mature anatomical 

connections are not necessary to elicit reflexes, the first occurring in a primitive form in 

the upper extremity at 10.5 weeks PCA (Hooker 1958).

In the following account o f the development o f specific components o f  the peripheral 

and central nervous system concerned with processing and responding to sensory 

stimuli, the anatomy and then the physiology o f these structures w ill be considered, first 

in the human and then in the rat and other animals.
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1.2.1 Development o f  peripheral primary sensory terminals

1.2.1.1 Anatomical development

In the human fetus, the epidermis is derived from the fetal periderm which consists o f  

simple cuboidal epithelium and is evident as early as the second month o f  fetal life 

(Tortora & Grabowski 1993). From 18 weeks PCA, the periderm is shed into the 

amniotic fluid, revealing the stratum comeum o f the underlying epidermis (Rutter 

1988). Although the stratum comeum is completely formed by 26 weeks PCA, it 

requires the third trimester for its maturation, and particularly before 28 weeks is poorly 

keratinized, being only one cell layer thick (Rutter 1988). By 32 weeks though, 

epidermal development is almost complete, and the epidermis o f  a term infant has the 

same appearance as that o f an adult (Evans & Rutter 1986).

There is evidence o f cutaneous innervation in the human fetus as early as 8 weeks, when 

nerve fibres are seen approaching the epithelium o f the lips (Humphrey 1964). By 10.5 

weeks PCA, Cauna & Mannan (1961) have reported that nerve branches are Very 

closely related' to the epidermis in the upper extremity. However, the studies cited here 

used silver staining methods, which do not reveal sufficient morphological differences 

to determine the specific fibre populations involved in this early innervation. 

Nevertheless, by 12.5 weeks, pacinian corpuscles are beginning to develop (Cauna & 

Mannan 1959), but are not fully functional until 24 weeks PCA when they have been 

shown to have abundant cholinesterase activity (Beckett et al 1956). By 14.5 weeks 

PCA in the upper limb, the nerve fibres have retreated and form a mesh at the base o f  

the epidermis (Cauna & Mannan 1961). Free nerve endings and Merkel cells have been 

reported at the base o f the epidermis by 20 weeks PCA (Hewer 1935, Szymonowicz
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1933), and Meissner's corpuscles by 24 weeks PCA (Szymonowicz 1933), although they 

are not fully functional until 28 weeks PCA (Beckett et al 1956).

In the term neonate, all nerve endings which are found in the adult are present, but 

Meissner's corpuscles are not as complicated as they are in the adult (Hewer 1935). 

This is true o f  both the lower and upper extremities, although development o f  skin 

innervation occurs slightly later in the lower than in the upper extremity (Humphrey 

1964).

Much more recently, the development o f hair follicle innervation has been studied in 

human abdominal skin, using a silver stain which detects large and medium calibre 

cutaneous nerve fibres (Payne et a/ 1991). At 18 weeks PCA, the authors found 

occasional nerve fibres running in the dermis and hypodermis, and here again, the 

principle o f developmental delay seems to operate, in that further maturation occurs 

later, just prior to 2 2  weeks, when larger nerve bundles were found in the dermis and 

hypodermis, with branches from these beginning to organise themselves round hair 

follicles but still not contacting them. Hair follicle innervation was not found to be 

complete until 35 weeks PCA, and at this time free nerve endings were also found at the 

base o f  the epidermis (Payne et al 1991). This study compares human with rat hair 

follicle innervation, and the authors point out that the main difference between these 2  

species lies in the final follicular density, which in the human is decreased by skin 

growth which occurs following the completion o f follicle growth at between 22 and 27 

weeks PCA (Payne et a l 1991).

According to early studies, again using silver staining methods, axon or terminal
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withdrawal may also play a part in the development o f  cutaneous innervation in the 

human fetus. It has been shown that the number o f intra-epithelial fibres in the finger- 

pad epidermis o f  the human fetus is greatly reduced at 32 weeks PCA (Perez & Perez 

1932), and Boyd & Hughes (1960) noted the penetration o f  human fetal epithelia at 

various sites by 'aberrant' nerve fibres which cannot be found after birth. However, this 

reported phenomenon may not be due to their disappearance altogether, but to the 

dilution o f  follicular density by an increase in relative surface area due to skin growth, 

as reported above (Payne et al 1991), or alternatively to the selective nature o f  the 

staining methods used, which may not have been able to detect fibres o f  different 

morphological types (Cauna & Mannan 1961).

There seems to be wide variation in the onset o f myelination in different areas o f  the 

human peripheral nervous system. There is no evidence o f  myelination o f  cranial or 

spinal nerves at 7.5 weeks PCA when the first reflex appears following perioral 

stimulation (Langworthy 1933, Lucas Keene & Hewer 1931). However, at 13 weeks, 

myelination begins in the ulnar nerve (Gamble 1966), and in the vagus (Wozniak & 

O'Rahilly 1981) and phrenic (Wozniak et al 1982) nerves at 16.5 and 17.5 weeks 

respectively. Myelination continues throughout fetal life, and postnatally even up to the 

second decade (Yacovlev & Lecours 1967).

In the rat, the outgrowth o f  nerves from the spinal cord, and the subsequent development 

o f  skin innervation, has been studied using a variety o f different anatomical methods 

(MJT Fitzgerald 1966, Ziskind-Conhaim 1988a, Payne et al 1991, Reynolds et al 1991, 

Coggeshall et al 1994, Mimics & Koerber 1995a). Outgrowth o f  intercostal nerves 

from the spinal cord has been observed at embryonic day 13 (E l 3, Ziskind-Conhaim
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1988a), using electron microscopy. In a later study which used GAP-43 

immunostaining as a specific marker o f axonal growth (Reynolds et al 1991), GAP-43 

was first detected in lumbar spinal nerves at E l2 as the axons grew to the base o f  the 

hindlimb. A  waiting period o f 36 hours is then observed when the axons remain in the 

plexus region at the base o f the limb bud before forming peripheral nerves at E l4 . 

GAP-43 staining is very intense at this time, and remains so along the length o f  the 

growing nerves, the cutaneous branches o f which are the first to branch away from the 

plexus towards the skin, penetrating the epidermis o f the proximal skin at E l5 

(Reynolds et a l 1991, Coggeshall et al 1994). By the end o f the embryonic period, the 

cutaneous plexus o f  myelinated fibres densely innervates the epidermis, reaching a peak 

around the- time o f birth, and retreating sub-epidermally in the postnatal period 

(Reynolds et a l 1991, Coggeshall et al 1994). This process is accompanied by the 

growth o f  thin unmyelinated axon terminal branches up into the epidermis (Reynolds et 

al 1991). A lso at this time, a thinning o f the epidermis has been observed (MJT 

Fitzgerald 1966). This pattern is similar to that seen in the human, albeit on a different 

time scale.

When the development o f peripheral projections was mapped using carbocyanine dyes, 

outgrowth from the lumbar ventral horn and dorsal root ganglia was also observed at 

E l2 (M imics & Koerber 1995a). However, the 36-hour waiting period observed in the 

former study does not feature, and both sensory and motor fibres are seen exiting the 

plexus simultaneously, even though cutaneous fibres invariably display more extensive 

ramifications in the skin than proprioceptive afferents in muscle. This, and some other 

differences between these 2 studies (Reynolds et al 1991, and Mimics & Koerber 

1995a), concerning the timing o f other events in peripheral innervation, may be due to
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the 2 different methods used to visualize developing nerve fibres. M imics & Koerber 

(1995a) report that by E l4, afferent fibres are present in the epidermis o f  the proximal 

hindlimb, when the main nerve trunks extend into the leg. The paw is innervated by 

E14.5-15, and the distal toes by E16-16.5 (Mimics & Koerber 1995a), a mature 

dermatomal pattem o f innervation being established by E l6 , with substantial overlap 

only occurring between adjacent dermatomes. However, Reynolds and coworkers 

(1991) report the arrival o f fibres at the distal toes at E l9, and Coggeshall and 

coworkers (1994), using the same GAP-43 method, report that peripheral target 

innervation is only complete at birth. Mimics & Koerber (1995a) suggest that GAP-43 

concentrations may need to reach a threshold level for detection, whereas carbocyanine 

dyes do not, thus allowing for the visualization o f small numbers o f  fibres and their 

arborizations in the epidermis (Mimics & Koerber 1995a). However, GAP-43 

immunostaining does preferentially label growth cones, and since these lead the 

growing axons, those using this method assert that all axons are indeed labelled and a 

relatively precise picture o f peripheral innervation is obtained (Coggeshall et al 1994).

When the development o f  sensory innervation in the peripheral hindlimb using GAP-43 

immunostaining, is observed in relation to cell death in the L4 dorsal root ganglion 

(DRG, Coggeshall et al 1994), it is found that cell death there occurs from E l5 to just 

after birth, peaking at E l 7-El 9. Therefore, prenatal cell death does not correlate well 

with the development o f  peripheral innervation by primary sensory axons as mapped 

using GAP-43 immunostaining, but it does correlate well with the innervation o f the 

spinal cord by central sensory axons (Coggeshall et al 1994).

Sympathetic innervation follows sensory innervation, being restricted to the hypodermis
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at birth, then progressing to dermal vessels and piloerector muscles at the end o f the first 

postnatal week in the rat (Schotzinger & Landis 1990). The adult pattem o f sympathetic 

innervation is not present until the third postnatal week in the rat (Reynolds & 

Fitzgerald 1995).

Myelination o f  peripheral nerves in the rat appears to be completed over a much shorter 

time scale than in the human. When peripheral nerves emerge from the spinal cord at 

E12-13, they are surrounded by a few Schwann cells (Ziskind-Conhaim 1988a). At 

E l7-18 Schwann cells proliferate and extend their cytoplasm into the peripheral nerve 

bundles thus subdividing the nerves, but individual axons do not become invested in 

Schwann cell cytoplasm until birth, when myelination is properly begun (Ziskind- 

Conhaim 1988a). It is completed 3 weeks after birth when the ratio o f myelinated to 

unmyelinated axons attains its adult value (Ziskind-Conhaim 1988a).

1.2.1.2 Phvsiological development

The physiological development o f  peripheral primary afferent terminals in the human 

fetus has been studied mainly using reflex responses to skin stimulation, but the validity 

o f  the data from some o f  these earlier studies is in question because they were obtained 

from fetuses which were undergoing progressive anoxia, having been exteriorized prior 

to termination (Humphrey 1964, Humphrey & Hooker 1959). Nevertheless, the first 

response to skin stimulation has been reported to occur at 7.5 weeks PCA in the perioral 

region, and involves afferents from the trigeminal ganglion (Humphrey 1964). Reflex 

responses to skin stimulation are obtained from the palm o f the hand at 10.5 weeks PCA 

(Humphrey 1964). Although sensitivity to skin stimulation begins around the mouth, 

the spread o f skin sensitivity to more distal regions does not appear to follow a
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progressive pattem. So the cutaneous areas which become sensitive next are those 

which develop the greatest number and varieties o f specialized receptors in postnatal 

life, namely the palm o f  the hand, the sole o f the foot and the genital region (Humphrey 

1964). Nevertheless, it seems obvious from studies on cutaneous innervation in the 

human fetus that fully-formed sensory terminals are not necessary for the evocation o f  

reflexes since cutaneous terminal formation is certainly not complete before 28 weeks 

PCA (Hewer 1935, Beckett et a l 1956), and in the case o f Meissner’s corpuscles, not 

before term (Hewer 1935).

In the rat, peripheral terminals o f  primary afferents have defined receptive fields and 

respond to cutaneous stimulation from E l7, even when specific sensory end-organs in 

skin have not yet become fully differentiated (Fitzgerald 1987c). However, this 

differentiation and innervation o f  specific end-organs, such as hair follicles, leads to 

amplified and more sensitive responses, but this does not occur until postnatal day 7 in 

the rat hind limb (Payne et al 1991). It is possible to record from peripheral terminals o f  

polymodal nociceptors from birth (PO, Fitzgerald 1987a). These terminals are 

completely mature in their firing frequencies and response patterns to noxious thermal, 

mechanical, and chemical stimuli from this time (Fitzgerald 1987a). They mature 

earlier than low  threshold A(3 afferent terminals, anatomically and neurochemically, as 

shown by the presence in them o f  substance P and Fluoride-resistant-acid-phosphatase 

(FRAP) (Fitzgerald & Gibson 1984). However, while their receptor properties mature 

early, other aspects o f their function are delayed. Neurogenic oedema, a C fibre- 

mediated inflammatory reaction in the skin, does not occur until postnatal day 11 in the 

rat pup (Fitzgerald & Gibson 1984). This unlikely to be due to failure o f  release o f  

vasoactive peptides because intradermal substance P, histamine, or bradykinin are also
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unable to produce cutaneous plasma extravasation until postnatal day 13 (Gonzales et al

1991), suggesting immature receptor mechanisms. The delayed maturation o f  

sympathetic innervation may also be a contributory factor.

Incomplete myelination is also a factor in the immature physiological properties o f  

peripheral nerves during development in the rat. The process o f  nerve bundle 

subdivision and myelination produces increasing complexity in the shape o f  

extracellularly-recorded complex action potentials, indicating differentiation between 

axons in terms o f threshold and conduction velocity, as a result o f myelination 

(Ziskind-Conhaim 1988a), and as a result o f changes in fibre diameter (Westerga & 

Gramsbergen 1994). The development o f  myelination, as in the human, although on a 

shorter time scale, is accompanied by a two-fold increase in nerve conduction velocity 

from birth to 3 weeks postnatal age (Ziskind-Conhaim 1988a). Myelination in the 

peroneal nerve has also been studied in normal and experimentally growth-retarded fetal 

sheep (Rees et al 1989), and this study showed that there is a deficit o f  large myelinated 

fibres in the growth-retarded fetuses which produces a significant slowing o f whole 

nerve conduction velocity compared to that in control fetuses.

1.2.2 Development o f dorsal root ganglion sensorv neurons

1.2.2.1 Anatomical development

There is a dearth o f information on the development o f dorsal root ganglia in the human, 

but these neuronal cells are formed from embryonic neural crest cells which consist o f  

neuroectodermal cells and lie along the dorsolateral borders o f  the neural tube (Barr & 

Kieman 1988). At first, sensory neurons are bipolar, but the cells assume the
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pseudounipolar appearance o f  the mature sensory neuron soon after their ontogenesis 

(Barr & Kieman 1988).

More information is available on the development o f peptide and amine 

immunoreactivity in the developing human dorsal root ganglion (DRG, Chamay et al 

1983, 1987, Marti et al 1987). Somatostatin-like immunoreactivity has been observed 

as early as 9 weeks PCA (Chamay et a l 1987, Marti et a l 1987). A progressive increase 

in immunolabelled cells occurs throughout fetal life with the highest density at the 

lumbosacral level (Chamay et al 1987). Substance P-like immunoreactivity has been 

observed from 12 weeks PCA and is present throughout fetal life in DRG neurons, 

although at a lower density than in the superficial layers o f the spinal dorsal hom  

(Chamay et a l 1983). There is an increase in the numbers o f somatostatin- and 

substance P-immunoreactive cells in the DRG around the time o f birth at 40 weeks 

PCA, and calcitonin gene-related peptide- (CGRP) and galanin-immunoreactive cells 

are also detected in increasing numbers in the DRG at this time (Marti et al 1987).

There is more information on the development o f  primary sensory neurons in the DRG 

in the rat. Lumbar DRG neurons are bom between E l 1 and E l2 (Lawson et al 1974). 

As in the human, the cells undergo morphological changes during development, starting 

life as bipolar cells and becoming pseudounipolar early in development (Takahashi & 

Ninomiya 1987). By the first postnatal day, only 5% o f  DRG neurons are bipolar. The 

transition from bipolar to unipolar cells does not occur because o f the fusion o f  the 2  

processes, but is caused by the elongation o f cell body cytoplasm (Takahashi & 

Ninomiya 1987).
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As has been mentioned in section 1.2.1.1, cell death, at least in the rat L4 dorsal root 

ganglion, occurs from E l 5 to just after birth, peaking at E l 7-E l 9 (Coggeshall et a l 

1994). Nevertheless, surviving cell numbers rise steadily to birth, indicating that cell 

proliferation more than compensates for cell death over this period. The greater 

proportion o f cell death in the rat L4 dorsal root ganglion occurs prenatally, and seems 

to be controlled by local or central rather than peripheral factors, the latter only exerting 

their influence postnatally to determine the final numbers o f  mammalian sensory 

neurons (Coggeshall et al 1994). In the same study, the authors report a 16% drop in 

cell numbers postnatally, which they say seems relatively late, both in terms o f normal 

development and relative to cell death. The drop is also smaller than that previously 

reported in other species (Hughes & Carr 1978), which may be indicative o f species 

differences, or o f  the different counting methods applied by Coggeshall and coworkers. 

The data in this study are also suggestive o f  2 phases o f  cell death, an early one 

involving large light cells, and a late one involving small dark cells.

CGRP-, galanin-, somatostatin-, and substance P-immunoreactive cells are present in 

the DRG from embryonic day 17 in the rat, but their numbers increase around the time 

o f birth (E21.5, Marti et al 1987). In the fetal sheep, immunoreactivity for CGRP, 

substance P, and glutamate appears in the cells and fibres o f  the DRG at 97-100 days 

(term = 1 4 6  days), a long time after its appearance in the dorsal hom  (56-61 days), and 

also after the appearance o f CGRP and substance P immunoreactivity in the skin, at 85 

days (Nitsos & Rees 1993). The appearance o f  these substances in the DRG seems 

relatively early in embryonic life compared to the rat, but this may be because the sheep 

is bom at a relatively more mature stage o f development. In the chick, substance P- and 

CGRP-immunoreactivity are seen from E5 and ElO respectively, but only in small
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neurons in the medial part o f the ganglion which send processes to the superficial 

laminae o f  the spinal cord dorsal hom, whereas neurons in the lateral part o f  the 

ganglion are negative for these peptides (New & Mudge 1986). This suggests that there 

is a functional distinction between the mediodorsal and ventrolateral zones o f  the 

ganglion which are apparent throughout the development o f  the chick DRG (New & 

Mudge 1986). In contrast to the rat, somatostatin-immunoreactivity is not seen at any 

stage o f  development in the chick DRG (New & Mudge 1986).

1.2.2.2 Phvsiological development

There does not appear to be data available on the physiological development o f  primary 

sensory neurons in the human, for obvious reasons. However, plentiful information is 

available on their development in the rat and other species (Fitzgerald & Fulton 1992). 

Action potentials in response to injected current can be generated from rat lumbar DRG 

neurons in situ as early as E l2 (Fitzgerald & Fulton 1992), although the precise time o f  

onset o f electrical excitability is not known. In the fetal sheep, the earliest age at which 

extracellular discharges can be evoked in dorsal root ganglion cells by natural 

cutaneous stimulation is 75 days (Rees et a l 1994). This occurs at the same time or just 

after peripheral nerves first innervate the skin, and about 2  weeks after primary afferent 

terminals are identified in the dorsal hom (Rees et al 1994). At first, the majority o f  

DRG cells respond to light stroking or indentation o f the skin, although some cells have 

higher thresholds and respond to intense squeezing. Interestingly, with increasing 

gestational age, the majority o f  cells continue to respond to low  threshold stimuli, with 

cells responding to intense mechanical stimuli being recorded less frequently (Rees et al 

1994).
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The distinction between different classes o f  DRG neurons which is apparent in the adult 

becomes obvious during postnatal development in the rat, when the soma membrane 

properties o f  A-fibre cells change as the conduction velocity o f  their axons increases 

during myelination, whereas C-fibre cells retain the same soma membrane properties 

which they' had at birth, and their axons show only a slight increase in conduction 

velocity (Fulton 1987). A-fibre cells become further differentiated as postnatal 

development proceeds into high and low threshold cells, and this is denoted by changes 

in the shape and current composition o f their action potentials (Rose et al 1986, Koerber 

et al 1988).

In prenatal development in the rat. Gap-junction-mediated cell coupling between 

sensory neurons is much more common than in adult life (Fulton et a l 1980). However, 

this coupling declines from E15-E16, and is uncommon even in the postnatal period 

(Fulton 1988, 1992).

Another feature o f embryonic DRG cells in the rat which declines markedly with age, is 

their spontaneous background activity. This phenomenon is not seen in neonatal or 

adult DRG cells and ranges from 0.5-2.0 Hz (Fitzgerald 1987c). Spontaneous 

background firing begins at E l 6  and reaches its peak at E l 8 -E l 9. It is almost absent at 

birth (Fitzgerald 1987c).

1.2.3 Development o f  central primarv afferent terminals and their connections

1.2.3.1 Anatomical development

As was mentioned at the beginning o f section 1.2, the development o f  spinal cord
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circuitry in the human has not been extensively studied because standard anatomical 

tracers must be actively transported, 'which requires living tissue. However, this 

problem has been partly solved by the introduction o f intensely fluorescent lipid-soluble 

tracers, which enable the tracing o f connections over short distances (Konstantinidou et 

al 1995).

At 7.5 weeks PCA, primary afferents are seen at the lateral end o f  the dorsal funiculus 

o f the spinal cord (Okado & Kojima 1984), and by 8 weeks PCA, they are seen in the 

gray matter o f the spinal cord (Okado & Kojima 1984, Konstantinidou et al 1995). 

Connections between primary afferents and dorsal hom intemeurons are also made at 

this time (Okado & Kojima 1984). Some axons, considered to be spindle afferents, 

have already reached the motor pools at 8 weeks PCA, having traversed the length o f  

the gray matter in bundles (Konstantinidou et al 1995). As development proceeds, these 

axons project to the ventral hom and send branches to the intermediate zone aswell as 

to the motor pools (Konstantinidou et al 1995). Between 11 and 19 weeks PCA, 

afferent fibres which project to the ventral hom form synaptic connections with both the 

somata and proximal dendrites o f motoneurons (Okado & Kojima 1984, Konstantinidou 

et al 1995). Concurrently with the development o f  afferents projecting to the ventral 

hom, other groups o f axons penetrate the gray matter all along the mediolateral extent o f  

the dorsal hom, descending to lamina IV and subsequently tuming upwards to terminate 

in laminae III and IV (Konstantinidou et al 1995).

There have been many more studies conducted on the development o f the primary 

afferent projection to the spinal cord in the rat and other species (Thor et al 1982, Smith 

1983, Fitzgerald 1985, 1987b, 1988, Mendelson & Frank 1991, Fitzgerald et al 1994,
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Seebach & Ziskind-Conhaim 1994, Mimics & Koerber 1995b). In the rat, primary 

afferents penetrate the gray matter o f  the lumbar spinal cord at E l 5 at which time they 

are confined to the segments o f entry (Ziskind-Conhaim 1990, Mimics & Koerber 

1995b). The growth o f  fibres into the gray matter o f adjacent segments begins one day 

later at E l 6 , and this pattem o f one day's delay is continued for each successive segment 

(M imics & Koerber 1995b). Monosynaptic connections between primary afferents and 

lumbar motoneurons are established at E17-18 (Kudo & Yamada 1987, Ziskind- 

Conhaim 1990). At E l9, putative small-diameter axons grow into the substantia 

gelatinosa and display the same rostrocaudal delay (Mimics & Koerber 1995b). Both 

the C and Aô classes o f  small-diameter afferents produce terminals in the substantia 

gelatinosa just prior to birth (Fitzgerald 1987b), although C-fibres do not form mature 

synaptic connections there until the end o f the first postnatal week (Fitzgerald 1985, 

1988).

The neurochemical development o f C fibre terminations in the rat spinal cord has been 

investigated using substance P (SP) and fluoride-resistant acid phosphatase (FRAP) as 

specific C-fibre markers (Fitzgerald & Gibson 1984, Pignatelli et al 1989). These 

studies have shown that Substance P is present in the spinal cord from birth, and FRAP 

from within 12 hours o f  birth (Fitzgerald & Gibson 1984, Pignatelli et al 1989). The 

adult neurochemical appearance o f  C-fibre terminals in the dorsal hom is established 

between postnatal days 6  and 8 (Fitzgerald & Gibson 1984, Pignatelli et al 1989).

Studies in the rat using a variety o f  different methods, including horseradish peroxidase 

conjugated wheat-germ agglutinin (WGA-HRP), which is transported preferentially by 

C fibres (Fitzgerald & Swett 1984), horseradish peroxidase conjugated to choleragenoid
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(B-HRP) which preferentially labels A fibres (Fitzgerald et al 1994), and carbocyanine 

dyes (Mimics & Koerber 1995b) have found that the ingrowth o f  primary afferent fibres 

into the lumbar spinal cord is specific and occupies the somatotopic area appropriate for 

the adult. The organisation o f the presynaptic neuropil in laminae III and IV does not 

change significantly during development (Mimics & Koerber 1995b), and the 

somatotopic arrangement o f A-fibre afferent terminals in the dorsal hom is also 

established early in development, although at first, A-fibre terminals project throughout 

laminae I-V, including in lamina II (substantia gelatinosa, Fitzgerald et al 1994). This 

pattem o f widespread termination is observed until the end o f  the third postnatal week, 

after which time the A-fibre terminal field becomes restricted to its normal sites in 

laminae III and IV (Fitzgerald et al 1994). Thor and coworkers (1982), in a study o f  

pudendal nerve afferent (PNA) projections to the sacral spinal cord in the cat, similarly 

found that,’ in the neonatal cat, the terminal field o f  these afferents is substantially 

expanded compared to the adult. This is especially tme on on the side o f the cord 

contralateral to the labelled fibres, where there is substantial labelling in laminae I, V  

and VI, areas which are normally only sparsely labelled in the adult. This phenomenon 

is also evident ipsilaterally, with increased labelling in lamina I on the lateral border o f  

the dorsal hom, extending into laminae V and VI (Thor et a l 1982).

In a study o f  muscle afferent fibre projections to the rat thoracic spinal cord. Smith 

(1983) found that the projection o f primary afferents in the dorsal and ventral rami to 

the ipsilateral and contralateral dorsal homs was appropriate from the very outset. 

However, in a study o f  monosynaptic muscle afferent projections to motoneurons in the 

rat lumbar spinal cord, Seebach & Ziskind-Conhaim (1994) found that at E l 8-21, 30% 

o f motoneurons were innervated by primary afferents o f antagonistic muscles. These
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functionally inappropriate synapses persisted at birth, but their percentage was 

significantly reduced within 3-5 days after birth (Seebach & Ziskind-Conhaim 1994).

Finally, in an investigation o f  the development o f monosynaptic connections in the 

lumbosacral cord o f  the chick embryo, Mendelson & Frank (1991) found that 

connections are formed between afferents and motoneurons o f  synergistic but not 

antagonistic or functionally unrelated muscles. Furthermore, as functional activity 

between afferents and motoneurons had been blocked with c?-tubocurarine (Dtc), the 

specificity o f  these connections is not dependant on normal patterns o f  neuronal activity 

or motoneuronal cell death, both o f which are blocked when Dtc is administered 

(Mendelson & Frank 1991). Conversely, in another study examining the same 

projections in the chick embryo, and also using neuromuscular blocking agents, a 

widespread pattem o f excitatory connections between afferents and motoneurons o f  6  

thigh muscles was found which were not organised in synergist-antagonist patterns (Lee 

& O'Donovan 1991).

1.2.3.2 Phvsiological development

In the human, it is obviously difficult to study the development o f  physiological activity 

in the central terminals o f  different classes o f primary afferent fibres. However, the 

onset o f  reflex activity has been studied in the human (Humphrey & Hooker 1959, 

Humphrey 1964), and will be reviewed in more detail in an ensuing section (see section 

1.3).

In the rat, the onset o f functional central primary afferent connections has been studied 

largely in vitro in isolated spinal cord preparations (Saito 1979, Kudo & Yamada 1987).
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It appears that, in the rat as in the human (Okado & Kojima 1984), connections are first 

formed between primary afferent fibres and intemeurons, so stimulation o f  the L4 dorsal 

root evokes what is probably a polysynaptic reflex in the ventral root beginning at E l5.5 

(Saito 1979, Kudo & Yamada 1987). Long-latency excitatory postsynaptic potentials 

(EPSPs) are first recorded from motoneurons in response to dorsal root stimulation at 

E l6  (Ziskind-Conhaim 1990). Primitive monosynaptic reflexes are observed first at 

E l7.5 (Saito 1979), and their latency is markedly shortened between then and E l8.5 

(Kudo & Yamada 1987). A more detailed account o f  reflex development in the rat is 

given in an ensuing section (see section 1.3). In the fetal sheep, functional connections 

between central primary afferent terminals and dorsal horn cells are evident after mid

gestation at 92 days (Rees et al 1991).

In the postnatal period, Ap fibres evoke spikes o f electrical activity in both the 

superficial and deep laminae o f the dorsal horn from day 0 (PC, Fitzgerald 1988). 

However, although an afferent volley attributable to small diameter fibres (Aô and C) 

can be detected from P2, it cannot evoke spikes in dorsal horn cells until 1 week later at 

P9 (Fitzgerald 1985, 1988). Nevertheless, before that, this small-diameter afferent 

volley can. produce long-lasting sub-threshold depolarisations in the dorsal horn 

(Fitzgerald 1985, Nussbaumer er al 1989), and sensitization to subsequent stimuli 

(Fitzgerald 1987b).

The neurochemical maturity o f C-fibre afferent connections in the spinal cord o f  the 

neonatal rat has been studied using flexion reflex responses to mustard oil, which is a 

specific C-fibre irritant (Fitzgerald & Gibson 1984). The authors found that mustard oil 

could not elicit flexion reflex responses until P I0-11, and neurogenic oedema, a C-fibre-
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mediated inflammatory reaction, did not occur until PI 1.

1.2.4. Development o f the dorsal horn

1.2.4.1 Anatomical development

There is a dearth o f  literature on the anatomical development o f the dorsal horn in the 

human. However, a study looking particularly at the development o f  the spinal 

substrate for nociception showed that lamination is present in the dorsal horn by 13-14 

weeks PCA (Rizvi et al 1987). Projection neurons and intemeurons are present in the 

marginal zone (lamina I), islet, stalked, and multipolar cells in the substantia gelatinosa 

(lamina II), and multipolar and antenna cells in the deeper zones (Rizvi et a l 1987).

The formation o f transmitter/receptor systems in the dorsal horn also begins very early 

in human fetal development (Chamay et al 1984, Shen et al 1994). Somatostatin-like 

immunoreactivity is seen in the marginal zone and substantia gelatinosa o f  the dorsal 

horn as early as 9 weeks PCA, although there is a progressive increase in 

immunolabelled fibres in all areas o f the dorsal gray matter throughout the rest o f  fetal 

life (Chamay et al 1987). Enkephalin-like immunoreactive fibres have been detected in 

the lateral funiculus o f the human fetal spinal cord at 10 weeks PCA (Chamay et al 

1984). However here again, there is a progressive increase in the number o f  these 

fibres, particularly in the superficial dorsal hom, as gestation proceeds (Chamay et al

1984). Neuropeptide Y-immunoreactive neurons are also seen at 10 weeks PCA (Shen 

et al 1994). At first, these cells are localized in laminae I and II o f  the dorsal gray 

matter. However, as the age o f the fetuses increases, the number o f cells increases also 

and the region containing positive neurons extends from the superficial to deep layers
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(laminae III and IV), being finally concentrated in the intermediate zones o f  the thoracic 

and sacral segments, the areas corresponding to the developing autonomic centres (Shen 

et al 1994). Substance P (SP) immunoreactivity has been detected in the superficial 

layers o f  the dorsal hom from 12 weeks PCA, and punctiform SP immunofluorescence 

has also been detected in the white matter, particularly in the dorsolateral funiculus. 

This pattern o f  SP immunoreactivity continues throughout fetal life (Chamay et al 

1983). It has been suggested that somatostatin, enkephalin and SP all have a role in the 

modulation and transmission o f  sensory information (Chamay et a l 1983, 1984, 1987).

The development o f  opioid receptor systems in the human spinal cord has been studied 

by autoradiography (Sales et al 1989). Neutral endopeptidase and p and 5 opioid 

receptors are found at 14 weeks gestation, mainly concentrated in the superficial layers 

o f the dorsal hom, and are maintained in these areas throughout fetal life and into the 

neonatal period (Salés et al 1989). However, these receptors are also expressed 

transiently during development at other sites not normally associated with enkephalin

like or opioid immunoreactivity (Sales et al 1989). This could be because they have a 

temporary modulatory role in pattems o f  axonal growth, and are either eliminated once 

the correct axonal connections are established (Changeux & Danchin 1986), or are 

present on migrating cells, resulting in a gradual displacement on binding sites from one 

area to another during ontogenesis (Sales et al 1989).

In the rat, the generation o f  dorsal hom neurons peaks on El 5, although cells are being 

formed before this time. The temporal sequence o f neuron production seems to be from 

larger relay neurons to the smaller local circuit neurons o f the substantia gelatinosa and 

lamina IV (Altman & Bayer 1984). Production o f dorsal hom cells is complete by E l6 ,
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although at this stage, lamination is not complete (Altman & Bayer 1984). Within the 

substantia gelatinosa (SG), there are 2 maturation periods involving 2 separate groups o f  

SG neurons (Bicknell & Beal 1984). The axonal and dendritic development o f  

presumptive projection and propriospinal neurons, which are probably bom first, occurs 

prenatally, whereas presumptive nonprojection intrinsic neurons with axons which 

remain in the gray matter develop their axonal and dendritic connections postnatally 

(Bicknell & Beal 1984). This process is not complete until post-natal day 20 (Bicknell 

& B eal 1984).

Further examination o f  the development o f lamination in the superficial layers o f  the 

dorsal hom from PC to P20 has revealed that laminae I, II, and III increase in thickness 

during this period, but that the inner and outer zones o f lamina II undergo opposite 

evolutions - the inner zone nearly doubles in thickness whereas the outer zone decreases 

markedly (Coimbra et a l 1986). The growth o f the inner zone is said to be due to the 

arrival o f  large numbers o f FRAP-reactive thin primary afferents, followed by large 

afferents from the deep laminae o f the dorsal hom, which is denoted by changes in the 

size o f  the FRAP-band during this period (Coimbra et al 1986). Therefore, although the 

basic cellular organisation o f the rat spinal cord and dorsal hom is established at birth, 

there is considerable post-natal development o f axons, dendrites, and synapses (Altman 

& Bayer 1984).

Development o f  transmitter-receptor systems in the spinal cord begins early in 

embryonic life in the rat and chick, but is completed post-natally (New & Mudge 1986, 

Hughes & Barr 1988, Kar & Quirion 1995). Examination o f glycine- and GABA- 

immunoreactivity in dorsal hom laminae from El 6  to birth in the rat shows that the
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number o f immunoreactive cells increases by 20% between E l 7 and E l 9, and is said to 

contribute to the establishment o f new synaptic contacts on motoneurons (Wu et al

1992).

However, also in the rat, SP binding sites undergo the opposite evolution, in that they 

can be seen diffusely distributed all over the gray matter o f the spinal cord from PC, and 

only become more confined to their usual location in the superficial dorsal hom  

following post-natal day 15 (Charlton & Helke 1986). This pattern is repeated during 

development in the rat with other neuropeptides such as CGRP, eledoisin, galanin, 

somatostatin, neurotensin, and VIP (Marti et a l 1987, Kar & Quirion 1995). These 

peptides are widely distributed in the dorsal hom in the early stages o f postnatal 

development, attaining their restricted adult profiles during the third postnatal week 

(Kar & Quirion 1995). This suggests that peptides, aswell as having a role in 

transmission and modulation o f sensory information in the spinal cord, may also have a 

trophic role in its growth and maturation (Kar & Quirion 1995). Transient synapses and 

transmitter and receptor expression have also been found at other sites in the spinal cord 

during development (Charlton & Helke 1986, Tribollet et al 1991, Maubert et a l 1994).

In the fetal sheep, CGRP- and substance P-immunoreactive cells are present in lamina I 

o f the dorsal hom, and CGRP cells only in lamina V, at 56-61 days (term = 1 4 6  days), 

although there is an increase in CGRP staining until term (Nitsos & Rees 1993). This is 

comparatively late compared to the human, but early compared to the rat, perhaps 

because o f  the relative differences in maturity at birth between the latter 2  species. 

Immunoreactivity for glutamate in the fetal sheep is evident at 83 days in laminae I and
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II, where it is more prominent in cells than in fibres (Nitsos & Rees 1993). As would be 

expected for these substances, staining was more intense in the dorsal than ventral hom  

at all stages’o f  fetal development (Nitsos & Rees 1993).

Binding sites for CGRP in the dorsal hom o f the fetal sheep appear later than CGRP 

immunoreactivity there, occurring sparsely at 68 days in the inner region o f lamina II 

and more markedly in laminae III-V (Nitsos et al 1994). This distribution remains 

constant until 124 days, when there appears to be a marked increase in the density o f  

binding sites throughout the gray matter, especially in the lateral region o f lamina II, 

and in the places where it was most marked initially in laminae III and V, and also in 

lamina VI (Nitsos et a l 1994).

The higher density o f  the glutamate-NMDA receptor in many parts o f the brain and 

spinal cord during development also implicates this system in trophic support, 

preventing cell death (Balazs et a l 1988). Glutamate-NMDA activity has a general role 

in the development and plasticity o f  connections in the immature nervous system  

(Garthwaite 1989). In the adult, glutamatergic transmission plays an important role in 

pain transmission, partly by activating NMDA receptors (Thompson et al 1990).

Opioid receptor systems in the spinal cord begin their development prenatally but also 

undergo considerable maturation postnatally in the rat (Attali et al 1990). Both p and k  

receptors appear at E l 5, whereas ô sites are expressed later, beginning from PI (Attali et 

al 1990). The density o f  p  and k  receptors at their peak in the early postnatal period is 

almost twice as great as in the adult, whereas the density o f Ô sites is always low. The 

number o f k  sites predominates throughout development (50-80% o f total opioid sites),
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peaking at P7, although binding properties are similar to those displayed by k  receptors 

in the adult, p sites represent 20-38% o f the total population, peaking at PI (Attali et al 

1990). However, these results need to be interpreted with caution because the adult 

proportions o f the different opioid receptor types in this study differ from those found 

by other investigators (Besse et al 1990). An autoradiographic study o f  p receptor sites 

has shown that these are widely and profusely distributed across superficial and deeper 

dorsal hom laminae in the early postnatal period, with moderate labelling in the ventral 

hom and around the central canal. Over the course o f  the next 2 postnatal weeks, there 

is a more selective localization o f binding sites in the superficial dorsal hom, which is 

the area where these sites predominate in the adult (Kar & Quirion 1995).

In the chick, the pattem o f  ontogeny o f opioid receptors is similar, in that opioid 

receptors are present early in development, and the binding properties are similar to 

those seen in the adult. However, opioid immunoreactivity is concentrated in the 

superficial laminae o f the dorsal hom and along the midline ventral to the central canal 

from early in development (Maderdmt et a l 1985).

1.2.4.2 Phvsiological development

As direct study o f the physiological development o f  dorsal hom cells is impossible in 

the human, this section will concentrate entirely on studies o f dorsal hom cell 

development in the rat. An in vivo study o f embryonic dorsal hom cell responses to 

natural and electrical stimulation o f  the skin o f the hindpaw has shown that electrical 

stimulation can evoke spikes in lumbar dorsal hom cells at E l 7, but the response o f  the 

same cells to natural stimulation, which is much less synchronous, occurs later at E l9 

(Fitzgerald 1991b). Initially, only high-intensity skin stimulation evokes suprathreshold
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excitation, but one day later at E20, low-intensity brush stimulation o f the skin produces 

excitation (Fitzgerald 1991b). The response o f cells to pinch is greatly increased at this 

time, there being prolonged after-discharges, sometimes outlasting the pinch stimulus 

by 10-15 seconds (Fitzgerald 1991b). This phenomenon persists into the postnatal 

period in the rat, when the after-discharges sometimes last for 30-90 seconds, and at PO

PS can be more pronounced than the initial evoked response (Fitzgerald 1985). The 

duration and amplitude o f  these responses then decreases with postnatal age (Fitzgerald

1985).

Receptive fields o f  dorsal hom cells are small in the embryonic period in the rat 

(Fitzgerald 1991b), but appear to be large at birth and subsequently decrease in size with 

age (Fitzgerald 1985). At birth, the mean receptive field area is 14.2% o f the total 

hindlimb area, whereas by P I5 it has fallen to 3.6%. This change is particularly marked 

in cells in the deeper laminae o f  the dorsal hom (Fitzgerald 1985).

A lack o f inhibitory intemeuronal control during development has been cited as a cause 

o f the expanded receptive fields o f dorsal hom cells in the early postnatal period 

(Wilson & Snow 1988). In fact, it has been proposed that many o f the physiological 

changes in rat dorsal hom cells during development, particularly postnatally, are due to 

the maturation o f central synaptic connections, including those involving intemeuronal 

pathways, aswell as a decrease in the excitability o f the dorsal hom cells themselves 

(Fitzgerald 1 9 8 5 ,1991b).

Pharmacological studies o f  the effects o f the inhibitory neurotransmitters G ABA and 

glycine on cultured rat dorsal hom neurons, have indicated that they could play a role in
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the processes o f development and differentiation aswell as in sensory transmission 

(Reichling et al 1994, Wang et al 1994). GAB A and glycine both cause depolarization, 

and increases in intracellular calcium ([Ca ^ ]̂i) in embryonic rat dorsal hom neurons 

(Reichling et al 1994), but both the number o f  cells responding in this way and the 

amplitude o f  the [Ca^ ]̂, response diminishes over time in culture (Wang et al 1994). 

This study showed that during the first week in culture, more than 90% o f  the neurons 

tested were depolarized in response to GAB A and glycine, whereas by 30 days in 

culture, all neurons tested responded to these inhibitory amino acids with a 

hyperpolarization, thus lending support to the theory that G ABA and glycine may excite 

dorsal hom neurons early in development, playing a role in postmitotic differentiation 

(Wang et al 1994).

1.2.5 Development o f  motoneurons and their connections

1.2.5.1 Anatomical development

Here again, it is difficult to find studies on the anatomical development o f  motoneurons 

in the human. However, early studies on the development o f  motor nuclei in the 

cervical spinal cord (lamina IX) have shown that by 8.5 weeks PCA, the ventromedial 

cell column and spinal accessory nucleus, which innervate the muscles o f  the neck and 

trunk, are clearly recognizable (Pearson 1938). Certainly, by the time the first lateral 

neck flexion reflex appears at 7.5 weeks PCA, differentiation o f  the motoneurons at 

upper cervical levels must have reached a developmental stage at which function is 

possible (Humphrey 1964).

Other studies on the development o f  motoneurons at the cervical level (C5-C8) have
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reported that up to 9 weeks (PCA, but not clearly stated), there is no difference in the 

degree o f development o f  the various motor nuclei in the ventral hom (Shulejkina 

1959). However, from 11-28 weeks, the cells supplying the flexors o f the o f  the fingers 

and the intrinsic muscles o f the hand are better differentiated than the other cell groups 

o f the ventral hom at the cervical level (Shulejkina 1959). This anatomical distinction is 

simultaneous with the maturation o f the grasp reflex during this period, but after 28 

weeks there are no longer differences in the degree o f differentiation o f  the cell groups 

at these levels o f the spinal cord (Shulejkina 1959).

A study o f motoneuronal cell death during human fetal development using Nissl- 

staining has shown that the number o f motoneurons in the ventral hom declines 

significantly (-35% ) between 11 and 25 weeks PCA, and that motoneuronal cell death 

peaks between 12 and 16 weeks PCA (Forger & Breedlove 1987). However, there is no 

further decline from weeks 25 - 32 (Forger & Breedlove 1987).

Studies on the rat give more precise information on the development o f motoneurons 

and their connections. Motoneurons are generated in the thoracic segments o f the spinal 

cord at E ll-1 2 , and in the lumbar segments at E12-13 (Nomes & Das 1974). At E13- 

14, differentiated neurons are already restricted to ventral zones o f  the thoracic cord, and 

are beginning to cluster in locations typically found in mature rats (Smith 1983, Smith 

& Hollyday 1983). Axons from motoneurons in the thoracic ventral hom emerge to 

form intercostal nerves projecting to their appropriate muscles at E l3, although there are 

also neurons outside the motor nuclei which send axons into the peripheral nerves at 

certain developmental stages (Smith & Hollyday 1983). At E l4, clustering o f  

motoneurons is seen in the lumbar cord, but it is not known at what stage lumbar
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motoneurons first innervate their muscles (Ziskind-Conhaim 1988b). Just half a day 

earlier at E l3.5, synapses between association intemeurons and motoneurons are first 

seen within the motor neuropil o f the brachial spinal cord (Vaughn & Grieshaber 1973).

The organisation o f the motoneuron neuropil during development, and the formation o f  

functionally appropriate nerve/muscle connections, occurs partly by the process o f  

naturally-occurring cell death. The peak period for motoneuron cell death is at E l4-15 

in the rat (Harris & McCaig 1984, Oppenheim 1986), and E14 in the mouse (total 

gestation period, 18 days) when 67% o f motoneurons initially present in the motor 

column die (Lance-Jones 1982). It has also been suggested that there are critical periods 

in the sequence o f motoneuron differentiation, during which motoneurons are 

particularly susceptible to cell death (Sheard et al 1984). This has been demonstrated in 

a study involving intramuscular axotomy o f motoneurons supplying intercostal nerves, 

in the period E17-P2. At El 7, these neurons are very susceptible to cell death, and any 

that lose contact with their muscle die (Sheard et al 1984). Motoneurons which are 

axotomised later, while motor unit size is still increasing, can regenerate some 

functional nerve-muscle junctions (Sheard et al 1984).

When motoneuron axons first make their contacts with muscles during the embryonic 

period in the rat, the innervation pattem o f motor units is polyneuronal, and undergoes a 

transition to mononeuronal innervation during the first neonatal weeks in the rat (Sheard 

et al 1984) and the mouse (Lance-Jones 1982). Interestingly, in the mouse, no cell 

death occurs during the first neonatal weeks when polyneuronal innervation is lost 

(Lance-Jones 1982). Chronic administration o f paralysing agents such as a -  

bungarotoxin during the embryonic period in the rat inhibits both motoneuron cell death
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and muscle terminal elimination, but causes a diminution in skeletal m uscle fibre 

numbers (Harris & McCaig 1984, Vrbova et al 1988). This is also true in the chick 

(Oppenheim 1984), although this treatment has no effect on the cell death which occurs 

following the removal o f  afferent contacts with motoneurons, which implies that the 

cellular mechanisms involved in target- versus afferent-regulated cell death are different 

(Okado & Oppenheim 1984).

Motor unit size is maximal by E21 in the rat (Sheard et a l 1984), and motoneurons also 

contact a maximum number o f  muscle fibres at this time (Harris & McCaig 1984). This 

number remains stable for several days postnatal until it is finally reduced to the adult 

number at 3 weeks o f  age (Harris & McCaig 1984, Sheard et a l 1984). The rate o f  

terminal elimination is influenced by changes in Ca^ .̂ Excess reduces nerve-muscle 

contacts by depolarizing terminals and allowing Ca^  ̂ entry into terminals. A  greater 

increase in Ca^  ̂ concentration in smaller terminals would be expected because o f  their 

surface-to-volume ratio, which means that they are preferentially eliminated. Therefore 

elimination depends partly on the unequal size o f  terminals at the endplate (Vrbova et a l 

1988).

The soma size o f  motoneurons is small at birth (ISOOpm^), and increases steadily in the 

postnatal period to 2550pm^ at P9. This is accompanied by a concomitant decrease in 

input resistance from a maximum o f 30M Q to a low o f  4M Q  (Fulton & Walton 1986). 

The first postnatal week is a critical period in the development o f  motoneuron size  

distribution, in that a reduction in peripheral field either by partial muscle removal or by 

nerve crush at this time causes a reduction in size o f  the largest motoneurons (Krishnan 

et a l 1985).
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The immediate postnatal period in the rat is also a crucial time in the enlargement and 

elaboration o f the motoneuron dendritic tree (Conradi 1976, O'Hanlon & Lowrie 1994). 

A similar pattem is also observed in the kitten (Eccles et a l 1963). In a study o f  

dendritic development following neonatal nerve cmsh in the rat (O'Hanlon & Lowrie 

1994), normal control cells displayed a steady increase in total visible dendritic density 

which was mostly confined to the dorsomedial direction. In the cells which were 

affected by nerve cmsh at birth, dorsomedially orientated dendrites failed to achieve 

normal density, resulting in a significantly smaller dendritic tree by adulthood. These 

changes in the conformation o f dorsally-directed dendrites suggest that the development 

o f  the motoneuron dendritic tree is influenced by synaptic inputs in the dorsal hom.

Changes also occur in the distribution of synaptic boutons within the dendritic tree 

during development in the rat (Conradi 1976). In the embryonic period, the earliest 

synapses are found on the proximal parts o f the dendrites and are predominantly 

excitatory (Vaughn & Grieshaber 1973). Subsequently there is a noticeable reduction in 

the number o f excitatory synaptic boutons on motoneuron dendrites and cell bodies, 

with a concomitant increase in the proportion o f inhibitory synapses (Conradi 1976). 

There is also evidence for a substantial reduction in the number o f  corticospinal axonal 

projections to motoneurons during development, which occurs alongside modest 

corticospinal motoneuronal cell death (Stanfield 1984, Oudega 1994).

It has been observed that the decrease in percentage o f inappropriate connections is 

correlated temporally with an increase in the frequency o f spontaneous (as opposed to 

evoked) activity in the rat (Navarrete & Vrbova 1983, Seebach & Ziskind-Conhaim

62



1994) and the onset o f myelination (Conradi 1976, Seebach & Ziskind-Conhaim 1994).

1.2.5.2 Phvsiological development

The physiological properties o f immature motoneurons are quite different from those in 

the adult (Fulton & Walton 1986, Ziskind-Conhaim 1988b, 1990), but this is 

exemplified in the human by the different properties o f  reflexes during development 

from those seen in the adult (Issler & Stephens 1983, Fitzgerald et a l 1988, O'Sullivan 

et al 1991b, Leonard et al 1995). These features will be covered in detail in an ensuing 

section (see section 1.3), so will not be expanded here.

In the rat, changes in motoneuron properties are first detected in the embryonic period. 

Membrane resting potential increases during the last week in utero from -53mV at E l4 

to -62mV at PO (Ziskind-Conhaim 1988b). A gradual increase in membrane potential 

has also been observed during development in the kitten, and is attributed to changes in 

membrane permeability in immature motoneurons (Kellerth et al 1971).

In rat embryos younger than 16 days, ventral root stimulation fails to evoke an 

antidromic regenerative response in spinal motoneurons, although peripheral nerves are 

excitable at this time (Ziskind-Conhaim 1988b). This inability o f  action potentials to 

propagate antidromically may be due to the high threshold for action potentials at the 

soma and the initial segment (Ziskind-Conhaim 1988b). Excitatory postsynaptic 

potentials (EPSPs) evoked by orthodromic dorsal root stimulation are first recorded in 

rat motoneurons at E16-17, and by E17-18, orthodromic action potentials are elicited by 

suprathreshold stimulation (Ziskind-Conhaim 1988b). It is known that developing 

motomeurons in the kitten are more easily excited through the dorsal root than are adult
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motor neurons in the cat (Kellerth et al 1971). This is especially true o f  flexor 

motomeurons which are dominant over those supplying extensors in the newborn kitten 

(Skoglund 1960a). The threshold for orthodromically-generated action potentials falls 

during the embryonic period in the rat from -23mV at E l4 to -38mV at P2. This change 

is coincident with the formation o f polysynaptic contacts at E l 6-17, but it is not known 

whether the change in threshold is a direct result o f  changes in afferent contacts 

(Ziskind-Conhaim 1988b).

Action potentials recorded in vitro in neonatal rat motoneurons, elicited by ventral or 

dorsal root stimulation, or by intracellular current injection, are marked by a pronounced 

after-depolarization and an after-hyperpolarization which are both much more 

prominent than in the adult rat (Fulton & Walton 1986). The firing properties o f  

neonatal motoneurons also differ from those o f the adult rat in that firstly, there is no 

clear threshold for repetitive firing, secondly, there is a low maximum firing frequency, 

and thirdly, the slope o f  the firing frequency-injected current plot has a high gain 

(Fulton & Walton 1986).

In neonatal rat motoneurons studied in vitro, input resistance determined from the slope 

o f  current-voltage plots is high compared with the adult. There is a threefold decrease 

in input resistance from P3-5 to P9-11 which may be partly due to a 10pm increase in 

cells' diameters (Fulton & Walton 1986). The high input resistance o f  immature 

motoneurons may therefore be due to the small size o f their somata and their small 

dendritic field (Ziskind-Conhaim 1988b). The fivefold increase in input capacitance 

over the period from E l4 to P2 is also attributable to an increase in motoneuron surface 

area during this period (Ziskind-Conhaim 1988b). A  doubling o f  input capacitance is
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also seen when monosynaptic contacts are established at E l 8-21, although it is not clear 

whether factors transmitted by afferent terminals are responsible for these changes 

(Ziskind-Conhaim 1988b).

Development o f  transmitter/receptor systems in the ventral hom begins in the 

embryonic period in the rat, and the effect o f some neurotransmitters is reversed during 

development (Wu et al 1992). The inhibitory neurotransmitters GAB A and glycine 

induce Cl'-dependant membrane depolarizations and large decreases in membrane 

resistance in differentiating motoneurons during the last week in utero. However, these 

responses gradually decrease during this period until at birth they are significantly 

smaller than in embryos (Wu et al 1992). In the embryonic period, the average 

amplitude o f  GABA-gated currents is threefold larger than that o f  glycine-activated 

currents, but there is an eightfold postnatal increase in the latter, so that similar currents 

are produced by both amino acids after birth (Gao & Ziskind-Conhaim 1995). 

Similarly, GABA-gated currents produce increases in membrane conductance in the 

embryonic period which are sevenfold larger than those produced by glycine, but after 

birth both amino acids produce similar conductance changes (Gao & Ziskind-Conhaim

1995).

The glycine and G ABA antagonists strychnine and bicuculline block dorsal root-evoked 

potentials in motoneurons in embryos at E l6-17, but by E l9, the same antagonists 

significantly increase dorsal root-evoked potentials rather than blocking them (Wu et al 

1992). The number o f glycine- and GABA-immunoreactive cells increases by 20% 

between E l7 and E l9, and the increases are seen particularly in the motor nuclei, aswell 

as in dorsal hom laminae, which may contribute to the establishment o f  new synaptic
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contacts on motoneurons, thus altering the effects o f strychnine and bicuculline on 

dorsal root-evoked potentials (Wu et a l 1992).

N M DA receptors play a large role during motoneuron development in the rat embryo. 

Initial synaptic transmission occurring at E l6  in motoneurons is mediated solely by 

NM DA receptors, and at E l7 short-latency EPSPs are mediated by NM DA aswell as 

non-NM DA receptors (Ziskind-Conhaim 1990). Dose-response curves o f motoneurons 

to NM DA, L-glutamate, and kainate have demonstrated that motoneurons are sensitive 

to these agonists prior to the formation o f synapses between afferents and motoneurons. 

Motoneuron sensitivity to NM DA and kainate increases immediately after the onset o f  

short-latency EPSPs, which could be due to changes in the intrinsic properties o f  

differentiating motoneurons or extracellular effects produced by growing sensory axons 

(Ziskind-Conhaim 1990). However, there is also evidence to suggest that NMDA is 

implicated in motoneuron cell death (Lowrie & Vrbova 1992). The hypothesis has been 

formulated that developing motoneurons become overactivated when released from the 

retrograde influence o f  the muscle and are subsequently 'worked to death (Lowrie & 

Vrbova 1992). Motoneurons deprived o f their targets in this way can be induced to die 

by direct application o f  NM DA to the spinal cord, and treatment with NMDA  

antagonists such as magnesium can reduce this cell death. Also, motoneurons destined 

to die following neonatal nerve injury can be rescued by blocking NMDA receptors 

with an N M D A antagonist such as MK-801 (Lowrie & Vrbova 1992).
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1.2.6 Development o f  descending connections in the spinal cord

1.2.6.1 Anatomical development

1.2.6.1.1 Propriospinal connections

In the human, the development o f brainstem nuclei, which may send descending 

projections to the spinal cord, begins at 5 weeks PCA. By 6.5 weeks PCA, most o f  the 

secondary afferent systems o f the brainstem have been laid down, and descending fibres 

are found in the medial and lateral longitudinal tracts at the level o f  the trigeminal nerve, 

although it is not known whether fibres from these tracts project to the spinal cord 

(Okado & Kojima 1984). At the same time, fibres from the reticular formation in the 

medulla project to the spinal cord, descending as far as the lower thoracic regions 

(Windle & Fitzgerald 1937). Axons from catecholaminergic neurons in the medulla 

have also been found in the spinal cord o f fetuses at 10 weeks PCA (Olson et al 1973).

The corticospinal tract is considered to be one o f the latest developing descending tracts 

from supraspinal structures in the human (Humphrey 1960), O f its constituent 

structures, the internal capsule has been identified at 7 weeks PCA, and the cerebral 

peduncle at 8.5 weeks PCA (Humphrey 1960). The development o f  the corticospinal 

tract is characterized by alternate periods o f growth and maturation. Corticospinal 

fibres appear in the cerebral peduncle region by 9 weeks PCA, and reach cephalic levels 

o f the medulla at 10 weeks PCA. The caudal levels o f the inferior olive are attained at

12.5 weeks PCA, and until 16 weeks, there is little further growth although there is a 

large increase in the area occupied by the corticospinal tracts in both the pons and the 

medulla. By 17 weeks however, the pyramidal decussation is complete, and fibres are
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present at mid-thoracic levels (Humphrey 1960). By 18.5-19.5 weeks, corticospinal 

fibres have reached the levels o f  the lumbosacral enlargement. The caudal limits o f  the 

corticospinal tract are reached at 29 weeks, and are comparable to those seen in the adult 

(Humphrey 1960).

Myelination in the corticospinal tract begins above the pyramidal decussation at 23 

weeks PCA, and some myelinated fibres are also apparent below the decussation in the 

anterior and lateral corticospinal tracts. All the fibres o f  the corticospinal tract are 

myelinated by 18 months o f life (Wozniak & O'Rahilly 1982).

There is much more detailed information on the nature o f  descending tract development 

in the rat and other animals. A  study using horseradish peroxidase showed that there are 

a large number o f descending projections to the spinal cords o f neonatal and immature 

rats from the first cervical cord segment, various brain-stem nuclei, and deep cerebellar 

and diencephalic nuclei (Leong et al 1984). All these projections are present at birth, 

though the trigeminospinal, solitariospinal, tectospinal, and cerebellospinal tracts are not 

fully established, and there is a steady rise in the number o f  labelled neurons with age 

(Leong et a l 1984).

The growth o f  the corticospinal tract is also commenced prenatally in the rat and 

completed postnatally. Initial outgrowth o f  corticospinal axons is from a circumscribed 

group o f layer V pyramidal cells in the dorsal parietal cortex (Schreyer & Jones 1988a).

Labelled corticofugal axons have crossed the diencephalon by E l7.5, and reached the 

pontine nuclei by E l9.5. The caudal limit o f the medulla is reached by E20.5, and at 

PI, the pyramidal decussation is formed and labelled pyramidal axons have reached the
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dorsal columns o f  the upper cervical spinal cord (Schreyer & Jones 1982, 1988a). 

Thoracic segments are attained by P3, lumbar segments by P6 , and sacral segments by 

P9 when an accelerated growth spurt also occurs (Schreyer & Jones 1988a). 

Corticospinal axons reach their caudal limit in the spinal cord after PI4. Aside from the 

principal corticospinal tract in the dorsal columns, 2  other smaller corticospinal tracts 

are seen in the base o f  the cervical dorsal hom, and laterally in the lateral white column 

(Schreyer & Jones 1982).

The initial outgrowth o f  corticospinal axons seems to be independant o f afferent 

innervation, and occurs when the parent cell bodies are very immature (Schreyer & 

Jones 1982). There appears to be a principal in the developing corticospinal tract that 

the early growth o f  its axons to the vicinity o f  their targets, principally in the dorsal 

hom, is followed by a substantial waiting period before the final innervation o f the 

target (Schreyer & Jones 1982). It is interesting that developing corticospinal axons in 

the spinal cord can grow past both thermal and surgical lesions, the latter often 

involving glial scars, which suggests that a 'morphologically stereotyped' glial 

scaffolding is not necessary for axon growth (Schreyer & Jones 1983). In addition, 

corticospinal axons cross the medulla in a well-defined pyramidal tract, decussate 

appropriately and proceed dovm the spinal cord, even in dysmyelinated 'jimpy' mutant 

mice (Stanfield 1991). Nevertheless, it is thought that axon growth and guidance in the 

developing corticospinal tract is regulated by laminin or another adhesive factor 

produced by immature glial cells (Schreyer & Jones 1987).

As in other stmctures within the developing nervous system in the rat, naturally- 

occurring cell death and collateral elimination are part o f  the normal development o f the
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corticospinal tract (Stanfield et al 1982, Leong 1983, Schreyer & Jones 1988a & b, 

O'Leary & Stanfield 1989). Although the cell group from which the first corticospinal 

axons arise occupies a small area in the dorsal parietal cortex, the area occupied by these 

cells expands during the first postnatal week, but not all o f  their axons project to the 

lower levels o f  spinal cord (Schreyer & Jones 1988a). By the end o f  the first postnatal 

week, corticospinal cells can be labelled in a continuous sheet across the frontal, parietal 

and cingulate cortex (Stanfield et al 1982, Leong 1983, Schreyer & Jones 1988a). 

Pyramidal tract neurons are also found throughout the visual cortex whereas none are 

seen in this area in the adult (Stanfield et al 1982). However, during the second and 

third postnatal weeks, the area o f  cells sending axons particularly to the upper levels o f  

the spinal cord diminishes, and the more restricted adult pattem o f  labelling in the 

cortex is established at the end o f the third postnatal week (Leong 1983, Schreyer & 

Jones 1988a). It is thought that many neurons, particularly in the occipital cortex, 

initially send a collateral into the pyramidal tract which is later eliminated even though 

the neurons- themselves persist (Stanfield et al 1982), and that the elimination o f  axons 

is dependant on their regional locale (O'Leary & Stanfield 1989). At its numerical peak, 

the number o f  axons in the developing corticospinal tract is 90% greater than that seen 

in the adult; it then declines concurrently with the restriction in area o f spinally 

projecting cells in the cortex (Schreyer & Jones 1988b).

The elimination o f  exuberant descending propriospinal projections during development 

is also seen in the chick. There are a large number o f  cells located in the ventral 

hypothalamic region which are labelled during the embryonic period, but which seem to 

represent transient projections, since they are not found in this region in the newly- 

hatched chick (Okado & Oppenheim 1985).
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Interestingly, it has been observed in the cat that neonatal sensorimotor cortex damage 

leads to retention o f  normally-occurring exuberant corticofugal projections, which 

would usually have been eliminated during development (Leonard & Goldberger 

1987a).

Myelination in the corticospinal tract begins postnatally between PIO and P12 in the rat 

(Schreyer & Jones 1982), but even when it is completed in the adult, the mature 

corticospinal tract still retains a large complement o f small, unmyelinated axons 

(Schreyer & Jones 1988b). In the guinea pig, myelination o f the corticospinal tract 

begins prenatally by 52 days in normal fetuses (term = 65 days, Nitsos & Rees 1990), 

although the same study, which also looked at the effects o f  experimentally-induced 

growth retardation in fetal guinea pigs, using immunoreactivity for myelin basic protein, 

showed that myelination o f  the corticospinal tract is virtually absent in growth-retarded 

fetuses at the same gestation.

The rubrospinal tract already extends to the lumbosacral part o f  the spinal cord at birth, 

and there appears to be no difference in the pattem o f  labelling o f rubrospinal neurons in 

the cervical or lumbosacral cord in neonatal, developing and mature rats (Shieh et al 

1983). There is a somatotopic arrangement in the labelling o f  mbrospinal neurons, in 

that those projecting to the cervical cord are located in the dorsal and dorsomedial 

regions o f  the red nucleus, and those projecting to the lumbosacral cord are located in 

the ventral and ventrolateral regions o f  the nucleus (Shieh et a l 1983).
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1.2.6.1.2 Descending inhibitory connections

The growth o f  descending inhibitory projections to the dorsal hom from the nucleus 

raphe magnus and the adjacent reticular formation, via the dorsolateral funiculus (DLF), 

is well advanced by P6  in the rat (Fitzgerald & Koltzenberg 1986). In fact, there is 

little difference in the labelling o f DLF axons between P6  pups and adult rats 

(Fitzgerald & Koltzenburg 1986). It is thought that 5-hydroxytryptamine (5-HT, 

serotonin) is the neurotransmitter secreted by these axons (Rivot et a l 1984, Fitzgerald 

& Koltzenberg 1986), and it is interesting that the first 5-HT-immunoreactive fibres are 

seen in the white matter o f the spinal cord at E l 8 (Bregman 1987). However, adult 

pattems o f 5-HT immunoreactivity are not achieved until postnatal day 14 in the rat 

cervical cord, and postnatal day 21 in the thoracic and lumbar cord (Bregman 1987).

1.2.6.2 Physiological Development

1.2.6.2.1 Propriospinal connections

In the human, the available data on the physiological development o f  the corticospinal 

tract is derived from studies using magnetic brain stimulation, which has been shown in 

the monkey to excite corticospinal axons directly (Edgley et al 1990). In a study o f  

central conduction delays during development in the human from 32 weeks PCA to 55 

years, a rapid decrease in central motor conduction delay (involving the corticospinal 

tract) has been demonstrated during the first 2 years after birth (Eyre et al 1991). In 

addition, the threshold stimulus intensity required for evoking muscle responses 

following electromagnetic stimulation o f the cortex is high in the neonatal period, and 

falls exponentially with age (Eyre et al 1991). This has been correlated with changes in 

the maximum fibre diameters o f  the corticospinal tract, which are linearly related to
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height at all ages (Tanner et a l 1966).

Magnetic brain stimulation studies o f  children with spastic hemiparesis have revealed 

that abnormal corticospinal connections exist to the paretic side in these children, 

whereas children with spastic quadriparesis demonstrate bilaterally normal corticospinal 

connections. This is thought to be due to abnormalities in the motor cortex rather than 

the corticospinal pathway (Eyre et al 1989). It is also possible that the aberrations in 

motor conduction do not arise from abnormalities o f the motor cortex or corticospinal 

pathways (Eyre et al 1989). In a further study o f infants at risk for developing cerebral 

palsy, it has been demonstrated that neurophysiological signs o f  spasticity can develop 

despite normal conduction delays in the fastest fibres o f  the corticospinal tract 

(O'Sullivan et al 1991a).

In the cat, a study o f the consequences o f damage to the sensorimotor cortex in neonatal 

animals demonstrated that the emergence o f  motor behaviour during development in 

these animals follows the same pattem as that o f  their normal littermates but with a 

protracted time course, and motor behaviour does not attain the level o f  maturity o f  

normal animals (Leonard & Goldberger 1987b). As in the human, some deficits are not 

apparent immediately but evolve with time (Leonard & Goldberger 1987b). 

Nevertheless, neonatal operates exhibit greater recovery and sparing o f  function than 

adult operates even though they often execute movements abnormally. This may be due 

to the abnormal retention o f exuberant corticofugal projections following damage to the 

sensorimotor cortex demonstrated by the same authors (Leonard & Goldberger 1987a).
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1.2 .6 .22  Descending inhibitory connections

In the rat, the development o f functional descending inhibitory pathways in the 

dorsolateral funiculus o f the spinal cord, as demonstrated by stimulation o f  these 

pathways and its effect on dorsal hom cells, does not develop until P I0-12  (Fitzgerald & 

Koltzenberg 1986). This is well behind the anatomical development o f this tract (see 

above). At P I2, the effect o f descending inhibition is weak, and even at PIS, higher 

intensity stimulation is required than in rat pups tested at P22. It is postulated that this 

delay in physiological maturity is due to insufficient levels o f  5-HT or other 

neurochemicals in the descending DLF axon terminals, or delayed maturation o f  dorsal 

hom intemeurons involved in this pathway (Fitzgerald & Koltzenberg 1986).

1.3 Development o f reflexes

1.3.1 In the human

As has already been mentioned in section 1.2.1.2, the data from early studies on reflex 

development in the human fetus has to be interpreted with caution, as the data were 

obtained as the fetuses were becoming progressively anoxic, having been exteriorized 

prior to termination (Humphrey 1964, Humphrey & Hooker 1959). Nevertheless, the 

information which these studies did provide is summarized here. The earliest 

appearance o f reflexes in the human fetus occurs at 7.5 weeks PCA in response to 

perioral stimulation (Humphrey 1964). At 10.5 weeks, the first reflex responses can be 

elicited from the palm o f the hand, the sole o f the foot, and the genital area. However, 

these reflexes are o f the ’total pattem' type when they first appear, in that a much greater 

area o f  the body than the receptive field in which the stimulus is applied is moved in 

response to the stimulus (Humphrey 1964). In fact, all the neuromuscular mechanisms
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sufficiently developed to participate are believed to take part in the reflex (Coghill 

1929). The movements are stereotyped and the repetition o f  a stimulus elicits the same 

response (Hooker 1958).

After 9.5 weeks PCA in the trigeminal region, and 12 weeks in the palm o f  the hand and 

sole o f the foot, the total pattern type o f  reflex begins to be replaced by a 'local' or 

'specific' reflex, and by 13-14 weeks PCA the latter type o f  reflex dominates fetal reflex 

activity (Humphrey 1964). This is also true in the genital area where bilateral flexion o f  

the thighs on the pelvis, which is the first response to unilateral genital stimulation, is 

replaced by the unilateral cremasteric reflex which occurs before 32 weeks PCA 

(Humphrey 1964). Once local reflexes dominate, the responses become more variable, 

and a repeated stimulus often evokes a different response (Humphrey 1964, Andrews & 

Fitzgerald 1994c). The progression from total pattern to local reflexes is reversed by 

anoxia, and the reflexes which disappear earliest as anoxia progresses are those which 

have appeared most recently in development (Humphrey 1964).

Interestingly, the appearance o f local reflexes is correlated with anatomical 

specialization, in that no local reflexes appear until nerve fibres reach the basement 

membrane o f  the region stimulated. As primitive Merkel's end discs appear and nerve 

fibres terminate on hair follicles, the number o f local reflexes increases and the 

variability o f  reflexes also increases (Humphrey 1964).

In the facial area, on upper and lower extremities and in the genital area, the earliest 

reflexes to appear are always o f  the v^thdrawal or avoidance type, and in each case the 

reflex away from the stimulus precedes the comparable movement towards the stimulus.
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This is especially true in the trigeminal region, where avoidance reflexes occur prior to 

those concerned with feeding (Humphrey 1964).

The development o f  the lower limb withdrawal reflex during the period 27.5-42.5 weeks 

PCA has been considered in section 1.1.3. However, its initial appearance will be 

considered here. As has been mentioned, the first area from which the withdrawal 

reflex can be elicited in the lower limb is the sole o f the foot at 10.5 weeks PCA 

(Humphrey 1964). The first response to be elicited is plantar flexion o f  the toes, but by

12.5 weeks, the characteristic Babinski-type reflex o f  dorsiflexion o f  the great toe and 

toe fanning which is observed in preterm and full-term infants is seen (Hooker 1958). 

By 13.5 weeks, dorsiflexion o f all the toes may occur (Hooker 1958). No other area o f  

skin o f  the lower extremity is sensitive to stimulation prior to 17 weeks, when stroking 

over the buttock elicits ipsilateral extension at both knee and hip joints (Hooker 1958). 

However, by 27.5 weeks, it is possible to elicit ipsilateral flexion withdrawal responses 

from non-noxious cutaneous stimulation o f the entire lower limb up to the top o f  the 

thigh and the buttock (Andrews & Fitzgerald 1994a).

As postconceptional age increases towards 42.5 weeks, the threshold for the flexion  

withdrawal reflex becomes higher overall, but particularly towards the top o f  the leg, 

and it becomes less easy to elicit the flexion withdrawal reflex with non-noxious stimuli 

(Andrews & Fitzgerald 1994a). This, with the fact that habituation rather than 

sensitization o f  the reflex to repeated stimulation occurs after 35 weeks PCA, may be 

indicative o f  higher levels o f excitability initially within the human nervous system and 

their reduction as development proceeds (Andrews & Fitzgerald 1994a).
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Other cutaneous reflexes elicited using non-noxious electrical stimuli have been studied 

in infants and children (Crum & Stephens 1982, Issler & Stephens 1983), and provide 

further evidence o f increased excitability in the developing nervous system. In the 

neonate, individual stimuli applied to the fingers produce such a strong reflex response, 

that a synchronous muscle action potential is seen in both forearm flexor and extensor 

muscles, a response not seen in normal adults and older children (Issler & Stephens 

1983). The size o f the initial short-latency excitatory component o f the reflex shows a 

developmental progression, being larger at birth and decreasing over the first year o f  life 

(Issler & Stephens 1983).

Considering more specifically motor reflexes, developmental studies o f  the H-reflex 

also seem to indicate a higher level o f excitability in the developing nervous system. H- 

reflexes can be evoked in the small muscles o f the hand and foot in preterm and full- 

term neonates which are not elicitable after the age o f  12 months (Thomas & Lambert 

1960, Mayer & Mosser 1973). There is also rapid and complete recovery o f  the 

excitability cycles o f H-reflexes at birth, which becomes less pronounced after the age 

o f 5 months (Mayer & Mosser 1973). However, studies o f  the H:M ratio (an indicator 

o f motomeuron excitability) are not so conclusive. Vecchierini-Blineau & Guiheneuc 

(1981) found that the value o f the H:M ratio was greatest at birth and dropped during the 

first year o f  life, reaching adult values at 4 years o f age, although their results do show  

large variability between subjects. However, Mayer & Mosser (1969) found that 

newborn and adult values o f the H:M ratio were very similar, although they found other 

indicators o f  increased excitability in neonates (see above).

Studies o f  the stretch reflex during development have revealed similar developmental
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changes. The threshold for eliciting the reflex is low in the newborn, but increases over 

the first 6  years when it reaches adult values (O'Sullivan et a l 1991b). The amplitude o f  

the stretch reflex is also higher in the newborn than in adults (Myklebust et al 1986). 

However, the most striking feature o f the stretch reflex in the newborn (Myklebust et al 

1986, O'Sullivan et al 1991b), is that a tendon tap also causes excitation o f  both agonist 

and antagonist muscles in an almost synchronous EMG burst. The magnitude o f  this 

radiated response has been studied using the peak-to-peak ratios o f  antagonist to agonist 

stretch-evoked EMG voltages (Myklebust et al 1986, O'Sullivan et a l 1991b). The 

ratios have been shown to be highest in preterm and full-term human neonates, the 

magnitude o f  the radiated response decreasing most markedly over the first 2  postnatal 

years (Myklebust et al 1986, O'Sullivan et al 1991b). In addition, stretch-evoked EMG 

responses are elicited in neonates from tapping sites not normally thought to excite 

muscle spindle afferents (Myklebust et al 1986).

1.3.2 In the rat and other species

In the rat, the first polysynaptic reflex in response to dorsal root stimulation at the level 

o f  the lumbar cord in vitro occurs at E l 5.5, and the first monosynaptic reflex in the 

same preparation occurs slightly later at E17.5-18.5 (Saito 1979, Kudo & Yamada 

1987). Initially between E l6.5 and E l7.5, Saito (1979) found that stimulation o f  the 

dorsal root o f  different segments (LpLg) elicits responses similar to those produced by 

stimulation o f  only the corresponding dorsal root (L3). These inter-segmentally induced 

responses are subsequently reduced in size so that at birth, only the L3 dorsal root can 

evoke responses in the corresponding ventral root (Saito 1979). The magnitude o f  

monosynaptic reflex responses follows a slightly different pattern in that it gradually 

increases during prenatal stages, becoming maximal at P2-3, and then decreases
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between P4 and P8  (Kudo & Yamada 1987). However, both types o f  reflex are 

maximal during development and reduced in the adult rat.

A  study o f  reflex development in vivo in the rat has shown that there is a clear 

developmental progression in the pattern o f responsiveness to stimuli (Narayanan et al 

1971). In contrast to early experiments on human fetuses, the authors took great pains 

to avoid anoxia, thus increasing the reliability o f the findings, but the pattern o f  

responsiveness which they found is similar to that found in the early human studies. As 

in more recent studies by Andrews & Fitzgerald on the human neonate (1994a & c), 

Narayanan and coworkers (1971) also specifically used punctate stimuli rather than 

stroking, as the latter causes a summation o f stimuli which they wished to avoid. They 

found that the peak o f reflexogenic activity in the rat embryo occurs at E l 8 , when tactile 

stimuli cause mass movements, and a hyper-irritability is observed. By E20, reflexes 

are beginning to become more localized, mass movements being less frequent. 

Interestingly, the findings from this study in rats at E l9 parallel some o f  our findings in 

the human neonate (Andrews & Fitzgerald 1994a & c), in that there is sometimes 

variability in reflex thresholds even in the same animal - the thresholds being at times 

high and at other times low, consequently producing variability in the number o f  

responses to repeated stimulation. Nevertheless at E l 9, stimulation o f  the foot produces 

a specific flexion withdrawal o f  the foot, including dorsiflexion at the ankle (Narayanan 

et a l 1971).

Both non-nociceptive and nociceptive cutaneous withdrawal reflexes have also been 

examined postnatally in the rat, between PO and P28, and findings have further 

confirmed the existence o f  a developmental progression, which is similar to that seen in
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the human neonate (Fitzgerald et al 1988, Holmberg & Schouenborg 1996). Reflex 

thresholds are very low at birth and increase particularly in the second postnatal week. 

By the fourth postnatal week they are approaching the levels found in the adult rat 

(W oolf 1984, Holmberg & Schouenborg 1996). Sensitization to iterative stimulation 

occurs in the first postnatal week, so that there is a 70% reduction in threshold following 

repeated stimuli at this time. This phenomenon becomes less pronounced during the 

next 2  postnatal weeks, and by the fourth postnatal week, repeated stimulation produces 

habituation as in the adult (Fitzgerald et al 1988, W oolf 1984).

At PI - P7, withdrawal reflex responses to noxious stimulation are often inappropriate, 

sometimes producing movements towards the stimulation (Holmberg & Schouenborg

1996). However, with increasing age, these reflexes become progressively well-directed, 

producing localized withdrawal, so that by P20 - P25, the withdrawal movements have 

become adult-like (Holmberg & Schouenborg 1996). This is paralleled by alterations in 

receptive fields, as revealed by EMG recordings, which show that at PI - P7, the 

receptive fields are unadapted and variable in their distribution o f  sensitivity, whereas 

by P20 - P25, they are organized in an adult fashion (Holmberg & Schouenborg 1996).

In the prenatal sheep, the gestation period o f which is 146 days, reflex activity in 

response to exteroceptive stimulation first appears at 35-40 days o f  gestation, and 

similarly to the human, the area supplied by the trigeminal nerve is the first to become 

sensitive. At first, stimulation o f this area produces a generalized reflex movement 

similar to that seen in the human, which eventually becomes restricted to the muscles o f  

the region stimulated (Barcroft & Barron 1939).
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A stretch reflex in gastrocnemius muscle first appears at 60 days o f gestation in the 

sheep (Anggard et al 1961). At first, the reflex radiates to its antagonist, tibialis 

anterior, and this antagonist excitation is maintained until 90 days, when agonist- 

antagonist inhibition first begins to appear (Anggard et al 1961). The effects o f  

ipsilateral skin stimulation on gastrocnemius have also been examined by the same 

authors from 60 days o f  gestation, and again no inhibition o f activity was found before 

72 days.

In the fetal guinea-pig, the gestation period o f which is 65 days, the first reflex 

responses to stimulation o f  the skin o f the face around the nose occur on the 40th day o f  

gestation (Bergstrom et a l 1962). A by-now familiar pattern is repeated here in that at 

first, this stimulation produces generalized responses from the whole trunk including the 

hindleg muscles. The response is gradually restricted so that by the 58th gestational 

day, only the muscles o f  the head are involved (Bergstrom et al 1962). Similarly, the 

induction o f  both stretch reflexes and nociceptive flexion reflexes is accompanied at 

first by reflex irradiation which includes spread o f  excitatory activity to antagonist 

muscles. This irradiation effect is only observed below 56 days o f  gestation (Bergstrom 

et al 1962).

An experimental model which looks specifically at the relative contributions o f  sensory 

and motor components to developing reflexes has been investigated in newborn kittens 

by Skoglund (1960b) and Ekholm (1967). In this model, the effects on monosynaptic 

test reflexes recorded from a ventral root, o f iterative stimulation o f  a cutaneous nerve, 

and mechanical skin stimulation, have been observed. In young kittens, it was found 

that the test reflexes remain largely unaltered by both iterative stimulation o f an
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ipsilateral cutaneous nerve and mechanical skin stimulation, whereas the same 

experiments in adult cats produce a prolonged facilitation o f  the reflexes (Hagbarth & 

Naess 1950, Hagbarth 1952).

In contrast, EMG recordings o f  responses to skin stimuli in decerebrate kittens show a 

high level o f  responsiveness for reflex reactions (presumably polysynaptic) elicited from 

the skin (Ekholm 1967). As has been found for the withdrawal reflex in neonatal rats 

and humans (Fitzgerald et al 1988, Andrews & Fitzgerald 1994a), a light touch is 

sufficient to evoke a response, whereas in adult cats, the evocation o f such a response 

requires a painful stimulus (Ekholm 1967). The responsiveness seen in newborn kittens 

decreases over the first 2-3 postnatal weeks.

Stimulation o f the distal plantar surface o f the foot (the most sensitive area) in newborn 

kittens sometimes evokes alternating rhythmic flexions and extensions for varying 

periods o f time after the stimulus has ceased, followed by an eventual flexor movement. 

Sometimes, the response is so great that alternating movements are seen in all 4 limbs 

(Skoglund 1960a, Ekholm 1967). This is very similar to the findings observed in 

neonatal rats and humans following iterative stimulation (Fitzgerald et al 1988, 1989).

In the same series o f  experiments using EMG recordings (Ekholm 1967), it was found 

initially in newborn kittens that the whole surface o f the limb is responsive to standard 

mechanical stimuli. However, with increasing age, stimulation o f  one point on the skin 

gradually results in restriction o f  activity to more well-defined muscle groups (Ekholm 

1967). This is similar to the findings in the developing rat, sheep, and guinea-pig, and 

could be compared to the increase in thresholds, and the steeper threshold gradients seen
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in the withdrawal reflex receptive fields in human neonates o f  higher PC ages (Andrews 

& Fitzgerald 1994a).

The effects o f  injury on developing movement patterns have also been examined in the 

rat (Guy & Abbott 1992, Abbott & Guy 1995), and there are some interesting parallels 

with reflex development in general. Formalin injection in the rear paw o f neonatal rats 

depresses active and quiet sleep in rat pups 10 days old or younger, and induces 

persistent limb flexion (Guy & Abbott 1992). The incidence o f  non-specific behaviours 

such as squirming, vigourous rear kicks and whole body jerks is also markedly 

increased by formalin injection in younger rat pups, and there is a clear developmental 

progression from non-specific to specific behaviours such as paw-licking, with 

increasing age. The overall intensity and duration o f the response to formalin injection 

also decrease with increasing age (Guy & Abbott 1992). Both specific and non-specific 

responses are specifically suppressed by the administration o f morphine (McLaughlin et 

al 1990, Abbott & Guy 1995), whereas a sedative such as pentobarbital has only weak 

effects on specific pain behaviours in rat pups less than 1 week old, and no effects 

thereafter (Abbott & Guy 1995). It is therefore evident that the developing nervous 

system is capable o f  mounting a specific response to painful stimuli which is 

significantly attenuated by the administration o f  analgesia. This is also evident in 

studies o f  the cutaneous flexion reflex (Hori & Watanabe 1987, Fitzgerald et a l 1988, 

1989, Andrews & Fitzgerald 1994a, see section 1.1.3).

1.4 Statement o f  hvpotheses

From the above account o f  previous work, both on the components o f  the reflex arc and 

on the reflex itself, it seems reasonable to suppose that further quantification o f  the
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reflex in the human neonate using EMG recordings would yield more information on 

somatosensory and possibly motor development, and the effects o f  injury on the 

developing nervous system. The latter information is particularly important if  the 

flexion reflex is to be used as a tool to monitor the effects o f  intensive care on the 

developing nervous system, and the attenuation o f those effects by the administration o f 

analgesia.

With regard to development, I would expect to see a developmental progression in the 

parameters o f  the reflex within the age range examined in the present study o f 28 - 42 

weeks PCA. Namely, there would be an increase in reflex threshold with increasing 

PCA, confirming findings from previous studies (Fitzgerald et al 1988, 1989, Andrews 

& Fitzgerald 1994a). Secondly, there would be a decrease in the magnitude o f the 

response with increasing PCA (Issler & Stephens 1983, Myklebust et al 1986, 

O’Sullivan et al 1991b), as reflected in its peak amplitude, duration and area. However, 

the latter might not be as evident within the age ‘window’ in the present study, since 

such changes in other studies occur over the first year o f  life (Vecchierini-Blineau & 

Guinenheuc 1981, Myklebust et al 1986, O’Sullivan et a l 1991b). Nevertheless, 

changes in the latency o f  cutaneomuscular reflexes have been seen over a similar age 

range to that used in the present study (Crum & Stephens 1982), there being a decrease 

in the latency o f these reflexes from 24 to 40 weeks PCA. Therefore a similar age- 

related decrease in latency might be expected to occur with the cutaneous flexion reflex.

Concerning the stimulus/response characteristics o f  the flexion reflex, it would be 

expected that quantification o f  the flexion reflex using EMG recordings would 

demonstrate a larger reflex response with increasing stimulus intensity, as has been
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demonstrated in previous studies o f  the flexion reflex in adult human subjects (Wilier 

1977, Chan & Tsang 1985).

Finally and perhaps most importantly, in view  o f what has already been shown 

concerning the effects o f  injury on movement patterns and the flexion reflex, in neonatal 

animals and humans (see previous section), it would be expected that the thresholds for 

the flexion reflex in the present study would be reduced in infants who had received 

injuries resulting from intensive care. Similarly, the magnitude o f the flexion reflex 

might also be expected to be larger in these infants, as reflected in larger peak amplitude 

and longer duration o f response.
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CHAPTER 2. METHODS

2.1. The Sample

The data were obtained from 82 infants o f both sexes, bom either at University College 

Hospital, London, or the John Radcliffe Hospital, Oxford. They were all patients on the 

neonatal intensive care units (NICU) at each hospital. The postconceptional age (PCA) 

range o f 28-42 weeks was chosen, because this is the age 'window' during which most 

infants receive neonatal intensive care. The postnatal age (PNA) o f  the infants ranged 

from 24 hours to 15 weeks. A specific PNA 'window' was not chosen because the 

absence o f  a correlation between PNA and flexion withdrawal reflex threshold has 

previously been demonstrated (Fitzgerald et al 1988, Andrews & Fitzgerald 1994a). 

The infants were tested over the period from October 1993 to August 1996, although 

there was a 14 month break in testing during this time.

The infants were recruited into the study according to PCA bands o f  2 weeks, as 

follows:

26.00 - 28 weeks PCA

2 8 .1 4 -3 0  "

3 0 .1 4 -3 2  "

3 2 .1 4 -3 4  •"

3 4 .1 4 -3 6  "

3 6 .1 4 -3 8  "

3 8 .1 4 -4 0  "

4 0 .1 4 -4 2  " "

The infants were divided into a control group and 6 observer groups for statistical 

analysis. There were no experimental groups, in that no manipulations in treatment
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were made as a result o f  the study. The groups were divided as follows:

1.) Control group - infants who had no cerebral damage, or who had had a small, 

uncomplicated periventricular haemorrhage into the germinal layer or ventricles (for 

classification, see table 2.1 at the end o f  this chapter, Roth et al 1993). They also had no 

peripheral injuries, and were not receiving any sedation or analgesia.

2.) Leg injury 1 group - infants with injuries to the foot or leg caused by the presence o f  

an intravenous or long line in the contralateral leg from the one being tested, and/or the 

presence o f  scars from previous intravenous or long line insertions, or previous heel 

lances on either leg (see table 2.2 for codings).

3.) Leg injury 2 group - infants with injuries to the foot or leg caused by the presence o f  

an intravenous or long line in the contralateral leg and/or any significant other limb 

injury or splint for the correction o f talipes, in the contralateral leg. In this group were 

also included infants with fresh wounds from heel lances or intravenous or long line 

removal with or without the presence o f  bruising, and those with bums on the leg from 

transcutaneous oxygen electrodes, or extravasation injuries from the leakage o f  

hypertonic infusion fluids (see table 2.2 for codings).

4.) Cerebral damage group - infants with significant cerebral damage due to 

periventricular haemorrhage as diagnosed by cerebral ultrasound scan. This included 

those with the presence o f  one or more o f  the following: ventricular dilatation, post 

haemorrhagic hydrocephalus, cerebral atrophy including cysts and periventricular 

leucomalacia, and abnormal neurological signs (see tables 2.1 and 2.2 for classification 

and codings).

5.)Post-operative group - infants who had received surgical operations involving 

incisions o f  any kind. These infants were not grouped together for statistical analysis as 

they had had widely differing postoperative courses, and were tested at different stages
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in their postoperative recovery. They were merely excluded from the other groups, and 

considered individually for interesting findings on EMG testing.

6 .) Sedation group - infants who were receiving sedative agents o f  any kind, or who had 

received them in the last 48 hours, either because they needed to be quietened or 

because they had had convulsions. The most commonly used sedative agents used were 

chloral hydrate and phenobarbitone (see table 2.2 for codings). If the convulsions were 

due to cerebral damage as diagnosed by the criteria cited above, the infant was excluded 

from group analysis because o f the presence o f too many possible variables affecting 

EMG findings.

7.) Analgesia group - infants who were receiving analgesic agents excluding intravenous 

opioids or who had received them in the last 48 hours, for non-postoperative purposes. 

The most commonly used analgesic agents were paracetamol given orally and codeine 

phosphate given intramuscularly (see table 2.2 for codings).

8 .) Intravenous opioid analgesia group - infants who were receiving intravenous 

infusions or regular intravenous bolus doses o f opioid analgesics, or who had received 

them in the last 48 hours, for non-postoperative purposes. The most commonly used 

opioid analgesics were morphine and fentanyl (see table 2.2 for codings).

One other parameter which was noted, but which was not considered to necessitate the 

formation o f a separate study group, was the infant’s ventilatory status when tested. 

Ventilation and oxygen therapy is such an integral part o f  neonatal intensive care for the 

preterm infant that it would have been impossible to obtain a non-ventilated control 

group in the younger PCA bands. However, infants were never tested when they were 

either hypoxic or acidotic, since these 2 states might affect the EMG recordings 

obtained (Gerilovsky et al 1991, Handwerker & Kobal 1993).
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It was intended to limit the size o f  the control group to not more than double the size o f  

thé other groups for group analysis because a ratio o f  more than 2:1 o f  control to 

treatment/diagnosis groups would bias the sample. These statistical considerations were 

kept in mind when recruiting infants into the study, so that i f  it was felt that too many 

infants o f a particular PCA band or group were being recruited, there was a 'slowing- 

down' on that particular part o f  the sample. However, because o f the difficulties in 

recruiting infants into some o f the observer groups (see section 2.9), the size o f  the 

control group inevitably became more than double that o f  some o f  the groups.

Only data sets from single tests on individual infants were used in group statistical

analysis. Repeated tests on the same infants at different ages were not performed and

included in the sample, as this would have again biased the analysis.

The following exclusion criteria were applied to the sample (see Craig et al 1993):

1.) Medically unstable as judged by the bedside nurse.

2.) Ventilated on high ventilator settings.

3.) Receiving indomethacin for closure o f  patent ductus arteriosus.

4.) Low or high birthweight for PCA (< 10* or > 90^ percentile).

5.) Multiple births o f more than twins (because o f sample bias).

6 .) The presence o f congenital abnormalities.

2.2. Ethical permission and consent sought, and information given

Prior to the commencement o f experimentation at each location, permission for the

experiments was obtained from the Ethics Committees at University College and John
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Radcliffe Hospitals. Separate meetings were then held with the consultant 

neonatologists and senior nurses at the 2 hospitals, and brief illustrated explanatory talks 

were given separately to nursing and medical staff at both locations.

An information sheet about the study, which had been approved by the Ethics 

Committees (see figure 2.1 at the end o f  this chapter) was distributed to each member o f  

staff at these meetings, and thereafter each time I encountered a new member o f  staff 

who wished to know about the project. Particular care was taken to give explanation 

and information sheets to the neonatal intensive care course students to help with their 

own learning programme.

A full verbal explanation and printed information sheet was given by me to each set o f  

parents, prior to obtaining written parental consent for each infant. This was sought no 

earlier than 72 hours after birth in the case o f  very sick neonates on the NICU, to allow  

parents time to recover from the initial shock associated with the birth o f  their preterm 

infant. This waiting period was not deemed necessary for healthy preterm and full-term  

neonates. It was also waived towards the end o f the study period, when attempting to 

recruit more infants receiving intravenous opioids into the study, as these infants often 

only received opioid analgesia for short periods following delivery. Separate 

information sheets for each type o f  experimentation performed at each location, and 

their attached consent forms are contained in figures 2.2 - 2.4 at the end o f  this chapter.

A  thorough examination o f  the infant's medical and nursing notes was made, and the 

nurse caring for the infant always approached, prior to seeing the parents, in order to 

ascertain whether recruiting the infant to the study was appropriate at that time. A
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waiting period o f  24 hours between information-giving and obtaining consent was 

required by the Oxford Ethics Committee, in order to give the parents time to think 

abbut their infant's participation in the study. This waiting period was allowed to all 

parents at Oxford, although some o f  them said they felt so happy with the explanation 

that they were prepaired to sign the consent form immediately.

Following the testing o f  each infant at the John Radcliffe Hospital, a letter was sent to 

the infant's general practitioner, informing him/her o f  the infant's participation in the 

study, in case the parents subsequently had any questions concerning the experiments 

(see figure 2.5 at the end o f  this chapter). This was a requirement o f  the Oxford Ethics 

Committee.

2.3. When the infants were tested

The infants.were generally tested on only one occasion, and only when they were being 

disturbed for some other reason, such as an 'all-care' procedure. One infant was tested 

four times in a 12 hour period in order to see whether the variability o f  the flexion reflex 

responses to mechanical stimulation was as marked in an individual infant on repeated 

testing, as it was between infants.

It is vitally important that preterm infants, especially when they are sick, are disturbed 

as little as possible (Shapiro 1989), so every attempt was made not to cause undue 

disturbance, and to respect the infant's own need for rest. In the case o f  older and 

healthier infants, testing was performed immediately after they had been placed back in 

their cot or incubator following feeding. The infants were tested in whatever position  

was most comfortable for them - usually either prone or on their sides.
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The behavioural state o f  the infant was always taken into account when they were 

tested, as this has been shown to affect reflex parameters (Prechtl et al 1967, Lenard et 

al 1968). Classification o f  state was according to that devised by Prechtl (Prechtl et al 

1967, Lenard et al 1968). The categories were divided as follows;

1.) Regular sleep - eyes closed, no eye movements, regular respiration, no body 

movements except startles.

2.) Irregular sleep - eyes closed, slow  and rapid eye movements, irregular respiration, no 

gross movements, occasional muscular twitches.

3.) Quiet wakefulness - eyes open, no gross movements.

The infants were only tested in states 2 and 3, as polysynaptic exteroceptive reflexes 

such as the flexion reflex are elicited equally well in these 2 states (Prechtl et al 1967, 

Lenard et al 1968). I f the infant passed into state 1 during testing, the test was 

discontinued. See table 2.1 for the behavioural state codings used in the study.

Infants were never tested while sucking on a pacifier, as this has been shown to affect 

reflex parameters (W olff & Simmons 1967, Lenard et al 1968). Therefore, it was 

sometimes necessary to wait some considerable time i f  the infant was unsettled before 

resuming testing.

2.4. Recording electromvograph (EMGl activitv

EMG recordings o f  flexion reflexes were obtained using a Medelec 'Sapphire' 2-channel 

EMG unit. The raw EMG activity is obtained by the 'Sapphire' and sampled at a rate o f  

lOOKHz before being digitised and displayed on the screen (see plate 2.1). It is not
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possible to display the analogue EMG signal on the ’Sapphire' screen.

The following settings were used for EMG recording on the 'Sapphire' i f  recording from

2 muscles:

A ctive Channels Chi Ch2

Sensitivity lOOpV lOOpV

Low  Filter lOHz 10 Hz

High Filter 2kHz 2kHz

N otch Filter 50Hz 50Hz

Sweep Speed 5secs Ssecs

Single sweeps o f flexion reflex EMG responses were saved on double density 'floppy' 

disks for subsequent analysis. The resolution o f the saved data was 1000 data points per 

channel. The saved EMG sweeps were then manually marked with cursors at the 

beginning, peak deflection, and end o f the reflex response, and the latency, peak 

amplitude, and duration o f  the flexion reflex were recorded. The 'Sapphire' also 

computed the area under the curve o f  the rectified EMG signal. This was performed 

using an algorithm based on a line drawn between the markers at the beginning and end 

o f  the response. This line was then used as a baseline from which to sum all the sample 

point amplitudes in between the 2 markers. Thus, the area o f  the response was also 

obtained and recorded. The data were subsequently entered into a spreadsheet for 

statistical analysis (see section 2.8, and chapter 4 for statistical analysis).

Only one leg was used for performing experiments and recording flexion reflex EMG  

activity. Recordings were always obtained from biceps femoris muscle, which is the
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usual site for recording flexion reflex activity in the adult (Hugon 1973, Wilier 1977). 

In addition, recordings were sometimes obtained from quadriceps femoris muscle in 

order to observe agonist/antagonist muscle activity between it and biceps femoris, and 

to see if  there was any 'cross-talk' between the electrodes placed on these muscles. 

Recordings were also obtained sometimes from tibialis anterior muscle as it was thought 

that, due to the immaturity and lack o f  inhibition in the neonatal nervous system, flexion 

reflex activity may be seen in this muscle first. Flexion reflex activity is normally first 

observed in biceps femoris in the adult (J-C Wilier, personal communication).

2.5. Skin preparation and electrode placement for EMG recording 

The skin overlying the muscles to be tested was first cleaned thoroughly with an alcohol 

swab o f the type in clinical use on the NICU. The sites where electrodes were to be 

placed were then vigorously rubbed with a slightly abrasive skin-prepping cream called 

'Nu-prep' which is the preferred EMG and BEG skin preparation cream in use at the 

Hospital for Sick Children, Great Ormond Street, and has been shown to be safe for use 

with neonates. The cream was applied with the side o f a cotton wool bud in order to 

cover as small an area as possible, without additionally inadvertently abrading the skin 

with the hard tip o f  the cotton wool bud.

The aim o f  the skin preparation was to ensure that the recording electrode impedances, 

as registered by the 'Sapphire' pre-amplifier, were as low as possible, preferably below  

2KQ. If the electrode impedances were higher than 4-8KQ, the EMG recordings were 

contaminated by 50Hz mains interference (despite the presence o f  a 50Hz 'notch' filter 

in the 'Sapphire'), and other forms o f electrical interference from the poorly-screened 

monitoring instruments and incubators situated around the infant being tested.
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Follow ing the skin preparation, 2 silver/silver chloride surface disc electrodes (see plate 

2.2) were filled with electrolyte-containing contact gel ('Signa-gel', Parker Labs Inc.), 

and taped over the muscle from which recordings were to be obtained with hypo- 

allergenic tape (M efix, Molnlycke Ltd). The 'live' electrode was always placed over the 

belly o f  the muscle, and the reference electrode was placed over a tendon attached to the 

same muscle. In the case o f  biceps femoris, the reference electrode was placed over the 

biceps tendon above and lateral to the knee joint (see plate 2.3), and in the case o f  

quadriceps, the reference electrode was placed over the quadriceps tendon, on the 

anterior surface o f  the thigh above the knee joint. When recording from tibialis anterior, 

the reference electrode was placed on its tendon, just below and slightly lateral to the 

patella (see plate 2.4). A s the 'Sapphire' had only 2 recording channels, recordings were 

only made from 2 m uscles at any one time.

Once the recording electrodes were in place, they were plugged into the 'Sapphire' pre

amplifier which was placed inside the cot or incubator. The electrode leads were then 

coiled-up and covered above and below with a square o f  muslin in order to minimise 

interference from monitoring instrument electrodes, and static electricity on the leads 

from man-made fabrics such as baby clothes and artificial sheepskin (on which the 

infants were often lying, see plate 2.5).

Part way through the study, it was found that the EMG recordings were sometimes 

contaminated with unidirectional movement artefacts, and also with other artefacts 

presumably from electrical activity in and around the neonatal unit. The experiments 

conducted to further minimise these artefacts are described in Chapter 3, the Methods
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Development chapter.

2.6. Types o f  stimulation

2.6.1. Mechanical stimulation

2.6.1.1. Innocuous mechanical stimulation

Innocuous stimuli were provided by calibrated von Frey hairs. A von Frey hair is a 

single nylon monofilament o f  graded diameter (0.08-1 mm), which in this case is 

inserted coaxially into a 12mm strip o f  perspex rod, measuring 2mm in diameter. Sets 

o f hairs are made according to a logarithmic scale o f  the weight in grams applied when 

the hair is pressed downwards on a surface. There is a base-10 log difference o f  0,22 

between adjacent hairs in the series. The weight o f von Frey hairs used in this study 

ranged from 0.0794g - 34.7g (see table 2.3 for the weights o f  each hair).

The von Frey hairs used in the study were recalibrated at regular intervals during the 

period o f data collection using an analytical balance accurate to Img. The calibration is 

performed by pressing the end o f the hair downwards onto the balance in exactly the 

same way as it would be used on a subject and the maximum weight in grams measured. 

The hairs were also recalibrated whenever their environment changed, such as when 

they were subjected to extremes o f temperature and humidity, as encountered when 

testing infants receiving high levels o f  intensive care (Andrews 1993). When not in use, 

the hairs were stored in their own box in a dry atmosphere and at room temperature. 

They were cleaned thoroughly with alcohol swabs between successive tests on infants. 

The cleaning procedure was agreed with the 'Control o f  Infection' team at both
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hospitals.

When using the von Frey hairs to elicit withdrawal reflexes, it was discovered that there 

was an optimum time for exerting pressure on the surface o f  the skin. Pressing for too 

long distorted the hair too much and made the pressure exerted inaccurate for the 

strength o f  hair.

In order to enable the von Frey hair stimulus to be linked accurately to the flexion reflex 

EMG response, an instrument had to be devised which would detect the application o f  

the von Frey hair to the skin and trigger the sweep o f the 'Sapphire'. As no such 

instrument was commercially available, Medelec Ltd was approached and asked if  they 

would be willing to help with the design o f such an instrument. A  specification o f my 

requirements was written for them, and meetings held to clarify the design o f the device.

A  special hand-held piezo transducer device was made which could hold the von Frey 

hairs and trigger the sweep o f the EMG unit with a 5-volt TTL pulse (see plate 2.6). For 

a full account o f  the device, including a block diagram, please refer to Chapter 3 on 

methods development.

When using the von Frey hairs and piezo triggering device, it was necessary to leave an 

interval o f  at least 5 seconds between stimuli, and to hold the piezo transducer still for 

that time. This was in order to allow the von Frey hair and the piezo transducer to 

return to their original positions, and for the hair to be applied with equal force. It was 

also important to move the piezo transducer towards the skin at as constant a speed as is 

possible with a hand-held device, and not too slowly, to prevent undue oscillation o f the 

von Frey hair and premature triggering o f  the EMG sweep.
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It was possible to display the output o f the piezo transducer on the 'Sapphire' screen, 

although it was not possible to measure the amplitude o f  the transducer signal, only its 

duration, because the signal did not go through the amplifier. The piezo transducer 

signal was recorded on channel 2 o f  the 'Sapphire' if  recordings were being obtained 

only from biceps femoris.

2.6.1.2. Noxious mechanical stimulation

A frankly noxious stimulus in the form o f a heel lance was used to elicit flexion reflexes 

and compare them with those evoked by innocuous stimuli. A mechanical lancet, the 

'Autolet' (Owen Mumford Ltd) was used to give the heel lance, as it has been found to 

cause less wakefulness and crying, and not to induce palmar sweating in full-term 

infants, compared with a manual heel lance which produced a greater than 100% 

increase in palmar sweating in this age group (Harpin & Rutter 1983).

In order to perform the heel lance, a lancet is placed in a spring-loaded cartridge which 

is held against the skin. When the spring is released, the lancet pierces the skin causing 

bleeding, and is immediately vdthdrawn. The 'Autolet' gives a fixed depth o f  puncture 

(2.4mm), which decreases the risk o f  calcaneal osteomyelitis, and is thus superior to a 

manual heel lance which gives no control over the depth o f  heel puncture (Harpin & 

Rutter 1983).

Again, it was necessary to devise a way o f  linking the stimulus to the response by 

enabling the 'Autolet' to trigger the sweep o f  the 'Sapphire' EMG unit. Medelec were 

consulted again, and provided with a specification o f my requirements. The 'Autolet'
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was fitted with a light-emitting diode (LED), which enabled it to trigger the sweep o f  

the 'Sapphire' when the heel lance was performed. For further detail concerning its' 

operation, please see Chapter 3 on methods development.

2.6.2. Electrical stimulation

In order to reduce some o f  the sources o f  variability inherent in using mechanical 

stimuli, flexion reflexes were also evoked using small electrical pulses. These were 

delivered via the 'Sapphire' using a neonatal bipolar stimulator, specially-designed for 

the project to my specification by an engineer at Medelec Ltd (see plate 2.7 for 

illustration, and chapter 3 for a brief account o f the design). The skin overlying the 

sural nerve at its' retromalleolar pathway, just behind and beneath the lateral malleolus 

at the ankle, was cleaned vrith an alcohol swab but not prepared with ‘Nu-prep’, and the 

stimulator was strapped there using 'Mefix' tape, with the cathode sited proximally (see 

plate 2.8). It was necessary to clean the skin with alcohol to reduce the electrode 

impedance, since the ‘Sapphire’ would not allow the stimulator to deliver the stimuli if  

the impedance was above 8KQ. Trains o f 5 stimulus pulses were delivered with the aid 

o f a 'train stimulator box' which was again designed to my specification by an engineer 

at Medelec Ltd (see plate 2.9 for illustration, and chapter 3 on methods development for 

a brief account o f  the design). The box had to be designed specially because the 

'Sapphire' is unable to deliver trains o f  stimuli. It has been shown that trains o f  2 or 

more stimuli are more effective at eliciting flexion reflexes in the adult (Wilier 1983), 

which was why it was deemed important to use them in this study. The stimulus width 

o f the constituent single electrical pulses in the train was 0.1msec, and the interstimulus 

interval (ISI) between each pulse in the train was 0.5msec.
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2.7. Experiments performed

A  series o f either 3 or 5 experiments was performed using mechanical stimuli at each 

testing session on individual infants. 2 experiments were performed at each session  

when electrical stimuli were used. Some infants were tested with both mechanical and 

electrical stimuli in one session. The entire testing period lasted between 1 and 3 hours 

depending on how many experiments were performed, and whether the infant was 

settled. In addition to the flexion reflex EMG responses being recorded on floppy disk, 

sample data and von Frey hair thresholds were recorded on a chart specially designed 

for this project (see figure 2.6 for a completed example).

2.7.1. Mechanical stimulation

2.7.1.1. Initial threshold

The initial threshold for the flexion reflex was established at the beginning o f  the testing 

session by applying a von Frey hair perpendicularly downwards on the plantar surface 

o f  the foot towards the outer aspect o f  the heel (see plate 2.10). The spot was always 

marked with a pen to ensure that stimuli were subsequently delivered to the same point. 

A  very fine hair was used to begin with, and working upwards in force, the initial 

threshold was considered to have been reached when there was EMG activity in one or 

other o f  the muscles being tested, accompanied by visible ^withdrawal movements o f  the 

limb away from the stimulus. Sometimes, EMG activity was present when the visible 

withdrawal movements were very small.

Following the establishment o f  the initial threshold, subsequent von Frey hair 

experiments were conducted in random order, the randomisation being performed using
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a scientific calculator. A  period o f 3-5 minutes was allowed between each experiment 

in order that the effect o f the previous stimulation was minimised. Experiments 

involving heel lance and dummy heel lance were always performed at the end o f  the 

testing session.

2.7.1.2. Repeated stimulation

In exactly the same place on the foot as had been used for initial threshold, the von Frey 

hair applying a weight 2.8 times threshold was applied in the same way, at 10 second 

intervals (see Amistrong-James 1975) for 10 times. Additionally, in a small group o f  10 

‘control’ infants aged 33-37 weeks PCA, repeated stimuli were applied according to the 

same protocol, but at 7.6 times threshold, for comparison with control infants in the 33- 

37 week age group who had received repeated stimuli at 2.8 times threshold. The 

threshold following repeated stimulation was then ascertained, starting with the von 

Frey hair 0.6 times threshold (1 hair in the series below that which had evoked the 

threshold response), to see if  the threshold had been lowered following repeated 

stimulation. The EMG response was recorded following each stimulation, and the 

response was noted visually, although it was not graded as the quantitative data were 

provided by the EMG recordings.

2.7.1.3. Sunrathreshold stimulation with single stimuli

Once again in the same place on the foot, single stimuli were delivered using the von  

Frey hairs applying a weight 7.6 times threshold (4 grades o f  hair above initial 

threshold) and 21 times threshold (6 grades o f hair above initial threshold). An interval 

o f  5 minutes was left between these 2 stimuli. As before, the flexion reflex EMG 

response was recorded and leg movements were noted visually.
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2.7.1.4. Dummy heel lance and heel lance

The final experiments at the end o f the testing session were those involving dummy heel 

lance and heel lance. These were not performed on every infant in the study, only on 

those from whom a capillary blood sample was clinically required. The dummy heel 

lance was performed first, and involved warming the heel by holding it in my hand, and 

then swabbing it on the outer aspect o f its plantar surface with an alcohol swab. Then, 

holding the heel as little as possible to minimise the stimulus being given, the 'Autolet' 

device without a lancet inserted, was applied to the skin, and the spring-loaded trigger 

released, delivering a stimulus whose 'touch' component was very much like that felt 

when a heel lance was given, but without the noxious component o f  the lancet.

After a waiting period o f 5 minutes, the heel lance was delivered. The procedure for 

warming and swabbing the heel and using the 'Autolet' was exactly the same as for the 

dummy heel lance, except this time a lancet was inserted, and the noxious stimulus was 

delivered. The period o f  the EMG sweep (5 seconds), was allowed to elapse, to allow  

the flexion response to be recorded on the 'Sapphire' before the heel was squeezed and 

the blood sample was collected.

2.7.2. Electrical stimulation

2.7.2.1. Initial threshold

The initial threshold for the electrically-evoked flexion reflex was established by giving 

trains o f  electrical pulses via the small bipolar stimulator in the manner already
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described (see section 2.6.2 o f  this chapter). The stimuli commenced at a current o f  

1mA, working upwards in intensity at intervals o f 0.5mA until the threshold o f  the 

reflex was reached. Trains o f  5 stimuli were given. As with mechanical stimulation, 

once the initial threshold was established, experiments were conducted in random order, 

the randomisation being performed using a scientific calculator. Again, a period o f  3-5 

minutes was left between each train o f stimuli in experiments involving only one train at 

a particular stimulus strength, for reasons already stated (see section 2.6.2 o f  this 

chapter).

2 .12 .2 . Repeated stimulation

Trains o f electrical stimuli 1.85 times threshold (2-3mA above threshold), were 

delivered at intervals o f  10 seconds 10 times, in order to provide a comparison with 

mechanically-evoked flexion reflexes. The threshold following repeated electrical 

stimulation was then ascertained by decreasing the stimulus intensity to 1mA below the 

initial threshold level in order to see if  a flexion reflex could be evoked at this intensity. 

If no reflex could be evoked at this strength, the current was increased in increments o f  

0.5mA until the threshold following repeated stimulation was reached. The flexion  

reflex responses to each train were not averaged, in order to provide a direct comparison 

with mechanically-evoked withdrawal reflexes.

2.7.2.3 Suprathreshold stimulation with single trains o f stimuli

Following the establishment o f  initial threshold, single trains o f  electrical stimuli were 

delivered in increments o f  0.5mA from 1mA above threshold, but in random order, to 2- 

3mA above threshold, at which repeated stimuli were given (see above). Possibly 

because o f  the more synchronous nature o f  electrical stimuli, it was not possible to
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increase the level o f  stimulation above 3-3.5mA above threshold, as stimuli given above 

this level generally caused the infants to wince slightly.

2.8. Statistical analvsis

Subject details, threshold values for mechanical and electrical stimulation, and 

numerical values o f  the EMG parameters, were entered into spreadsheets and analysed 

using either ‘Minitab’ version 8.2 for DOS, or SPSS version 6.1 for Windows ’95 

statistical packages.

The advice o f  a statistician was sought before the experiments were commenced and 

subsequently during and after completion o f the data collection. Summary statistics for 

each experiment were obtained, and then, according to the statistical findings, the data 

were analysed further using a number o f statistical measures appropriate to the 

relationships being examined.

Firstly, correlation coefficients were obtained for comparison o f  PCA and initial 

threshold for both mechanical and electrical stimulation. The Two-sample Student’s T- 

test was used for comparison o f initial threshold in the control and leg injury 2 groups. 

The Student’s T-test for paired samples was used for the comparison o f  thresholds 

before and after repeated electrical stimulation, and repeated mechanical stimulation at

2.8 and 7.6 x threshold. The Mann-Whitney U non-parametric test was used for 

comparison o f  the number o f responses on repeated mechanical stimulation at 2.8 and 

7.6 X threshold. The Kruskal-Wallis non-parametric test was used to analyse the 

relationship between PCA and number o f responses on repeated mechanical stimulation. 

One way analysis o f  variance was used for analysis o f  PCA versus initial threshold, and
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tw o way analysis o f  variance for comparison o f  mechanical stimulus intensity with 

EM G parameters, in order to deal with the ‘infant effect’ across the different levels o f  

stimulation. Curve estimation regression analysis was used in the repeated mechanical 

stimulation experiment for analysis o f  the relationship between the time o f  the stimulus 

and the duration and area o f  the response.

The levels o f  significance used in the analysis o f  the data are as follows:

Probabilitv level Significance level Star notation

P >  0.05 >5% not significant

0.05 > P >  0.01 <5% significant *

0.01 > P >  0.001 <1% very significant **

0.1 > P <0.1% highly significant ***

2.9 Difficulties encountered in the execution o f  the methods

2.9.1 Subject recruitment

Although it was intended that infants would be recruited into the present study in 

sufficient numbers, across the full PCA range o f  28 - 42 weeks and into all the observer 

groups, it was impossible to actually achieve this. This was partly because the 

consultant medical staff in both o f the hospitals in which the research was conducted 

were not personally sponsoring the study, although they gave permission for the 

experiments to be conducted on their units.

It was also, found, especially at the John Radcliffe Hospital, that despite wanting as 

much information as possible about the study, parents were naturally suspicious o f
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anyone wishing to conduct research on their preterm infant, and were not always able to 

digest fully the information that was given to them, even though this was presented as 

sensitively as possible. It is possible that demographic factors, as well as the stressors 

associated vvdth having a preterm delivery, could have been instrumental in determining 

parental responses to the request for consent.

It was extremely difficult to recruit infants o f less than 30 weeks PCA into the study, 

because they were often very ill with multiple problems at the time when the parents’ 

consent was required, and needed high levels o f intensive care. The greatest numbers o f  

refusals o f  consent were obtained from parents o f infants in this age group.

Concerning the recruitment o f infants into the 7 observer groups (see section 2.1), this 

was heavily influenced by changes in intensive care practice over recent years, the 

consequences o f  which for the study sample are expanded in section 4.1 o f  the results 

chapter. This means that reference to observer groups, apart from the leg injury groups, 

is not made extensively in the analysis o f the results, because insufficient numbers o f  

infants were obtained in these groups.

2.9.2 Recording and analvsis o f EMG activity

During the study, it was found that 50Hz mains interference and other forms o f  

electrical interference from the monitoring instruments and incubators situated around 

the infants, were a frequently recurring problem (see section 2.5). This situation was 

compounded by the fact that the pre-amplifier was situated at some distance from the 

recording electrodes (see plate 2.5), and not directly above them, but was alleviated in 

part by ensuring that recording electrode impedances were maintained below 8KQ, and
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by the use o f  a 50H z notch filter. However, the latter measure degrades the quality o f  

the EMG signal obtained.

The M edelec ‘Sapphire’ EMG unit used for recording and analysing flexion reflex 

recordings in the present study was recommended by medical staff on the NICU at 

University College Hospital, because it is designed for clinical use and therefore meets 

the safety requirements o f  the technical staff on the NICU. It was purchased prior to the 

commencement o f  the study. However, this unit is not designed as a research 

instrument, and the way in which the data is saved is very inflexible, considerably 

limiting its’ further analysis.

Specifically, the analogue signal is digitised before it is displayed on the ‘Sapphire’ 

screen, and the data can only be saved in its’ digitised form. This means that certain 

analysis operations can only be performed ‘on line’. For example, it is impossible to 

alter the time base o f  the EMG signal once the data is saved. It was difficult to spend 

time on ‘on line’ analysis in the NICU, it being necessary to save the data as quickly as 

possible. This was because there was no battery back-up in the ‘Sapphire’, so if  the 

instrument was inadvertently switched o ff at the mains (which could easily occur in this 

environment), all the current data was lost. In addition, the format in which the data 

was saved onto disk was incompatible with other data formats employed by commonly- 

used analysis packages such as ‘Signal Averager’ or ‘Spike 2 ’ (CED, Cambridge, U.K.).

This made the more sophisticated data analysis operations offered by these packages 

impossible.

As has already been stated in section 2.4, the resolution o f  the saved data was 1000 data
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points per sweep. This meant that for a 5-second sweep speed, there was one data point 

every 5 milliseconds. This data point was not an average value, but was an absolute 

value obtained at 5-millisecond intervals. This meant that EMG information was lost, 

and that it was impossible to lengthen the sweep speed any further, since the resolution 

became poorer as the time base increased.

Finally, it was only possible to print EMG recordings onto heat sensitive paper using the 

‘Sapphire’. Therefore, the quality o f the printed recordings was poor, and the resolution 

o f  the divisions on the paper was insufficient to be able to form analysis operations 

using the squares on the paper. This explains why the area o f  flexion reflex responses 

was calculated using the automatic area calculations performed by the ‘Sapphire’.

2.9.3 Definition o f  flexion reflex responses, and their distinction from spontaneous leg 

movements

It was sometimes difficult to distinguish flexion reflex responses from spontaneous leg 

movements. However, certain criteria were used to ensure that recordings were 

contaminated as little as possible with non-reflexive movements, particularly at the 

beginning o f  the response.

Firstly, stimuli were applied when the infant was quiet, in that there were no visible leg 

movements, and no EMG activity for no less than 5 seconds (the period o f  a single 

sweep) prior to stimulation. Nevertheless, this became more difficult to achieve when 

iterative stimuli were applied at 10-second intervals.

Secondly, a flexion reflex response was defined as a clear flexion withdrawal o f  the
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stimulated limb away from the stimulus, which was specific to that limb, and was not 

part o f  a generalised body movement or a startle response (Shimamura 1973). Knee and 

hip flexion were mandatory for a withdrawal to be classified as a flexion reflex, but the 

response often involved dorsifiexion o f  the ankle as well. There also needed to be EMG 

activity in biceps femoris, and if  recording simultaneously from tibialis anterior, in that 

muscle also, although as is mentioned in section 4.2 o f  the Results chapter, sometimes 

EMG activity was not exactly coincident with visible withdrawal movements.

Finally, EMG recordings were excluded if  the response occurred more than 2 seconds 

following the application o f the stimulus. Latencies o f  this length were included 

because on some occasions, the infants did genuinely appear to be responding to the 

stimulus rather than moving spontaneously, but were doing so very slowly. Similarly 

slow responses have been observed when recording from dorsal horn cells in neonatal 

rats (Jennings & Fitzgerald, submitted for publication). The long latencies observed are 

discussed in more detail in section 5.2.2 o f  the Discussion chapter.
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TABLE 2.1: Classification o f  cerebral damage due to periventricular haemorrhage as
diagnosed by cranial ultrasonography (taken from Roth et al 1993)

Coding for study Observed features

1 Uncomplicated periventricular haemorrhage: haemorrhage
into the germinal layer or ventricles, not associated vsdth 
ventricular dilatation or marked periventricular echodensities 
indicating intraparenchymal haemorrhage.

2 Ventricular dilatation: obvious dilatation o f  one or both lateral
ventricles with cerebrospinal fluid, but insufficient to meet the 
criteria for a diagnosis o f  hydrocephalus.

3 Post-haemorrhagic hydrocephalus: severe dilatation o f a
lateral ventricle such that its 'width is 5mm or more above the 
97̂  ̂centile for this dimension.

4 Cerebral atrophy: loss o f  brain tissue from any cause,
including cysts following intraparenchymal PVH, or irregular 
enlargement o f the ventricular system consistent with 
periventricular leucomalacia or generalised atrophy o f  the 
brain. Infants with both cerebral atrophy and hydrocephalus 
are classified as having atrophy.
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TABLE 2.2: Expérimental parameters, their categories and codings.

jParameters Categories Codings

Sedation no sedation 0
chloral hydrate 1
phenobarbitone, now or in last 48h. 2
chlorpromazine, now or in last 48h. 3

Analgesia no analgesia 0
paracetamol 1
codeine phosphate, now or in last 48h. 2
morphine, now or in last 48h. 3
fentanyl, now or in last 48h. 4

Neuro. damage none 0
uncomplicated periventricular haemorrhage 1
ventricular dilatation, but insufficient for hydrocephalus 2
post-haemorrhagic hydrocephalus 3
cerebral atrophy: loss o f brain tissue 4
any o f  the above vrith abnormal neurological signs 5

Intravenous, intra- none 0
arterial, or long lines any o f  these in the opposite leg 1

significant other limb injury, or talipes splint 2

-Scars none 0
old IV or long line scars, or multiple old heel lances 1
fresh heel lances, fresh IV line removal, bruising 2
transcutaneous electrode bums, extravasation injuries 3

jVentilatory status no ventilatory support 0
oxygen via incubator or headbox
ventilated, either vrith continuous positive airway pressure

1

or intermittent positive pressure 2
any o f  the above with chronic lung disease 3

Conscious state irregular sleep 0

Experiments

quiet wakefulness 1

Repeated stimulation no response 0
response
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TABLE 2.3. Weights and forces applied o f  the von Frey hairs used for mechanical 
stimulation in the study.

Number in series Weight in grams Force in milline
4 0.0794 0.778
5 0.132 1.294
6 0.219 2.146
7 0.363 3.557
8 0.603 5.909
9 1.00 9.8
10 1.66 16.27
11 2.75 26.95
12 4.57 44.79
13 7.58 74.28
14 12.6 123.48
15 20.9 204.8
16 34.7 340.1
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FIGURE 2.1: INFORMATION SHEET ABOUT SKIN SENSITIVITY TESTING

I am researching into the sensitivity to touch o f neonates' skin in order to gain valuable 
information about how their nervous system develops. I also want to look at the effects o f  
intravenous opioid analgesia on cutaneous sensitivity. This research may have 
implications for nursing and medical care, especially those aspects concerned with 
handling, minimising painful procedures, and giving analgesia. That is why I want to tell 
you as much about it as I can, thereby enlisting your support and, hopefully, your 
enthusiasm as well!

I am monitoring somatosensory development, and in particular the development o f  
responses to cutaneous stimuli in preterm and full-term infants, using a cutaneous 
withdrawal reflex. In order to do this, I use calibrated fine nylon hairs o f  graded thickness 
(called von-Frey hairs) on the sole o f the foot and the leg, and small electrical pulses o f  the 
kind used for diagnosis o f nervous system disorders in infants. I measure the response by 
recording the strength o f the cutaneous withdrawal reflex elicited by these stimuli. This is 
done by inserting the von Frey hairs into a triggering device connected to an 
electromyograph (EMG) unit. For the electrical stimuli, I use a small bipolar stimulator, 
placed over the sural nerve on the side o f the foot, which also triggers the EMG sweep.

Obviously, each day I am guided by you as to which babies are suitable for testing. The 
parents need to read in advance the information sheet I have prepared for them, so that 
they can give their informed consent. Some babies are unsuitable for the study and some 
are too unstable to be studied at certain points in their lives, so I always ask you before 
approaching parents to obtain their permission.

The von-Frey hairs I am using give a sensation o f tickle or pressure but do not hurt. 
Similarly, the electrical stimuli give a tapping sensation o f  very short duration. There is 
no need for any extra procedures to be done to the babies other than the care you are 
already giving them. The hairs and bipolar stimulator are wiped with mediswabs between 
each baby, and this procedure has been passed by the hospital Control o f  Infection officer 
as being the appropriate method o f cleaning.

I am also making EMG recordings o f the withdrawal response to a noxious stimulus, and 
would therefore like to be informed o f any babies who are having heel stab blood 
sampling. I am normally allowed to do the heel stabs myself, as I have a special 'Autolet' 
device which connects with my EMG unit.

Some information about me:
I have a bachelor's degree in nursing, and have qualified and practised as a midwife. Until 
I decided to leave nursing, I was a senior staff midwife on a neonatal unit, with five years 
experience o f neonatal nursing and END course 405. I have now decided to pursue a 
career in neuroscience research, and after doing an MSc in Biomedical Sciences, I was 
offered my present post as a research fellow, working with Professor Maria Fitzgerald 
who is a developmental neurobiologist at University College London. I am also registered 
at University College for a PhD in neuroscience, for which Professor Fitzgerald is 
supervising me.

Katharine Andrews.
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FIGURE 2.2: Information sheet for parents used at University College Hospital NICU.
for infants having innocuous mechanical stimulation only.

Dear Parent(s)

We are researching into the sensitivity to touch o f newborn babies’ skin in order to gain 
useful information about bow their nervous system develops. The research may also help 
those working on the Special Care Baby Unit in the planning o f  the care they give the 
babies.

We would like to use fine nylon hairs o f graded thickness on the sole o f  your baby's foot 
to test his or her reactions. These give a sensation o f tickle or pressure but do not hurt. 
You are welcome to try them on yourself if  you wish. We would then like to measure your 
baby's reactions using an electronic recording machine which will pick up the responses 
from the leg with harmless sticky pads (similar to those which are used for recording the 
baby's heartbeat). These do not hurt the baby in any way and only act as monitors o f how  
your baby is responding.

We would only like to test your baby when he or she has been disturbed for some other 
reason, such as after a nappy change or feed. We may want to test your baby more than 
once, but will only do so if  this is convenient for you and your baby.

This method o f testing has been used successfully on many babies, because it is so gentle 
and does not require any extra procedures other than the routine care your baby already 
receives.

If you have no objections to your baby being part o f this study, would you please complete 
the accompanying consent form and give it to the nurse caring for your baby. You mav 
also withdraw vour babv from the studv at anv time without giving vour reasons for doing 
so. If you decide that you would not like your baby to be part o f the study, this will in no 
way affect the care your baby receives.

We are happy to answer any questions you may have concerning the testing, but as we 
may not be on the unit when you are visiting, please write down your questions and leave 
them on the unit with a telephone number where we can contact you, or ask your baby's 
nurse to contact one o f  us.

Mrs Katharine Andrews, MSc, B.Nurs, RON,
Research Fellow.

Professor Maria Fitzgerald,
Dept, o f Anatomy & Developmental Biology, UCL.
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FIGURE 2.2 continued.

CONSENT FORM FOR SKIN SENSITIVITY TESTING

I (name)................................................. consent to my baby being in the skin sensitivity
study, having read and understood the accompanying information sheet.

Signed:................................  Date:
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FIGURE 2.3: Information sheet for parents used at University College Hospital NICU. for
infants having innocuous and noxious mechanical stimulation.

Dear Parent(s)

We are researching into the sensitivity to touch o f newborn babies’ skin in order to gain 
useful information about bow their nervous system develops. The research may also help 
those working on the Special Care Baby Unit in the planning o f the care they give the 
babies.

We would like to use fine nylon hairs o f  graded thickness on the sole o f  your baby's foot 
to test his or her reactions. These give a sensation o f tickle or pressure but do not hurt. 
You are welcome to try them on yourself if  you wish. We would then like to measure 
your baby's reactions using an electronic recording machine which will pick up the 
responses from the leg with harmless sticky pads (similar to those which are used for 
recording the baby's heartbeat). These do not hurt the baby in any way and only act as 
monitors o f how your baby is responding.

We would only like to test your baby when he or she has been disturbed for some other 
reason, such as after a nappy change or feed. We may want to test your baby more than 
once, but will only do so if  this is convenient for you and your baby.

This method o f testing has been used successfully on many babies, because it is so gentle 
and does not require any extra procedures other than the routine care your baby receives.

We would also like to record your baby’s response in the same way when the doctors or 
nurses caring for your baby think that he or she needs to have a blood sample taken as part 
o f the routine care which he or she is receiving (for example, for a routine blood sugar 
test). Your babv will not receive anv extra blood tests. All we want to do is measure 
babies’ responses to what is already happening to them, because we want to see how these 
tests affect them.

If you have no objections to your baby being part o f  this study, would you please complete 
the accompanying consent form and give it to the nurse caring for your baby. You mav 
also withdraw vour babv from the studv at anv time without giving vour reasons for doing 
so. If you decide that you would not like your baby to be part o f  the study, this will in no 
way affect the care your baby receives.

We are happy to answer any questions you may have concerning the testing, but as we 
may not be on the unit when you are visiting, please write down your questions and leave 
them on the unit with a telephone number where we can contact you, or ask your baby's 
nurse to contact one o f us.

Katharine Andrews, MSc, B.Nurs, RON,
Research Fellow.

Professor Maria Fitzgerald,
Dept, o f Anatomy & Developmental Biology, UCL.
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FIGURE 2.3 continued.

CONSENT FORM FOR SKIN SENSITIVITY TESTING

I (name).............................................. consent to my baby being in the skin sensitivity study,
having read and understood the accompanying information sheet.

Signed:................................  Date:.....................
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FIGURE 2.4: Information sheet for parents used at the John Radcliffe Hospital NICU.
for infants having innocuous and noxious mechanical, and electrical stimulation.

INFORMATION SHEET FOR PARENTS

Dear

Studv o f  skin sensitivity testing in newborn infants.

We are asking i f  you would be willing to help us by agreeing to the participation o f  your 
baby in a study o f  the sensitivity to touch o f newborn babies' skin. This study is already 
helping us to understand how babies’ nervous systems develop, and we hope that it w ill 
help us to alleviate any discomfort resulting from intensive care.

Firstly, we would like to use fine nylon hairs o f  graded thickness on the sole o f  your 
baby's foot to test his or her reactions. These give a sensation o f  tickle or pressure but do 
not hurt. You are welcome to try them on yourself if  you wish. Secondly, w e would like 
to give very small electrical stimuli to the skin at the side o f  your baby’s foot. These are 
exactly the same type as those used for the diagnosis o f  nervous system problems in 
babies, and they give a tapping sensation but do not hurt. They can hardly be felt by older 
children and adults. At the same time, we would like to measure your baby's reactions 
using an electronic recording machine which will pick up the responses from the leg with 
harmless sticky pads (similar to those which are used for recording the baby's heartbeat). 
These do not hurt the baby in any way and only act as monitors o f  how your baby is 
responding..

We would also like to record your baby's response in the same way when the doctors or 
nurses caring for your baby think that he or she needs to have a blood sample taken as part 
o f  the routine care which he or she is receiving (for example, for a routine blood sugar 
test). Your babv vyill not receive anv extra blood tests. All w e want to do is to measure 
babies responses to what is already happening to them, because w e want to see how these 
tests affect them.

We would only like to test your baby when he or she has been disturbed for some other 
reason, such as after a nappy change or feed. We would like to test your baby a maximum  
o f two times, once for each type o f  stimulation, but we may be able to test your baby only 
once. These methods o f testing are very gentle and do not require any extra procedures 
other than the routine care your baby already receives.

If you decide that you would not like your baby to be part o f  the study, this w ill in no way 
affect the care your baby receives. You mav also withdraw vour babv from the studv at 
anv time without giving vour reasons for doing so.

We are happy to answer any questions you may have concerning the testing. If you have 
any questions please ask your baby's nurse to contact one o f  us.

Mrs Katharine Andrews, MSc, B.Nurs, RON,
Research Fellow.

Dr Peter Hope,
Consultant Paediatrician.
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FIGURE 2.4 continued.

CONSENT FORM

Title o f Project: The measurement o f  the cutaneous withdrawal reflex in preterm and term 
infants.

CORECNOs: 93.233 & 94.201

Parents: please complete the rest o f this form if  you consent to your baby being part o f this 
study.

Have you read the Information Sheet? Yes/No

Have you had an opportunity to ask questions and discuss the study? Yes/No 

Have you received satisfactory answers to your questions? Yes/No 

Have you received enough information about the study? Yes/No 

Who have you spoken to? Dr/Mr/Ms................................

Do you understand that you are free to withdraw your baby from the study:
- at any time
- without having to give a reason for doing so,
- and without affecting your baby's medical care? Yes/No

Signed:............................................ Date:.........

Name (in block letters):...............................................
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FIGURE 2.5: Information letter for the general practitioners o f  studv participants at the 
John Radcliffe Hospital, sent following the parent’s consent.

Special Care Nursery

Dear D r. .................................

The parents o f  your patient..........................................., who is currently an in-patient on the
Special Care Nursery have kindly consented to the participation o f  their baby in a study 
o f skin sensitivity testing in the newborn. The aim o f this research is to leam more 
about the magnitude, threshold, and latency o f the flexion withdrawal response to skin 
stimulation in neonates o f  various ages and gestations undergoing different intensive 
care procedures.

The flexion response is measured by surface EMG electrodes on the leg, and the 
stimulus will either be light pressure from a hair, or a tapping sensation from a small 
electrical stimulus. Some babies will be studied during a routine heel lance, but there 
will be no invasive procedures additional to normal care.

If you have any further questions or concerns about the study, we would be very happy 
to discuss it with you in more detail.

Yours sincerely

Katharine Andrews, MSc, B.Nurs, RGN. Work telephone number

Dr Peter Hope, consultant neonatologist Work telephone number
Home “ “ “ “
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FIGURE 2.6: Example o f  a completed experiment sheet used at both hospitals for all 
types o f  stimulation.

Exptno: FR. 3  (p Filenam es:^'d-,j5r^j5st. Date: 2 .0 -a. 9a-.
Group: O  CCbA-trol) D isk :® DOB: a-.a..9a_.
Name: .Sm'dh Channel 1: Sice-fis ^s/r\t?rvs • PC Age: 3G.ia_Lje&ks.
Description o f  expt:J^««J#ir^ Channel 2: prpLe-. PN Age: ^  .28 weeks .

9 (3-+2.1 stTIs+irrv, Impedances: jz -L. *cn Weight: 209̂ .
Sedation Analgesia Neur.c am I.V. Scars Ventilation Cons, state

0 0 0 o O O CD
(E/L Leg I.T. S.T. Repeated siimulation

 ̂MecWx̂  1 ccJL')
1 2 3 4 5 6 7 8 9 10 T.

A.
Stim.
Intensity 1.CO3 2 .^

Response:
0,1 1 O 1 1 1 O 1 0 0 1 0

Cascade-Ch. i . 1' 1 1 15 IJ2. 1.3 I.U- 1.5 i.b f.9- 1.8 1.4 1. /o 1. /( /. 12
“ -Ch.2.. -2.L5 a..a. 2.3 2. U- 2.5 2.-4 2.er 2 . 4 2.102.11 2.12

Store 1 I 2 5 A /I /3 15 14- /4 2 /
-2- a- é, a IC> 12. ;a_ /b »S 2CP 22.

Dummy Autolet Heel lance
Cascade
Store
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PLATE 2.1 : Medelec ‘Sapphire’ 2 channel EMG Unit, displayed on its trolley, with the pre-amplifier below and to the left o f the screen.



PLATE 2.2: Pair o f  paediatric, 6mm diameter, bipolar recording electrodes with screened leads, and a paediatric 6mm ground electrode with an
unscreened lead
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PLATE 2.3: Recording set-up for EMG recordings from biceps femoris - the live electrode is placed on the belly o f  the muscle, and the reference
electrode on the tendon. The ground electrode is placed above the ankle.



PLATE 2.4: Recording set-up for EMG recordings from tibialis anterior - as for biceps femoris, the live electrode is placed on the belly o f  the muscle,
and the reference electrode on its tendon. The ground electrode is placed above the ankle.
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PLATE 2.5: Infant set up for an experiment - the recording electrodes are placed for recording from tibialis anterior, and the electrical bipolar 
stimulator is in place for sural nerve stimulation. The electrode leads are covered with muslin to minimize interference, and the pre-amplifier is placed

inside the basinette.
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PLATE 2.6; The piezo transducer device for von Frey hair stimulation - the von Frey hair is on the right of the picture, inserted into the box containing 
the piezo transducer. On the left of the picture is the remote box showing the triggering arm button (right), and the vibration threshold sensitivity dial

(left). See chapter 3 on methods development for further explanation.



PLATE 2.7: The neonatal electrical bipolar stimulator - the stimulator is at the centre bottom of the picture. The cathode is at the opposite, end of the 
stimulator from the leads, and is sited proximally when the stimulator is placed over the sural nerve. See chapter 3 on methods development for further

explanation.
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PLATE 2.8: Recording set-up for electrical stimulation and recording from tibialis anterior - the recording and ground electrodes are in place as for
PLATE 2.4, and the bipolar stimulator is placed over the sural nerve in its’ retromalleolar pathway.



PLATE 2.9: Train stimulator box for giving trains o f electrical stimuli - the on/off switch is labelled to the right o f the picture. The dial to^select the 
number o f  pulses in a train is to the extreme left o f  the picture, and the dial to select the interstimulus interval is just to the left o f  centre. The stimulus

width is fixed from the ‘Sapphire’. See chapter 3 on methods development for further explanation.
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PLATE 2.10: Application of von Frey hair to the foot - the foot was stimulated mechanically on the heel, either on its inner or outer aspect. Care was 
taken to apply the hair to the foot quickly, for optimal efficiency of the piezo transducer, and not to distort the hair too much as this would mean that its

force would be dissipated.



CHAPTER 3: METHODS DEVELOPMENT

3.1. Introduction

Electrical stimulation is commonly used in electromyograph (EMG) studies of 

cutaneous reflexes in human adults and children (Hugon 1973, Wilier 1977, Issler and 

Stephens 1983, Rowlandson and Stephens 1985, Chan and Dallaire 1989). It has the 

advantages of being able to apply quantitative, graded and time-locked stimuli that can 

be accurately linked to the EMG responses. However, electrical stimulation is not 

always the most appropriate method of eliciting a reflex, as it excites afferent fibres in a 

synchronized, unphysiological way, and bypasses sensory nerve endings, so that 

information on peripheral transduction processes is lost (Handworker and Kobal 1993).

There is growing interest in the use of mechanical stimuli for reflex studies in infants 

(Myklebust 1990, Myklebust et al 1986, O'Sullivan et al 1991, Fitzgerald et al 1988, 

Andrews and Fitzgerald 1994). Mechanical stimuli more closely resemble the types of 

stimuli encountered in normal physiological conditions as well as in the clmical 

situation. However, the mechanical stimulus must be time-locked to the EMG response 

if precise information about reflex latencies is to be obtained, and repeated stimuli 

accurately superimposed. In experiments on neonates receiving intensive care, it is also 

helpful if  such a mechanical stimulus is hand-held, because of the experimental 

conditions in a neonatal intensive care unit (NICU).

In order to apply the kinds of mechanical stimuli which it was felt would be most 

informative in this study of flexion reflexes in neonates, it was necessary to develop 

novel pieces of equipment. These were designed according to my specification by 

engineers at ‘Medelec Ltd’. Firstly, a hand-held piezo transducer device into which von
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Frey hairs could be inserted, was designed for applying non-noxious mechanical stimuli 

(see plate 2.6). The experiments which were conducted to test the accuracy o f  this 

device, and also to exclude possible ‘cross-talk’ between the piezo transducer and the 

‘ Sapphire’ are described in the ensuing sections o f  this chapter.

For comparison o f  noxious with non-noxious mechanical stimuli, use was made o f  an 

existing device for delivering a heel lance - the ‘Autolet’ (Owen Mumford Ltd). The 

reasons for choosing this piece o f  equipment are contained in section 2.6.1.2 o f  the 

methods chapter, and more details concerning its’ development follow  in this chapter.

Despite the importance placed on the use o f  mechanical stimuli in this project, it was 

also thought necessary to investigate flexion reflexes using electrical stimuli, since there 

appears to be no recent published literature on neonatal human flexion reflexes, even 

using this method. A lso, it was thought that electrical stimulation might eliminate some 

o f  the variability o f  EMG parameters seen with mechanical stimulation, which could be 

due to the variability inherent in using a hand-held device. Therefore, the development 

o f  a small bipolar stimulator for use with neonates is described, and also o f  a train 

stimulator box, since the ‘Sapphire’ cannot be used to give trains o f  stimuli. In addition, 

studies on flexion reflexes in adults have shown that trains o f  stimuli are more effective 

in recruiting afferent fibres and eliciting reflexes (Wilier 1983). This may be even more 

important in the neonate because o f  incomplete myelination o f  nerve fibres (Yacovlev & 

Lecours 1967).

Finally, experiments are described which were conducted using recording electrodes 

with different types o f  leads and a ‘home-made’ potentiometer, in order to exclude

133



movement artefact which seemed to appear on some of the EMG recordings.

3.2. The Piezo Transucer Unit

3.2.1. Design

The piezo transducer and amplifier circuitry are mounted in a rectangular plastic casing 

with a fixture at one end for attaching von Frey hairs. The von Frey hairs are mounted 

coaxially in perspex rod 2mm in diameter and 12mm long. At the other end o f  the 

casing is a 3 metre cable terminating in a 15 way plug, which is inserted into the 

auxiliary socket on a Medelec 'Sapphire' EMG unit (see plate 2.6). The casing was 

made as small as possible for ease o f manipulation inside incubators on an NICU.

The piezo element inside the casing is mounted on a spring assembly to reduce the 

effect o f  vibrations produced by handling the probe. The mounting prevents oscillation 

after the hair has touched the skin but allows the piezo element to move backwards and 

forwards against stops when inserting and removing von Frey hairs. It was important to 

ensure that the mass o f the mounting and o f  the rods into which the hairs are fixed is as 

small as possible, to reduce inertia and thus to allow for the very small weight exerted 

by the lightest von Frey hair used in our experiments (0.079g). The mounting also 

needed to be robust enough to prevent damage to the piezo element caused by the use 

o f  the heaviest hair in our series, applying a weight o f 34.7g.

The signal from the piezo element passes through 2 stages o f  amplification (see figure 

3.1), followed by a bistable comparator which is used to generate the pulse which 

triggers the sweep o f  the 'Sapphire' EMG unit. This pulse is a 5 volt falling edge trigger
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which is displayed inverted on the screen o f  the EMG unit (figure 3.2, A-E).

The pulse is arranged to trigger a single sweep by means o f a remote arm switch (see 

plate 2.6). When the switch is pressed, a bulb on the piezo transducer casing lights up 

indicating that the unit is armed, and goes out when the sweep is triggered. The arming 

switch is remote in order to prevent false triggering due to the piezo element sensing the 

vibration generated when the button on the switch is pressed.

There is a sensitivity dial on the remote box (see plate 2.6), which allows the 

experimenter to set the level o f vibration at which the sweep is triggered. This is 

especially needed when using the lighter von Frey hairs in the series, but is less 

important when using the heavier ones.

3.2.2. Accuracv

Experiments were conducted in order to determine the delay between application o f the 

von Frey hair and the triggering o f the EMG sweep by the piezo transducer circuit (see 

figure 3.1). A  Medelec 'Sapphire' 4-channel EMG unit was used for recording. A  von 

Frey hair, inserted into the piezo transducer unit, was pressed onto a piezo 'microphone', 

which provided a record o f  when the von Frey hair touched a surface. The surface o f  

the metal plate covering the piezo 'microphone' was slightly adhesive to prevent the von 

Frey hair bouncing on its surface. The adhesive surface produced better recordings o f  

the oscillations o f  the von Frey hairs, which otherwise would have been distorted by the 

bouncing o f  the hair. Recordings were made on 3 channels o f  the 'Sapphire' as follows: 

Channel 1: An attenuated version o f  the edge trigger pulse from the piezo transducer. 

Channel 2 : The output from the piezo transducer itself, recording the signal created by
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the von Frey hair as it bends.

Channel 3 : The output o f  the piezo 'microphone' onto which the von Frey hair is 

pressed.

The sweep speed was 20m secs, with a delay o f  6msecs. 5 different von Frey hairs were 

used to test the efficiency o f  the piezo transducer unit, with weights ranging from  

0.079g to 34.7g (figure 3.2, A-E). 2 sweeps were recorded for each von Frey hair.

At no time was the time difference between the signals on the 3 channels greater than 

0.8m sec (figure 3.2, A-E). This small delay was seen on the records for the hair 

applying a weight o f  7.58g (see figure 3.2D), and was abolished by a small adjustment 

to the vibration threshold.

The von Frey hairs produce an oscillatory signal, superimposed on the force signal, with 

the resonant frequency o f  the hairs being higher with the weaker hairs in the series. 

There are also resonances in the piezo transducer and the piezo microphone which cause 

the signals recorded to differ. This can be seen clearly in the piezo transducer and 

'microphone' outputs from the recording o f  the 0.079g hair (figure 3.2A, stores 2 , 3 , 5 ,  

and 6), but cannot be seen in figures 3.2, B-E, because the strength o f the force signal 

has saturated the sensitive amplifiers in the probe and the microphone. The signals 

recorded have been passed through AC coupling in the probe and EMG amplifiers. This 

removes the DC component o f  the force signal, leaving the small vibrations caused by 

the operator, which can be seen in figure 3.3, stores 2 and 4.
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3.2.3. Clinical use

The fact that the piezo transducer unit is small and hand-held (see plate 2.6) made it 

easy to use within the confined space o f incubators in an NICU. It was not affected by 

interference from the intensive care instruments surrounding neonates in the NICU, and 

it did not affect any o f  those instruments. Care had to be taken to avoid excessive 

vibration when using the piezo transducer unit, especially when the vibration threshold 

was set at a low  level for use with weaker von Frey hairs, because this caused premature 

triggering.

Nevertheless, the accuracy with which the stimulator triggered the sweep o f  the EMG 

unit meant that it was possible to calculate the latency o f  the reflex to within 1msec. 

This was adequate in view  o f  the normal flexion reflex latencies in neonates (minimum 

100msec, mechanical stimulation), and adults (minimum 40msec, electrical stimulation. 

Wilier 1977).

It is possible to apply a large range o f  weights with von Frey hairs (0.079-34.7g in our 

series), and thus determine thresholds over a wide range, which is useful for both adult 

and neonatal studies. The force applied by a von Frey hair is not constant, but fluctuates 

slightly with the bending o f the hair, as these experiments have shown. This usefully 

reflects the non-uniformity o f  the mechanical stimuli which neonates normally 

receive in an NICU, but it may make it difficult to determine sensory thresholds 

accurately. Von Frey hairs are affected by changes in temperature and humidity 

(Andrews 1993), which means that results on sensory thresholds need to be interpreted 

cautiously in some situations on the NICU where high temperatures and 100% relative 

humidity are used.
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3.2.4. Elimination o f ‘cross-talk’ with the ‘Sapphire’ EMG Unit

It was suggested by some colleagues that some o f  the artefacts which were seen on 

flexion reflex EMG recordings in this study, particularly those o f  a cyclical nature (see 

figure 3.4), may have been due to ‘cross-talk’ between the piezo transducer device and 

the ‘Sapphire’ EMG unit. The engineer who made the device for use with the 

‘Sapphire’ said that this would be impossible because the signal from the piezo 

transducer, which normally occupied channel 2 o f  the ‘Sapphire’, did not pass through 

the ‘Sapphire’ pre-amplifier, and was completely isolated from the EMG signal 

occupying channel 1 o f  the ‘Sapphire’.

However, ip order to ensure that this was indeed the case, the piezo transducer with a 

von Frey hair inserted, was plugged into the ‘Sapphire’ and its output displayed on 

channel 2, leaving channel 1 empty. The signal on channel 2 was then observed with 

the pre-amplifier in both ‘calibration’ and ‘patient’ modes, while bending the von Frey 

hair and thus activating the transducer, which was placed close to the pre-amplifier. 

There was no appearance o f  piezo transducer waveforms on channel 1 o f  the ‘Sapphire’ 

(normally occupied by the EMG signal), which meant that there was no ‘cross-talk’ 

between the transducer and the ‘Sapphire’. Therefore it was concluded that the artefacts 

appearing on the EMG recordings were due to interference from other sources, o f  which 

there were many possibilities in both N lC Us. For a record o f  experiments to exclude 

movement artefacts, please refer to section 3.6 o f  this chapter.
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3.3. The ‘Autolet’ Trigger

3.3.1. Design

The basis o f the ‘Autolet’ trigger was a standard ‘Autolet’ device made by Owen 

Mumford Ltd. A  description o f how the device operates and why w e chose this 

particular method o f  giving a heel lance is contained in section 2.6.1.2. o f  Chapter 2, the 

methods chapter.

It was necessary to devise a way for the ‘Autolet’ to trigger the EMG sweep without 

interfering with the function o f  the ‘Autolet’ itself. This was achieved by using an 

‘opto-switch’, which is a type o f light-emitting diode which works by reflection, and 

therefore does not have to be attached to any o f the moving parts o f  the ‘Autolet’ (see 

figure 3.5). The opto-switch comprises a diode which is coupled to a transistor when a 

reflective surface (such as the white spring-loaded arm o f  the ‘Autolet’ containing the 

lancet) is in front o f  it, but which is decoupled from the transistor when a non-reflective 

surface is placed before it. Therefore, a small part o f  the arm o f  the ‘Autolet’ was 

painted black, so that when the spring-loaded arm containing the lancet was primed 

prior to release, the black surface was presented to the opto-switch, which meant that the 

diode and transistor were decoupled. When the arm was released to perform the heel 

lance, the white surface was presented to the opto-switch, coupling the diode and 

transistor. This generated an electrical signal which was converted to a 5 volt falling 

edge trigger pulse that triggered the ‘Sapphire’ EMG sweep. The ‘Autolet’ trigger was 

connected to the ‘Sapphire’ by a 3 metre cable and a 15 way plug, which was inserted 

into the auxiliary socket at the back o f the ‘Sapphire’.
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3.3.2. Accuracv

The spring-loaded arm o f  the ‘Autolet’ device containing the lancet was a much faster- 

m oving and more constant stimulus than the von Frey hairs o f  different weights inserted 

into the piezo transducer. A lso, although the ‘Autolet’ cartridge was hand-held against 

the skin in order to perform the lance, the speed o f  movement o f  the lancet was 

determined by the spring, not the speed o f  movement o f  the operator’s hand. Therefore, 

it was not considered necessary to perform the same accuracy experiments on the 

‘Autolet’ trigger as were performed on the piezo transducer device. However, the 

triggering accuracy o f  the ‘Autolet’ trigger was tested by engineers at Medelec Ltd, and 

found to be accurate to within 1msec, which was satisfactory for our studies.

3.3.3. Elimination o f ‘cross-talk’ with the ‘Sapphire’ EMG unit

The output from the ‘Autolet’ trigger was not displayed on channel 2 o f  the ‘Sapphire’, 

unlike that from the piezo transducer device, but the trigger was released close to the 

pre-amplifier, with the latter in both ‘patient’ and ‘calibration’ modes in order to see if  

any waveform artefacts appeared on channel 1 o f  the ‘Sapphire’, which was normally 

occupied by EMG signal. In neither mode did any stimulus artefacts appear on channel 

1.

3.4. The neonatal bipolar electrical stimulator

3.4.1. Design

The stimulator is comprised o f  a rectangular plastic block measuring 25x5x5mm, into 

which are inserted a cathode and an anode, in the form o f  2 Phillips screws with small 

depressions in the top, into which electrode gel is injected with a needle (see plate 2.7).
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The edges o f  the screws were smoothed-down so that there would be no danger o f  rough 

edges cutting into the infants’ skin. The centres o f  the screws are 7.5mm apart. The 

stimulator was designed with these dimensions in order to be strapped behind the lateral 

malleolus o f  the ankle, and be small enough to fit comfortably there. The stimulator 

was connected to the ‘Sapphire’ by a bipolar lead (see plate 2.7) which was plugged into 

the 2mm stimulator sockets at the side o f  the ‘Sapphire’.

3.4.2. Efficiency o f  operation

The very small dimensions o f  the 2 electrodes on the stimulator meant that the stimulus 

sometimes felt ‘weak’, even though when tested electrically, it was delivering the 

required stimulus. Sometimes, i f  the electrode impedance was too high, the stimulus 

would not be delivered at all. This problem was relieved for the most part by careful 

cleaning and drying o f  the infants’ skin in order to reduce the impedance, ensuring the 

electrode cups were full o f  gel, and securing the stimulator to the skin firmly with 

‘M efix’ tape.

3.5. The train stimulator box 

3.5.1 Design

The ‘Sapphire’ is unable to deliver trains o f  stimuli with the parameters needed for this 

study (see section 2.6.2 o f  methods chapter), so a special train stimulator box was 

developed by engineers at ‘Medelec Ltd’ according to my specifications, which  

contained a circuit which interfaced with the ‘Sapphire’ (see figure 3.6). The circuit 

was contained in a rectangular plastic box on which were an ‘o n /o ff  switch and 2 dials 

(see plate 2.9). The stimulator box could be preset to deliver a minimum o f  2 and a
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maximum o f  6 pulses in a train, as determined by the dial to the extreme left o f  the 

picture. The interstimulus interval could be preset to a minimum o f  0.1msec, 

progressing up to a maximum o f  0.5 m sec in 0.1msec steps, as determined by the dial 

just to the left o f  the centre o f  the picture. The stimulator box was connected to the 

‘Sapphire’ by a cable terminating in a 15 way plug, which was inserted into the 

auxiliary socket at the back o f  the instrument.

Once the dials were preset and the stimulator box was switched on, the box was 

programmed to deliver trains o f  stimuli with the specified parameters every 10 seconds, 

as this was the interval used in experiments involving repeated stimuli for both 

mechanical and electrical stimulation. The action o f  turning the ‘o n /o ff switch on 

triggered the EMG sweep, and thereafter the sweep was triggered every 10 seconds 

when a train o f  stimuli was delivered. The box was used with the neonatal bipolar 

stimulator plugged into the stimulator socket on the ‘Sapphire’.

3.5.2. Efficiencv o f  operation

Minor adjustments had to be made to the train stimulator box following its’ initial 

testing in experiments. This was because it sometimes inadvertently delivered a train o f  

stimuli as it was being switched off, and the preset interval between trains was not 

always constant at 10 seconds. However, once the adjustments were made to the circuit, 

there were no more problems with its operation.

3.6. Exclusion o f  movement artefact in EMG recordings

Early on in the course o f  the study, it was noted that flexion reflex responses, 

particularly to suprathreshold stimulation, often involved large, jerky limb movements,
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with correspondingly large amplitude spikes seen on EMG recordings, which were 

usually bidirectional (see figure 3.7). It was unclear whether these large amplitude 

spikes were due to genuine EMG activity or movement artefact. Unidirectional spikes, 

more suggestive o f  movement artefact, were also seen on EMG recordings (see figure 

3.20.

Therefore, it was decided to conduct experiments on one infant using recording 

electrodes with firstly unscreened and then screened leads placed on biceps femoris, and 

a ‘home-made’ potentiometer or movement sensor, to detect the presence o f  movement 

artefacts, and to see if  their incidence was reduced by the use o f  recording electrodes 

with screened leads.

3.6.1. Construction o f the movement sensor

The movement sensor or potentiometer was applied to the big toe o f  the leg from which 

flexion reflexes were being recorded in the following way. 2 silver/silver chloride 

electrodes with unscreened leads were strapped either side o f  the big toe with ‘M efix’ 

tape. The skin under the electrodes was not ‘prepped’ as electrode impedances were not 

critical, and only a small amount o f ‘Signa-gel’ was placed in the electrode cups. The 

electrode leads were then plugged into channel 2 on the ‘Sapphire’ pre-amplifier, on 

which chaimel the potentiometer recordings were to be made.

The sensitivity on channel 2 was reduced to ImV (it was normally lOOpV for recording 

flexion reflex responses from biceps femoris), so that only pure movement would be 

recorded, 'without any EMG activity. The filter settings were also altered on channel 2, 

to avoid picking up any higher frequency activity. The low filter was set at 3Hz, and the
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high filter was set at lOOHz.

3.6.2. Experiments conducted

Using the potentiometer, recordings o f  flexion reflex responses from biceps femoris, 

firstly using electrodes with unscreened leads and then with screened leads, were made 

from one infant aged 37.43 weeks PC A. The aim o f  the experiments was firstly to see if  

there were any suspicious parts o f  the EMG recordings on channel 1, either in the form 

o f  large amplitude bidirectional peaks, or unidirectional movement artefact peaks, which 

coincided with movements recorded on channel 2, and whether this was improved by 

the use o f  recording electrodes with screened leads. A  second aim was to compare the 

latency o f  the EMG response with that o f  the potentiometer signal, in that if  the EMG 

response occurred before potentiometer activity, the former was genuine and less likely 

to be contaminated with movement artefact (S. G. Boyd, personal communication).

3.6.3. Findings

In the flexion reflex EMG recordings made using electrodes with unscreened leads 

(channel 1), and the potentiometer (channel 2), both bidirectional peaks o f  quite large 

amplitude (see figure 3.9), and unidirectional peaks more suggestive o f  movement 

artefact were seen (see figure 3.10). These were accompanied by potentiometer activity 

in channel 2 which was not quite coincident with the EMG features. However, this 

could have been due to the fact that the potentiometer and the recording electrodes were 

sited in different places on the leg.

There were less ‘suspicious’ EMG features seen when using recording electrodes with 

screened leads, as might be expected, and the recordings tended to look ‘quieter’ (see
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figure 3.11). Therefore, it was decided to use recording electrodes with screened leads 

from this point onwards.

A s far as the latencies o f the EMG response and the potentiometer activity were 

concerned, EMG activity almost always occurred before potentiometer activity (see 

table 3.1), indicating that the initial flexion reflex response was genuine EMG activity, 

and not due to movement artefact.
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TABLE 3.1: A comparison o f flexion reflex latency and potentiometer latency in 
successive recordings from one infant, using recording electrodes with unscreened and 
screened leads

UNSCREENED LEADS SCREENED LEADS

Flexion reflex latency Potentiometer latency Flexion reflex latency Potentiometer latency
(msec) (msec) (msec) (msec)

1700 1850 350 360
460 420 260 175
390 395 710 1020
1790 1980 1120 1150
2030 2040 220 195
1120 1280 225 235
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FIGURE 3.1: Block diagram of the experimental set-up for measuring the triggering accuracv o f the stimulator. See text for further explanation.
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FIGURE 3.2, A-E: Recordings o f  piezo transducer triggering accuracv experiments, with 5 von Frey hairs applying different weights: A; 0.079g, B; 
0.363g, C; 1.66g, D; 7.58g, E; 34.7g. Each von Frey hair was tested twice. In each set o f recordings, numbered A to E, traces 1 and 4 represent the 
output from channel 1, traces 2 and 5 represent the output from channel 2, and traces 3 and 6, the output from channel 3. For further information on 
what these channels represent, see text. Vertical and horizontal calibrations are shown on the figures.
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FIGURE 3.3: Example o f  BMG recordings o f  flexion reflexes (traces 1 and 31 and the output from the piezo transducer (traces 2 and 41  which is used 
in all our experiments. The second dense waveform on trace 4 is caused by movement o f the piezo stimulator out o f  the neonatal incubator. Vertical 
calibration (per division) for traces 1 and 3, lOOpV, and for traces 2 and 4, 500mV (variable gain on piezo signal). Horizontal calibration (per 
division), 500msec. Sweep speed, 5 seconds.
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FIGURE 3.4: Example o f  EMG recording o f  flexion reflex (top traced and the output from the piezo transducer Tbottom trace), to exclude ‘cross-talk’ 
between the piezo transducer and the EMG channel. There is no appearance o f any waveform artefact due to the piezo transducer on the EMG 
recording when the transducer is being moved (as seen by the undulations in the lower trace). What appears to be a cyclical artefact in the EMG 
recording, is seen even when there is no movement from the piezo transducer. Vertical calibration (per division) for top trace, lOOpV, and for bottom 
trace, 500mV (variable gain on piezo signal). Horizontal calibration (per division), 500msec. Sweep speed, 5 seconds.
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FIGURE 3.5: Diagram of Autolet modification.

A ) An Autolet was modified to trigger the EMG machine using an optical technique to 
avoid changing the dynamic characteristics o f  the Autolet. A  reflective optical switch was 
installed in the Autolet and used to detect movement o f  the internal pivot as shown in the 
diagram. The arrow shows the direction o f rotation to cock the Autolet ready to take a 
sample. In the cocked position the dark area painted on the pivot is opposite the opto device 
and it switches off. When the Autolet is released to take the sample the opto device is 
opposite the white area o f the pivot and detects this by reflection. This signal is then used to 
trigger the EMG machine. The internal circuit o f the opto device is shown in FIGURE 3.5B 
below.

Autolet pivot

Opto device

B) The device contains a photo transistor and a light emitting diode. The light from the 
diode shines out o f the front o f the device and is reflected o ff any object back into the 
device, and either turns the photo transistor on, or it remains o ff depending on the reflective 
properties o f  the object.

V
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FIGURE 3.6: Block diagram of the burst stimulus generator (train stimulator box!

The trigger box contains two timers . One timer runs at ten second intervals, the other at 
lOkhz. The 10 KHz timer is used to generate clocks for timing the stimulus interval and the 
train counter. The interpulse interval timer is a programmable divider chip which can be 
switched externally to different division ratios. The train counter counts the number o f  
pulses generated and shuts o ff after reaching the selected count until re-enabled by the ten 
second timer o f  the manual trigger svritch.

Trigger to EMG

I Single

Continuous

10 sec timer

10 KHz clock

Train counter

0.5ms 0.6ms 0.7ms 0.8ms 0.9ms 1.0ms

Stimulus train interpulse interval
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FIGURE 3.7: Example o f  an EMG recording o f  a flexion reflex with a large amplitude, which may be contaminated with movement artefact. The 
wide spacing o f  the waveform towards the middle o f  the response may be due to contamination o f  the response with movement artefact. Vertical 
calibration (per division), lOOpV. Horizontal calibration (per division), 500msec. Sweep speed, 5 seconds.
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FIGURE 3.8: Example o f  EMG recordings o f  flexion reflex responses (traces 1 & 31 containing unidirectional artefact peaks^ The peaks opcur at the 
ivity in both cases, and are not associated with piezo transducer activity (seen in traces 2 & 4). Vertical calibration (per division).start o f  EMG activity 

lOOpV. Horizontal calibration (per division), 500msec. Sweep speed, 5 seconds
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FIGURE 3.9: Example o f an EMG recording o f  a flexion reflex response, recorded using electrodes with unscreened leads (top trace), and the output 
from the potentiometer (bottom traceV The peak on the potentiometer recording is not quite coincident with the large amplitude spike on. the EMG 
recording, but this may be due to the respective recording sites on the leg. Vertical calibration, lOOpV. Horizontal calibration, 500msec. Sweep 
speed, 5 seconds.



FIGURE 3.10; Example o f  an BMG recording o f a flexion reflex response containing a unidirectional artefact peak, recorded using electrodes with 
unscreened leads (top trace! and the output from the potentiometer (bottom trace). Here again, the peak on the potentiometer recording is.not quite 
coincident with the peak on the EMG recording, possibly because o f the reason stated in figure 3.9. Vertical calibration, lOOpY. Horizontal 
calibration, 500msec. Sweep speed, 5 seconds.
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FIGURE 3.11; Example o f  EMG recordings o f flexion reflex responses, recorded using electrodes with screened leads (traces 1 & 31  arid the output 
from the potentiometer (traces 2 & 4V Although potentiometer activity due to movement can clearly be seen by the undulations in traces 2 & 4, the 
EMG recordings seem to be less affected by the movement, especially in the top trace. Vertical calibration, lOOpV. Horizontal calibration, 500msec. 
Sweep speed, 5 seconds.
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CHAPTER 4: RESULTS

4.1. The Sample

Experiments were performed on a total o f  82 infants aged 28 - 42 weeks 

postconceptional age (PCA), allocated to the following groups: control, leg injury 1, leg 

injury 2, cerebral damage, post-operative, sedation, analgesia, and intravenous opioid 

analgesia (see section 2.1 o f methods chapter for details o f group classification). Sets o f  

3 experiments involving mechanical stimulation (initial threshold, repeated stimulation 

at 2.8 X threshold, and suprathreshold stimulation vrith single stimuli at 7.6 and 21 x  

threshold) were conducted on 68 infants across the full PC age range, and all groups. 

Heel lance and dummy heel lance were performed on a total o f  13 infants in the control, 

cerebral damage and leg injury 1 groups. In a different group o f  11 control infants aged 

33 - 37 weeks PCA, repeated mechanical stimulation at 7.8 x threshold was performed, 

after the establishment o f initial threshold. Recordings from both biceps femoris and 

tibialis anterior were made on a total o f 8 infants in the control, and leg injury 1 and 2 

groups.

Sets o f  experiments involving electrical stimulation (initial threshold, suprathreshold 

stimulation, and repeated stimulation at 1.85 x threshold) were carried out on a total o f  

11 control infants aged between 33 and 37 weeks PCA. In 3 other control infants, 

recordings were made from biceps femoris and tibialis anterior, although the full range 

o f  experiments was not conducted in this small group, because these infants were tested 

before the other 11, and stimulus parameters were still being established.

A  full breakdown o f the sample by postconceptional and postnatal age, and group 

classification is contained in tables 4.1 and 4.2. As is obvious from these tables, there
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were considerable difficulties in recruiting infants into some o f the observer groups. 

The reasons for this have also been stated in the Methods chapter (see section 2.9.1), 

and provide an explanation o f  why further emphasis has not been placed on the cerebral 

damage, post-operative, sedation, and non-opioid and opioid analgesia groups in the 

analysis o f  the results. The difficulties in recruitment were partly due to changes in 

intensive care practice in recent years. For example, it is much more unusual now to 

find infants with moderate to severe tissue injury to the leg as a result o f multiple heel 

lances, intravenous line insertions, fluid extravasation injuries, or bums from 

transcutaneous monitoring electrodes. It was not possible to obtain permission from the 

parents o f many infants who had cerebral damage, because some o f  these infants were 

still very sick. There were very few post-operative infants on either o f the neonatal 

units, and the infants who had had surgery were a very heterogeneous group in terms o f  

the type o f operation and the number o f  days post-operative. Infants receiving sedation 

or opioid analgesia without simultaneous neuromuscular blocking agents were very rare, 

and the infants receiving opioids were often newly-delivered and very sick, which made 

it very hard to obtain permission from parents in these circumstances. By the end o f  the 

study period, complete results were obtained for only 2 infants receiving sedative 

agents, and 1 infant receiving opioid analgesia, so it was not possible to obtain any 

statistical inferences from their data.

4.2. Effect o f  postconceptional age upon initial flexion reflex threshold 

It seems necessary at this point to redefine what was the initial threshold for the flexion  

reflex with mechanical and electrical stimulation. An account o f  the criteria used for 

distinguishing genuine flexion reflex responses from spontaneous movements has been 

given in the Methods chapter (see section 2.9.3). Firstly, for mechanical stimulation.
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the initial threshold was defined as the weight in grams exerted by the von Frey hair 

which first evoked EMG activity in biceps femoris muscle at the back o f  the thigh. 

Stimulation was commenced using a von Frey hair applying a small weight o f  0 .219g or 

less, depending on the infant’s PCA, and then the heavier hairs in the series were 

applied sequentially, working upwards in weight until the threshold was reached. An 

EMG recording o f  a flexion reflex evoked by mechanical stimulation at threshold is 

shown in figure 4.1 A.

With regard to electrical stimulation, the initial threshold was defined as the value o f  the 

current in mA which likewise first evoked EMG activity in biceps femoris. Similarly, 

stimulation was started using a small current o f 2.5mA, subsequently working upwards 

in steps o f  0.5mA until the threshold was reached. An EMG recording o f a flexion 

reflex response to electrical stimulation at threshold is shown in figure 4 .IB.

Following both mechanical and electrical stimulation, the flexion reflex EMG activity 

was also accompanied by visible withdrawal movements in the lower limb, although 

sometimes this activity in biceps femoris was not simultaneous with the withdrawal 

movements, because dorsiflexion o f the foot sometimes occurred prior to hip and knee 

flexion.

4.2.1. Mechanical stimulation

There was a gradual increase in initial flexion reflex threshold with increasing PCA 

from 28 - 42 weeks, as evidenced in the plot for the infants in the control group (n=36, 

see figure 4.2A). A  correlation coefficient o f 0.56 was obtained for this relationship. 

From looking at the plot, the infants were divided into three PCA bands o f  28 - 32.9
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weeks, 33 - 36.9 weeks, and 37 - 42 weeks, and a one way analysis o f  variance 

performed across the age bands. The relationship between PCA and initial reflex 

threshold was found to be significant at P = 0.027 (F=4.06, DF=2/33, see figure 4.3). 

The mean threshold for the youngest age group was 0.523g (SEM=0.08), which was 

significantly lower than that for the oldest age group at 1.7g (SEM=0.46).

This relationship o f  rising initial threshold with increasing PCA was also seen in the leg 

injury 1 group (n=15), although, unlike what happened in the control group, the 

threshold in the 37 - 42 week PCA band remained low  and was almost the same as that 

o f the 33 - 36.9 week PCA band (see figure 4.3). A  one way analysis o f variance was 

performed across all 3 PCA bands, but due to the fact that the thresholds o f the last 2 

PCA bands were so similar, it did not show statistical significance (F=1.32, DF=2/12, P 

= 0.30, see figure 4.3). Comparison o f the thresholds o f  the control and leg injury 1 

groups within the first 2 PCA bands shows that they were very similar. However, in the 

37 - 4 2  week PCA band, the initial threshold o f the leg injury 1 group was lower than 

that o f the control group, but because o f  the large variability in thresholds, as denoted by 

the SEM, the difference in threshold between these 2 groups in the 37 - 42 week PCA 

band was not statistically significant (P = 0.18, two sample T-test). The numbers in the 

leg injury 2, cerebral damage, and post-operative groups (n=4 in each group), were too 

small for either plotting, or division into PCA bands and subsequent analysis o f  

variance. However, in the youngest age group (28 - 32.9 weeks PCA), a comparison o f  

initial thresholds o f  the control and leg injury 2 groups (n=3 in each case) revealed a 

difference which was almost significant at P = 0.07 (two-sample T-test). The threshold 

o f the leg injury 2 group at 0.267g (SEM=0.048) was lower than that o f  the control 

group which was 0.523g (SEM=0.08).
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4.2.2. Electrical stimulation

TKere was an increase in initial threshold from 3.5mA at 33 weeks PCA to 8.5mA at 

36.86 weeks PCA, as demonstrated by the plot in figure 4.2B. It was decided not to 

divide the infants into PCA bands for further analysis due to the numbers involved 

(n = ll) , and the narrower age range o f  this sample (33 - 37 weeks PCA). There were 

two initial threshold values at the upper end o f the PCA range which were much higher 

than the rest (see figure 4.2B). These were obtained from twins, and there was no 

apparent reason why their thresholds should be so high. Nevertheless, they were 

included in the plot o f  the data, the correlation coefficient for which was 0.635. No 

further analysis was performed on these data.

4.3. Stimulus - response characteristics o f the flexion reflex

4.3.1. Mechanical stimulation

A  clear relationship was demonstrated between the intensity o f  the stimulus and the 

mean latency, amplitude, duration, and area o f  the flexion reflex response. An analysis 

was made o f  the effect o f  stimulus intensity evoked with von Frey hairs at threshold, 2.8 

X threshold, 7.6 x  threshold, 21x threshold, and finally with a heel lance, on the latency, 

amplitude, duration, and area, o f the control group flexion reflex response across the 

entire PCA range from 28 - 42 weeks.

No relationship was demonstrated between any o f the parameters and PCA when either 

latency, amplitude, duration, or area were plotted against PCA at each stimulus intensity 

relative to threshold, despite the clear relationship o f  stimulus intensity to EMG
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parameters across the whole sample. The plots o f the data from individual infants 

showed random scatter in all cases. A  full record o f these plots is shown in Appendix 1. 

However, the plots did reveal some outlying values which were traced back to the 

individual infants whose parameters they were. In all cases, there was no apparent 

reason for the aberrant values. When plots were made o f  EMG parameters versus PCA 

for the observer groups at each stimulus intensity, they also showed random scatter in a 

similar range to those for the control group. Therefore, it was decided to combine all 

the groups and plot EMG parameters versus PCA again for each stimulus intensity. 

This process did reveal some more outlying values which were again traced back to 

individual infants in the observer groups, but the values for each observer group as a 

whole did not appear as a separate group on any o f the plots for any o f  the parameters. 

The statistician (Dr R Brooks, Department o f Statistical Science, University College 

London), was consulted and it was considered that the outliers may not represent valid 

observations, and could be part o f a separate population. However, they have been 

included in the data analysis, and the subsequent figures arising from that analysis on 

the advice o f  the examiners, because the converse could also be true, these values 

possibly representing extremes o f  the biological range.

For each o f  the EMG parameters; latency, amplitude, duration, and area, there were 

some random missing values for each stimulus intensity, which meant that the numbers 

for each stimulus intensity across all EMG parameters were uneven when the initial 

summary statistics were performed. However, subsequent two way analyses o f  variance 

for each EMG parameter were only performed on complete data sets across the first 4 

stimulus intensities (see figure 4.4A-D). The analyses o f  variance did not include 

responses to heel lance as this stimulus was not quantifiable numerically. The analyses
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were also performed in a way which dealt with the ‘infant effect’ across all stimulus 

intensities. Subsequently, line plots were made o f  the data from individual infants at 

stimulus intensities from threshold - 21 x threshold, to see whether the patterns evident 

in the graphs o f  means ± SEM were reflected in these data (see figure 4.5A-D). The 

data from the heel lance stimulus were not included in these line graphs because this 

stimulus was given to a reduced number o f  infants (n=13), and it seemed important to 

show the data from the majority o f infants over the first 4 levels o f  stimulation.

In addition, the possibility was investigated o f  a relationship between PCA and the 

EMG parameters o f  the flexion reflex response in terms o f  absolute stimulus intensity, 

rather than in relation to threshold. The latency, amplitude, duration, and area o f the 

flexion reflex response to 3 von Frey hair weights, 1.66g, 2.75g, and 4.57g, were 

examined across the full PCA range from 28 - 42 weeks (n=30, 25, & 27, for the 3 

weights respectively). The reduced numbers were due to the fact that, because o f  

differences in initial threshold, not all infants were tested at these weights, and for each 

weight, there were infants for whom the weight was the threshold for the response, and 

others for whom it was 2.8 or 7.6 x threshold. For the heaviest weight, there was one 

infant for whom it was 21 x threshold.

Plots were made o f  the latency, amplitude, duration, and area o f  the response versus 

PCA for each o f  the von Frey hair weights, and a relationship was demonstrated 

between the duration o f  the response and PCA for 1 o f  the weights, 2.75g, which is 

described in greater detail in section 4.3.1.3. Apart from this, no relationships were 

demonstrated, and the plots showed random scatter for the other parameters.
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4.3.1.1. Latency

There was a clear decrease in the latency o f  the flexion reflex response with increasing 

mechanical stimulus intensity from 2.8 x threshold to heel lance. The mean latency at 

2.8 X threshold was 790.4msec (SEM=74, n=35), whereas the mean latency on heel 

lance was 302msec (SEM=67.9, n=13, see figure 4.4A). However, this pattern did not 

extend to the latency at threshold (649.4msec, SEM =67.1, n=35), which was lower than 

that at 2.8 x  threshold. Nevertheless, two way analysis o f  variance over the first 4 

levels o f  stimulation showed that the effect o f  stimulus intensity on latency was 

significant (F=3.21, DF= 3/102, P=0.03). This trend is reflected in the line plot o f  data 

from individual infants o f  stimulus intensity versus latency (see figure 4.5 A), in which 

many o f  the infants showed an increase in latency from threshold to 2.8 x threshold, 

followed by a subsequent decrease in latency to 21 x threshold.

4.3.1.2. Amplitude

There was a clear increase in the peak amplitude o f  the flexion reflex response with 

increasing stimulus intensity from threshold to heel lance. The mean peak amplitude at 

threshold was 78.6pV (SEM=13.4, n=38), whereas the mean peak amplitude on heel 

lance was 270.4pV  (SEM=33.3, n=13, see figure 4.4B). The two way analysis o f  

variance over the first 4 levels o f  stimulation showed that there was a highly significant 

effect o f  stimulus intensity on peak amplitude (F=7.36, D F=3/111, P < 0.001). This is 

also mirrored in the data from individual infants (see figure 4.5B), in which the greatest 

amplitudes are shown in response to stimulation at 21 x threshold.
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Again, as with the mechanical stimulation data, there were random missing values for 

each o f the EMG parameters at each stimulus intensity above initial threshold. This 

made the numbers for each stimulus intensity uneven when the initial summary statistics 

were performed. However, it was not necessary to eliminate cases wdth missing values 

from the data in order to perform further statistical analysis, as none was made.

No relationship was demonstrated between electrical stimulus intensity and either the 

latency, amplitude, duration or area o f  the flexion reflex response. The group means 

and standard errors o f the mean for each EMG parameter at each stimulus intensity are 

displayed in figure 4.8A-D. It was decided not to proceed with analysis o f variance as 

no relationships between the variables were evident on initial data analysis. 

Nevertheless, line plots were made o f  complete sets o f  data from individual infants 

across all levels o f  stimulation (n=5), and these plots mirrored the lack o f trends seen in 

the graphs o f means ± SEM (see figure 4.9A-D).

When, as had been performed for mechanical stimulation, the latency, amplitude, 

duration, and area o f  the flexion reflex response were plotted against PCA at 3 absolute 

stimulus intensities (5, 5.5, and 6mA) rather than relative to threshold, no relationships 

were demonstrated between these parameters and PCA at any o f  the stimulus intensities.
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4.4. Effect of repeated stimulation on the flexion reflex response

4.4.1. Flexion reflex thresholds before and after repeated stimulation

4.4.1.1. Mechanical stimulation at 2.8 x threshold

Analysis was made o f the effects o f repeated stimulation, performed 10 times at 10 

second intervals, on infants across the full PCA range o f 28-42 weeks (n=61). As no 

differences between control and observer groups were seen either in initial threshold or 

threshold following repeated stimulation, except for the leg injury 2 group in the 

youngest PCA band (see section 4.2.1.), the rest o f  the groups apart from this group 

were combined. The raw data from individual infants o f  thresholds before and after 

repeated stimulation are shown in Table 4.3. Subsequently, as for analysis o f  PCA  

versus initial threshold only, the infants were divided into 3 PCA bands o f  28 - 32.9 

weeks, 33 - 36.9 weeks, and 37 - 42 weeks, and a comparison was made o f  mean 

thresholds ± SEM, before and after repeated stimulation within each PCA band.

There was a significant decrease in threshold following repeated mechanical stimulation 

in the youngest PCA band o f infants aged less than 32.9 weeks (P=0.013, paired T-test, 

n=10), which is shovm in figure 4.10A. Although the error bars for the mean values in 

the first PCA band are overlapping, because the data is paired, and the formula for 

calculating a paired T-test is different from that used in a two-sample T-test, the 

significance is genuine. This was confirmed by hand calculation. In addition, the figure 

shows the mean differences between thresholds (solid bars, figure 4.10A), and their 

SEM. It is clear from these data that the mean difference is largest for the youngest 

PCA band. In the middle PCA band, the decrease in threshold following repeated
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stimulation was almost significant (P=0.058, paired T-test, n=31), but the decrease in 

threshold in the oldest PCA band was not significant (P=0.43, paired T-test, n=16).

4.4.1.2. Mechanical stimulation at 7.6 x threshold

A  comparison was also made o f mean thresholds ± SEM, before and after repeated 

stimulation at 7.6 x  threshold, 10 times at 10 second intervals, in a group o f  11 control 

infants aged 33 - 37 weeks PCA. Because o f  the small numbers and narrow age range, 

no further division into PCA bands was made.

The lowering o f threshold following repeated stimulation at this intensity in this age 

group was not significant (P=0.34, paired T-test, n=l 1), the initial mean threshold being 

1.22g (SEM=0.20), and the threshold following repeated stimulation being 1.19g 

(SEM=0.21).

This result was compared vdth that following repeated stimulation at 2.8 x threshold in a 

group o f 31 different control infants also aged 33 - 37 weeks, and in the latter instance, 

the lowering in threshold following repeated stimulation was almost significant at 

P=0.058. A  pictorial comparison o f these 2 results is shown in figure 4.1 OB.

4.4.1.3. Electrical stimulation at 1.85 x threshold

A comparison was made o f  thresholds before and after repeated stimulation 10 times at 

10 second intervals in the group o f control infants (n=10) o f  33 - 37 weeks PCA on 

whom electrical stimulation was performed. It was decided not to further divide the 

electrical stimulation group into narrower PCA bands for analysis o f  this experiment.
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Therefore mean thresholds ± SEM for the whole group, before and after repeated 

stimulation, were compared using a paired T-test.

The decrease in threshold following repeated electrical stimulation was not significant 

(P=0.17, paired T-test), the threshold being 5.1mA (SEM=0.55) prior to repeated 

stimulation, and 5.0mA (SEM=0.56) afterwards. In fact, a decrease in threshold 

following repeated stimulation was seen in only 2 o f  the 10 infants tested. This is 

displayed in Table 4.4, the raw data from individual infants o f  thresholds before and 

after repeated electrical stimulation.

4.4.2. The number o f  responses on repeated stimulation versus PCA 

4.4.2.1 Mechanical stimulation at 2.8 x threshold

The effect o f  PC age on the number o f responses out o f  a possible o f 10, was assessed in 

infants across the full PCA range from 28 - 42 weeks. The plots for the control and 

observer groups all showed a similar distribution, so the groups were combined and a 

plot was made o f  the whole sample (n=61). Although none o f  the groups as a whole 

showed a separate distribution within the plot, some outliers were detected and were 

traced back to the individual infants from whom the results came. 5 infants were found 

to have unusual numbers o f  responses for their age and group, but only 3 o f  them had 

obvious reasons for this, the other 2 being control infants. A  table o f  these infants is 

shown below:
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PC age o f  infant Group No. o f resDonses G

35.14 weeks control 10 4

37. i 5 “ post-op 8 3

37.16 “ leg injury 2 9 3

41.17 “ leg injury 1 7 3

42.18 control 0 3

Nevertheless, the values from all these infants were included in the data analysis. There 

was a trend o f  a decrease in the number o f responses to repeated stimulation with 

increasing PCA, as can be seen from figure 4.11, however because o f  the inclusion o f  

outlying values, this trend was not significant (P=0.22, Kruskal-Wallis test). The 

infants were divided into the same 3 PCA bands as for the threshold experiments for this 

analysis, and the median number o f responses for those infants in the youngest PCA 

band (28 - 32.9 weeks, n=10) was 6/10, whereas the median number o f  responses for the 

infants in the oldest PCA band (37 - 42 weeks, n=12) was 3/10.

4.4.2.2. Mechanical stimulation at 7.6 x threshold

A  comparison was made o f  the number o f responses out o f  a possible o f  10, following 

repeated stimulation at 2.8 and 7.6 x threshold, in 2 different groups o f  control infants in 

the second PCA band (33 - 37 weeks, n=35 and 10 respectively). The median number 

o f  responses in the 2.8 x threshold group was 4.0, whereas the median number o f  

responses in the 7.6 x threshold group was higher at 5.5. However, when a Mann- 

Whitney U  test was conducted between the 2 medians, the difference was non

significant (P=0.12, W=747.5).
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4 .4 .2 3 . Electrical stimulation at 1.85 x threshold

The number o f responses out o f a possible o f 10, to repeated electrical stimulation, was 

obtained from this control group o f infants (n=10) in the PC A range o f  33 - 37 weeks. 

The median number o f  responses was 6.0, which was higher than both medians from the 

mechanical stimulation groups in this PGA range. However, in view  o f  the differing 

nature o f  the 2 types o f  stimulation, no further statistical comparison was made. When 

the number o f  responses was plotted against PGA for each infant in this group, a 

random scatter not indicative o f any relationship was seen. Therefore no further 

analysis was performed on these data in view o f this, and the small numbers involved.

4.4.3. The effect o f  repeated stimulation on EMG response parameters: latencv. 

amplitude, duration, and area

4.4.3.1. Mechanical stimulation at 2.8 x threshold

Data from experiments on 59 infants across the entire PGA range were analysed for this 

effect. Dotplots were made o f responses from individual infants at each time point, 

from the control and observer groups for the latency, amplitude, duration and area o f the 

responses. The resulting plots were similar across all groups, and although there was 

wide variation in responses, there were no apparent group effects. Therefore, the groups 

were combined and the dotplots made again. Means ± SEM for each o f  the 10 flexion 

reflex responses were plotted against time for each o f the EMG response parameters; 

latency, amplitude, duration, and area. These are shown in figure 4.12, A  - D.

Because o f  non-responses at all o f the time points, and the elimination o f  outlying 

values, there were random missing values for each o f the 10 responses. This was not
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problematic for the latency and amplitude o f the responses, as no pattern was seen from 

the bar charts o f  the means for these parameters, so it was decided not to continue the 

analysis any further. However, as a pattern emerged in the bar charts o f the duration 

and area o f  the responses (see figure 4.12C & D), it was decided to continue the analysis 

for these 2 parameters. Only cases with 7 responses or upwards were considered, so that 

the missing values were kept to a minimum, while still retaining a large enough number 

to perform the analysis (n=14). The results o f the analyses for these 2 parameters are 

considered separately below.

4.4.3.1.1. Duration

The duration o f  the flexion reflex responses to 10 repeated stimuli increased until the 5̂  ̂

stimulus, and thereafter the response decreased until the 10̂  ̂ stimulus (see figure 

4.12C), producing an ‘excitability curve’ in which the response built up and then died 

down. However, a curve estimation regression analysis which specifically dealt with 

the ‘infant effect’ across the observations, was performed over the 10 response means, 

and found to be non-significant (F=1.81, DF=9/81, P=0.079).

4.4.3.1.2. Area

The pattern o f  the area o f  the response was similar to that o f  the duration, in that it 

increased until the 5^ stimulus and, apart from an increase at the 7̂  ̂ stimulus, decreased 

until the 10* stimulus (see figure 4.12D), again producing an ‘excitability curve’. A  

curve estimation regression analysis o f the area means across the 10 responses, again 

performed to deal specifically with the infant effect across observations, was just non

significant (F= 1.94, DF=9/81, P=0.058).
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4.4.3.2. Mechanical stimulation at 7.6 x threshold

The latency, amplitude, duration, and area o f  the flexion reflex response to stimulation 

at 7.6 X threshold, across the 10 time points, was examined in a group o f  11 control 

infants in the middle PC A  band (33 - 3 7  weeks). Once again, there was wide variability 

in the responses. Dotplots were made o f  responses from individual infants at each time 

point for each o f  the EMG parameters. Means ± SEM for each o f  the 10 responses were 

plotted against time for each o f  the EMG parameters; latency, amplitude, duration, and 

area.

There was no pattern across the 10 responses for either latency, amplitude, duration or 

area at this stimulus strength. This can be seen in the bar charts for these parameters 

(figure 4.13, A-D), which also provide a comparison with the results from repeated 

stimulation at 2.8 x threshold for a group o f  control infants in the same PGA band 

(n=l 1, both groups, for figure 4.13A, n=24 & 10 for figures 4.13B-D).

However, the latency o f  the responses to stimulation at 7.6 x threshold was clearly 

shorter than that o f  responses to stimulation at 2.8 x  threshold. Because this pattern was 

seen, equal numbers o f  infants were used in the 2.8 and 7.6 x threshold groups, to 

construct figure 4.13A, and in order that a three factor analysis o f  variance could be 

performed, to ascertain whether this difference in latency was significant across the 10 

stimuli. It was found to be highly significant (F=20.65, D F = l/20 , P=<0.001), the 

greatest difference in latency being 631m sec following the IĈ  ̂ stimulus (see figure 

4.13A). Otherwise, there were no appreciable differences in the amplitude, duration and 

area o f  the responses, between stimulation at 7.6 x  threshold and 2.8 x threshold (see 

figures 4.13B-D).
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4.4.3.3. Electrical stimulation at 1.85 x threshold

Analysis o f  the effects o f  repeated electrical stimulation on the latency, amplitude, 

duration, and area o f  the flexion reflex response was performed on the group o f  control 

infants aged 33 - 3 7  weeks PC A  on whom electrical stimulation was conducted. Firstly, 

as with mechanical stimulation, dotplots were made o f  the responses from individual 

infants at each time point for each o f  the 4 EMG parameters. There was wide variation 

in responses, but no outlying values were eliminated from the analysis. Subsequently, 

means ± SEM were calculated for the latency, amplitude, duration, and area o f  the 

response across the 10 time points. These are shown in figure 4.14A-D.

Again, there were random missing values for each o f the EMG parameters due to non

responses, but no pattern o f  response was seen across time for any o f  the EMG  

parameters, so no further analysis was performed on the data.

4.5. A  preliminary comparison o f  flexion reflex responses in bicens femoris and tibialis 

anterior

4.5.1. Mechanical stimulation

Flexion reflex responses to stimulation at the first 4 levels, elicited with von Frey hairs 

(threshold - 21 x  threshold), were examined in both biceps femoris and tibialis anterior 

muscles in 8 infants across the PGA range 30 - 39.57 weeks. 6 control infants, 1 infant 

in the leg injury 1 group, and 1 infant in the leg injury 2 group were tested.
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4.5.1.1. EMG parameters in biceps and tibialis

Comparison was made o f  the latency, amplitude, duration, and area o f the flexion reflex 

response in biceps and tibialis. It was decided in view  o f the small numbers, and the 

fact that the responses were paired between infants, not even to look for outliers. 

However, an examination o f the raw data showed that there were no differences due to 

group across the individual responses. Therefore the data from all 8 infants were 

combined, and means ± the standard error o f  the difference in response between the two 

muscles, were obtained for each EMG parameter at each stimulus intensity. No further 

analysis was performed on the numerical data because o f  the small numbers involved 

and the lack o f independence o f  the observations. However, frequency tables were 

made o f whether the latency o f  the response in tibialis anterior was shorter or not, and 

whether the amplitude, duration, and area o f  the response in tibialis anterior were larger 

or not. No additional frequency analysis, such as the Chi-squared test, was conducted, 

as this would not deal with the infant effect across the observations.

4.5.1.1.1. Latencv

The latency o f  the flexion reflex response was shorter in tibialis anterior than in biceps 

femoris at all stimulus intensities from threshold to 21 x threshold (see figure 4 .ISA), 

although this difference did not reach statistical significance. The difference in latency 

between the 2 muscles was less marked at the higher stimulus intensities (7.6 and 21 x 

threshold).

A frequency table o f  the responses from individual infants, indicating whether the 

response in tibialis anterior was earlier or not, confirms this result, and shows that it is 

independent o f  the stimulus intensity (see table 4.5).
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4.5.1.1.2. Amplitude

The amplitude o f  the flexion reflex response was larger in tibialis anterior than in  biceps 

femoris at all stimulus intensities, but this difference became more marked as the 

stimulus intensity increased (see figure 4.15B). An examination o f  the EMG traces 

showed that the larger amplitudes in tibialis anterior were not merely due to a larger 

visible movement in tibialis anterior and therefore a movement artefact, but to greater 

EMG activity (see figure 4.16).

A s before, a frequency table o f  the responses from individual infants, indicating whether 

the amplitude o f  the response in tibialis anterior was larger or not, again confirms the 

findings o f  the numerical data, and shows that the greater amplitude in tibialis anterior is 

independent o f  stimulus intensity (see table 4.6).

4.5.1.1.3. Duration

The results from this parameter are less clear, in that the mean duration o f  the flexion  

reflex response is longer in tibialis anterior with stimulation at threshold, 2.8 x  

threshold, and 21 x threshold, but is shorter for stimulation at 7.6 x  threshold (see figure 

4.15C). The variability o f  this response parameter means that none o f  these differences 

appear to be significant.

The frequency table o f  the responses from individual infants, to show whether the 

duration o f  the response in tibialis anterior was longer or not, is also less conclusive, 

especially for stimulation at 7.6 and 21 x  threshold (see table 4.7). 3 out o f  8 infants for
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the former, and 4 out o f  8 infants for the latter stimulus intensity, did not show a longer 

response in tibialis anterior than in biceps femoris.

4.5.1.1.4 Area

The pattern for this response parameter is similar to that for amplitude, in that the area 

o f  the flexion reflex response was larger in tibialis anterior, and this became more 

marked as the stimulus intensity increased from threshold to 21 x threshold (see figure 

4.15D).

The frequency table indicating whether the area o f  the response in tibialis anterior was 

greater or not, also confirms this result, although 2 out o f  8 infants at the 21 x threshold 

stimulation level did not show a larger response (see table 4.8).

4.5.2. Electrical stimulation

Preliminary recordings from biceps femoris and tibialis anterior were collected from just 

3 control infants aged 33.43, 36.28, and 35 weeks PCA, on whom  electrical stimulation 

was performed using these 2 muscles. Single responses to stimulation at threshold and 

at 1mA and 2mA above threshold were examined.

4.5.2.1. EMG parameters in biceps and tibialis

The latency, amplitude, duration, and area o f  the responses in biceps femoris and tibialis 

anterior were examined. The numbers were too small for summary statistics, so a table 

(table 4.9) was made o f  the raw data from individual infants. N o frequency tables were 

made in view  o f  the small numbers.
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4.5.2.1.1. Latencv

As with mechanical stimulation, the latency o f  the response to electrical stimulation at 

threshold and at 1mA and 2mA above threshold, was shorter in tibialis anterior than in 

biceps femoris in all o f  the responses except one (see table 4.9).

4.5.2.1.2. Amplitude

Also similarly to mechanical stimulation, the amplitude o f  the flexion reflex response 

was larger in tibialis anterior with all o f  the responses examined (see table 4.9). It is 

impossible to say with these small numbers whether there was a tendency for the 

differences in amplitude between biceps and tibialis to be greater at the higher stimulus 

intensities.

4.5.2.1.3 Duration

The results for this parameter are less clear, which again follows a similar pattern to that 

seen with mechanical stimulation (see table 4.9). The duration o f  the response is longer 

in tibialis anterior in only 3 o f  the 7 responses examined, and this does not appear to be 

affected by stimulus intensity.

4.5.2.1.4. Area

The area o f  the flexion reflex response to electrical stimulation is greater in tibialis 

anterior than in biceps femoris for 5 o f the 7 responses examined (see table 4.9). Here 

again, there-appears to be no relationship Avith stimulus intensity.
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4.6. Repeated experiments on the same day in the same infant

In order to determine whether the variability in response parameters seen in the results 

was intrinsic to the infants themselves, results were obtained from 4 sets o f  experiments 

using mechanical stimulation, conducted at 4 hourly intervals on the same day in one 

control infant aged 31.86 weeks PCA. Data were obtained from each set o f  experiments 

for the initial threshold for the flexion reflex, and the latency, amplitude, duration, and 

area o f  the response over 4 levels o f stimulation (threshold, 2.8, 7.6, and 21 x threshold). 

Finally, the threshold following repeated stimulation at 2.8 x  threshold, and the number 

o f responses on repeated stimulation, were obtained for each o f  the 4 sets o f  

experiments. Because o f  the number o f non-responses on repeated stimulation, the 

EMG parameters for this experiment have not been included in the results, as there were 

often too few values to make a comparison across the 4 sets o f  experiments.

4.6.1. Initial threshold for the flexion reflex

The initial threshold for the reflex remained the same over the first 3 sets o f  experiments 

at 0.603g, and increased up one grade o f  von Frey hair to l.OOg on the 4^ set o f  

experiments (see table 4.10). The threshold value for the first 3 sets is consistent with 

those for the control group o f the infant’s PCA band, but the 4* value is higher than 

those seen for the infant’s age and group.

4.6.2. Comparison o f stimulus intensity and EMG parameters

As with the responses from the study population, there was considerable variability in 

the latency, amplitude, duration, and area o f  flexion reflex responses across all 4 levels 

o f stimulation from threshold to 21 x threshold (see table 4.11). There do not appear to 

be any detectable patterns for any EMG parameter at any level o f  stimulation across the
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4 experimental time points. However, the values for the latency, amplitude, duration, 

and area o f  the response were within the ranges o f  the study population, apart from 

occasional single values which were very slightly outside the population range (see 

figure 4.4 A-D).

4.6.3. The effect o f repeated stimulation on flexion reflex threshold

In the first set o f  experiments, this infant had a decrease in threshold following repeated 

stimulation at 2.8 x threshold. However, the threshold remained unchanged following 

repeated stimulation for the next 3 sets o f  experiments (see table 4.10), which was 

unusual when compared with results from the study population in this PCA band, who 

showed a significant decrease in threshold following repeated stimulation (see figure 

4.10A).

4.6.4. The effect o f  repeated stimulation on the number o f  responses

The number o f  responses on repeated stimulation remained the same over the first 2 sets 

o f experiments, but thereafter decreased in number over the 3"̂  ̂ and 4̂  ̂ sets, so that by 

the 4̂  ̂ set, the infant only responded once out o f  a possible 10 responses, to repeated 

stimulation, (see table 4.10). The numbers o f  responses for the first 3 sets o f  

experiments were within the study population range for this infant’s PCA band ( 3 - 8  

responses), but the single response on the 4* set was lower than the range for this PCA 

band (see figure 4.11).
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4.7. Interesting features of EMG recordings

Som e interesting phenomena occurred in the EMG recordings from some infants o f  

flexion reflex responses to both mechanical and electrical stimulation. These features 

could not be analysed numerically, but are described below.

4.7.1. Periods o f  inhibition following the initial reflex response

With both mechanical and electrical stimulation, periods o f  complete inactivity were 

observed following the initial reflex response. These periods o f  apparent inhibition 

were definitely observed in 13 infants, 7 following mechanical stimulation and 6 

following electrical stimulation. The youngest o f  these infants was 29 weeks PCA and 

the oldest was 40 weeks PCA. The inhibitory periods were only seen with 

suprathreshold mechanical stimulation at 7.6 or 21 x  threshold (see figure 4.17A  & B), 

but with stimulus intensities from threshold upwards with electrical stimulation (see 

figure 4 .ISA & B). The inhibitory periods observed with mechanical stimulation 

ranged in length from 150 - 750msec, and were often seen follow ing long bursts o f  

EMG activity (see figure 4.17B), whereas with electrical stimulation, the inhibitory 

periods ranged from 400msec to 2 seconds, and were often seen following much shorter 

EMG bursts (see figure 4.1 SB). These patterns o f  response were more commonly seen  

than those illustrated by figures 4.17A & 4 .ISA.

In 2 instances in the same infant, when recordings were made from biceps femoris and 

tibialis anterior following suprathreshold electrical stimulation, interesting inhibitory 

periods were seen in the 2 muscles. In the first example (see figure 4.19A ), the 

inhibition occurred at the same time in biceps and tibialis, after the initial reflex 

response. However, in the second example, following stimulation at a slightly higher
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stimulus intensity (see figure 4.19B), the inhibition appeared to be antagonistic in that, 

following the initial reflex response, there was a period o f  inactivity in biceps while 

tibialis was active, and when the activity in tibialis ceased, biceps became active.

4.7.2. Responses at 2 different latencies

This phenomenon was only seen in 4 infants aged 34 - 36 weeks PCA, following 

electrical stimulation, although at threshold and suprathreshold intensities. An initial 

reflex response occurred at a particular latency (different in each infant), and 

subsequently with the next stimulus or the one after that (always at the same intensity), 

the reflex response occurred at a longer latency anywhere from 250 - 500msec after the 

response at the first latency (see figure 4.20A-C). Often, the recordings showed single 

bursts o f EMG activity at one or other latency. However, when there were 2 bursts o f  

EMG activity, the first occurring at the shorter latency, the second burst occurred at the 

same time as the longer latency responses (see figures 4.20A & C).
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TABLE 4.1 : Numbers in the study sample relative to postconceptional and postnatal age

POSTNATAL 

AGE (weeks)

POSTCONCEPTIONAL AGE (weeks)

28-30 30.14-32 32.14-34 34.14-36 36.14-38 38.14-40 40.14-42

0-2 2 2 7 13 9 2 4

2.14-4 4 2 7 7 2 1

4.14-6 1 3 5 1 1

6.14-8 1 1 2

8.14-10 2

10.14-12 2 1
12.14-14
14.14-16 1

TABLE 4.2: Numbers in the study sample relative to postconceptional age and group

GROUP POSTCONCEPTIONAL AGE (weeks)

28-30 30.14-32 32.14-34 34.14-36 36.14-38 38.14-40 40.14-42

Control 1 2 7 18 14 4 3

Leg injury 1 2 4 6 3 1 1

Leg injury 2 2 1 1

Cerebral dam 1 2 1
Post-op 2 1 1

Sedation 1 1

Analgesia 1

Opioids 1



TABLE 4.3: Thresholds before and after repeated mechanical stimulation at 2.8 x threshold: raw data 
from individual infants, divided into postconceptional age bands (decreases in threshold shown in bold, 
increase in threshold shown in italics and bold).

PCA Band 1 PC Ase 1 Threshold before (z) 1 Threshold after ('e')
28.28 0.603 0.363
29.28 0.363 0.363
29.43 0.363 0.219
29.86 0.219 0.132

28-32.9 weeks 30.00 0.363 0.363
30.14 0.603 0.363
31.28 1.660 1.660
31.86 0.603 0.363
32.14 0.603 0.603
32.86 0.219 0.132

33.00 0.363 0.363
33.14 0.603 0.603
33.14 1.000 0.603
33.28 1.000 1.000
33.43 1.000 1.000
33.86 0.363 0.363
34.00 0.603 0.603
34.14 1.660 1.660
34.14 1.000 1.000
34.43 0.603 0.603
34.43 0.363 0.363
34.57 1.000 1.000
35.00 1.000 1.000
35.00 0.603 0.603
35.00 1.000 1.000

33-36.9 weeks 35.14 0.603 0.603
35.14 1.660 1.000
35.57 0.603 0.363
35.57 1.000 0.603
35.71 1.660 1.660
35.71 1.000 1.000
35.86 0.603 0.603
36.00 1.000 1.000
36.00 1.000 1.000
36.14 1.000 1.000
36.14 1.000 1.000
36.28 1.660 1.660
36.28 0.603 0.603
36.57 1.660 1.660
36.86 0.363 0.363
36.86 0.603 0.603

37.43 1.660 1.000
37.57 0.603 0.363
37.71 0.363 0.363
37.86 1.000 0.603
38.00 1.660 1.660
38.28 1.000 1.000
38.43 1.000 1.000

37-42 weeks 38.86 1.000 1.660
38.86 1.000 1.000
39.57 0.603 0.603
39.71 2.750 2.750
40.00 1.660 1.660
40.43 1.660 1.660
41.43 0.603 0.363
41.43 1.660 1.660
42.00 2.750 2.750
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TABLE 4.4: Thresholds before and after repeated electrical stimulation at 1.85 x 
threshold: raw data from individual infants in the second postconceptional age band G 3- 
36.9 weeks). Decreases in threshold shown in bold.

PC Age Threshold before (mA) Threshold after (mA)

33.00 3.5 3.5
34.00 4.0 4.0
35.00 4.0 4.0
35.43 3.5 3.5
36.00 5.0 4.5
36.00 5.0 5.0
36.14 5.0 5.0
36.71 8.0 8.0

36.86 8.5 8.5
36.86 5.0 4.5
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TABLE 4.5: Latencv: frequency table o f  
responses from individual infants in biceps 
femoris and tibialis anterior

Key: 0 = not earlier in TA, 1 = earlier in TA.

INFANT

LEVEL OF STIMULATION

T 2.8 xT 7.6 xT 21xT

1 1 1 1 1
2 1 1 1 1

3 1 1 1

4 1 1 1 1

5 0 1 I 1

6 1 0 I 0
7 1 1 1 1

8 I 0 1 1

TABLE 4.6: Amplitude: frequency table o f  
responses from indiyidual infants in biceps 
femoris and tibialis anterior

Key: O=not larger in TA, l=larger in TA.

INFANT

LEVEL OF STIMULATION

T 2 8xT 7.6xT 21xT

1 1 1 1 1
2 1 1 0 1

3 1 1 1 1
4 1 1 1 1

5 1 1 1 1

6 1 1 1 1

7 1 1 1 1

8 1 1 1 1
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TABLE 4.7: Duration: frequency table o f  
responses from individual infants in biceps 
femoris and tibialis anterior

Key: O=not longer in TA, l=longer in TA.

INFANT

LEVEL OF STIMULATION

T 2.8 xT 7.6 xT 21xT

1 1 1 1 1
2 1 1 1 1

3 1 1 0 0
4 1 1 0 0

5 0 1 0 0

6 1 I 1 1

7 1 I 1 1

8 I 0 I 0

TABLE 4.8: Area: frequency table o f  responses 
from indiyidual infants in biceps femoris and 
tibialis anterior

Key: O=not greater in TA,l=greater in TA

INFANT

LEVEL OF STIMULATION

T 2.8 xT 7.6 xT 21 xT

I 1 1 1 1
2 1 I 0 1

3 1 1 1 0
4 1 1 1 1

5 1 1 1 0

6 1 1 1 1

7 1 1 1 1

8 I 1 1 1
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TABLE 4.9: Responses to electrical stimulation in biceps femoris TBF) and tibialis 
anterior TTAV raw data o f  the latencv. amplitude, duration, and area o f  responses 
tstimulus length =  0.2msecL

Infant Level Latency Amplitude Duration Area
o f (msec) (m (msec) (m

no. stim. BF TA BF TA BF TA BF TA

T 410 400 34.2 89.8 4550 4600 17.6 45.7
1 T+lmA 385 330 58.6 1000 4355 2700 29.6 240

T+2mA

T 300 295 62 118 3420 1465 12.4 9.79
2 T+lmA 280 215 155 658 4720 2895 57.5 39.2

T+2mA 280 255 6.84 50.3 80 90 0.18 1.25

T 460 570 171 714 4540 4430 175 405

3 T+lmA
T+2mA 240 235 14.2 574 3930 4035 7.69 72.3
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TABLE 4.10: Repeated tests with mechanical stimulation, on the same day in an infant 
aged 31.86 weeks PCA: thresholds, and number o f responses on repeated stimulation 
Tout o f a possible 10)

Test no. Initial threshold 
(g)

Threshold after 
repeated stim (g).

No. o f  responses on 
repeated stim.

1 0.603 0.363 7
2 0.603 0.603 7
3 0.603 0.603 4
4 1.000 1.000 1

TABLE 4.11 : Repeated tests with mechanical stimulation, on the same day in an infant 
aged 31.86 weeks PCA: EMG parameters at 4 levels o f  stimulation

LEVEL OF 
STIM.

TEST LATENCY
(msec)

AMPLITUDE
(pV)

DURATION
(msec)

AREA
(pV)

1 105 80.5 4885 24.70
T 2 820 138.0 4100 90.70

3 1260 21.4 760 2.27
4 640 29.2 295 1.48

1 0 0 0 0
2.8 xT 2 335 49.3 3245 28.4

3 280 42.9 1610 8.59
4 0 0 0 0

1 620 50.7 4370 43.5

7.6 xT 2 560 584.0 4430 203.0

3 725 39.0 3285 14.2

4 790 20.0 4100 19.4

1 125 112 2465 14.8

21 xT 2 900 105 3200 54.4
3 745 291 4245 41.4
4 920 333 3680 58.6
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FIGURE 4.1: Longer latencv and duration, and lower amplitude, o f  the flexion reflex 
response to mechanical stimulation (A),  as compared with electrical stimulation (BL at 
threshold - single sweep EMG recordings o f  flexion reflex responses. Vertical 
calibration per division lOOpV, horizontal calibration per division 500msec, sweep 
speed 5 sec.
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FIGURE 4.2: Flexion reflex threshold rises with increasing 
postconceptional age in control group infants.

A.) Mechanical stimulation, 
correlation coefficient, r=0.5G, n=36.
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2,5 T

FIGURE 4.3; Mean initial threshold for the mechanically-evoked flexion reflex rises with 
postconceptional age in the control group (P=0.027. one way ANOVA, n=36\ but not in the leg injury 

1 group (P=0.3Q. one wav ANOVA. n=15). Error bars denote SEM.
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FIGURE 4.4: Changes in the stimulus-response characteristics o f  
the flexion reflex with increasing mechanical stimulus intensity 

(bars represent means, error bars denote SEM, T=threshold, 
HL=heel lance).

A.) LATENCY (P=0.03, two way 
ANOVA, I  - 21 X T, n=35, T-21xT, 
n=13, HL)

80C.

600.

S'

20C-

X
1

T 2.8x17.6x121x7 HL 

Stimulus Intensity

B.) AMPLITUDE (P<0.001 ,two way 
ANOVA,T-21xT, n=38, T-21xT, 
n=13, HL)

350y 

300- 

>  250 -

.§  2001- 

| l 5 0 t

< loot 
sot 
0

2.8x7 7.6x7 21x7 HL 
Stimulus intensity

0.) DURATION (P=0.002, two way 
ANOVA. 7-21x7, n=37, 7-21x7, n=13, 
HL)

5000r

4000-

?
g 30001- 

c
•2 2000 .
2 3

^  1000-

2 .8 x 7  7 .6 x 7  21 X 7 HL
Stimulus intensity

D.) AREA (P<0.001, two way ANOVA, 7- 
21x7, n=37, 7-21x7, n=13,
HL)

120L

IOC.

_8 Q i

20.

2.8x7 7.6x7 21 x 7 HL 
Stimulus intensity

199



FIGURE 4.5: Changes in the stimulus-response characteristics 
of the flexion reflex with increasing mechanical stimulus 

intensity: data from the individual infants used in the analysis of 
variance over the first 4 levels of stimulation (T=threshold).
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FIGURE 4.6: Flexion reflex duration versus postconceptional 
age (PCA) in individual infants, at 3 different von Frey hair 

weights: duration decreases with rising PCA at 2.75g(BF

A.)1'66g (correlation coefficient, r=0.292, n=30).
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FIGURE 4.7: Decreasing latency, and increasing magnitude o f  the flexion reflex 
response with increasing mechanical stimulus intensity from threshold (top trace) to 
heel lance (bottom trace) in an infant o f 34.57 weeks PC A: single sweep EMG 
recordings o f responses from biceps femoris. Vertical calibration per division lOOpV, 
horizontal calibration per division 500msec, sweep speed 5 sec.

2.8T

7.6T

21T I

H P

lOO/iV

500msec

202



FIGURE 4.8: No patterns o f change in the stimulus-response 
: , characteristics o f the flexion reflex with increasing electrical 
stimulus intensity (bars represent means, error bars denote SEM,

T=threshold).
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FIGURE 4.9: No pattern in the changes o f the stimulus-response 
characteristics o f the flexion reflex with increasing electrical 

stimulus intensity: complete sets o f data from individual infants
over entire stimulus range 

(T= threshold, with increments expressed in mA)
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FIGURE 4.10: Thresholds before and after repeated mechanical 
stimulation at 2.8 (A), and 2.8 & 7.6 x threshold (B). Significant 
decrease in threshold only at 2.8 x T in infants of <33 weeks 
postconceptional age (plain bars - mean threshold before, hatched bars - 
mean threshold after, solid bars in A - mean o f the difference between 
thresholds, error bars denote SEM)

A.) 2.8 X THRESHOLD, full a g e  range (P=0.013 *, n=10, 0 .058, 
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FIGURE 4.11: Median number of responses to repeated mechanical stimulation at 2.8 x threshold 
decreases, but not significantly, relative to postconceptional age, (P=0.22, Kruskal-Wallis test, n = 1 0 ,31, &

16 for 3 age groups respectively).
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FIGURE 4.12: Stim ulus-response characteristics o f  the flexion reflex following repeated  m echanical 
stimulation at 2.8 x threshold: trend o f response pattern seen  for the duration and area o f  the reflex only,

across 10 responses (bars represen t m eans, error bars denote SEM)
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FIGURE 4.13; Comparison o f repeated mechanical stimulation at 2.8 and 7.6 x threshold, in infants 
o f 33-37 weeks PCA: shorter latency with stronger stimulation, otherwise no significant differences in 

response, (plain bars - m eans at 2.8 x T, hatched bars - means at 7.6 x T, error bars denote SEM).
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FIGURE 4.14: S tim ulus-response characteristics o f  the flexion reflex following rep ea ted  electrical 
stimulation a t 1.85 x threshold: no patterns o f  change across 10 re sp o n ses  (bars rep rese n t m ean s,

error bars denote SEM).
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F I G U R E  4 .15: Comparison of flexion reflex stimulus-response 
characteristics in biceps femoris (BF), and tibialis anterior (TA), 
over 4 levels of mechanical stimulation: latency is shorten and 
response is larger in TA than in BF, (plain bars - mean responses in 

BF, filled bars - mean responses in TA, error bars denote SEM, n=8).
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FIGURE 4.16; Larger flexion reflex response in tibialis anterior (bottom trace), than in biceps femoris (top trace), to mechanical stimulation at 7.6 x 
threshold in an infant o f 36.86 weeks PCA - the increased amplitude and duration of the response in tibialis anterior is not due to movement artefact, 
but to greater EMG activity. This was a commonly-observed phenomenon (see text). Vertical calibration per division lOOpV, horizontal calibration 
per division 500msec, sweep speed 5 sec.
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FIGURE 4.17: Inhibitory periods following the initial flexion reflex response are seen 
with suprathreshold mechanical stimulation at 7.6 x threshold - Single sweep EMG 
recordings o f  flexion reflex responses from biceps femoris in infants o f  34 and 32.14 
PCA respectively, A & B. Vertical calibration per division lOOpV, horizontal 
calibration per division 500msec, sweep speed 5 sec.
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FIGURE 4.18: Inhibitory periods following the initial reflex response are seen with 
electrical stimulation at threshold (A) or at 0.5mA above threshold (8.5mA, B) - Single 
sweep EMG recordings o f  flexion reflex responses from biceps femoris in infants o f 36 
and,36.71 weeks PCA respectively, A & B. Vertical calibration per division lOOpV, 
horizontal calibration per division 500msec, sweep speed 5 seconds.
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FIGURE 4.19; Inhibitory periods are seen following electrical stimulation at threshold 
(A) and at 1.5mA above threshold from both biceps femoris (top trace in A & B)
and tibialis anterior (bottom trace in A & B). In A, the muscles are behaving as 
synergists, in B they are behaving as antagonists - Single sweep EMG recordings of  
flexion reflex responses in an infant o f  33.43 weeks PCA. Vertical calibration per 
division lOOpV, horizontal calibration per division 500msec, sweep speed 5 sec.
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FIGURE 4.20; Responses at 2 different latencies are seen in biceps femoris followine 
electrical stimulation at 1.5, 2, and 2.5mA above threshold respectively, A - C. In A, the 
latencies are 220msec (traces 1, 3, & 41 and 725msec (trace 2): in B, 230 msec (traces 
1-3), and 620msec (trace 4): in C, 400-425msec (traces 1, 2, & 41  and 720msec (trace 
3). In traces 1 & 3 o f A and traces 1 & 2 o f C, there is a second EMG burst at a similar 
latency to the single bursts in trace 2 o f A and 3 o f  C. Vertical calibration per division 
lOOpV, horizontal calibration per division 500msec, sweep speed 5 sec.

A

B

■ in

C

215



CHAPTER 5: DISCUSSION

5.1. Observations on specific results

The results from this study contain novel and important findings on the development o f  

flexion reflex pathways, the relative effects o f  mechanical and electrical stimulation, and 

the effects o f  injury on the flexion reflex threshold. These results are discussed  

individually in the ensuing sections, under headings which correspond to the specific 

experiments.

5.1.1. Effect o f  postconceptional age on initial flexion reflex threshold

The results from this study demonstrate that the initial threshold for the flexion reflex is 

low  initially, but that there is an increase in initial threshold with increasing PCA on 

mechanical stimulation, in the control group o f  infants, w hich reaches statistical 

significance when the infants are divided into 3 PCA bands (see section 4.2.1, and 

figure 4.3). An increase in threshold with increasing PCA is also demonstrated with 

electrical stimulation in a smaller group o f  control infants over a narrower PCA range 

(see section 4.2.2, and figure 4.2B). Previous studies on the flexion reflex in neonates, 

elicited by cutaneous stimulation, have also demonstrated this phenomenon o f  lower 

mechanical thresholds initially, increasing with increasing PCA, in the kitten, rat, and 

human (Ekholm 1967, Fitzgerald & Gibson 1984, Fitzgerald et a l 1988, Andrews & 

Fitzgerald 1994a), using both behavioural methods (Fitzgerald et a l 1988, Lewin 1993, 

Andrews & Fitzgerald 1994a), and recording directly from flexor motor axons 

(Fitzgerald & Gibson 1984).

In the adult, the flexion reflex has a much higher threshold than in the neonate, being 

generally associated with nociception (W oolf 1984, Wilier 1983, 1985). However,
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studies using electrical stimulation have shown that there is a low-threshold adult 

flexion reflex, which may be a placing reaction (named RII, Hugon 1973), and which  

haè an Ap fibre input (Young 1973, Wilier 1977, W oolf & Swett 1984, Schouenborg et 

a l 1992). This low-threshold input is not physiologically functional in the adult, in that 

it cannot be evoked by natural stimulation (W oolf & Swett 1984), but it may be 

functional in the neonate because o f a lack o f  descending inhibitory control, thus 

accounting for the low  threshold o f  flexion withdrawal in this population (Andrews & 

Fitzgerald 1994a, b). The low threshold reflexes seem to reflect a higher level o f  

excitability within the developing spinal cord generally (Ekholm 1967, Fitzgerald et a l 

1988), the physiological evidence for which comes firom a study o f  dorsal horn cells in 

the neonatal rat (Fitzgerald 1985), showing that single mechanical stimuli can cause 

long-lasting after-discharges in these cells, the duration and amplitude o f  which  

decrease with age. In addition, the cutaneous receptive fields o f  these cells are larger 

than those o f  older animals (Fitzgerald 1985). The receptive fields o f  single muscles are 

also less discrete and variable in the rat during the first postnatal week (Holmberg & 

Schouenborg 1996), and the thresholds for the flexion reflex across its entire receptive 

field are lower in human neonates below 37.5 weeks PCA, at a comparable time to the 

rat (Andrews & Fitzgerald 1994a, Holmberg & Schouenborg 1996).

Changes in receptive field properties vrith increasing PCA may be due to the late 

maturation o f  intemeuronal pathways (Fitzgerald 1985, Guy & Abbott 1992), including 

those involved in descending brainstem inhibition (Fitzgerald & Koltzenburg 1986). 

This argument is further strengthened by the fact that these effects can also be induced 

in the adult rat by spinalization, causing an expansion o f flexion reflex receptive fields, 

which similarly may be due to the unmasking o f  weak tactile inputs to flexion reflexes,
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because o f  this withdrawal o f descending inhibition (Schouenborg et a l 1992).

TM results also show that this developmentally regulated increase in initial threshold 

for the mechanically-elicited flexion reflex does not occur in the leg injury 1 group, and 

that the threshold at 37 - 42 weeks PCA remains almost as low  as that o f  the previous 

age band (see section 4.2.1, figure 4.3). This denotes a powerful effect o f  injury on the 

flexion reflex threshold, in the form o f an increased sensitivity to non-noxious stimuli, 

otherwise termed ‘allodynia’. Although the difference between the control and leg 

injury 1 groups in the 37 - 42 week PCA band is not statistically significant because o f  

the large variability in thresholds, the difference is still noticeable, and whereas the 

increase in initial threshold across all PCA bands is statistically significant for the 

control group, it is not significant in the leg injury 1 group, which means that the injury 

effect here is more powerful than the PCA effect.

Again, this effect has been demonstrated in previous studies on the cutaneous flexion  

reflex in neonatal humans. Andrews & Fitzgerald (1994a) found a large difference in 

threshold between infants o f 37.5 weeks PCA and under who had received intensive 

care, and those older than 37.5 weeks PCA, most o f  whom had not received intensive 

care. Although all the infants in the present study were patients on the neonatal unit, 

and had therefore received intensive or high dependancy care for varying periods o f  

time, the fact that there is a difference, in the oldest PCA band, between those who had 

not received recent leg injuries from heel lances or intravenous line insertions and those 

who had, further emphasises the sensitivity o f  the mechanical flexion reflex initial 

threshold in monitoring the effects o f injury on the developing nervous system. This is 

highlighted by the results from the youngest PCA band, which show a difference in
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mechanical initial threshold between the control and leg injury 2 groups which almost 

reaches statistical significance (see section 4.2.1). The lack o f statistical significance 

here may be due to the small numbers in each sample (n=3 in each case).

These findings are consistent with those o f Fitzgerald and coworkers (1989), who 

observed long-term lowering o f  cutaneous thresholds in infants receiving intensive care, 

in response to repeated heel lances. The same effect on adult flexion reflex thresholds 

has been demonstrated following injury, the mechanism for which may be a change in 

spinal cord excitability (W oolf 1983, 1984). Inputs from unmyelinated C-afferent fibres 

activated by peripheral injury trigger changes in the response properties o f spinal 

neurons, rendering them more excitable, which in turn brings about a prolonged 

facilitation o f  the flexion reflex (W oolf 1992, Andersen et al 1993). This may be due in 

part to the presence o f  particular neuropeptides in C-afferent fibres, such as substance P 

and calcitonin gene-related peptide (CGRP), both o f which have been shown to increase 

the excitability o f  the flexion reflex for prolonged periods (W oolf & Wiesenfeld- Hallin 

1986). It has also been shown that NK^ and NK2 receptor antagonists significantly 

attenuate the C-fibre mediated facilitation o f the flexion reflex caused by substance P 

release, in hyperalgesic neonatal rats (Thompson et al 1993). The activity o f  L- 

glutamate via the NM DA receptor also has an important role in the production o f  C- 

fibre induced changes in central excitability and central components o f hyperalgesia 

(W oolf & Thompson 1991). However, nothing is known o f the significance o f  these 

events in the developing nervous system.

5.1.2. Stimulus - response characteristics o f the flexion reflex

The results from this study demonstrate that, for the mechanically-evoked flexion reflex,
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there is a strong relationship between stimulus intensity, from flexion reflex threshold to 

heel lance, and the latency and magnitude o f  the response, as expressed by its mean 

peak amplitude, duration, and area. This relationship exists over the entire PCA range 

covered by the study population, from 3 7 - 4 2  weeks (see section 4.3.1, and figure 4.4A - 

D), and is reflected in the line graphs o f  data from individual infants for the latency, 

amplitude, and area o f  the flexion reflex, although not so much for its’ duration (see 

figure 4.5 A-D).

Firstly, the latency o f  the mechanically-evoked flexion reflex decreases with increasing 

stimulus intensity from threshold to heel lance, which reaches statistical significance 

over the first 4 levels o f  stimulation from threshold to 21 x threshold. This pattern 

continues with the heel lance stimulus, but for the reasons stated in section 4.3.1, it 

could not be included in the analysis o f  variance. The decreasing latency over 5 

stimulus intensities may indicate a shorter rate o f  rise o f  both the stimulus and EPSPs 

with increasing stimulus intensity, and increased synchrony o f  afferent input produced 

by the stronger von Frey hairs, whose points have a larger surface area, thus exciting a 

larger area o f  skin and producing a spatial summation (Dimitrijevic & Nathan 1970, 

Behrends et a l 1983). In addition, a clinical heel lance stimulus which is strong enough 

to elicit C and Aô fibre activity will inevitably excite large diameter afferent fibres as 

w ell (Burke et a l 1983, Campbell et a l 1991), which may contribute to the shorter 

latency with this stimulus.

This finding is consistent with those from other studies o f  flexion reflexes in both adult 

humans (Dimitrijevic & Nathan 1970, Campbell et al 1991), and developing rats 

(Hughes & Barr 1988), and using thermal (Hughes & Barr 1988, Campbell et a l 1991),
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and electrical (Dimitrijevic & Nathan 1970), as well as mechanical (Hughes & Barr 

1988) stimuli. Hughes & Barr (1988) found that appendage withdrawal latencies in

■-V.' '
non-drugged infant rats decreased as thermal and mechanical stimulus intensities 

increased, even within the noxious range, and they concluded from the study that the 

appendage 'withdrawal response is a pain reaction which is graded in proportion to 

stimulus intensity for both thermal and mechanical tests. What is interesting about the 

present study is that flexion reflex responses have plainly been elicited with non- 

noxious stimuli, and this latency decrease is demonstrated with increasing stimulus 

intensities below  as w ell as within the noxious range. The mechanical stimuli applied in 

the earlier study on the developing rat (Hughes & Barr 1988) were much heavier (46 - 

76g) than those applied in the present study in human neonates (0.0794 - 34.7g), and 

this difference may be accentuated by the much smaller size and relative fragility o f  

neonatal rats at P3. Therefore, since only the effects o f  noxious mechanical stimuli 

were investigated in neonatal rats, it would have been interesting to see whether latency 

decreases with increasing mechanical stimulus intensity are seen 'within the non-noxious 

range in the developing rat also.

The latency o f  forearm flexion withdrawal has also been found to decrease with 

increasing stimulus intensity, with the application o f noxious radiant heat in adult 

human subjects (Campbell et a l \9 9 \) .  In fact, latency correlated better with stimulus 

temperature than did the magnitude o f  withdrawal. This was not true o f  the present 

study, as the levels o f  significance are greater when stimulus intensity is compared with 

the peak amplitude, duration and area o f  the flexion reflex response. However, in view  

o f  the differences between the 2 studies in both the stimulus applied and the study 

population, this is hardly surprising.

2 2 1



The effect o f  mechanical stimulus intensity on the peak amplitude, duration, and area o f  

thé flexion reflex response in the present study is even more marked. There is a clear 

increase in amplitude and duration from threshold to heel lance, and in area from 2.8 x  

threshold to heel lance. This effect is very significant for the duration, and highly 

significant for the amplitude and area o f the response, over the first 4 levels o f  

stimulation (see figure 4.4B-D). Nevertheless, the line graphs o f  data from individual 

infants across the first 4 levels o f stimulation show that there is more variation among 

individual infants in the duration o f the response than for the other parameters (see 

figure 4.5C), even though the means for this parameter show a clearer trend (see figure 

4.4C). It is unclear why this should be, although the variability o f  the response with 

both mechanical and electrical stimulation was an abiding problem in this study, the 

possible reasons for which are discussed in section 5.2. Despite the latter result, the 

findings from the other parameters are consistent with those from other studies using 

mechanical and thermal stimulation, involving ventral root recordings in adult cats 

(Hagbarth 1952), and single nerve fibre recordings (Van Hees & Gybels 1981, 

Adriaensen et al 1983), and flexion reflex recordings (Chan & Tsang 1985) in adult 

human subjects.

Hagbarth (1952) found that the intensity o f the ventral root reflex response as induced 

by pinch in adult cats, increased when the pinch became harder, and a maximal effect 

was only obtained with noxious pinch. Similar findings were obtained with thermal 

stimuli, in that the amplitude o f  the response increased as the temperature rose to give 

injurious heat above 50°C. In studies o f both AÔ and C fibre activity following von 

Frey hair stimulation in human skin nerves, the discharge frequency o f  the fibres
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increased with increasing stimulus intensity, even within the non-painful range, but was 

obviously greater when the stimulus was painful (Van Hees & Gybels 1981, Adriaensen 

et al 1983).

5.1.2.1. Afferent input o f  the flexion reflex

The differential effects o f  painful versus non-painful stimuli specifically on the flexion 

reflex response are interesting and bear further discussion, because it is clear from the 

present study (see figure 4.4A-D), and from other studies that painful stimuli induce 

both larger and different flexion reflex responses (Hugon 1973, Wilier 1977, 1983, 

Chan & Tsang 1985). Many exteroceptive reflexes such as the flexion reflex, do not 

require painful stimuli for their evocation (Young 1973), especially during development 

(Prechtl et al 1967, Lenard et al 1968, Fitzgerald et a l 1988, 1989, Andrews & 

Fitzgerald 1994a - c). In fact, it has been questioned whether unmyelinated C-fibre 

afferents contribute directly to the flexion reflex (Young 1973), although it has been 

shown to be definitely facilitated by C-fibre input (Andersen et al 1993). However, 

certainly in the adult, painful stimuli are more effective in evoking flexion reflexes than 

non-painful ones (Sherrington 1910), and the reflex discharge is increased the more 

painful the stimulus (Hugon 1973, Wilier 1977).

Nevertheless, the studies which have used recordings from single human nerve fibres 

have shown that a painful stimulus is not always necessary to excite nociceptive 

afferents (Van Hees & Gybels 1981, Adriaensen et al 1983), and in the adult rat, 

innocuous mechanical stimuli can evoke as high a level o f  firing in convergent dorsal 

horn neurons as noxious heat stimuli (Le Bars & Chitour 1983). In fact, the mismatch 

between nociceptor and pain thresholds in the adult is greater for mechanical than heat
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stimulation (Van Hees & Gybels 1981). This may be due to modulation o f  the central 

effects o f  nociceptors by the simultaneous excitation o f  low threshold Ap afferents 

which occurs with mechanical stimulation (Adriaensen et a l 1983). It is impossible to 

say whether this is true in the human neonate.

Other reflex features have been shown to be definitely affected by stimulus intensity. 

For example with noxious stimulation, whether electrical or mechanical, and especially 

at C-fibre strength, contralateral inhibition o f H- and flexion reflexes is greater 

(Delwaide et al 1981, Weng & Schouenborg 1996), and habituation occurs less 

frequently and is less pronounced (Dimitrijevic & Nathan 1970).

In view  o f  the clear correlation in the present study between mechanical stimulus 

intensity and flexion reflex response parameters, supported by findings from other 

studies, a similar correlation would be expected with electrical stimulation. However, 

no such relationship was demonstrated in the results for any o f the response parameters 

(see section 4.3.2, figure 4.8A-D). This is surprising, since in other studies on the 

flexion reflex in which electrical stimulation has been used, albeit in adult human 

subjects (Dimitrijevic & Nathan 1970, Chan & Tsang 1985), a clear decrease in latency 

with increasing stimulus intensity has been demonstrated ( Dimitrijevic & Nathan 

1970), and the amplitude and area o f  the RJII (nociceptive) flexion reflex response has 

been shown to increase linearly with increasing stimulus intensity (Chan & Tsang 

1985).

5.1.2.2. Mechanical versus electrical stimulation

However, there are some immediately obvious explanations for the results in the present
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study, which arise from differences between the mechanical and electrical stimuli used, 

and which would have a bearing on the reproducibility o f  responses (Leonard et al 

1995). To begin with, the first 4 levels o f  stimulation were all delivered using von Frey 

hairs, which are arranged in a logarithmic series, so the differences between the levels o f  

stimulation were much larger with mechanical stimulation, the stimuli being delivered 

at threshold, 2.8 x  threshold, 7.6 x threshold, and 21 x threshold, whereas the electrical 

stimuli were delivered at threshold, followed by an initial increase o f  1mA, and steps 

thereafter o f  0.5mA to a maximum o f  1.85 x threshold, which was in the range o f  8 - 

10mA. As mentioned in the Chapter 2 (Methods), it was not possible to deliver 

electrical stimuli at any greater intensity because the infants began to wince above this 

level, and it must be borne in mind that the threshold o f  the RIII nociceptive flexion 

reflex in the adult is 10 - 12mA (Wilier 1977, 1983). Whereas it was considered 

justified in the present study to give a heel lance stimulus when it was clinically 

required, it was felt that giving painful electrical stimuli was not justifiable.

It is interesting that the infants in the present study began to wince at a level so near to 

flexion reflex threshold with electrical stimulation, but this in itself is very informative 

about the different characteristics o f  electrical and mechanical stimulation. Whereas 

electrical stimuli synchronously excite afferent fibres and are more invariable, 

mechanical stimuli excite afferent fibres far less synchronously (W oolf & Swett 1984). 

Mechanical stimuli are also longer lasting, and because they are less synchronous, have 

a weaker central effect (Faganel 1973, Dimitrijevic & Nathan 1970). Mechanical 

stimuli also have a slower rise-time than electrical stimuli (Burke et a l 1983), and it has 

been shown that the rate o f  force application can affect the magnitude as well as the 

threshold o f  a response (Lindblom 1963, Miller 1967, Le Bars & Chitour 1983, Linden
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& Millar 1988). In contrast, electrical stimuli excite afferent fibres in a much more 

synchronous and unnatural manner (Hagbarth 1952, Behrends et al 1983, W oolf & 

Swett 1984, Cook & W oolf 1985, Handworker & Kobal 1993). This means that the 

flexion reflex is more easily evoked with electrical stimuli (W oolf & Swett 1984). For 

the same reason, somatosensory cortical evoked potentials produced with electrical 

stimuli are also 3 - 4  times greater in amplitude than mechanically-evoked cerebral 

potentials (Berger et al 1987).

Therefore, in the present study, it is probable that afferent fibres were recruited at a 

much slower rate with successive levels o f  mechanical stimulation, than with electrical 

stimulation, and therefore differences in response resulting from increases in stimulus 

intensity were much more visible with mechanical stimuli. Because o f  the more 

synchronous nature o f  electrical stimuli, it follows that many more afferent fibres would 

be recruited at threshold, and the response would be more o f  an ‘all or nothing’ 

phenomenon, because an increase in electrical stimulus intensity would not recruit many 

more afferent fibres, so any differences in response would be much less obvious.

In addition, as has been stated at the beginning o f  this section, the diameter o f  the tips o f  

the von Frey hairs used in the present study increased with the strength o f  hair, ranging 

from 0.08mm for the lightest hair to 1mm for the heaviest hair, whereas the area o f  

excitation for electrical stimulation remained the same over the whole range o f  intensity, 

as the same bipolar stimulator was used. Therefore, whereas with the lighter von Frey 

hairs, a very small area o f  skin would be excited (Koltzenburg et a l 1992, Handworker 

& Kobal 1993), there would be greater spatial summation with increasing von Frey hair 

strength, because a larger area o f  skin and subcutaneous tissues would be affected, thus
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tending to excite receptors over a larger area with successive levels o f stimulation 

(Dimitrijevic & Nathan 1970, Behrends et al 1983), which would produce both 

differential decreases in latency and increases in the size o f the response.

There are additional disadvantages o f electrical stimuli, which could account for the 

lack o f relationship between stimulus intensity and response parameters in the present 

study. For instance, electrical stimulation bypasses sensory nerve endings, so that all 

information on transduction processes is lost (Hagbarth 1952, Handworker & Kobal 

1993), and Hagbarth (1952) suggests that it is necessary to excite end-organs in order to 

obtain 'normal reflexes'. In addition, the whole spectrum o f  peripheral nerve fibres is 

excited with electrical stimuli (Young 1973, Campbell et al \ 9 9 \, Handworker & Kobal 

1993). This means that, certainly in adult pain studies, they are not the ideal form o f  

stimulation because the large diameter afferent input may modulate that o f small 

diameter nociceptive afferents to the spinal cord, and therefore modify both the response 

and the sensations felt (Campbell et al 1991). It is not easy to say whether the latter is 

true in the neonate, but certainly, the closer proximity o f a ‘vvdnce’ response to threshold 

with electrical stimulation than with mechanical stimulation suggests that the response 

may be modified in this age group too.

5.1.2.3. Change o f  reflex properties with age

A more surprising finding in the present study was that there was no correlation between 

any o f the response parameters and PCA when either latency, amplitude, duration, or 

area were plotted against PCA at each mechanical stimulus intensity relative to 

threshold (see section 4.3.1, and Appendix 1). As a clear relationship has been 

demonstrated between PCA and the initial threshold o f the flexion reflex, and between
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response parameters and stimulus intensity on mechanical stimulation, a correlation 

between PCA and response parameters might be expected. Indeed, there was a 

relationship between PCA and the duration o f the flexion reflex response in terms o f  

absolute stimulus intensity, in that it became shorter with increasing PCA from 28 - 42 

weeks, at the von Frey hair weight o f  2.75g (see section 4.3.1.3, figure 4.6B). 

However, no other correlation was demonstrated between PCA and any other response 

parameters - latency, amplitude, or area, relative to absolute stimulus intensity (see 

section 4.3.1).

A shorter duration o f the flexion reflex response with increasing PCA would be 

expected because o f  what has already been stated (see section 5.1.1) concerning reduced 

levels o f spinal cord excitability with increasing PCA, which is reflected in the increase 

in initial threshold with increasing PCA over the same age range, both in the present 

study and in previous studies on the flexion reflex in neonatal rats and humans 

(Fitzgerald & Gibson 1984, Fitzgerald eî al 1988, Andrews & Fitzgerald 1994a). 

Nevertheless, there is an absence o f  relationship between PCA and the duration o f the 

flexion reflex response with the lightest and heaviest hairs examined (1.66g & 4.57g, 

see figure 4.6A & C). This can be explained in the case o f  the heavier hair, because the 

heavier stimulus may act more like an electrical stimulus, being more synchronous in 

nature, and inducing more o f an ‘all or nothing’ response over the entire PCA range, but 

it is unclear why this should have happened with the lightest hair.

The lack o f  relationship between PCA and the latency, amplitude, and area o f  the 

flexion reflex response, relative to either threshold or absolute stimulus intensity o f  

mechanical stimulation in the present study, can be explained by the variability in
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thresholds even within the same PCA band, and more noticeably, by the variability 

between infants o f  the response parameters o f the flexion reflex itself (see figures 4.4A- 

D & 4.5A-D). Even though this variability is not sufficient to ‘saturate out’ the 

relationship between PCA and initial threshold, or stimulus intensity and response 

parameters, a further examination o f the results indicates that, at a given absolute 

stimulus intensity, there are some infants for whom it is threshold, and others in the 

same PCA band for whom it is as much as 7.6 x threshold. This is the case for infants 

in the youngest PCA band at 1.66g, which could explain the absence o f a correlation 

between PCA and duration o f response at this intensity, and for infants in the oldest 

PCA band at 4.57g, which again could be responsible for the lack o f any relationship 

between PCA and duration o f response at the latter intensity.

It is indeed true that mechanical or natural stimuli are much more variable, especially if  

hand-held (for example, von Frey hairs) (Prechtl et al 1967, Adriaensen et a l 1983), and 

not perfectly reproducible, thereby inducing variations in the responses they evoke 

(Burke et al 1983). The reasons for this are examined further in sections 5.2.1 & 5.2.2. 

In addition, in the case o f von Frey hairs, changes in environmental parameters such as 

temperature and relative humidity affect their calibration. This is especially relevant in 

the present study, because changes in environmental conditions such as those 

encountered on a neonatal unit can cause changes in calibration o f  up to 77% (Andrews 

1993). Even under normal conditions, the coefficient o f  variation for a hair pressed 20 

times on a balance is as much as 16% (Andrews 1993).

The variability in mechanically-evoked responses may also be due to changes in the 

mechanical properties o f the skin, or small movements o f  the skin between stiniulations
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(Beitel & Dubner 1976, Fitzgerald & Lynn 1977), as well as to the dynamic nature o f  

the stimulus (Dimitrijevic & Nathan 1970). Nevertheless, despite the variability o f  

flèkion reflex response parameters to mechanical stimulation in the present study, it is 

interesting that more information was gained in the examination o f  the mechanically- 

evoked response than from that produced by electrical stimulation.

Concerning electrical stimulation, no relationship was demonstrated between response 

parameters and PCA, when the latency, amplitude, duration, and area o f  the response 

were plotted against PCA at each stimulus intensity from threshold to 3mA above 

threshold (see section 4.3.2, and Appendix 2). This is surprising since other studies o f  

cutaneous reflexes using electrical stimulation have demonstrated a decrease in latency 

from 28 to 40 weeks PCA (Crum & Stephens 1982, Rowlandson & Stephens 1985). 

However, it must be remembered that the sample size (n = ll)  o f  infants receiving 

electrical stimulation in the present study was much smaller, and the age range was 

narrower (33 - 37 weeks PCA), than in these other studies. Also, the variability o f  the 

reflex response seems to have been much greater in the present study, the possible 

causes for which are discussed in greater detail in sections 5.2.1 & 5.2.2.

5.1.3. Effect o f repeated stimulation on the flexion reflex response 

In the present study, repeated mechanical stimulation at 2.8 x threshold has been shown 

to significantly lower the threshold o f the flexion reflex response in the youngest PCA 

band, o f infants aged 28 - 32.9 weeks (see section 4.4.1.1, figure 4.10A). The decrease 

in threshold following this type and intensity o f iterative stimulation was almost 

significant in the middle PCA band, and not significant in the oldest PCA band. This 

pattern o f  a drop in threshold or ‘sensitization’ following repeated stimulation in
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younger neonates is consistent with findings from other studies o f  the flexion reflex in 

neonatal rats and humans (Fitzgerald et al 1988, Andrews & Fitzgerald 1994a), which in 

the first study consisted o f a significant drop in threshold in rats o f  less than 20 postnatal 

days, and in humans o f less than 32 weeks PCA (Fitzgerald et al 1988). In the second 

study, the decrease in threshold was significant in infants below 35 weeks PCA  

(Andrews & Fitzgerald 1994a). The PCA below which this phenomenon occurs in 

human neonates varies between 32 and 35 weeks throughout the 3 studies, including the 

present study, which may be due to the slightly differing PCA bands in each o f these 3 

studies, or to differences in the 3 study populations, as neonates show wide 

heterogeneity in terms o f condition and previous experience even within the same study 

population.. Also, the earliest study (Fitzgerald et al 1988) was conducted by a different 

investigator, using a different set o f von Frey hairs.

The fact that the drop in threshold following repeated mechanical stimulation was not 

significant in the older 2 PCA bands is more typical o f  the habituation o f  the flexion  

reflex which occurs with repeated stimulation at regular intervals in adult humans 

(Dimitrijevic & Nathan 1970, Dimitrijevic et al 1972), characterized by a decrease in 

the amplitude and duration o f responses, and subsequently a decrease in their number. 

A  fuller discussion o f sensitization versus habituation relative to development follows in 

the ensuing paragraphs, after further explanation o f the results from the present study.

Repeated mechanical stimulation at 7.6 x threshold in a group o f  infants aged 3 3 - 3 7  

weeks PCA did not induce a significant drop in threshold (P=0.34, see section 4.4.1.2, 

and figure 4.1GB), and the decrease in threshold was less than that following repeated 

mechanical stimulation at 2.8 x threshold in this age group (P=0.058, see section
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4.4.1.1, and figure 4.1 OB), even though both were non-significant. This is surprising, 

since it has been shown in adults that dishabituation o f the flexion reflex can be induced 

by increasing the stimulus intensity (Hagbarth & Finer 1963, Dimitrijevic & Nathan 

1970), and that habituation does not occur when the stimulus intensity exceeds twice 

threshold (Dimitrijevic et al 1972). Admittedly, electrical stimulation was used in the 

latter study. However, the smaller sample size (n = ll)  o f the infants who received 

stimulation at 7.6 x threshold could be a contributing factor.

Similarly, the decrease in threshold following repeated electrical stimulation at 1.85 x 

threshold in infants aged 33 - 37 weeks PCA was also not significant (see section 

4.4.1.3), a decrease in threshold being seen in only 2 o f the 10 infants tested. Again, 

this could partly be explained by the small sample size. Also, the stimulus intensity was 

less than twice threshold, and the findings from the study by Dimitrijevic and coworkers 

(1972) mentioned above, indicate that habituation o f the flexion reflex in adults occurs 

following repeated electrical stimulation below this intensity. As has already been said 

(see section 5.1.2.2.), the infants in the present study began to wince i f  electrical stimuli 

were delivered at intensities greater than 1.85 x threshold, and since sensitization o f  the 

flexion reflex occurs following repeated electrical stimulation at noxious intensities in 

the adult (Hugon 1973), it might be expected to occur following noxious electrical 

stimulation in the neonate as well. However, to have tested this hypothesis in the 

present study would have been ethically unjustifiable.

There was also a differential effect o f  PCA on the number o f  responses to repeated 

stimulation at 2.8 x threshold (see section 4.4.2.1, and figure 4.11), in that there was a 

decrease in the number o f  responses with increasing PCA, although this trend did not
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reach statistical significance due to the inclusion o f outlying values (see section 4.4.2.1). 

Nevertheless, this is a further indication o f a transition from sensitization to habituation 

winch occurs before 37 weeks PCA, and confirms findings from our earlier study o f  the 

flexion reflex in human neonates (Andrews & Fitzgerald 1994a). This precise 

phenomenon has also been reported in studies on the flexion reflex in adults, in which 

the actual number o f  responses decreases on repetitive stimulation, whether mechanical 

or electrical, and in normal or paraplegic subjects (Dimitrijevic & Nathan 1970, 1971, 

Dimitrijevic et a l 1972).

The number o f responses to repeated mechanical stimulation at 7.6 x threshold was only 

assessed in infants o f 33 - 37 weeks, so it was not possible to assess fully the effects o f  

PCA on this parameter (see section 4.4.2.2). However, the median number o f  responses 

to stimulation at 7.6 x threshold was higher than that to stimulation at 2.8 x threshold, 

even though this difference did not reach statistical significance. This trend is not 

surprising, since a stimulus at 7.6 x threshold is obviously more intense and likely to 

recruit larger numbers o f  afferent fibres, and habituation o f the flexion reflex in adults 

following regular repetitive stimulation is attenuated by increasing stimulus intensity 

(Hagbarth & Finer 1963, Dimitrijevic & Nathan 1970).

This trend was continued in the median number o f responses to repeated electrical 

stimulation, in a small group o f  infants (n=10) aged 33 - 37 weeks PCA, in that the 

number o f  responses within this age range was highest with electrical stimulation (see 

section 4.4.2.3). This indicates that with this parameter at least, greater stimulus 

synchrony, and possibly greater stimulus intensity, can attenuate the habituation o f the 

flexion reflex. When PCA was plotted against the number o f  responses within this age
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range, a random scatter was seen (see section 4.4.2.3), The most obvious explanation for 

this is the small size and narrower age range o f the sample.

When the effect o f  repeated mechanical stimulation at 2.8 x threshold on flexion reflex 

response parameters was analysed in the present study, a pattern was seen in the 

duration and area o f  the flexion reflex response, which demonstrated a build-up o f  the 

response until the 5^ stimulus, and then a decrease until the 10^ stimulus. However, 

this ‘excitability curve’ just failed to reach statistical significance in both cases (see 

sections 4.4.3.1.1 & 4.4.3.1.2, and figure 4.12C & D). As the area o f  the flexion reflex, 

as calculated in the present study, is a computation o f  its amplitude and duration, an 

effect on the duration o f the response would be expected to be reflected in its area.

Although this trend o f a build-up and subsequent diminution in the duration and area o f  

the flexion reflex on repeated stimulation at regular intervals has not reached statistical 

significance in the present study, it does reflect a pattern which has been reported to 

occur with mechanical stimulation in adult patients with paraplegia (Dimitrijevic & 

Nathan 1970). It was particularly apparent in the latter study i f  the inter-stimulus 

interval (ISI) was 3 seconds or longer (it was 10 seconds in the present study), and 

occurred with ‘weak’ or ‘moderate’ cutaneous stimuli (Dimitrijevic & Nathan 1970). 

There was a phase o f  fluctuation following the build-up phase, in which there might be 

no response to an occasional stimulus, and then diminution o f  the response, after which  

the flexion reflex disappeared altogether. These phases o f  build-up, fluctuation, 

diminution, and disappearance o f the response were considered to be part o f  the process 

o f  habituation, which occurred more rapidly the faster the repetition rate o f  the stimulus 

(Dimitrijevic & Nathan 1970). If the inter-stimulus interval is varied, then habituation
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does not occur (Dimitrijevic et al 1972, Chan & Dallaire 1989), but this was not 

examined in the present study.

A  fluctuation phase was also seen in the present study in some infants, but it is not 

entirely reflected in the curve estimation regression analysis o f  the duration and area o f  

the response, because only cases with 7 or more responses out o f  a possible o f 10 were 

included in these analyses, in order to keep missing values to a minimum for the sake o f  

statistical correctness (see section 4.4.3.1, and NoruLis 1993).

It is interesting that there were no PCA effects seen when the effect o f iterative 

stimulation on response parameters was investigated. The pattern which was seen in the 

duration and area o f  the response occurred across the entire PCA range from 28 - 42 

weeks. This can be attributed to the variability between infants o f  response parameters 

in individual responses, and is evidenced by the wide error bars (denoting SEM) in 

figure 4.12A-D, the possible causes for which will be discussed in section 5.2.

5.1.3.1 Habituation versus sensitization

The lack o f  influence o f  PCA on flexion reflex response parameters with repeated 

stimulation is interesting when considered in the light o f  findings from the study by 

Dimitrijevic & Nathan (1970) involving paraplegic patients. This is because it might be 

expected that the sensitization which occurs in the younger preterm infants, as 

characterized by a significant drop in threshold on repeated stimulation, and an increase 

in the number o f  responses as compared with the older age bands, would be reflected in 

flexion reflex response parameters, and would be seen in paraplegic patients as well. 

Both the younger preterm infants and paraplegic patients would be expected to display
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increased flexion reflex excitability due to a lack o f supraspinal inhibitory influences 

exerted at spinal cord level. However, it is interesting that habituation o f  the flexion  

reflex on repeated stimulation, as reflected in response parameters, occurs with  

paraplegic patients as w ell as normal subjects (Dimitrijevic & Nathan 1970, 1971), and 

there are no differential effects o f  PCA on flexion reflex response parameters with  

repeated stimulation across the entire age range in the present study. Although the 

variability principle is a powerful factor here, the lack o f  a PC A/spinal cord injury effect 

may be because the flexion reflex is a spinal phenomenon, and local changes in 

excitability at spinal cord level are more crucial than supraspinal influences under 

certain circumstances (Hagbarth & Finer 1963, Dimitrijevic & Nathan 1970).

N o patterns were seen in any o f  the response parameters, latency, amplitude, duration, 

or area, with repeated mechanical stimulation at 7.6 x threshold in the present study (see 

section 4.4.B.2, figure 4.13A-D), or with repeated electrical stimulation at 1.85 x  

threshold (see section 4.4.3.3, figure 4.14A-D). This may at first seem surprising, but if, 

as is suggested by Dimitrijevic & Nathan (1970), the build-up o f  the response, followed  

by its diminution, and ultimately its cessation, are all part o f  the habituation process, 

then the stronger stimulus intensity or more synchronous stimulus, would attenuate this 

process and possibly eliminate the habituation pattern (Hagbarth & Finer 1963, 

Dimitrijevic & Nathan 1970, Dimitrijevic et al 1972). This is also supported by the 

finding from previous studies that habituation o f flexion reflexes is less prominent with  

electrical than with natural stimuli (Dimitrijevic & Nathan 1970, W oolf & Swett 1984), 

and may be due to the shorter duration o f  electrical stimuli (Dimitrijevic & Nathan 

1970).
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However, the greater stimulus intensity is reflected in the significantly shorter latency o f  

responses to repeated mechanical stimulation at 7.6 as opposed to 2.8 x threshold (see 

figure 4.13 A), which was also seen with single stimuli in the present study (see section

4.3.1.1, and figure 4.4A), and is indicative o f  the increased synchrony o f afferent input, 

as discussed in section 5.1.2.2. For the same reason, the amplitude, duration, and area 

o f  the responses to repeated stimulation at 7.6 x threshold might be expected to be 

greater than with stimulation at 2.8 x threshold, but this was not the case. However, the 

small size o f  the sample who received mechanical stimulation at the higher intensity, 

and the variability in response parameters (see figure 4.13B-D) continue to affect, and 

possibly saturate out, any trends which may have been evident.

The reasons behind why sensitization or habituation occur, and where the sites o f  

modulation leading to these phenomena are in the flexion reflex arc, are complex and 

bear further consideration. To begin with, the sensitization o f  the flexion reflex which 

occurs in preterm infants below 33 weeks PCA in the present study cannot be explained 

by changes which occur in cutaneous receptor properties during this period, since 

sensitization o f  the flexion reflex in both the rat and human neonate occurs at a time 

when sensory terminals are not fully formed (Fitzgerald 1987c, Payne et al 1991), and it 

has been demonstrated that the production o f  reflexes is not dependant on the presence 

o f  fully-formed sensory terminals (Hewer 1935, Beckett et al 1956, Humphrey 1964). 

Secondly, the properties o f  immature muscle and neuromuscular junction do not seem to 

play a crucial role, because in that case sensitization would be a feature o f all reflexes at 

this PCA; yet the stretch reflex, although more synchronized in the preterm infant, does 

not sensitize (Myklebust et a l 1986).
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A clue to the site o f  sensitization in the immature reflex arc lies in the fact that dorsal 

horn cells in the neonatal rat aged between 0 and 3 days (the approximate equivalent o f  

24 - 2 5  weeks in the human neonate), produce long-lasting after-discharges in response 

to pinching or brushing o f  the skin, which are often more pronounced than the initial 

evoked response (Fitzgerald 1985). In addition, repetitive electrical stimulation o f  the 

receptive fields o f  these cells produces ‘wind-up’ and prolonged after-discharge 

(Fitzgerald 1985). These features may be a consequence o f immaturity o f  intemeuronal 

connections in the dorsal horn, which are modulating sites for descending inhibitory 

connections (Fitzgerald & Koltzenburg 1986), the function o f  which would be to 

‘dampen’ down exaggerated dorsal horn cell responses (Fitzgerald & Gibson 1984, 

Fitzgerald 1985), and larger reflex responses, which seem to be a feature in developing 

animals (Ekholm 1967), and human neonates (Fitzgerald et a l 1988, Andrews & 

Fitzgerald 1994a).

The occurrence o f  sensitization to non-noxious, as well as to noxious stimuli in the 

human neonate may also be a consequence o f  the widespread termination, which has 

been demonstrated in the developing rat (Fitzgerald et a l 1994, see section 1.2.3.1), o f  

A-fibre primary afferent connections in laminae I-V o f  the dorsal horn o f  the spinal 

cord, including in lamina II, the normal termination area o f  C-fibre connections. This 

means that dorsal horn neurons which in the adult only receive inputs for fibres 

encoding for noxious stimuli, receive low threshold A-fibre inputs during development, 

and as it is these same neurons which demonstrate ‘wind-up’ so clearly in response to 

repeated stimulation (Fitzgerald 1985), it is not surprising that sensitization occurs with 

non-noxious stimulation in the neonate.
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Evidence from studies in mature animals and humans also indicates that the site o f  

modulation at which sensitization or habituation occurs is in a population o f  

intemeurons near the afferent limb o f  the flexion reflex (Wickelgren 1967a & b, 

Dimitrijevic & Nathan 1970). It does not seem to be in the region o f  skin being 

stimulated since, if  a different or stronger kind o f  stimulus is applied to the same region, 

or the same stimulus at a faster rate, habituation o f  the flexion reflex ceases 

(Dimitrijevic & Nathan, 1970, 1971, Dimitrijevic et al 1972). Neither does sensitization 

or habituation occur directly within the motoneuron pool, since stimuli causing 

habituation o f  polysynaptic reflexes such as the flexion reflex cause potentiation o f  

monosynaptic reflexes at the same motoneurons (Wickelgren 1967a). Also, if  test and 

habituation trains are applied to different primary afferents, both o f  which cause 

habituation at the same motoneuron, the response to the test trains decreases only if  the 

peripheral receptive fields o f  the 2 groups o f  afferents are not widely separated 

anatomically (Wickelgren 1967a), Therefore, if  habituation does not occur in the 

primary afferents, their terminals, or in motoneurons, it must occur in an intemeuronal 

population (Hagbarth & Naess 1950, Wickelgren 1967a & b).

5.1.4. A preliminary comparison o f flexion reflex responses in biceps femoris and 

tibialis anterior

Some novel observations were obtained from this comparison in the present study 

despite the small sample sizes for both mechanical and electrical stimulation. Firstly, 

following mechanical stimulation at 4 stimulus intensities, from threshold - 21 x 

threshold, the latency o f  the flexion reflex response was shorter in tibialis anterior than 

in biceps femoris, although the difference in latency between the 2 muscles was less 

marked at the 2 highest stimulus intensities (see section 4.5.1.1.1, figure 4.15A, and
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table 4.5). This may have occurred because the higher stimulus intensities represented a 

more synchronous stimulus, meaning that more large diameter afferent fibres with faster 

conduction velocities, were recruited initially in both muscles, leading to a faster 

response. A similar pattern o f  a shorter latency in tibialis anterior was seen with 

electrical stimulation at 3 stimulus intensities, from threshold - 2mA above threshold, 

although because o f  the small numbers it was impossible to determine whether there 

was an effect o f  stimulus intensity on latency differences between biceps and tibialis 

(see section 4.5.2.1.1, table 4.9).

These results are surprising given the longer distance to be travelled in the reflex arc to 

tibialis anterior. However, an earlier flexion reflex response in tibialis anterior has been 

reported in paraplegic adults (Dimitrijevic & Nathan 1970, J C Wilier, personal 

communication), and may be associated with the positive Babinski response seen in 

both human neonates and adults with paraplegia (Dimitrijevic 1973). Normally in the 

adult, the flexion reflex is said to be subject to a strong supraspinal inhibition, 

impairment o f  which results in a shift in balance in favour o f  reflex dorsiflexion, hence 

the positive Babinski sign (Kugelberg 1962). The latter is said to occur because o f a 

lack o f descending presynaptic inhibition o f  first order sensory neurons exerted by the 

fibres o f  the corticospinal tract (Lundberg 1964), which in the human neonate may be 

partly a consequence o f  incomplete myelination o f these fibres (Tortora & Grabowski 

1993). Myelination in the corticospinal tract only begins at 23 weeks PCA, and is not 

complete until 18 months postnatally (Wozniak & O’Rahilly 1982).

The incomplete development o f  descending inhibition impinging on the flexion reflex, 

may also be reflected in the larger amplitude and area o f the response in tibialis anterior
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seen in the present study, with both mechanical and electrical stimulation (see sections

4.5.1.1.2, 4.5.1.1.4, 4.5.2.1.2, & 4.5.2.1.4, figure 4.15B & D, and tables 4.6, 4.8, & 4.9). 

In the case o f  mechanical stimulation, the difference in the amplitude o f  the flexion

reflex between biceps and tibialis became more marked as the stimulus intensity 

increased (see figure 4.15B). This was not seen with electrical stimulation, and may be 

due here again, as has been seen in other results from this study, to the greater 

differences between the grades o f mechanical stimuli, which has been discussed in 

section 5.1.2.2. It is unclear why the duration o f  the flexion reflex response is similar in 

the 2 muscles with both mechanical and electrical stimulation (see sections 4.5.1.1.3 &

4.5.2.1.3, figure 4.15C, and tables 4.7 & 4.9), but this may because o f the variability o f  

the values in this response parameter, as denoted by the large error bars in figure 4.15C.

The lack o f development o f the corticospinal tract as a whole, not simply in terms o f its 

myelination, may be responsible for the earlier and larger flexion reflex responses in 

tibialis anterior as opposed to biceps femoris, in the present study (Issler & Stephens 

1983). Although some o f the constituent structures o f the corticospinal tract, such as the 

internal capsule, are present early in human fetal life, its development is not complete 

until much later (see section 1.2.6.1.1, Humphrey 1960). There is a rostrocaudal 

development in the fibres o f the corticospinal tract, and the caudal limit o f these fibres is 

reached at 29 weeks (Humphrey 1960). However, a principle in the development o f the 

nervous system, which has been examined extensively in Chapter 1, and which is 

reiterated here, is that the presence o f  structures does not necessarily mean that they are 

functional. Studies on corticospinal tract development in the rat indicate that a 

substantial period o f time elapses between the grovyth o f corticospinal axons to the 

vicinity o f their targets in the dorsal horn, and their final innervation (Schreyer & Jones
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1 9 8 2 ,1988a).

As a consequence o f this developmental delay, it follows that the rostrocaudal gradient 

in the development o f  the corticospinal tract means that biceps femoris may be subject 

to inhibitory modulation prior to tibialis anterior, hence the shorter latency and larger 

amplitude and area o f the flexion reflex response in the latter muscle. The fact that 

these effects are seen across the entire PCA range in this comparison (30 - 39.57 weeks), 

means that this situation probably persists at least until the normal time o f birth at 40 

weeks PCA in the human infant.

5.1.5. Repeated experiments on the same dav in the same infant (mechanical stimulation 

onlv)

The results from 3 parameters examined in these experiments show a consistent pattern, 

in that over the 4 occasions on which the infant was tested, at 4 hourly intervals in a 12 

hour period, the infant became progressively less responsive, to varying degrees 

according to the parameter being examined. The initial threshold for the flexion reflex 

remained the same for the first 3 occasions, but increased one grade o f  hair on the 4^ 

occasion (see section 4.6.1, and table 4.10). The reflex threshold decreased following 

repeated stimulation on the first occasion that the infant was tested, but remained the 

same on the next 3 occasions (see section 4.6.3, and table 4.10). Finally, the number o f  

responses on repeated stimulation remained the same on the first 2 occasions, but 

decreased progressively the 3̂ ‘* and 4^ times on which the infant was tested, until on the 

4^ occasion, he only responded once out o f  a possible 10 times (see section 4.6.4, and 

table 4.10).
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There may be 2 mechanisms operating in this progressive decrease in responsiveness - 

those o f  habituation and fatigue in the component structures o f  the reflex arc. The 

issties surrounding habituation to repeated stimulation in the course o f  a single 

experiment have been discussed in section 5.1.3.1., but the time scale is important here. 

The mechanisms involved in a decrease in responsiveness during the course o f  a single 

experiment involving repeated stimulation at 10 second intervals may be quite different 

to those activated as a result o f  repeated sets o f  experiments at 4 hourly intervals over a 

12 hour period (Dimitrijevic & Nathan 1970).

As far as the prevention o f fatigue was concerned during individual experiments in the 

present study, care was taken to ensure that the inter-stimulus interval in the 

experiments involving repeated stimulation, whether electrical or mechanical, was long 

enough to ensure recovery o f the components o f  the reflex arc. If the inter-stimulus 

interval is longer than the refractory period o f  the fibres in the reflex pathway, then the 

likelihood o f  fatigue is diminished (Beitel & Dubner 1976, Handwerker & Kobal 1993). 

Despite the long latency o f  the reflex response in the present study, especially to 

mechanical stimulation (mean = 790msec at 2.8 x  threshold, see figure 4.4A), it was 

considered that an inter-stimulus interval o f  10 seconds was long enough to avoid 

failure o f response due to fatigue. In previous studies o f  myotatic reflexes in human 

infants (Mayer & Mosser 1969, Myklebust et a l 1986), it has been shown that a rapid 

rate o f  stimulation, especially more than 1/sec, decreases the response (Mayer & Mosser 

1973), and this is likely to be due to fatigue. In the same studies, inter-stimulus 

intervals o f  15 seconds (Myklebust et al 1986), or 30 seconds (Mayer & Mosser 1969) 

were used, and in the latter study it was demonstrated that the time period needed for 

complete recovery o f the motoneuron excitability cycle is 200 - 300m sec. Animal
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studies o f  the immature nervous system have also demonstrated a reduced response to 

stimulation at higher frequencies, which is presumed to occur as a result o f  transmitter 

depletion, producing fatigue. This has been demonstrated with repetitive stimulation, o f  

the monosynaptic reflex pathway in the kitten (Eccles & W illis 1965), and o f  single 

cells in the neonatal rat somatosensory cortex (Armstrong-James 1975). In the latter 

study, an inter-stimulus interval o f  less than 10-15 seconds diminished the response o f  

these cells to cutaneous stimulation.

In the light o f  these findings, the decreased responsiveness o f  the infant in the present 

study over the 4 sets o f experiments, is likely to be due to a type o f  habituation rather 

than fatigue, in view  o f  the time span involved, which was 4 hours between experiments 

(Handwerker & Kobal 1993). Indeed, it is possible that the infant ‘got used’ to the fact 

that he was tested after each nappy change. However, he was only 31.86 weeks PCA, 

which means that he was in the age band which normally displayed sensitization to 

repeated stimulation, as indicated by a drop in threshold, and an increased number o f  

responses. The former did not occur after the first set o f  experiments, and the latter only 

occurred in the first 2 sets o f  experiments.

It has been shown even in adult human subjects that a general decrease in excitability o f  

the spinal cord which lasts for hours and supervenes over a period o f  hours can occur 

Avith repeated stimulation, and is said to be due to fatigue (Dimitrijevic & Nathan 1970).

However, this occurred in the latter study when the stimuli were given at a higher 

frequency and over a much longer period than in the present study. It has also been 

shown in adult human subjects and primates that repetitive mechanical or thermal 

stimulation in the same spot provokes fatigue in C nociceptors (Beitel & Dubner 1976,
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van Hees & Gybels 1981). In the present study, the iterative stimuli were also given in 

exactly the same spot for each set o f experiments, and although supposedly non-noxious 

in intensity, may have excited C nociceptors, since von Frey hairs in the same weight 

range have been shown to excite C nociceptors in the adult, even though they are not 

perceived as painful (van Hees & Gybels 1981). The next question is whether C fibres 

are involved in the flexion reflex, or are merely a modulating influence (Andersen et a l 

1993). If they are involved in the late component, as has been suggested in the adult 

(Kugelberg 1948), then the features displayed by dorsal horn cells following stimulation 

o f  immature C fibres in the neonatal rat (Fitzgerald 1985, 1987a), mean that fatigue is 

possible given that the responses o f  these cells are sluggish and often fail in the early 

neonatal period. However, C fibres are completely mature in their firing properties 

from birth, and can produce prolonged after-discharges in dorsal horn cells in response 

to repetitive electrical stimulation (Fitzgerald 1985). Therefore, they might tend to 

produce sensitization rather than fatigue due to neurotransmitter depletion, as has been  

suggested in section 5.1.3.1.

Even so, reflexes are said to be more easily fatigued in human neonates than in adults 

(Schulte & Schwenzel 1965), and in the chick embryo, the younger embryos tend to 

exhibit faster cessation o f  response than the older ones, which is said to be due to 

fatigue (Oppenheim 1972). More specifically with regard to the flexion reflex, longer 

latency polysynaptic potentials in the immature rat are said to be more prone to fatigue 

than monosynaptic ones, because the degree o f  fatigue increases with the number o f  

stimulated synapses (Seebach & Ziskind-Conhaim 1994).

It is therefore very difficult to say which mechanisms are operating in the decreased
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responsiveness following repeated sets o f  experiments in this particular infant because, 

given the time span involved in the inter-stimulus interval both within and between 

experiments, fatigue in the sense o f neurotransmitter depletion is unlikely. However, 

when one considers that each set o f experiments occurred following a nappy change, 

and the infant had more handling than he normally would have had, even though care 

was taken to minimise this, fatigue in a more general sense could have supervened.

Finally, no pattern was seen in the response parameters o f  the flexion reflex (latency, 

amplitude, duration, and area) over the 4 sets o f experiments at all levels o f  mechanical 

stimulation. However, as can be seen from table 4.11, the results from this individual 

infant exemplify the inter-response variability seen for these parameters in the study 

population as a whole, even though his responses are within the population range. This 

further demonstrates that the causes o f this variability, which will be discussed further 

in section 5.2.1, are partly intrinsic to the infants themselves (Myklebust et a l 1986, 

Leonard et al 1995). This is why it was so important to block for the infant effect in the 

statistical analysis o f the results o f  the present study.

5.1.6. Other Features o f Neonatal EMG recordings

Firstly, periods o f complete inactivity were observed in the EMG recordings following 

the initial flexion reflex response with both mechanical and electrical stimulation (see 

section 4.7.1, and figures 4.17A & B and 4 .ISA & B). They were only seen with 

suprathreshold mechanical stimulation, but with electrical stimulation from threshold 

intensities upwards. These periods o f inactivity are presumed to be due to inhibition, 

but cannot be described as ‘silent periods’ as this term is used in clinical 

neurophysiology to describe the cessation o f action potentials from a steadily
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contracting muscle during antidromic stimulation o f its motor nerve (Lenman & Ritchie 

1987). Therefore, the periods o f inactivity observed in the present study have been 

termed ‘ inhibitory periods ’.

It is interesting that inhibitory periods were seen only at suprathreshold intensities with 

mechanical stimulation, but at intensities from threshold with electrical stimulation. 

The inhibitory periods were also longer with electrical than with mechanical 

stimulation. These effects may be due to the increased synchrony o f the electrical 

stimulus, the effects o f which have been observed on other parameters in the present 

study. Because o f  this, greater numbers o f afferent fibres are stimulated at once, and 

may therefore render greater numbers o f central neurons refractory (Lenman & Ritchie 

1987), or the greater intensity o f the stimulus is more able to activate inhibitory 

mechanisms in the afferent limb o f the reflex arc.

These phenomena have been observed in adult paraplegic patients when examining 

continuous EMG elicited in flexor muscles by electrical stimulation o f an ipsilateral 

distal peripheral nerve (Roby-Brami & Bussel 1992), or by afferent stimulation 

confined to the skin distally in both normal and paraplegic human adults (Hugon 1973), 

both o f  which are more truly examinations o f  the ‘silent period’. The inhibitory periods 

became more pronounced as the stimulus intensity increased, and their duration also 

increased with increasing stimulus intensity (Roby-Brami & Bussel 1992). In the adult 

cat, inhibitory periods are observed in ventral root recordings follovring suprathreshold 

electrical stimulation, which similarly decrease with decreasing stimulus intensity 

(Hagbarth & Naess 1950). However, the opposite has been found in human neonates on 

recording monosynaptic reflexes following both mechanical and electrical stimulation
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(Schulte & Schwenzel 1965). In the latter study, the duration o f  the silent period 

decreased with increasing strength o f  activation, and remained constant during the first 

6 weeks following birth. It was only seen to alter in cases where abnormal neurological 

findings were seen. It is difficult to say why these differences are observed; however, 

polysynaptic rather than monosynaptic reflexes, in flexors rather than extensors, were 

being examined in the present study, so the mechanisms o f  inhibition may be different; 

and certainly, when inhibitory periods are examined during sustained EMG activity in 

flexors in adult paraplegic patients, the findings concur with those from the present 

study (Roby-Brami & Bussel 1992).

In the latter study, comparison o f silent periods during evocation o f  the H reflex and 

during EMG activity in tibialis anterior suggested that presynaptic inhibition o f  la  fibres 

was occurring (Roby-Brami & Bussel 1992). It has also been shown that la inhibition is 

more pronounced with greater stimulus intensity, especially when painful stimuli are 

used, and that ipsilateral inhibition induced in this way is more strongly exerted on 

flexors than extensors (Hultbom et al 1976). In addition, facilitation o f  la  inhibitory 

transmission can be evoked from flexor reflex afferents and cutaneous afferents, and 

from suprasinal pathways (Hultbom 1972). Nevertheless, the fact that exteroceptive 

‘silent periods’ are seen in patients with complete spinal cord transection suggests that 

the inhibition is organised within the spinal cord itself, as are the reflexes (Hugon 1973, 

Roby-Brami & Bussel 1992), and this would certainly be the more likely site o f  

inhibitory organisation in the neonatal nervous system (Andrews & Fitzgerald 1994a), 

although it is difficult to say what precise mechanisms o f  inhibition are inducing these 

periods in the present study.

248



In one recording from an individual infant o f  flexion reflex responses in biceps femoris 

and tibialis anterior, atypical inhibitory periods were seen in the 2 muscles, in that 

although they are both classified as synergistic flexor muscles, they were seen to behave 

as antagonists (see section 4.7.1, and figure 4.19B). This may be a consequence o f  

incomplete development o f  the corticospinal tract, which is suggested in other findings 

from recordings o f  activity in biceps femoris and tibialis anterior, and is discussed in 

section 5.1.4. This would mean that the 2 muscles are not subject to the same degree o f  

inhibition. However, simultaneous activation and inhibition among synergists has been 

reported in adults, rather than the usual antagonist inhibition (Meinck et a l 1981), and 

the timing is important, in that inhibition can counteract the preceding EMG activity 

within the same muscle and possibly also in its synergist (Meinck et a l 1981). The 

purpose o f  this type o f  pattern may be to finely tune the withdrawal movements o f  the 

limb, which may have both a protective and locomotor function. However, one would 

not expect this type o f  fine tuning to occur in a preterm newborn infant o f 33.43 weeks 

PCA, which was the age o f  the infant in whom this phenomenon was seen. Indeed, in a 

study o f  inhibition and its role in the development o f motor coordination in infants and 

children, agonist inhibition was never observed even in infants o f  1-2 months, and 

antagonist inhibition only very rarely (Gatev 1972). Even when the latter type o f  

inhibition did occur in infants o f  this age, it was usually mild, and delayed or 

simultaneous rather than anticipatory (Gatev 1972). There is a gradual transition from 

simultaneous or delayed agonist and antagonist inhibition to anticipatory inhibition in 

the first 3 years o f  life, which is crucial to the development o f  motor coordination in 

early childhood (Gatev 1972).

Finally in the present study, in 4 infants and only with electrical stimulation, flexion
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reflex responses were seen at 2 different latencies, sometimes occurring as part o f  the 

same response, and sometimes separately (see figure 4.20A-C). As has been mentioned 

in Section 1.1.3 in chapter 1, and section 5.1.1 in this chapter, a similar phenomenon has 

been extensively reported in adult humans in studies o f flexion reflex recordings from 

biceps femoris (see section 1.1.3, Hugon 1973, Wilier 1977, 1983). It is indicative o f  

the activation o f  2 different fibre populations (Hugon 1973), it being possible to abolish 

the first response with a selective ischaemic block o f large diameter fibres (Wilier 

1977), although the latencies at which the reflexes occur are much shorter in adults than 

in neonates. The shorter latency response seen in adults has a low  threshold and 

corresponds to a tactile reflex (RII, Hugon 1973), and the longer latency response has a 

higher threshold and corresponds to a nociceptive reflex (RIII, Hugon 1973). The 

findings from studies in adults concur with those from the present study, in that in the 

former, the RII reflex was absent when the skin o f  the foot was stimulated (Wilier 

1977). It could only be elicited with trains o f electrical stimulation applied to the sural 

nerve; single shocks could not elicit this reflex (Hugon 1973). Similarly to the findings 

reported here, RII and RIII reflexes could occur as part o f the same response, following  

stimulation at the intensity needed to evoke the higher threshold reflex, which in adults 

was 10mA (see figure 4 in Wilier 1977). In neonates in the present study, the stimulus 

intensities at which the 2 reflexes were seen were lower than those in the adult, being 

5.5 - 7.5mA, but this is in agreement with the fact that the threshold for the flexion  

reflex overall is lower in the neonate than in the adult. Even in adults, the latency o f  the 

RII reflex was very variable, and sometimes it did not appear at all (Wilier 1977), so it 

is not surprising that the phenomenon in the present study which is analogous to it was 

only seen in 4 infants.
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5.2. General observations on variability

In addition to the factors affecting the qualities o f  the flexion reflex in the present study, 

which have already been discussed relative to specific results, there are some general 

points concerning flexion reflex properties which require further consideration, 

particularly possible causes o f  the variability seen in some o f the results from the 

present study. These will be discussed under the headings o f ‘intrinsic’ and ‘extrinsic’ 

factors which affect the cutaneous flexion reflex.

5.2.1. Intrinsic factors

The anatomical and physiological features o f the developing nervous system which 

contribute to the phenomena seen in both cutaneous and proprioceptive reflexes during 

development have already been examined in detail. These features inevitably produce 

practical problems when studying reflexes in human neonates, the most persistent o f  

which is the wide variation in latency, amplitude, and duration o f the response 

(Vecchierini-Blineau & Guiheneuc 1981, Myklebust et al 1986, Caccia et al 1990, 

Leonard et al 1995). However, the variability in latency in the present study was 

observed both with mechanical stimulation o f  the skin and electrical stimulation o f  the 

sural nerve. This variability is more easily explained in the case o f mechanical 

stimulation, the reasons for which have been discussed in sections 5.1.2.2 and 5.1.2.3, 

and are discussed further in section 5.2.2. Nevertheless, the latencies o f somatosensory 

evoked potentials following electrical stimuli are also very variable in infants 

(Majnemer et al 1990, Tranier et al 1990). Indeed, some variability between and within 

infants seems to be a normal condition o f early nervous system development (Leonard 

et al 1995), and is also seen in animal studies o f  developing sensory neuronal responses 

(Fitzgerald 1985, Jennings & Fitzgerald, submitted).
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Similarly to that which has been observed with the flexion reflex in human neonates in 

the present study, latencies both o f reflexes and o f individual dorsal horn cells are not 

only more variable, but are also much longer, in neonatal rats than in adult rats 

(Fitzgerald et a l 1987, Jennings & Fitzgerald, submitted). In the latter study, the authors 

recorded the latency o f responses in dorsal horn cells to percutaneous electrical 

stimulation o f  lower limb nerves. They found that the mean latency at P3 was an 

astonishingly slow 33msec, bearing in mind that P3 rat pups are much smaller than 

human neonates, and that this is only on the afferent limb o f  the reflex arc. The mean 

latency decreased during the postnatal period, being 19msec at P6, 13.5msec at PIO, and 

7msec at P21. In addition, the variability o f latency, as measured by the SEM, was 

greatest at P3, becoming smaller until P21.

The long latencies in the present study may also be due in part to prolonged central 

conduction delays. These have been shown to be very long in the neonatal rat, as 

demonstrated in a study o f  the ventral root reflex (VRR) in this age group (Fitzgerald et 

a l 1987). The mean central delay o f the first component o f  the VRR across the spinal 

cord in vivo was 6.1msec at PO, decreasing to 2.2msec at PIO, and the mean central 

delay o f the second component in vivo was 10.8msec at PO, increasing to 16.5msec at 

P3, before decreasing to 4msec at PIO (see table 1 in Fitzgerald et al 1987).

However, this does not explain flexion reflex latencies o f  up to 2 seconds, observed vdth 

mechanical.skin stimulation in the present study, and it is possible that some responses 

which were counted as reflexes in the present study were not reflexes in the classical 

sense, but were part o f  a rhythmic response which involved repeated movements. This
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is borne out by findings from other studies o f  reflexes in newborn infants (Vecchierini- 

Blineau & Guiheneuc 1979, Rowlandson & Stephens 1985), in which central 

conduction delays o f  approximately 1msec were reported. However, these were for 

simple spinal pathways involved in the H reflex (Vecchierini-Blineau & Guiheneuc 

1979), and a cutaneous reflex (Rowlandson & Stephens 1985), both o f  which were 

elicited using electrical stimulation, and not for the polysynaptic flexion reflex elicited 

using mechanical stimulation, which was observed in the present study. Nevertheless, as 

has been stated in section 2.9.3 o f  the Methods chapter, every attempt was made to 

distinguish reflex responses from spontaneous leg movements. In addition, relatively 

little is known o f the developing spinal cord in the human neonate, so for this and other 

extrinsic reasons which are described in section 5.2.2, explanations for the long 

latencies in this study can be found, but the results need to be interpreted with caution.

However, polysynaptic reflex latencies in human adults are also longer and more 

variable than those o f  proprioceptive reflexes (Dimitrijevic 1973), these phenomena 

being observed in studies o f  the nociceptive withdrawal reflex, particularly on repeated 

stimulation. This may result from the effects o f  sensitization or habituation in the 

component structures o f  the reflex arc (Sherrington 1898, Dimitrijevic & Nathan 1970), 

depending on the age range studied. The variability makes predicting population trends 

more difficult.

There are other intrinsic factors which are peculiar to newborn infants and which affect 

reflex responses. The most notable o f  these are the rapid changes in sleep state which 

occur in this population (Mayer & Mosser 1969, Vecchierini-Blineau & Guiheneuc 

1981, Leonard et a l 1995). Polysynaptic exteroceptive reflexes such as the flexion
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reflex are diminished or absent in regular sleep. During irregular sleep, they can be 

elicited almost as well as during quiet wakefulness (Prechtl et a l 1967, Lenard et al 

1968). However, the nociceptive flexion reflex is equally present during regular or 

irregular sleep, or quiet wakefulness (Lenard et al 1968, Andrews & Fitzgerald, 

unpublished observations).

Motor responses to stimuli during restful sleep are also affected by the presence o f  a 

pacifier, in that sleeping infants are significantly less responsive to tickling while 

sucking on a pacifier than while sleeping without one (W olff & Simmons 1967).

Another source o f reflex variability in human neonates which is impossible to eliminate 

is the obvious lack o f voluntary control over the state o f  relaxation or contraction o f  

muscles (Caccia et al 1990, O'Sullivan et a l 1991). So it is difficult to determine how  

much background EMG is present, and therefore how much o f  the reflex EMG 

recording to exclude, as any limits imposed might be arbitrary (Caccia et a l 1990).

A  more difficult problem is interpreting changes in reflex responses in individual 

infants. This is especially true o f  the nociceptive flexion reflex, which has been used 

extensively.as a measure o f  spinal cord excitability (Wilier 1977, W oolf 1983, 1984, 

W oolf & Wall 1986, Campbell et al 1991). Depression and potentiation o f  nociceptive 

withdrawal reflexes in adults are commonly interpreted as analgesia and hyperalgesia 

respectively. However, a recent study by Weng & Schouenborg (1996) o f  the inhibitory 

input to flexion reflexes in the peronei, extensor digitorum longus, and tibialis anterior 

muscles o f  the lower leg, and the biceps posterior-semitendinosus m uscles o f  the thigh, 

from cutaneous areas o f  the hindlimbs and the tail, indicates that depression o f  flexion
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reflex responses in a particular muscle can be due to increased activity in its inhibitory 

nociceptive pathways and/or decreased activity in its excitatory nociceptive pathways. 

In this study (Weng & Schouenborg 1996), while the flexion reflex was being produced, 

the inhibitory receptive fields were mapped with conditioning cutaneous stimulation 

using electrical stimulation, light touch by a small paint brush, air-jet stimuli, 

mechanical stimuli, and CO2 laser. The authors observed that the degree o f inhibition o f  

the flexion reflex is dependant on the site o f the conditioning stimulation, relative to the 

positions o f  excitatory and inhibitory reflex receptive fields, which they found 

overlapped somewhat. This has also been found in other studies o f  flexion reflexes in 

adults (Hagbarth 1960, Hagbarth & Finer 1963), and is especially true if  natural skin 

stimulation is used (Weng & Schouenborg 1996). In the present study, although 

inhibitory receptive fields were not specifically studied or observed, it is easy to see that 

an infant receiving neonatal intensive care may experience inadvertent conditioning 

cutaneous stimuli during a testing session, from a variety o f  sites on the lower limb, and 

due to diverse causes, which may have affected the magnitude o f the flexion reflex 

response in individual infants.

5.2.2. Extrinsic factors

The variable and long latencies o f the flexion reflex response, which are the most 

difficult phenomena to explain in the present study, may also be due to the types o f  

stimulation used, particularly mechanical stimulation at threshold intensities using a 

hand-held device. As is evident from the results, the threshold for the flexion reflex can 

be reached with light touch using von Frey hairs, and it has already been stated that 

mechanical stimuli excite afferent fibres far less synchronously than electrical stimuli, 

and have a slower rate o f rise (see sections 5.1.2.2 and 5.1.2.3). In the repeated
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experiments performed on the same day in a single infant (see section 4.6, and table 

4.11), the variability in the latency o f  the flexion reflex was greatest with mechanical 

stimulation at threshold intensity. It is also probable that, because the piezo transducer 

device for holding the von Frey hairs was hand-held, the time to maximum stimulus 

intensity was very variable, according to the way in which the von Frey hair touched the 

skin and bent, so that even though the EMG sweep was triggered as soon as the hair 

bent, this may not have been the point o f  maximum stimulus intensity. This is 

particularly relevant in view  o f the varying diameter o f  von Frey hairs, which increases 

with the strength o f hair. In addition, despite the careful attempts which were made to 

validate the accuracy o f  triggering o f the piezo transducer device, an account o f  which  

has been given in Chapter 3 on methods development, the triggering sensitivity still had 

to be set using a vibration threshold sensitivity dial (see plate 2.6), and it is possible that 

this may not always have been set correctly.

The variability in latency which was observed with electrical stimulation is more 

difficult to explain, but may partly be explained by the fact that submaximal stimulation 

was used, meaning that, here again, afferent fibres were excited less synchronously than 

would be the case if  suprathreshold stimulation was used (S G Boyd, personal 

communication). Generally, the latter type o f  stimuli have been used in studies o f  

reflexes in newborn infants involving electrical stimulation (Mayer & Mosser 1973, 

Crum & Stephens 1982, Jenner & Stephens 1982, Issler & Stephens 1983), and it is 

possible that the submaximal stimulation which was used in the present study may not 

have been an adequate stimulus to provide reliably reproducible reflexes. A lso, the 

neonatal bipolar stimulator which was specially constructed for the study was extremely 

small, and although, here again, careful attempts were made to validate its’ operation
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(see section 3.4), as has been stated in section 3.4.1, the stimuli sometimes felt ‘weak’ 

and may not always have been delivered at the set intensity.

To proceed to extrinsic factors which are not equipment-related, among the most 

notable effects o f  intensive care in preterm neonates, which directly impinge on nerve 

and muscle function, and therefore on the reproducibility o f  the flexion reflex, are the 

tissue hypoxia and acidosis which are a consequence o f  respiratory distress and the 

resultant need for mechanical ventilation (Gerilovsky et al 1991, Roberton 1993). 

Tissue hyppxia has been shown to reduce the velocity o f excitation along striated 

muscles in man (Gerilovsky et al 1991), and 'in vitro' studies on rat skin have shown 

that a lowered pH (acidosis, which occurs in hypoxic states) induces mechanical 

sensitization in C-fibre mechanoheat units (see Handwerker & Kobal 1993 for review). 

These factors obviously mean that the respiratory status o f human neonates must be 

carefully assessed before flexion reflex studies are performed.

5.3. Strategv for validating EMG data prior to publication

Firstly, although the EMG recordings have been examined already in detail, in the light 

o f  some o f  the unusual findings in the present study, such as the long and variable 

latencies o f  response particularly with mechanical stimulation, and the lack o f  

relationship between PCA and the stimulus-response characteristics o f  the flexion  

reflex, a repeated careful examination o f the EMG recordings is necessary. This is in 

order to further eliminate traces contaminated with movement artefact, particularly 

where very large peak amplitudes are observed.

Secondly, although careful attempts have been made to validate the equipment used
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both for mechanical and electrical stimulation, a retesting o f  the accuracy o f  stimulus 

delivery o f  the electrical bipolar stimulator may be necessary, in order to ascertain 

further whether stimuli which feel ‘weak’ when they are delivered are actually being 

given at the intensity which has been set.

Further experiments involving electrical stimulation may also be necessary, in order to 

increase the sample size, and age range o f  infants who have received this type o f  

stimulation, to extend to the range covered in the mechanical stimulation sample. In 

addition, in order to further investigate the variability o f  response seen even with 

electrical stimuli, repeated experiments on the same infant in the same day, as was 

performed with mechanical stimulation, are also desirable.

5.4. Improvements in the design and methods which would ensure more reliable data 

collection in future

There were factors involved even in the setting-up o f  the research in the 2 NICUs in 

which the study took place, which would merit changes if  the study were being 

conducted again. Firstly, in future studies conducted in any NICU, the full and personal 

commitment o f  the senior medical staff to the research would be absolutely essential. It 

is not sufficient to simply have their permission to conduct experiments, since their full 

participation in the research would convey a very different message to the parents o f  the 

infants, and therefore be very advantageous when obtaining parental consent and 

cooperation. In addition, more involvement and understanding on the part o f  the senior 

medical staff would possibly avoid the problems encountered in the present study with  

the stipulation o f  the type o f  equipment suitable for conducting this type o f  research.
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As regards the sample o f  infants on whom the data is collected, it is proposed in future 

to concentrate entirely on control infants, infants in the leg injury 1 and 2 groups, and 

those receiving opioid analgesics. Because o f  the difficulties in recruiting infants into 

the other observer groups (cerebral damage, post-op, sedation, non-opioid analgesia, see 

sections 2.9.1 & 4.1), the sample sizes in these groups would be too small to draw any 

meaningful conclusions from their data. It is unlikely that it would be possible to recruit 

infants into a randomised trial involving the allocation o f  infants to an opioid or non

opioid group, since withholding opioid analgesia from an infant who merited its’ use, 

for the purposes o f  research, would be unethical. However, as is stated below in section

5.5, the randomisation o f infants into groups receiving different doses o f opioid 

analgesics is a possibility.

It is obvious that a clear definition o f what constitutes a flexion reflex response is 

necessary in any future studies to be conducted, in order to distinguish such responses 

from spontaneous leg movements. Before applying strict exclusion criteria, particularly 

in terms o f  the latency o f  response, it would be necessary to obtain videotape recordings 

o f  both spontaneous limb movements and presumed flexion reflex responses, and 

compare these with simultaneous EMG recordings, synchronisation o f  videotape and 

EMG recording being essential. The timing o f  the EMG response, and its coordination 

with the behavioural response would thus be determined.

With regard to the equipment used for obtaining the EMG data, it is proposed not to use 

a ‘Sapphire’ EMG unit in future, as this is not a research instrument. A  more 

sophisticated and flexible system for data capture and analysis would be used, more like 

that seen in a laboratory environment. This system would have a much higher sampling
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rate o f  individual EMG sweeps on saving, one o f  the greatest disadvantages o f  the 

‘Sapphire’ being that the resolution o f the saved data was 1000 data points per channel, 

which meant that for a sweep speed o f  5 seconds, there was only one data point every 

5msec! Furthermore, the data would need to be saved on a PC in a standard computer 

format which was compatible with waveform analysis packages, such as ‘Spike 2 ’ and 

‘Signal Averager’, and enabling laser quality printouts o f  EMG data, unlike in the 

present study.

Concerning the use o f  electrical stimuli, as was stated in section 5.3, further experiments 

on a larger sample and over a wider age range would be necessary in future studies. 

Additionally, the nature o f  the electrical stimulation would also need to be altered, in 

that there was an interstimulus interval (ISI) o f 0.5msec within the trains o f  5 electrical 

pulses used in the present study . The ISI in such trains o f  stimuli needs to be 

physiological, in other words not so short that it is in the refractory period o f  sensory 

neurons, so it is proposed to lengthen the ISI within trains o f  stimuli to at least 1msec. 

ISIs o f  2 - 9msec within trains have been used in similar studies on the flexion reflex in 

adults (Wilier 1983, 1985). Alternatively, single stimuli could be given, as have been 

used in studies o f  cutaneous reflexes in neonates (Crum & Stephens 1982, Issler & 

Stephens 1983), although as has already been stated in section 2.6.2, trains o f  electrical 

stimuli are more effective at eliciting flexion reflexes (Wilier 1983). Finally, although 

single sweeps o f  electrically-evoked flexion reflexes have been used in the present 

study, in order to provide a direct comparison with those obtained from mechanical 

stimulation, it is proposed in future to look at averaged responses from electrical 

stimulation, as has been done in other reflex studies in neonates (see above), to see i f  

there is an emergent pattern in the flexion reflex, and to reduce random variation which
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was so prominent in the present study.

There are further points concerning the methodology for obtaining EMG recordings 

which would need to be addressed in future studies. Firstly, regarding the placement o f  

recording electrodes, it is proposed to place both live and reference electrodes on the 

belly o f the muscles from which recordings are obtained, since placing the reference 

electrode on the tendon o f the muscle, as was done in the present study, makes 

contamination o f  recordings with movement artefact much more likely. Secondly, the 

placement o f the pre-amplifier into which the recording and ground electrodes were 

plugged, so far from the recording electrode cups (see plate 2.5) may also have 

contributed to the contamination o f  EMG recordings with movement artefact and other 

forms o f interference. Therefore, it would be necessary in future studies to use a pre

amplifier assembly which could be placed directly over the recording electrodes, thus 

minimising possible sources o f  interference. Careful preparation and placement o f  

recording electrodes and pre-amplifier would thus reduce the need for a 50Hz notch 

filter, which was used in the present study to eliminate mains interference. However, 

the use o f such a filter degrades the quality o f the EMG recordings obtained, and it 

would be desirable in future to dispense with it, especially as it cannot be used when 

averaging EMG responses.

5.5. Conclusions and implications for clinical practice

In the present study, I aimed to investigate the properties o f the cutaneous flexion reflex 

in the human neonate, and to assess the usefulness o f this reflex as a quantitative means 

o f  studying somatosensory development. As an adjunct to this, I also wanted to observe 

the effects o f  tissue damage on flexion reflex excitability. Despite the problems
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encountered with both equipment and methodology, these aims were partly achieved, 

using EMG recordings o f  the flexion reflex, and measuring responses to mechanical 

stimulation at both innocuous and noxious intensities, and to electrical stimulation at 

innocuous intensities. Recordings were also made from 2 different flexor muscles.

Some aspects o f the flexion reflex proved to be useful in studying the development o f  

sensory processing in the human spinal cord relative to PCA, and indirectly, the 

development o f  descending modulatory pathways there. Particularly when the flexion  

reflex was evoked using mechanical stimulation, it reflected changes in stimulus 

intensity, and when produced both mechanically and electrically, in the type o f  

stimulation used. It also provided a useful comparison with adult studies on the effects 

o f  repeated stimulation, and through changes in its threshold, valuable information on 

the effects o f  injury on the developing nervous system. Through experiments conducted 

on the same infant, to some extent I was able to separate out the causes o f  variability 

which were intrinsic to the infants themselves.

This means that with continuing improvements in the recording and analysis o f  flexion  

reflex recordings, the flexion reflex can be used to ‘access’ the nervous system at a stage 

when it is particularly difficult to obtain information on what human neonates are 

experiencing, and has proved itself to be at least equal to, and in some cases superior to 

other methods o f  investigation in this age group.

In the future, valuable information could be gained by studying the effects o f  analgesics, 

particularly intravenous opioids, on the flexion reflex, thus obtaining information on 

their effects on sensory processing in the spinal cord. It would be especially beneficial
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to institute randomized controlled trials to investigate the efficacy o f  different doses o f  

opioids, which hitherto has not been investigated extensively. Finally, the flexion reflex 

provides a useful starting point for further investigation o f  nervous system development, 

including the maturation o f higher centres, fi-om a sensory standpoint. This could lead 

to the use o f more diverse types o f stimulation, such as CO2 laser stimuli, and other 

methods o f  recording nervous system activity, such as somatosensory cortical evoked 

potentials, near-infrared spectroscopy, and functional magnetic resonance imaging.

The implications for clinical practice o f the physiological findings from this and future 

studies on the flexion reflex and other means o f  investigating the developing 

somatosensory system, in the critical environment o f the NICU, therefore become 

evident. If clinicians are able to observe the different qualities o f  the neonatal nervous 

system from studies using these means, and the consequences o f  injury to that system as 

it is developing, then hopefully this will alter the type o f intensive care, and reduce the 

amount o f handling, as well as the number o f  interventions which preterm and full-term 

neonates receive.

There is compelling evidence that early pain and tissue trauma affect later responses to 

painful stimuli, indicating that the effects o f  injury which to some extent are mirrored in 

altered flexion reflex responses, have long term consequences for somatosensory 

development. For example, male infants who have been circumcised have higher 

behavioural pain scores and cry longer on immunization at 4 or 6 months than infants 

who have not been circumcised (Taddio et al 1995). Children bom at less than lOOOg 

are found to have significantly lower pain sensitivity at age 18 months than age-matched 

controls (Grunau et a l 1994a & b). In these studies, unlike control children, the pain
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sensitivity o f the lowest birth weight group (<80 Ig) was not related to temperament, 

indicating that some other factor had interfered with the development o f  normal pain 

responses. Finally, there is also indirect evidence o f  increased somatization at age 4 &  

years in this population o f extremely low birth weight infants who have experienced 

repeated medical procedures in the NICU (Grunau et a l 1994a). Therefore, any method 

at our disposal o f  monitoring the effects o f  painful interventions on the developing 

nervous system as they are occurring, has potential benefits in altering treatment and 

thus attenuating the damaging consequences o f neonatal intensive care.

In addition, if  studies on the flexion reflex provide a means o f  monitoring the 

effectiveness o f different doses o f analgesic drugs, this means that neonates receiving 

intensive care can have analgesic regimens more suited to their individual requirements, 

rather than simply receiving standard doses o f intravenous drugs, as often happens at 

present, further limiting the long-term sequelae o f  early pain and tissue trauma.
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A PPE N D IX  1: Plots o f  values from individual infants o f  the stimulus-response 
characteristics o f  the mechanically-evoked flexion reflex, relative to postconceptional 
age, at stimulus intensities from threshold to heel lance. N o pattern observed in the 
latency, amplitude, duration, or area o f  the response at any stimulus intensity. (Y  axes - 
stirriulus-response parameters, X axes - postconceptional age).
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E ") Heel lance (n=13)
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2.) Amplitude
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C ) 7.6 X threshold (n=58)
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c . )  7.6 X threshold (n=58)
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C l  7.6 X threshold (n=581 
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E.) Heel lance rn=131
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APPENDIX 2: Plots o f  values from individual infants o f  the stimulus-response
characteristics o f the electrically-evoked flexion reflex, relative to postconceptional 
age, at stimulus intensities from threshold to 3mA above threshold. N o pattern 
observe^ in the latency, amplitude, duration, or area o f  the response at any stimulus 
intensity. (Y axes - stimulus-response parameters, X  axes - postconceptional age).
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C.) Threshold + 1.5mA (n=91
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E.^ Threshold + 2.5mA (n=8) 
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2,) Amplitude
A l  Threshold (n=13^

300+

2 00 +

B.) Threshold + 1mA Tn=l 1)

450+

300+

150+

0+
+

*  *  
*  *  2

280

*

*

100+
-  *  *  *

-  *  *

0 + *
4-----------—------- 1---- --------------- 1--------------------k — 4-------- — — — — — + '

3 2 . 8 0  3 3 . 6 0  3 4 . 4 0  3 5 . 2 0  3 6 . 0 0  3 6 . 8 0

+  +■
3 2 . 8 0  3 3 . 6 0  3 4 . 4 0  3 5 . 2 0  3 6 . 0 0  3 6 . 8 0



c . )  Threshold + 1.5mA (n=8)
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E.) Threshold + 2.5mA rn=10^ 
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c . )  Threshold + 1.5mA (n=10^
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E l Threshold + 2.5mA fn=81
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