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ABSTRACT

Serum thyroid stimulating hormone (TSH) levels and the free thyroxine
(FT4) concentration have both been shown to provide generally useful
indices of thyroid function in many pathological and physiological
conditions. In particular, measurements of these hormones in the maternal
circulation during pregnancy should establish the range of normal maternal
thyroid function. They may also be useful in clarifying the role of the
maternal thyroid in fetal development. However the results of studies in this
area have been inconsistent, largely due to inaccuracies of the analytical
methods employed.

The sensitivity and specificity of conventional immunoassay methods for
TSH have not been adequate to provide reliable measurement of small
changes in TSH concentration, particularly in the presence of relatively high
concentrations of HCG. The accuracy of free thyroxine assay methods has
also been questionable in circumstances, such as pregnancy, where the
serum levels of binding proteins (and perhaps also of circulating binding
inhibitors) vary widely.

Labelled antibody immunoassay techniques have been claimed to provide
higher potential sensitivity than that attainable by conventional
radioimmunoassay. This claim has attracted equivocal experimental support
and has been contested on theoretical grounds. Previously developed
mathematical models of labelled antibody immunoassays have served as a
useful focus for discussion but have failed, in practice, to offer useful guide-
lines to the design of an assay or to the thermodynamic characteristics
required of the antibodies used in this context.

The objectives of this investigation have therefore been

a. to establish a theoretical basis for labelled antibody
immunoassays which identifies the critical parameters limiting
their sensitivity

b.  to test the utility of this theoretical model by isolating
appropriate antibodies and developing maximally sensitive and
specific labelled antibody immunoassays for TSH



S
C. to examine the theoretical basis and practical validity of several
alternative FT4 assay methods

d.  to study the levels of both these analytes in pregnancy using a
highly sensitive, specific TSH assay and a well-validated free
thyroxine assay

In the course of this study, I have developed a theoretical model of non-
competitive labelled antibody immunoassays which shows that the
sensitivity of this method is limited largely by the ability to detect the label
used, and that, using labels of high specific activity, it may be several orders
of magnitude greater than for conventional labelled analyte methods. In
light of these physico-chemical considerations, I evaluated a range of
antibodies and developed sandwich assays for TSH. However, HCG
significantly interfered with the most sensitive assay configurations at levels
of this hormone commonly found in pregnancy. To continue the study, I
identified an  appropriately sens itive and specific immunofluorometric
assay (IFMA) for TSH (subsequently developed by a commercial
manufacturer in accordance these principles) using monoclonal antibodies
developed elsewhere. This kit was found to be both highly sensitive and
sufficiently specific for use in the study.

A review of principles governing serum free hormone measurement reveals
theoretical and practical advantages for a simple "two-step” method as
compared both with more recently-developed analogue-based kits and
equilibrium dialysis/RIA. In a detailed comparative study undertaken for the
UK Department of Health, I found that the two-step FT4 RIA yielded results
which correlated well with those by ED/RIA in serum samples from
subjects in a variety of physiological and pathological states.

I used the commercially-available ultra-sensitive TSH IFMA and the in-
house two-step FT4 RIA in a study of the levels of these hormones
throughout pregnancy. The raised FT4 levels and lowered TSH levels I
found in women early in pregnancy supports the view that other thyroid
stimulating factors are present in the maternal serum during pregnancy.
Indirect evidence supports the contention that HCG, per se, is not the
putative additional thyroid stimulator.
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PART 1. THYROID FUNCTION
CHAPTER 1. INTRODUCTION

The thyroid is an endocrine gland important in metabolism and growth. The
particular importance of thyroid hormones for normal brain development has
long been recognized (Kerley 1936), their deficiency or excess during early
life often leading to severe long-term consequences. Hypothyroidism is the
most common endocrine disorder among children. Untreated, it may lead to
mental retardation. Early diagnosis and hormone replacement in athyreotic
cretins is therefore essential for achieving therapeutic success (Tregold
1916) but clinical diagnosis has been difficult (Wilkins 1957). The
introduction of immunoassay methods for thyroxine, free thyroxine and TSH
in blood spots on filter paper has significantly improved detection of thyroid
dysfunction at birth. However, despite early diagnosis and treatment,
normal brain function is not assured.

Early studies showing that maternal thyroid hormones cross the human
placenta at a very limited rate (Anon. 1967; Grumbach and Wemer 1956;
Osorio and Myant 1962) led to the concept that they were not essential for
neurological development prior to the development of the fetusssautonomous
ability to synthesize and secrete thyroid hormones. The failure of even early
treatment of athyreotic infants to completely normalize later brain
maturation has been ascribed to difficulties in establishing the appropriate
thyroid hormone dosage (Wilkins 1957). However, some epidemiological
evidence has suggested that maternal hypothyroidism may itself have
important, more subtle, effects on brain development, which are reflected in
later studies of intellectual performance (Pharoah, Connolly et al. 1984;
Pharoah, Ellis et al. 1976). Indeed, recent biochemical evidence shows that,
at least in rats, thyroid hormones traverse the placenta early in the course of
fetal development and have significant long-term effects on the brain (Ruiz
de Elvira, Sinha et al. 1989; Woods, Sinha et al. 1984).

The free hormone hypothesis, as formulated and promulgated by Robbins
and Rall (Robbins and Rall 1979) postulates that the serum free hormone
concentration is the essential determinant of the amount of hormone entering
target cells and thus the hormone's physiological effects. TBG has been
ascribed a "buffering” function, maintaining a constant free hormone
concentration in serum. The marked rise in TBG level in pregnancy has
also been postulated as retaining hormone within the maternal circulation,



preventing hormone loss through the placenta to the fetus. These views
have been contested by several investigators who, for a variety of reasons,
propose a more active function for binding proteins in plasma (Ekins,
Edwards et al. 1982; Keller, Richardson et al. 1969; Mendel, Weiseger et al.
1987; Pardridge 1981; Siiteri, Murai et al. 1982).

Hormone delivery to a target tissue has been shown to be a complex function
of both the free and bound hormone concentrations and the hormone's
dissociation and diffusion rates within the capillary (Ekins, Edwards et al.
1982). In particular, it has been postulated that the primary role of TBG is to
ensure adequate delivery of thyroxine to the placenta by providing a large
locally-dissociating pool of bound hormone within the placental vascular
compartment.

Total thyroxine delivery to the pituitary from both free and bound serum
pools, not the free hormone concentration per se, may provide feedback
control over TSH release by the pituitary. The frequently observed decrease
in the level of free thyroxine in pregnancy may thus reflect enhanced
delivery of thyroxine to the pituitary from the elevated level of hormone
bound to TBG in the pituitary blood supply (Ekins 1989a).

The validity of the free hormone hypothesis thus remains a topic of debate
and controversy. Efforts to resolve the significance of changes in free
hormone concentration during pregnancy (and other physiological and
pharmacological conditions) are compicated by the analytical difficulties in
measuring the free concentration of thyroxine.

Since the changes in TSH associated with hypo- and hyperthyroidism are
usually more highly potentiated than those of free thyroxine (Spencer 1989),
TSH has been described as the definitive bioassay for thyroid hormone
activity and the most sensitive index of thyroid function. However, until
recently the immunoassays for TSH were insufficiently sensitive to provide
reliable information within the normal range or to permit the low levels of
TSH associated with hyperthyroidism to be distinguished from euthyroid
values. In addition, assay methods for TSH are generally exposed to
interference from human chorionic gonadotropin (HCG) which is highly
elevated from the first week of pregnancy.

Major goals of these studies were the development of new methods for the
measurement of TSH and free thyroxine concentrations, and the



establishment of their validity in the blood of pregnant subjects, thus
permitting re-examination of serum thyroid hormone levels and the
operation of the hypothalamic-pituitary-thyroid feedback system during
gestation.
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CHAPTER 2.  THE HYPOTHALAMIC-PITUITARY-THYROID
AXIS

The human thyroid develops from the fetal pharynx. Major control of
thyroid function is provided by endocrine control mechanisms involving the
hypothalmus and the pituitary. Detailed reviews of the thyroid gland are
found elsewhere (Hershman and Pekary 1985; Pierce and Parsons 1981).

Thyrotropin (thyroid stimulating hormone or TSH), which is released by the
fetal pituitary at about the end of the first trimester, stimulates the release of
thyroid hormones from the thyroid gland. Thyroglobulin, a glycoprotein
stored within the thyroid, is enzymatically cleaved to release thyroxine (T4)
and some 3,5,3'-tri-iodothyronine (T3). The primary modulation is through
the negative feedback control which T4 and T3 exert on the release of TSH
at the pituitary, inhibiting the effects of thyrotropin releasing hormone
(TRH) from the hypothalmus. In addition TRH and other hypothalamic
factors (Spira and Gordon 1986) provide avenues for central nervous system
modulation along the HPT axis.

Thyroid hormones, released into the circulation, are almost completely
bound to three distinct proteins in plasma. Thyroxine Binding Globulin
(TBG), Thyroxine Binding Pre-Albumin (TBPA) - so named for its
electrophoretic characteristics not its structural characteristics - and albumin
are all produced in the liver.

Based largely on the observation that total thyroid hormone levels generally
parallel changes in the thyroid hormone binding capacity of plasma that are
seen in pregnancy, and that the free thyroid hormone levels correspond with
apparent thyroid status in such circumstances, it has been proposed that the
feedback control of the pituitary, and thus the "set point” of the so-called
Hypothalmus-Pituitary-Thyroid (HPT) axis, is effected by the free hormone
concentration. The free hormone hypothesis, introduced by Robbins and
Rall, extends these observations to postulate that the plasma concentrations
of free T4 and T3 are directly related to the amount of hormone entering the
cells and thus the ultimate physiological response (Robbins and Rall 1960;
Robbins and Rall 1983).

Excessive secretion of thyroid hormones (hyperthyroidism) can be primary
(eg. as a result of thyroid adenomas), secondary (eg. as a consequence of
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Figure 2.1 A diagram illustrating the major relationships

between the glands of the hypothalamic-pituitary-thyroid axis and the
control various hormones exercise on thyroid function (Catt 1971).

pituitary adenoma) or tertiary (eg. initiated by excessive TRH release by the
hypothalmus). Plasma levels of T4 and T3 are increased in hyperthyroidism,
but may also be increased in other physiological or pathological conditions
where plasma binding capacity is elevated. Measurements of FT4 and FT3
concentrations have been shown to be more reliable indicators of excessive
thyroid hormone release in these circumstances.

In primary hyperthyroidism TSH levels are suppressed. In secondary or
tertiary hyperthyroidism TSH values are elevated. In Graves disease,
thyroid stimulating antibodies are implicated and plasma TSH levels are
normal or depressed.



Deficient thyroid hormone secretion (hypothyroidism) may be a
consequence of dysfunction in hormone synthesis or a physical loss of
thyroid tissue or activity. Thyroid hormone levels are usually decreased in
hypothyroidism however, as for hyperthyroidism, free thyroid hormone
levels have proven to be a better indication of deficient hormone secretion
than total hormone levels in circumstances where binding protein levels are
altered. In primary hypothyroidism TSH levels are increased as a result of
the absence of negative feedback control by the thyroid hormones. A
compensatory hypertrophy of the thyroid gland can also develop. In
secondary (or pituitary) hypothyroidism inappropriately low TSH secretion
by the pituitary leads to low levels of T4 and T3 in plasma. Other symptoms
of hypopituitarism may also be present.

THYROTROPIN RELEASING HORMONE

A hypothalamic effect on thyroid function was first demonstrated in 1951
(Greer 1951). The hormone responsible, thyrotropin-releasing hormone
(TRH), was characterized 18 years later (Boler, Enzman et al. 1969). TRH
is a simple tripeptide, pyroglutamyl-histidyl-proline amide, thought to be a
modulatory peptide of the central nervous system. Although found widely
throughout the body, it is most concentrated in the pineal and hypothalmus
glands (Jackson 1982). There is evidence that the release of TRH may be
under short-loop feedback control with somatostatin (SRIF) at the
hypothalmus (Spira and Gordon 1986).

The in vivo administration of TRH (the TRH test), which stimulates the
release of TSH from the pituitary (Faglia, Beck-Peccoz et al. 1973), became
a valuable clinical tool with a variety of diagnostic applications due to its
revelation of pituitary function and reserve (Travis 1980).

Two major clinical applications of the TRH test have been the confirmation
of hyperthyroidism and confirmation of the source of hypothyroidism. Since
the effects of TRH are inhibited by elevated FT4 and FT3, a reduced
response of TSH to TRH has been widely used to confirm the diagnosis of
hyperthyroidism in patients with a borderline elevation of T4 and/or T3
levels. The TRH test has also been used in the differential diagnosis of
pituitary and hypothalamic hypothyroidism (ie. with TSH levels not elevated
despite depressed levels of thyroid hormones). A normal response to TRH
implies a defect in TRH release of the hypothalamic gland while a
diminished response implies a defect at the pituitary level. TRH is rapidly
degraded in many body fluids and tissue homogenates and the direct



immunoassay of TRH has not been widely applied. Recently basal levels of
TSH, by more sensitive assay methods whose development is discussed in
detail in later chapters, have been shown to correlate . well with TSH
response to TRH and have largely replaced the TRH test in confirming
borderline hyperthyroidism.

THYROID STIMULATING HORMONE

The pituitary origin of thyroid stimulating hormone (TSH) or thyrotropin
was first shown in 1922 (Smith and Smith 1922). TSH is produced and
secreted by the so-called thyrotroph cells of the pituitary. It is one of
several glycoprotein hormones secreted by the pituitary which dissociate on
treatment with acid to yield two different subunits, designated o and B. The
biologically inactive subunits can re-associate through non-covalent binding
to form the active hormone. The amino acid sequence of the a-subunit is
common to the group of hormones (Pierce, Liao et al. 1971) but there are
significant differences in the carbohydrate structures. The B-subunit is
distinct for the individual hormones and confers biological (and
immunological) specificity (Pierce and Parsons 1981). Evidence suggests
that the subunits of TSH are synthesized individually, the production of -
TSH limiting the synthesis of the intact hormone (Kourides, Weintraub et al.
1975; Weintraub 1982). The molecular weight of intact TSH and its o- and
B-subunits has been calculated from the amino acid composition and primary
sequence as 28,900, 14,400 and 14,500 respectively (Sairam and Li 1977).

Human TSH appears to be heterogeneous (Roos, Jacobson et al. 1975;
Shome, Parlow et al. 1968), perhaps as a result of variations in the B-subunit
at the amino terminal or artefacts introduced in the purification procedures.
There are three carbohydrate moieties, two attached to the o subunit and one
on the B subunit. Heterogeneity has also been noted in the carbohydrate
composition which may affect the clearance rate and biological activity of
the hormone (Berman, Thomas et al. 1985; Jacobson, Roos et al. 1977;
Sairam and Li 1978). Human TSH contains two sialic residues attached to
the a-subunit while bovine TSH is essentially free of sialic acid (Sairam and
Li 1978). Since bovine TSH has been shown to possess the same activity in
humans as the human hormone these sialic acid residues are apparently not
important in the expression of biological activity.

Thyrotropin-releasing hormone (TRH) of the hypothalmus is the principal
stimulator of TSH release. Secretion of TSH is under negative feedback



control by T4 and T3. Free thyroid hormone concentrations, in particular,
seem to be the major physiological factors inhibiting TSH biosynthesis and
secretion. Since high levels of thyroid hormones can block the stimulatory
effect of TRH the primary mode of action is at the pituitary. Both T4 and T3
can inhibit TSH secretion but evidence suggests that the action of T4 is a
result of its conversion to T3 within the pituitary. A diurnal variation in
TSH with an evening peak of double the basal level was been identified
(Alford, Baker et al. 1973a; Alford, Baker et al. 1973b; Parker, Pekary et al.
1976; Patel, Alford et al. 1972; Vanhaelst, Van Cauter et al. 1972).

The metabolic clearance rate of TSH in normal subjects is about 40 ml./min
and t,, is about 50 minutes (Ridgway, Weintraub et al. 1974). The mean
serum TSH level is ca. 2 pU/ml. The secretion rate is therefore ca. 80
mU/day (Hershman and Pekary 1985).

Although antisera against thryotropin were raised as early as the 1930s
(Collip and Anderson 1934) purified human TSH was first isolated in 1963
(Condliffe 1963). Though biological activity of this preparation was rapidly
lost, the immunochemical properties were more stable and it was used in the
development of the first RIA for TSH (Utiger, Odell et al. 1963). TSH has
now been separated from similar glycoproteins by a range of
chromatography procedures such as ion exchange and gel-filtration (Cornell
and Pierce 1973; Sairam and Li 1977).

The extensive homology of the a-subunit of TSH with those of other
glycoprotein hormones - follicle stimulating hormone (FSH), luteinising
hormone (LH), and chorionic gonadotropin (HCG) - and the contamination
of purified TSH used for antibody production with trace amounts of LH have
made it difficult to produce completely specific antisera. Although the first
TSH radioimmunoassays (Odell, Wilber et al. 1965; Utiger 1965) were
relatively specific, it was soon demonstrated that TSH antisera usually cross-
reacted with other glycoprotein hormones. This is particularly important
where levels of HCG are elevated, as in pregnancy. By absorbing the
antisera with a relatively high concentration of HCG to saturate the cross
reacting antibodies, antisera could be rendered more specific. Substantially
improved assay sensitivities came with the production of antibodies with
higher affinities. Together with improvements in the specific activity of the
labelled TSH, the use of optimal incubation conditions and better calibration
led to a clearer understanding of the normal circulating levels of the
hormone and, under stringent research conditions, the distinction of low



levels characteristic of primary hyperthyroidism or hypopituitarism. More
recently, the use of labelled antibody techniques and the production of
appropriate monoclonal antibodies has led to the development of widely
available, commercial TSH assays of high sensitivity and improved
specificity. "Ultra-sensitive” TSH assays have recently been suggested as
the most useful screening test of thyroid function.

The increased serum TSH level seen in hypothyroidism results largely from
an increased pituitary secretion but also in part from a decreased clearance
rate. Excess glucocorticoids can suppress basal TSH in normal and
hypothyroid subjects although the physiological significance of these effects
is unclear.

The TSH response to TRH has been reported to be increased by estrogen and
progesterone in normal pregnancy (Hershman, Haigler et al. 1973) and
during oral contraceptive therapy (Ramey, Burrow et al. 1976) but the most
important factors affecting the response to TRH are the serum free T4 and
T3 concentrations.

THYROID HORMONES AND BINDING PROTEINS

It has long been recognized that thyroid hormones circulate as small
molecules non-covalently attached to proteins (Trevorrow 1939). The two
major thyroid hormones, T4 and T3, and two specific binding plasma
proteins, TBG (Gordon, Gross et al. 1952) and TBPA (Ingbar 1958), were
later identified.

I I
HO -0 CH2-CH-COOH
NH2
I I
Figure 2.2 Structural formula for thyroxine (T4 or tetra-
iodothyronine)

TBG is a glycoprotein with a peptide chain weight of about 54,000
(Gershengorn, Cheng et al. 1977), an affinity constant for T4 of 1 x 1010 M-1
and for T3 4.6 x 108 M-1 under physiological conditions. At its normal
concentration in plasma of about 1.5 mg/dl (or 0.27 uM) TBG binds about



70% of the T4 and 40% of the T3. The dissociation rate constants for T4
and T3 are 0.018 and 0.16 sec-! respectively.

TBPA is a tetramer of identical subunits arranged around a cylindrical
channel with a total molecular weight of 13,500. The channel contains two
binding sites for thyroid hormone but occupancy of one site dramatically
reduces the affinity of the second. The affinity constants of the first TBPA
binding reactions are 7 X 107 M-1 and 1.4 x 107 M-! for T4 and T3
respectively. TBPA binds about 10% of the T4 and 30% of the T3 in normal
plasma. The dissociation rate constants for T4 and T3 are 0.094 sec-1 and
0.7 sec-! respectively.

Albumin possesses a molecular weight of 66,000 and a major binding site
with an affinity constant for T4 and T3 of 7 x 105 M-! and 1 x 105 M-1
respectively. An additional five binding sites per albumin molecule have
been identified, but, with affinity constants only about 7% of those of the
major site, the additional sites are considered of little consequence. Ata
concentration of 4.2 g/dl (640 uM) in normal plasma, albumin binds about
20% of the T4 and 35 % of the T3. Because of the very rapid dissociation,
the dissociation rate constants for albumin have not been reliably
determined.

In consequence of these interactions, thyroid hormones are normally almost
completely bound to their binding proteins in plasma. The free (non-protein
bound) concentration of T4 is only 0.02% of the total T4 level while the free
T3 represents 0.2% of the total plasma concentration.

A number of genetic, pathologic, pharmacologic and physiologic
circumstances induce significant variation in the binding of thyroid
hormones to plasma proteins. These may be divided into conditions which
alter the affinity of the binding site or those which affect the binding
capacity (or concentration) of the protein.

Familial dysalbuminemic hyperthyroxinemia (FDH) is characterized by
normal FT4, T3 and TSH serum levels but high T4 levels due to enhanced
binding of T4 to an albumin fraction of plasma (Stockigt, Topliss et al.
1981). The prevalence of this disorder is unknown. Some evidence suggests
that the high affinity albumin fraction is present in trace amounts in normal
plasma (Docter, Bos et al. 1984). Euthyroid hyperthyroxinemia has also



been described due to high affinity binding to a variant of TBPA (Moses,
Lawlor et al. 1982).

In analbuminemia, the absence of albumin is associated with higher levels of
other plasma proteins, a high T4 but normal FT4 and FT3 (Hollander,
Bemnstein et al. 1968). Genetically absent (or low) TBG occurs in about 1 in
10,000 North Americans (Dussault 1980). It is characterized by low T4
levels and normal FT4 concentrations. Low T4 levels have been noted in
about 10% of Australian aborigines associated with abnormally low binding
to TBG, either due to a reduced affinity for T4 or a reduced concentration of
the normal TBG (Dick and Watson 1981). Hyperthyroxinemia due to
genetically linked elevated TBG levels may have an incidence of greater
than 1 in 40,000. This condition is characterized by elevated T4 levels, but
normal FT4 and TSH concentrations.

High levels of thyroid hormones also result from circulating autoantibodies
against T4 and/or T3. Again, free hormone levels are normal, although the
presence of the autoantibodies poses particular methodological problems for
the measurement of total and free hormone concentrations.

Severe non-thyroidal illness and malnutrition may also result in generally
decreased plasma levels of thyroid hormone binding proteins through
decreased synthesis. Complex effects of thyroid malfunction alter TBG
levels, hypothyroidism being associated with values elevated by about 20%
while TBG is reduced by about 20% in hyperthyroidism.

Other substances affect thyroid hormone binding proteins by competing for
the hormone binding site. A number of common drugs, including phenytoin,
fenclofenac and salicylates, have shown significant effects. A tissue derived
factor has also been described in severe non-thyroidal illness which
interferes with T4 binding to TBG. Other substances have been shown to
interfere with albumin binding. In particular, free fatty acids have been
shown to be potent competitors for plasma binding proteins. Heparin has
been found to induce release of free fatty acids in vivo and in vitro.

Estrogens cause a rapid increase in TBG synthesis in pregnancy, plasma
levels rising gradually in the first trimester, peaking at two to three times
normal, and gradually receding by 4 weeks post partum (Robbins and
Nelson 1958). Estrogen in early contraceptive formulations could also raise
TBG (and T4) levels above normal. Androgens (Federman, Robbins et al.
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1958) and anabolic steroids (Braverman and Ingbar 1967) have been shown
to decrease levels of TBG in plasma.

The observation that clinically euthyroid subjects with normal free hormone
concentrations in blood may have TBG levels ranging from zero to four
times normal has been cited as evidence that TBG does not play an essential
role in thyroid hormone action.

THYROID FUNCTION IN PREGNANCY

The diagnosis and management of thyroid disorders during pregnancy are
important for the health of the mother, and epidemiological and recent
biochemical evidence suggests that maternal thyroid status early in
pregnancy may have a profound influence on fetal development (particularly
of the fetal brain) (Man, Jones et al. 1971; Woods, Sinha et al. 1984).

Clinical diagnosis of thyroid disorders in pregnant subjects is complicated by
the fact that some of the physiological manifestations of thyroid disease are
similar to those common in pregnancy. For efficient diagnosis of thyroid
dysfunction and effective therapy it is important that the normal function and
control mechanisms operating on the thyroid during pregnancy should be
well understood. Thus biochemical analysis may provide both relevant
information on normal thyroid function during pregnancy, and useful
guidance for the diagnosing clinician.

However, despite extensive investigation, biochemical evidence of the
function of the thyroid and the inter-relationships along the HPT axis during
pregnancy have often been contradictory. The estrogen induced rise in TBG
and the simultaneous increasgzl‘4 and T3 levels in serum preclude a straight-
forward interpretation of total serum thyroid hormone levels. Common
radioimmunoassay methods for serum TSH have often suffered significant
cross-reaction of the similarly structured serum HCG, so dramatically
increased in pregnancy, and have not usually offered the sensitivity required
for reliable measurements near the lower limit of the euthyroid range. The
development of convenient free hormone methods and highly sensitive TSH
assays, have promised to help clarify the situation, but preliminary reports
have so far been inconclusive.

Although assays for TSH generally approximately agree on the levels
measured, plasma TSH is heterogeneous and the various forms may have



different immunological and biological activity. Most recent studies agree
that serum TSH levels are higher in late pregnancy than in the first trimester,
but levels in early pregnancy have been reported as higher (Kannan, Sinha et
al. 1973), lower (Braunstein and Hershman 1976; Harada, Hershman et al.
1979; Yamamoto, Amino et al. 1979) or unchanged (Gow, Kellet et al. 1985;
Paterson, Biggart et al. 1985; Weeke, Dybkjaer et al. 1982) relative to the
levels of normal controls.

Discrepancies may have arisen in consequence of an insufficient
appreciation of the potential effects of cross-reactions of other glycoprotein
hormones in the immunoassays in these studies (Boscato, Egan et al. 1989).
Moreover, the significant diurnal variation of TSH (Patel, Alford et al. 1972)
requires that, in any investigation of the physiological significance of small
changes in TSH concentration, the timing of sample collection must receive
careful consideration.

The measurement of FT4 concentration might be anticipated to prove a
useful parameter in this context, since it should not be subject to any
significant circadian variation and - assuming the validity of the free
hormone hypothesis - unaffected by the changes in the concentration of .
thyroid hormone binding proteins and circulating inhibitors which occur in
pregnancy. An alteration in FT4 concentration should therefore reflect an
underlying alteration along the HPT axis. However, the FT4 concentration
in pregnancy has been reported to be normal (Amino, Yamada et al. 1981;
Malkasian and Mayberry 1970; Osathanondh, Tulchinsky et al. 1976; Smals,
Ross et al. 1981), decreased (Finucane, Griffiths et al. 1976; Gow, Kellet et
al. 1985; Kurtz, Dwyer et al. 1979; Skjoldebrand, Brundin et al. 1982; Smith
and Bold 1983; Yeo, Vice et al. 1977) or increased (Guillaume, Schussler et
al. 1985; Harada, Hershman et al. 1979; Weeke, Dybkjaer et al. 1982;
Yamamoto, Amino et al. 1979) when measured, or calculated, by various
methods. These contradictory results may stem from a variety of artefacts
affecting the results of several current free hormone assay techniques (Ekins
1979; Robbins and Rall 1983). Thus the validity of analytical methods,
particularly for TSH and FT4, employed both in investigations of thyroid
function during pregnancy and in the verification of the free hormone
hypothesis of hormone action requires careful scrutiny.



RESEARCH OBJECTIVES AND STRATEGY

The work reported in this thesis commenced with a consideration of the
physico-chemical/statistical theory of labelled antibody immunoassay
methods. I developed a physico-chemical model of the two-site sandwich
assay technique with particular emphasis on the conditions yielding maximal
sensitivity. These studies were intended to shed light on the optimal design
of "ultra-sensitive" assays of TSH. In parallel with these studies, I also
examined the theoretical basis of several free hormone assay methods,
particularly as applied to the measurement of FT4.

I determined the thermodynamic characteristics of a range of monoclonal
antibodies against TSH and, guided by the predictions of my theoretical
analysis of two-site immunometric technique, I attempted to develop more
highly sensitive and specific TSH methods than were generally available. In
experimental studies, I determined the precision and specificity of a number
of alternative immunometric assay designs. However, the locally-produced
antibodies I screened proved not to possess the physico-chemical properties
required, and the assays based on them were not of sufficient specificity to
be employed under the particular physiological conditions for which they
were intended. I therefore collaborated with a commercial company with
access to more suitable antibody-producing hybridoma cell lines in
developing and evaluating a new non-isotopic method which provided
accurate measurements of plasma TSH levels in pregnancy.

The design of the most popular analogue-based method of free T4 analysis
conflicts with the theoretical principles of the technique and arouses serious
doubts about its validity. In a comparative study of analogue methods, an
equilibrium dialysis/RIA method and an in-house "two-step” technique, I
found the analogue method unreliable in a number of circumstances where
the thyroid hormone binding protein concentrations were abnormal.
Although no clear bias was seen in a study of plasma of pregnant subjects,
the potential for bias revealed in other circumstances was sufficient to
mitigate against the use of the analogue based methods in the physiological
context of this study.

I investigated the ability of exogenous analogue-specific binders to reduce
bias of analogue based FT4 methods. I also attempted to develop a labelled
antibody method for free thyroid hormone assay, but this attempt did not
succeed in consequence of a failure to identify monoclonal antibodies for



thyroxine (either commercially available or prepared locally) possessing the
high affinity required for use in this context. These studies are therefore not
reported in detail here. On the other hand, the two-step technique (based on
conventionally-prepared polyclonal antibodies) was found to be appropriate
for use in my further investigations of thyroid function in pregnancy.

The bias in the measurement of TSH in plasma from pregnant subjects was
measured. The circadian variation in the TSH concentrations in non-
pregnant and pregnant subjects was also examined. The functional activity
of the thyroid was determined by comparing TSH, FT4 and HCG
measurements in late morning plasma samples from a healthy non-pregnant
control group with measurements in similarly timed samples from women
early (8-12 weeks) and late (30-38 weeks) in their pregnancy. Thyroid
activity was also studied in a single subject before, during, and after a
normal pregnancy. I also studied the TSH, FT4 and TBG levels in amniotic
fluid from mid-term pregnancies.
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PART II. IMMUNOASSAY: THEORY AND DESIGN

CHAPTER 3. INTRODUCTION

Antibodies are proteins naturally produced by the immune system in a
defensive reaction to what is perceived as foreign substances invading the
body. An historical review of the development of immunology (Quinn
1968) notes that early medical writings (Hippocrates 1949), recognized the
antigenic reaction and that the earliest recorded immune response, an allergy
to roses, was described in the second century (Castiglioni 1947). In the late
1700's successful vaccination for smallpox led to great popularity of
immunological experimentation. However, fatal epidemics brought on by
relatively crude experimentation caused a backlash of sentiment which
discouraged research for the next century.

Antibodies were described in the late 1800's, although details of the structure
and activity of the various antibodies have been established only relatively
recently. They were termed immunoglobulins based on their typical
insolubility in distilled water.

Antibodies develop against, and react with, antigens (or antigenic
determinants). The binding of the antigen within the binding site of the
antibody is the result of the combination of weak molecular interactions such
as Van der Waals forces, hydrogen bonding, and hydrophobic bonding. The
binding is often described as evoking the "lock and key" model. It clearly
depends on a recognition by antibody of the chemical surface, or structure,
of the antigen (Karush 1962).

Antibodies have been extensively applied in analytical biochemistry in a
number of techniques which exploit the specificity of the immunological
reaction (Heidelberger and Kendall 1929; Todd 1932). Immunoassays
employ antibodies as an "analytical reagent" for the detection and
quantification of an analyte possessing the antigenic determinants (ie, the
chemical structure) against which the antibody binding site is directed.

Early immunoassay techniques relied on visualization of an immunologic
reaction, such as precipitation, for the detection of antibodies or antigens
(Coombs, Mourant et al. 1945; Ouchterlony 1949). The application of these
techniques was later broadened with the introduction of antibody or antigen
coated particles, such as red blood cells (Boyden 1951; Neter 1956;
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Pressman, Campbell et al. 1942) or latex emulsion (Singer and Plotz 1956),
which may form more highly visible macroscopic complexes in the presence
of the analyte (Stavitsky and Arquilla 1955). These methods were made
semi-quantitative by determining the highest dilution of analyte, ie. the
"titre", which would produce a positive reaction (Masouredis 1960),
however the sensitivity of these methods remained limited and, because of
the number of dilutions involved, they were inappropriate for the
quantitative analysis of large numbers of samples (Coombs 1981).

LABELLED ANALYTE IMMUNOASSAYS

Immunoassays employing trace addition of a labelled analogue of the
analyte was introduced in 1945 (Landsteiner 1945) using a visibly coloured
antigen tracer. Radioactive isotopes provide the basis of a number of highly
sensitive analytical techniques, notably isotopic dilution and radiometric
analysis (Chase and Rabinowitz 1967; Talmadge and Maurer 1952). Their
use as "tracers” in immunoassay has revealed the high potential sensitivity of
the antibody-based technique. Immunoassays employing radioactive tracers
have made an enormous impact on biomedical research and clinical practice.
Introduced nearly two decades ago "saturation assay" methods in general
(Barakat and Ekins 1961; Ekins 1960; Herbert 1959; Murphy 1964)
combined the sensitivity of radioisotopic techniques with the specificity of
complex biochemical interactions of specific binding proteins, receptors or
antibodies for example. Since the introduction (Yalow and Berson 1960) of
radioimmunoassay it has become possible to produce antibodies with high
affinity and specificity for a wide range of compounds. RIA has developed
into a practical bio-analytical method, rapidly finding application in the
analysis of many hormones (Jaffe and Berhrman 1979; Thorell and Larson
1978). The repercussions of this development are still being felt throughout
analytical biochemistry in fields as varied as food science and forensics
(Marks 1985; Morris and Bolton 1985; Morris and Clifford 1985).

LABELLED ANTIBODY ASSAYS

Quantitative immunoassays employing radiolabelled antibodies were
introduced in the late 1960s by two independent groups developing
techniques for different analytes. Wide developed a method for the analysis
of allergen specific immunoglobulins (a technique later known as Radio
Allergo Sorbent Test, or RAST) in which the specific adsorption of
immunoglobulin in a test sample to an allergen coupled to a solid support



was detected by subsequent reaction with 1251 labelled anti-immunoglobulin
antibodies (Wide, Bennich et al. 1967). Miles and Hales introduced a
similar technique for the analysis of human insulin which they designated an
immunoradiometric assay or IRMA (Miles and Hales 1968b). By their
method, however, 1251 labelled specific anti-insulin antibody was incubated
in solution with the test sample. The unreacted labelled antibody was then
separated from that bound to the insulin in the sample by an
immunoadsorbent, essentially insulin coupled to a solid support. They and
their co-workers proposed that since the labelled antibody bound directly to
the analyte, the sensitivity of this method would be superior to the
previously available labelled analyte methods (Addison and Hales 1974).

In a further development, antibodies against the analyte are employed as
immunoextractants (Salmon and Smith 1969) either before, concurrent with,
or following reaction of analyte with the labelled antibody thus forming a
complex of analyte and two antibodies (one of which is labelled). This
method is widely known as the two-site or "sandwich" IRMA.

Despite the advantages envisioned for the labelled antibody technique, the
difficulty of producing sufficient quantities of purified antibody greatly
restricted its practical application (Addison and Hales 1974). However, the
recent introduction of techniques for the production of antibody from
cultures of immortalized hybrid cells (Kohler and Milstein 1975) has greatly
spurred interest in these methods.

Although many immunoassays have been developed through empirical
investigations (Goldsmith 1975; Hunter 1983; Thorell and Larson 1978),
important efforts have been made to advance the understanding of the
underlying factors which limit the performance, especially the sensitivity, of
immunoassays. Considerable discussion was engendered by the attempts of
several researchers to develop simple guide-lines for the optimization of RIA
based on the mass-action laws governing the reactions in the system. Berson
and Yalow presented a theoretical treatment wherein a typical RIA was
optimized for the greatest slope of the standard curve in the % bound vs
linear analyte coordinate system (Yalow and Berson 1968a; Yalow and
Berson 1970), while Ekins and Newman presented arguments for the
minimization of the detection limit which included a simple model of the
experimental errors (Ekins and Newman 1970; Ekins, Newman et al. 1968).
Other workers have expanded this discussion and extended the analysis by
considering the effects of non-specific reaction, non-equilibrium conditions,



and more complex error models, for example (Feldman and Rodbard 1971;
Halfman 1979; Rodbard 1973).

Labelled antibody techniques were introduced primarily in an attempt to
improve upon the sensitivity of the labelled analyte techniques, but the
justification for the claim that IRMA would prove more sensitive than
conventional RIA (Addison and Hales 1974) has also been a topic of
considerable debate. Rodbard, for example, concluded on theoretical
grounds that this technique was likely to be no more sensitive than RIA
(Rodbard and Weiss 1973). More recently Schuurman reached a similar
conclusion although employing different assumptions in his analysis
(Schuurman 1977; Schuurman and de Ligny 1979).

In discussing these issues in this section of the thesis I outline the basis of
analytical methods employing specific binding reagents. I review the
theoretical basis of radioimmunoassay, and review and expand on the
physico-chemical/statistical basis for two-site labelled antibody assay
design. By comparing the predictions of these analyses broad conclusions
regarding the relative importance of various factors in limiting assay
performance may be reached. In particular, the predictions of the theoretical
analysis have been utilised in the development and evaluation of assays for
TSH possessing the greater sensitivity and specificity required for accurate
measurement of TSH levels during pregnancy

The theoretical predictions of the model were evaluated during the
development of sandwich assays for TSH using a range of monoclonal
antibodies and in the evaluation of a two-site immunometric assay using a
novel non-isotopic tracer, based on the measurement of the delayed
fluorescence of chelated Europium ions. This highly sensitive and specific
assay for TSH was evaluated in greater detail for use in studies of thyroid
function during pregnancy.



CHAPTER 4. STRUCTURE, PRODUCTION AND REACTIVITY
OF ANTIBODIES

Antibodies are composed of so-called heavy and light chains with molecular
weights of about 55-80,000 and 25,000, respectively. Antibodies have been
classified by the chromatographic characteristics of the heavy chains as
Immunoglobulin (Ig) A, IgG, IgM, IgD and IgE. In addition, light chains are
subclassified as k or 1. Although a thorough description of the structure of
each class of antibody is outside the scope of this thesis, a brief review of the
structure of IgG, the antibody most commonly employed in immunoassays,
is appropriate.

IgG is composed of two heavy and two light chains connected by disulfide
bonds (Figure 4.1). There is a "hinge region" which is sensitive to digestion
by papain (Cohen and Porter 1964). The resulting fragments are denoted Fyp,
and F.. The Fap, region contains the specific antigen binding site. X-ray
crystallography has shown the specific binding site, in the hypervariable
region near the C-terminal of the Fyp, fragment, as a long narrow trough on
the surface of the antibody. The kinetics and thermodynamics of the binding
vary widely and the science and art of producing antibodies with
characteristics appropriate for immunoassays has been extensively examined
over the last twenty years.

POLYCLONAL ANTIBODY PRODUCTION

A general consensus on the techniques for producing antibodies for
immunoassay has been reached over the last few years. The effectiveness of
an antigen in eliciting an immune response in an animal has been found
related to the degree of "foreignness" of the antigen to the host. It is easier,
for example, to obtain an immune response against human insulin in a
guinea pig (whose native insulin differs significantly from that of humans)
than in a monkey (whose own insulin is more like human insulin). It has
also been found that the immune response to intradermal immunization is
enhanced by Freunds adjuvant (complete or incomplete). Antibodies tend to
show reactivity specific for certain loci on the exposed surface of the antigen
(the antigenic determinants) which exhibit this foreignness.

Substances of molecular weight lower than 1000 have generally not been
effective in producing an immune reaction. Therefore, low molecular
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to six weeks there is unsatisfactory antibody production another booster
immunization is performed. Productive animals are then bled on a regular
basis and the antiserum obtained is usually stored neat at -20° C.

The antiserum of a productive host may contain antibody of sufficient
affinity and concentration that 1 ml. is sufficient for as many as 10 million
analyses. However, the antiserum may contain a variety of antibody
molecules, some with undesirable reactivity. The effects of these antibodies
may be reduced by adsorption or blocking of the antisera with appropriate
compounds. Antibody may also be purified by affinity chromatography to
enhance the specificity of the reaction or provide a relatively pure reagent
for alternative analytical techniques.

Affinity methods may selectively bind the specific (and possibly the higher
affinity) antibodies in the antiserum, but generally require relatively harsh
conditions for antibody elution which concomitantly select the more easily
dissociated (ie. lower affinity) antibody and potentially denature the tertiary
and quaternary structure of the antibody.

MONOCLONAL ANTIBODY PRODUCTION

The recent development by Kohler and Milstein (Kohler and Milstein 1975)
of techniques for the production of quantities of pure antibody from a single
cell line has offered dramatic opportunities for immunoassay development.
Although a number of alternative techniques for the production of
monoclonal antibodies (McAbs) are being investigated (Caulcott, Boraston
et al. 1988), the original method has been widely applied with minor
modification (Campbell 1984; Goding 1986).

Typically mouse myeloma cells, unable to grow in media containing
hypoxanthine, aminopterin and thymidine (HAT), are fused with spleen cells
from immunized mice using polyethylene glycol (PEG). Successful
hybridization produces cells which inherit the immortality of the myeloma
line and HAT-insensitivity of the spleen cell parent. Hybridized cells are
then selected by their ability to survive in HAT culture media. By sufficient
dilution of cell suspensions, cell line cultures are produced which are the
product of individual parent cells. "Monoclonal" antibody produced by such
a cloned cell line is homogeneous in its structure and binding characteristics.



Antibodies produced by these cell lines may be collected from the media of
cell cultures. In current practice, antibody is released into the cell culture
media at a concentration of about 1 mg/ml. Purification of the monoclonal
antibody of interest is effected by common techniques used in the
purification of the particular immunoglobulin. The presence of
immunoglobulins from various serum products (eg. fetal calf serum) in the
media restricts high purity antibody preparations to those resulting from
relatively complex and often deleterious affinity chromatography techniques.

However these cell lines are also capable of forming tumors (hybridomas)
when injected into mice. Intraperitoneal injection of mice with sufficient
hybrid cells will often result in the production of up to 5 ml. of ascites fluid
containing as much as 40 mg antibody per ml. Further, ascites fluid is
relatively uncontaminated by normal mouse immunoglobulins. Highly
purified preparations of homogeneous antibody are therefore available by
relatively simple techniques such as ion-exchange chromatography.

As will be shown in this thesis, certain immunoassay designs have
potentially great advantages over common RIA methods. The economic
availability of large amounts of highly purified antibody has made this
advance in immunoassay technology a practical reality.

THE ANTIBODY-ANTIGEN REACTION

An antibody reacts with an antigen non-covalently via hydrophobic
interactions, hydrogen and ionic bonding, van der Waals and London forces
(Hughes-Jones 1963). The binding energy and specificity of the reaction is a
function of their steric congruence(Steward and Steensgaard 1983). A
simple bi-molecular association between an antibody binding site and an
antigen can be written

P+Q—->PQ (1)
and the dissociation of the complex can be described by
PQ-P+Q (2)

The rate of the association (dP/dt or dQ/dt) and the rate of dissociation
(dPQ/dt) can be described by the rate equations
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dP/dt= dQ/dt=k(P)(Q) 3)

dPQ/dt=k_1(PQ) 4)

Thus, at equilibrium (ie, where dPQ/dt=dP/dt), the complete reversible
reaction

P+Q e PQ (5)
can be described by
Keq =ki1/k.1= (PQ/(P)Q) (6)

According to this simple model, as increasing amounts of P are equilibrated
with a fixed Q, the formation of PQ complex is as shown in Figure 4.2
(Smith and Skubitz 1975; Tengerdy 1967).

In the analysis of the reaction between an antibody and antigen, as in the
similar Michaelis-Menten analysis of enzyme kinetics (Michaelis and
Menten 1913), (PQ) approaches (Q), with increasing saturation of the
antibody (ie, at high (P),), and where (PQ) =1/2 q, K=1/(P).

The equilibrium constant is thus key descriptor of the nature of an antibody-
antigen reaction. The magnitude of the equilibrium constant reflects the
thermodynamic strength of its reaction with antigen as shown below
(Steward and Steensgaard 1983).

Keq= AOe-Ea/RT (7)
Where AO represents the thermodynamic standard affinity at 37° C.

The reaction of an antibody with other similarly structured antigens may also
be described by such a constant and the ratio between these constants, ie.
K'/K" provides an index of the relative affinity of the antibody for the two
antigens and the specificity of the antibody-antigen reaction (Ekins and
Newman 1970).

Substituting relation (Q)= (Q); - (PQ) in Equation 6 and rearranging yields

K(Q): - K(PQ) = (PQ)/(P) (8)
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Figure 4.2. Typical course of an antigen-antibody reaction
illustrating the formation of bound complex (PQ) with
increasing concentration of total antigen (P), approaching the
total capacity of the antibody (Q),.

Thus a plot of (PQ)/(P) vs (PQ) is, ideally, linear with a slope of -K, a Y-
intercept of K(Q), and an X-intercept of (Q),.

A modification of the Scatchard plot (Scatchard 1949), this technique has
become most popular for the evaluation of antibody parameters. However,
deviations of this plot from linearity are often observed and there has been
some controversy over the use of such plots to obtain estimates of antibody
characteristics (Klotz 1982; Klotz 1983; Munson and Rodbard 1983). Non-
linear plots may result where the assumptions implicit in the analysis are not
met experimentally. Deviations have been ascribed (Rodgers 1981) to

a.  heterogeneity of the antigen employed in the binding studies
b.  heterogeneity of the antibodies being studied

C. cooperativety (either positive or negative) between binding sites
on an antibody or analyte
d.  non-equilibrium experimental conditions

e.  misclassification errors
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Figure 4.3 An example of a modified Scatchard
plogillustrating the relationship between the concentration of
the bound complex (PQ), the ratio of the bound to free antigen
(PQ)/(P), the affinity constant K and the extrapolation of the
total antibody capacity (Q),

More sophisticated graphical analysis techniques (Rosenthal 1967) have
been applied to isolate the effects of misclassification and non-specific
binding and, despite the recognized difficulties(Chamness and McGuire
1975), simple unweighted linear least-squares fitting of binding data
(transformed to Scatchard coordinates) remains popular (Walker 1977).

A more rigorous approach employing weighted fitting of the data and
appropriate statistical tests for goodness of fit avoids the pitfalls of the
unweighted linear fit (Lundeen and Gordon 1986) and the difficulties in
interpreting transformed data(Munson and Rodbard 1983). In this study
estimates of the parameters of antibodies were obtained using a
computerized iterative procedure (Munson 1980) to fit experimental binding
data to a generalized multiple site, multiple ligand equilibrium binding
model (Feldman 1972)

Kij= (HRjj)/(Hi)(R;) €))

where (H) is the free (unbound) hormone concentration, (R) is the free
receptor concentration, and (HR) is the concentration of the hormone
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receptor complex. The various ligands in the general equation are
represented by i, while different binders are noted by j.

The program weights the fit according to an empirical error model
developed independently, produces standard error estimates on the binding
parameters and can statistically test different hypotheses regarding the
appropriateness of various multiple site models for a given set of binding
data. This program fits a multi-site model with -non-specific binding as a
constant B/F ratio and permits correction of data for the active fraction of
the tracer. Originally written in "Fortran" for a DEC-10, I adapted the
program (with the assistance of Dr. P. R. Edwards) from a IBM 360 BASIC
version to run in AppleSoft Basic on an Apple Ile. The Apple II version of
LIGAND has subsequently been distributed to about 1000 scientists
worldwide through the BCTIC during the period from 1984 to 1986. See
Addendum II for the program listing.

In these studies, several slightly different methods were used to determine
the affinity and specific activitg\labelled antibodies. Data were generated
from a variety of experiments (as described in detail in appropriate chapters)
employing tracer analyte only, tracer with unlabelled analyte, or labelled
antibody binding to adsorbed analyte. Although the experimental dataarefit
to the model in the (PQ) vs (P), coordinate frame to minimize correlated
errors obtained using the interdependent variables of the Scatchard plot, the
results are shown in the typical modified Scatchard (ie. B/F vs B) coordinate
frame in subsequent experimental sections. Non-specific binding was found
experimentally to conform to the model suggested by Rodbard (Rodbard and
Lewald 1970), ie.a constant B/F ratio as if K =0 and Q = oo.

In most experiments, highly purified preparations of analyte and purified
monoclonal antibodies were tested and no evidence of multiple binding sites
was found. The binding data were well fit by a single site model and non-
specific binding alone. The immunologically active fraction was estimated
for each preparation of labelled reagent by repeated reaction withihigh
concentration of the relevant binding sites.

The specific activity of labelled preparations was estimated by comparison
of the binding characteristics of labelled material alone with that of
unlabelled substance and trace amounts of labelled material. Assuming that
the labelled and native analytes bind to the same site, the estimate of the
binding capacity, Q, in a saturation experiment using only tracer (eg., in
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cpm/tube) can be equated with the estimate of Q from a similar experiment
with cold analyte (eg., in moles/tube). Given the affinity and specific
ac tivity of the labelled reagent, the affinity of the unlabelled material can
also be estimated.



CHAPTERS. IMMUNOASSAYS: ANTIBODIES AS
ANALYTICAL REAGENTS

Because of their specificity for relatively complex organic chemical
structures, antibodies have longeAeeIrlnployed as analytical reagents(Herbert
1959). Immunoassays involve determining the position of the reaction of an
antibody and antigen as a function of (P);. Alternative approaches to
determining the extent of the analytic reaction (Ekins, Newman et al. 1970)
are (i) observation of the analyte (antigen) or (ii) observation of the specific
reagent (antibody). In each case either (a) the complexed moiety or (b) the
unreacted form of the reagent or analyte can be measured.

Table 5.1 Alternative Immunoassay Strategies

MEASURE
COMPLEX UNREACTED
OBSERVE ANALYTE ia i.b
REAGENT ii.a ii.b

i.a  The observation of analyte and measurement of the complex
can be illustrated by reference to Figure 5.1, the plot of (PQ) as
a function of (P),.

i.b  The complimentary approach when observing the analyte, the
measurement of the unreacted analyte, is represented in Figure
5.1 by (P);, the difference between the 45° line representing the
total analyte in the system and the solid line representing (PQ).
The relationship between (P)¢ and (P), is shown in Figure 5.2.

Of course it is not normally possible to measure (P)¢ or (PQ) directly.
However, by the addition of a tracer (P*) in the analyte, the distribution of
analyte can be observed and related to (P),. For example, although the direct
observation of the complex (PQ) is not feasible, (PQ)/(P),, indirectly
observed by introduction of labelled analyte and the observation of
(PQ)*/(P)*, can be related to (P), as shown in Figure (5.3).

Similarly, in the case of measurement of (P);, the ratio (P)¢*/(P)* can be
measured. The relationship between this parameter and (P), is also shown in
Figure 5.3.
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Figure 5.1 The solid line represents the formation of
antigen-antibody complex (PQ) as a function of total antigen
(P):. The free unreacted antigen (P)yis illustrated as the
difference between the concentration of complex formed and a
dotted line representing complete reaction of the antigen.
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Figure 5.2 The relationship between the free antigen and
the total antigen is shown explicitly.
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Observation of the extent of reaction of the specific reagent

may also be facilitated by labelling the reagent. The
observation of the distribution of labelled reagent by
measurement of (PQ)*, the bound complex, leads to the
relationship described in Figure 5.4.

iL.b

Figure 5.5 illustrates the relationship between (Q)f and (P),

drawn from consideration of a plot analogous to Figure 2.2.
Here (Q)¢ is represented by the difference between the solid line
describing (PQ) as a function of (P); and a horizontal line
representing (Q),, the total or initial concentration of antibody.

Again (Q)s is not known in concentration terms but the relationship between
(Q)*/(Q)* for example can be described as a function of (P); as shown in
Figure 5.6. Of course in either case the actual measurement of (P), is
unnecessary if the total labelled analyte is constant since measurement of
(PQ)* or (P)¢* implicitly describes the distribution of P in this case.
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Figure 5.4 The fraction of antibody complexed as a function of
total antigen
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Figure 5.5 Free antibody as a function of total antigen
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Figure 5.6 The free fraction of antibody as a function of
total antigen

The relationship between (P); and the observed response variable clearly
reflects the equilibrium constant of the reaction. The effects of variation of
K are illustrated in Figures 5.7 and 5.8 below.
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Figure 5.7 The influence of the affinity constant on the
shape of the antigen-antibody reaction curve
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Figure 5.8 The effect of the affinity constant on the shape
of the curve relating the fraction of antigen complexed as a
function of total antigen

The magnitude of the equilibrium constant reflects the thermodynamic
strength of the reaction of antibody with antigen. The affinity constant is a
key parameter determining the shape of the standard curve of an

immunoassay and an important constraint on the sensitivity of immunoassay
methods (Berson and Yalow 1964).



CHAPTER 6. PHYSICO-CHEMICAL/STATISTICAL THEORY
OF LABELLED ANALYTE IMMUNOASSAY

Radioimmunoassay and related saturation assay techniques offered a
specificity (related to that of the binding reaction) and a sensitivity superior
to that of other analytical methods which existed at the time of their
introduction. From the time of their inception, researchers sought to
establish theoretical guide-lines for the efficient optimization of new
radioimmunoassays. Attempts were madéfelucidate the mechanisms
involved in the analytical technique and establish the relationship between
the key characteristics of the reagents, eg. the affinity of the antibody, the
specific activity of the tracer, their concentrations, and the resultant
performance characteristics of the assay. Indeed, Ekins suggests that
considerations of the principles of analysis led to the development of the
saturation assay for thyroxine (Ekins, Newman et al. 1968). Although the
specificity of these "binding assay" techniques, their cost, convenience and
practicality all received some attention, it was the optimization of these
method's sensitivity that inspired the greatest efforts and caused the most
debate. At the root of this debate lay conflicting definitions of "sensitivity"
itself, a conflict which as yet remains unresolved.

Sensitivity has been described in a report to the American Chemical Society
(Macurdy, Alber et al. 1954) and accepted in practice (Finney 1964) by
statisticians as simply the slope of the dose response relationship. Berson
and Yalow thus considered that RIA was optimally "sensitive" under
conditions which lead to the steepest slope of the standard curve (Yalow and
Berson 1968a). They demonstrated, by algebraic rearrangement of functions
based on the mass action laws governing the reactions in RIA, that the
maximum slope of a plot of %B vs analyte concentration occurs when the
analyte concentration approaches zero, (H) — 0, and the antibody
concentration equals .5K-1 (where K is the affinity constant of the antibody).
The implicit assumption in this analysis, that the errors in the measurement
of %B are constant, was explicitly defended by Berson, who argued that this
condition was achieved by counting all samples to a constant total counts
(Yalow and Berson 1968b).

However counting a sample to a constant total count results in a constant
relative "counting " error (ie a constant coefficient of variation in the
measurement). Because of the Gaussian nature of the radioactive decay
event the standard deviation associated with a particular sample is given by



the square root of the total counts accumulated. For example, a sample with
a radioactivity of 1000 cpm could be counted for 10 minutes to accumulate
total 10,000 counts. The standard deviation of the measurement would be
100 counts (1% of the total) or 10 cpm. A sample with an activity of 5000
cpm would be counted for only two minutes to accumulate the constant
10,000 counts Berson proposes. Again the standard deviation would be 100
counts (still 1% of the total) but 50 cpm. The error of 10 cpm on a 1000
cpm response and 50 cpm on a 5000 cpm response does not provide the
constant absolute experimental error Berson's analysis assumes (Ekins and
Edwards 1983).

Meanwhile, Ekins, following the precepts of Gaddum (Gaddum 1933;
Gaddum 1953), accepts the definition of sensitivity as that amount of analyte
just distinguishable from zero (Ekins 1970). He investigated the theoretical
consequences of a simple model of experimental error on those
concentrations of reagents which provide an optimally sensitive
immunoassay. Ekins error model included a term representing manipulative
errors (eg. pipetting, separation, etc.) as a constant relative error (€) in the
response measurement (eg. B/T), and a term describing the error in
measurement of the radioactivity of the tracer (ie. statistical counting error,
reflecting the specific activity of the tracer).

Where only the bound fraction of the tracer is counted Ekins shows that, as
the manipulative error tends towards zero, maximum sensitivity is reached
when binding, in the absence of unlabelled analyte, equals 33% and that
optimal antibody and tracer concentrations tend towards 1.25K and 2.25K,
respectively. However where manipulation error predominates and as
specific activity increases (with a resultant decrease in counting error)
optimal concentrations of antibody and tracer decrease towards zero. He
also shows that with higher experimental errors, increases in the specific
activity of the tracer are less rewarding and that as specific activity goes to
infinity sensitivity approaches a limiting value of €/K. Ekins cautions
against over interpretation of these results since the relative error in the
response is likely to increase as the % bound decreases (ie, not remain
constant as has been assumed) and the effects of non-specific binding are not
addressed (Ekins and Newman 1970).

Rodbard applied a more complex model of experimental error to similarly
predict the concentrations and characteristics of reagents required for
optimal sensitivity and precision (Rodbard 1973; Rodbard and Lewald
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1970). This relatively complex model was analyzed by numerical computer
techniques and the Monte-Carlo method. Examples of the relationship
between various parameters were illustrated. However, no reports of
algebraic simplification of the model have been published and general guide-
lines for the optimization of immunoassays are not developed.

Halfman also has applied an error model, slightly simpler than that of
Rodbard et. al., and mass action laws to the question of optimization of
immunoassay. In an early report he relied on simplifying assumptions
restricting the reagent concentrations to those producing a hyperbolic
standard curve (Halfman 1979). This, he argued, would permit the most
accurate fitting of the standard curve and thus ultimately give the most
accurate results. In a subsequent report Halfman abandoned these
restrictions and resorted to computerized numerical techniques (as had
Rodbard before him) to illustrate characteristics of his model (Halfman and
Schneider 1981). However the latest model incorrectly considers the effect
of non-specific binding on the counting error component. Further, Halfman
defined "normalized sensitivity" as the sensitivity divided by the
concentration of analyte at the midpoint of the response curve, ie.where B/By
= 1/2, and subsequently solved for the reagent concentrations to optimize
this characteristic. His analysis is therefore incorrect (at least in the perhaps
minor respect noted) and is not easily compared with that of other workers.
Halfman found his analysis to yield results identical to those of Yalow and
Berson and concluded that his optimization for greatest "normalized
sensitivity" must be equivalent to their optimization for steepest slope.

The controversy surrounding the theoretical optimization of RIA still
persists. Comparison of the results of theoretical and experimental
optimization (Schuurman and de Ligny 1978) have been complicated by the
fact that the optimal reagent concentrations predicted either by Berson,
Ekins or Rodbard are very similar in many practical cases. The major
difference in conclusions of the theoretical treatments of these groups lies in
the factors which are variously perceived to limit the performance of RIA.

It has become clear, in practice as well as in theory, that the sensitivity of
"limited" reagent labelled analyte binding assays (exemplified by RIA)
employing highly "detectable"” radioactive tracers (eg. 125]) is largely limited
by the "reactivity" of the analytical reagent and experimental errors, not the
"detectability” of the analyte tracer itself (Ekins 1969).



Immunoassays may be differentiated on the basis of a number of
characteristics - eg. the order of reactant addition, the method by which the
unreacted and complexed reactants are distinguished and, most importantly,
the particular fraction of the labelled reactant which is ultimately observed.
Each particular assay design, resulting from the combination of these and
other elements, may require individual analysis if the relative importance of
the various sources of experimental error and the theoretical limits on the
performance of the technique are to be discerned.

Nevertheless it is useful to consider the attributes of commonly adopted
strategies. Theoretical analysis reveals the relative significance of various
sources of error in constraining the performance of the "RIA-like" assay. In
particular, when considering the measurement of the bound fraction of the
labelled moiety, the theoretically optimal sensitivity of RIA technique has
been described by:

1 ) R
("P)":(Kq +R_02) (Ro+ 1)\/%’“ RoKa-DKSVT 0

where Rg and q are optimized to yield maximal sensitivity. Through
numerical methods the optimal sensitivity can then be described as a
function of antibody affinity for particular values of experimental (and signal
measurement) errors (Ekins 1970). This relationship is illustrated in Figure
6.1 for an assay employing 1251 labelled analyte (with one minute counting
time) where other sources of "experimental” error produce a relative error of
1% in the response variable.

However, the inclusion of terms representing the signal measurement error
in Equations 1 and 2 may somewhat obscure an important, more
fundamental, relationship. To illustrate this point, if one assumes that the
signal measurement error is insignificant (as would result, in principle, from
the use of a label of infinite specific activity) then the optimal sensitivity of
RIA is given by
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However, by Equation 2, the equilibrium constant of the reaction and the
precision of reactant manipulation (eg. pipetting, separation, etc) are shown
to be the dominant factors limiting the ultimate sensitivity of RIA.
Moreover, these two constraints seem practically limited themselves to about
1012 I/mole and 1% respectively, thus RIA sensitivity is predicted to be

limited to the order of 10-14 M regardless of the tracer employed (Ekins
1970; Ekins, Newman et al. 1970).



CHAPTER 7. PHYSICO-CHEMICAL THEORY OF NON-
SATURATION (LABELLED BINDER)
IMMUNOASSAYS

INTRODUCTION

Recent progress in the purification of specific antibodies and the availability
of highly specific monoclonal antibodies has spurred interest in assay
designs using labelled antibodies. Two-site or 'sandwich’ immunometric
assays have been shown useful in the analysis of viral antigens and various
protein hormones. It has been suggested that this technique may ultimately
provide sensitivity and specificity greater than that of radioimmunoassay
techniques (Ekins 1980; Miles and Hales 1968a). The factors which may
variously limit the performance of the different types of immunoassay have
been the focus of discussion of several previous researchers, either in general
theoretical language or in the context of more precise mathematical models.
In particular, it has clearly been a point of interest to determine which assay
design is likely to yield the most sensitive method of analysis.

Discussing the relative sensitivities of immunoradiometric and
radioimmunoassays, Miles and Hales placed particular emphasis on the
reliance, in the latter form of assay, on measurement of the distribution of
the analyte between free and bound forms, implying that the analyte is not
bound in its entirety to antibody. Moreover, assuming the antibody-bound
labelled analyte is radioassayed, the estimates of 'bound radioactivity' are
conveniently made in the presence of a large 'background’ (i.e. Bg), implying
that small relative changes in count rate may result from large relative
changes in analyte concentration. On the basis of these features of RIA,
Miles and Hales concluded that immunometric assays should provide greater
sensitivity (Miles, Bieber et al. 1974; Miles and Hales 1968a).

In the course of the development of a mathematical theory of
immunoradiometric assays, Rodbard and Weiss also considered the relative
sensitivities of radioimmunoassay and labelled antibody assays (Rodbard
and Weiss 1973). They introduced an idealized model in which the
instrumental error in the non-specifically bound labelled antibody was
presumed to limit assay sensitivity. Based largely on this assumption, it was
shown that the sensitivity of an immunoradiometric assay could be described
by a function similar to that derived by Ekins et al (Ekins, Newman et al.



1968) for a competitive radioimmunoassay, but reduced by a factor related
to the degree of non-specific binding.

In a later report, Rodbard and Feldman (Rodbard and Feldman 1978a;
Rodbard and Feldman 1978b) described a complex kinetic model of two-site
immunoradiometric assay which included consideration of the rates of
association and dissociation characterizing the antibody/analyte interactions
and relied on computer techniques for its analytical solution.

Schuurman and De Ligny (Schuurman and de Ligny 1979) have also
proposed a model for the two-site immunoradiometric assay. They
postulated a detection limit associated with a minimum B/F ratio which was
limited by instrumental error and a constant absolute error due to non-
specific binding, incomplete washing, etc. They concluded that, assuming a
'realistic’ level of experimental error, the limit of sensitivity of the
immunoradiometric assay may be one order of magnitude lower than that of
the 'competitive' radioimmunoassay.

In this thesis a simple model of a solid-phase two-site imnmunometric assay
at equilibrium is outlined, which nonetheless includes the factors which
critically influence assay precision (Jackson and Ekins 1986b; Jackson,
Marshall et al. 1983). Assuming the use of radioactive labels, algebraic
approximations of the minimum detection limit and the optimal
concentration of labelled antibody are presented for three specific cases.
Numerical methods are used to verify the appropriate algebraic solutions,
and numerical solutions of the complete model are shown for a more
realistic set of assay conditions. The predictions of this model are compared
with those of previous investigators and the implications and limitations of
the model are discussed. Throughout this work I attempt to state concisely
the assumptions used in development of the model and present conclusions
derived from it. Mathematical details of many derivations are omitted in an
effort to achieve a measure of both brevity and clarity. The nomenclature
used is a modification of that proposed by Ekins et al (Ekins 1970) and is
listed, for convenience, in the Appendix.

A MATHEMATICAL MODEL OF ASSAY PERFORMANCE
The assay performance characteristic of primary importance is the error in

the determination of any specified concentration of analyte (cp). This can
be defined:



= o 0

where (0OR), is the total error in the response metameter and dR/dp is the
slope of the dose-response curve.
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Figure 7.1 A diagram illustrating the relationship between
error in the response factor (R) and error in the consequent
estimate of analyte (P) as reflected through the dose-response
curve.

Additional statistically based performance indices can be defined.
Sensitivity, for instance, can be expressed as the standard deviation in the
estimate of 'zero' dose, (G,)o; the coefficient of variation of the dose estimate
can be defined as o,/p. It is clear that the solution of Equation 1 and the
estimation and optimization of any statistically based index performance
must be based on two distinct mathematical models.



A MODEL OF ANTIBODY-ANTIGEN REACTIONS

First, a model of the antibody-antigen binding reactions is needed which
describes the response as a function of the assay parameters and from which
the slope of the dose response curve, dR/dp, can be derived. Secondly, a
description of the total error in the estimate of the response variable, (cR),, as
a function of assay parameters is required.

Again, a number of variants of assay design may be considered. Here 1
consider the characteristics of a two-site immunometric assay wherein the
bound complex is measured. The theoretical model of the binding reaction
in this paper is based on the following experimental design, typical of this
type of assay (Rodbard and Feldman 1978a).

1. The first antibody (q;) is fixed to a solid-phase support.
This solid-phase antibody is incubated with the analyte (p) to
equilibrium.

3.  The solid-phase is washed to remove unbound p.

4, The labelled antibody (q3) is then incubated with the solid-

phase reagent, again to equilibrium.

The solid-phase is washed to remove unbound g3

6.  The amount of q5 bound to the solid-phase support is
determined in a suitable detector.

o

The binding of antigen to solid-phase antibody at equilfbrium can be
described by the Michaelis-Menten type equation

_Ki(p-Ba;
Bi=1+K,(p-B) @

This bound antigen subsequently acts as a solid-phase site for labelled
antibody binding in the second reaction (step 4, above). The binding of
labelled antibody to these sites is modelled by a similar expression, but here
a non-specific binding term, directly proportional to the free labelled
antibody concentration, is included such that

. K2(q3-B3)B; . T
B2 1+ K2(q§'B5) + K3(q2‘B2) (3)
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It has been assumed, for modelling purposes, that there is no dissociation of
bound antigen during the second incubation and that there are no significant
competing reactions, e.g. formation of q;pq;.

In most two-site solid-phase immunometric assays, the response variable is
simply given by the total 'signal’ generated by the labelled antibody present
in the assay tube. In the general case this will include signal derived from
specifically and non-specifically bound labelled antibody, together with an
instrument background signal. When radioactive tracers are used the
response variable can defined by

R=B3SVT + MT 4)

B, and B3 can be expressed as the negative quadratic root of algebraic
rearrangements of Equations 2 and 3. The instantaneous slope of the dose-
response curve can be represented by the product of the appropriate partial
derivatives of these expressions and Equation 4 as shown

dR_dB; dBj dR
dp = dp <dB, X dB} )

The first requirement for the solution of Equation 1, an explicit expression
for dR/dp is thus derived in terms of the assay parameters.

A MODEL OF EXPERIMENTAL ERROR

An error model, similar to that designed by Rodbard for radioimmunoassay
(Rodbard and Lewald 1970), which describes the error in the response as a
function of assay parameters (the second requirement for the solution of
Equation 1) is proposed for the immunometric assay system. The errors
which contribute to the total error in the response variable may be
conveniently divided into two classes. The first class includes experimental
or manipulation errors which produce a corresponding error in the response,
e.g. pipetting error and separation errors. The second class includes errors,
involved in the measurement of the response per se, e.g. instrumental errors,
meter 'reading’ errors etc. When using radioactive labels and other tracers,
statistical errors of counting also arise and may be the most significant
source of measurement error.



Five types of experimental error are included in the proposed model. Two
types of separation error are assumed: Gyc, represents the random error in
the concentration of labelled antibody classified as bound arising from
variability in the separation of free labelled antibody, e.g. variability in the
efficiency of washing. Similarly, Gy, refers to the random error in the
bound labelled antibody due to separation errors causing variability in the
bound labelled antibody 'misclassified' as free, e.g. random loss of solid-
phase. Three types of pipetting error are included: error in the quantity of
antibody binding sites on the solid-phase; error in the quantity of analyte
added and, error in the quantity of labelled antibody added. All five types of
error in this class are assumed to be proportional errors, that is, they are
associated with a constant coefficient of variation (C.V.) and by definition

ox =CVx x X (6)

where x represents the type of error. Thus, for example, the error of
misclassification of free as bound, Gy, is defined as the product of the
coefficient of variation associated with this type of error and the
concentration of free labelled antibody. i.e.

Omcy = CVmey X (92-B2) 7

Using similar arguments for each source of experimental error and the
approximate relation

cf(x) = Gx X dx

an expression for the contribution to the total error in the response from each
source can be derived. Thus

(GR)MCI = CVMCI X (qa-BE)SVT (93)
(GR)MCH = CVMCH X BESVT (9b)
_ dB, dB} dR
(ORr)q, = CVql Xy X dq, X dB, X dB3 (9c)
dB; dB> dR

(Or)p=CVpXxpX dp X dB, X dB} (9d)



,_dB} dr
(OR)gy = CVqgz X g8 X dq; X 383 ()

To complete the error model, the contribution of instrumental errors to the
total error in the measurement of the response must be defined as some
function of assay parameters. In the general case, this function must include
the significant sources of random instrumental error, e.g. meter reading
errors, instrumental drifts, etc. Again considering assays relying on
radioactive tracers, this error can be conveniently approximated by

(cpi=VR (10)

If the individual errors are presumed to act as independent Gaussian errors,
(or)y, the total error in the response can be described by

(oR)t=\/ (cR)§4q+(GR)§4cH+(oR)§1+(6R)§+(oR)§2+(6R)12 (11)

This expression fulfils the second requirement of Equation 1 and with
Equation 5, permits explicit definition of the error in the estimation of any
dose of analyte.

RESULTS

Algebraic Solutions

The error in the determination of any dose, G, can be defined by the set of
equations which describe the binding reaction model (5) and the error model
(11). The algebraic form, derived through Equation 1 is, in the general case,
quite complex. However, in the specific case of an immunoradiometric
assay at the limit of detection, several simplifying assumptions can be
applied. Following the assumptions that

a. p =0, by the definition of detection limit
b. q3>> B3, i.e. excess labelled antibody

c. Kiqi>> 1, i.e. excess solid-phase binding sites

it can be shown that Equatidn 5 reduces to



dR _K3g5SVT

ap = 1+ K35 a2
Consider three special cases relying on simplifying assumptions regarding
the relative significance of the errors contributing to the total error in the
response. Two of these specific cases result when experimental error can be
neglected relative to the counting/instrumental error. The total error in the
response variable can then be approximated by

(o) = (Op) =VR (13)
At the limit of detection, i.e. p = 0, it can be shown that
R =K;3@3SVT + MT (14)

that is, the response approximates to the sum of the counts due to non-
specific binding and the instrumental background. Therefore, by
substitution of Equations 12, 13 and 14 into Equation 1, the detection limit
of an immunoradiometric assay, in the absence of experimental error, is
given by the approximate relation

(1+ K3q3)VK3q3SVT + MT
(Gp)O = Kiqasv'r (15)

To determine the concentration of labelled antibody which will give the
minimum detection limit, the partial differential of Equation 15 with respect
to g3 is set equal to zero, i.e., 8(0p)p/8q3 = 0. This analysis yields algebraic
expressions for the optimal labelled antibody concentration and the
minimum detection limit in these first two specific cases.

In the first case, where the instrument background is the predominant

contributor to the response at the limit of detection, the model predicts an
optimal concentration of labelled antibody given by

. [2mT
2opt ="\ K3K,SVT (16)

and a minimum detection limit described by



VMT
(Oplomin = YT 17)

In the second case, where the non-specific binding predominates in the
response at zero dose, an optimal labelled antibody concentration of

. 1
q20pt=K_§ - (18)

and a minimum detection limit described by

4K
(Spomin ="\ RESVT (19)

is predicted.

The third case, which allows a simple algebraic solution, results when the
counting errors can be neglected relative to the experimental errors.
Following this assumption and again at the limit of detection, (og), and
(ORr)q become insignificant and

) ) )
(R = \/ (ORerHCRMeyHOR)g 20)
where
(OrR)Mc; = CVmey X @3SVT (21a)
(OrR)Mcy = CVmey X K3q2SVT (21b)
(OR)g, = CVg, X K5giSVT 21¢)

Thus the total error in the response may be described by
(OR) =€Xq5SVT (22)

where

e= .\/ CVarc; + K3CViey + KsCVig (23)
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By substitution of Equation 12 and Equation 22 in Equation 1, the detection
limit of an immunoradiometric assay, in the absence of counting errors, is
given by the approximate relation

€ (1+K5q3
N 24)

This, in turn, implies that the optimal concentration of labelled antibody
should approach zero where minimum detection limit is given by

(SPomin =5 25)

Numerical Solutions

In the preceding analysis, assumptions a, b and ¢ have been used to clarify
and simplify the algebraic expressions for optimal labelled antibody
concentrations and detection limit. These assumptions are not necessary for
an exact solution of either the binding reaction model or the error model.
For any set of assay parameters both the slope of the dose-response curve
dR/dp, and the total error in the response variable, (G)r, can be obtained
numerically. Through Equation 1 the error in the estimation of the dose, o,
or any of its derivatives (CV,, (Gp)y, etc.) can also be determined. By
substituting various realistic values for the assay parameters, predictions
relating to assay performance can be made.

Simple computing techniques greatly facilitate the investigation of the
relationship between the parameters and assay performance characteristics.
The effect of varying a given parameter, e.g. labelled antibody
concentration, on assay performance, e.g. detection limit, is most
conveniently displayed graphically. To this end, a simple Basic program
was written for an Apple Ile micro-computer to calculate the relationship
between characteristics of the assay model and parameters of interest
(Addendum I). Apple-Plot, a commercially available software package, was
used to plot the results of the numerical analysis.

Numerical analysis of the model verifies the algebraic solutions of the three
special cases cited. Figures 7.2 - 7.5 illustrates the predicted relationship
between sensitivity and the concentration of labelled antibody for various
assay conditions. Figures 7.2, 7.3, and 7.4 show this relationship for



particular conditions where the algebraic solutions for three special cases
closely approximate the exact solution of the complete model.

Figures 7.6 and 7.7 illustrate the predicted precision profile of an assay
optimized for maximum sensitivity, the shifts in the precision profile
predicted when the concentration of labelled antibody is varied from the
optimum level, and the precision profile of the same optimized assay,
superimposed on the predicted dose-response curve.

DISCUSSION

The algebraic solution of the immunometric model for optimal labelled
antibody concentration and minimum detection limit has been developed for
three special cases. Numerical methods have been used to verify the
algebraic solution in these cases and to provide estimates of optimal labelled
antibody concentration and minimum detection limit under a more realistic
set of conditions.

In the first special case, where counting error in the background
predominates at 'zero' dose of analyte, the optimal concentration of labelled
antibody is predicted by Equation 16. This concentration of labelled
antibody corresponds to that found by numerical methods, shown in Figure
7.2 and Figure 7.3. Note that, if non-specific binding is completely absent,
i.e. K3=0, the optimal label concentration is predicted to approach infinity
" both by Equation 16 and Figure 7.2; moreover the detection limit approaches
a minimum defined by Equation 17 as the concentration of labelled antibody
increases. When relatively low non-specific binding is assumed the
relationship between the detection limit and the concentration of labelled
antibody is illustrated in Figure 7.3, curve a. The optimal concentration of
labelled antibody increases and the optimal concentration of labelled
antibody and minimum detection limit are essentially identical to those
predicted by Equations 16 and 17 respectively. The detection limit in this
case is similar to that described by Schuurman and de Ligny (Schuurman
1977) in the absence of experimental error, i.e. inversely proportional to the
specific activity. In this model however, the sensitivity is limited by the
error in the measurement of the instrument background, a parameter
neglected in the Schuurman de Ligny model (Schuurman and de Ligny
1979).
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In the second special case studied, where the counting error of the non-
specifically bound label is predominant at the limit of detection, the optimal .
labelled antibody concentration and the minimum detection limit are
predicted by Equations 18 and 19 and exemplified in Figure 7.3, curve d.
Note that in this case, the predicted maximal sensitivity is inversely
proportional to the square root of the specific activity. The theoretical
optimum labelled antibody concentration is predicted to be that
concentration at which the initial slope of the dose-response curve will be
half its maximum (i.e. when g3=1/K3) and labelled antibody will be bound to
half the available sites. Further increases in the concentration of label serve
to increase the error in the response at 'zero' dose more than they increase the
slope of the dose-response curve, and thus reduce assay sensitivity. The
expressions describing the optimal labelled antibody concentration and
maximal sensitivity are exactly those also found by Rodbard and Weiss
(Rodbard and Weiss 1973) using a simple model, essentially identical to my
own model under the assumptions of this special case.

The relationship between the detection limit and the concentration of
labelled antibody predicted by the model in the third special case, where
counting error is assumed to be insignificant relative to the experimental
error, is shown in Figure 7.4. Again maximal sensitivity, as predicted from
the algebraic analysis, is given by Equation 25. Note that in this special
case, maximal sensitivity is predicted to be independent of the specific
activity of the labelled antibody. At the limit of detection the experimental
error term, €, essentially represents the imprecision of the response at 'zero'
dose, in the absence of counting error, as a fraction of the total counts added
(@3SVT). This error can be seen by Equation 23 to consist of experimental
errors of three types: error in pipetting labelled antibody and both types of
misclassification error. The magnitude of € may be experimentally
determined, but by considering the likely level of its constituent error terms
€ may be estimated to be one or two orders of magnitude less than the non-
specific binding term (K3). The optimal labelled antibody concentration and
minimum detection limit in this special case are closely related to the
predictions of Schuurman and de Ligny under similar conditions
(Schuurman and de Ligny 1979), and Schuurman'’s constant absolute error in
bound/free ratio, oy, is analogous to the constant relative error in
misclassification and pipetting, €, although my estimate of the magnitude of
this term is considerably lower than they supposed.



The optimal labelled antibody concentrations and minimum limits of
detection by the model are compared with the predictions of the Rodbard-
Weiss and Schuurman-de Ligny models in Table 7.1. With reference to this
table, and in light of the previous discussion, the model I propose can be
seen to permit optimization of the two-site immunoradiometric assay in all
three special cases. It combines, in one unified model, the predictions of
optimal labelled antibody concentration and minimum detection limit for the
first case with predictions for the second and third special case which are
essentially identical with those of Rodbard and Schuurman, respectively.

Of course, for any particular set of assay conditions, the simplifying
assumptions used in the algebraic solutions of the model will not strictly
apply and the assay sensitivity and optimal labelled antibody concentration
may not be accurately represented by any one of these special cases.
Numerical methods may provide a more reliable guide to assay performance
characteristics (e.g. the assay detection limit) in these more complex cases.

Table 7.1 Algebraic expressions for optimal labelled antibody concentration and
maximal sensitivity in two-site immunometric models.

Rodbard and Weiss Schuurman andde  Jackson and Ekins

Ligny
Case 1
No experimental . 1
_ R o > o . _ 2MT
€rTors, no non pt~" K QB o =\ 5o
specific binding, ie. ~ -w-oomm 2 o =\ K3K,SVT
background 1
counting errors only (Splomin = SYT ©.) _VMT
Op)o.min = VT
Case 2
No experimental « _ 1 « _ 1
€ITors, No Q2 opt = K Q2 opt = K3
background = @@020 7 e
counting errors, ie.
only counting errors (G )0 i = 4K, (Cy)omin = fK3
of non-specific p/0,min K35SVT p’0,min K3SVT
binding
Case 3
* 1 * 1
No counting errors, 92 opt << K3 @ opt << K3
ie. experimental = -----m-meemeeeeee-
errors only G e




Figure 7.5 shows the relationship between the detection limit of an assay and
the concentration of labelled antibody under a set of realistic assay
conditions and illustrates the underlying components which combine to limit
this relationship. This type of numerical analysis can be used to determine
the theoretically optimal concentration of labelled antibody and the expected
limit of detection and precision under any set of conditions.

The optimal labelled antibody concentration and minimum detection limit
predicted by numerical analysis of my model for a realistic set of assay
conditions is compared with predictions of the models of Rodbard and
Schuurman in Table 7.2. It illustrates the advantage of the unified model in
predicting the performance limits of an assay under conditions where any of
the sources of error analyzed in the three special cases may have significant
effect on the limits of sensitivity.

Table 7.2 Predictions of various models of two-site immunoradiometric assays.
Rodbard and Weiss Schuurman and de Jackson and Ekins
Ligny
Q2 opt 10-11 M <<10-11 M 1.8 x10-11 M
-14 -14 -14
(5p)0.min 3.1x10-4M 1014 M 6x10-4M

Where K;q1>>1, Ko=10-11M-1, K3=.01, SVT= 4 x 1014 counts/M, M=100 cpm, e=0=10-3

While in the special cases, the predictions of this model are essentially
identical to those of the Rodbard-Weiss model in one case, and the
Schuurman-de Ligny model in another, the conclusions I draw from these
predictions are rather different. In an immunoradiometric assay where the
ultimate sensitivity is limited by the instrumental error in the non-specific
binding, my model, like that of Rodbard's, predicts a sensitivity, described
by Equation 19, which is a function of the non-specific binding. Not only is
the predicted sensitivity of the immunoradiometric assay, under ordinary
conditions, lower than that shown by Ekins (Ekins, Newman et al. 1968) for
radioimmunoassay; but with careful design of solid-phase assays leading to
significantly lower non-specific adsorption, commensurate increases in
sensitivity are certainly realistic.
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In an assay where sensitivity is limited by experimental errors, my model
predicts a sensitivity essentially identical to the the prediction of Schuurman,
although consideration of the size of the errors in the solid-phase assay
design, based on a more comprehensive error model than theirs, leads us to
conclude that the sensitivity limit may be several orders of magnitude lower
than that predicted for radioimmunoassay under similar conditions.

The comprehensive model may reveal which parameters and which changes
in a set of assay parameters are likely to have a significant effect on
particular index of assay performance. For example, on examining the
predicted relationship between the detection limit and the specific activity of
the labelled antibody, as implied by the algebraic form of Equations 17, 19
and 25, it is clear that the relative significance of the various components of
the error model in an optimized assay will change as the specific activity of
the labelled antibody is altered. This is most easily seen with reference to
Figure 7.8, which describes the relationship between the minimum value for
the detection limit and the specific activity of the labelled antibody for a
particular set of assay conditions. This figure is similar to that developed by
Ekins and Newman (Ekins, Newman et al. 1968) to describe the relationship
between the specific activity of labelled antigen and the limit of sensitivity
of a radioimmunoassay.

At low specific activities, the counting error is the major limitation on
sensitivity. In the extreme case, region I, the instrument background is the
most significant contributor to the 'zero' dose response. Here the limit of
detection can be described by Equation 19. When the specific activity
reaches very high levels, region III, the counting error becomes insignificant
and the experimental errors begin to predominate. Under these
circumstances the detection limit can be approximated by Equation 25 and
becomes independent of the specific activity of the labelled antibody.

Figure 7.8 illustrates the increase in the sensitivity of an optimized assay
which occurs as the significance of the counting error in the 'zero' dose
response decreases. Increases in specific activity are of greatest value in
enhancing the sensitivity of assays in which the sensitivity is limited by the
error in the instrument background and of least benefit for assays
characterized by large experimental errors.
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Figure 7.8 The relationship between the limit of sensitivity
and the specific activity of the labelled antibody in this model,
illustrating conditions under which there may be a linear (I),
logarithmic (II) or no relationship (111 ).

Of course, optimization of an assay for maximum sensitivity does not
necessarily yield the best' assay. This is a rather more complex problem of
optimization centred on any of a range of characteristics, or group of
characteristics, some of which may be very subjectively defined, e.g.
robustness, range, precision at particular decision levels, etc. and which fall
outside the scope of this thesis. Clearly, though, this model can be used to
predict and to optimize a two-site immunoradiometric assay for any index of
assay performance based on the precision of the estimation of the analyte.

Numerical analysis on the basis of this model can indicate assay conditions
yielding minimal error in the determination of any particular analyte
concentration. Thus, for example, the precision of the determination of a
clinically significant concentration can be maximized.

The model can also be used to predict precision profiles which can serve as a
general guide in assay design. Figure 7.6 shows the effect on the precision



profile of varying the concentration of labelled antibody from that predicted
by optimization of the model for maximum sensitivity under a set of
'realistic’ conditions. Thorough discussion of the evaluation of
immunoassays on the basis of precision profiles is not the purpose of this
report (Ekins and Edwards 1983; Sutherland and Chapman 1983) but a few
comments are appropriate.

A decrease in the concentration of labelled antibody from that predicted for
maximum sensitivity can be seen, by Figure 7.6, to increase the CV in the
estimation of any analyte concentration; while the working range, e.g. the
range of analyte concentrations which will be estimated with a CV of less
than 10%, is decreased. Significantly, the precision profile produced with an
increased concentration of labelled antibody, while evidencing a loss of
sensitivity in the assay, predicts a lower minimum C.V. and an increased
precision in the estimation of analyte concentrations in the higher range.
Since this may be desirable in some cases, it illustrates the disadvantages of
basing assay design on sensitivity alone.

I have endeavored to develop a simple model which can provide a broad
insight into the relative significance of the various factors on the
performance of two-site immunoradiometric assays. I have therefore limited
discussion to a model of the equilibrium assay, which nevertheless includes
those factors which critically limit its performance. Obviously one
limitation of this model is its dependence on the equilibrium mass-action
expressions for the antibody-antigen reaction in the development of the
binding reaction model. Models have been proposed which consider the
rates of association and dissociation of the antigen-antibody complexes
formed in a two-site immunometric assay (Rodbard and Feldman 1978a) and
clearly a model which ignores this significant factor is incomplete.
However, the degree of complexity which is added to a model in considering
the basic rate equations can render it somewhat unwieldy while the
implications of the algebraic form of a simple model are often more obvious.

A further limitation of the model, as outlined, is its lack of explicit
consideration of the effects of impurity of the labelled antibody. While the
binding reaction model and error model can be expanded to include these
effects, impurity of the label can be shown to essentially increase the
effective non-specific binding factor (K53). Conversely, then, highly purified
labelled antibody can be expected to reduce the effective non-specific
binding term compared to a relatively impure preparation. Figure 7.2
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illustrates the prediction of the model that, in the absence of significant
experimental error, a low non-specific binding factor permits the ultimate
limit of sensitivity to be reached using labelled antibody of lower affinity.
This conclusion implies that highly purified labelled antibodies, e.g. affinity
purified or monoclonal fractions, which may have lower affinity constants
than the best polyclonal antiserum, may nonetheless prove as useful in the
two-site immunoradiometric assay.

Appropriate modification of the functions describing the response (Equation
5) and the instrumental error (Equation 11) permits extension of this model
to non-isotopic immunometric assays. For example, a description of the
spectrophotometric response and the error of that response as a function of
bound labelled antibody concentration would allow this model to be used in
the optimization of two-site immunoenzymometric assay. The predictions of
the limit of sensitivity, in the absence of counting errors, implies that the
development of ultra-sensitive immunometric assay (Harris, Yolken et al.
1979; Ishikawa and Kato 1978; Shalev, Greenberg et al. 1980) depends on a
reduction of the experimental errors, significant in the response at 'zero’
dose, particularly the misclassification errors and the non-specific binding.

The simple model of the two-site immunometric assay presented here may
also be seen to apply to the assay of receptor sites. That is, the problem of
optimal sensitivity in the detection of antigen bound to a "capture antibody"
using another labelled antibody is essentially identical to the problem of
optimal sensitivity in the detection of receptor sites using a labelled antigen.
The experimental optimization of the sensitivity of a receptor assay, with
respect to the concentration of labelled ligand is free of some of the
problems of label purity and reactivity which have beset the experimental
evaluation of labelled antibody techniques. The concentration of label
which yields the optimal sensitivity in a receptor assay has been shown
experimentally by other workers (Apostolova, Apostolova et al. 1976) to
coincide with the predictions of the model where the counting error of the
non-specific binding is the limiting factor, i.e. the second special case.

CONCLUSION

The development of two-site immunometric assays has been impeded by the
lack of availability of highly purified antibody. This practical restriction is
being eased with the production of monoclonal antibodies (Kohler and
Milstein 1975) and advances in affinity purification techniques. The
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increasing importance of the two-site immunometric assay demands a more
comprehensive investigation of the optimal application of this technique.

A model of the equilibrium two-site immunometric assay has been
developed. While no simple theoretical model can be fully relied on to
predict the conditions for optimal assay performance, the predictions can be

a valuable guide in experimental design, provided that the key factors which
constrain assay sensitivity, precision, etc. are realistically approximated '
within the model. The inclusion of the effects of experimental error, non-
specific binding and instrument background on the response and the error in
the measurement of the response in the unified model permits a realistic
assessment of the effect of these critical factors on the detection limit of an
immunoradiometric assay.

Analysis of this model suggests that the detection limit of the two-site
immunometric assay may be several orders of magnitude lower than that of a
competitive radioimmunoassay with similar level of experimental error. The
model can also be useful in an assay optimization program based on
statistically defined measures of performance other than sensitivity. In
particular I have examined the use of theoretically predicted precision
profiles as a guide in assay design. The model may be applied to the
optimization of receptor assays and, with some modification, to non-isotopic
two-site immunometric assays.

In my hands, this theoretical model has provided a useful rational basis for
the experimental development and evaluation of high performance
immunometric assays (Jackson and Ekins 1986b). Since its publication
(Jackson, Marshall et al. 1983) this physico-chemical model has proven
useful to other investigators developing highly sensitive immunometric
assay techniques (Dobson, Gray et al. 1986; Soos, Taylor et al. 1984;
Stanley, Ellis et al. 1987).



CHAPTER 8. PHYSICO-CHEMICAL THEORY OF METHODS
OF FREE HORMONE ASSAY

Free hormone immunoassays represent an analytical technique involving
basic principles which differ in several important respects from those which
govern conventional radioimmunoassay and immunoradiometric methods.
Though the general concepts underlying these methodologies have been
thoroughly discussed (Ekins 1983; Ekins 1989a; Ross 1980) their mode of
operation is still frequently misunderstood.

The notion that a "free" hormone concentration exists in blood is based on
the premise that the interactions between the hormone and serum binding
proteins, like the reaction of an antibody and antigen, are reversible and
governed simple laws of mass action for a bimolecular reaction (Robbins
and Rall 1960).

H+P — HP (D

where the rate of the formation of the hormone protein complex HP can be
described by

AP 1 eH(P) 2

and the rate of dissociation of the complex can be described by

dHEL _ karP) ©

where k3 is the association rate constant, kd is a dissociation rate constant,
[fH] is the concentration of unbound hormone, [fP] is the concentration of
the free binding protein, and [HP] is the concentration of the complex. At
equilibrium, ie. where the rate of the association reaction equals that of
dissociation, the position of the reaction can be represented by

_ka__[HP]
K =td~ [H)P] )

where K is known  variously as the equilibrium constant (Keq) or
association constant (K,). Although the distribution of hormone between
bound and free hormone is described by a constant, it should be born in
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mind that the equilibrium is a "dynamic” one. That is the reversibility of the
reaction implies a continual association and dissociation of hormone from
the protein. It is perhaps axiomatic, but still a crucial point, that methods
designed to measure the free hormone concentration should not significantly
perturb this equilibrium. Ultimately the particular application of the method
may define what is a "significant” perturbation.

In the presence of several binding proteins, as is the case for thyroxine in
plasma, the hormone distribution may be described by

n

Ki[Pi]
(H] = [fH]| 1+ ZTIT([TH]' 5)

i=1

where i denotes the affinity constant or concentration of the i'th binding
protein and n is the total number of different binding proteins.

In circumstances uncomplicated by the presence of additional competitive
inhibitors or hormone binders, calculated levels of free hormone have served
as a useful check of free hormone concentrations measured by biochemical
methods (Prince and Ramsden 1977). Indeed, calculation of the free
hormone concentration from measurements of the total hormone and binding
protein concentrations has been used as an alternative to attempts at direct
measurement of the free hormone concentration (Glinoer, Delange et al.
1978). The accuracy of such calculated results is, naturally, a product of the
accuracy of the individually measured values.

Although additional terms to account for the competitive effect of major
known inhibitors can be introduced, the effects of unknown or ill-defined
factors are, of course, not taken into account in calculated results. For
example, although the competitive effects of T3 on T4 binding to TBG can
be computed (Robbins and Johnson 1978), calculations would generally
neglect the possible effects of non-esterified fatty acids, drugs and other
putative inhibitors. Further the accuracy of calculated values depends on the
constancy of the affinity constants of the binding proteins in individuals.
Calculated free hormone concentrations cannot, for example, account for the
presence of anti-T4 antibodies or the variants of albumin and TBPA
sometime found in human plasma.



DILUTION EFFECTS

It is important to consider the predicted effects of sample dilution on free
hormone levels since all current methods involve at least some form of
dilution or equivalent manipulation of the sample. Typical immunoassays
rely on the addition of reagents whose volume dilutes the original sample.
Dialysis against an inert buffer, for example, has the same effect on final
free hormone concentration as dilution in the total volume in the dialysis
system (Ekins and Ellis 1975; Oppenheimer and Surks 1964). Even
ultrafiltration of neat plasma involves a concentration of plasma proteins,
which might be thought of as the inverse of dilution. Parallels can also be
drawn between the effects of dilution and the effects of other manipulations
which sequester a fraction of the hormone involved in the equilibrium.

It has been shown that dilution of a solution containing hormone and binding
proteins as described in the preceding section results in a new equilibrium
free hormone concentration described by

[FH] = 1] ©)

Ki[Pj]
v+ 21 + Ki[fH]

i=1

where [fH]' is the free hormone concentration after dilution of the original
sample by factor V (Ekins 1983). The free hormone concentration after
dialysis, where the final equilibrium is established in a larger volume (the
total of the volumes of the dialysand and dialysate) will be described by the
same equation. By combination of Equations (5) and (6)

n

: z K;[P;i]
| t £yl +K;[fH]
i =— )
Ki[Pi]
v+ 21 + Ki[fH]

i=1

and thus the free hormone concentration will be largely unchanged when
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or where
n
Ki[Pi]
V << T+ Ki[HT ®
-

In the case of thyroxine in plasma the summation term on the right of
Equation 9 normally has a value of about 5000. Therefore a dilution of
normal plasma by a factor of 200, or dialysis against 199 volumes, by an
otherwise inert diluent will reduce the free thyroxine concentration to about
5000/5200 or 96% of its original value.

By the foregoing analysis, the decrease in free hormone concentration
observed for a given dilution factor depends on the degree of initial binding
in the sample. In plasma from subjects genetically deficient in TBG, for
example, the binding factor in the summation term on the right of Equation 9
may be 2000 and the same 200 fold dilution would cause a drop in free
hormone concentration to approximately 91%. For other hormones, such as
T3 and various steroids, less extensively bound to proteins in plasma the
effect of sample dilution on the free hormone concentration will be even
more pronounced.

Since the dilution effect (or absence of significant effect - in systems with a
high proportion of bound hormone) is relatively well understood from a
physico-chemical basis and has been confirmed in many instances
experimentally, it forms the basis of a simple test of the validity of free
hormone methods in general. Indeed, expected performance in this regard
was specifically emphasized in a patent application for a new commercial
method as offering support to the validity of the method (Midgley 1985).

Recently, the pertinence of the dilution test has been questioned on the
grounds that it is clinically irrelevant, since plasma samples are tested at the
same dilution as a set of plasma based standards (Wilkins 1986). However,
in the case of thyroxine for example, the dilution of a normal plasma sample
by a factor of two is essentially a simple method of preparing a sample with
unaltered free hormone concentration, but decreased total hormone and
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binding protein concentration. The ability of a method to correctly assess
the free hormone concentration in these circumstances is an elementary
requirement of a valid methodology.

EFFECTS OF COMPETITIVE BINDING INHIBITORS

The potential effects of circulating inhibitors of hormone binding on the free
hormone concentration and on methods for free hormone measurement are
an important consideration in light of the debate on the role of non-esterified
fatty acids (Mendel, Frost et al. 1986) and other competitive inhibitors in
plasma in severe non-thyroidal illness and in view of the potential
complications arising in establishing appropriate thyroxine dosage for
replacement therapy in the presence of other pharmacological substances eg.
fenclofenac, amiodarone, heparin, etc (Lim, Bai et al. 1988). A more
complete theoretical analysis is available elsewhere (Ekins 1989a), but a
brief review of the expected effects is appropriate for an understanding of
the FT4 method evaluation in subsequent chapters.

Hormone binding proteins in plasma have a wide range of specificities.
TBG, for example has an affinity constant for T4 ten times that for T3, while
albumin binds a wide range of compounds with relatively low affinity.
Equations describing the binding of multiple ligands to multiple sites are
generally soluble only using numerical techniques. Approximation of the
effects under less complex conditions can provide some insight into the
expected consequences of sample manipulation. In addition, the in vitro
effect of exogenous competitive inhibitors can help elucidate the molecular
mechanisms in putative free hormone assay methods. Within the limits of
the performance of well validated techniques of free hormone measurement,
comparison with results by a new method on in vitro addition of competitive
inhibitors is another useful test of an assays validity.

But how do inhibitors affect the free hormone concentration and its
measurement? In a euthyroid individual where the HPT axis apparently acts
to normalize the free thyroxine concentration in blood, an endogenous
competitive inhibitor may have no effect on the normal free hormone
concentration at equilibrium. Instead the expected effect of a simple
inhibitor is to lower the free binding protein and total hormone
concentration. Of course, the total physiological effects may be complicated
by additional biochemical actions of a drug in blocking receptors, etc.



The exogenous addition of a competitive inhibitor of hormone binding to a
plasma sample, of course, would be expected to raise the free hormone
concentration by blocking sites on the binding protein (lowering the binding
potential of the sample). The exogenous addition of known competitive
inhibitors can also be used to evaluate the validity of free hormone methods
and, conversely, a well validated free hormone method may be useful in
investigating the inhibitory effects of exogenous compounds.

However, simple interpretation of the effects of inhibitors on FT4 results is
precluded by the influence of the characteristics of the particular free
hormone methodology and the physico- and bio-chemical nature of the
inhibitor. For example, the effects of dilution on the free hormone
concentration of a sample containing a competitive inhibitor depend on the
relative concentrations and affinities of the inhibitor and hormone for the
binding proteins. Apart from the dilution-like effect, dialysis (or other
sequestering techniques) may have different effects on free hormone
concentration depending on the dialysability of the inhibitor.

Analysis of the effects of dilution (or the equivalent dialysis of a sample
with a freely dialysable inhibitor) predicts effects which may be large and
complex. Inevery instance the free hormone concentration is expected to
decrease on dilution of the sample, but the magnitude of the decrease for a
given dilution is highly varied.

For example, dilution or its equivalent may have an almost linear effect on
free hormone concentration if the concentration of the inhibitor is high
enough to significantly saturate the binder. This effect is more pronounced
where the affinity of the inhibitor is low relative to that of the hormone,
although requiring a higher concentration before a significant displacement
of hormone from the binder occurs. Where the affinity of the inhibitor
approaches that of the hormone, dilution effects approach those predicted
from the simpler Equation 7, but with a free protein concentration reduced
by the presence of the inhibitors.

The predicted effects of dialysis on a sample containing a non-dialysable
inhibitor are similar to those of Equation 7 since the concentration of the
inhibitor in the sample is not changed by the dilution like effects of dialysis
of the hormone into a larger volume.



The foregoing analysis suggests that dialysis methods are unlikely to suffer
significant bias due to the presence of non-dialysable inhibitors and that, in
any event, the examination of the dilution effect would expose the effects of
even dialysable competitors of hormone binding.

IMMUNOASSAYS OF FREE HORMONES
Equilibrium Dialysis/RIA

Early measurements of hormone concentration relied on measurement of the
total hormone concentration and the observation of the distribution of
labelled hormone between the free and bound states by dialysis (Sterling and
Hegedus 1962). The main problem of ensuring a highly purified preparation
of labelled hormone whose reactivity with binding proteins was equivalent
with the native hormone (Volpert, Martinez et al. 1967) was obviated with
the application of sensitive immunoassay methods to sample dialysates (Ellis
and Ekins 1973). Although not without its own practical problems, this
technique has been successfully established in many laboratories and is often
employed as a reference method in the analysis of free thyroid hormones, for
example. ED/RIA is sometimes classed as an absolute method since
standardization of the method is accomplished against dilute solutions of
hormone in dialysate buffer. The expected euthyroid range of results has
been notably lower and more reproducible between groups using this method
than among those still employing the earlier indirect dialysis methods.

Nevertheless ED/RIA methods are subject to effects caused by changes in
ionic strength, pH, etc. and to the consequences of dilution described earlier
(Spaulding and Gregerman 1972). Although accepted by many researchers,
the difficulties in establishing and maintaining a dialysis/RIA method have
led to continued efforts to develop a more convenient and practical method
for the measurement free hormone concentration in routine clinical
laboratories.

The Two-Step Free Hormone Immunoassay

The direct immunoassay of free hormone concentration by the back titration
of antibody previously incubated with a test sample was introduced in the
late 1970's (Anon. 1979; Bunting 1982; Kurtz, Dwyer et al. 1979) for the
measurement of free thyroxine in human blood and later for the
measurement of free T3 (Rajan and Samuel 1987). The rationale for this
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_ technique is based on the recognition that antigen binds to antibody binding
sites as function of the free antigen concentration.

After equilibration with an antibody (or any additional binder) which binds
the hormone according to the same laws as the binding proteins the new free
hormone concentration can be described as

n

\ Ki[Pil KablAb]
[H] = [fH] 1+2:1 T KT+ T+ KapltH] (10)

i=1

where [ADb] is the total concentration of the antibody, Kap is the affinity
constant of the antibody and [fH]' is the new free hormone concentration.

By combination of Equations (5) and (10)

n

. Z K;[Pi]
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and thus the free hormone concentration will be only slightly affected when

n n
Z KilPi] Z Ki[P;] KAb[Ab] (12)
1+K;[fH] = 1+ K[fH]' T 1 + Kap[fH]
i=1 i=1
that is when
n
Kab[Ab] Ki[Pi]

T+ Kap[fHT << 241+ K;[fA] (13)

i=1

Thus when the concentration of additional hormone bound in the presence of
the antibody is small relative to the concentration initially bound to other
proteins, the resulting free hormone concentration will not differ
significantly from the initial free hormone concentration. As for the dilution
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effect discussed above, the magnitude of the effect of an addition of an
antibody depends not only on the affinity and amount of antibody but on the
concentration of bound hormone initially in the sample. Similarly, the
magnitude of the decrease in free hormone concentration will vary between
individuals as a function of their individual plasma hormone binding
capacities.

In these circumstances, the fraction of antibody sites bound with hormone at
equilibrium will be

[HAb] Kab{fH]'
[Ab] = 1+ Kap[fH] (14)

where [HADb] represents the concentration of antibody bound hormone.
Thus the "occupancy" of the antibody reflects the free hormone
concentration after re-equilibration, which itself may reflect the initial free
hormone concentration closely. From inspection of Equation 14, it can be

seen that the relative change in antibody occupancy will be enhanced where
Kab = 1/[fH]'.

As implied by its description above as a two-step or back-titration method,
the antibody occupancy achieved after incubation with the sample is
determined by subsequent reaction with labelled hormone, which essentially
reveals the fraction of unoccupied sites (from which measurement antibody
occupancy is inferred). A simple consideration of the errors incurred in the
final estimate of antibody occupancy using this approach indicates that assay
sensitivity diminishes when Kjp, falls significantly below 1/[fH]'. This
implies, for example, that antibodies suitable for use in assays for FT4 must
possess affinities approximating to 1011 L/M or greater. In practice such
assays are usually conveniently standardized by comparison against the
antibody occupancy following incubation with similar samples of known
free hormone concentration. Free hormone assays which are standardized in
this way may be termed "comparitive", since they implictly rely on the
"absolute" method (eg dialysis/RIA) used to determine the free hormone
concentration in the calibrants. In practice assays are usually conveniently
standardized by comparison against the antibody occupancy following
incubation with similar samples of known free hormone concentration.

It is essential to remove traces of the original sample with its binding
proteins before the back titration with labelled hormone. Ineffective



washing at this stage will induce a binding protein related reduction in tracer
uptake on the antibody. Although perhaps not apparent, due to comparative
standardization (see above), such effects will bias the results of analysis of
samples with binding protein levels different from those of the standards.
For example, to reduce the carry over of plasma such that less than 1% of the
125T4 is bound in the second step, less than .002% of the original plasma
sample should remain. The difficulty in achieving this level of washing and
the dissociation of hormone from the antibody during this wash stage has
proven a major source of binding protein related bias, drift, and imprecision
in this technique. Nevertheless, recent comparative studies have
demonstrated the clinical reliability and analytical accuracy of this
technique.

Labelled Analogue Free Hormone Immunoassay

This technique, introduced in the early 1980's, promised improved
convenience and performance over the two-step method (and other FT4
indices) it sought to supplant (Midgley and Wilkins 1981). It's rationale is
based on the recognition that the antibody occupancy, established as a
function of the free hormone concentration as in the two-step technique, can
be determined in a single step involving simultaneous incubation with a
tracer reactive with the antibody but unreactive with the binding proteins of
the sample. Indeed an earlier assay, described as an improved thyroxine
uptake method, was developed along these lines but the application of this
principle to free hormone measurement was apparently unrecognized by its
developers (Schall, Crutchfield et al. 1979).

The set of equations defining the reaction of a hormone, analogue, antibody
and binding proteins becomes quite complex, numerical techniques being
required to obtain insights into the significance of interactions. Because of
the complexity of the model it is difficult to draw out the biochemical
characteristics required of the reagents in a valid analogue-based free
hormone assay. In attempting to draw general guide-lines for the
development of analogue based methods early researchers reached the
conclusion, later shown to be mistaken, that analysis of free thyroxine
concentration required an analogue with affinities for the principal serum
binding proteins present in serum 10-fold less than those of the native
hormone and an antibody of an affinity greater than three times than that of
TBG for thyroxine (Wilkins, Midgley et al. 1982).



Assuming that the amount of antibody is constrained as described in
preceding sections to closely maintain the free hormone concentration after
re-equilibration with assay reagents and that the analogue is not bound to an
appreciable extent to plasma proteins, the fraction of analogue bound to the
antibody (b) can be described as a function of [fH]" by

-1 [ Kab[fH]" 1 [Ab] [Ab]
b2-b ( Kan[An] © Kan[An] " [An]* 1)"‘ [An] = 0 (15)

where KAp and [An] are the affinity of the analogue for the antibody and the
concentration of the analogue, respectively.

Although the principle is straightforward and theoretical analysis confirms
the validity of the approach, the introduction of commercial kits claiming to
measure free hormone concentration based on these tenets has inspired
prolonged controversy. Initially concemns were voiced over anomalous,
clinically misleading results yielded by the Amerlex FT4 kit (Stockigt,
Topliss et al. 1981). Biochemical studies of the reagents supplied in the kit
revealed that the antibody concentration was some 100-
fold higher than that suggested by theoretical analysis, and it was postulated
that the kit was measuring albumin bound as well as free hormone (Stockigt,
Degaris et al. 1982). Analysis of diluted samples showed a dramatic drop in
the apparent free hormone concentration and the addition of exogenous
inhibitors failed to produce the rise in FT4 concentration seen by other
methods. It was proposed, and later shown experimentally that the
analogues supplied in commercial kits were approximately 99% bound to
proteins under assay conditions (Jackson, Edwards et al. 1984; Ogier 1984).
A theoretical model of assays relying on analogues which retain an affinity
to serum proteins sufficient to produce such binding was developed (Ekins
1984). Although the influence of analogue binding can be successfully
predicted by numerical solution of a complex set of simultaneous equations,
the fractional binding of analogue to antibody could be closely approximated
by a modification of Equation 15 such that

_. ((+m)(KAb[fH]"+1) = [Ab] [Ab] _
b2 b( K xTAn] +[An]+1)+ an1=0 (16)

where m is an analogue binding factor given by
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n
m= Y Kan[fPi] (17)

i=1

and Kan; and [fPj] are the affinity constant and free concentration of the i'th
analogue binding protein, respectively.

By inspection it can be seen that this equation predicts a family of identical
dose-response curves where [Ab] = [An] = (1+m). For example, the
response curve with given values for antibody concentration in the absence
of analogue binding (m=0) can be replicated where the analogue is 99%
bound (m=99) by 100-fold increase in antibody and analogue concentrations.
Of course the antibody concentration remains constrained within limits
discussed earlier which result in insignificant perturbation of the free
hormone concentration from initial levels.

Although the binding of an analogue to serum proteins does not preclude
development of an assay responsive to free hormone concentration, it
implies that the assay response is not dependent on the free hormone
concentration alone, but also on the analogue binding characteristics of
individual samples. The relationship between the apparent free hormone
concentration, [fH]a, and the true free hormone concentration, [fH]T, is
described in Equation 18 as a function of the analogue binding
characteristics of standards (ms) and samples (m,) (Ekins 1987).

(my+1) (my-mg)
(fHla = HIT (1) + Rav(ms+D) (18)

It should be borne in mind that, in the case of T4 analogues and serum
proteins, the analogue binding potential m represents the sum of the binding
potentials for TBG, TBPA and albumin. Therefore if the affinity of a given
analogue for TBG is reduced vis-a-vis that of T4 while, for example,
analogue binding to albumin in the assay remains (or is perhaps increased -
eg. by the addition of exogenous albumin), the variability induced in m - and
thus in free hormone measurements - by variation in TBG levels may be
minimal.

Measurements may thus be apparently independent of the concentration of
one binding protein if the analogue binding is shifted predominantly to
another binder. The bias due to variation in an analogue binder in serum
may be reduced by introduction of an exogenous binder. However the



consequences of the addition of an exogenous binder (such as albumin) on
the free hormone concentration itself needs to be considered. The amount of
hormone sequestered by all exogenous binders, the antibody and exogenous
buffer reagents such as albumin, is constrained by the considerations applied
in Equations 11-13. Other complications arise as a result of the existence of
competitive binding inhibitors in the test sample, whose effects may appear
differentially in samples with, for example, abnormally low albumin levels.

Reagent kit manufacturers now commonly add exogenous binding inhibitors
to assay buffer mixtures in an attempt to eliminate the bias induced by
analogue binding to native serum components. However the analysis above
suggests that a decrease in the binding of analogue to albumin would result
in its redistribution to TBG (and TBPA) and an introduction of bias related
to the levels of these proteins.

The consequences of the addition of inhibitors to the reaction mixture needs
even further consideration. Although the inhibition of analogue binding to
one protein merely induces a shift of the analogue to the other proteins, a
"specific” inhibitor of analogue-protein binding might have the desired
results, effectively producing a un-bound analogue assay. Studies
purporting to validate these procedures have relied on an absence of change
in the apparent [fH] as evidence that addition of a given level of inhibitor has
no deleterious effect. However it is well known that the addition of
exogenous inhibitors drives the free hormone concentration up while,
because of the concurrent release of analogue from binders, the apparent
levels by analogue methods remain nearly constant or even decreases. Even
the levels of free hormone concentration by equilibrium dialysis do not
reveal the potential redistribution of hormone among the serum binding
proteins that may result. The effects of the addition of an exogenous
inhibitor of analogue binding to TBPA, for example, on the free hormone
concentration in vitro, the distribution of the analogue among the binding
proteins and bias in free hormone measurements in samples of varying
composition becomes complex.

The addition of exogenous binders can shift the distribution of analogue
away from the native binders - reducing the bias in results on samples with
variation in those binders. But for assays of free T4 the use of naturally
occuring exogenous binder, albumin, is disadavantageous since it also binds
the hormone of interest and its binding capacity is affected by inhibitors of
T4 binding. Using T4 coupled to IgG as an analogue and a solid-phase anti-




IgG as a specific analogue binder, I found that the addition of a binding
protein specific for the analogue could reduce the potential for bias in
analogue assays. Similar results were observed using a T4-fluorescein
analogue and anti-fluorescein antibody as an exogenous binder.

The use of a solid-phase analogue and labelled antibody in a competitive
immunoassay has been proposed and T4 conjugates with proteins have been
reported to retain immunological activity but exhibit reduced affinity for
TBG. I conducted studies using T4-coupled to micro-crystalline cellulose
and monoclonal antibodies against T4 which, probably because of the
relatively low affinity of the antibody, resulted in an assay with insufficient
sensitivity for clinical use. Elsewhere labelled antibody techniques for the
measurement of free hormones have been introduced with attendant claims

of better performance than labelled analogue methods (Sturgess et al. 1987,
see end of reference’ list). :

CONCLUSION

Artefactual effects resulting from variability in the binding of analogue
between samples explain the previous anomalous results by the analogue
methods and illustrate the extensive potential for bias in results by these
methods. How such methods can be claimed to measure free hormone
concentration and whether they merit description as free hormone assays has
been the subject of debate (Alexander 1986; Larsen, Alexander et al. 1987).

Meanwhile the manufacturers have continually misinterpreted the
significance of validation studies, and begged the question of analytical
accuracy of free hormone methods by turning to clinical utility (lack of
which first inititated researcher's investigations) as the yardstick against
which free hormone methods should be judged (Ekins 1987).

On the other hand, the theoretical principles of the two-step FT'4 assay
provide a sound basis for expectations that the method can provide accurate
estimates of FT4 concentration in serum, particularly in samples from
pregnant subjects. A comparative study of the two-step method and the
Amerlex FT4 reagent kit against an equilibrium dialysis reference method
can provide an experimental basis for selecting a method of FT4 analysis
most appropriate for studies of thyroid function in pregnancy and confirm
the theoretical expectations outlined above.



CHAPTER Y. IMPLICATIONS OF IMMUNOASSAY DESIGN
THEORY

Considerable controversy evolved in the 1960's surrounding the prediction
of optimal conditions for RIA and the ultimate limits of sensitivity of this
technique (Borth and Ekins 1970; Ekins, Newman et al. 1968; Yalow and
Berson 1968a). A similar debate followed the introduction of IRMA
techniques in the late 60's (Miles, Bieber et al. 1974; Rodbard and Weiss
1973; Schuurman and de Ligny 1979). To an extent this debate has been
prolonged because the importance of errors and error analysis in the
establishment of optimal immunoassay conditions and in the comparison of
alternative techniques has often not been fully appreciated (Borth and Ekins
1970).

In the absence of experimental error there is no need for "optimization” and
little point in methodological comparisons. Any technique would be
absolutely precise under all conditions. Assay design or "optimization"
represents the process of minimization of analytical errors and maximizing
the accuracy of the method; thus any theoretical comparison of
methodological approaches must consider identification and comparison of
those factors (ie. those sources of experimental error) which limit the
performance of the assay. When considering the merits of alternative labels
used in an immunoassay context, it is particularly important to distinguish
those factors characteristic of the label per se (Anon. 1976) from those
which are characteristic of a particular form of assay design (Ekins 1985).

Specific binding assay methodologies (eg. immunoassays) invariably rely on
the observation of the reaction between the analyte and the specific binding
reagent, the amount of analyte being inferred from the extent of the reaction.
Two fundamentally different analytical approaches can be described which
encompass the wide spectrum of immunoassay and related procedures.
Analyte concentration may be deduced either from observation of the extent
of reaction of the analyte or from observation of the reaction of the reagent.
In the former case, the distribution of analyte between the reagent complex
(bound) and the residual (or free) compartments following reaction provides
an index of analyte concentration. In practice, labelled analyte may be
employed as a tracer to facilitate observation of the distribution of the
analyte (although it is not strictly a fundamental principle of the technique).
Similarly, in the latter case, the distribution of reagent between complex
(bound) and unreacted (free) compartments serves as an index of analyte



concentration. Labelling of the reagent likewise permits convenient
observation of its distribution.

Consideration of the sources of experimental error and the physico-chemical
interactions leads to distinct conclusions regarding the limitations on the
sensitivity of various immunoassays. Previous analysis demonstrates that
the sensitivity of "competitive" labelled analyte assays (eg. RIA) is
ultimately limited by the affinity of the specific binding reagent and the
magnitude of experimental errors. In contrast, the analysis developed in this
thesis shows that the potential sensitivity of optimally designed labelled
reagent techniques (ie. immunometric assays), wherein the bound reagent is
measured, may be enhanced by several orders of magnitude (relative to
RIA), but only when the bound labelled reagent is measured. Although
significant gains in (eg.) sensitivity are possible through appropriate
optimization of reagent concentrations alone, the "detectability” of the label
per se becomes a more significant factor in limiting the sensitivity of
immunometric assays. The realization of the potential of the technique thus
depends on the application of more highly detectable (non-radioactive)
tracers (Ekins 1981a; Jackson and Ekins 1986b).

The sensitive pulsed-light time resolved fluorescence measurement makes
certain rare earth chelates such an attractive alternative label when adapted
to immunoassay. The isothiocyanate derivative of chelating agents for
Europium ions may be easily and conveniently coupled to antibodies. The
subsequent measurement of the highly fluorescent Eu+3, B-diketone complex
in commercially available pulsed-light time-resolved fluorometer permits the
relatively straight forward development of high sensitivity
immunofluorometric assays. In its current state of development, this
technique has led to development of immunometric assays with equal or
greater sensitivity than immunoradiometric assays.

For either of the two types of immunoassay the use of radionuclides as labels
has a number of clear advantages which cannot be lightly disregarded. For
example the measurement of gamma emitting isotopes can be performed in
inexpensive, reliable and widely available instruments with high sensitivity
and is highly resistant to variations in the chemical or physical environment.
The most commonly used isotope, 1251, may be easily and conveniently
coupled to proteins by any of several well-known methods (Greenwood,
Hunter et al. 1963; McFarlane 1958). Derivatives of many steroids,
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hormones and drugs are also available for easy iodination by similar simple
methods (Corrie, Ratcliffe et al. 1982). In short, the radioactive labels
possess a formidable combination of characteristics highly advantageous in
immunoassay methods.

However, as is apparent from even a brief review of recent publications in
the field (see for example Dechaud, Bador et al. 1986; Marshall, Dakubu et
al. 1981; Patel, Morton et al. 1983; Shalev, Greenberg et al. 1980; Stanley,
Ellis et al. 1987), efforts have been increasingly directed towards the
development of appropriate non-radioactive labels for immunoassay
(McCapra, Watmore et al. 1989). The limited shelf life of the labelled
reagents, the potential hazards and restrictive legislation associated with
radioactivity, and the need for a "separation” step in these methods are
among the factors stimulating this research. ' Alternative
non-radioisotopic labelling methods have been proposed which satisfy the
requirements of a practical immunoassay to varying degrees (Engvall and
Perlman 1971). More extensive reviews of the perceived advantages and
disadvantages of these various labels are available elsewhere (Ekins 1981a;
Ekins and Jackson 1985; Voller 1982), but, in general, the sensitivity with
which such labels can be detected, their "ruggedness”, and their ease of use
rarely match those of commonly used radioactive tracers (Ekins 1976).
Thus, until recently, these alternative labels have found application only
where the ultimate sensitivity of the immunological methodology itself is
unnecessary. Although they may offer other very real benefits in these
instances, they have not provided a comprehensive replacement for the
radioisotope.

Fluorescent labelling methods have long been employed in immunological
methods of analysis (Coons, Creech et al. 1941; Coons, Creech et al. 1942).
Fluorescent derivatives have been developed, eg. fluorescein isothiocyanate,
which permit simple labelling of proteins and peptides and provide an
immunologically active labelled reagent with good stability (Rindemecht
1976). This type of labelling has found particular application in the
detection of cell surface antigens, bacterial identification, etc, by
fluorescence microscopy (Haaijman 1974). It has also been applied to the
immunoassay of many hormones and drugs where the sensitivity of the
method, using common fluorescence spectrophotometers, is deemed
satisfactory and the benefits of improved shelf-life of labelled reagents are
significant (Smith, Al-Hakiem et al. 1981).



In order to effectively replace radioactive tracers, however, any alternative
tracer must demonstrate comparable "detectability”. The sensitivity with
which a label can be detected is determined, essentially, by its specific
activity (i.e. the number of events/unit time/unit mass) and by the efficiency
and the error (i.e. "noise") in the analytical system at the detection limit.

On a molecular basis, a useful analogy may be drawn between fluorescent
and radioisotopic techniques. Both labels emit a form of detectable
radiation. In conventional fluorescence, the labelling group absorbs photons
of light from an external source and emits photons of a longer wavelength.
Thus, while the energy released in radioactive decay comes from the
unstable nuclear structure of the isotope, the energy released by a fluorescent
group derives from an unstable electronic structure induced by irradiation
from an external light source.

Reflecting a compromise between a desire for high specific activity (i.e. a
short half-life) and a reasonable shelf life (i.e. a long half-life), 125] is the
isotope of choice in most radiolabelled immunoassay methods. Common
radioactive counters can detect 50 to 80% of the disintegrations of 1251 but
only about .001% of the radioactive atoms will disintegrate in a one minute
period. This means that, under practical laboratory conditions, eg. a
detection limit of 10 disintegrations per minute, about 107 atoms of this
tracer can be detected in a one millilitre sample (i.e. 10-14 M).

The adoption of fluorescent methods seems to offer attractive possibilities.
Proper design of the fluorescent detection system can result in instruments
capable of efficient collection of 10-90% of the emitted photons.
Appropriate sample positioning or localized surface fluorescence may permit
the excitation of a high fraction of the labelling groups (MacCridle,
Schweuzer et al. 1985) and the intensity of fluorescence emission may be
proportionally increased by higher intensity of the exciting radiation
(Dechaud, Bador et al. 1986). Further, groups are known with a high
quantum efficiency for fluorescence (i.e. they efficiently convert absorbed
photons to fluorescent photons), and since fluorescent groups return to the
"ground" state following emission of the fluorescent photon, the
excitation/emission cycle can be repeated either to repeat a questionable
measurement or to increase the number of photons emitted. These factors
may lead to the detection of many photons from each labelled molecule over
a short period and clearly imply a very high effective specific activity.



Unfortunately, the efficiency of the emission of photons by a fluorescent
group can be influenced by many extraneous factors. Irreversible changes in
the fluorophore may be caused by the exciting photons or the adsorbed
energy may be released through other mechanisms without emission of the
fluorescent photons. In addition scattered light and the natural fluorescence
of eg. biochemical substances and sample containers may give rise to a high
and variable background or blank signal (Cukor, Woekler et al. 1976).

Common fluorescence spectrophotometers rely on filters or monochromators
to isolate the specific signal of the fluorophore from the background signal.
Monochromators are also employed to restrict the wavelength of the exciting
light to that associated with optimal fluorescence of the fluorophore. These
methods and an advanced optical and electronic design can reduce the
background signal, but they have been unsuccessful in providing
fluorescence techniques with the sensitivity needed to replace radioactive
tracers (Smith, Al-Hakiem et al. 1981). Consequently immunoassay
methods using these labels have found application only in those cases where
the higher sensitivity of the radioactive techniques is unnecessary (Sidki and
Landon 1985).

Pulsed-light time-resolved fluorescent measurement promises to
dramatically reduce these constraints on the sensitivity of fluorescence
methods and realize most of those advantages envisioned for the technique
(Wieder 1978). When a fluorescent material is excited by a pulse of light,
the intensity of the emitted light decreases exponentially at a rate governed
by the speed of the energy transitions involved. The fluorescence associated
with proteins, plastic, glass, etc usually displays a lifetime (ie. time in which
the fluorescence decreases to 1/e its original intensity) of about 10-9 seconds.
In contrast, if competing avenues of energy loss are controlled, fluorescent
groups characterized by slower electronic transitions may exhibit highly
extended lifetimes. Certain -diketonate chelates of lanthanides, in an
aqueous cocktail with detergents and synergistic agents, have lifetimes three
to six orders of magnitude longer than typical background fluorescence (ie.
10-3 - 106 seconds). This large difference in "lifetime" and a relatively large
difference in the wavelengths of the absorbed and emitted light (= 270 nm)
provides the basis for highly sensitive analysis of lanthanides in a simple
pulsed-light time-resolved fluorometer and, potentially, the development of
highly sensitive immunofluorometric assays (Soini and Hemmila 1979).



Recently, economical dedicated instrumentation has been developed which
permits the highly sensitive measurement of europium ions (Soini and
Kohola 1983). The long fluorescent life time of appropriate chelates of
europium permits the convenient rejection of the short lived background
fluorescence. Techniques have also been developed by which chelates of
Eu+*3 ions can be coupled to antibodies (Hemmila, Dakubu et al. 1984;
Hnatowich, Childs et al. 1983; Pritchard, Ackerman et al. 1976).

In later chapters of this thesis an 1251 based immunometric assay for thyroid
stimulating hormone employing monoclonal antibodies was developed and
optimized in light of the theoretical principles established in the Chapter 7. 1
participated in a collaborative research venture between the Department of
Molecular Endocrinology (Middlesex Hospital) and LKB/Wallac (Turku,
Finland). I investigated the conditions for the optimal detection of Eu*3 by
time-resolved fluorescence. Scientists at LKB/Wallac discovered
monoclonal antibodies with greater specificity for TSH. They developed a
highly sensitive assay for TSH as a commercial product (Paterson, Biggart et
al. 1985). Ievaluated the new assay's performance against the predictions
of the theoretical analysis, examined its suitability for sensitive
measurements in pregnancy serum, and used the method in the study of .
thyroid function in pregnancy.

The application of such highly detectable labels in optimally designed
immunometric assays promises to open entirely new areas of research.
Among methods of immunoassay, the immunometric technique permits
specific quantification of, potentially, even a single molecule of analyte.

While the sensitivity of currently available commercial time-resolved
fluorescence techniques may only slightly exceed that of optimally designed
125]-1abelled immunometric assays, some promising avenues for further
development exist. The simple expedient of concentrating the sample within
the light path (Nguyen, Keller et al. 1987) or introducing more
chromophores per antibody molecule may provide an order of magnitude
increase in sensitivity (Hemmila, Dakubu et al. 1984). Improvements in
instrument design may increase the intensity of the excitation radiation
through more powerful lamps or appropriate lasers (Dechaud, Bador et al.
1986; Letokhov 1985), improve the efficiency of collection of the emitted
fluorescence, and introduce the possibility of simultaneous multiple analyte
determinations (Ekins 1989b).



Further development of new fluorescent labels and improvements in
instrumentation applied to optimally designed immunoassay methods will
provide a widely acceptable replacement for the radiotracers now in use and
permit the development of more practical and convenient ultra-sensitive
methods of analysis.



PART III. ASSAY DEVELOPMENT AND VALIDATION
CHAPTER 10. IMMUNORADIOMETRIC ASSAY OF TSH
INTRODUCTION

The measurement of TSH by radioimmunoassay has been diagnostically
useful. However TSH RIA has commonly had insufficient sensitivity to
permit distinction of pathologically low levels of circulating hormone from
normal euthyroid levels. As outlined in Chapter 2, impairment of the
stimulatory effects of TRH on the release TSH from the pituitary has been
used to confirm the diagnosis of hyperthyroidism where T4 measurements
alone are suspect and to confirm the diagnosis of hypothyroidism secondary
to hypopituitarism or hypothalmic dysfunction. Although
radioimmunoassays for TSH with a specificity satisfactory for diagnostic
purposes in most physiological circumstances have been developed even
minor reactivity of HCG may result in TSH measurements erroneously

elevated in samples from pregnant subjects or those with tumors releasing
HCG.

Assay methods for TSH with enhanced sensitivity and specificity have been
shown to have improved diagnostic efficiency (Seth, Kellett et al. 1984;
Woodhead and Weeks 1985). Such methods might also provide new
knowledge in investigations aiming to clarify the normal function of the
HPT axis in pregnancy (Price, Griffiths et al. 1989). Theoretical grounds
outlined earlier in this study (Jackson, Marshall et al. 1983) predict potential
for greatly improved sensitivity and specificity in a two-site non-saturation
immunoassay technique.

Attempting to develop a two-site assay for TSH with enhanced performance,
I studied the affinity and specificity of antibodies against TSH. I examined
the epitope reactivity of the antibodies and selected combinations of
antibodies which could simultaneously bind TSH for further study. I
labelled antibodies to varying specific activities with 1251, coupled
antibodies to a microcrystalline cellulose solid support, and developed two-
site immunometric TSH assays while investigating the principles of theory
and design developed earlier in this study.



MATERIALS AND METHODS

Two polyclonal antibodies against TSH, S1779 and S1783, had been
previously produced by Dr. R. Chapman (Middlesex Hospital Medical
School). Monoclonal antibodies against TSH were produced by Dr. A.
Thakur (Middlesex Hospital Medical School) by a modification of the
method of Kohler and Milstein (Kohler and Milstein 1975) (see Chapter 6).
Diethylaminoethyl(DEAE)-Sephadex, microcrystalline cellulose, 1,1-
carbonyldiimidazole, glycine-HCl, Chloramine T and sodium metabisulfite
(NaMBS) were products of the Sigma Chemical Company. Nal25] was a
product of Amersham International, PLC. TSH used for immunization and
labelling was a product of Behring/Calbiochem. TSH assays were
standardized using the International Reference Preparations, 68/38 and the
more recent 80/558, supplied by the National Institute of Biological
Standards and Controls. LH (68/80) and FSH (69/104) were also supplied
by the NIBSC. HCG (Profasi, injection, B.P.) was supplied by Serono
Laboratories. Scintillation counting of 1251 radioactive products was
performed in an NE1600 multichannel gamma counter.

Purification of Antibodies

The IgG fraction of the antibodies was first purified from the neat antiserum
(polyclonal) or from ascites fluid (monoclonal) by precipitation with
saturated ammonium sulfate (Fulton 1989) and dialyzed against a low salt
buffer according to the following protocol.

Preparation of IgG Fraction from Antisera or Ascites Fluid

1.  One volume of normal saline (0.9% NaCl aq.) was mixed with
two volumes of antisera or ascites fluid.

2. Two volumes of saturated ammonium sulfate solution was
added slowly to the stirring antibody solution. The mixture was
stirred for a further 30 minutes and allowed to stand overnight
at 4° C.

3.  The precipitate was then centrifuged at 2000 X g for 30 minutes
at 4° C, washed with a 5 ml. aliquot of 40% saturated
(NH4)2S0O4 and recentrifuged.



4.  The pellet was then resuspended in 1.0 ml. aq. 0.9% NaCl and
dialyzed against 200 volumes of .05 M borate buffer, pH 8.0 for
6 hrs. at room temperature and 16 hrs. at 4° C.

Antibodies thus purified were suitable for coupling to solid-phase. Before
labelling, the monoclonal antibodies were further purified by ion-exchange
chromatography on DEAE-Sephadex (Fulton 1989) according to the
following procedure.

Ion Exchange Purification of Monoclonal Antibodies

1. A one millilitre aliqout of dialyzed antibody in .05 M
phosphate, 10 mM NaCl buffer was applied to a DEAE-

Sephadex column (50 X 5 mm) and eluted with a gradient from
10 - 500 mM NaCl in .05M POg4 at about 24 ml./hr.

2. One ml. fractions were collected. The protein concentration of
the fractions was monitored by absorbance at 280 nm. Binding
activity was examined in studies using 125I-TSH and a PEG
precipitation. The fractions containing the major antibody peak
were retained and pooled. The antibody, thus purified, was
stored in 5 mg aliquots for iodination.

Solid Phase Coupling

Antibodies were coupled to microcrystalline cellulose activated with 1,1
carbonyldiimidazole to form a particulate solid phase suspension by the
method of Bethell (Bethell, Ayers et al. 1979) as modified by Chapman
(Chapman, Sutherland et al. 1983). Accordingly, micro-crystalline cellulose
(5 gms.) was activated with 0.15M CDI (.61 gms in 25 ml. acetone) for 60
minutes at ambient temperature. The activated solid was collected on a
GF/C glass filter, washed with acetone (3 X 100 ml.), air dried, and stored
dessicated at -20° C. One ml. aliquots of IgG fractions of antibodies,
prepared as above and diluted to contain about 3 mg. protein, were rotated
with 200 mg. of the activated cellulose for 16 hrs. at ambient temperature.
Unreacted protein, recovered by collecting the supernatant and two washes
with 1 ml. aliquots of buffer, was estimated by absorbance at 280 nm. The
solid was further washed under rotation with 2 X 1 ml. with borate buffer (30
minutes each), 2 X 1 ml. with 0.1 M acetate, pH 4.0 (30 minutes), 1 X 1 ml.
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with acetate buffer (16 hours), and 2 X 1 ml. with 0.5% BSA-PBS. Solid-
phase antibody preparations were then stored in 0.5% BSA-PBS at 4° C.

Radioiodination Techniques

TSH and various monoclonal antibodies were labelled with radioactive
125jodine by the chloramine T method (Greenwood, Hunter et al. 1963).
The polyclonal antibodies were labelled by the method of Chapman
(Chapman, Sutherland et al. 1983) whereby the antibodies were adsorbed to
TSH-microcrystalline cellulose. The antibody-TSH-cellulose complex is
then iodinated by the Chloramine T method (Greenwood, Hunter et al. 1963)
and the antibody subsequently eluted in a low pH glycine buffer. Polyclonal
antibodies against TSH were adsorbed to the TSH cellulose and the complex
subjected to iodination with chloramine T. Aliqouts of the compound to be
iodinated (2 mg of TSH or 5 mg of antibody in 20 ml.) were reacted in 10
ml. 0.5 M PBS buffer (pH 7.4) with 1 mCi Nal25] (10 ml., 15 mCi/mg) and
10 mg of Chloramine T (10 ml.) for 60 seconds. The reaction was quenched
with 50 mg of NaMBS (50 ml.), mixed with 200 ml. of 0.5% BSA-0.1 M
PBS and purified on Sephadex G-50 column eluted with 0.5% BSA-PBS.

Binding Studies

Preliminary estimates were made of the specific and non-specific binding of
1251 TSH to solid phase antibody suspension at various times, temperatures
and concentrations of the solid phase reagent. Conditions were selected
which gave good binding and low non-specific binding. The rate of binding
of 125]-anti-TSH McAb 2A12 was assessed in timed incubation with 3B11-
cellulose (100 l. of 1:300 dilution) pre-reacted with TSH (1.0 mU in 100
ml.). An interference assay (Soos and Siddle 1982) was used to examine the
effect of varying concentrations of soluble antibodies on the binding of trace
1251 TSH to solid-phase antibodies.

The immunoactive fraction of radiolabeled preparations was estimated by
repeated sequential incubation with an appropriate immunosorbent. The
specific activity of 1251 TSH and the affinity of the solid-phase antibodies
for TSH was estimated by saturation analysis with increasing concentrations
of 1251 TSH (hot); and with trace levels of 125 TSH and increasing levels of
unlabeled TSH standard (cold). Using an estimate of the specific activity
based on the yield of the iodination reaction, analysis of the binding data
gives an estimate for the binding capacity of an antibody preparation in
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terms of radioactivity (hot) or TSH concentration (cold). Assuming that the
1251 TSH and the TSH standard bind to the same site, this permits a revised
estimate of the specific activity of the 125] TSH.

Substituted into the original analysis, the new estimate of specific activity
may cause slight changes in the estimate of the binding capacity from the
cold experiment, but within a few such iterations (usually only two) a stable
estimate of the specific activity is found. Given that an accurate estimate of
specific activity is obtained, the affinity from the hot experiment is related to
that from the cold experiment by the active fraction of the radioactive tracer.

In a similar fashion, the binding of labelled antibody can be analyzed. An
appropriate solid-phase antibody, ie. one which binds TSH with high affinity
yet does not inhibit the binding of the test antibody to TSH, is incubated at
an appropriate concentration of TSH standard. In a preliminary experiment
a solid-phase thus prepared to contain a high concentration of TSH binding
sites can be sequentially incubated with the labelled antibody preparation to
estimate its active fraction.

To estimate the specific activity and affinity of the labelled antibody a solid
phase is prepared by incubation of the solid phase antibody at an appropriate
concentration with a low level of TSH standard such that the solid phase
binds all (or nearly all) of the TSH. The solid-phase thus contains a known
amount of available TSH binding sites for the test antibody. Analysis of the
saturation characteristics of the reaction between the labelled antibody and
this solid-phase TSH preparation yields an estimate of the affinity of the
labelled antibody which can then be compared to that estimated for the solid-
phase antibody and the soluble unlabeled preparation.

The specificity of the various antibodies was qualitatively determined from
the percentage of 125I-labelled TSH or LH that bound to test antibodies
adsorbed to polystyrene tubes.

Two-Site Assay Design -

Sandwich assays for TSH were set up using the pair of antibodies, 2A12 and
3B11, found in the preceding studies to have the highest affinity and an
epitope specificity that did not exclude simultaneous binding to 125]-TSH.
Two alternative assay designs were investigated. The one-step protocol
included simultaneous incubation of sample, solid-phase antibody, and
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labelled antibody for 16 hours at 4° C. The two-step technique tested
consisted of a 4 hour incubation of sample with solid-phase antibody, an
intermediate wash and a subsequent incubation of 16 hours with labelled
antibody at 4° C. Both protocols were performed with sample volumes of
100 pl., total incubation volumes of 300 pl. and a double wash with 1 ml. of
PBS at the end of the assay.

The sensitivity and specificity of the alternative assays was assessed.
Precision profiles were determined under varying conditions from analysis
of replicate determinations within an assay by a data analysis program
produced by the World Health Organization (Edwards and Ekins 1983).

The most promising assay, a one-step technique using 1251-2A12 and 3B11
coupled to microcrystalline cellulose, was further evaluated. Results by the
new IRMA on serum samples (n=30) were compared with results by RIA
(Cobbold Laboratories, Middlesex Hospital) using the Amerlex 125I-TSH
radioimmunoassay kit). Preliminary studies also compared results by this
RIA method with those of both the one-step and two-step IRMA assays in
samples from euthyroid pregnant subjects (n=8).

The apparent TSH concentration given by preparations of LH, FSH and
HCG was determined by the addition of test hormone to the one-step assay
in the absence of TSH. The blocking cross-reaction of urinary HCG  was
more thoroughly investigated by studying the effects of several
concentrations of HCG (0 - 250 IU/ml.) on the measurement of standard
TSH. These effects were examined for both one-step and two-step sandwich
assays and with 2A12 and 3B11 antibodies alternatively used on the solid
phase or radioiodinated.

RESULTS
Antibody Purification, Coupling and Immunoactivity

Precipitation of the IgG fraction of polyclonal antisera S1779 by the
ammonium sulphate method yielded 1.48 mg of protein from 0.1 ml. and 60
mg from 3 mls of neat antisera. Neat S1783 gave 7.7 mgs of protein from
0.5 ml. aliquot. Precipitation of 3B11 and 15A2 monoclonal antibodies from
ascites fluid gave 5.6 mg (from 2 mls.) and 17.8 mg (from 3 mls)
respectively. DEAE purification of 3.5 mgs of 3B11 yielded 0.7 mgs of
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purified antibody. Purification of 5.2 mgs of 4A10 gave 1.85 mgs of
purified preparation.

Cellulose which had been freshly activated coupled 53, 53 and 57 % of the
IgG from solutions at 1.0, 0.4 and 0.2 mg/ml. Cellulose which had been
stored dessicated for 9 months at -20° C gave 42, 24 and 8% efficiency at the
same levels of IgG.

TSH (20 mg) was coupled to freshly activated cellulose (100 mg in 1.0 ml.).
Of the 96 mU of TSH added, 0.4 mU and 0.15 mU were recovered in the
supernatant and first wash respectively. The coupling of TSH thus appears
to be greater than 99% efficient.

The binding of TSH to solid-phase antibody was found to proceed at a rate
characterized by t1/2 of about 100 minutes. Since the non-specific binding
of TSH (to cellulose coupled with non-immune IgG) rose only very slowly
with time, an incubation 16 to 18 hours was adopted.

The immunoactive fraction and specific activity of TSH iodinated by the
chloramine T method averaged 85% (75%-97%, n=7) and 5.4 x 1018 dpm
per mole (2- 6 x 1018 dpm/mole, n=6). An example of the comparison of
"hot" and "cold" Scatchard plots for the calculation of the affinity of the
labelled TSH is shown in Figure 10.1.

Similar analysis was used to determine the affinity and binding capacity of
all monoclonal antibodies coupled to microcrystalline cellulose. The
binding of 125I-TSH and 125I-LH to antibodies adsorbed to polystyrene
tubes served as an index of the specificity of the antibody. The class of the
antibodies was determined by Dr. A. Thakur. Table 10.1 summarizes these
characteristics of the antibodies.

The inhibition studies for the various monoclonal and polyclonal antibodies
under investigation are shown in Figures 10.2-10.7. Table 10.2 summarizes
the results of this epitope analysis.
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Figure 10.1 The Scatchard plot of the binding of TSH to
4A10 McAb on microcrystalline cellulose. The LIGAND
program produces the best fit to the data, the solid line
representing the specific binding and the broken line showing
the non-specific binding for the cold Scatchard experiment (m).
The data from the hot scatchard is also plotted (Q) for the
specific activity (S.A.) which yield the same binding capacity
(Q) in concentration units. The apparent affinity for the hot
scatchard data would be explained by an active fraction shown
in the Figure.

Table 10.1 Characteristics of Antibodies

ID No. Ig Class %B/T K Q
SubClass 125TSH  125LH (x109M-D) (nM)

2A12 G2a 40 9 1.7+£0.2 22

4A10 G2a 35 6 1.7+£0.2 18

6B6 G 33 8 0.4%0.1 15

3B11 G 44 0 0.5+0.2 6

4B12 M 33 0

4D1 Gi 0 39

3D4 M 28 0 2.6+0.7 0.2

1D7 G2b 34 6 0.8+0.2

5G9 Gi 30 6 1.3+0.4 3.0

$1779 37+19 230
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Table 10.2  Summary of Epitope Binding Studies
ID No. ID No. of cellulose-coupled antibody
Blocking Ab 1D7 2A12 3B11 3D4 4A10 5G9 6B6  S1779

1D7 1 1 P P 1 1 1 P
2A12 21 54 P P 58 68 32 P
3B11 P P 9 5 N N — P
3D4 P P 1 1 N N — P
4A10 18 34 P P 39 29 30 P
4D1 P P N N N N N P
5G9 1.5 1.8 P P 1.4 2 1.7 P
6B6 3 4 P P 3 5 6 P
S1779 P 0.6 6 1.5 — ? ? 1
2A12 Asc. 11,000 32,000 P P — 27,000 15,000 P
S1783 P 1 6 2 — P ? 1

Two classes of antibody were identified, those specific for the a-subunit and
those specific for the B-subunit. Monoclonal antibodies 3B11 and 2A12
were selected for further study as the two antibodies with the highest
affinities which could simultaneously bind TSH. The polyclonal antibodies
S1779 and S1783 were also found to have specificity charactenstlcs similar
to the B-subunit reactive monoclonals.

125] Jabelled monoclonal antibodies were found to have an active fraction of
12% for the IgG fraction of ascites to 47 - 52% for antibody purified from
ascites by DEAE chromatography. Specific activity of 1251-2A12 was
estimated at 5 x 1017 for the iodinated IgG fraction. Iodination of DEAE
purified antibody yields a product with a specific activity of 2.0 x 1018
dpm/mole. The apparent affinity of labelled 2A12 in its reaction to adsorbed
TSH of 5.4 + 1.6 X 109 M-1 was higher than that observed for the same
antibody coupled to micro-crystalline cellulose in its reaction with soluble
TSH (1.7 x 109 M-1). The specific activity of 125]-3B11 was estimated at
1.9 x 1017 dpm/mole with an affinity of 3 x 108 M-1, similar to to that for
the antibody coupled to microcrystalline cellulose (5 x 108 M-1).

Figure 10.8 exemplifies the analysis of binding data to determine the affinity
of the 125]-1abelled antibodies. In this case, 5.3 pU of TSH standard were
incubated with 3B11 McAb coupled to microcrystalline cellulose and
varying amounts of 1251-2A12 McAb (530,000 to 900 cpm) in 0.3 ml. The
data points represent the mean of triplicate determinations; the solid and
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broken lines represent the fit to the data by the Apple Ile version of the
LIGAND program, given a specific activity calculated to yield a binding
capacity equal to the concentration of TSH in the incubation and an active
fraction of 0.5 independently determined.

0.1 +

0.08 LS K = 5.44 E+9 /mole
Q=1.16E-11 M

0.06 I\, S.A.=2.04 E18 dpm/mole
AF.=0.5

B/F ~
004 4
0.02 4
NSB = .004 .
0 f—4— —_— e Ny i
0 4E-12 8E-12 1.2E-11 1.6E-11

1251-2A12 Bound (moles TSH/I)

Figure 10.8 A Scatchard plot of the binding of 1251-2A12
MCcADb binding to 1.14 x 1011 M TSH 80/558 adsorbed to solid-
phase 3B11 McAb assuming the specific activity (S.A.) and
active fraction (A.F.) of the labelled antibody as shown.

Assay Design and Precision

Representative standard curves from assays using McAb 3B11 on
microcrystalline cellulose and 1251-2A12 in single-step and two-step
protocols are shown in Figure 10.9. Standard curves from assays using
McADb 2A12 on microcrystalline cellulose and 1251-3B11 in single-step and
two-step protocols are shown in Figure 10.10. The precision profiles for the
one-step assays using 1251-2A12 at various concentrations are shown in
Figure 10.11.
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Figure 10.9  Typical standard curve obtained using 125]-
2A12 and 3B11-cellulose in one -step simultaneous incubation
(m) or the two-step protocol (X).
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Figure 10.10 Typical standard curve obtained using 1251-
3B11 and 2A12 coupled to microcrystalline cellulose in one -
step incubation (m) or the two-step protocol (U).
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Figure 10.11  Calculated precision profiles for a one-step
IRMA using 3B11-cellulose with 125]-2A12 at various
concentrations (n=40 for each curve). Curve A - 580,000 cpm

or 1.4 nM uncorrected for active fraction; curve B - 0.5 nM,
curve C - 0.16 nM; curve D - 0.05 nM and curve E - 0.017 nM .

Experimentally the best sensitivity, 0.08 pU/ml, was obtained using a
concentration of labelled antibody of 1.4 nM, the highest tested. Assuming
counting error to be the major source of error at the limit of sensitivity an
optimal sensitivity of 2.8 x 10-14 M (or 0.013 pU/ml. for a 100 pl. sample) is
predicted by Equation 19 (Chapter 7) where, by Equation 18, the
concentration of labelled antibody required is 0.6 x 10-2 M. The predicted
sensitivity is considerably lower than that found above, but it was noted that
the imprecision of the response of the zero standard was roughly twice that
from counting error alone. In further experience the experimental sensitivity
reached .04 pU/ml using 125]-2A12 at a concentration of 0.5 nM.

Comparison of Results by IRMA with RIA

Serum samples with TSH levels up to 30 pU/ml by the Amerlex TSH RIA
kit (Cobbold Laboratories, Middlesex Hospital) were assayed by the single
step IRMA method using 3B11-cellulose and 1251-2A12. The correlation of
the results, and the linear functional relationship (Deming 1943) is shown in
Figure 10.12.
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Figure 10.12  Correlation and linear functional relationship
between results by the one-step IRMA (1251-2A12) and the
Amerlex RIA kit (n=30).

Although the results by this one-step technique correlated well with results
by RIA on these samples, results on samples from 8 pregnant subjects were
much lower than by the RIA method. The discrepancy between the
methods, illustrated in Figure 10.13, was eliminated in the two-step
technique.
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Figure 10.13 Correlation and linear functional relationship
between results by the two-step IRMA method and RIA ( »)
compared with results by the one-step IRMA assay on the same
samples( X).

Antibody Cross-Reaction and Assay Specificity

FSH, LH and HCG had only negligible effects on binding of labelled
antibody in the absence of TSH. (See Figure 10.14) This apparent cross
reaction could be a result of trace levels of TSH which may be present in the
preparation rather than true cross-reaction.
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Figure 10.14  Cross-reaction of FSH, LH, and HCG in a one-
step assay employing 3B11-cellulose and 125]-2A12

The addition of urinary HCG could reduce the apparent recovery of added
TSH depending on the antibodies and the incubation schemes employed.
Added HCG blocked the formation of the sandwich complex in the
simultaneous incubation assay where the labelled antibody was reactive
against the a-subunit, ie. 2A12 (Figure 10.15). Similar but less pronounced
effects were found when the B-specific antibody, 3B11, was employed as a
label in either the simultaneous or sequential incubation protocol (Figures
10.16 and 10.17). The blocking effect of added HCG only became
insignificant when the B-specific antibody was employed on the solid-phase
and an intermediate wash step was used (Figure 10.18).
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Figure 10.15 The effect of added HCG on the response to
TSH using 3B11-cellulose and 125] 2A12 in simultaneous one-
step incubation with test solutions.
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Figure 10.16 The effect of added HCG on the response to
TSH using 2A12-cellulose and 1251 3B11 in simultaneous one-
step incubation with test solutions.
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Figure 10.17 The effect of added HCG on the response to
TSH using 2A12-cellulose and 125] 3B11 in a sequential two-
step protocol introducing an intermediate wash step
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Figure 10.18 The effect of added HCG on the response to
TSH using 3B11-cellulose and 1251 2A12 in two-step incubation
with an intermediate wash.
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DISCUSSION

The monoclonals I investigated had lower affinity than the polyclonal
antibodies, but were obtained in good purity at relatively high concentration
by ion exchange chromatography of the IgG fraction from ascitic fluid.

As has been observed elsewhere (Siddle and Soos 1983), the antibodies
produced against TSH could be divided into two classes based on their
specificity: those specific for TSH and those also reactive with LH. The
successful two-site binding of TSH required one of the antibodies selected
from the a-subunit specific class and the other from the B-specific class.

As had been suggested by the earlier theoretical analysis, the sensitivity of
assays was found to be highest when the affinity of the labelled antibody
was high and when concentration of the labelled antibody was of the order
of the inverse of the affinity constant.

Results by the one-step IRMA technique correlated well with results by RIA
on a range of clinical samples. The sensitivity of the one-step IRMA offered
the potential for distinguishing TSH levels characteristic of hyperthyroid
subjects from expected euthyroid values and for providing the precise
measurements within the euthyroid range required for proposed studies of
normal thyroid function in pregnancy. However I found results by the one-
step technique artefactually low in serum from pregnant subjects - an
artefact not present in the less sensitive two-step technique.

The cross-reaction of preparations of purified FSH, LH, and HCG in
sandwich assays employing the optimal pair of monoclonal antibodies was
low. As has been noted elsewhere (Newman, Menabawey et al. 1985), the
cross-reaction was not a constant percentage activity. However at an
equivalent of 2.5 pU/ml TSH, reactivity was = 3% for FSH, 0.005% for LH,
and 0.0006% for HCG.

But the effects of cross-reaction of compounds in a sandwich assay can take
other forms (Boscato, Egan et al. 1985). Compounds which contain one, but
not both, of the epitopes required for formation of the sandwich may inhibit
successful formation of the sandwich resulting in a negative bias in the
measurement of the target hormone. An assay of TSH employing an
antibody specific for the a-subunit is subject to such effects from the
reaction of the a-subunit of other glycoprotein hormones. In particular
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during pregnancy, HCG may produce a profound bias in TSH
measurements.

It has been proposed that a relative lack of specificity by the solid-phase
antibody, although compounded by its high concentration, would not result
in deterioration of assay performance since it is unlikely, in any event, to be
significantly saturated by cross-reactants (Hazra and Ekins 1982b; Wada,
Danisch et al. 1982). I found that the blocking effects of HCG on assays
employing a cross-reacting antibody on solid-phase was less than the effects
on the one-step assay employing the specific antibody on the solid support.
However, HCG at levels expected in normal pregnancy still introduced a
significant negative bias in measured TSH levels in assays with "excess"
cross-reactive antibody on the solid-phase. In my studies significant biasing
effects by HCG on the assay were only eliminated when the specific
antibody was used on the solid-phase and the unadsorbed HCG was washed
away in an intermediate step before the addition of the labelled cross-
reacting antibody.

However the intermediate wash step introduced additional variability,
increased the non-specific binding of the labelled antibody, and reduced the
binding of the labelled antibody; all with deleterious effects on assay
sensitivity. Attempts to reduce this effect, and retain the sensitivity, by more
thorough washing, alternative buffers, varying incubation times, etc. were
unsuccessful. The assays developed with these monoclonals proved either
insufficiently sensitive in the two-step protocol or insufficiently specific in
the simultaneous incubation procedure. They were therefore unlikely to
prove satisfactory for the proposed studies of thyroid function during
pregnancy.

I did find that the specific antibody was best employed on the solid-phase to
provide, in effect, an immunoextraction on the basis of the that antibody's
specificity. This seems to contradict the expectation that an excess
concentration of the solid-phase antibody would eliminate the significance
of its cross-reactivity in determining the overall specificity of the assay
(Hazra and Ekins 1982b). However, the concentration of HCG in pregnancy
is as much as 100,000 times that of TSH. It is not surprising that "excess"
solid-phase antibody (relative to the binding affinity X concentration of
TSH) is not sufficient to eliminate the blocking effects of HCG (ie. not an
"excess'" relative to the affinity X concentration HCG). The use of solid-
phase antibody at concentrations in excess of the HCG binding potential
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might have provided the greater assay specificity predicted in other assay
systems faced with lower levels of cross-reactants.

More importantly I found that the sensitivity of the sandwich assay varied in
accord with the general predictions of the theory developed earlier in this
thesis in several respects. These experiments thus support the arguments
advanced on the basis of the theory that the factors which most significantly
limit the sensitivity of the sandwich immunoassay are the non-specific
binding characteristics of the labelled antibody, its affinity and specific
activity or detectability.

Concurrent with this work, investigators at LKB/Wallac, with whom I had
been collaborating, discovered two monoclonal antibodies reactive with the
B-subunit of TSH. Collaborative research between LKB/Wallac and the
Department of Molecular Endocrinology (including Dr. S. Dakubu, Dr. N.
Marshall, Prof. R. Ekins and myself) led to the invention and practical
development of a technique for the elution and measurement of Eu+*3 ions
(by time-resolved fluorescence) from a chelate-antibody complex. A highly
sensitive and specific non-isotopic assay for TSH which employed two 3—
TSH specific antibodies was developed as a commercial reagent kit. This
technique, embodying the theoretical principles outlined earlier, promised to
prove particularly appropriate for planned studies of thyroid function in
pregnancy.
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CHAPTER 11. IMMUNOFLUOROMETRIC ASSAY OF TSH

INTRODUCTION

Common radioimmunoassay methods for serum TSH have often suffered
significant cross-reaction of the similarly structured serum HCG and have
not usually offered the sensitivity required for reliable measurements near
the lower limit of the euthyroid range. I was unable to produce an assay for
TSH with the requisite combination of sensitivity and specificity using
monoclonal antibodies produced at the Middlesex Hospital. However highly
sensitive immunometric assays for TSH were being introduced at the time of
these studies (Imagawa, Ishikawa et al. 1982; Piaditis, Hodgkinson et al.
1985; Seth, Kellett et al. 1984; Tseng, Burman et al. 1985). These new TSH
assays (Leb, Passath et al. 1987) have promised to help answer some
important questions about thyroid function in pregnancy.

Although the measurement of basal TSH by sensitive immunoassay has been
suggested as providing the best single indicator of thyroid status (Seth,
Kellett et al. 1984; Woodhead and Weeks 1985) it has also been suggested
that the interpretation of TSH measurements during pregnancy may require
gestational age related reference ranges (Gow, Kellet et al. 1985; Newman,
Menabawey et al. 1985). Most recent reports show that serum TSH levels
are higher in late pregnancy than in the first trimester, but there is less
agreement on the relative levels of TSH in early pregnancy.

Some of these discrepant results in pregnancy may have arisen through
cross-reactions of other glycoprotein hormones in the two-site immunoassay
(McBride, Rodgerson et al. 1987) which has, until recently, been
insufficiently examined (Berghout, Endert et al. 1988; Boscato, Egan et al.
1989).

For reasons outlined in Chapter 6, the time-resolved fluorescence
measurement of Eu*3 chelates provides a promising alternative tracer
methodology for use in immunoassay applications. A reagent kit employing
this tracer technology and two antibodies which bind to distinct sites on the
TSH B-subunit was selected for further evaluation (Kaihola, Irjala et al.
1985). The standardization of the kit, its sensitivity and its specificity, with
particular emphasis on suitability for studies on thyroid function in
pregnancy was examined. The effects of exogenous HCG on estimates of
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plasma TSH and the degree of bias in measurements of TSH in subjects
early and late in pregnancy was studied.

MATERIALS AND METHODS

The TSH assay examined here, a "two-site” (or sandwich)
immunofluorometric assay, has since become commercially available
(Delfia TSH, LKB/Wallac, Finland). It employs one monoclonal antibody
specific for intact TSH labelled with an EDTA-Europium ion (Eu+3) chelate,
and another monoclonal antibody, specific for the f-TSH subunit, adsorbed
to a polystyrene microtitre strip. After simultaneous incubation of the
sample or standard with the two antibodies, the Eu*3 is extracted from the
bound antibody as a fluorescent complex and measured in an ARCUS 1230
time-resolved fluorometer (also LKB/Wallac) (Dakubu, Ekins et al. 1984).

Preliminary evaluation included establishing optimal conditions for
formation of the highly fluorescent Eu*3 chelate. The effects on the
fluorescent yield of various levels of two alternative -diketones, thenoyl-
trifluoroacetic acid (TTA) and alpha-naphthyltrifluoroacetic acid, in a
mixture with the synergistic agent tri-n-octylphosphine oxide (TOPO) and a
detergent Triton X-100 in acetate buffer (.01 M, pH 3.5) were studied. The
B-diketones were dissolved in ethanol, diluted in Triton X-100 before final
dilution to the concentrations studied. a-NTA, TTA, TOPO and Triton X-
100 were supplied by Sigma Chemical Co.

I measured the apparent affinity and specific activity of the labelled antibody
by analysis of its binding to 0.45 pU TSH (80/558) adsorbed to solid-phase
antibody as for 1251 labelled reagents (Chapter 10). The data were analyzed
using the Apple II version of LIGAND found in Addendum II. The specific
activity and the affinity constant of the labelled antibody were both obtained
from scatchard analysis with specific activity estimates yielding an
extrapolated binding capacity of 0.45 pU TSH.

I determined the precision profile characteristics of the method at several
concentrations labelled antibody (3 x 1010 to 1 x 108 counts per second) by
analysis of the replicates in assays of plasma samples (n=50) with a range of
TSH levels (0.0 - 50 pU/ml.). Data was analyzed using the WHO
immunoassay program, version 5.1 (Edwards and Ekins 1983). The
sensitivity of the technique was calculated as the expected variability (one
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standard deviation) in TSH concentration resulting from the expected error
in the response in the absence of TSH, ie. at the zero standard point.

SUBJECTS AND STUDIES

Serum samples for preliminary evaluation of the method were selected to
cover a range of TSH levels from samples previously analyzed by RIA in the
Department of Chemical Pathology, Middlesex Hospital Medical School.

In one experiment, I measured the apparent TSH concentration in TSH
standards to which purified HCG (0 to 32 IU/ml., 75/537, NIBSC) had been
added. To further investigate the potential effects of cross-reactants on the
assay, TSH (0 to 10 uU/ml., 80/558, NIBSC, Mill Hill, London) was added
to serum pools prepared from samples from (i) thyrotoxic non-pregnant
women, (ii) normal pregnant women early in pregnancy, (iii) normal
pregnant women late in pregnancy, (iv) thyrotoxic women in early
pregnancy, and (v) thyrotoxic women in late pregnancy. Using the series
prepared from the addition of TSH to sera from thyrotoxic non-pregnant
women as a standard, the apparent "recovery" of the added TSH in the other
pools was calculated by regression of the measured TSH concentration
against the concentration of TSH added.

RESULTS
Enhancement Solution

The fluorescence yield of Eu*3 chelates formed in mixtures with varying
concentrations of TTA and a—NTA is shown in Figure 11.1. The effect of
varying concentrations of TOPO on the time-resolved fluorescence of
mixtures with TTA and a—NTA are shown in Figures 11.2 and 11.3. The
effects of various levels of TTA on the fluorescence at several
concentrations of TOPO are shown in Figure 11.4. I found enhancement
optimal when the final concentrations of a-NTA and TOPO were 10uM and
200 puM respectively and when the concentrations of TTA/TOPO were 500
mM/100 mM.

Fitting the binding data shown in Figure 11.5.using the LIGAND computer
program as described yielded affinity and specific activity estimates for the
Eu+3 labelled antibody supplied by LKB/Wallac (Product #5401 from
Medix, Oy) of 3.7 x 1010 M-1 and 1.78 x 1018 cps-mole-1, respectively.
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Figure11.1  Relative time-resolved fluorescence of 5 x 10-10
M Eu*3 as a function of the final concentration of the -
diketone in .0IM acetate buffer (pH 3.5) with 1 % Triton X-100.

TOPO concentration was 50 uM with TTA and 100 UM with o—
NTA.
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Figure 11.2  Relative time-resolved fluorescence of 2 x 10~
9M and 5 x10-11 M Eu+3 as a function of the concentration of
TOPO in .0IM acetate buffer (pH 3.5) with 1 % Triton X-100
and 500 uM TTA.
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Figure 11.3  Relative time-resolved fluorescence of 5 x 10-10
M Eu+3 as a function of the concentration of TOPO in .0IM
acetate buffer (pH 3.5) with 1 % Triton X-100 and 10 uM o—
NTA.
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Figure 114  Relative fluorescence of 1 x10-9 M Eu*3 with
50 to 2000 uM TTA and 25, 50 and 100 uM TOPO in .0IM
acetate buffer (pH 3.5) with 1 % Triton X-100
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Figure 11.5  Binding of Eu*3 labelled antibody at various
concentrations to 0.45 uU TSH preadsorbed to solid phase
coupled antibody overlayed with the line representing the
affinity constant and specific activity.

Since the reagent blank and instrument background constitute the major
component of the signal in the absence of TSH I used equations developed
for these circumstances, ie. where M>>NSB. In this instance M averaged
1700 cps while K3 was estimated at 5 x 10-3. Using Equation 16 the
predicted optimal concentration of tracer is 2.02 X 10-9 M and the predicted
sensitivity is 9.27 X 10-14 M by Equation 17. This is equivalent to 0.9 x 106
cps of tracer/tube and 0.0036 pU TSH/tube (0.07 pU/ml. with a 50 pl
sample).

The precision profiles of the TR-IFMA methodology are shown in Figure
11.5 at various concentrations of the labelled antibody. Estimates of the
sensitivity were 0.2, 0.05 and 0.12 pU/ml. at 1 x 105, 1 x 106, and 1 x 107
cps/well. The experimental conditions I found to yield optimal sensitivity,
0.05 pU/ml. sensitivity at 1 x 106 cps/well, are close to the predictions from
the theoretical analysis above, 0.07 pU/ml. at 0.9 x 106 cps/well and to the
expectations of the manufacturer of 0.03 pU/ml. sensitivity at 3 x 106
cps/well. Further studies were performed using tracer at the dilution
suggested by the manufacturer.
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Figure11.6  Precision profiles of assays for TSH using time-
resolved fluorescence detection of Eu+3 labelled antibody at
various concentrations.

Recovery Studies

The addition of purified urinary HCG to a range of TSH standards produced
no detectable negative bias (Figure 11.7). The results obtained from the
analysis of TSH standard added to various serum pools (Figures 11.8 and
11.9) showed a reduced recovery of TSH of about 5% only in measurements
in the early pregnancy pool (Table 11.1).
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Figure 11.8  Linear regression of the concentration of
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Figure11.9  Linear regression of the concentration of
standard TSH (80/558) added with the levels found in pooled
sera from euthyroid women, early and late in pregnancy.

Table 11.1 Recovery (%) of TSH (80/558) Added to Serum Pools by the
Immunofluorometric Assay

Euthyroid Thyrotoxic
Early Pregnancy 95.1 944
Late Pregnancy 99.0 98.2

DISCUSSION AND CONCLUSION

The effects of varying levels of B—NTA are similar to those expected on
theoretical grounds. It has been shown that the relative fluorescence yielded
by various chelants is a predictable function of the formation constants or the
complex and the molar absorptivity of the reagents. It has also been shown
that such experimental data can be used to estimate the formation constants
for new chelants. The concentrations of TTA and TOPO I found optimal,
(500 uM, and 100 uM respectively) gave significantly greater fluorescence
than the levels of 100 uM TTA and 500 uM TOPO reported in a study of
alternative -diketones (Taketatsu 1982). The addition of excess TOPO did
not appear to have a deleterious effect on fluorescence of the resulting
chelates, but fluorescence was reduced at concentrations of either 3-diketone
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outside the optimum as predicted by physico-chemical analysis(Dakubu,
Ekins et al. 1984). The concentrations of a-NTA and TOPO I found optimal
(10 uM and 100 pM, respectively) for the fluorescence of Eu*3 were
identical to those used in a previous report of a physico-chemical model of
the chelating reactions (Dakubu, Ekins et al. 1984) and were not
significantly different from the levels, 15uM and 50 uM respectively,
adopted by the manufacturer (Lovgren, Hemmila et al. 1984).

The relationship between the sensitivity of the TR-IFMA TSH assay and the
concentration of the labelled antibody was consistent with the theoretical
model advanced in Chapter 7. There was no clear experimental evidence of
enhanced sensitivity at other concentrations of labelled antibody examined
and the optimal concentration predicted on theoretical grounds was similar
to that suggested by the manufacturer. Subsequent studies were performed
according to their recommendations.

The low levels of TSH in euthyroid subjects and extensive homology of
TSH with other glycoprotein hormones, particularly in the a-subunit, has
meant that TSH immunoassays have not generally been sufficiently sensitive
or specific for reliable measurements in pregnant subjects (Kannan, Sinha et
al. 1973).

Early reports generally relied on conventional RIA techniques for TSH
which often suffer a positive bias as a result of cross reaction with HCG.
Newer, more sensitive, "two-site" immunometric assays also promise greater
specificity (Ekins 1981b; Hazra and Ekins 1982a), although the potential
effects of the cross-reaction of similarly structured hormones (or their
subunits) on the results of such assays has only recently been studied
(Berghout, Endert et al. 1988; Boscato, Egan et al. 1989). HCG (or any
other cross reacting hormone) may negatively bias "two-site"” TSH assay
results by blocking the binding of TSH in the sample to either the labelled
antibody or the "capture” antibody (Soos, Taylor et al. 1984) and, indeed,
preliminary reports have suggested a degree of negative bias in samples with
elevated HCG. This effect has, for example, been invoked (Gow, Kellet et
al. 1985) to explain observations, by an IRMA method, of decreased and
occasionally undetectable TSH levels in some euthyroid pregnant women.

Typically in reports where the bias in TSH measurements has been
investigated, the extent of bias has been estimated by observation of the
effects of the addition of purified HCG on the measurement of TSH
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standards (eg., Weeke, Dybkjaer et al. 1982). However, this type of
interference test may be inappropriate where the immunoactivity of the
purified HCG may differ from that of the native serum hormone, or where
other potential cross-reacting hormones, eg. choriotropin (Hennen, Pierce et
al. 1969; Hershman and Starnes 1969), may be present.

It has been suggested that thorough examination of this problem requires
investigation of the "recovery" of TSH standard in blood samples from
individual thyrotoxic pregnant women (Gow, Kellet et al. 1985). This
procedure is hampered by the inadvisability of drawing the large amounts of
blood required for a thorough study from an individual pregnant subject.
Furthermore, the significance of the results of such a study on a thyrotoxic
subject could be questionable since a putative choriotropin might also be
under some level of feedback control by thyroid hormones.

In this study, I examined the "recovery" of purified TSH added to serum
pools from thyrotoxic and euthyroid women, both early and late in their
pregnancies. I observed a negative bias of 5% in the measurement of TSH
by the IFMA technique in the serum pooled from either thyrotoxic or
euthyroid subjects early in pregnancy. There was no significant bias in the
TSH measurements in subjects late in pregnancy. As long as the extent of
this bias is recognized, the IFMA method may be useful in assessment of
TSH levels during pregnancy.

This bias was not paralleled by a similar effect upon the addition of purified
(urinary) HCG to TSH standards. The possibility that other cross-reacting
substances in the serum pools are responsible, at least in part, for the
observed bias in the assays of TSH is not precluded.
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CHAPTER 12. ANALOGUE AND TWO-STEP FT4 ASSAYS

INTRODUCTION

It is commonly accepted that the free thyroid hormone moiety in serum
constitutes the physiologically active material, and that metabolic status
correlates with serum concentration of FT4 and/or FT3 (Robbins and
Bartalena 1986). Though this proposition has been recently challenged by
several groups (eg., contributions in Albertini and Ekins 1982), the clinical
value of free thyroid hormone measurements is not seriously questioned.

Such measurements obviate the diagnostic errors arising from a reliance on
total hormone measurements in circumstances in which the normal
relationship between total and free hormone concentrations in blood is
disturbed, eg. when concentrations of serum thyroid hormone binding
proteins are abnormal, when auto-antibodies exist in the circulation, or when
endogenous or exogenous competitors for hormone binding are present.

In the past few years a number of methods have become commercially
available purporting to yield FT4 values following a single direct
measurement and, although the validity of some of these techniques remains
controversial, the measurement of 'free’ thyroid hormones in serum has been
rapidly adopted as a routine test of thyroid function. These methods are
usually evaluated on the basis of two closely interrelated but distinct claims;
that they measure FT4 and that they are diagnostically useful. In studies of
thyroid hormone levels during pregnancy in this thesis, the free hormone
concentration per se is of principal interest. Assessment of an assay's
performance must therefore centre on its analytical validity, and the extent to
which any inaccuracies of the FT4 estimates which it yields affect its
usefulness in this respect.

In this Chapter my examination of the two-step and the single step analogue
FT4 methods centres on changes in the maternal physiology which might
reduce the analytical accuracy of the methods. Particular attention has been
directed to the physico-chemical basis of the methodologies as discussed in
Chapter 8, and to testing the validity of the claim that they measure the free
hormone concentration, irrespective of the bound hormone level in the
system.
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I examined the overall reproducibility of the methods, and compared the
results yielded in normal subjects, and in subjects in which the normal
balance between free and bound moieties is likely to be disturbed (eg.
pregnant subjects, subjects with elevated or reduced TBG, and those taking
oral contraceptives), with results obtained using a well validated equilibrium
dialysis reference method (Ellis and Ekins 1973).

MATERIALS AND METHODS

Equilibrium Dialysis Reference Method

Serum samples (100 pt1.) were diluted with an equal volume of buffer (.01M
HEPES, 0.1M NaCl, .001M NaN3_ pH 7.4) and dialysed against 5.0 ml. of
the same buffer in specially designed PTFE pots at 37° C in a shaking water
bath for 18 hours. T4 in the dialysates was analyzed by a sensitive RIA.
HEPES and T4 were products of the Sigma Chemical Co.

Two-Step FT4 Method

I compared a simple two-step FT4 method (Ekins 1983) with the ED/RIA
reference technique. Anti-T4 antibody was coupled (Chapman, Sutherland
et al. 1983) to micro-crystalline cellulose (Sigma) and suspended in buffer
(.01% pigskin gel, .01M HEPES, 0.1M NaCl, .001M NaN3, pH 7.4).
Standard sera were prepared by stripping T4 from normal human serum
using ion exchange resin, adding appropriate amounts of T4 standard, and
measuring the FT4 concentration in the standards by the ED/RIA method
above. Aliquots of test sample or standard were incubated with an amount
of solid-phase antibody which bound less than 1% of the total T4 from
normal serum. Following an overnight incubation at 37° C, the solid-phase
was washed thoroughly with HEPES buffer (3 X 2 ml.) to remove serum
proteins and unbound T4. 1251-T4 was then added for a further incubation of
2 hours at room temperature. After a final wash with HEPES buffer, the
bound 1251-T4 was counted on an NE1600 multi-channel gamma counter.
The FT4 concentration of the samples was calculated by comparison with
the FT4 standards using a program supplied by the World Health
Organization (Version AS.1) for an Apple Ile microcomputer.

Amerlex FT4 Reagent Kit

I also compared a popular commercial single step analogue FT4 method, the
Amerlex FT4 reagent kit (Amersham International PLC, U.K.) with the
ED/RIA reference technique and the two step technique. According to the
manufacturer's directions, aliquots of test sample or standard (0.1 ml.) were
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incubated for 1 hour at 37° C with 0.1 ml. of a suspension of antibody
coupled to latex beads and 0.1 ml. of the 125] labelled tracer solution
supplied. Following the addition, the tubes were centrifuged, the
supernatant decanted, the bound 125] tracer was counted and calculations
performed as described above.

Samples

Seven serum pools with FT4 concentration from 2 to 45 pM (by ED/RIA)
were aliquoted and stored at -20° C for analysis in six assays specifically
designed to assess the precision and drift of the methods. Three pooled
control sera were also analyzed in each of 11 subsequent assays of clinical
samples to provide additional information on the intra-batch precision.

Serum samples were collected from 217 subjects, aliquoted, and stored at -
20° C until analysis. Subjects included 36 euthyroid volunteers, 8
hypothyroid and 15 hyperthyroid patients, 31 women at various stages in
pregnancy, 11 women taking oral contraceptives, 13 subjects with elevated
TBG and 4 with low TBG, 3 subjects with familial dysalbuminemic
hyperthyroxinemia (FDH), 1 with depressed albumin, 4 with anti-T4
antibodies, 18 with various non-thyroidal illness (NTI), 17 undergoing
various drug therapies, 12 diabetics, 20 treated hypothyroid patients and 21
treated hyperthyroid subjects.

FT4 estimates by all methods were obtained by analysis of dilutions of
serum pools (1:1 to 1:5 in .01M HEPES, 0.1M NaCl, .001M NaN3, pH 7.4)
from normal euthyroid volunteers, subjects taking oral contraceptives,
pregnant subjects (2nd trimester), and subjects with elevated TBG.

Pooled serum from euthyroid laboratory staff, from diabetic subjects and
from a euthyroid individual after strenuous exercise (1 hr, running),
aliquoted and stored at -20° C, was used to evaluate the effects of sample
storage conditions on assay results. Individual aliquots were thawed and
held at 4° C, room temperature (~16° C) and 37° C for up to 7 days prior to
analysis by both methods.

Measurements

The 7 serum pools were analyzed sequentially 12 times in 6 batches by the
ED/RIA and analogue methods, thus 72 single measurements were made of
each pool. Control samples were analyzed twice, in duplicate, in the
subsequent assays of clinical material to provide additional estimates of
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overall imprecision of the method. Precision profiles of all assays were
computed by the WHO Immunoassay Analysis Program (version AS.1) from
the observed error in duplicates to provide additional information on intra-
batch precision (Edwards and Ekins 1982).

I measured the FT4 concentration in each of the clinical samples in duplicate
in two independent batches to reduce the effects of any inter-batch
variability and increase the precision of each result. I calculated the linear
relationship by Demings regression (Deming 1943; Parvin 1984) and the
linear correlation of the results by both the two-step method and the
Amersham kit against the results by the ED/RIA reference technique
obtained on the 59 sera from uncomplicated hyper-, hypo- and euthyroid
subjects. This relationship was used to normalise, and thus permit direct
comparison of, the mean and expected range of the euthyroid results. Based
on the average precision of 10% CV over the range of 5 to 40 pM FT4, an
‘error envelope' was constructed around the fitted linear relationship between
the methods and ED/RIA which is expected to include 99% of paired results
where this relationship is maintained. In addition, the results on samples
from subjects with altered TBG (pregnant, on oral contraceptives, with TBG
excess or deficiency) were compared against the expected euthyroid range.
The serum dilutions and the sera used in the storage study were similarly
assayed twice, in duplicate.

RESULTS

Intra-batch, mean intra-batch, and overall coefficient of variation of results
from the precision study (I) is overlayed with the mean intra-batch precision
profile generated from assays of clinical material in duplicates (II) are shown
for the methods (Figures 12.1, 12.2 and 12.3). For easier comparison, the
estimates of intra-batch precision at the borders of the expected euthyroid
range from the precision study (I) and the estimates obtained from the
analysis of duplicates are drawn out in Table 12.1. In general, the ED/RIA
technique showed the poorest precision and the Amerlex reagent kit the best.
The precision of the two step technique was slightly better than that of the
ED/RIA reference method method. For all methods the intra-assay precision
obtained in the precision study was poorer than that derived from the
duplicate analysis of samples. This additional imprecision seemed to be
reflected in the higher CV's which were observed in the analysis of three
control sera (Low, Mid, and High QC).
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Figure 12.1 A comparison of the intra-batch (¢), mean
intra-batch(+) and overall C.V. (m) from the precision study and
the precision profile calculated from the intra-batch duplicates
by the Equilibrium Dialysis/RIA reference method.
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Figure 12.2  Precision of the two step method is shown as
the mean precision profile from analysis of five batches (error
bars represent one standard deviation).
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Figure 12.3 A comparison of the intra-batch (), mean
intra-batch(e) and overall C.V. (m) from the precision study and
the precision profile calculated from the intra-batch duplicates
by the Amerlex FT4 reagent kit

Table 12.1  Precision in %CV of FT4 Estimates from the Precision Study (I), from
Assays of Duplicates (I), and from QC Pools
Hypo-Euthyroid Eu-Hyperthyroid

Border Border Low Mid High

I I I I QC QC QC
ED/RIA 15 8 10 6 20 11 10
Two step 9 9 9 8 4
Amerlex 10 3 7 4 8 4 3

Results by the two-step and the Amerlex method, paired with those by
ED/RIA, for sera from hyper-, hypo-, and euthyroid subjects were well
correlated with a slope and intercept of the linear functional relationship
approaching ideality (Figures 12.4 and 12.5). Based on the analysis of 36
euthyroid volunteers, I found expected ranges which compare well with
previously published values reviewed elsewhere (Robbins and Johnson

1978). These results and normalized reference ranges are summarized in
Table 12.2
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Figure 12.4  Correlation of the results by the two step
method with those by ED/RIA on samples from hyperthyroid
(m), hypothyroid (+), and euthyroid (0)patients.
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Figure 12.5  Correlation of results by the Amerlex reagent
kit with results by ED/RIA on hyperthyroid (m), hypothyroid
(), and euthyroid (0 )patients.
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Table 12.2  Observed Euthyroid Ranges, Correlation of Kit Results With ED/RIA, and

Normalised Expected Ranges
Euthyroid Range (pM) r  Slope Intercept Normalised Range
Suggested Found (pM)  Mean (2SD) (pM)
ED/RIA 9.0-22.0 11.3-21.1 1.00 1.00 0.0 16.4 (5.3)
Two-step 9.0-22.0 10.3-20.7 097 1.09 -20 16.1 (4.8)
Amerlex 8.8-23.2 114-22.8 097 1.12 -1.7 16.8 (5.5)

The results on sera from subjects with altered TBG are shown in Figure
12.6. Note the apparent decrease in FT4 in late pregnancy by all methods
and the resultant misclassification of some of these subjects when results are
compared against the euthyroid range.
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Figure 12.6;  Results by the Equilibrium Dialysis/RIA
reference method on samples from subjects in the first (m),
second () and third (#) trimester of pregnancy, taking oral

contraceptives () and with elevated (a) or decreased (A) levels
of TBG.
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Figure 12.7  Results by the two-step FT4 method on samples
Jrom subjects with altered TBG levels as described in the
legend for Fig. 12.6.
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Figure 12.8  Results by the Amerlex FT4 method on samples
from subjects with altered TBG levels as described in the
legend for Fig. 12.6.

The number of individual results obtained on sera from subjects with altered
T4 binding which differ significantly from ED/RIA (by the established linear
relationship) is shown in Table 12.3 and illustrated in Figure 12.9 and 12.10.
No significant discrepancies were noted in the results for sera from treated
hyperthyroid, treated hypothyroid or diabetic patients.
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Table 12.3  Number of FT4 Estimates Significantly Different (+/-3SEM) from
ED/RIA in Subjects with Potentially Altered T4 Binding
Preg. (Trim.) O.C. TTBG ITBG FDH T4Ab NTI Rx
Ist 2nd 3rd
=5 22 4 11 13 4 3 3 18 17
Two step 0O 0 1 1 0 0 0 0 3 2
0O 0 O 1 1 1 3 2 10 S

n

Amerlex
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Figure 12.9  Results by the two step method compared with
results by ED/RIA on samples with altered levels of TBG,
overlayed with the expected linear functional relationship and
an error envelope representing +/- 3 SEM. Shown are results
on samples with high TBG (A), low TBG (m), Familial
disabuminemic hyperthyroxinemia (), anti T4 antibodies (a),
non-thyroidal illness (X) and taking various medication (1Q).

The FT4 estimates by the two-step technique and the ED/RIA reference
method on diluted serum samples were largely unaltered while the results by
the Amerlex kit were clearly reduced (Figure 12.11). No systematic
differences were seen in the effect of dilution on the FT4 estimates on the
four types of sera examined.
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Figure 12.10  Results by the Amerlex kit compared with
results by ED/RIA on samples with altered levels of TBG as
noted in the legend for Figure 12.9, overlayed with the expected
linear functional relationship and an error envelope
representing +3 SEM
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Figure 12.11  Effects of sample dilution of the FT4
concentration estimated by the ED/RIA reference method, the
two-step technique, and the Amerlex FT4 reagent kit.
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No distinct trends emerged from the study of sample stability. Serum FT4
estimates by all methods were essentially unchanged, even after sample
storage for seven days at 37° C (data not shown).

DISCUSSION

The relative complexity of the equilibrium dialysis/RIA method has spurred
interest in methodologically simpler techniques. The two step method was
developed primarily in an effort to provide a simpler procedure with
potentially greater routine reproducibility. The impetus for the development
of single step analogue methods was to further simplify the procedure, with
potential attendant improvements in reproducibility (particularly with regard
to assay drift, to which the two-step technique was notably subject) and
convenience.

I found the precision of both the two-step and the analo'él\?nethods generally
better than that of the ED/RIA reference method. However I found no
evidence of drift with either the two step technique or the analog reagent kit.
The Amerlex kit also showed only minor improvement in precision over the
two step technique.

In studies of other methods a wider normalized euthyroid range has been
postulated as indicative of an assays susceptibility to unknown, variable
factors within the normal population. The spread of the normalized
reference range for both the two-step method and the Amerlex kit was not
significantly different (p>.05) from that found for the ED/RIA technique.
Results by both methods on sera from hyper-, hypo-, and euthyroid subjects
without T4 binding abnormalities were well correlated with those of the
ED/RIA reference method with a nearly ideal linear functional relationship.
While the relationship with the reference method serves as a basis for
comparison of methods, this relationship neither reflects the diagnostic nor
the physiologic problems that FT4 methods are proposed to solve - namely
the status of the thyroid in circumstances where the level of thyroid
hormone-binding protein interaction is atypical.

The two-step method gave results within the expected range with both
extremes of TBG concentration in test samples and results by the two-step
method were comparable with estimates by ED/RIA in subjects with FDH.
Results on the samples from subjects with various forms of non-thyroidal
illness (NTI) by the two-step method were also consistent with those by
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ED/RIA. For subjects receiving drugs known to affect T4-protein binding
the two-step technique also yields results consistent with those of the
ED/RIA method.

Patients with elevated TBG (mean 48.1, range 27.7-100 mg/L) gave
increased FT4 by the Amerlex method (p<.05). FDH and T4 antibodies
induced the expected bias in the analogue kit results. The results on samples
from subjects with various non-thyroidal illness and receiving drugs known
to affect thyroxine binding to protein also correlated less well with results by
ED/RIA with roughly half greater than 3 SEM below values expected on the
basis of the kits previous correlation with the reference method.

A decrease in FT4 estimates, particularly in late pregnancy, was observed
with all methods in agreement with results in some other studies, and a
hypothesized TBG-enhanced delivery of T4 to the pituitary. However, this
effect is not universaly observed, even within this thesis, and very limited
data in this section on first and third trimester levels precludes drawing more
firm conclusions.

The dilution studies show that the FT4 estimates by either ED/RIA or the
two-step method are, as theoretically predicted (Oppenheimer and Surks
1964), essentially independent of serum concentration over the range
examined. On the other hand, the results by the Amerlex method on diluted
samples illustrate their dependence on some factor in blood other than the
free thyroxine level per se. The absence of significant differences in the
dilution effect between the various pools implies that there is no measurable
complicating effect from dialyzable or non-dialyzable inhibitors of T4
binding.

The disparity between results by ED/RIA and analogue methods on samples
containing elevated levels of non-esterified fatty acids, either produced in
vivo or in vitro, has led some proponents of analogue methods to postulate
that ex-vivo production of NEFA during the 24 hour 37° C incubation leads
to bias in the results by the ED/RIA technique, particularly in samples from
patients with severe non-thyroidal illness. Results of this study refute that
argument in two respects. First, the results by the two-step technique, with a
one hour 37° C incubation like that of the Amerlex method, agree with
results by ED/RIA on samples from the non-thyroidally ill. Secondly,
results were not significantly changed on a variety of serum pools even after
their incubation for seven days at 37° C.



































































































































































































































































































































































































































































































































































































































































































