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Intra-and InterindividualBiologicalVariationof FiveAnalytesUsed in
AssessingThyroidFunction:Implicationsfor NecessaryStandardsof
Performanceand the Interpretationof Results
Margaret C. K. Browning, R. P. Ford, S. J. Callaghan, and C. G. Fraser

lntra- and interindividual components of biological variation
have been determined for total thyroxin (TT4), free thyroxin
(FT4), total triiodothyronine (TT3), free tniodothyronine
(FT3), and thyrotropin (TSH). Calculated analytical goals
(CV, %) for the precision required for optimal patient care
are: TT4 2.5, FT4 4.7, TT3 5.2, FT3 3.9, and TSH
8.1. The marked degree of individuality demonstrated for
all hormones indicates that, if conventional population-based
reference ranges are used uncritically, major changes in
hormone concentration may not be correctly identified for
some patients because observed values continue to lie within
the reference range. At analyte concentrations approximat-
ing the mean values found in this study, and for analytical
performance meeting the appropriate analytical goal, the
differences required for consecutive results to be significantly
different (p 0.5) have been calculated as: 1T4, 14.7 nmol/L;
FT4, 5.7 pmol/L; 1T3, 0.6 nmol/L; FT3, 1.3 pmol/L, and TSH,
0.7 milli-int. unit/L.

AddItional Keyphrases:population studies reference inter-
val ‘ thyroxin thyrotropin ‘ triiodothyronine

Data on the biological variations of analyte concentra-
tions or other quantities have important uses in clinical
chemistry, including judging the usefulness of conventional
population-based reference ranges (1), assessing the true
significance of changes in results obtained for serial speci-
mens from a single patient, and determining the standards
of performance, or analytical goals, required to facilitate
optimal patient care (2).

Thyroid dysfunctions are common endocrine disorders
that can be readily and successfully treated. In mild forms,
or at an early stage of disease, the clinical symptomatology
may be somewhat nonspecific, commonly provoking lengthy
biochemical investigation in many patients, only a few of
whom will ultimately prove to have any abnormality of
thyroid function. A diagnosis is made, or aided, by compar-
ing the values observed for one or more relevant analytes
with reference ranges that are usually derived from analy-
ses of single specimens obtained from a large number of
apparently healthy individuals. If treatment is instituted,
the progress of individual patients is monitored by compar-
ing their concentrations of serum hormone with those for
the reference population, and with those obtained on previ-
ous occasions for the individual patient.

Five analytes-total thyroxin (TI’4), free thyroxin (FF4),
triiodothyronine (TI’3), free triiodothyronine (VF3), and thy-
rotropin (TSH)-are generally measured, either singly or in
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various combinations, to diagnose and to monitor the effica-
cy of treatment of thyroid disease.’ Which analyte or
analytes should be measured, particularly for the initial
identificationofpatientswith thyroid disease, is the subject
of controversy (3-6); moreover, each analyte may be esti-
mated by a plethora of methods, the performance character-
istics of which vary widely. Few attempts have been made to
establish objective analytical goals for precision for the
analytes used to assess thyroid function. In two studies(7,
8), the values for analytical goals for TT that were consid-
ered necessary by clinicians for adequate patient care were
widely divergent. However, standards of analytical perform-
ance so derived are based on subjective evidence, and
formulation of analytical goals by collation and quantifica-
tion of results of such surveys is likely to be unproductive
and often misleading-, moreover, the goals derived are likely
to be strongly influenced by the quality of analyses current-
ly available to the individual clinician (9). The state of the
art as determined from the results of interlaboratory quali-
ty-assessment schemes has also been used to determine
acceptable standards of assay performance (10-13). In this
strategy (9), the arbitrary goals set are usually based on the
performance achievable by the top 10% or 20% of labora-
tories participating; one cannot ascertain from such data,
however, whether or not the standard of analytical perform-
ance is adequate, or even surpasses what is truly required
for optimal care. Analytical goals based on studies of biologi-
cal variation have been defined for several analytes but, of
those used in the assessment of thyroid status, only TT (14)
has been previously studied.

Some studies on the intra-individual variation of TI’4 (15-
18), TF3 (17, 18), FT4 (18), and TSH (19), and of inter-
individual variation of TI’4 (15,16) and TSH (19) concentra-
tions in serum have been reported, but in no case have
analytical goalsfor imprecision been defined from the small
amounts of data available.

In this study, we have defined the contributions to the
overall variance of analytical, intra-, and interindividual
variance for each of the five analytes commonly used in the
assessment of thyroid disease, and have defined the mini-
mum analytical performance necessary for optimal patient
care.Data on intra- and interindividual variationcan also

be used to define the usefulness of reference ranges in the
identification of patients with disease. Previous studies (15,
16) of the biological variation of TI’4 suggest that this
hormone shows a high degree of individuality, which calls
into question the appropriateness of using population-based

‘Nonstandard abbreviations:‘Fr4, total thyroxin; Fr4,free thy-
roxin; ‘N’3, total triiodothyronine;YF3, free triiodothyronine;TSH,
thyrotropin; VA, analytical variance;V,. intra-individual variance;
V, interindividual variance; VAG, analytical goal for variance;
V, quality-assessment schemegoal for variance.



Subject
no.

Men

2
3
4
5
6

Women
7
8
9

10
11
12

40
25
31
26
28
40

44
22
46
32
23
37

CLINICALCHEMISTRY, Vol.32, No. 6, 1986 963

reference ranges to interpret results for individual patients.
Here we have calculated the index of individuality for each
of the five analytes used in assessing thyroid function.

Materials and Methods

Subjects. Twelve members of the laboratory staff (six men
and six women, ages 22 to 46 years) were recruited for the
study (Table 1). All the subjects were apparently healthy
and none had a history of thyroid dysfunction. During the
period of the study none took any medication or significant
quantities of alcohol; smoking habits were nonremarkable.
The subjects maintained their usual lifestyles during the
study.

Specimen collection and handling. Ten 10-mL blood speci-
mens were collected from each subject by conventional
venepuncture, with minimal venous occlusion, between
08:30 and 09:30 hours at two- to five-day intervals within a
five-week period. The same phiebotomist collected all the
specimens, from seated subjects. The specimens were al-
lowed to clot at room temperature, centrifuged at 3000 x g
for 15 mm at ambient temperature. We separated the
serum, divided it into aliquots, and stored these at -40 #{176}C
until analysis. On the day of assay, one aliquot of each
specimen from a single subject was thawed at ambient
temperature and thoroughly mixed before analysis.

Analytical techniques. For each specimen we measured
TI’4, FF4, TI’3, FF3, and TSH, as follows. TI’4 and TI’3 were
measured by using in-house radioimmunoassays, with anti-
sera obtained from the Scottish Antibody Production Unit
(Law Hospital, Carluke, Scotland) and [‘I]thyroxin and
[‘I]triiodothyrothne purchased from New England Nucle-
ar (Du Pont [U.K.] Ltd., Southampton, England). In the TI’
assay, antibody-bound hormone was separated by using
polyethylene glycol, whereas in the TI’3 assay we used a
double-antibody technique. Fr4 and FI’3 were measured
with the FT4 and Fr3 “Coat-A-Count” kits (Diagnostic
Products (U.K.) Ltd., Wallingford, England). TSH was mea-
sured by time-resolved fluoroinimunoassay with the DELFIA
reagent system and Arcus fluorometer (LKB-Wallac, Thrku
10, Finland).

The analytical protocol was designed to minimize analyti-
cal variance both within and between batches of analyses.
All specimens from the same individual were analyzed in
randomized duplicate within the same batch. Reagents,
calibrators, and quality-control materials from the same
sources were used for the analyses of all batches of each
analyte. All analyses for a particular analyte were carried

Table 1. CharacterIstics of the SubJect8 in the Study
Age,

yr SmokIng habits

Cigarotte smoker (15/day)
Nonsmoker
Nonsmoker

Cigarette smoker (10/day)
Nonsmoker

Pipe smoker(70 g/week)

Nonsmoker
Nonsmoker
Nonsmoker
Nonsmoker
Nonsmoker

Cigarettesmoker(10/day)

out by a single analyst and, except for TSH, were set up with
a microprocessor-controlled sample distributor (Tecan 505;
Laboratory Impex Ltd., Twickenham, Middlesex, England).

Calculation of results. Using analysis of variance tech-
niques, we divided the total variance into the components
attributable to analytical variance, intra-individual vari-
ance, and interindividual variance. Since all samples for
any one individual were analyzed within the same batch,
the analytical variance was calculated from the results of
the duplicate analyses of each sample. Only the second
value for each pair of duplicate results was used in the
calculation of intra- and interindividual variances because
using the mean of duplicate results would artificially reduce
the analytical error by a factor of 0.71, i.e., by Vi of
replicates.

Results and Discussion

The mean and range of values obtained for TI’4, TI’3, Fr4,
Fr3, and TSH for each of the 12 subjects are shown in Figure
1. We used these data to:

#{149}derive analytical goals required for the analyses used in.
identifying and monitoring patients with thyroid disease,

#{149}assess the usefulness of conventional population-based
reference ranges in identifying patients with thyroid dis-
ease, and

#{149}assess the changes required in serial results before
significance can be claimed.

Analytical Goals

It has been recommended (2,14) that analytical variance
should not exceed one-fourth of the relevant biological
variance. The relevant biological variance will be either
total biological variance or intra-individual variance, ac-
cording to the clinical use to be made of the results. As a
consequence of adoption of this recommendation, analytical
variation will contribute less than 20% to the total observed
variability. Using the data shown in Figure 1, we calculated
for each of the five analytes, the overall mean value; the
analytical (VA), intra-individual (V1), and interindividual
(VQ) variances; and the percentage of the total variance
attributable to each component (Table 2). In each case, the
analytical variance is <20% of the total biological variance
but >20% of the intra-individual variance. The analytical
goal to be achieved for identifying patients with disease and
for serially testing an individual is (2):

CVA #{189}CV1

where CVA = coefficient of variation attributable to the
analytical procedure, and CV1 is the intra-individual coeffi-
cient of variation. The use of coefficients of variation rather
than standard deviations allows analytical goals to be
related to concentration.

Table 3 shows the analytical goals for precision for
determinations of analytes used in the assessment of thyroid
function, and compares these with those calculated from
published data on the biological variation of TI’4 and TI’3.
The analytical performance achieved in this study is also
shown. The only analysis that, performed on single samples,
attains the analytical goal for precision is the TSH assay.
The decrease in error that is achievable by performing
replicate assays allows the analytical goal for Fr4 to be
achieved when assays are performed in duplicate. The
analytical performance of the methodology used to measure
the remaining analytes is, by the criteria defined above,
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Fig. 1. Parametric means and absolute ranges foriT1, Fl4, Tr3, Fl3,
and TSH results from 12 subjects
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TT4 92 nmol/L 16.6 13.2 4.4 22.0 17.4 5.1 87.5 69.4 10.2
FT4 19.2 pmol/L 1.3 13.0 5.9 3.3 33.3 9.5 5.4 54.0 12.1
TI3 1.70 nmol/L 0.022 12.7 8.7 0.03 17.9 10.4 0.12 69.4 20.4
FT3 5.4 pmoVL 0.17 9.3 7.6 0.18 9.9 7.9 1.5 80.0 22.5
TSH 1.34 milli-int. units/L 0.01 4.1 7.5 0.047 19.4 16.2 0.18 76.4 31.7
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Analytlcal (V,J, intra-individual(V1),and interindividual(V0)variance,the percentageofeachof totalvanance(V1), and thecoefficientsofvariationattributable
to analytical (CVfrJ, intra-individual (CV1), and nter-indMdual (CV0) variance of results from12 subjects.
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Table 2. Mean of All Results and Calculated Average Components of Varlancea
Components of varlancs

Intra-Indlvidual

inadequate for optimal patient care even when assays are
performed in duplicate. Other approaches to defining accept-
able standards of analytical performance depend upon sub-
jective rather than objective criteria. Although the current
“state of the art” may be assessedfrom the results of inter-
laboratory quality-assessment schemes, from which one can
attempt to define the performance that is currently achiev-
able, one cannot assess objectively whether this “goal” is
adequate for, or even surpasses, the standard required for

clinical use. The organizers of the U.K. National External
Quality Assessment Scheme for thyroid hormones accept
much lesser precision as “tolerable” (13) than that defined
from data on biological variation. For TI’4 and TI’3, a
variability of bias of <5% is considered ideal but <10% is
considered adequate. For Fr4, Fr3, and TSH, performance is
considered to be inadequate only when the coefficient of
variation of the bias exceeds 15%, 15%, and 25%, respective-
ly. The difference between the analytical goals derived from



TT4 FT4 Tr FT3 TSH 114
FT4
113

2.5 4.7 5.2 3.9 8.1

4.4 5.9 8.7 7.6 7.5

3.8
5.0

2.9

0.66
0.92
0.67
0.49
0.56
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Table 3. AnalytIcal Goals for PrecisIon (as CV, %),
ComparIson with PrevIously PublIshed Data, and

Analytical Performance In ThIs Study

Thisstudy
Calculated analytical

goal
Observed results
(singlicate assays)

Published data
15
16
17

studies of biological variation and “acceptable standards of
performance” as estimated from current analytical perform-
ance in external quality-assessment schemes serves to em-
phasize how much improvement in current analytical per-
formance is needed.

Attempts have also been made to assesswhat clinicians
regard as the standard of analytical performance required to
generate clinically useful results. In two studies (7, 8),
acceptable precision for TI’4 was said to be 3.7% and 28.7%.
This variation in what is considered acceptable probably
reflects the quality of analytical service to which clinical
staff had been exposed and the format of the clinical
questions posedin such surveys. Moreover, clinicians proba-
bly include pre-analytical and biological variation in such
estimates. Clearly, strategies for analytical goal setting that
contain a subjective component, e.g., clinical opinion and
assessment of the current state of the art, are less demand-
ing than those derived from the objective evidence of data on
biologicalvariation.Although achieving these goals may be
difficult with current methodology, nomethod istruly “good
enough for clinical use” untilithas attained them.

Usefulness of Conventional Population-Based
Reference Ranges

Population-based reference ranges include both intra- and
interindividual variation. The magnitude of the square root
of the ratio of intra- to interindividual variance has implica-
tions for the most appropriate choice of reference values,
because population-based reference ranges are of real value
only when the intra-individual variation approximates the
interindividual variation (20). If the intra-individual varia-
tion spans only a small part of the total range of values
found fora population, major changes in analyte concentra-
tion for a particular individual may go undetected if such
changes are interpreted only in the context of comparison
with a conventional population-based reference range.

The square root of the ratio of intra-individual variance to
interindividual variance and of the sum of analytical and
intra-individual variances to interindividual variance have
been calculated for each of the five analytes studied (Table
4). Even when analytical variance is included, all ratios are
less than unity. Thus, in an individual patient, results
outside the usual biological variation of that individual will
not be recognized by the naive application of conventional
population-based reference ranges (21). Removing the ana-
lytical variance emphasizes the insensitivity of population-
based reference ranges to changes in individuals; the ques-
tion must be posed as to how many patients with major
alterations in thyroid function remain undetected when the
results for only a single analyte are available and only a

Table 4. Ratios of Intra- to Interindlvldual Variance,
Including and Excluding_Analytical Variance

Analyt. V(VI + V4J/V0

0.50
0.78
0.51
0.34
0.50

simple comparison with reference ranges is made. The use of
multivariate tests (22)-e.g., the combination of Fr4 or TF
with TSH in suspected hypothyroidism, and of Fr4 or TI’4
with one of Fr3, TI’3, or TSH assays with low detection
limit-may be more effective in diagnosing disease (22).
Alternatively, the use of subject-specific reference values,
which have been derived from previous investigations of the
individual, may be a sensitive means of identi1ring changes
in hormone concentrations. A major disadvantage of this
approach in endocrine studies is that improvements in, and
alterations to, hormone methodology may so profoundly
affect the absolute values measured that longitudinal com-
parisons of data have limited use.

Significance of Serial Results from the Same Patient
The greater the analytical and intra-individual variation,

the greater the difference must be between results from
erial specimens before they can be said to be significantly
different.

For p 0.05, the difference required for significance is
±2.8 VVA + V1. Table 5 shows the difference required
between successive results for this level of significance to be
attained as calculated, first, from the data on VA and V1
from this study; secondly, from the analytical variance
equal to the analytical goal (VAG) calculated from intra-
individual variance; and thirdly, from the criteria for mini-
mum acceptable performance in the U.K. National External
Quality Assessment Scheme for thyroid hormones, with use
of the mean value for each analyte from this study to
convert the coefficient of variation into variance (Vq.). The
data used in these calculations are for values found in
healthy individuals. For values below and above the refer-
ence limits, the precision of the analytical method may be
less, particularly for ligand binding assays. As yet no data
are available on the biological variation of thyroid hormones
in patients with thyroid disease. The data given in Table 5
emphasize the importance of using assays with high preci-
sion if patients are to be followed sequentially. However, for
analytes with a high intra-individual variation, one must
appreciate that, even if the precision is good,relatively large
differences between the results from sequential specimens
will be required before they can be said to be significantly
different.

In conclusion, the data derived in this study demonstrate
the following:

#{149}analytical goals derived from data on biological variation
for TI’4, Fr4, TI’3, Fr3, and TSH indicate that the standard
of analytical performance generally achieved at present
may not be adequate for ideal patient care;

#{149}population-based reference ranges are of limited value
for the interpretation of results of measurements of TI’4,
Fr4, TI’3, FI’3, and TSH in that major changes in an
individual may go undetected because of the high degree of
intra-individual variance for these hormones; and



Table 5. Differences In Consecutive Values Required before Results Are Significantly Different (p <0.05) at Various
Standards of Precision

UnIts
nmol/L
pmoVL
nmoIfL
pmol/L

milli-int. unit/L

966 CLINICALCHEMISTRY, Vol. 32, No. 6, 1986

-a

114
FT4
113

3
TSH

ThI5 study:
±2.8 VV1 + VA

17.4
6.0
0.6
1.7
0.7

Analytical goal:
±2.8 VV, + VAO

14.7
5.7
0.6
1.3
0.7

U.K. Schem&’
±2.8 VV, + V0

28.9
9.5
0.7
2.8
1.7

U.K Nationai External QualityAssessmentScheme.

#{149}the large untra-individual variation exhibited by TI’4,
Fr4, TI’3, Fr3, and TSH means that, even when analytical
goals for precision are met, relatively large differences
between sequential results are required before two values
can be said to be significantly different; the use of method-
ology with poor precision will greatly magnifr the differ-
ences required to reach significance.
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