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Within-Subject Variability and Analytic
Imprecision of Insulinlike Growth Factor
Axis and Collagen Markers:
Implications for Clinical Diagnosis
and Doping Tests
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David J. Handelsman,3 Ray Kazlauskas,2 and Ken K. Ho1*

BACKGROUND: The utility of insulinlike growth factor
(IGF) axis and collagen markers for a growth hormone
(GH) doping test in sport depends on their stability
and reproducibility. We sought to determine shortterm within-subject variability of these markers in a
large cohort of healthy individuals.
METHODS:

We measured IGF-I, IGF binding protein 3
(IGFBP-3), acid labile subunit (ALS), and the collagen
markers N-terminal propeptide of type I procollagen
(PINP), C-terminal telopeptide of type I collagen (ICTP),
and N-terminal propeptide of type III procollagen
(PIIINP) in serum samples obtained on multiple occasions (median 3 per participant) over a 2- to 3-week
period from 1103 elite athletes (699 men, 404 women)
ages 22.2 (5.2) years [mean (SD)]. We estimated between-subject and within-subject variances by mixed–
effects ANOVA.

RESULTS:

Within-subject variance accounted for 32%
to 36% and 4% to 13% of the total variance in IGF
markers and collagen markers, respectively. The
within-subject CV ranged from 11% to 21% for the
IGF axis markers and from 13% to 15% for the collagen
markers. The index of individuality for the IGF axis
markers was 0.66 – 0.76, and for the collagen markers,
0.26 – 0.45. For each marker, individuals with initial extreme measured values tended to regress toward the
population mean in subsequent repeated measurements. We developed a Bayesian model to estimate the
long-term probable value for each marker.
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CONCLUSIONS: These results indicate that in healthy individuals the within-subject variability was greater for
IGF-I than for the collagen markers, and that where a
single measurement is available, it is possible to estimate the long-term probable value of each of the markers by applying the Bayesian approach. Such an application can increase the reliability and decrease the cost
of detecting GH doping.

© 2008 American Association for Clinical Chemistry

Serum concentrations of insulinlike growth factor I
(IGF-I),5 which together with IGF binding protein 3
(IGFBP-3) and the acid labile subunit (ALS) forms the
circulating IGF-I ternary complex, are clinically useful
markers for the management of growth disorders and
metabolic diseases (1–3 ) and for cancer development
and progression (4 – 6 ). Specific peptides related to
collagen synthesis and degradation, such as the Nterminal propeptide of type I procollagen (PINP) and
the C-terminal telopeptide of type I collagen (ICTP),
are used clinically in the management of bone disease
(7 ). The N-terminal propeptide of type III procollagen
(PIIINP) is a marker of type III collagen turnover in
connective tissue (8 ) that is used clinically to monitor
growth (9 ) or clinical conditions such as liver fibrosis
(10 ) and prognostically in atherosclerotic disease (11 ).
The serum concentrations of these IGF axis and collagen markers also increase in response to growth hormone (GH) (12–15 ), indicating the potential of these
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I procollagen; ICTP, C-terminal telopeptide of type I collagen; PIIINP, N-terminal
propeptide of type III procollagen; GH, growth hormone; RTM, regression to the
mean.

5

IGF and Collagen Markers

GH-responsive proteins in detecting exogenous GH
administration (16 ).
The utility of a marker, both clinically and for a
GH doping test, depends on its sensitivity and ability to
discriminate a normal value from an abnormal value.
The sensitivity and discriminatory values are, in turn, a
function of the stability of these markers over time,
which can be assessed by within-subject variability and
analytic imprecision. Conceptually, the variation of a
biochemical marker can be partitioned into 2 major
sources, between-subject and within-subject variation,
and the latter further partitioned into normal biological variation and analytical (random) imprecision of
the method of measurement.
Despite the importance of IGF axis markers in
clinical and scientific practice, the sources and magnitude of these markers’ variability have not been well
documented. One recent study in normal subjects reported considerable short-term within-subject differences in IGF-I and indicated the need for caution in the
use of risk ratios based on single measurements in the
clinical setting (17 ). Most studies to date on short- to
long-term within-individual variability of bone turnover markers were based on older women (18 –21 ). No
data are available, however, on the stability and reproducibility of the IGF axis and collagen markers in
young, healthy athletes; such data are required for the
application of these markers to a GH doping test.
In this study, we sought to determine the shortterm within-subject variability of the markers IGF-I,
IGFBP-3, ALS, PINP, ITCP, and PIIINP in a large cohort of ⬎1000 elite athletes. The within-subject variability was partitioned into biologic and analytic variability and was compared to the between-subject
variability to assess the implications of this variability
in the clinical setting and the use of these markers to
detect GH doping in sport.
Materials and Methods
PARTICIPANTS

The participants [n ⫽ 1103, ages 22.2 (5.2) years, mean
(SD)] were elite athletes, defined as having competed
at state or regional level or higher during the previous
12 months. The athletes, who were at least 14 years old,
were required to declare by questionnaire that they
had not taken GH, IGF-I, erythropoietin, or any substance known to enhance red blood cell formation
during the previous 2 months. The samples were originally collected as part of a study to determine reference ranges for markers of altered erythropoiesis in
elite athletes (22 ), and we have previously defined the
influence of demographic factors and sporting type
on GH-responsive markers in this cohort (23 ). The
participants represented 10 major sporting categories

and were recruited from 12 countries representing 4
major ethnic groups: Caucasian, Asian, African, and
Oceanian and others, which included those who reported mixed ethnic origin and those who declined to
report ethnic origin. The study was approved by the
Ethics Committee of the Australian Institute of Sport
and written informed consent was obtained; blood
samples and demographic data provided for this study
were coded and not personally identifiable.
MEASUREMENTS AND LABORATORY ANALYSIS

Blood samples were collected from volunteers on a
casual basis, that is, at random with regard to the time
of day, food intake, exercise, and competition, as described (22 ), representing the out-of-competition setting. The day and time of collection and the time since
the athlete had last exercised or competed were recorded. We collected 3 venous samples on average
from each athlete over a 2- to 3-week period. The median number of samples per subject was 3 (range 1–10).
We stored serum samples at ⫺80 °C before analysis. The stability of these analytes after storage at ⫺80 °C
has been indicated by previous studies (24, 25 ). We
measured IGF-I by RIA after acid-ethanol extraction
(26 ) and IGFBP-3 and ALS using polyclonal antibodies (27, 28 ). The intraassay CVs were IGF-I 5.9%,
IGFBP-3 4.6%, and ALS 5.4%. The markers ICTP
(intra- and interassay CVs ⬍10%), PINP (intra- and
interassay CVs ⬍9% and ⬍12%, respectively), PIIINP
(intra- and interassay CVs ⬍7% and ⬍12%) were measured in serum by use of competitive RIAs (Orion
Diagnostica) in the same assay batch.
DATA ANALYSIS

The study design— collection of multiple measurements per subject over a relatively short time—allows
comparison of the magnitude of variation that exists
between individuals relative to the magnitude of variation within each individual. Accordingly, the total
variance of each marker was partitioned into 2 broad
components, between-subject and within-subject variance, with the latter being further partitioned into 2
subcomponents, 1 due to biological variation and 1 due
to analytic variation. The within-subject variability was
subsequently transformed into the original unit of
measurement to yield the SD and then expressed as the
CV relative to the mean. Estimates of variance components were obtained using a compound symmetric
covariance structure in the mixed-effects ANOVA,
using the nlme package within the R language (29 ).
Full details of the analysis are shown in the Data Supplement (see Data Analysis) that accompanies the online version of this article at http://www.clinchem.
org/content/vol54/issue8.
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Table 1. Characteristics of study subjects and serum concentrations of IGF and collagen markers.a
Baseline variable

Men

n
Age, years
Weight, kg

Women

All

699

404

1103

22.6 (5.4)

21.4 (4.4)

22.2 (5.1)

60.3 (8.5)

69.6 (14.5)

178.0 (9.2)

75.0 (14.6)

167.1 (8.2)

174.0 (10.2)

23.5 (3.3)

21.6 (2.2)

22.8 (3.1)

Caucasian

354 (50.6)

236 (58.4)

590 (53.5)

Asian

223 (31.9)

126 (31.2)

349 (31.6)

African

82 (11.7)

27 (6.7)

109 (9.9)

Oceanian and others

40 (5.7)

15 (3.7)

Height, cm
Body mass index, kg/m2
Ethnicity, n (%)

IGF-I, g/L
IGFBP-3, mg/L

a

55 (4.5)

154.8 (45.6) 关4.98 (0.31)兴

161.9 (52.4) 关5.02 (0.33)兴

157.4 (48.3) 关5.00 (0.32)兴

3.6 (0.60) 关1.28 (0.18)兴

3.9 (0.61) 关1.34 (0.18)兴

3.7 (0.62) 关1.30 (0.18)兴

ALS, nmol/L

283.7 (47.9) 关5.63 (0.19)兴

324.7 (58.8) 关5.76 (0.20)兴

298.8 (55.8) 关5.68 (0.20)兴

PINP, g/L

121.0 (90.0) 关4.60 (0.56)兴

85.2 (54.9) 关4.28 (0.51)兴

107.8 (80.7) 关4.48 (0.56)兴

ICTP, g/L

6.5 (3.0) 关1.78 (0.40)兴

5.6 (1.6) 关1.68 (0.30)兴

6.2 (2.6) 关1.75 (0.37)兴

PIIINP, g/L

5.4 (2.3) 关1.63 (0.34)兴

5.1 (1.5) 关1.58 (0.29)兴

5.3 (2.0) 关1.61 (0.33)兴

Values are mean (SD) unless noted otherwise. Figures in square brackets were calculated from logarithmic transformed data. Parts of this table have been published (23).

In addition, we computed the coefficient of reliability (R), which is defined as the ratio of the betweensubject variance to the total variance (the sum of
between- and within-subject variances) (30 ), for each
marker. This coefficient can be viewed as the degree
to which individuals’ marker values remain relatively
consistent over repeated measurements, or as a measure of the correlation between probable values and
measured values. We also computed the index of individuality as described in the online Data Supplement
(see Data Analysis). The presence of within-subject
variability raises the issue of regression to the mean
(RTM) (31 ) and the probable value for an individual.
Therefore, in a further analysis, we assessed the RTM
effect by comparing the change between consecutive
measurements, and we estimated the probable value as
described (32 ) using a Bayesian model, further detailed
in the online Data Supplement (see Data Analysis).
Results
Among the 1103 elite athletes in the study, approximately 63% were men and the majority (54%) were
Caucasian, followed by Asian (32%), African (10%),
and Oceanian and others (4.5%) (Table 1). Although
the within-subject SDs were correlated with the means,
there were no appreciable differences in the withinsubject SDs across sexes or age groups. Also, because
the analyses did not reveal any systematic variation be1270 Clinical Chemistry 54:8 (2008)

tween ethnicities or sport type with respect to betweenand within-subject variances, the results are presented
for the entire sample.
In all markers, the within-subject SDs were positively correlated with their means (r ⫽ 0.35– 0.57),
which violated the assumption of homogeneity of variances. Therefore, subsequent analyses were performed
on natural logarithmic–transformed values. All logtransformed IGF axis and collagen markers were normally distributed, with no appreciable difference in the
between-subject variances across age groups.
VARIANCE COMPONENTS

Between-subject variance formed a major component
of the variance of the markers, accounting for 64% to
68% of the total variance of IGF axis markers and 87%
to 96% of total variance of collagen markers (Table 2).
Thus, within-subject variance accounted for between
4% and 36% of the total variance of the markers and
was higher for the IGF axis markers (32%–36%) than
for the collagen markers (4%–13%). Most of the within-subject variance was attributable to biological variability (80%–95% of the within-subject variance).
The short-term within-subject SD was relatively
greater for IGF-I (CV 20.7%) than for IGFBP-3 and
ALS (CV 11.3% and 11.6%, respectively) and ranged
from 13% to 15% for the 3 bone turnover markers
(Table 3). The CV due to analytic variability, which
ranged from 3% to 6.1%, was smaller than the CV for
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Table 2. Estimates of variance components due to within-subject and between-subject sources (analysis based
on original nontransformed data).a
Within-subject variance
Between-subject
variance
(% total variability)

Total within-subject
(% total variability)

Biological variance
(% within-subject variance)

1864.70 (63.7)

1063.20 (36.3)

970.39 (92.0)

0.31 (63.9)

0.18 (36.1)

0.14 (83.4)

0.035 (16.6)

ALS

2594.78 (68.4)

1200.90 (31.6)

905.03 (80.2)

295.87 (19.8)

PINP

6389.22 (96.2)

255.41 (3.8)

235.61 (92.8)

19.80 (7.2)

ICTP

6.65 (90.0)

0.66 (10.0)

0.63 (95.0)

0.035 (5.0)

PIIINP

3.93 (87.2)

0.58 (12.8)

0.52 (90.9)

0.058 (9.1)

IGF-I
IGFBP-3

a

Analytic variance
(% within-subject variance)

92.80 (8.0)

Components of variance due to biological and analytic variability were calculated as percent of within-subject variance.

biological variability (10%–20%). The coefficient of reliability was higher for the collagen markers (R 0.87–
0.96) than for IGF axis markers (R 0.64 – 0.68) (Table
4), indicating that the within-subject variability was
smaller relative to between-subject variability for the
collagen markers. The index of individuality for all IGF
axis markers was ⬎0.60, whereas the index of individuality for all collagen markers was ⬍0.6. None of the
markers had an index of individuality ⬎1.4 (Table 4).
REGRESSION TO THE MEAN EFFECTS

To assess the effect of RTM, we conducted an analysis
of changes for subjects who had exactly 3 measurements. In this analysis, for each marker we categorized

Table 3. Within-subject SDs and CVs (analysis
based on original nontransformed data).
Within-subject
variability

Biological
variability

Analytic
variability

32.6

31.2

3.10

Within-subject SD
IGF-I, g/L
IGFBP-3, mg/L

0.42

0.37

0.43

ALS, nmol/L

34.6

30.1

4.14

PINP, g/L

16.0

15.3

2.11

ICTP, g/L

0.81

0.79

0.43

PIIINP, g/L

0.76

0.72

0.49

CV
IGF-I

20.7

19.8

6.1

IGFBP-3

11.3

10.1

5.0

ALS

11.6

10.1

5.8

PINP

14.8

14.2

4.1

ICTP

13.2

12.8

3.0

PIIINP

14.3

13.6

4.5

the first measurement into 3 groups by the top 10% and
bottom 10% percentiles; then, in each category, we calculated the mean of absolute change in each marker’s
values between the 3 measurements (Table 5). As expected from the regression-to-the-mean effect, individuals with initial measurement in the bottom 10%
percentile for the marker subsequently increased on
average; on the other hand, those in the top 10% percentile subsequently decreased. For example, among
individuals with initial IGF-I ⬍107 g/L (n ⫽ 76),
there was a mean increase of 10.5 (SD 26.9) g/L between measurements 2 and 1, which then regressed
toward the mean with a mean change of ⫺0.8 g/L
between measurements 3 and 2. On the other hand,
among individuals with initial IGF-I ⬎230 g/L (n ⫽
74), a decrease of 65.3 (SD 62.6) g/L between measurements 2 and 1 was observed, and this decrease was
less in the subsequent measurements.
In an additional analysis, changes between measurement 2 and measurement 1 (⌬2–1) were correlated
with changes between measurement 3 and measurement 2 (⌬3–2). In each subject, ⌬2–1 was classified as
decreased if the percent decrease was more than within-subject 1SD, increased if the percent change was
more than 1SD, or unchanged if the change was within
1SD (Supplemental Table 6). The common trend
emerging from this analysis was that many subjects
whose markers’ values exhibited a decrease during the
first 2 measurements (negative ⌬2–1), actually increased in subsequent measurements (positive ⌬3–2),
and vice versa. For example, for IGF-I, 22% (168/751)
of subjects experienced decreased ⌬2–1, and among
these subjects, 18% (31/168) subsequently experienced
increased IGF-I values ⌬3–2. On the other hand, 13%
(96/751) of subjects experienced increased ⌬2–1 IGF-I,
and of these 55% (53/96) subsequently decreased between measurements 3 and 2 [⌬3–2 ⫺12.4% (21%)].
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Table 4. Coefficient of reliability and index of individuality.
Analysis based on original data

Analysis based on log-transformed data

Coefficient
of reliability

Index
of individuality

Coefficient
of reliability

Index
of individuality

IGF-I

0.64

0.76

0.64

0.76

IGFBP-3

0.64

0.75

0.68

0.69

ALS

0.68

0.68

0.70

0.66

PINP

0.96

0.20

0.94

0.26

ICTP

0.91

0.32

0.87

0.39

PIIINP

0.87

0.38

0.83

0.45

Marker

ESTIMATES OF PROBABLE VALUES

Using the Bayesian model as described in the online
Data Supplement, we estimated probable values of
each marker (Fig. 1). As expected from the model, individuals with observed marker values higher than the
population mean had lower probable values than those
actually measured, whereas individuals with measured
values lower than the population mean had higher
probable values. For example, an individual with measured IGF-I of 60 g/L (about 2SD less than population
mean) can be expected to have a probable value of
84 g/L, whereas for an individual with measured IGF-I
250 g/L (about 2SD greater than population mean), the
expected probable value is 200 g/L. Individuals with
measured values closer to the population mean had estimated probable values closer to the measured values. As
expected, for markers with higher within-subject variability (such as IGF-I), the observed and estimated probable
measurements were further apart than for those markers
with lower within-subject variability (such as PINP). The
application of the concept of probable value in the detection of abnormal values is further illustrated in the online
Data Supplement.
Discussion
All biological measurements are subject to withinsubject random variation, and estimation of this variation has important clinical and scientific applications.
In this study of short-term variability in 1103 healthy
adults, within-subject variance ranged from 32% to
36% (for IGF axis markers) and from 4% to 13% (for
collagen markers), and when expressed in the original
unit of measurement (i.e., CV), the variation was between 11% and 21% of the mean. The coefficient of
reliability was higher for the collagen markers than for
the IGF axis markers. Regression to the mean effects
was observed, and probable values were estimated for
individuals based on a Bayesian model.
1272 Clinical Chemistry 54:8 (2008)

Although markers of the IGF system have been
used extensively in the clinical setting, few studies have
examined their reliability. In a study where IGF-I measurements were repeated after 2 weeks in 84 normal
subjects, substantial within-subject variation between
measurements was observed, resulting in changes from
one quartile to another for 40% of the subjects, although a formal estimate of variability was not provided (17 ). In the current study, the within-subject
variability for IGF-I was also high (within-subject CV
21%), whereas the within-subject CVs of IGFBP-3 and
ALS were lower (11% and 12%, respectively). The underlying reasons for the relatively high within-subject
variation in IGF-I in this study are unknown, but it is
interesting that most of the within-subject variation
was due to normal biological variation, and the imprecision of measurement accounted for only 6%. The estimates of the short-term within-subject variability in
serum bone turnover markers in this study (withinsubject CV 13%–15%) are similar to previous estimates in older women and compare favorably to the
greater variability observed in other markers such as
the C- and N-terminal telopeptides of type I collagen,
CTx and NTx (20, 21, 33 ).
Increased serum concentrations of IGF axis and
collagen markers in response to GH administered to
young recreational athletes (12–15 ) have indicated the
potential for these markers in detecting GH abuse in
sport. Use of these markers in a GH-doping test requires estimation of between-subject variability in elite
athletes to define demographically relevant reference
ranges, and we have previously demonstrated the influence of demographic factors and sport type on
between-subject variation in the same cohort of elite
athletes (23 ). There has been no previous formal
evaluation of within-subject variability of the GHresponsive markers, although others have suggested
that a single measurement of serum concentrations of
IGF-I and IGFBP-3 may not be sufficiently reliable for
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Table 5. Change between measurements 2 and 1 (⌬2–1) and between measurements 3 and 2 (⌬3–2) classified by
initial levels of each marker.
Mean (SD) of change
Marker

IGF-I

IGFBP-3

ALS

PINP

ICTP

PIIINP

a

Initial measurement
categorya

⌬2–1

n

⌬3–2

⬍107

76

10.5 (26.9)

⫺0.8 (33.9)

107–230

601

⫺3.7 (37.9)

⫺2.2 (42.6)

⬎230

74

⫺65.3 (62.6)

⫺23.7 (43.6)

⬍3.0

77

0.31 (0.39)

0.02 (0.37)

3.0–4.6

575

⫺0.07 (0.46)

0.05 (0.48)

⬎4.6

86

⫺0.79 (0.82)

⫺0.11 (0.63)

⬍228

70

17.6 (35.8)

4.3 (32.4)

228–376

598

⫺0.67 (43.9)

7.4 (44.1)

⬎376

70

⫺46.7 (59.5)

1.4 (60.9)

⬍47

75

5.1 (19.1)

⫺1.6 (18.9)

47–181

604

2.3 (17.6)

⫺2.6 (17.9)

⬎181

85

⫺21.0 (41.4)

11.2 (50.3)

⬍3.8

65

0.39 (1.00)

⫺0.04 (1.08)

3.8–8.9

621

0.09 (0.92)

⫺0.16 (1.00)

⬎8.9

84

0.05 (1.86)

⫺0.20 (1.84)

⬍3.5

72

0.38 (0.78)

⫺0.09 (0.92)

3.5–7.4

602

0.00 (0.83)

⫺0.03 (0.95)

⬎7.4

87

⫺1.05 (1.38)

0.15 (1.77)

The 3 categories were based on the 10th, 11th to 89th, and 90th percentile values of the first measurement.

an antidoping test (34 ). Concentrations of the markers
IGF-I, ICTP, and PIIINP in 47 athletes measured over a
6-month period, entailing periods of training, competition, recovery, and rest, have been reported to be
fairly stable; however, within-subject variability was
not formally assessed (35 ).
Although the index of individuality has classically
been interpreted in the context of assessing the utility
of the population-based reference interval in relation
to the interpretation of an individual’s measurements
(36 ), we consider that it can also be used in the reverse
sense to judge how closely a single measurement is
likely to estimate the mean (true or set point) value of
an analyte in the individual. Thus, an index of individuality ⬍0.6 indicates that the population-based reference range is of limited value for the interpretation of
measurements in an individual, because test results
that are abnormal for the individual can be undetected
by the population-based reference range. In such a situation, however, a single measurement will be a much
better estimate of the true value for the individual than
the mean for the population at large. As the index of
individuality increases ⬎0.6, the probability that an
abnormal result in an individual will fall outside the

population-based reference range progressively increases until at index values above 1.4 it increases to
⬎95%. Obviously, for an analyte with high index of
individuality (e.g., where the variability of measurements within an individual becomes just as large as or
larger than the variability between individuals), the
utility of a single measurement in an individual is more
limited, and in this case the Bayesian approach presented here is useful in estimating the individual’s true
value because it combines the mean and variance of the
individual and the population from which the individual was drawn.
The phenomenon of regression to the mean was
observed in this study, in which individuals with extreme measured values at the first measurement on
average tended to regress toward the mean in subsequent measurements, such that lower/higher measured
values at measurement 1 tend to be higher/lower, respectively, at subsequent measurements in the absence
of any biological effect. This phenomenon was largely
attributable to the within-subject variability of each
marker, which has important implications in clinical
practice, because measurements of IGF axis and bone
turnover markers can potentially be used to make a
Clinical Chemistry 54:8 (2008) 1273

Fig. 1. Plots of observed values (x axis) against estimated probable values (y axis) for each marker.
IGF-I (A), IGFBP-3 (B), ALS (C), PINP (D), ICTP (E), and PIIINP (F). For each marker, the probable value estimated by the Bayesian model
for any observed value is indicated by the solid line ⫾ 95% CIs (dotted lines). The dashed line indicates the line of identity where the
observed and probable values are equal, which would be the case where the marker has no within-subject variability.
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diagnosis of GH deficiency or detect GH doping in
sport.
The RTM phenomenon has practical importance
for the application of a GH diagnostic test. First, a single measurement may result in false-positive or falsenegative classification for an individual. Second, the
substantial within-subject variability observed in the
IGF axis markers suggests that any diagnosis or antidoping test based on these markers should be based
on multiple measurements rather than a single measurement. In practice, however, multiple measurements are not always possible, and the Bayesian approach described in this report can be a useful means to
approximate the probable value of a marker for an
individual.
The present results should be interpreted within
the context of a number of strengths and weaknesses.
The study was based on a large sample size with multiple measurements, which allows more accurate and reliable delineation of between- and within-subject variability than studies with small sample sizes. The study
participants were all healthy, without any diseases that
are likely to affect bone metabolism, and were drawn
from all ethnicities. Because there were no significant
differences in the estimates of within-subject variability between sexes, age groups, ethnicities, or sport
types, the present results could be applied to all young,
healthy adults, provided that they are subject to the
same method of analysis. Nevertheless, the current
study did not attempt to control for other variables that
are known to affect IGF axis and collagen markers such
as exercise and training (37, 38 ), food intake (39 ), and
diurnal variation (3, 40 ). These factors may have contributed to greater within-subject variability in our
study. In the clinical setting, controlling for such factors and thus reducing the variability, for example by
measuring samples collected in the fasting state or at
the same time of day, may be feasible, but in the doping
situation would be impractical. Our estimates of within-subject variability using samples collected at random with regard to variables such as time of day and
exercise are more likely to reflect the variability in the
doping assessment context. Furthermore, in this study,
participants were required to declare that they had not
taken GH; however, there was no independent verification of the truthfulness of their statement. Assuming
that that a small minority of subjects may have taken
growth hormone, we would expect their markers to be
increased, but this would have a negligible effect on the
reliability or intrasubject variability of these markers.

This study addresses the challenge of detecting abnormal values with certainty, posed by the presence of
within-subject variability in the IGF axis and collagen
markers. Even if an individual’s marker value is slightly
higher than a threshold of abnormality, it may not be
possible to ascertain whether the individual’s value is
abnormal because of within-subject variability. However, the Bayesian approach presented in this report
can be used to estimate the probability of abnormality
for a given measured value. In essence, the Bayesian
approach addresses the following question: “Given a
measured marker value for an individual, what is the
individual’s probable value?” The RTM effect predicts
that an individual’s extreme value will regress toward
the population average; therefore, the probable value
can be estimated from the weighted average of population mean and the individual’s value, with the weight
being the coefficient of reliability. However, this probable value is also subject to sampling variation within
the individual. Assuming that the distribution of this
further variation is normal, it is possible to estimate the
probability that a measured value is above a certain
threshold of abnormality. The present study provides
all essential parameters required for the estimation.
In conclusion, these results indicate that the within-subject variability in healthy individuals was greater
for IGF-I than for the collagen markers. Where a single
measurement is available, our findings demonstrate
that it is possible to estimate the long-term probable
value of each of the markers by applying the Bayesian
approach. This modeling strategy not only enhances
the reliability and reduces the cost of GH doping tests
based on the use of these markers, but has diagnostic
applicability beyond doping in sports.
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