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Abstract

Context: Method-specific reference intervals (Rls) determine utility of IGFI as a biomarker in GH-related diseases. Differences between popu-
lations might affect applicability of Rls.

Objective: To compare population-specific Rls derived from IGFI routine testing in laboratories in the United States and Europe using the same
assay.

Design and setting: Uncensored routine IGFI testing results generated over 5 years in 4 accredited laboratories (US, n = 778 173 males/710 752
females; Europe, n = 23 220 males/40 183 females).

Main outcome measures: Construction of Rls by indirect statistical methods designed to use routine testing data (modified Hoffmann ap-
proach). Comparison to published Rls, between the US and Europe, and between regions in the United States with lower and higher mean body
mass indexes (BMls).

Results: Lower limits (LLs) of Rls calculated from all routine data sets do not differ from the published LLs. The same is true for upper
limits (ULs) calculated from European routine data. ULs derived from US routine data are significantly higher (children, 10-18 years [mean,
%]: boys + 149.3 ng/mL [+34.6%]; girls + 94.9 ng/mL [+19.8%]); adults (19-95 years: males + 45 ng/mL [+20.3%]; and females + 29.7 ng/mL
[+13.8%]). Average IGFI is higher in samples from Colorado (lower mean BMI) compared with Alabama (P < 0.0001), although the difference is
smaller than between each of them and Europe.

Conclusions: \We provide evidence that in large datasets from the same population, direct sampling and the indirect Hoffmann approach pro-
vide comparable Rls. Although LLs are comparable between Europe and the United States, the UL is significantly higher in the United States.

We suggest use of adapted Rls for the United States.

Key words: Hoffmann approach, growth hormone deficiency, acromegaly, nutrition
Abbreviations: BMI, body mass index; IGFBP, IGF-binding protein; LL, lower limit; R, reference interval; UL, upper limit; ULN, upper limit of normal

IGF-I is the most widely used biomarker in the diagnosis and
management of patients with GH excess (acromegaly) or GH
deficiency [1-3]. Accurate reference intervals (RIs) play a cru-
cial role for interpretation and determine its clinical utility
[4]. IGF-I has a strong association with age. Concentrations
are low in early childhood, followed by a steep increase with
puberty, and a steady decline throughout later life. The non-
Gaussian distribution of values in a healthy population in
all age groups requires thorough statistical analysis for as-
signment of accurate Rls. Therefore, scientific societies called
for appropriately sized cohorts to establish robust RIs [5].
Unfortunately, there is significant inter-method variability
among IGF-I assays, mainly arising from calibration against
different IGF-I preparations and different methods used to
remove interference from IGF-binding proteins (IGFBPs) [6].
Thus, to allow correct patient classification and long-term
monitoring of disease status, RIs must be method specific [5].

Following the consensus guidelines, we previously published
a study reporting Rls for the IDS iSYS IGF-I assay (IDS-iSYS,
Immunodiagnostic Systems, Boldon, UK) derived through
analysis of an extensive normative data set (n =15 000) of
healthy subjects of all ages [7]. Today, clinical guidelines
[8-10], numerous reports from clinical studies [11-15], and
reference laboratories worldwide refer to these Rls.

In addition to age, physiological concentrations of IGF-I are
influenced by sex, body mass index (BMI), nutritional status
(including vitamin D status), and disease states not directly
related to GH secretion [16-19]. Conflicting data currently
exist as to the extent to which ethnicity influences IGF-I con-
centrations [20]. Some studies showed lower IGF-I in Blacks
and Hispanics relative to Whites [21-23], whereas no differ-
ences were seen in Hispanics vs White males elsewhere [24].
In contrast, in females, lower IGF-I has been documented
in Hispanics [24] and higher levels demonstrated in Blacks
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[25], whereas levels were similar in Asians and Europeans
in another study [26]. In a cohort of 1085 elite athletes, a
study reported [27] that IGF-I was lower in Afro-Caribbean
males and females, and somewhat higher in Asian females
compared with White Europeans, but no differences were
observed between other ethnic groups. To our knowledge,
there is no larger published study comparing levels of IGF-I
in US vs European populations with inclusion of children and
adults of all ages. Dietary intake is speculated to explain the
differences in concentrations of IGF-I between ethnic groups,
although the literature is conflicting in this field [28, 29]. The
association between IGF-I and dietary intake, specifically the
association of protein deprivation with decreased IGF-I, is
well-documented [30-33]. Additional evidence from studies in
healthy well-nourished individuals suggests that total energy
consumption and, in particular, increased consumption of red
meat [34, 35] or total dairy and milk [35-37] are associated
with increased concentrations of IGF-I. In this context, there
has been discussion as to whether IGF-I in cow’s milk can
be absorbed in the human gut and increase concentrations
or whether a component of milk itself stimulates endogenous
production [36]. Most studies so far discussing ethnicity or
dietary intake in relation to IGF-I are limited by the relatively
small size of the cohorts and remain silent about translation
of observations to population-specific RIs. Because reports re-
garding systematic differences in IGF-I between populations
have been vague at best, it was generally believed that its dis-
tribution might be similar worldwide, and any differences
perhaps would be small in view of the overall biological vari-
ability of IGF-1, and most likely not clinically relevant. Our
previously mentioned Rl study [7] included an unprecedented
number of samples from various geographical regions, and
we also considered our Rls applicable to European and other
populations when measured by the IDS-iSYS IGF-I immuno-
assay. However, we acknowledge that certain variables such
as caloric intake and macronutrient composition of the diet
were not available and thus not considered. Such variables
are known to differ between Europeans and citizens of the
United States [38-40], and thus might be a cause of divergence
in the distribution of IGF-I concentrations and might have es-
caped detection in previous studies.

Systematic evaluation of subtle, but potentially significant,
differences in the distribution of biochemical variables in dif-
ferent populations requires extremely large data sets, which
are difficult to obtain from clinical studies with precise char-
acterization of disease-free individuals. Therefore, in recent
years, the concept of using large sets of data obtained during
routine analysis in reference laboratories became popular in
laboratory medicine. It is now generally accepted that, pro-
vided the datasets are of sufficient size, such studies can be
helpful to evaluate applicability of RIs to a specific popula-
tion. Moreover, statistical approaches like the Hoffmann ap-
proach have been developed to allow construction of RIs from
such data sets. This is generally referred to as an “indirect
method” of RI calculation, and such a technique was recently
discussed and recommended for broader application in rou-
tine laboratory practices by the International Federation of
Clinical Chemistry and Laboratory Medicine committee on
reference intervals and decision limits [41].

Following this recommendation, in the present study, we
analyzed the distribution of IGF-I levels in an extremely
large number of samples (>1.4 million) submitted for routine
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testing to several accredited laboratories in the United States
and Europe over several years, all using the IDS-iSYS assay.
Extensive internal and external quality control procedures
and cross-correlation studies between laboratories were im-
plemented to ensure any findings would not have been caused
by analytical variability. Our aims were to analyze the agree-
ment between our originally published RIs and Rls derived
from the indirect method for the United States and Europe,
and to evaluate the potential need for adaptation of the Rls
for specific populations.

Methods and Subjects

Measurement of IGF-I

All participating laboratories used the IDS-iSYS IGF-1 assay to
measure serum concentrations of IGF-1, as described in detail
previously [7]. The functional sensitivity of the assay is 8 ng/mL
and the within- and between-assay coefficients of variation
are <2.9% and < 7.2%, respectively. The cross-reactivity of
the assay to IGF-II, insulin, and proinsulin is < 0.01%. Before
starting the study, fundamental performance data were veri-
fied by all laboratories. During the study, European labora-
tories regularly participated in the same external quality
assessment schemes to ensure comparability of analytical
performance. Furthermore, a continuous cross-correlation
study was performed between a European (LMU Munich)
and the US laboratory with parallel assessment of sample sets
every 2 to 6 months. Results of the cross-correlation study
are provided as supplemental materials to this article (see
Supplemental Figure 1 [42]).

Participating Laboratories and Samples Included in
the Study

We retrospectively reviewed data (IGF-1, sex, age) of pedi-
atric, adolescent, and adult males and females for whom
IGF-I was requested over the past 7 years in 4 different la-
boratories. This included 1 nationwide reference laboratory
in the United States (n =778 173 males and n=710 752
females), and 3 FEuropean laboratories in Germany
and Belgium (n =23 220 males and 40 183 females; see
Supplemental Tables 1 and 2 for a detailed breakdown of
numbers in each cohort/age group [42]). With a few the-
oretical exceptions (subjects from 1 geographical region
were tested occasionally while travelling to the other geo-
graphical region), all samples analyzed by the European la-
boratories were from Europe, and those analyzed by the US
laboratory were from the United States. Within the United
States, the state of origin was also known, which enabled us
to use a subset of US samples to compare IGF-I between re-
gions with lower (Colorado; n = 12 136 males and 8652 fe-
males) and higher (Alabama; n = 36 490 males and 34 359
females) mean BMI. Each site’s institutional review board
approved the use of the anonymized, uncensored results
from routine samples together with information on age and
sex for the study.

Statistics

IGF-I values from the data sets were compared using
MedCalc Software (version 12.3.0.0, MedCalc Software
bvba, Ostend, Belgium). Comparison of means and statis-
tical significance between Colorado/Alabama and the EU
across age groups was calculated using GraphPad Prism
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v8.4.1 (unpaired ¢ test, P <0.05 was considered statistic-
ally significant). Using a modified Hoffmann approach pub-
lished previously [43], RIs adjusted for age and sex were
calculated from the sets of routine data from United States
and European laboratories separately. The Rls including
RIs from this indirect approach were then compared with
the originally published RIs (n = 6697 males, 8317 females)
where adults were only of European origin, and the RIs were
established using a modification of the LMS method [44].
For the purpose of calculation of Rls, age was defined in
1-year intervals up to the age of 20 years, and in S-year
intervals thereafter (X years 0 months 0 days old — X years
11 months 31 days old = X years old). Mean concentrations
of IGF-I between geographical regions, age groups, or sexes
were compared using unpaired ¢ test, and P < 0.05 was con-
sidered statistically significant.

Results

Mean IGF-I values for all pediatric, adolescent, and adult
male and female cohorts, including + 2 SD for the previ-
ously published dataset and 95% CI for the new European
and US cohorts, are shown in detail in Supplemental Tables
1 and 2 [42]).

Comparison of RIs from the original publication to routine
data from European laboratories

Lower limits (LLs) and upper limits (ULs) of Rls calculated
from the routine results from European laboratories were al-
most superimposable to those from the original publication
(Fig. 1A and 1B), particularly in adults. Some differences were
observed in young boys, but for all groups with sufficient n
for statistical evaluation, comparison of the UL and LL of
European data from routine analyses revealed no statistically
significant differences from the originally published central
95% interval obtained by the LMS method.

Comparison of RIs from the original publication, European
laboratories, and the US cohort

LLs of RIs calculated from routine results were not statistic-
ally different to LLs from the original publication for all ages
and sexes, regardless of whether the IGF-I results were from
Europe or the United States. However, a striking difference
was observed in calculated ULs from data of European and
US origin (Fig. 2A and 2B). For ages 10 through 18 years, the
calculated UL was on average 149.3 ng/mL (34.6 %) higher in
boys and 94.9 ng/mL (19.8%) higher in girls from the United
States compared with Europe. In adults (19-95 years), the
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Figure 1. IGF reference intervals as seen in (A) males and (B) females of the original study in a population based setting (Bidlingmaier, LMS method)

and the routine data from 3 European laboratories from Germany and Belgium

(Europe, Hoffmann approach), showing upper (UL) and lower (LL) limits.
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IGF-I Reference Intervals (males): UL and LL from 4 European and 1 US cohort
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Figure 2. IGFI reference intervals as seen in (A) males and (B) females of the original study in a population based setting (Bidlingmaier, LMS method),
the routine data from 3 European laboratoriess from Germany and Belgium (Europe, Hoffmann approach), and the US laboratory (LabCorp, Hoffmann

approach) showing upper (UL) and lower (LL) limits.

calculated UL was on average 45 ng/mL (20.3%) higher in
males and 29.7 ng/mL (13.8%) in females from the United
States. Overall, from both the EU and the US datasets, peak
IGF-1 values occurred earlier in girls than in boys, which
might be explained by the earlier onset of puberty in females
than males and as seen in other studies [16, 45].

Impact of BMI

Data regarding the height and weight of patients are not
commonly available to reference laboratories. However, epi-
demiological studies have revealed that the mean BMI within
the United States is higher in Alabama than in Colorado [46].
It is also well established that mean BMI is generally higher in
the United States compared with Europe. In the large dataset
from routine samples analyzed by the US laboratory, mean
IGF-I was significantly higher in samples from Colorado
(with lower mean BMI) than in Alabama across all age and
sex groups of pediatric, adolescent, and adult male and female
subjects (Fig. 3) (Supplemental Table 3 and 4 [42]). In con-
trast, mean IGF-I was lower in the adult cohorts from Europe
(with lower mean BMI) compared with the US cohorts. The
difference in IGF-I between the 2 states in the United States
was smaller, however, than the difference in IGF-I between

each of them and the European cohorts. Notably, mean age
was not significantly different between all cohorts. An illus-
tration as seen in adult males and females aged 31 to 75 years
is shown in Fig. 4A-D.

Discussion

In the present study, we provide evidence of a significant dif-
ference in the UL of IGF-I RIs established in US and European
cohorts, whereas the LL is not different. It was possible to
observe the discrepancy between the RlIs in large part because
of the extensive datasets used (>1.4 million subjects). We also
provide evidence that the indirect Hoffmann algorithms we
applied to the statistical analysis in the same background
population provide comparable RI limits and can accur-
ately depict the distribution of IGF-I values in disease-free
populations.

Measurements of IGF-I are known to be fraught with pit-
falls [5], and comparability of results between laboratories
[47] or across assay batches [48] can be poor. For our study, all
laboratories used the same, thoroughly validated IGF-I assay
[7]. In addition, we implemented a continuous cross-correl-
ation study among a European and the US laboratory to
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IGF-l in a low (Colorado) vs. high (Alabama) BMI region
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Figure 3. Mean IGFI concentrations as seen in 2 regions of the United States, 1 state with lower (Colorado) and 1 with higher (Alabama) mean body
mass index (BMI) in pediatric, adolescent, and adult males (A) and females (B).
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Figure 4. Mean IGFI concentrations as seen in the 2 states of Alabama and Colorado compared with European adults of identical age. Data for males

(A, B) and females (C, D) are shown.

document comparability of results obtained across labora-
tories and across assay batches (see supplemental materials
[42]). This stringent cross-correlation studies and continuous
monitoring performed over the years when the measurements
took place revealed extremely robust performance (Passing-
Bablok analysis between laboratories: y = 1.921 + 0.9886 x x,

7> =0.991) and allows us to rule out our finding were signifi-
cantly affected by technical pitfalls associated with the assay.

In this study, routine data from three European laboratories
in Germany and Belgium were used to confirm appropriate-
ness of the IGF-I Rls, both at the upper and lower limits, iden-
tified in our original publication [7]. The adult population
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used to establish the originally published reference intervals
almost exclusively consisted of European subjects; thus, we
were unable previously to compare RIs between adult popu-
lations from Europe and the United States. A major strength
of this study is our ability to compare Rls from large datasets
of populations of adults and children from different regions of
the globe. Our dataset included > 800 000 male and 750 000
female samples in total, making it not only unique in size, but
also the only recent study to directly compare IGF-I RIs be-
tween the United States and Europe. Although the LL of the
RI of IGF-I was consistent across populations and with our
previous study [7], there was a striking and potentially clinic-
ally relevant difference between Europe and the United States
at the UL of the reference intervals.

The difference in the UL of IGF-I between European and
US populations is intriguing, and there are several potential
explanations that could be explored. An inherent limitation
of studies using results from routine analyses is the lack of
detailed clinical and anthropometric information. Although
this is largely irrelevant for the calculation of Rls in suffi-
ciently large cohorts, it makes it challenging if not impossible
to establish a clear cause of the observed difference in the ULs
of the normal distribution of IGF-I between European and
US populations. Nevertheless, possible explanations for the
observed data include BMI/nutritional status, time of peak
puberty, environmental factors, and differing ethnicities of the
populations.

Nutritional factors could also play a role in the differ-
ences in IGF-I RIs observed between US and European
populations. For example, increased vitamin D levels are as-
sociated with elevated IGF-I levels. The prevalence rates of
severe vitamin D deficiency are lower in the United States,
potentially explaining the higher UL of the IGF-I RIs com-
pared with European populations [40, 49]. In addition, the
link between IGF-I and BMI and obesity is complex, but im-
portant [50]. Although some studies have revealed that IGF-I
levels are high [51] or are unchanged [52] in obesity, several
population-based studies have suggested an inverse relation-
ship between BMI and IGF-I, whereby IGF-I tends to decrease
with increasing BMI and IGF-I levels decrease with obesity
[18, 53]. Close analysis of the data suggest that BMI does
not explain the difference between the UL of the RI between
EU and the United States because, although BMI is lower in
Europe than in the United States [54], the UL of the RI also
is lower. In addition, that we had generalized demographic
information for the otherwise anonymized samples tested in
the US cohort allowed us to perform a subanalysis by state.
Thus, we attempted to indirectly evaluate the potential im-
pact of BMI on the UL of RIs by comparing IGF-I results
from states with known differences in BMI: Colorado (with
the lowest mean BMI in the United States) and Alabama
(with the one of the highest mean BMIs) [46]. Comparison
of the data from these states revealed an inverse relationship
of BMI to the calculated UL of the RI for IGF-I, whereby
higher mean levels were observed in Colorado compared
with Alabama. Although this finding is consistent with find-
ings indicating IGF-I tends to decrease with increasing BMI
[18, 53], the overall impact of BMI seems to be small because
the difference in mean IGF-I between Colorado and Alabama
was smaller than the difference between European and the US
cohorts. We speculate that a more likely explanation is dif-
ferences in protein intake or another nutritional factor such
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as processing or additives; however, because of the nature of
our study and the data available, this cannot be investigated.

Another possible explanation for the differences between
European and US IGF-I levels is puberty. It is well-established
that the onset of puberty is generally earlier in the United
States compared with Europe [55], and our data indicate an
earlier and higher peak IGF-I from the age of likely puberty
onwards in both males and females. Although we are able
to analyze the data by age, we are unable to compare with
pubertal stage because Tanner staging is not available for the
subjects in our cohort.

Our study also provides evidence that in sufficiently large
datasets from the same population background, both direct
sampling (as in [7]) and the indirect Hoffmann algorithms
used here provide statistically comparable RI limits and may
be considered accurate representation of results distribution
in disease-free populations [43, 56, 57]. Although direct sam-
pling is frequently used to generate Rls, the indirect approach
performs analysis of results generated as part of routine path-
ology testing followed by appropriate statistical techniques
to determine RlIs. Indirect approaches are faster, cheaper,
and do not involve patient inconvenience, discomfort, or
the risks associated with generating new patient health in-
formation. In addition, they use the same preanalytical and
analytical techniques used for patient management and can
provide very large numbers for assessment. In view of these
advantages, a working group of the International Federation
of Clinical Chemistry Committee on Reference Intervals and
Decision Limits recently published a statement encouraging
the use of indirect methods to establish and verify reference
intervals [41].

Although our observations have important clinical implica-
tions, there are some limitations that must be acknowledged.
Most importantly, we are unable to pinpoint the cause of the
discrepancy in IGF-I level because of the absence of demo-
graphic information and data regarding the height, BMI,
and underlying disease states of the individual participants.
Although we also acknowledge that theoretical limitations
of the indirect method include possible effects of diseased
subpopulations on the derived interval, the similarity of the
original RIs from the direct method to those obtained by the
indirect method suggest that such effects might be small. This
most likely reflects the rarity of GH-related diseases in sam-
ples submitted to routine testing.

In terms of clinical implications, our data indicate that the
main difference between the US population and a European
population regarding the distribution of IGF-I concentrations
is the higher UL of the RI in the United States. In clinical
practice, this is mainly important for the diagnosis and man-
agement of patients with acromegaly. Although the difference
of 15% to 20% might be too small to complicate the diag-
nosis of active acromegaly, where IGF-I is significantly ele-
vated in most cases, it can have important implications for
the definition of control of the disease with treatment. As an
example, an IGF-I concentration of 260 ng/mL in a 50-year-
old male is more than 1.2 times the UL of normal based on
the originally published and European Rls from this study but
would be considered normal (<1.0x ULN) if the US Rls from
this study were applied. It is noteworthy that clinical studies
and guidelines are highly heterogeneous with respect to cri-
teria used to define biochemical control of the disease, and
cut-offs used for IGF-I range from 1.0x ULN to < 1.5x ULN
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[58]. In part, this might reflect the uncertainty associated with
applicability of Rls to different populations. Our data sug-
gest subtle, though significant differences in the ULN between
European and US populations. Adjustment of our previously
published RIs to those derived by the Hoffmann approach in
this study might better reflect the normal distribution of IGF-I
in the United States.
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