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Abstract

Background Circulating total insulin-like growth factor-I (IGF-I) is an established risk factor for prostate cancer.
However, only a small proportion of circulating IGF-1 is free or readily dissociable from IGF-binding proteins (its
bioavailable form), and few studies have investigated the association of circulating free IGF-l with prostate cancer risk.

Methods We analyzed data from 767 prostate cancer cases and 767 matched controls nested within the European
Prospective Investigation into Cancer and Nutrition cohort, with an average of 14-years (interquartile range=2.9)
follow-up. Matching variables were study center, length of follow-up, age, and time of day and fasting duration at
blood collection. Circulating free IGF-I concentration was measured in serum samples collected at recruitment visit
(mean age 55 years old; standard deviation=7.1) using an enzyme-linked immunosorbent assay (ELISA). Conditional
logistic regressions were performed to examine the associations of free IGF-I with risk of prostate cancer overall and
subdivided by time to diagnosis (< 14 and > 14 years), and tumor characteristics.

Results Circulating free IGF-I concentrations (in fourths and as a continuous variable) were not associated with
prostate cancer risk overall (odds ratio [OR]=1.00 per 0.1 nmol/L increment, 95% Cl: 0.99, 1.02) or by time to diagnosis,
or with prostate cancer subtypes, including tumor stage and histological grade.

Conclusions Estimated circulating free IGF-I was not associated with prostate cancer risk. Further research may
consider other assay methods that estimate bioavailable IGF-I to provide more insight into the well-substantiated
association between circulating total IGF-l and subsequent prostate cancer risk.
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Background

Prostate cancer is the second most commonly diagnosed
cancer and the fifth leading cause of cancer deaths among
men worldwide [1]. The global incidence and mortality of
prostate cancer are predicted to increase by 80% and to
almost double by 2040, respectively [2, 3]. Higher circu-
lating insulin-like growth factor-I (IGF-I) concentration
is one of a very small number of established etiologi-
cal risk factors for prostate cancer. Evidence in favor of
a relationship between IGF-I and prostate cancer risk
stems principally from a consistent risk association iden-
tified in several large prospective observational stud-
ies [4, 5]. More recently, additional evidence from both
Mendelian randomization (MR) and cis colocalization
analyses have identified a shared genetic cause between
circulating IGF-I concentrations and prostate cancer risk
at the IGFl locus [6, 7].

IGF-I is a growth-promoting peptide hormone, which,
following the binding to its cognate receptor, stimulates
cell proliferation and survival and decreases apoptosis,
thereby increasing the risk of carcinogenesis [8, 9]. IGF-I
is produced mainly by the liver (~75%) and also locally
in many tissues [9]. In the blood circulation, IGF-I is pre-
dominantly bound to IGF binding proteins (IGFBPs),
particularly IGFBP-3 (accounting for 75-80% of bound
IGF-I) [10]. Only a small portion of circulating IGF-I
(~1%) is free (or unbound) or readily dissociable from
IGFBPs [11, 12]. This fraction is hypothesized to be the
most bioactive and more readily available to bind to
IGF-I receptors on cell surfaces to activate intracellular
signaling cascades [13, 14].

The role of IGF-I in prostate cancer risk has been well-
characterized from studies of circulating total IGF-I,
which includes both bound and free IGF-I [4-7, 15]. To
our knowledge, however, only three prospective studies
of prostate cancer risk have measured circulating free
IGF-I concentration using immunoradiometric assay
(IRMA) [16] or enzyme-linked immunosorbent assay
(ELISA) [17, 18], with sample sizes up to 1076 men; they
did not identify associations but may not have had the
power to detect small to moderate associations.

The present study aimed to examine the association
between circulating free IGF-I and subsequent risk of
prostate cancer in a case-control study nested within
the European Prospective Investigation into Cancer and
Nutrition (EPIC) cohort. Using a recently developed
ELISA for free IGF-I [19], we measured free IGF-I levels
in baseline serum samples from men who subsequently
developed prostate cancer and their matched controls
[median time to diagnosis: 14 years, interquartile range
(IQR)=2.9] in a large sample (767 pairs or n=1534). We

assessed the association of free IGF-1 with prostate can-
cer risk overall and by time to diagnosis, and also with
risk by tumor subtypes according to histological grade,
tumor stage, and aggressiveness.

Methods

Study population

EPIC is a large prospective multicenter cohort study that
recruited more than 521,000 participants (153,426 men),
who were predominantly white and aged 35-70 years
old, from 23 centers in 10 European countries (Denmark,
France, Germany, Greece, Italy, the Netherlands, Nor-
way, Spain, Sweden and the United Kingdom) [20]. At the
recruitment visit between 1992 and 1999, information on
diet, lifestyle, medical history, and anthropometric mea-
surements were recorded. Fasting or non-fasting blood
samples were also collected from 387,889 individuals
(137,000 men), and are stored at local centers and at the
International Agency for Research on Cancer — World
Health Organization (IARC-WHO) in Lyon, France. The
current study included male participants with baseline
blood samples from Germany, Italy, the Netherlands,
Spain and the United Kingdom, which were collected
according to a standardized protocol. Plasma, serum,
erythrocytes, and buffy coat were separated by centrifu-
gation and aliquoted into 28 straws for storage, until
required for laboratory analysis. All of the serum sam-
ples for this study were thawed for removal from storage
straws and refrozen, and then thawed again for aliquot-
ting in preparation for assaying.

Ascertainment of prostate cancer cases and controls

Information on cancer incidence, tumor characteristics,
vital status, and cause of death was ascertained through
population-based cancer registries in Italy, the Neth-
erlands, Spain and the United Kingdom, and by active
follow-up with different sources in Germany, includ-
ing health insurance records, municipality registries,
and hospital- or physician-based cancer and pathology
registries. Prostate cancer cases were identified as men
diagnosed with first incident prostate cancer based on
the International Classification of Diseases 10th revi-
sion code (ICD-10: C61) [21], after blood collection and
before the end of follow-up in 2013 (i.e. fourth round
of EPIC endpoint follow-up, known as phase 4). These
cases were matched one-to-one with controls who were
randomly selected among male cohort participants who
were free of cancer (excluding non-melanoma skin can-
cer) and alive at the time of diagnosis of the index case,
using an incidence density sampling protocol. Match-
ing variables were study center, length of follow-up (£6
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months), age at blood collection (£6 months), time at
blood collection (+1 h) and fasting duration at blood
collection (<3 h, 3-6 h or >6 h). The present analyses
included 767 cases with 767 matched controls.

Information on histological grade and tumor stage at
diagnosis was available for 641 (83.6%) cases and 406
(52.9%), respectively. For histological grade, there were
545 low-intermediate grade (Gleason score<8, or grade
coded in the recruitment center as well, moderately
or poorly differentiated) and 96 high grade (Gleason
score>8, or grade coded in the recruitment center as
undifferentiated). For tumor stage, 273 cases were clini-
cally localized (tumor-node-metastasis (TNM) staging
score of TO-T2 and NO/Nx and MO, or stage coded in the
recruitment center as localized) and 134 cases were clini-
cally advanced (T3-T4 and/or N1-N3 and/or M1, or stage
coded in the recruitment center as metastasis). Death
from prostate cancer (n=38) was defined as prostate can-
cer recorded as the underlying cause on the death certifi-
cate. We also further classified aggressive prostate cancer
(n=229) as those which were clinically advanced and/or
high grade and/or prostate-specific antigen (PSA)>20
ng/ml at diagnosis based on the definition from the Euro-
pean Association of Urology [22], and/or those who died
from prostate cancer.

Measurement of circulating free IGF-l1 and other analytes
Serum free IGF-I concentrations were assayed, with
blinding to case-control status, in the laboratory of Dr.
Michael Pollak at McGill University in Montreal, Canada,
using ELISA (Ansh Labs, Webster, TX, USA) in 2021-
2022. This assay is referred to as a highly sensitive two-
site or “sandwich” method that directly detects free IGF-1
that is bound between the first capture antibody immo-
bilized on the microtiter plate and the second detection
antibody specific for free IGF-I [11, 19]. Bound IGF-I is
not detected since the epitope of IGF-I in IGF-I/IGFBPs
complexes is concealed. Free IGF-I was measured in
duplicate for each sample and mean values were used for
analyses. All measures below the lower limit of detection
(LOD, 0.33 ng/mL) (n=525, 34%) were set to be 0.165 ng/
mL, which is the midpoint between 0 and the LOD. The
inter- and intra-batch coefficients of variation for this
assay were 4.73% and 1.49%, respectively.

Measurements of serum total IGF-I, IGFBP-1, IGFBP-
2, IGFBP-3, IGF-II, testosterone and sex hormone bind-
ing globulin (SHBG) concentrations were performed
using ELISA or electrochemiluminescence immunoas-
say, as described in detail elsewhere [23, 24]. Total IGF-I
was assayed with the elimination of IGFBPs using an acid
ethanol precipitation step. Free testosterone concentra-
tions were estimated using a formula based on the law
mass action from measured total testosterone and SHBG
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concentrations [25, 26], assuming a constant albumin
concentration of 43 g/L [23].

Statistical analyses

Differences in selected participant characteristics
between prostate cancer cases and controls were com-
pared using chi-squared tests for categorical variables
and t-tests for continuous variables. Given the left trun-
cated distribution for free IGF-I owing to concentra-
tions below the LOD, correlations between free IGF-I
and other members of the IGF axis analytes (IGFBP-1,
IGFBP-2, IGFBP-3, IGF-II) and sex hormones (testos-
terone, free testosterone, SHBG) were estimated using
Spearman’s rank tests. Differences in free IGF-I con-
centrations by categories of selected participant charac-
teristics among controls and cases were assessed using
analysis of covariance, adjusted for laboratory batch,
and age at blood collection, body mass index (BMI) and/
or recruitment center. The concentrations of free IGF-I
and other IGF axis analytes were presented as geometric
means with 95% confidence interval (CI).

The association between circulating free IGF-I con-
centrations and overall prostate cancer risk was esti-
mated using logistic regression models conditioned on
the matching factors and adjusted for laboratory batch.
Circulating free IGF-I concentrations were modelled
in fourths (based on quartile cut-points defined among
controls) (Table 1), and as a continuous variable. Linear
trends for the associations of free IGF-I with risk were
calculated across the medians within each fourth of free
IGF-I. These analyses were repeated by time to diagno-
sis (£14 and >14 years), fasting status and BMI (<30 kg/
m? and >30 kg/m?) as well as by tumor subtype of histo-
logical grade, tumor stage and aggressiveness. Similarly,
the associations of circulating total IGF-I concentrations
with risks for overall and aggressive prostate cancer were
tested.

All statistical analyses were conducted using Stata 17.0
(Stata Corp LP, College Station, TX). Findings were plot-
ted using “ggplot2” package in R 4.1.1.

Results
Participants’ characteristics
The present analyses included 767 incident prostate can-
cer cases and 767 matched controls, with mean age at
blood collection of 55 (standard deviation=7.1) years
old. For cases, the mean age at diagnosis was 69 years and
the median time from blood collection to diagnosis was
14 (IQR=2.9) years. No material differences in selected
characteristics were found between men who developed
prostate cancer and men who did not (Table 2).

Total IGF-I concentration was higher in cases than
controls (geometric means=19.2 nmol/L, 95% CI: 18.89—
19.57 vs. 18.64, 18.32—18.98), while no differences in free
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Table 1 Odds ratios (95% confidence intervals) for circulating free and total IGF-I concentrations in relation to risks for overall prostate

cancer and prostate cancer by subtype

Q1 Q2 Q3 Q4 Pfor Continuous P
trend value

Free IGF-I Median (hnmol/L)  0.022 0.073 0.132 0319 per 0.1 nmol/L

(range) (0.043-0.098) (>0.098-0.188) (>0.188-7.718) increase
Overall prostate cancer Cases/controls,n  260/265  176/168 159/167 172/167 767/767

OR (95% Cl)? 1.00 1.07(0.81,1.41) 0.97(0.73,1.30) 1.05(0.78,1.42) 0.806  1.00(0.99, 1.02) 0.892
Overall prostate cancer by
time to diagnosis
<14 years Cases/controls,n  136/123  80/84 72/86 78/73 366/366

OR (95% Cl)? 1.00 0.82(0.54,1.25) 0.74(048,1.14) 094 (060,147) 0879 098(0.96,1.01) 0.207
> 14 years Cases/controls,n  124/142  96/84 87/81 94/94 401/401

OR (95% Cl)° 1.00 1.32(0.90,1.93) 1.25(0.84,1.87) 1.16(0.78,1.73) 0666  1.01(0.99,1.04) 0.189
Histological grade
Low-intermediate Cases/controls,n  193/189  125/125 115/120 112111 545/545

OR (95% Cl)° 1.00 0.98(0.70,1.37) 092(0.65,1.30) 099(0.69,142) 0966 1.00(098,61.02) 0848
High grade Cases/controls,n ~ 30/38 22/18 18/21 26/19 96/96

OR (95% Cl)° 1.00 142 (0.65,3.08) 1.12(0.51,2.46) 1.79(0.75,4.27) 0213 1.00(0.97,1.04) 0.802
Tumor stage
Localized Cases/controls,n  98/100 65/69 61/54 49/50 273/273

OR (95% Cl)° 1.00 097 (0.62,1.51) 1.17(0.72,1.89) 1.01 (0.61,1.65) 0.904  1.01(0.98,1.04) 0.624
Advanced Cases/controls,n  44/40 37/29 25/36 27/28 134/134

OR (95% Cl)° 1.00 1.15(0.60,222) 0.64(0.33,1.25) 0.90 (0.43, 1.88) 0503 0.97(0.92,1.02) 0.208
Aggressiveness
Aggressive/fatal Cases/controls,n  76/72 57/55 39/56 57/47 229/229

OR (95% Cl)° 1.00 098 (0.61,1.59) 0.68(040, 1.15) 1.19(0.68, 2.07) 0651  0.99(0.96,1.01) 0.325
Total IGF-I Median (nmol/L)  14.19 17.64 20.27 2438 per 5 nmol/L

(range) (6.18- (16.04-18.98) (18.99-21.74) (21.75-57.68) increase

16.03)

Overall prostate cancer Cases/controls,n  145/180° 180/177 176/178 212/178 713/713

OR (95% Cl) 1.00 127(094,1.73) 1.23(0.91,1.68) 1.50(1.11,2.02) 0.014  1.18(1.05,1.33) 0.005
Aggressiveness
Aggressive/fatal Cases/controls,n  46/56 58/50 50/60 59/47 214/214

OR (95% Cl)° 1.00 1.42(0.83,244) 1.01(0.58,1.75) 1.55(0.89,2.71) 0246  1.25(1.00, 1.56) 0.051

model conditioned on the matching variables: center, follow-up time, fasting status, age at blood collection and time at blood collection, and adjusted for

laboratory batch (only for free IGF-1)

IGF, IGFBPs or IGF-II concentrations were observed
(Supplemental Table 1). Overall, free IGF-1 concentra-
tion was modestly positively correlated with total IGF-I
concentration (Spearman’s rank correlation coeffi-
cient, p=0.230) and the ratio of total IGF-I to IGFBP-3
(p=0.250), but not with other IGFBPs, IGF-II or sex hor-
mone concentrations (Supplementary Tables 2 and Sup-
plementary Fig. 1).

Table 3 shows the differences in free IGF-I concen-
trations across selected characteristics among controls
and cases. Men who had higher BMI, blood collected
at an earlier time of day, higher alcohol consumption,
who fasted before blood collection, or who were current
smokers tended to have lower free IGF-I concentration,
in both controls and cases.

IGF-1 and prostate cancer

Figure 1; Table 1 show the adjusted associations of cir-
culating free and total IGF-I concentrations with pros-
tate cancer risk. Higher free IGF-I concentration (in
fourths or as a continuous variable) was not associated
with total prostate cancer risk [Odds ratio (OR)=1.00 per
0.1 nmol/L increase, 95% CI: 0.99, 1.02]. Similarly, there
were no significant associations between free IGF-I con-
centration and total prostate cancer risk when stratified
by time to diagnosis, fasting status and BMI (<30 kg/m?
and >30 kg/m?) (Supplementary Table 3). Also, higher
free IGF-1 concentration was not associated with pros-
tate cancer risk when analyses were repeated by his-
tological grade, tumor stage or aggressiveness. Higher
circulating total IGF-I concentration was associated with
higher overall (OR=1.18 per 5 nmol/L increase, 95% CI:
1.05, 1.33) and possibly aggressive prostate cancer risks
(OR=1.25,95% CI: 1.00, 1.56).
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Table 2 Characteristics of 767 men who developed prostate cancer and 767 matched control participants in EPIC

Demographic and lifestyle characteristics Cases (n=767) Controls (n=767) P values
Age at blood collection, years (SD) 546 (7.1) 546 (7.1)

Weight, kg (SD)' 794 (10.5) 80.1(11.0) 0.209
Height, cm (sp)’ 1719(7.1) 1717 (7.2) 0.558
Body mass index, kg/m? (SD)’ 269(3.2) 27.2(36) 0074
Country, n (%)

Germany 37(4.8) 37 (4.8)

[taly 178 (23.2) 178 (23.2)

Spain 292 (38.1) 292 (38.1)

The Netherlands 50 (6.5) 50 (6.5)

UK 210 (27.4) 210(27.4)

Education level, n (%)’ 0.842
None/primary 337 (46.5) 337 (46.0)

Secondary 246 (33.9) 258 (35.3)

Tertiary 142 (19.6) 137(18.7)

Smoking status, n (%)’ 0498
Never 262 (34.7) 244 (32.0)

Previous 294 (38.9) 302 (39.6)

Current 199 (26.4) 216 (28.4)

Alcohol consumption, n (%)’ 0.945
<9 g/day 288 (38.4) 296 (38.6)

10-19 g/day 128 (17.1) 137(17.9)

20-39 g/day 179 (23.9) 184 (24.0)

>40 g/day 155 (20.7) 50 (19.6)

Diabetes status, n (%)’ 1.000
No 741 (96.9) 741 (96.9)

Yes 24 (3.1) 24 (3.1)

Cases only

Age at diagnosis, years (SD) 68.7 (7.2)

Time from blood collection to diagnosis, years (SD) 14.1 (2.1)

Prostate-specific antigen at diagnosis, n %)

<3 ng/ml 10 (2.0)

3-<10 ng/ml 298 (59.0)

10-<50 ng/ml 167 (33.1)

>50 ng/ml 30(5.9)

Grade of disease, n (%)'

Low-intermediate 545 (85.0)

High 9 (15.0)

Stage of disease, n (%)

Localised 273 (67.2)

Advanced 133 (32.8)

Aggressiveness, n (%)

Non-aggressive 183 (44.4)

Aggressive/fatal 229 (55.6)

Death from prostate cancer, n (%)° 38(5.0)

"Unknown values for some participants (n=3-361); the calculations of percentages exclude missing values
2Gleason score <8 or coded as well, moderately or poorly differentiated for low-intermediate grade and Gleason score>8 or coded as undifferentiated for high grade

3The tumor-node-metastasis (TNM) system was used to categorize stages of prostate cancer; localized:<T2 and NO/x and M0,or coded as localized; advanced: T3-4
and/or N1-3 and/or M1, or coded as metastasis;

“Non-aggressive: <T2 or coded as localised, Gleason score<8 or coded as well, moderately or poorly differentiated and prostate-specific antigen<20 ng/ml; and
aggressive:T3-T4 or coded as metastasis, and/or Gleason score>8 or coded as undifferentiated and/or prostate-specific antigen>20 ng/ml and/or death from
prostate cancer

SProstate cancer listed as the underlying cause of death on the death certificate during follow-up
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Table 3 Adjusted geometric mean free IGF-I concentration across characteristics in 767 controls and 767 prostate cancer cases
Controls (n=767) Cases (n=767)

Characteristics

N Free IGF-I (nmol/L) Free IGF-I (nmol/L)
Mean (95% Cl) P value N Mean (95% Cl) P value

Age at blood collection (years)°
<55 398 0.08 (0.07, 0.09) 399 0.09 (0.08,0.10)
55-59 198 0.08 (0.07,0.10) 196 0.07 (0.06, 0.08)
60-64 114 0.08 (0.06, 0.10) 114 0.07 (0.06, 0.09)
65-69 42 0.08 (0.06,0.12) 43 0.10(0.07,0.14)
>70 15 0.06 (0.03,0.11) 0918 15 0.08 (0.04,0.14) 0.270
Height (cm)©
<170 329 0.08 (0.07,0.09) 319 0.07 (0.06, 0.08)

1-175 206 0.07 (0.06, 0.08) 191 0.09 (0.08,0.11)
176-180 136 0.09 (0.07,0.11) 161 0.08 (0.07, 0.09)
>180 96 0.09 (0.07,0.11) 0.290 96 0.10(0.07,0.12) 0.054
Body mass index (kg/m?)¢
<225 58 0.10(0.07,0.14) 63 0.11(0.08,0.15)
22.5-24.9 144 0.09 (0.07,0.11) 155 0.09 (0.07,0.11)
25-274 247 0.08 (0.07,0.10) 250 0.09 (0.07,0.10)
27.5-299 173 0.08 (0.07,0.10) 180 0.06 (0.05,0.07)
>30 145 0.06 (0.05, 0.08) 0.040 119 0.08 (0.06,0.10) 0.005
Country®
Germany 37 0.07 (0.05,0.10) 37 0.05 (0.04, 0.08)
[taly 178 0.06 (0.05, 0.07) 178 0.06 (0.05, 0.07)
Spain 292 0.07 (0.06, 0.08) 292 0.08 (0.07,0.09)
The Netherlands 50 0.09 (0.07,0.13) 50 0.07 (0.05,0.10)
UK 210 1(0.10,0.13) <0.001 210 0.12(0.10,0.14) <0.001
Time at blood collection®®
00:00-09:59 345 0.07 (0.06, 0.08) 353 0.07 (0.06, 0.08)
10:00-12:59 208 0.09 (0.08,0.10) 192 0.09 (0.07,0.10)
13:00-23:59 192 0.09 (0.08,0.11) 0.012 200 0.10(0.08,0.12) 0.027
Fasting status®®
No 411 0.09 (0.08,0.10) 411 0.09 (0.08,0.10)
Yes 334 0.07 (0.06, 0.08) 0.003 334 0.07 (0.06, 0.08) 0.005
Duration between last meal and blood collection®®
<3h 278 0.09 (0.07,0.10) 278 0.08 (0.07,0.10)
3-6h 133 0.10(0.08,0.12) 133 0.11(0.09,0.13)
>6h 334 0.07 (0.06, 0.08) 0.005 334 0.07 (0.06, 0.08) 0.002
Smoking status®®
Never 244 0.09 (0.08,0.11) 262 0.09(0.08,0.11)
Previous 302 0.09 (0.08,0.10) 294 0.08 (0.07,0.10)
Current 216 0.06 (0.05,0.07) <0.001 199 0.07 (0.06, 0.08) 0.039
Alcohol consumption (g/day)®
<9 296 0.08 (0.07,0.10) 288 0.09 (0.08,0.11)
10-19 137 0.09 (0.08,0.11) 128 0.10(0.08,0.12)
20-39 184 0.08 (0.07, 0.09) 179 0.07 (0.06, 0.08)
>40 150 0.06 (0.05,0.08) 0.046 155 0.07 (0.05,0.08) 0.001
Education level*®
None/primary 337 0.07 (0.06, 0.08) 337 0.07 (0.06, 0.08)
Secondary 258 0.09 (0.08,0.10) 246 0.08 (0.07,0.09)
Tertiary 137 0.08 (0.07,0.10) 0.063 142 0.10(0.08,0.13) 0.013

Diabetes status*®
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Characteristics

Controls (n=767)

Cases (n=767)

N Free IGF-I (hmol/L) Free IGF-I (hmol/L)
Mean (95% Cl) P value N Mean (95% Cl) P value
No 742 0.08 (0.07, 0.09) 741 0.08 (0.07,0.09)
Yes 24 0.06 (0.04,0.10) 0.289 24 0.08 (0.05,0.13) 0923

2Unknown values for some participants (n=1-35)

badjusted for recruitment centre and batch

adjusted for age at blood collection, recruitment centre and batch
dadjusted for age at blood collection, body mass index and batch

€adjusted for age at blood collection, body mass index, recruitment centre and batch

Overall prostate cancer risk

N

OR (95% Cl)

0

Fourths of concentrations

Aggressive prostate cancer risk

N
N

OR (95% Cl)

1 2 3 4
Fourths of concentrations

@ Free IGF-| -A& Total IGF-I

Fig. 1 Adjusted associations of circulating free and total IGF-I concentrations with overall and aggressive prostate cancer risks in EPIC Models
conditioned on the matching variables: center, follow-up time, fasting status, age at blood collection and time at blood collection, and adjusted for

laboratory batch (only for free IGF-I)

Discussion

In this matched nested case-control study with a long
duration of follow-up from blood collection among Euro-
pean men, we found no association of circulating free
IGF-I concentration measured using a recently developed
ELISA with prostate cancer risk, and these findings did
not vary by time to diagnosis or tumor subtype. In con-
trast, we observed a positive association of total IGF-I
concentration with total prostate cancer risk, as we and
others have previously reported in EPIC and other stud-
ies [4-7, 15].

Our null findings for free IGF-I are consistent with the
two previous nested case-control studies of free IGF-I
and prostate cancer [16, 17]. In the Physician’s Health
Study (PHS), Mucci et al. measured fasting or non-
fasting plasma free IGF-I concentration in 545 matched
case-control pairs using a different ELISA and found no
association with prostate cancer risk [17]. In the Euro-
pean Randomized Study of Screening for Prostate cancer,
Janssen et al. used IRMA to assay serum free IGF-I (201
pairs) and found no difference in free IGF-I concentra-
tions between prostate cancer cases and matched con-
trols [16]. In addition to these studies of overall prostate

cancer, in a case-only study in the PHS and Health Pro-
fessionals Follow-Up Study, Ma et al. found no evidence
for an association of free IGF-I with risk of lethal com-
pared to nonlethal prostate cancer (524 nonlethal, 434
lethal cases) [18].

Higher circulating total IGF-I concentration is one of
a limited number of established causal and potentially
modifiable risk factors for prostate cancer risk, with
strong evidence from both large prospective observa-
tional and genetic study designs [4-7, 15]. Higher circu-
lating free IGF-I, which may reflect the bioactive form of
total IGF-I, has been suggested as one possible mecha-
nism driving the observed association of total IGF-I
with prostate cancer risk. Previous studies have identi-
fied cancer-promoting properties for free-IGF-I, includ-
ing mitotic and antiapoptotic effects [27], motivating the
present study. Nevertheless, we did not observe an asso-
ciation between circulating free IGF-I concentration and
prostate cancer, despite the positive association for circu-
lating total IGF-I concentration in the same sample.

Our null findings for circulating free IGF-I may relate
to the complexity of IGF signaling; IGFBPs can both
enhance and inhibit IGF-I signaling [9]. The prostate also
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produces IGFs, IGFBPs and IGFBP proteases locally [10,
28]. Therefore, circulating free IGF-I may not be a good
predictor of intra-prostatic IGF-I bioactivity. While cir-
culating free IGF-I concentration might not be relevant
for prostate cancer risk, this does not exclude the pos-
sible biological effect of free IGF-I in prostate tissue on
prostate cancer development. Future studies using assays
that quantify IGF1 receptor activation or expression in
prostate tissue may help to further understand relation-
ships between IGF-I signaling and prostate cancer.

Our null results for free but not total IGF-I might
reflect the inherent difficulty in measuring free IGF-I due
to its short half-life (1-2 min) in the circulation, in con-
trast to circulating total IGF-I (up to 24 h) [14]. It is also
possible that IGF-I released from the IGFBP-bound IGF-I
complex immediately binds to its receptor once IGFBPs
are cleaved or bind to the target cell surface [10], and thus
this bioavailable IGF-I cannot be well estimated based on
free IGF-I in blood samples. While about one-third of
participants had free IGF-I below the LOD, coefficients
of variation were low and duplicate measurements were
very highly correlated, implying that measurement error
in between-individual variations of current assay is likely
to be modest. Additionally, we observed a modest but
highly significant positive correlation for free IGF-I with
total IGF-I, consistent with a previous study [17].

Several limitations in the present analyses need to be
acknowledged. Although we included a large sample in
the overall analyses, the statistical power and thus our
ability to detect associations in the stratified analyses was
more limited. The number of prostate cancer deaths was
also modest. Levels of circulating free IGF-I concentra-
tions might have been affected by storage time since the
serum samples used for IGF-I measurements in 2021-
2022 had been stored since recruitment in the 1990s,
nonetheless we observed associations for total IGF-I con-
centrations using the same samples. Also, the estimate of
free IGF-I in this study includes both free and readily dis-
sociable IGF-I [11, 19]; however, readily dissociable IGF-
I, unlike stably bound IGF-I, may also have biological
relevance. Additionally, our study considered free IGF-I
concentration for each individual measured only at a sin-
gle timepoint. Given the low proportion of free IGF-I in
circulation (~1%), even modest measurement error may
induce considerable attenuation of risk estimates where
single measurements may not adequately capture average
concentrations over the medium to long term. Further-
more, we measured free IGF-I concentration in circulat-
ing blood samples. Previous studies have suggested there
may be effects of locally accumulated free IGF-I in tissues
on risk for prostate cancer [27, 29], which we did not esti-
mate in the present study. Although participants in the
present study had lower concentrations in IGF axis ana-
lytes than other studies, the magnitude of the association
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between circulating total IGF-I concentration and pros-
tate cancer was similar across studies [4—7]. Finally, our
study analyzed white men, and thus our findings may not
be generalizable to other populations.

Conclusions

In conclusion, this study did not find evidence of an asso-
ciation of higher circulating free IGF-I, measured using
a recently developed sandwich ELISA, with subsequent
risk of prostate cancer overall or by follow-up duration
and prostate tumor characteristics including histological
grade, tumor stage and aggressiveness. Further research
may consider other assays that estimate the bioavailabil-
ity of circulating IGF-I, as well as methods for measuring
free IGF-I in prostate tissue, to deepen the understanding
of potential pathways and mechanisms for the substanti-
ated association between circulating total IGF-I and sub-
sequent prostate cancer development and progression.
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