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Abstract 

Background  The effects of insulin-like growth factor-1 (IGF-1) deficiency on cognitive decline have been consistently 
reported in animal studies, but the relationship between IGF-1 and human brain health remains controversial. Our 
study aimed to investigate the associations of serum IGF-1 concentrations with some brain-related disorders and neu-
roimaging features.

Methods  This prospective study included 369,711 participants (55.8 ± 8.1 years) from the UK biobank who had serum 
IGF-1 measured and were free from brain-related disorders of interest — dementia, stroke, and Parkinson’s disease 
(PD) — at enrollment (2006–2010). Restricted cubic splines and Cox proportional hazards models were used to detect 
the associations between IGF-1 concentrations and brain-related diseases. In addition, general linear regressions 
were applied to explore the relationship between IGF-1 concentrations and neuroimaging features (volumes of white 
matter, grey matter, and hippocampus and white matter hyperintensity) among a sub-sample of 36,458 participants 
with magnetic resonance imaging data collected since 2014.

Results  During a median follow-up of 12.6 years, a total of 4,857 dementia, 6,240 stroke, and 2,116 PD cases were 
documented. The dose–response analyses yielded U-shaped relationships between IGF-1 concentrations and risks 
of dementia and stroke (P < 0.001 for non-linearity), with the lowest risks at 18 nmol/L and 26 nmol/L, respectively. 
A positive linear relationship was observed between IGF-1 concentrations and risk of PD (P = 0.163 for non-linearity). 
Moreover, neuroimaging analyses showed that higher IGF-1 concentrations were associated with greater volumes 
of white matter (β = 2.98 × 10–4, P < 0.001) and hippocampus (β = 3.37 × 10–4, P = 0.002) and smaller white matter 
hyperintensity (β = -3.12 × 10–3, P < 0.001).

Conclusions  Apart from the diverse associations with neuroimaging features, both low and high IGF-1 concentra-
tions are associated with increased risks of dementia and stroke and higher IGF-1 concentrations are linked to a higher 
risk of PD, highlighting the potential of IGF-1 as a biomarker for risk stratification of brain health.
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Introduction
Insulin-like growth factor-1 (IGF-1) is a peptide hor-
mone that plays a critical role in brain health [1]. IGF-1 
in the central nervous system is either produced locally 
in a paracrine manner or derived primarily from the liver, 
which stimulates cell growth and proliferation [2]. It can 
exert pleiotropic effects, such as regulating cerebral blood 
flow and promoting neurogenesis and neuroplasticity [3, 
4], by binding to the IGF-1 receptors that are present 
throughout the brain [1]. In natural condition, plasma 
IGF-1 reaches a peak (approximately 52 nmol/L) around 
puberty and then declined progressively to approximately 
13 nmol/L by the age of 75 years, in parallel with the age-
related cognitive decline [5].

Previous animal studies have consistently reported 
favorable effects of IGF-1 on brain-related outcomes. 
Mice with both insulin receptor and IGF-1 receptor 
deleted in the hippocampus displayed impaired spatial 
learning and memory, mimicking the dementia pheno-
type [6]. An overexpression of IGF-1 induced by trans-
genic techniques or stimulation of sensory neurons was 
associated with a significantly larger brain volume and 
improved spatial learning, respectively [7, 8]. Besides, 
IGF-1 has been demonstrated to inhibit the aggrega-
tion of amyloid-β protein [9] and the phosphorylation 
of tau [10], two hallmarks of Alzheimer’s disease (AD). 
Moreover, a growing body of studies have found that 
AD patients have lower IGF-1 concentrations than cog-
nitively normal individuals [11–13]. However, evidence 
about the relationship between IGF-1 and brain health 
from clinical and epidemiological studies was mixed. 
For instance, in the Framingham cohort (n = 3,582; aged 
65 ± 11 years), participants with IGF-1 in the lowest quar-
tile had a 51% greater risk of developing AD and higher 
IGF-1 concentrations were associated with greater brain 
volumes in those without dementia [14]. In contrast, 
results of another cohort (n = 286; aged 40–80  years) 
demonstrated that participants with baseline serum 
IGF-1 in the highest quintile had worse processing capac-
ity and global cognition after 8.3  years of follow-up 
[15]. While in the Health In Men Study (n = 3,432; aged 
70 + years), no association was observed between plasma 
concentrations of IGF-1 and incident dementia over a 
mean follow-up of 9.2 years [16]. There is also inconsist-
ency in the association of IGF-1 with the risk of stroke 
and Parkinson’s disease (PD). For stroke, some studies 
have shown a protective role for IGF-1 [17, 18], while 
others have shown no association with incident stroke 
[19]. For PD, most of the studies to date have focused 
on differences in IGF-1 levels in PD patients and healthy 
controls [20], but there is still a paucity of evidence on 
the association between IGF-1 and the risk of PD. Most 
of these studies were conducted among older adults with 

limited sample sizes (n < 5000). Moreover, while previous 
studies have assessed non-linearity by examining percen-
tiles of IGF-1, the possibility of dose–response associa-
tion of IGF-1 with the risk of dementia, stroke, and PD 
has not been fully characterized in a large general popu-
lation sample.

To address the foregoing research gaps, the current 
study aimed to prospectively investigate the associations 
of serum IGF-1 concentrations with the risk of some 
brain-related disorders (dementia, stroke, and PD) using 
more than 0.3 million middle-aged and older participants 
in the UK Biobank cohort. In addition, a subgroup of 
participants (over 30,000) with information on magnetic 
resonance imaging (MRI) was used to evaluate the asso-
ciations between IGF-1 concentrations and brain mac-
rostructure (volumes of white matter, grey matter, and 
hippocampus and white matter hyperintensity).

Methods
Study design and population
This is a prospective, population-based cohort study of 
participants derived from the UK Biobank. Between April 
2006 and December 2010, the UK Biobank recruited 
502,528 adults (37–73  years old) from the general pop-
ulation in the UK. Participants attended one of the 22 
assessment centers across England, Scotland, and Wales, 
where they completed nurse-led electronic question-
naires, physical examination, and biological samples col-
lections, and agreed to be followed up of health-related 
outcomes through linkage to national electronic health-
related datasets [21]. Furthermore, the UK Biobank 
aimed to re-invite 100,000 participants to undergo brain, 
cardiac, and abdominal magnetic resonance imaging 
(MRI). Data collection began in 2014 and is still ongo-
ing. By the time of the data analyses, information for over 
40,000 participants had been released [22].

In this study, we restricted the primary analysis to 
participants who were free of dementia, cardiovascu-
lar disease (including stroke), cancer, and PD and who 
had complete data on serum IGF-1 concentrations at 
recruitment (N = 369,711). From the original UK Biobank 
cohort (N = 502,528), neuroimaging analyses were further 
performed in a subset of 36,458 participants who were 
free of dementia, stroke, and PD prior to MRI assessment 
and had quality-controlled MRI data (Supplemental Fig-
ure S1).

Measurement of IGF‑1
Serum IGF-1 concentrations were measured by chemi-
luminescent immunoassays (DiaSorin Liaison XL, ana-
lytical range 1.3–195 nmol/L) using fasting arterial blood 
samples drawn at recruitment and stored at − 80 °C [23]. 
The average within-laboratory coefficients of variation 
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(ratio of the standard deviation [SD] to the mean) were 
6.03% for low concentrations, 5.29% for medium concen-
trations, and 6.18% for high concentrations. Moreover, 
the assay of serum IGF-1 was registered with an external 
quality assurance (EQA) scheme (RIQAS Immunoassay 
Speciality 1) to verify accuracy. The EQA results showed 
that 100% of participated distributions (n = 105) were 
good or acceptable.

Ascertainment of brain‑related disorders
The primary outcomes for this study were the all-cause 
dementia, stroke and PD. Every resident in England, Scot-
land, and Wales has a unique National Health Service 
identification number, which used to link all participants 
to electronic health records. The diagnosis for incident 
dementia (F00-F03, G30-G31), stroke (I60, I61, I63, I64) 
and PD (G20) were coded according to the International 
Classification of Diseases Tenth Revision (ICD-10). For 
participants who were free of brain-related disorders 
at baseline, follow-up time was calculated as the period 
from the baseline to the first occurrence of dementia, 
stroke, or PD, the date of death, or the end of the follow-
up (September 30, 2021), whichever came first.

Neuroimaging features
A 3-Tesla, 32-channel coil Siemens Skyra scanner (Sie-
mens Medical Solutions, Germany) was used by the 
UK Biobank to obtain MRI, with 1 × 1 × 1 resolution 
and a view field of 208 × 256 × 256. The MRI protocols 
have been described in detail elsewhere [22]. Briefly, 
numerical volume was calculated by preprocessed three-
dimensional magnetization for rapid echo-gradient (3D 
MP-RAGE) T1-weighted image derived phenotypes. The 
T2-FLAIR structural imaging was undertaken in 6  min 
with TR 5000.0  ms, TE 395.0  ms and spatial resolution 
of 1.05 × 1 × 1  mm. White matter, grey matter and hip-
pocampus volume were generated from processed T1 
images, white matter hyperintensities were quantified 
combined analyses of T1 and T2-FLAIR data. White 
matter volume and grey matter volume were noted in 
mm3 and normalized for head size. Full details on struc-
tural image segmentation and data normalization are 
provided elsewhere [24].

Assessment of covariates
A wide range of sociodemographic factors, lifestyle fac-
tors, familial factors and chronic diseases at recruitment 
were considered as potential confounders. Participants 
completed a detailed questionnaire on a touch-screen 
computer about their sociodemographic factors (age, 
sex, educational attainment, and ethnicity) and lifestyle 
factors (smoking status, frequency of alcohol intake, 
and consumption of vegetable and fruit). Townsend 

deprivation score was used as a measure of socioeco-
nomic status and was assigned to participants based on 
their residential postcode at recruitment [25]. Body mass 
index (BMI) was calculated as weight (in kilograms) 
divided by height (in meters) squared. Hypertension was 
defined as systolic blood pressure ≥ 140  mmHg or dias-
tolic blood pressure ≥ 90 mmHg or regular use of antihy-
pertensive medication. Diabetes was determined if the 
participant had been told by a doctor about their diag-
nosis of diabetes. Total cholesterol and C-reactive pro-
tein in serum were analyzed using the Beckman Coulter 
AU5800 Platform and the Abbott Architect platform, 
respectively. UK Biobank genotyping was conducted by 
Affymetrix using the bespoke BiLEVE Axiom array and 
the UK Biobank Axiom array, which determines the car-
rier status of APOE ε4 allele, a well-established risk fac-
tor for the development of AD. Description of sample 
processing workflow and preparation for genotyping can 
be found on (https://​bioba​nk.​ndph.​ox.​ac.​uk/​showc​ase/​
showc​ase/​docs/​genot​yping_​sample_​workf​low.​pdf ).

Statistical analysis
The baseline characteristics of participants across IGF-1 
quartiles were summarized using descriptive statistics. 
The mean and SD of continuous variables, and num-
ber along with proportion of categorical variables were 
calculated.

Cox proportional-hazards models with age as time-
scale were used to estimate hazard ratios (HRs) and 95% 
confidence intervals (CIs) for the associations between 
sex-age-specific quartile of IGF-1 concentrations and the 
risk of brain-related disorders. The proportional hazard 
assumption was checked by tests based on Schoenfeld 
residuals, and the results indicated that the assump-
tion were not violated. To assess the different potential 
confounding effects on the associations of interest, we 
developed three models by sequential inclusion of differ-
ent covariates: model 1 was adjusted for age (timescale) 
and sex; model 2 was further adjusted for ethnicity, edu-
cational attainment, and Townsend deprivation index; 
and  model 3 was additionally adjusted for smoking sta-
tus, alcohol intake frequency, vegetable and fruit intake, 
BMI, hypertension, diabetes, total cholesterol, and 
C-reactive protein. We used missing indicators for miss-
ing values of categorical variables and imputed those of 
continuous variables with mean values, as the missing 
percentage was very low (less than 1%).

We also used restricted cubic splines with five knots 
at the 5th, 35th, 50th, 65th, and 95th centiles to explore 
the dose–response association between IGF-1 as a con-
tinuous variable and the risk of brain-related disorders. 
Wald Chi-square test was performed to test linearity. We 

https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/genotyping_sample_workflow.pdf
https://biobank.ndph.ox.ac.uk/showcase/showcase/docs/genotyping_sample_workflow.pdf
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would further identify the cut-off value of IGF-1 if the 
association was nonlinear.

Furthermore, we used general linear models to estimate 
the associations between IGF-1 concentrations (coded as 
a continuous variable and as quartiles) and neuroimaging 
features (volumes of white matter, grey matter, and hip-
pocampus and white matter hyperintensity). The white 
matter and grey matter volumes were normalized to each 
participant’s head size. The potential confounders that 
were adjusted for were as same as those in the brain-
related disorder analyses.

We performed a series of analyses to assess the robust-
ness of our findings. First, analyses were either addi-
tionally adjusted for different cognitive performance 
at baseline (reaction time, fluid intelligence score, and 
prospective memory results), considering that cogni-
tive decline may be a prodromal phase of dementia [26]. 
Second, the abovementioned process was replicated for 
the carrier status of APOE ε4 allele, an important impact 
factor for both IGF-1 concentrations and the risk of AD 
[27]. Third, to minimize the potential contribution of 
reverse causality to these findings, we did a lag analysis by 
excluding those with brain-related disorder onset during 
the first two or four years of follow-up. Fourth, multiple 
imputation was applied to the missing values of covari-
ates for five times and the estimates were pooled using 
Rubin’s rules.

All analyses were performed using STATA 16 statistical 
software (StataCorp) and R i386 3.4.3 (R Foundation for 
Statistical Computing). All P values were two‐sided, and 
P < 0.05 was considered statistically significant.

Results
Baseline characteristics
Of the 369,711 participants included in this study, the 
mean (SD) age was 55.8 (8.1) years and the propor-
tion of female was 54.9%. Table  1 shows the charac-
teristics of the participants by sex-age-specific IGF-1 
quantile. The IGF-1 quartiles were Q1: < 17.7  nmol/L, 
Q2: 17.7–21.4  nmol/L, Q3: 21.4–24.9  nmol/L, and 
Q4: > 24.9  nmol/L. During a median follow-up of 
12.6 years, a total of 4,857 (1.3%), 6,240 (1.7%) and 2,116 
(0.6%) individuals developed dementia, stroke and PD, 
respectively. In comparison with the baseline character-
istics of those who were excluded from the current study, 
no obvious differences were observed (Supplemental 
Tables S1, S2).

IGF‑1 concentrations and risk of brain‑related disorders
We found a U-shaped relationship between IGF-1 con-
centrations and the risk of dementia, with the lowest risk 
at a nadir IGF-1 of 18 nmol/L (P for non-linearity < 0.001; 
Fig. 1). The HR of dementia per 1-SD increment of IGF-1 

(5.65 nmol/L) was 0.69 (95% CI: 0.62–0.77) in the group 
below 18  nmol/L, and 1.06 (95% CI: 1.01–1.11) in the 
group above 18 nmol/L in model 3 (Table 2). Moreover, 
the risk of stroke was lowest at the level of 26 nmol/L of 
IGF-1 and then started to increase rapidly (P for non-
linearity < 0.001). Below 26 nmol/L, the HR of stroke per 
1-SD increment of IGF-1 was 0.93 (95% CI: 0.90–0.97). 
Above 26 nmol/L, the HR of stroke per 1-SD increment 
of IGF-1 was 1.09 (95% CI: 1.02–1.17) in model 3. In 
contrast, we found a positive linear association between 
IGF-1 concentrations and the risk of PD (P for non-line-
arity = 0.163), with the HR per 1-SD increment of IGF-1 
being 1.23 (95% CI: 1.18–1.28) in model 3.

Considering the U-shaped associations of IGF-1 con-
centrations with dementia and stroke, the second quartile 
of IGF-1 was treated as the reference group when evalu-
ating the associations between quartiles of IGF-1 and 
these outcomes (Table  2). Similarly, the first quartile of 
IGF-1 was treated as the reference group in the analysis 
of PD due to the linear relationship. After multivariate 
adjustment, IGF-1 concentrations were associated with 
an increased risk of dementia, with the HR being 1.13 
(95% CI: 1.05–1.22) for the lowest vs. the second quar-
tile of IGF-1 and 1.08 (95% CI: 1.00–1.17) for the high-
est vs. the second quartile of IGF-1 in the fully adjusted 
model 3. The association between IGF-1 concentrations 
and stroke were non-significant after adjusting for all 
potential confounders. Moreover, the HRs of PD for the 
highest vs the lowest quartile of IGF-1 was 1.74 (95% CI: 
1.54–1.97), the association remained strong even when 
different confounders were further adjusted for (HR: 
1.78; 95% CI: 1.57–2.01).

IGF‑1 concentrations and neuroimaging features
After multivariate adjustment, higher IGF-1 concentra-
tions were associated with greater white matter volume 
(β = 2.98 × 10–4, P < 0.001) and hippocampal volume 
(β = 3.37 × 10–4, P = 0.002). Conversely, we found that 
higher IGF-1 concentration was associated with a smaller 
white matter hyperintensity (β = -3.12 × 10–3, P < 0.001), 
but non-significant association was observed with the 
grey matter volume (β = -7.36 × 10–5, P = 0.106) (Supple-
mental Figure S2, Supplemental Table S3). Compared to 
the lowest IGF-1 quartile, the adjusted mean difference 
in the highest IGF-1 quartile was 0.0037 (P < 0.001) for 
white matter volume, 0.0016 (P = 0.017) for grey mat-
ter volume, 0.0065 (P < 0.001) for hippocampal volume, 
and -0.0420 (P = 0.001) for white matter hyperintensity 
(Fig. 2).

Sensitivity analysis
The main results were not materially changed if the 
models (1) were additionally adjusted for cognitive 
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performance (Supplemental Table S4); (2) were addition-
ally adjusted for APOE ε4 status (Supplemental Figure 
S3); (3) excluded the incidence of dementia, stroke or 
PD occurring within two or four years after recruitment 
(Supplemental Table S5); 4) used a multiple imputation 
approach to impute the missing covariates (Supplemental 
Figure S4).

Discussion
This represents the largest prospective study to date that 
assessed the associations of serum circulating IGF-1 
concentrations with brain health. We found a U-shaped 
relationship between IGF-1 concentrations and the risk 

of dementia and stroke – both high and low IGF-1 con-
centrations implying a higher risk. Higher IGF-1 concen-
trations were positively associated with an increased risk 
of PD, yielding a dose–response manner. Furthermore, 
higher IGF-1 concentrations were associated with greater 
volumes of white matter and hippocampus and smaller 
white matter hyperintensity. The findings contribute to 
the growing body of evidence that serum IGF-1 concen-
trations are crucial for risk stratification of brain health.

IGF‑1 concentrations and brain‑related disorders
Less is known about the prospective associations 
between IGF-1 concentrations and risk of dementia in a 

Table 1  Baseline characteristics of study population by IGF-1 quartile

Characteristics Total (N = 369,711) IGF-1 quartile

Q1 (N = 92,560) Q2 (N = 92,482) Q3 (N = 92,305) Q4 (N = 92,364)

Age (years) 55.8 (8.1) 56.2 (8.0) 55.9 (8.1) 55.7 (8.1) 55.4 (8.2)

Sex

  Male 166,779 (45.1%) 41,753 (45.1%) 41,705 (45.1%) 41,651 (45.1%) 41,670 (45.1%)

  Female 202,932 (54.9%) 50,807 (54.9%) 50,777 (54.9%) 50,654 (54.9%) 50,694 (54.9%)

Ethnicity

  White 347,429 (94.0%) 86,048 (93.0%) 87,074 (94.2%) 87,122 (94.4%) 87,185 (94.4%)

  Non-White 20,542 (5.6%) 5,999 (6.5%) 4,986 (5.4%) 4,761 (5.2%) 4,796 (5.2%)

  Missing 1,740 (0.5%) 513 (0.6%) 422 (0.5%) 422 (0.5%) 383 (0.4%)

Educational attainment

  College or university degree 123,653 (33.4%) 27,587 (29.8%) 30,832 (33.3%) 323,71 (35.1%) 32,863 (35.6%)

  Professional qualifications 184,291 (49.8%) 46,735 (50.5%) 46,242 (50.0%) 45,476 (49.3%) 45,838 (49.6%)

  Others 57,544 (15.6%) 16,981 (18.3%) 14,407 (15.6%) 13,457 (14.6%) 12,699 (13.7%)

  Missing 4,223 (1.1%) 1,257 (1.4%) 1,001 (1.1%) 1,001 (1.1%) 964 (1.0%)

Townsend deprivation index -1.35 (3.06) -1.02 (3.20) -1.34 (3.06) -1.49 (2.98) -1.57 (2.95)

Smoking status

  Never 207,190 (56.0%) 48,716 (52.6%) 51,201 (55.4%) 52,820 (57.2%) 54,453 (59.0%)

  Former 122,361 (33.1%) 32,073 (34.7%) 30,990 (33.5%) 30,087 (32.6%) 29,211 (31.6%)

  Current 38,392 (10.4%) 11,226 (12.1%) 9,840 (10.6%) 8,990 (9.7%) 8,336 (9.0%)

  Missing 1,768 (0.5%) 545 (0.6%) 451 (0.5%) 408 (0.4%) 364 (0.4%)

Alcohol frequency

  Daily or almost 75,188 (20.3%) 20,944 (22.6%) 19,755 (21.4%) 18,364 (19.9%) 16,125 (17.5%)

  3–4 times/week 86,867 (23.5%) 19,811 (21.4%) 21,978 (23.8%) 22,781 (24.7%) 22,297 (24.1%)

  1–2 times/week 96,128 (26.0%) 21,602 (23.3%) 23,824 (25.8%) 24,590 (26.6%) 26,112 (28.3%)

  1–3 times/month 41,355 (11.2%) 9,915 (10.7%) 10,098 (10.9%) 10,292 (11.2%) 11,050 (12.0%)

  Occasionally 41,300 (11.2%) 11,308 (12.2%) 9,961 (10.8%) 9,729 (10.5%) 10,302 (11.2%)

  Never 28,052 (7.6%) 8,703 (9.4%) 6,657 (7.2%) 6,362 (6.9%) 6,330 (6.9%)

  Missing 821 (0.2%) 277 (0.3%) 209 (0.2%) 187 (0.2%) 148 (0.2%)

Body mass index (kg/m2) 27.3 (4.7) 28.2 (5.5) 27.3 (4.7) 26.9 (4.3) 26.7 (4.0)

Vegetable and fruit intake (serving/day) 4.68 (3.04) 4.51 (3.06) 4.65 (3.01) 4.73 (3.01) 4.84 (3.08)

Hypertension 256,146 (69.3%) 65,902 (71.2%) 63,641 (68.8%) 63,146 (68.4%) 63,457 (68.7%)

Diabetes 16,089 (4.4%) 5,856 (6.3%) 3,556 (3.8%) 3,194 (3.5%) 3,483 (3.8%)

Total cholesterol (mmol/L) 5.76 (1.11) 5.73 (1.13) 5.79 (1.10) 5.79 (1.10) 5.74 (1.10)

C-reactive protein (mg/L) 2.51 (4.18) 3.42 (5.02) 2.49 (3.89) 2.17 (3.70) 1.95 (3.79)
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Fig. 1  Nonlinear associations of IGF-1 concentrations with brain-related disorders. The HR for brain-related disorders with the corresponding 95% 
CI as a function of IGF-1 from Cox proportional hazards models adjusted for sex, age (timescale), ethnicity, educational attainment, Townsend 
deprivation index, smoking status, alcohol intake frequency, vegetable and fruit intake, body mass index, hypertension, diabetes, total cholesterol, 
and C-reactive protein. Abbreviation: CI, confidence interval; HR, hazard ratio; IGF-1, insulin-like growth factor-1

Table 2  The associations of IGF-1 concentrations with brain-related disorders

Model 1 was adjusted for age (timescale) and sex

Model 2 was additionally adjusted for ethnicity, educational attainment, Townsend deprivation index

Model 3 was additionally adjusted for smoking status, alcohol intake frequency, vegetable and fruit intake, body mass index, hypertension, diabetes, total cholesterol, 
and C-reactive protein

The SD of IGF-1 was 5.65 nmol/L, the cut-off value of IGF-1 quartiles were 17.7 nmol/L, 21.4 nmol/L, 24.9 nmol/L

Abbreviation: CI Confidence interval, IGF-1 Insulin-like growth factor-1, HR Hazard ratio, SD Standard deviation

IGF-1 Cases Incidence rate
per 1000 person-years

HR (95% CI)

Model 1 Model 2 Model 3

Dementia
  Q1 1,419 1.24 (1.18–1.31) 1.20 (1.11–1.30) 1.17 (1.08–1.26) 1.13 (1.05–1.22)

  Q2 1,144 1.00 (0.94–1.05) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

  Q3 1,171 1.02 (0.96–1.08) 1.06 (0.97–1.15) 1.07 (0.99–1.16) 1.07 (0.99–1.16)

  Q4 1,123 0.98 (0.92–1.04) 1.07 (0.98–1.16) 1.09 (1.01–1.18) 1.08 (1.00–1.17)

Per 1-SD increment

  IGF-1 < 18 nmol/L 2,067 1.70 (1.63–1.78) 0.61 (0.55–0.67) 0.64 (0.58–0.71) 0.69 (0.62–0.77)

  IGF-1 ≥ 18 nmol/L 4,173 1.24 (1.21–1.28) 1.26 (1.17–1.35) 1.07 (1.02–1.12) 1.06 (1.01–1.11)

Stroke
  Q1 1,757 1.54 (1.47–1.62) 1.07 (1.00–1.15) 1.04 (0.98–1.12) 0.99 (0.93–1.06)

  Q2 1,618 1.41 (1.35–1.48) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

  Q3 1,453 1.27 (1.21–1.34) 0.91 (0.85–0.98) 0.92 (0.86–0.99) 0.93 (0.87–1.00)

  Q4 1,412 1.24 (1.17–1.30) 0.91 (0.85–0.98) 0.92 (0.86–0.99) 0.94 (0.87–1.01)

Per 1-SD increment

  IGF-1 < 26 nmol/L 5,300 1.44 (1.40–1.48) 0.87 (0.83–0.90) 0.89 (0.86–0.92) 0.93 (0.90–0.97)

  IGF-1 ≥ 26 nmol/L 940 1.06 (0.99–1.13) 1.11 (1.03–1.18) 1.10 (1.03–1.18) 1.09 (1.02–1.17)

Parkinson’s disease
  Q1 416 0.36 (0.33–0.40) 1.00 (Reference) 1.00 (Reference) 1.00 (Reference)

  Q2 478 0.41 (0.38–0.45) 1.17 (1.03–1.33) 1.18 (1.03–1.34) 1.20 (1.05–1.37)

  Q3 548 0.48 (0.44–0.52) 1.37 (1.21–1.56) 1.38 (1.21–1.57) 1.41 (1.24–1.60)

  Q4 674 0.59 (0.55–0.63) 1.74 (1.54–1.97) 1.76 (1.56–1.99) 1.78 (1.57–2.01)

  Per 1-SD increment 2,116 0.46 (0.44–0.48) 1.23 (1.18–1.27) 1.23 (1.18–1.28) 1.23 (1.18–1.28)
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general population. A previous study of 3582 participants 
from Framingham reported that lower IGF-1 concentra-
tions were associated with an increased risk of dementia 
[14]. The population from this study was older on aver-
age compared to our sample, which may partly explain 
the differing results. Some clinical trials found that 
increased IGF-1 concentrations induced by exercise led 
to improved cognitive functions [28, 29]. On the con-
trary, a cross-sectional and longitudinal study including 
3967 men showed that IGF-1 was not associated with 
either prevalent or incident dementia [16]. The dose–
response association was not formally evaluated in these 
studies. In our study, notably, we observed a threshold 
effect where both lower and higher IGF-1 concentra-
tions were associated with an increased risk of dementia. 
However, the disparities between the current study and 
previous studies may be partly attributable to differences 
in age distributions, IGF-1 distributions, and modeling 
strategies. Further research is needed to clarify the shape 
of the association and potential effect modifiers.

Accumulating evidence has demonstrated the neu-
roprotective role of IGF-1 in animal models. Earlier 
onset and increased incidence of neurological deficits 

were observed in IGF-1-deficient mice induced by liver-
specific knockdown of IGF-1 [30], while boosting brain 
expression of IGF-1 through adenovirus-mediated trans-
duction has been proved to protect hippocampal neurons 
from the toxicity of amyloid-β oligomers and prevent 
memory loss in an AD mouse model [31]. In terms of 
the underlying mechanisms, on the one hand, IGF-1 
deficiency may enhance oxidative stress in endothelial 
cells and astrocytes, leading to neurovascular uncou-
pling in AD [32]; on the other hand, IGF-1 can increase 
amyloid-β clearance by enhancing transport of amyloid-
β-carrier proteins into the brain [9]. However, few stud-
ies have uncovered the detrimental effect of high IGF-1 
concentrations on the risk of dementia. In a cohort of 286 
participants aged 40–80 years, those with baseline serum 
IGF-1 in the highest quintile had worse processing capac-
ity and global cognition after 8.3 years of follow-up [15]. 
In the UK biobank, APOE ε4, a risk factor for AD, was 
correlated with increased IGF-1 [27]. Therefore, more 
studies are required to explore the mechanism and fur-
ther confirm our findings.

A recent meta-analysis consisting of 2,277 patients 
from 17 studies revealed that a higher serum IGF-1 

Fig. 2  Mean differences (unadjusted and adjusted) in neuroimaging features by different quartiles of IGF-1 concentrations compared to the lowest 
group. Adjusted estimates were controlled for sex, age (timescale), ethnicity, educational attainment, Townsend deprivation index, smoking status, 
alcohol intake frequency, vegetable and fruit intake, body mass index, hypertension, diabetes, total cholesterol, and C-reactive protein
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concentration was significantly associated with a lower 
risk of ischemic stroke [33]. However, our study firstly 
found that a lower IGF-1 concentration was moderately 
associated with a higher risk of stroke and a higher IGF-1 
concentration might slightly increase the risk of stroke. 
Our novel finding provides a basis for in-depth clinical 
research on the relationship between IGF-1 concentra-
tions and stroke, which is of great significance to stroke 
prevention, early diagnosis, and prognosis. Besides, we 
have not found any prospective study that examined the 
association between IGF-1 concentrations and the risk of 
PD. Nevertheless, numerous basic and translational data 
have appointed direct protective and homeostasis roles of 
IGF-1 in all brain cells, hence, IGF-1 was hypothesized to 
involve in the PD development [34]. Our study confirmed 
a positive relationship between IGF-1 concentrations and 
the risk of PD, which could be plausible due to IGF-1’s 
involvement in nerve growth and formation [35]. If our 
finding can be replicated by others, serum IGF-1 concen-
trations may serve as an important biomarker in PD risk 
assessment, providing a new insight for PD prevention.

IGF‑1 concentrations and neuroimaging features
To our knowledge, this is the largest cohort study to 
investigate the associations between IGF-1 concentra-
tions and neuroimaging features. We found significant 
relationships between higher IGF-1 concentrations and 
greater volumes of white matter and hippocampus and 
smaller white matter hyperintensity. Consistent with our 
study, a prior study from the Framingham Heart Study 
suggested that a higher IGF-1 concentration was asso-
ciated with larger hippocampal volume, independent 
of vascular risk factors [36]. Though another two stud-
ies reported a null association [14, 37]. Meanwhile, we 
found that higher IGF-1 concentrations were related to 
lower white matter hyperintensity, suggesting a poten-
tial protective role of IGF-1 not only again neurodegen-
eration, but also against cerebrovascular disease. IGF-1 
has been shown to modulate hippocampal neurogenesis, 
apoptosis, and angiogenesis, which could explain part of 
the protective role in preserving the hippocampus and 
protecting from vascular insults leading to white matter 
hyperintensity [36]. Moreover, lower IGF-1 concentra-
tions have been found to be associated with the presence 
of traditional vascular risk factors, particularly obesity, 
insulin resistance, and diabetes mellitus [3, 38], which 
might be feasible explanation for brain atrophy. Although 
studies on the association between IGF-1 concentrations 
and neuroimaging features appear to suggest a potential 
role in brain morphology, further well-designed stud-
ies are required to clarify these associations and possible 
molecular mechanisms.

Strengths and limitations
Our study has several strengths. First, the UK Biobank 
is a well-designed cohort with a relatively large sample 
size, long-term follow-up, and accurate assessment of 
brain-related disorders and neuroimaging features. Sec-
ond, biochemistry assays of IGF-1 were performed in a 
single dedicated central laboratory by a standard, reli-
able method with strict quality control procedures. Third, 
restricted cubic spline models were used to examine 
nonlinear associations between IGF-1 concentrations 
and brain-related disorders. Despite these strengths, 
several limitations of the current study need to be con-
sidered. First, as is typical of prior studies, circulating 
IGF-1 concentrations were measured at a single time 
point and may not reflect a long-term exposure. Because 
of regression dilution, studies based on a single measure-
ment of IGF-1 at baseline could underestimate the true 
association between IGF-1 concentrations and outcomes 
of interest [39]. Second, IGF-1–related proteins such as 
IGF-2 and IGF-binding proteins, which play a role in the 
regulation of IGF-1 bioavailability and signaling [40], 
were not measured in this study. Therefore, the observed 
associations might partially reflect other aspects of the 
IGF-1 signaling pathway. Third, although we adjusted for 
potential confounders, our results are not ideal for draw-
ing firm conclusions about the causality and directional-
ity of the associations between IGF-1 and brain-related 
disorders. Future longitudinal studies and randomized 
controlled trials aimed at evaluating the relationships of 
IGF-1 with brain-related disorders are needed to clarify 
these effects. Fourth, the UK Biobank is not representa-
tive of the general population because UK Biobank par-
ticipants are socioeconomically and health-wise "better 
off" than the average Briton, which may result in a lower 
prevalence of neurological diseases or conditions. How-
ever, it can be used to provide valid estimates of expo-
sure-disease relationships due to its large sample size and 
multitude of exposures. Estimated relative risks derived 
from the UK Biobank are consistent with those derived 
from more representative population-based cohorts [41, 
42]. Fifth, as our analyses on neuroimaging features relied 
solely on single point time data, we could not investigate 
the changes in neuroimaging over time.

Conclusion
In summary, the findings from this large population-based 
study suggest U-shaped associations of circulating IGF-1 
concentrations with the risk of dementia and stroke and 
a linear association with that of PD. Our findings extend 
previous knowledge by identifying both high and low 
IGF-1 concentrations as being risk factors in the develop-
ment of dementia and stroke in general population. Given 
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the lack of effective biomarkers and treatment for these 
overburdened diseases, the potential predictive value of 
serum IGF-1 concentration is of great significance for risk 
assessment and prevention, which warrants further stud-
ies. Besides, more research is needed to fully understand 
the mechanisms and to examine whether an intervention 
targeting IGF-1 concentration would improve brain health.
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