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Abstract

Levels of insulin-like growth factor (IGF)-1, IGF binding protein (IGFBP)-3, and their ratio in the
blood may be useful for monitoring those at risk of cognitive and functional decline. However, the
association between IGF measures and functional and cognitive outcomes has been mixed, and the
associations may vary by sex. The present study investigated the cross-sectional, sex-specific
associations between serum measures total IGF-1, IGFBP-3, and the IGF-1/IGFBP-3 ratio, gait
speed, and cognition in 1,320 cognitively unimpaired participants aged 50-95 enrolled in the Mayo
Clinic Study of Aging. We utilized multivariable linear regression models to determine the
association between IGF measures and gait speed or cognitive test performance by sex. IGF
measures were not associated with cognitive or functional performance among men. Among
women, higher levels of log total IGF-1 and IGFBP-3 were associated with better performance in
attention, visuospatial, and global cognitive domains, independent of gait speed. These findings
suggest that among women IGF measures are associated with cognition, and these associations are
independent of function.
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1. Introduction

As the population ages, functional (e.g., frailty, sarcopenia) and cognitive impairment are
becoming increasingly prevalent. Cognitive and functional impairment are related, such that
disrupted gait, a robust measure of function, has been associated with cognitive decline
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(Mielke et al., 2013, Savica et al., 2017) and dementia-related pathology (Wennberg et al.,
2017). Moreover, the combination of cognitive impairment and slow gait has been associated
with an increased risk of dementia beyond the risk associated with either of those conditions
alone (Waite et al., 2005). Understanding the mechanisms driving functional and cognitive
decline, and the relationship between the two, could be important for identifying those at
greatest risk of dementia and frailty.

Insulin-like growth factor 1 (IGF-1), which decreases with age, has anti-inflammatory
effects, and promotes neuronal plasticity and skeletal muscle formation (Wrigley et al.,
2017). Recent evidence has suggested that IGF-1 may be related to both cognitive and
functional performance; however, the direction and strength of these associations has been
mixed. While some studies have shown that lower levels of circulating IGF-1 are associated
with poorer cognition (Dik et al., 2003, Kalmijn et al., 2000, Sanders et al., 2014), other
studies have found that lower IGF-1 levels are associated with better cognition (Perice et al.,
2016, Tumati et al., 2016), or that there was no association (Licht et al., 2014). Studies have
also shown that lower levels of IGF-1 are associated with slow gait speed (Doi et al., 2015)
and incident disability (as certified by Long Term Care Insurance) (Doi et al., 2016), but,
again, other studies have found trends for an opposite (Meng et al., 2015) or null (Perice et
al., 2016) association.

In the periphery, approximately 99% of circulating IGF-1 is bound to IGF binding proteins
(IGFBPs), with more than 80% bound to IGFBP-3. The remaining 1% of circulating IGF-1
remains free, in a biologically available form (Favelyukis et al., 2001, Rajaram et al., 1997).
Unbound IGF-1 can cross the blood brain barrier (Anlar et al., 1999, Coculescu, 1999).
Higher levels of IGF-1 are associated with better outcomes (e.g., proliferation, function,
cognition), and within the brain, IGF-1 is associated with neuron proliferation and
differentiation, and myelination (Anlar et al., 1999, Coculescu, 1999). The ratio of IGF-1 to
IGFBP-3 is considered a proxy for bioavailable IGF-1 (Rajaram et al., 1997). Few studies
have investigated the association between levels of IGFBP-3 and the IGF-1/IGFBP-3 ratio
with cognitive and functional outcomes. In community-based samples, lower IGFBP-3
levels were associated with poorer cognition (Landi et al., 2007, Sanders et al., 2014), but
not with measures of function (i.e., grip strength, gait speed) (Sanders et al., 2014)

We investigated the cross-sectional associations between levels of total IGF-1, IGFBP-3, and
the ratio of IGF-1/IGFBP-3 and gait speed and cognitive test performance among
cognitively unimpaired (CU) adults aged 50 to 95 years enrolled in the Mayo Clinic Study
of Aging (MCSA). We hypothesized that higher total IGF-1 and IGFBP-3 levels and the
IGF-1/IGFBP-3 ratio would be associated with faster gait speed and better cognitive test
performance. Because past research (Doi et al., 2016, Meng et al., 2015, Perice et al., 2016)
has shown that sex modifies the association between IGF measures and cognitive and
functional outcomes, we investigated these associations separately for men and women.
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2. Methods

2.1. Participants

The MCSA is a prospective population-based study aimed at characterizing the incidence
and prevalence of mild cognitive impairment (MCI) in Olmsted County, Minnesota (Roberts
et al., 2008). In 2004, Olmsted County residents between the ages of 70 and 89 were
identified for recruitment using an age- and sex-stratified random sampling design to ensure
that men and women were equally represented in each 10-year age strata. The study was
extended to include those aged 50 and older in 2012. The present study included 1,320 CU
participants aged 50 years and older, who had total IGF-1 and IGFBP-3 levels, gait
assessment, and cognitive testing at the same visit. Participants with a history of stroke,
alcoholism, Parkinson’s disease, subdural hematoma, and/or normal pressure hydrocephalus
were excluded from the present analyses because these conditions are strongly associated
with gait disruption.

The study protocols were approved by the Mayo Clinic and Olmsted Medical Center
Institutional Review Boards. All participants provided written informed consent.

2.2. Participant assessment

MCSA visits included a physician examination, an interview by a study coordinator, and
neuropsychological testing by a psychometrist (Roberts et al., 2008). The physician
examination included a medical history review, complete neurological examination, and
administration of the Short Test of Mental Status (Kokmen et al., 1991). The study
coordinator interview included demographic information, medical history, and questions
about memory to both the participant and an informant using the Clinical Dementia Rating
(CDR) scale (Morris, 1993).

GAITRIte® instrumentation (CIR systems Inc., Havertown, PA) was used to assess gait
speed (Hollman et al., 2011). GAITRIte® is an electronic walkway 5.6 m in length and 0.9
m wide. Participants were instructed to walk at their normal pace without gait aids on the
walkway, initiating and terminating their walk 1 m before and after the walkway. We created
a sample-specific gait speed z-score to make outcomes more comparable.

The neuropsychological battery was administered by a psychometrist and included nine tests
covering four domains: 1) memory (Auditory Verbal Learning Test Delayed Recall Trial
(Rey, 1964); Wechsler Memory Scale-Revised Logical Memory Il & Visual Reproduction
I1) (Wechsler, 1987); 2) language (Boston Naming Test (Kaplan et al., 1983) and Category
Fluency (Strauss et al., 2006); 3) attention (Trail Making Test B (Reitan, 1958) and WAIS-R
Digit Symbol subtest (Wechsler, 1981); and 4) visuospatial (WAIS-R Picture Completion
and Block Design subtests) (Wechsler, 1981). We calculated sample-specific z-scores for all
cognitive tests, and created domain scores by averaging the z-scores within each domain. We
created a global cognitive score using the z-transformation of the average of the four
domains.

We additionally classified participants as having low gait speed if they had a gait speed z-
score in the lowest tertile and low cognitive performance if they had a global z-score in the
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lowest tertile. We then created an ordinal variable, and participants were coded as ‘0’ if they
had neither low gait speed nor cognitive performance; ‘1’ if they met criteria for low gait
speed but not cognitive performance; ‘2’ if they met criteria for low cognitive performance
but not low gait speed; and ‘3’ if they met criteria for both low cognitive performance and
gait speed.

2.3. Diagnostic determination of CU status

For each participant, cognitive performance in each domain was compared with the age-
adjusted scores of CU individuals previously obtained using Mayo’s Older American
Normative Studies (Ivnik et al., 1996, Ivnik et al., 1992a, 1992b). This approach relies on
prior normative work and extensive experience with the measurement of cognitive abilities
in an independent sample of subjects from the same population. Participants with scores
approximately 1 SD or more below the age-specific mean in the general population were
considered for a diagnosis of possible MCI. A final decision to diagnose MCI was based on
a consensus agreement between the study coordinator, examining physician, and
neuropsychologist who evaluated the participant, after taking into account education, prior
occupation, visual or hearing deficits, and reviewing all other participant clinical information
(Petersen, 2004). Individuals who performed in the normal range and did not meet criteria
for MCI or dementia, which was diagnosed using DSM-IV criteria (American Psychiatric
Association, 1994), were deemed CU.

2.4. Primary exposure: laboratory analyses of IGF-1 and IGFBP-3

Participants’ blood was collected at the in-clinic exam, centrifuged, aliquoted, and stored at
-80 °C. Serum total IGF-1 and IGFBP-3 levels were measured at the Mayo Clinic
Immunochemical Core Laboratory. Total IGF-1 was a solid-phase, chemiluminescent
immunometric assay on the Siemens Immulite 2000 automated immunoassay system
(Siemens Healthcare Diagnostics, Deerfield, IL 60015). Intra-assay coefficients of variation
(CV’s) were 3.5% and 4.2% at 70 and 236 ng/mL, respectively. Inter-assay CV’s were 4.9%,
3.5% and 5.0%, at 37, 68 and 225 ng/mL respectively. IGFBP-3 was a solid-phase,
chemiluminescent immunometric assay on the Siemens Immulite 2000 automated
immunoassay system (Siemens Healthcare Diagnostics, Deerfield, IL 60015). Intra-assay
CV’s were 4.2% and 2.5% at 1.0 and 4.4 ug/mL respectively. Inter-assay CV’s were 4.0%
and 3.9% at 1.0 and 4.3 ug/mL, respectively. We calculated the molar ratio of total IGF-1 to
IGFBP-3 for each participant as a proxy of free (bioavailable) IGF-1.

2.5. Assessment of covariates

Demographic variables (e.g., age, education) were collected by self-report during the in-
clinic exam. Participants’ height (cm) and weight (kg) were measured during the in-clinic
exam, and used to calculate body mass index (BMI) (kg/m2). Medical conditions and the
Charlson comorbidity index (CCI) (Charlson et al., 1987) were determined for each
participant by medical record abstraction using the medical records-linkage system of the
Rochester Epidemiology Project (Rocca et al., 2012, St Sauver et al., 2012). Depressive
symptoms were assessed using the Beck Depression Inventory (BDI) (Beck et al., 1988);
participants with a score of =13 were considered to have depression. Participants’ blood
sample collected in-clinic was also used to determine APOE &4 genotype.
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2.6. Statistical analyses

IGF-1, IGFBP-3, and IGF-1/IGFBP-3 were positively skewed, so they were log-transformed
to normalize the distribution. We used Wilcoxon rank sum and Fisher’s exact tests to
examine participant characteristics by sex. We created tertiles (T1 [lowest], T2, and T3
[highest]) of total IGF-1, IGFBP-3, and IGF-1/IGFBP-3. Linear regression models were
then used to determine the association between tertiles of total IGF-1, IGFBP-3, or IGF-1/
IGFBP-3 (independent variables) and either gait speed or cognitive z-scores (dependent
variables). Multinomial logistic regression models were used to determine the association
between continuous levels of log total IGF-1, IGFBP-3, and IGF-1/IGFBP-3 (independent
variables) and low gait speed and/or cognitive test performance (dependent variables).
Models were adjusted for age, education, BMI, and CCI score. All analyses were stratified
by sex and completed using Stata Version 13.0 (StataCorp, College Station, TX).

3. Results

Men, as compared to women, were older, had completed more years of education, had
higher BMI, and had more medical comorbidities (Table 1). Additionally, men had faster
gait speed, poorer performance on tests of memory, attention, language, and global
cognition, and higher levels of total IGF-1 and IGF-1/IGFBP-3. Conversely, women had
poorer visuospatial performance and higher levels of IGFBP-3.

3.1. Linear regression analyses

There was no association between any IGF measures and gait speed in men (Table 2).
Among women, there was a trend in multivariable models for the highest tertiles of total
IGF-1 (B =0.17, 95% CI [-0.001, 0.34]) and IGFBP-3 (B = 0.15, 95% CI [-0.02, 0.32]) to
be associated with faster gait speed, but these associations were not significant at the p<
0.05 level. Further, we did not observe any association between IGF measures and cognitive
test z-scores among men. Among women, higher levels (T2 and T3) of total IGF-1 were
associated with better attention, visuospatial, and global z-scores, though the coefficients
were higher for T2 as compared to T3. T2 IGFBP-3 was associated with better attention z-
score and higher levels (both T2 and T3) of IGFBP-3 were associated with better
visuospatial and global z-scores. These findings suggest an inverse U-shaped association
between IGF measures and cognition in women, such that those in T2 performed better on
cognitive tests, as compared to T1 or T3.

3.2. Multinomial regression analyses

Given the trend for the association between IGF and gait speed and the significant
association for IGF and cognition among women, we next investigated whether continuous
IGF measures were associated with risk of low gait speed and/or cognition (defined as the
lowest tertile). Among men, there were no associations between any IGF measure and low
gait speed or cognitive test performance (Table 3). Among women, higher IGFBP-3 levels
were associated with a lower relative risk ratio of low global cognitive performance (relative
risk ratio (RRR) = 0.23, 95% CI [0.08, 0.67]) and with both low gait speed and low global
cognitive performance combined (RRR = 0.24, 95% CI [0.09, 0.69]).
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3.3. Sensitivity analyses

In sensitivity analyses we additionally adjusted for global z-score in models that specified
gait speed as the outcome and gait speed in models that specified cognitive z-scores as the
outcome. We did not find any evidence that cognitive test performance mediated the
association between serum total IGF-1, IGFBP-3, and IGF-1/IGFBP-3 and gait speed, or
vice versa. We further adjusted for diabetes treatment (insulin, oral medication), depression,
and APOE e4 genotype, but found these did not alter the results. We examined whether age
(50-69 versus =70 years old) or APOE e4 genotype modified the association between IGF-1
or IGFBP-3 levels and gait speed or cognition by adding interaction terms to the models, but
found no evidence of effect modification by age or APOE e4 genotype.

4. Discussion

In this population-based study of 1,320 middle-aged to older participants, higher total IGF-1
and IGFBP-3 levels were cross-sectionally associated with better cognitive test performance
among women. Moreover, our findings suggest an inverse U-shaped association between
IGF measures and cognition in women, such that those in T2 tended to have better cognitive
performance, as compared to those in T1 or T3. Adjusting for gait speed did not affect these
associations, suggesting that IGF measures are independently associated with cognition.
This finding was further supported using multinomial regression analyses, because, among
women, higher IGFBP-3 levels were associated with a lower relative risk ratio of both poor
cognition alone and poor cognition and low gait speed combined. The finding that higher
IGFBP-3 was associated with reduced risk of low gait speed and cognition combined was
likely driven by the association between IGFBP-3 and cognition.

The generative properties of IGF-1 suggest that higher levels would be associated with better
cognitive and functional outcomes (Wrigley et al., 2017). IGF-1 is widely expressed in the
brain, and in areas related to cognition, including the hypothalamus, cortex, hippocampus,
and cerebellum. IGF-1 expression in the brain is associated with axon outgrowth, dendritic
maturation, and synaptogenesis, and peripheral IGF-1 increases cellular proliferation in the
hippocampus (Aberg et al., 2006). Additionally, it is hypothesized that IGF-1 and IGFBP-3
are increased after hypoxic-ischemic injury in effort to reduce injury after insult (Aberg et
al., 2006). IGF-1 has also been shown to be specifically related to Alzheimer’s pathology. It
decreases tau phosphorylation (Hong and Lee, 1997) and increases amyloid-beta clearance
(Carro et al., 2002).

Indeed, past studies have found an association between higher IGF-1 levels and better
cognition and function. A recent study among older adults (mean age = 72) found lower
serum IGF-1 levels were associated with incident disability, independent of cognitive test
performance (Doi et al., 2016). However, in another study, lower IGF-1 levels were
significantly associated with MCI diagnosis, but not with slow gait after accounting for
confounding variables (Doi et al., 2015). Our findings that total IGF-1 and IGFBP-3 were
positively associated with cognitive test performance, but not gait speed, among women in
part support these past findings. Together these findings suggest that IGF measures may be
more strongly associated with cognition as compared to slow gait. However, we did not
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examine the associations with more impaired outcomes, such as disability, so it is still
possible that IGF measures are associated with more severe functional phenotypes.

Our results are in contrast to studies that have shown that higher levels of IGF-1 are
associated with poorer cognitive and functional outcomes. In the oldest old (=90 years),
lower IGF-1 levels and the ratio IGF-1/IGFBP-3 were associated with living longer and with
better functionality (Milman et al., 2014, van der Spoel et al., 2015). Additionally, in a study
of adults aged 95 years and older, women, but not men, with lower levels of IGF-1 had lower
odds of cognitive impairment (Perice et al., 2016).

These discrepant findings may be potentially explained by differing samples. The oldest old
(=90 years) (Milman et al., 2014, Perice et al., 2016, van der Spoel et al., 2015) may be
“super agers” and more robust, thus exhibiting different relationships between peripheral
markers and functional and cognitive outcomes compared to individuals who experience
normal aging. In the present study, our sample size of individuals aged 90 and older was not
large enough (N = 20) to explore this hypothesis with sufficient power.

IGFBP-3 shows proliferative and anti-proliferative effects, both through and independently
of IGF-1, and its role in function and cognition has yet to be fully elucidated (Baxter, 2000,
Hollowood et al., 2000). In community-dwelling older adults aged 80 and older, lower
IGFBP-3 levels were associated with cognitive impairment (Landi et al., 2007). Similarly, in
a longitudinal study of older adults (mean age = 76), decreasing IGFBP-3 was associated
with a decrease in global cognition, but not with changes in grip strength or gait speed
(Sanders et al., 2014). These findings are consistent with the results from the present study.
In sum, the available evidence suggests that lower or decreasing IGFBP-3 levels are
associated with worse or decreasing cognition. Future research should further investigate
these associations and work to determine whether IGFBP-3 is associated with cognitive
outcomes independent of IGF-1, through IGF-1-related mechanisms, or both.

Our finding that the association between IGF measures and cognition was stronger in
women as compared to men is consistent with past evidence (Doi et al., 2016, Meng et al.,
2015, Perice et al., 2016). Women had higher IGFBP-3 levels than men and they performed
better in all cognitive domains, except visuospatial. These differences may contribute to
these sex-specific associations. However, there is also evidence that the interaction between
estrogen and IGF-1 is neuroprotective and promotes skeletal muscle (Garcia-Segura et al.,
2010, Tarantino et al., 2013). This may explain why higher levels of IGF-1 and IGFBP-3 in
women, but not men, are more strongly associated with better outcomes. However, it should
be noted that the majority of women in this sample were post-menopausal, therefore the
effects of estrogen may be less robust or proximal. The pattern for observed sex differences
should be furthered explored utilizing both basic science and epidemiological methods, to
better understand how sex may act as a modifier in the association between IGF measures
and cognition and function.

This study has multiple strengths, including the large population-based sample, extensive
phenotyping, and multiple measures of cognition. However, the study also has limitations to
be considered. We measured total IGF-1 and IGFBP-3 and used the ratio of the two to create
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a proxy measure of bioavailable IGF-1. Although this ratio has been widely accepted as a
proxy (Rajaram et al., 1997), it still is not as accurate as a direct measure of free IGF-1.
Additionally, our findings may not be directly generalizable to other populations. In
particular, Olmsted County residents are largely of northern European ancestry and IGF-1
and IGFBP-3 levels have been shown to vary by race/ethnicity (Berrigan et al., 2009); thus,
the study need to be replicated in other ethnicities. Finally, this study is cross-sectional, so
directionality cannot be inferred. Future longitudinal studies are needed to further investigate
the association between total IGF-1, IGFBP-3, and IGF-1/IGFBP-3 and cognitive and
functional outcomes.

5. Conclusions

These findings show that total IGF-1 and IGFBP-3 are associated with measures of
cognition, and that these associations are stronger among women and independent of gait
speed. Overall, though, evidence of direction of these associations and how they may be
modified by sex and/or age is conflicting. Future longitudinal research is needed to fully
elucidate these relationships. If validated, peripheral markers, such as IGF-1 and IGFBP-3,
may prove to be useful in understanding mechanisms of functional and cognitive decline and
impairment, and could potentially be harnessed to evaluate patients in clinical settings.
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Table 1

Participant characteristics at baseline by sex, median (IQR) or N (%)

All Men Women

(N=1,320) (N=701) (N=619)
Age 71.7 (63.5, 78.0) 72.3 (64.2, 78.9) 71.3(63.0,77.4)  0.027
Education 14 (12, 16) 16 (12, 17) 14 (12, 16) <0.001
Body mass index (kg/m?) 27.8(25.1,31.3) 28.3(25.5,31.0) 27.4 (24.3,31.8) 0.014
Charlson comorbidity index score 5@3,7) 5(3,8) 5(3,7) <0.001
Hypertension 784 (60) 445 (64) 339 (56) 0.002
CABG 67 (5) 56 (8) 11 (2) <0.001
Myocardial infarction 162 (12) 125 (18) 37 (6) <0.001
Cancer 256 (23) 152 (26) 104 (21) 0.073
Gait speed (m/s) 1.0 (0.95, 1.3) 1.0 (1.0, 1.3) 1.0 (0.95, 1.3) <0.001
Z Memory 0.98(0.21,1.66)  0.76(0.05,1.42)  1.22(0.50,1.93)  <0.001
Z Attention 0.97 (0.33, 1.52) 0.78 (0.15, 1.32) 1.12 (0.56,1.69)  <0.001
Z Language 0.72 (0.12, 1.28) 0.58 (0.04, 1.16) 0.83(0.27,1.42)  <0.001
Z Viisuospatial 0.83(0.22,1.43)  0.98(0.35,1.60)  0.67(0.05,1.27)  <0.001
Z Global 1.07 (0.43, 1.67) 0.96 (0.34, 1.55) 1.22 (0.56,1.80)  <0.001
Low gait and cognitive performance <0.001

Unimpaired 643 (50) 332 (49) 311 (51)

Low gait speed 213 (17) 86 (12) 127 (21)

Low cognitive performance 210 (16) 142 (21) 68 (11)

Low gait speed & cognitive performance 214 (17) 115 (17) 99 (16)
Total IGE-1 (ng/ml) 118.0 (92.0,149.0) 125.0(99.0,156.0) 111.0 (85.0, 141.0) <0.001
IGFBP-3 (ug/ml) 35(2.9,4.1) 3.3(2.7,3.8) 3.8(3.2,4.4) <0.001
IGF-1/IGFBP-3 0.14(0.12, 0.17) 0.16 (0.13, 0.19) 0.12(0.10,0.15)  <0.001

*
Defined as the lowest tertile of gait speed and z-score global cognitive score.
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