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Abstract.

Background: Serum insulin-like growth factor-I (IGF-I) has shown some association with hippocampal volume in healthy
subjects, but this relation has not been investigated in stable mild cognitive impairment (sMCI) or Alzheimer’s disease (AD).
Objective: At a single memory clinic, we investigated whether serum IGF-I was associated with baseline magnetic resonance
imaging (MRI)-estimated brain volumes and longitudinal alterations, defined as annualized changes, up to 6 years of follow-
up.

Methods: A prospective study of patients with sMCI (n=110) and AD (n=60). Brain regions included the hippocampus
and amygdala as well as the temporal, parietal, frontal, and occipital lobes, respectively.

Results: Serum IGF-I was statistically similar in SMCI and AD patients (112 versus 123 ng/mL, p=0.31). In sSMCI, serum
IGF-I correlated positively with all baseline MRI variables except for the occipital lobe, and there was also a positive
correlation between serum IGF-I and the annualized change in hippocampal volume (r, =0.32, p =0.02). Furthermore, sMCI
patients having serum IGF-I above the median had lower annual loss of hippocampal volume than those with IGF-I below
the median (p =0.02). In contrast, in AD patients, IGF-I did not associate with baseline levels or annualized changes in brain
volumes.

Conclusion: In sMCI patients, our results suggest that IGF-I exerted neuroprotective effects on the brain, thereby maintaining
hippocampal volume. In AD, serum IGF-I did not associate with brain volumes, indicating that IGF-I could not induce
neuroprotection in this disease. This supports the notion of IGF-I resistance in AD.
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INTRODUCTION

Insulin-like growth factor-I receptors (IGF-IRs)
are widely expressed in the central nervous system
[1, 2]. Systemic IGF-I can be transported across the
blood-brain barrier at the choroid plexus and is also
produced locally in the brain [3]. IGF-I is required
for normal brain development and functioning [4-6],
and IGF-I gene mutations are associated with some
mental retardation [7-9]. The pleiotropic effects of
IGF-Iin the aging brain have been less studied. How-
ever, intracerebroventricular infusion of IGF-I in rats
reduced the age-related decline in hippocampal neu-
rogenesis [10]. Furthermore, in adult rodent models,
circulating IGF-I regulated the density of brain blood
vessels [11] as well as spatial learning and memory
[12, 13]. Finally, circulating IGF-I mediated many of
the beneficial effects of exercise on the mouse brain
[14].

Beyond the physiological effects of IGF-I in the
aging brain, altered IGF-I activity has been linked
to Alzheimer’s disease (AD) pathology. Absence of
IGF-I resulted in increased phosphorylation of tau
in the mouse brain [15]. In experimental AD, IGF-I
regulated the clearance of amyloid-3 (A) from the
brain by interactions with the choroid plexus endo-
cytic receptor megalin [16, 17]. Moreover, in the
postmortem human AD brain, IGF-I expression was
reduced along with resistance to signaling through
the IGF-IR [18, 19]. Further postmortem research of
both experimental [20] and human [21, 22] brains
with AD confirmed an aberrant distribution of IGF-
IRs and resistance to IGF-IR signaling in the AD
brain, which could result in lack of trophic signals
with subsequent degeneration of neurons [3, 23].

In AD, studies of serum IGF-I concentrations
have shown discrepant results as serum IGF-I has
been decreased [24], unchanged [25] or increased
[26-28] as compared with controls. Furthermore,
there are limited data on the associations between
IGF-I and regional brain volumes, and the results
of previous studies have not been fully consistent.
In healthy middle-aged participants, the exercise-
induced elevation of serum IGF-I correlated with
larger hippocampal volumes [29]. Howeyver, in other
studies, associations between serum IGF-I levels
and measures of hippocampal volumes have been
marginal [30] or absent [31, 32].

In summary, few studies have analyzed the associ-
ation between serum IGF-I and magnetic resonance
imaging (MRI)-estimated brain volumetrics. Further-
more, to our knowledge, no study has assessed the

relation between IGF-I and changes in brain volumes
over time. We therefore investigated the associa-
tion between serum IGF-I and MRI-estimated brain
region volumes at baseline and during follow-up in a
single-center memory clinic population of patients
with stabile mild cognitive impairment (sMCI) or
AD. We hypothesized that serum IGF-I would be
associated with brain MRI characteristics in sMCI,
whereas in AD, such associations would be abolished
due to resistance to the effects of IGF-I.

METHODS

Patients

The patients were recruited from the Gothen-
burg MCI study, a longitudinal single-center study
performed at the memory clinic at Sahlgrenska Uni-
versity Hospital [33]. All patients underwent baseline
investigations to determine the state of cognitive
function as described previously in detail [33, 34].
The Gothenburg MCI study was designed to exclude
somatic and psychiatric conditions associated with
increased risk of cognitive impairment. Thus,
the exclusion criteria comprised age<50 or>79
years, Mini-Mental State Examination (MMSE)
score< 18, severe somatic diseases (e.g., subdu-
ral hemorrhage, brain tumor, encephalitis, untreated
hypothyroid state, and unstable heart disease), psy-
chiatric disorders (e.g., major affective disorder and
schizophrenia), substance abuse, and confusion [33].
In the present study, additional inclusion criteria were
a diagnosis of sMCI or AD, a blood sample available
for analysis of serum IGF-I, and a baseline brain MRI
measurement.

The patients were classified according to the
Global Deterioration Scale (GDS) [35]. Patients with
GDS 3 were considered as MCI, while patients with
GDS 4 were classified as probable mild demen-
tia. The classification into GDS groups were based
on medical history, checklists, and cognitive instru-
ments [33]; 1) Stepwise Comparative Status Analysis
(STEP) variables 13-20 (memory disturbance, dis-
orientation, reduced abstract thinking, visuospatial
disturbance, poverty of language, sensory aphasia,
visual agnosia, apraxia) [36]; 2) I-FLEX, a short form
of the Executive Interview (EXIT) (number-letter
task, word fluency, anomalous sentence repetition,
interference task, Luria hand sequences, counting
task) [37]; 3) MMSE [38]; and 4) Clinical Demen-
tia Rating (CDR) [39]. The CDR assessment was
based on information from both the patient and an
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informant. Guidelines for GDS 4 was: STEP> 1, I-
FLEX >3, CDR > 1.0, and MMSE < 25. However, a
consensus decision was made among the physicians
at the memory clinic to determine the appropriate
GDS score.

Patients were diagnosed as sMCI if they were
classified as GDS 3 at baseline and did not con-
vert to dementia during the follow-up. In GDS
4, a specialized physician determined the specific
dementia diagnoses. This physician had access to
clinical information and MRI images but was blinded
to imaging results from volumetry/rating scales,
neuropsychological test results and cerebrospinal
fluid (CSF) biomarker levels. AD was diagnosed
according to The National Institute of Neurological
and Communicative Disorders and Stroke and the
Alzheimer’s Disease and Related Disorders Associ-
ation (NINCDS-ADRDA) [40]. Patients with mixed
forms of AD and the subcortical small vessel type of
vascular dementia (SSVD) were included in the AD
group. The diagnosis of mixed AD/SSVD was set
if AD patients also exhibited MRI findings of cere-
bral white matter hyperintensities (moderate or severe
according to Fazekas classification) [41] with no pre-
dominant frontal lobe syndrome, or alternatively, if
AD patients exhibited mild degree of white matter
hyperintensities in combination with a marked frontal
lobe syndrome [33, 34]. In our 60 AD patients, 37 suf-
fered from non-vascular AD and 23 from mixed forms
of AD/SSVD. Other forms of dementia (including
cortical VaD, Lewy body dementia, frontotemporal
dementia, or unspecified dementia) were excluded.

Ethical approval and consent to participate

Ethical approval was obtained from the regional
ethics review board at the University of Gothen-
burg. All patients provided oral and written informed
consent for enrollment. The study was conducted
according to the Declaration of Helsinki.

Neuropsychological tests

In addition to the tests used for GDS classification,
we assessed episodic memory using the delayed word
recall from the Rey Auditory Verbal Learning Test
(RAVLT) [42].

Blood and CSF samples

Blood samples were drawn in the fasted state
between 08.00 AM and 10.00 AM, and CSF sam-

ples were drawn at the lumbar vertebrae 1L.3/L4 or
L4/L5 interspace. The first portion of CSF was dis-
carded to avoid blood contamination. In total, 20 ml
of CSF was collected in polypropylene tubes and gen-
tly mixed by inverting the tube. Thereafter, the CSF
was centrifuged at room temperature at 2,000 x g for
10 min. All blood and CSF samples were stored at
—80°C pending analysis [33].

Biochemical analysis

Serum IGF-I concentrations were analyzed at
the Clinical Chemistry Laboratory, Sahlgrenska
University Hospital using a chemiluminescent
immunometric assay (IDS-iSYS; Immunodiagnos-
tic Systems Limited, Boldon, United Kingdom) on
an IDS-iSYS automated system (IS31040; Immun-
odiagnostic Systems Limited). The IDS-iSYS IGF-I
assay was calibrated according to the WHO Interna-
tional Standard 02/254. The analyses of serum IGF-I
were performed at one occasion in 2015 by expe-
rienced laboratory technicians that were blinded to
clinical information. CSF levels of total (T)-tau, phos-
phorylated (P)-tau 181, and amyloid-3 amino acids
1 to 42 (AB1—42) were determined using sandwich
ELISAs (INNOTEST, Fujirebio, Gent, Belgium).
Two or more internal control CSF samples (aliquots
of pooled CSF) were analyzed each run as internal
quality controls to minimize between-assay variabil-
ity [33]. APOE (gene map locus 19q13.2) genotyping
was performed by minisequencing [33].

Magnetic resonance imaging and volumetric
brain estimations

All patients underwent structural brain imaging on
a 1.5 tesla Siemens Symphony (Erlanger, Germany)
MRI scanner. The imaging protocol, sequence
generation, and volumetric assessment have been
described previously [43]. T1-weighted brain images
were analyzed using the FreeSurfer software (version
5.3.0; https://surfer.nmr.mgh.harvard.edu/). Cortical
segmentation/parcellation and lobe mapping was
carried out using the Desikan-Killiany Atlas [44].
A blinded quality control check was conducted
using the FreeSurfer graphical user interface Free-
view  (https://surfer.nmr.mgh.harvard.edu/fswiki/
FreeviewGuide/FreeviewIntroduction) [43]. Brain
regions of interest included the combined volumes
(cm?) of the right and left sides of the hippocampus,
amygdala, temporal lobe, parietal lobe, frontal
lobe, and occipital lobe. Normalization for total
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intracranial volume was not performed as total
intracranial volume was similar in the sMCI and
AD groups. Of the included 170 patients (110 sMCI
patients and 60 AD patients) with baseline MRI,
87 patients (58 sMCI patients and 29 AD patients)
had a follow-up MRI (2 years: sMCI, n=47 and
AD, n=27; 4 years: sMCI, n=2 and AD, n=1; 6
years: SMCI, n=27 and AD, n=7). The duration
of follow-up was 3.3 [standard deviation (SD) 1.9]
years on average (median 2.0 years, 25th — 75th
percentiles: 2.0 — 6.0 years). The annualized change
for brain regional volumes were calculated as the
value at the last available MRI scan minus the value
at the baseline MRI scan divided by the duration
(years) between the measurements.

Statistical analyses

The statistical analyses were performed using
SPSS for Mac version 27 (IBM Corp., Armonk,
NY, USA). Continuous variables are presented as
the median (25th—75th percentiles) and categori-
cal variables as count (n) and proportions (%).
Between-group differences were assessed using
Mann-Whitney U test for continuous variables and
using Chi-square test for categorical data. Correla-
tion analyses were performed using the Spearman
rank order correlation test, rho-values shown as rs. A
two-tailed p-value < 0.05 was considered statistically
significant.

RESULTS
Demographic and MRI volumetric characteristics

Baseline characteristics

The demographic and brain volumetric character-
istics of the 110 sMCI patients and 60 AD patients
having a baseline MRI scan are provided in Table 1.
sMCI patients were younger and had higher BMI than
AD patients. Gender distribution and education level
(years) were statistically similar in the sMCI patients
and AD patients. As expected, SMCI patients and AD
patients differed in terms of cognitive performance
(MMSE and RAVLT delayed recall scores), CSF lev-
els of AD biomarkers (AB1—42, T-tau, and P-tau), and
APOE &4 allele distribution. There was no difference
in serum IGF-I level between the groups, although
there was a non-significant trend to lower serum IGF-
I in the sMCI group. Volumes of the hippocampus,
amygdala, temporal lobe, parietal lobe, and frontal
lobe were significantly greater in the sSMCI group,

whereas the occipital lobe volume was statistically
similar in the sSMCI and AD groups.

Comparison of patients having or not having
MRI follow-up

In Supplementary Table 1, the demographic char-
acteristics of the sMCI and AD patients with or
without brain MRI follow-up are shown. The sMCI
patients with MRI follow-up had lower BMI and
higher CSF P-tau levels compared with sMCI patients
with no MRI follow-up. In AD patients, the demo-
graphic characteristics were similar in patients with
or without MRI follow-up.

Brain volumetric results in patients with MRI
follow-up

sMCI patients (n=58) with MRI follow-up exhib-
ited greater baseline hippocampal, amygdala, and
temporal lobe volumes than AD patients (n=29)
with MRI follow-up (Table 2). The parietal, frontal,
and occipital lobe volumes did not differ signifi-
cantly between the two groups. At the final follow-up
(endpoint MRI), the sMCI group had greater vol-
umes of all the studied brain regions except for
the occipital lobe, which was similar in sMCI and
AD patients. Furthermore, evaluations of the annu-
alized changes in MRI variables showed that sMCI
patients had less annual loss in the volumes of the
hippocampus and amygdala as well as the temporal,
parietal, frontal, and occipital lobes compared with
AD patients (Table 2).

Correlation analyses

First, we investigated whether serum IGF-I con-
centrations correlated with MRI-estimated brain
region volumes at baseline. In the sMCI group
(n=110), serum IGF-I correlated positively with
hippocampal volume (rs =0.32, p<0.01; Fig. 1A),
and additionally with amygdala (rs =0.27, p <0.01),
temporal lobe (rs =0.25, p=0.02), parietal lobe (5
=0.22, p=0.02), and frontal lobe (r; =0.26, p <0.01)
volumes at baseline (Table 3). Serum IGF-I was not
correlated with baseline occipital lobe volume in
SsMCI patients. In the AD group (r = 60), serum IGF-I
did not correlate with any of the studied brain region
volumes at baseline (Table 3).

Next, we determined whether serum IGF-I was
associated with the annualized changes in brain
region volumes over the follow-up period. In sMCI
patients (n=>58), serum IGF-I correlated positively
with the annualized change in hippocampal volume
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Table 1
Demographic and radiologic characteristics of SMCI patients and AD patients with baseline MRI brain scans
sMCI (n=110) AD (n=60) P

Men/women, n (%) 40/70 (36%/64%) 28/32 (47%/53%) 0.19
Age (y) 64.0 (58.0-71.0) 69.0 (62.0-75.0) <0.01
Education (y) 13.5 (11.0-16.0) 12.5 (9.0-15.0) 0.19
BMI (kg/m?) 25.0 (22.5-27.4) 24.0 (21.6-26.0) 0.03
MMSE score 29.0 (28.0-30.0) 26.5 (24.0-28.0) <0.001
RAVLT delayed recall score 8.0 (5.0-11.0) 1.0 (0.0-3.0) <0.001
CSF ABj—4 (ng/L) 610 (460-790) 365 (268-455) <0.001
CSF T-tau (ng/L) 310 (210-450) 530 (379-743) <0.001
CSF P-tau (ng/L) 49 (38-67) 78 (61-96) <0.001
APOE &4 allele (0/1/2; n, %) 55/40/7 (50%/36%/6%) 16/28/12 (27%/47%/20%) <0.01
S — IGF-I (ng/mL) 112 (94-139) 123 (96-146) 0.31
Brain region volumes (cm?)
Hippocampus 7.3 (6.6-8.1) 6.0 (5.4-6.9) <0.001
Amygdala 2.6 (2.4-2.9) 2.3(2.1-2.6) <0.001
Temporal lobe 99 (95-107) 90 (84-98) <0.001
Parietal lobe 114 (107-121) 108 (100-118) <0.01
Frontal lobe 165 (155-174) 161 (146-169) 0.03
Occipital lobe 44 (41-47) 43 (39-43) 0.67

Values are given as the median (25th—75th percentiles) if not otherwise stated. Between-group differences were
examined using Mann-Whitney U tests for continuous data and chi-square tests for categorical data. APOE geno-
typing was not conducted in 12 patients. AB, amyloid-; AD, Alzheimer’s disease; APOE, Apolipoprotein E;
BMI, body mass index; CSF, cerebrospinal fluid; MMSE, Mini-Mental State Examination; MRI, magnetic res-
onance imaging; S-IGF-I, serum insulin like growth factor-I; sMCI, stable mild cognitive impairment; P-tau,
phosphorylated tau; RAVLT, Rey Auditory Verbal Learning Test; T-tau, total tau.

Table 2

Regional brain volumes and annualized changes in sMCI patients and AD patients having MRI follow-up

1011

Baseline MRI Endpoint MRI Annualized change in brain region volumes

SMCI (n=58) AD (n=29) p sMCI (n=58) AD (n=29) p SMCI (n=58) AD (n=29) p
Brain region
volumes (cm?)
Hippocampus 7.7 (6.8-8.2) 5.9(5.1-6.8) <0.001 7.4(6.3-8.1) 5.2(4.6-62) <0.001 -0.07(-0.2t0-0.02) -02(-04t0-0.2) <0.001
Amygdala 2.6(24-29) 22(2.1-26) <001 26(23-29) 2.1(1.8-2.3) <0.001 -0.03(-0.09 to 0.03) -0.09 (-0.2to-0.01) <0.01
Temporal lobe 101 (95-108) 90 (83-105) 0.01 98 (91-106) 83 (72-96) <0.001 -1.1(-2.1t0-0.3) -3.6(4.5t0-3.00 <0.001
Parietal lobe 114 (108-122) 110(103-119)  0.10 112 (105-119) 101 (93-114) <0.01  —0.4 (-0.1 to 0.07) -1.1(2.1t0-0.5) <0.01
Frontal lobe 167 (158-176) 162 (152-171)  0.15 165 (153-174) 155 (140-159) <0.01 —0.5(-1.3t00.4) -1.7 (2.6 to -0.3) 0.02
Occipital lobe 44 (41-47) 45 (41-49) 0.35 43 (40-46) 41 (37-44) 0.13 0.2 (0.5 t0 0.07) -0.6(-1.1t0-0.2) <0.01

Values are given as the median (25th — 75th percentiles) if not stated otherwise. Between group differences were examined using Mann-
Whitney U tests. AD, Alzheimer’s disease; MRI, magnetic resonance imaging; sMCI, stable mild cognitive impairment.

(rs =0.32,p=0.02; Fig. 1B). Otherwise, serum IGF-
I did not correlate with the annualized change in
any regional brain volume in sMCI patients or AD
patients.

Brain volumetric results in patients having low
or high serum IGF-I

In additional analyses, we evaluated MRI vari-
ables in patients having serum IGF-I concentrations
above and below the median value. In the sMCI
group, baseline volumes of hippocampus (p =0.001),
amygdala (p=0.01), temporal lobe (p=0.02), pari-
etal lobe (p=0.02), and frontal lobe (p=0.01) were
significantly greater in patients having serum IGF-I
concentration above the median compared with those

having serum IGF-I concentration below the median
(not shown). Occipital lobe volumes were similar in
the sMCI patients with high or low serum IGF-I. In
addition, the annualized change in hippocampal vol-
ume differed significantly (p =0.02) as SsMCI patients
having serum IGF-I above the median had lower loss
of hippocampal volume than those having serum IGF-
I below the median (Fig. 1C). The annualized change
in the other MRI variables did not differ between
SsMCI patients with serum IGF-I above or below the
median (not shown).

In AD patients, baseline brain region volumes
did not differ significantly between patients hav-
ing serum IGF-I concentrations above or below the
median value (not shown). Furthermore, the annual-
ized changes in all the measured MRI variables were
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Fig. 1. Higher serum insulin-like growth factor-I (IGF-I) concentration is associated with larger hippocampal volume in stable mild cognitive
impairment (sMCI). In the sMCI patients, serum IGF-I correlated positively with (A) baseline hippocampal volume (n=110; rg =0.32,
p<0.01) and (B) the annualized change in hippocampal volume (n=58; r;=0.32, p=0.02). C) In the SMCI group (n=>58), patients having
serum IGF-I concentrations above the median had a less prominent decrease in hippocampal volume during the follow-up than those having
serum IGF-I below the median (p = 0.02). Data in the box plots are presented as medians (horizontal lines), 25th—75th percentiles (boxes), and
ranges (whiskers). Correlations were sought using the Spearman rank order correlation test and between-group differences were investigated
using the Mann-Whitney U test.

Table 3
Correlation analyses between serum IGF-I and baseline MRI-estimated brain volumes or annualized changes in brain region volumetry
Baseline MRI Annualized change in brain region volumes
sMCI (n=110) AD (n=60) SMCI (n=58) AD (n=29)

Brain region

volumes (cm?)

Hippocampus rs=0.32,p<0.01 rs=0.01, p=0.97 rs=0.32, p=0.02 rg=-0.04, p=0.86
Amygdala rs=0.27, p<0.01 rs=0.03, p=0.84 rs=-0.01, p=0.92 rs=-0.15,p=0.44
Temporal lobe rs=0.25,p=0.02 ry=-0.01, p=0.97 ry=0.29, p=0.07 rg=-0.36, p=0.19
Parietal lobe rs=0.22, p=0.02 rs ==0.05, p=0.69 rs=0.09, p=0.52 rs=-0.04, p=0.84
Frontal lobe ry=0.26, p <0.01 rs=0.08, p=0.56 ry=0.01, p=0.99 rs=0.32,p=0.15
Occipital lobe ry=0.14,p=0.15 ry=0.01, p=0.95 rg=021,p=0.13 ry=0.26, p=0.20

Correlation analyses were performed using the Spearman rank order correlation test, rho-values shown as r;. AD, Alzheimer’s disease; MRI,
magnetic resonance imaging; sSMCI, stable mild cognitive impairment.

similar in AD patients having serum IGF-I above or had lower annual loss of hippocampal volume than
below the median (not shown). those having serum IGF-I below the median. In con-
trast, in AD patients, serum IGF-I was not associated
DISCUSSION with baseline brain region volumes or longitudinal
volumetric changes in brain structures. Moreover,
This is the first study to investigate the association AD patients having serum IGF-1 above or below the
between serum IGF-Ilevels and longitudinal changes median displayed similar MRI characteristics.
in MRI-estimated brain region volumes. At a single At baseline, AD patients had lower MMSE and
center, we included AD patients as well as patients RAVLT delayed recall scores, higher distribution of
with sMCI. Often, MCI is considered as a transi- the APOE &4 allele, and impaired CSF levels of
tory state between early disease stages and manifest AD biomarkers (ABj—42, T-tau, and P-tau) compared
dementia. However, MCl is a heterogenous condition with the sSMCI patients. Furthermore, at baseline, AD
and sMCI may be of special interest as these patients patients had higher age and lower BMI than sMCI
do not convert to manifest dementia. We found that patients, which is in line with the previous obser-
in the sSMCI group, serum IGF-I correlated positively vations that age is a risk factor for AD [45] and
with all baseline MRI variables except the occipital that BMI declines during the years before and after
lobe, and in addition, serum IGF-I correlated pos- an AD diagnosis [46, 47]. The MRI measurements
itively with the annualized change in hippocampal demonstrated that AD patients exhibited lower base-
volume. Furthermore, in subanalyses, we found that line volumes and more marked annualized losses of

SMCI patients having serum IGF-I above the median all the studied brain region volumes except for the
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occipital lobe. Thus, we observed the expected dif-
ferences between AD and sMCI patients in terms of
clinical characteristics and MRI findings.

We found similar serum IGF-I concentrations in
patients with sMCI and AD patients although there
was a non-significant trend to higher serum IGF-
I in the AD patients. Previous studies have shown
inconsistent results as in AD, serum IGF-I has been
decreased [24], unchanged [25], or increased [26—28]
compared with healthy controls. Fewer studies have
investigated serum IGF-I in AD patients compared
with sMCI patients, but in line with the results of
the present study, most of these studies have found
similar serum IGF-I concentration in AD and sMCI
[27, 48]. It is unknown why previous studies have
shown discrepant results in terms of serum IGF-I in
AD, but it has been postulated that there is resistance
to IGF-I action early in AD, reflected as increased
serum IGF-I. Later, this is followed by deficiency
when the disease progresses (reflected as low serum
IGF-I) [49]. Underlying mechanisms for low serum
IGF-I in more severe AD could be that this state is
accompanied by isolation, immobilization, malnutri-
tion, and impaired body composition, all of which are
associated with low circulating IGF-I level [12].

At baseline in our sMCI patients, serum IGF-I
level was positively correlated with MRI-estimated
volumes of the hippocampus, amygdala, temporal
lobe, parietal lobe, and frontal lobe. In subanaly-
ses, we also observed larger baseline volumes of
these structures in the sMCI patients with serum
IGF-I above the median compared with those hav-
ing serum IGF-I below the median. Notably, both
in the correlation analyses as well as in the anal-
yses of sSMCI patients with serum IGF-I above or
below the median, serum IGF-I showed the strongest
baseline association with hippocampal volume fol-
lowed by amygdala volume. Although the association
between serum IGF-I and brain volumetry has previ-
ously not been evaluated in a memory clinic setting,
the relationship has been investigated in some cohort
studies. A study of hypertensive adults showed that
lower serum IGF-I concentrations were marginally
related to a widening of the radial width of the tem-
poral horn, reflecting medial cerebral temporal lobe
atrophy [30]. A positive correlation between serum
IGF-1, hippocampal volume, and cognitive perfor-
mance was observed in healthy individuals [29]. In
the Framingham cohort, serum IGF-I concentration
was positively associated with total brain volume,
whereas there was no association between IGF-I and
hippocampal volume in older or middle-aged indi-

viduals [31]. Finally, in a population-based study,
circulating IGF-I was not related to later-life total
brain or hippocampal volumes [32]. Therefore, the
results of some, but not all, of the earlier studies
suggest that circulating IGF-I is associated with hip-
pocampal volume in non-demented elderly subjects.
A major finding of the present study is that serum
IGF-I concentration was associated with the annual-
ized change in hippocampal volume in sSMCI patients,
suggesting that circulating IGF-I is of importance for
the maintenance of hippocampal volume in this group
of patients. There is a relatively marked decrease
in hippocampal volume over time in sMCI patients
[50], which could underly why serum IGF-I only
correlated with the loss of hippocampal volume in
the longitudinal analyses. However, some data sug-
gest that IGF-I could be of particular importance for
the hippocampus. In the postmortem human brain
free from neurological diseases, the distribution of
IGF-IRs was greater in the hippocampus compared
with other brain regions [51]. Moreover, in MCI
patients, serum IGF-I was positively correlated with
cognitive performance, mainly in the hippocampal-
dependent domains of learning and memory [52].
The latter finding concurs with the impaired spatial
learning and memory found in mice with inactivation
of liver-derived circulating IGF-I [13]. Furthermore,
both suppression and overexpression of IGF-I in
rodents markedly affected the hippocampal structure.
In mice with inhibited IGF-I activity due to IGF-
binding protein-1 (IGFBP-1) overexpression or total
IGF-I deficiency, the decrease in tissue volume was
greater in the hippocampus than in the total brain
[53, 54]. Conversely, IGF-I overexpression resulted
in an increased number of neurons and synapses in the
hippocampus [55]. Additionally, rodent data demon-
strate that IGF-IR transcription increases with age in
the hippocampal region, possibly to counteract the
age-related decreases in IGF-I production and the
density of IGF-IR distribution [56, 57], and to pro-
vide protection from the lowering of systemic and
brain levels of IGF-I in the aged rodent [58]. Exper-
iments in young and old mice lacking the IGF-IR in
astrocytes showed that decreased IGF-IR expression
was associated with reduced working memory as well
as impaired mitochondrial metabolism and reduced
AR uptake in cultured astrocytes [59]. Altogether,
previous findings suggest that there is an intricate
relationship between IGF-I and the hippocampus, and
our findings in addition suggest that IGF-I exerts neu-
roprotective effects in the aged hippocampus, thereby
maintaining hippocampal volume over time.
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In the present study, in the AD patients, serum
IGF-1did not correlate with any of the baseline or lon-
gitudinal measures of brain region volumes. This lack
of association between serum IGF-I and brain region
volumes might suggest that IGF-I can exert neuropro-
tective effects only to a low degree in the AD brain.
Although the underlying mechanisms are unknown, it
could be hypothesized that resistance to IGF-I action
in the AD brain results in loss of the neuroprotective
effects of IGF-1. Indeed, reduced IGF-IR signal-
ing has been observed in the postmortem human
AD brain [18, 19] and severe resistance to signal-
ing through the IGF-IR has been confirmed in both
experimental [20] and human [22] postmortem stud-
ies of AD brains. Thus, this resistance to IGF-IR
signaling could preclude IGF-I from exerting neuro-
protective effects in the AD brain. However, we did
not observe any significant difference in serum IGF-
I levels between the AD and sMCI groups (median
serum IGF-I: 123 versus 112 ng/mL, respectively),
which may argue against that resistance to IGF-IR
signaling in the AD brain is reflected in the serum
levels of IGF-I. Therefore, in the AD group, we can-
not exclude the possibility that the lack of correlations
between serum IGF-I and brain region volumes was
due to factors other than brain resistance to IGF-I
action.

A major strength of the present study is the longi-
tudinal investigation of MRI estimates of brain region
volumes, with a maximum follow-up of 6 years.
Additional strengths are that the included patients
were well characterized at a single memory clinic
and that serum IGF-I values were analyzed on one
occasion. There were no differences in baseline char-
acteristics between AD patients having or not having
MRI follow-up, and within the sMCI group, baseline
clinical characteristics were similar except for lower
BMI and higher CSF P-tau in the sMCI patients with
MRI follow-up. However, limitations include that the
number of patients having MRI follow-up was lim-
ited, which could have reduced the statistical power in
the analyses of the associations between serum IGF-I
and the annualized changes in brain region volumes.
Also, it may be noted that we did not assess IGF-I
in CSF to estimate the levels of IGF-I in the central
nervous system. Furthermore, we did not measure
other members of the IGF family, such as IGFBPs,
and serum IGF-I was only measured at baseline, why
possible alterations in IGF-I levels over time were not
accounted for.

This is the first study that has investigated the asso-
ciation between serum IGF-I levels and longitudinal

changes in MRI-estimated brain region volumes in
SMCI and AD. In sMCI patients, serum IGF-I was
associated with baseline volumes of hippocampus,
amygdala, temporal lobe, parietal lobe, and frontal
lobe, as well as the annualized change in hippocam-
pal volume. These results indicate that IGF-I provides
neuroprotective effects in sMCI, thereby maintaining
hippocampal volume. Speculatively, this could be of
importance for the lack of progression to manifest
dementia in this group of patients. In contrast, in AD
patients, IGF-I was not associated with baseline vol-
umes or annualized changes in any of the studied
brain structures, which could suggest that the neu-
roprotective effects of IGF-I are lost in AD. This in
turn gives some further support for the notion of IGF-I
resistance in AD.
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