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Abstract

Aside from cortical damage associated with age, cerebrovascular and neurodegenerative diseases,
it's an outstanding question if factors of global health, including normal variation in blood markers
of metabolic and systemic function, may also be associated with individual variation in brain
structure. This cross-sectional study included 138 individuals between 40 to 86 years old who
were physically healthy and cognitively intact. Eleven markers (total cholesterol, HDL, LDL,
triglycerides, insulin, fasting glucose, glycated hemoglobin, creatinine, blood urea nitrogen,
albumin, total protein) and five derived indicators (estimated glomerular filtration rate, creatinine
clearance rate, insulin-resistance, average glucose, and cholesterol/HDL ratio) were obtained from
blood sampling of all participants. T1-weighted 3T MRI scans were used to evaluate gray matter
cortical thickness. The markers were clustered into five factors, and factor scores were related to
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cortical thickness by general linear model. Two factors, one linked to insulin/metabolic health and
the other to kidney function (KFF) showed regionally selective associations with cortical thickness
including lateral and medial temporal, temporoparietal, and superior parietal regions for both
factors and frontoparietal regions for KFF. An association between the increasing cholesterol and
greater thickness in frontoparietal and occipital areas was also noted. Associations persisted
independently of age, presence of cardiovascular risk factors and ApoE gene status. These findings
may provide information on distinct mechanisms of inter-individual cortical variation as well as
factors contributing to trajectories of cortical thinning with advancing age.
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1 Introduction

Progressive age-related changes in gray matter volume and cortical thickness in healthy
individuals follow a complex pattern and include noticeable changes in the prefrontal cortex,
as well as lateral temporal lobes, medial parietal cortex, primary sensorimotor and visual
cortices (Carmichael et al., 2013; Fjell et al., 2014; Salat et al., 2004). However, little is
known on which factors may contribute to individual differences in brain structure prior to
changes associated with senescence as well as what influence such factors might play in the
trajectory of typical brain aging.

Outstanding attention has been drawn to identify structural brain changes that differentiate
healthy aging from disease-related processes such as lesions of vascular origin and
Alzheimer's disease (AD). Additionally, cardiovascular risk and disease (CVD) comprise a
highly prevalent set of conditions in older adults that contribute to accelerated and altered
trajectories of structural brain changes that are above and beyond those of typical aging and
dementia and have been studied in detail (Gearing et al., 1995; Petrovitch et al., 2005;
Sachdev et al., 2014). CVD can eventually modify brain structure through variable
mechanisms, ranging from microvascular insults that present as white matter lesions to large
infarcts (Gearing et al., 1995; Pantoni and Garcia, 1995; Sachdev et al., 2014).

It is now clear that health ‘risk’ states (states predictive of future disease) additionally
influence brain structure even prior to a significant cardiovascular event. For example,
reduction in gray matter volume is linked to hypertension, high cholesterol levels, poor
peripheral glucose regulation and diabetes mellitus (Akintola et al., 2015; Meyer et al.,
2000; Chen et al., 2006; Enzinger et al., 2005; Heijer et al., 2003; Jongen et al., 2007; Raz
and Rodrigue, 2006; Schmidt et al., 2004; Tiehuis et al., 2008). Hippocampal and medial
temporal atrophy has been shown in patients with diabetes and hypertension (Korf et al.,
2007, 2005; Musen et al., 2006), and frontal and prefrontal cortices also seem to be
particularly vulnerable to various CVD risk factors (Heijer et al., 2003; Raz et al., 2007,
2003; Reed et al., 2004). Taken together, these studies suggest that an overall higher risk of
CVD is related to structural brain changes even without well-defined vascular lesions
(Enzinger et al., 2005; Seshadri et al., 2004; Skoog et al., 1996). In older cognitively intact
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or near-normal participants, poorer kidney function was related to brain imaging measures of
small vessel disease (Ikram et al., 2007), and lower brain volume has been related to insulin
resistance and higher levels of visceral fat (Debette et al., 2010; Tan et al., 2011).

Aside from CVD, the study of the influence of other systemic diseases on individual
variation and brain aging has been minimal, especially within normal limits of cognition.
Particular regional relationships between higher blood pressure within or near “normal
range” and reduced cortical thickness in prefrontal and temporal-parietal have been
described (Leritz et al., 2011). It is noteworthy that such deleterious effects of systemic
health on the brain do not seem to be restricted to disease or to individuals who fall into pre-
clinical “abnormal ranges”.

Nevertheless, investigations linking variation in a diverse range of systemic health markers
and variation in brain structure are lacking, particularly in the “normal range” spectrum of
cognition and general health. We hypothesized that variation in systemic health would be
associated with brain morphometry in an age-independent manner in individuals considered
to be of typical health and aging. In this sense, “disease-free” or “disease-controlled” young
and older brains could have some regional cortical differences according to each one's
systemic health. Since healthier behavior and lower risks of CVD may be related to a lower
development of cognitive impairment in older adults (Langa, 2015), this could contribute to
our understanding of individual differences in brain aging within the wide range of
“normality” prior and during typical senescence. Also, some of these various metabolic
functions and organ systems may decline normally with aging and could contribute to
alterations in brain structure.

The present work builds on one of our recent studies investigating associations between
white matter integrity and a large variety of clinical laboratory parameters obtained from a
fasting venous blood sample in a cohort of generally healthy and cognitively intact
individuals in different stages of life, ranging from middle-aged to older individuals (Ryu et
al., 2016; Ryu et al., 2014). These clinical blood markers were grouped into five factors
using factor analysis, which were related to insulin and metabolic regulation, peripheral
glucose levels, kidney function, lipid regulation and blood protein levels. Given the
differential physiological relevance of these markers, we hypothesized that we would see
differential associations between blood factors and cortical thickness depending on the
system. In the present cross-sectional study, we investigated the relationship between these
five factors indicative of systemic health and cortical thickness in healthy young and older
adults. Our main goal was to examine if and how common blood markers of general health
relate to gray matter structural measures. Secondarily, we further defined the relationship
between those factors and age and investigated possible impacts of cardiovascular risk
factors (hypertension, type 2 diabetes and dyslipidemia) and Apolipoprotein E (ApoE) gene
status on this relationship. Our findings suggest associations between cortical thickness and
measures of lipid metabolic health and kidney function in the range of typical variation.
These relationships tend to be present also prior to later aging. Our results provide novel
insights into potential mechanisms influencing differential trajectories of the brain structure
through the aging process.
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2 Materials and Methods

2.1 Study design and participants

A sample of 250 cognitively healthy middle-aged and older adults were recruited through
the Massachusetts General Hospital, the local community, and local senior centers; these
individuals form part of a longitudinal cohort to evaluate vascular contributions to brain
aging. A total of 138 middle-aged and older adults (55 men/83 women) aged 40-86 years
was selected for this cross-sectional study based on the availability of fasting venous blood
sample and T1-weighted MRI data. All participants were physically healthy, cognitively
intact, and literate with at least a high school education. Participants were excluded if they
had major neurologic or psychiatric illnesses, history of stroke, significant head trauma,
brain surgery or substance abuse, unstable medical illness, cancer within the nervous system
or contraindications for an MRI scan. One hundred twenty-five participants were Caucasian
(90.57%), 11 were African American (7.97%), and two were Asian.

Participants with controlled hypertension (HT), dyslipidemia (DLP), or type 2 diabetes
(DM) were not excluded. Individuals with these characteristics represented 55.8% of the
sample (total N = 77; HT alone = 18, DLP alone = 23, DM = 2; HT + DM =6, HT + DLP=
14, DM + DLP=1, HT + DM + DLP=13).

The present work shares most of the participants with a prior investigating the effects of
systemic health factors on white matter integrity with diffusion tensor imaging, with the
exception of one subject lacking cortical thickness data (Ryu et al., 2016). Part of the sample
(127 out of 138 individuals) also overlaps with a prior study investigating the impact of
insulin resistance in white matter integrity (Ryu et al., 2014). There was no overlap in
imaging methods analyses with any of our previous papers. The study was approved by the
Partners Healthcare Internal Review Board (#2008P001486/MGH) and followed the Ethical
Principles and Guidelines for the Protection of Human Subjects of Research, generally
known as the Belmont Report. All participants provided written informed consent to
participate in this research.

2.2 Clinical procedures

Assessments included ascertainment of medical history as well as general medical, physical,
and neurologic examinations. Overnight fasting venous blood samples were collected on the
day of the MRI session for estimation of 11 markers: total cholesterol, high-density
lipoprotein (HDL), low-density lipoprotein (LDL), triglyceride, fasting serum insulin,
fasting glucose, glycosylated hemoglobin A1C (HbA1C), creatinine, blood urea nitrate
(BUN), albumin, and total protein. Serum insulin was measured using
electrochemiluminescence immunoassay (Mayo Medical Laboratories, Andover, MA). Five
indicators of systemic health — homeostasis model assessment of insulin resistance (HOMA-
IR), average glucose level, estimated glomerular filtration rate (eGFR), creatinine clearance
(CCL) and cholesterol to HDL ratio (Chol/HDL ratio) — were calculated as per our previous
study and will be further referenced in the text as blood markers (Ryu et al., 2016).

We also assessed the presence of the epsilon 4 allele of the Apolipoprotein E (ApoE E4), in
a subset of the individuals. ApoE E4 is a well-know risk factor for the development of AD
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and an additional analysis of the relationship between cortical thickness and factors
regarding the presence of this gene was performed. DNA for this analysis was extracted
from frozen blood samples on the Autogen FlexStar instrument using Qiagen's FlexiGene
chemistry. The DNA was quantified by Quant-iT PicoGreen assay (Invitrogen) and
normalized to 10 ng/ul. ApoE genotyping was performed via Applied Biosystems Tagman
SNP Genotyping assays rs7412 and rs329458.

2.3 Factor analysis of blood markers

Factor analysis was performed to identify the latent structure of the blood markers. The
resulting factors were deemed significant based on eigenvalue criteria (> 1.0). Varimax
orthogonal rotation was used and variables with absolute factor loadings at 0.40 or above
were considered major contributors to a factor, as described previously (Ryu et al., 2016).
Secondary confirmatory analyses including factor analyses both without component rotation
and indicators including age in their calculation were also performed. Structure of the
factors is presented in Table 2.

2.4 MRI acquisition

All MRI studies were performed on the same 3 Tesla Siemens Trio scanner (Siemens
Medical Solutions, Erlangen, Germany) with a 12-channel phased-array head coil reception
and body coil transmission. T1-weighted whole-brain high-resolution (1x1x1 mm) multi-
echo MPRAGE were obtained using the following parameters: TI =1000 ms, TR = 2530 ms,
TE =1.64, 3.50; 5.36 and 7.22 ms, field of view = 256x256 mm (sagittal), matrix size =
256x256x176, bandwidth = 651 Hz/pixel, and GRAPPA factor = 2, empirically optimized
for high contrast between gray and white matter, as well as gray matter and cerebrospinal
fluid (CSF) for optimal structural and surface segmentation.

2.5 Cortical thickness and hippocampal volume processing

Automated subcortical and WM segmentation as well as cortical surface reconstruction were
obtained from the T1-weighted MRI images using the FreeSurfer image suite version 5.3.0
(https://surfer.nmr.mgh.harvard.edu). The same program was further used to obtain cortical
thickness measurements. The technical details of these procedures were described in prior
publications (Dale et al., 1999; Fischl and Dale, 2000; Fischl et al., 2004a, 2004b; et al.,
2002; Fischl et al., 2001, 1999).

Thickness measures were mapped on the ‘inflated” surface of each participant's
reconstructed brain (Fischl et al., 1999). This procedure allows visualization of data across
the entire cortical surface without interference from cortical folding. As opposed to
volumetric spatial filtering prone to partial-volume bias in the estimation of gray matter
volumes, thickness values at each surface vertex were smoothed here across the cortical
mantle using a circularly symmetric Gaussian kernel with a standard deviation of 30 mm and
averaged across participants using a non-rigid high-dimensional spherical averaging method
to align cortical folding patterns (Fischl et al., 1999).

The FreeSurfer processing stream also provides automatically individual volumetric values
for cortical and subcortical structures (anatomic segmentation) (Fischl et al., 2002). Since
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the hippocampus is not on the cortical surface, and due to its significance in Alzheimer's
disease and other brain disorders, we included an additional volumetric directed analysis of
this structure. The volumes of the left and right hippocampi of each subject were averaged
and represented as a percentage of intracranial volume.

2.5 Statistical analyses and results display

3 Results

We initially explored the relationship between each of the factors and age, and also of
hippocampal volumes and the factors while controlling for the effects of age. These analyses
were performed using linear and rank correlation methods with Matlab R2014b (The
Mathworks Inc., U.S.A.). We tested variables for normal distribution through a simulation
method (Jarque-Berra test), and significance of the associations found was tested with
Pearson's (for data with normal distribution) and Spearman's (for data without normal
distribution) correlation tests.

A general linear model (GLM) analysis was performed to examine regional associations
between the five health factors and cortical thickness at each vertex. These analyses were
then repeated regressing out the following potential confounders: age, sex, the other factors
and motion parameters (translation and rotation) obtained from diffusion-weighted volumes
in our previous study (Ryu et al., 2016). Secondary analyses with the intention to explore
specific effects of sex and age were also performed.

For illustrative purposes, results were presented with and without correction for multiple
comparisons at p< 0.05 on a semi-inflated surface provided with FreeSurfer. Correction for
multiple comparisons was performed using a clusterwise approach procedure described
previously (Hagler et al., 2006), adapted for cortical surface analysis and part of the
FreeSurfer processing stream. Surface data were initially corrected for multiple comparisons
with a threshold of p<0.05 for the clusterwise p value, for both hemispheres and in both
directions (taking into account positive and negative effects), using a Monte Carlo
simulation approach. When values of p <0.05 were found, then another analysis was
performed with a threshold of p<0.01.

After the clusterwise correction for multiple comparisons, specific regions of interest (ROI)
were also drawn in the areas of significant correlation between cortical thickness and each
factor, to build dispersion plot graphics that provides information on the individual behavior
of individuals in each analysis. These values were used also for two additional exploratory
analyses to clarify the impact of individuals with cardiovascular risk factors (hypertension,
diabetes mellitus and dyslipidemia) and the influence of ApoE gene status in the
associations.

3.1 Participants

Table 1 presents demographics and average blood markers for all participants. The group
average for each blood marker was within the normative values, except for CCL, which was
slightly lower than normal. However, CCL is known to decrease with age and our sample
included both middle-aged and older adults. Although a small portion of the participants was
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outside of the normative range for each marker, results were examined with these individuals
as well as with exclusion of outliers to confirm that the associations were not primarily due
to individuals with extreme values.

3.2 Factor analysis of blood markers

As described in Ryu et al. (2016), five significant primary factors were extracted from the 16
blood markers (Table 2). Briefly, Factor 1 was weighted by several of the variables with the
strongest weighting for insulin and HDL, therefore, defined as the ‘insulin/metabolic factor’,
and increased with greater fasting insulin, total cholesterol/HDL ratio, HOMA-IR,
triglyceride, CCL and lower HDL.. Factor 2, defined as a ‘glucose factor’, increased with
greater HOMA-IR, average and fasting blood glucose and HbA . Factor 3, defined as a
‘kidney function factor’, increased with greater creatinine and BUN, and lower eGFR and
CCL. Factor 4, defined as a ‘cholesterol factor’, increased with higher Chol/HDL ratio, total
cholesterol, and LDL. Factor 5, defined as a “protein factor’, increased with total protein and
albumin. Except for Factor 5, which is related to nutrition and liver function (responsible for
albumin synthesis), greater factor scores were related to marker levels usually linked to
poorer health or increased risk of disease overall. These five factors cumulatively accounted
for 79.42% of the variance all blood markers and indicators and were tested in the surface-
based general linear models with cortical thickness.

A more conservative set of factors that did not include variables with an age component (i.e.
eGFR and CCL) was also created. This analysis resulted in factors with a similar structure to
the original ones and similar associations with cortical thickness. This was particularly
important for the kidney function, which included only BUN and creatinine as major
components, from now on called unadjusted kidney function factor (Ryu et al., 2016).

3.2.1 Analyses of possible correlations between Factors and age—Except for
factor 4 (cholesterol), all factors were correlated with age, with different degrees of
significance (insulin/metabolic: Rho= 0.200, p= 0.018; glucose: Rho= 0.256, p= 0.0024;
kidney function: Rho= 0.504, p= 2.7 x 10710; protein: R= 0.265, p= 0.002). Even when
using the factor analysis excluding age-adjusted indicators (eGFR and CCL), the unadjusted
kidney function factor remained correlated with age (R = 0.263, p = 0.0018). These
associations demonstrate the need to carefully examine correlations between health factors
and cortical measures while accounting for age.

We also performed a secondary analysis after splitting the cohort into two different age
groups (younger and equal to or older than 60 years old) in order to further explore this
relationship. After this split, only Factor 3 (kidney function) remained correlated to age in
individuals older than 60 (Rho=0.328; p= 0.004).

3.3 Surface-based associations between factors and cortical thickness

Maps of the associations between each factor and cortical thickness are shown in Figure 1
with and without controlling for the effects of age. We also performed analyses controlling
for sex, the other blood factors and estimated motion in the scanner. These variables had
little impact in the results and therefore are not shown. Plots of the average cortical thickness
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and the residuals for the areas that remained statistically significant after correcting for
multiple comparisons and controlling for the effects of age (seen in the insulin/metabolic,
kidney function and cholesterol factors) are presented in Figure 2, as well as the areas used
for extraction of the cortical thickness data. Specific GLM analyses of the associations
between cortical thickness and the factors splitting the cohort into two groups (younger and
older than 60 years old) and sex were also performed. Results for Factor 3 were the most
informative and are disclosed as supplement material (supplementary figure 1). We found no
significant statistic differences in the correlations between cortical thickness and factors
between men and women in a posteriori analyses. Due to the period of time of imaging
acquisition, we examined any associations between scan date and primary variables.
Although there was an association between scan date and Factor 3, it was not related to any
of the imaging markers and use of scan date as a covariate did not alter the associations
reported.

A brief description of the main findings for each factor is given below.

Factor 1 — insulin/metabolic—In Factor 1 an increase in insulin, insulin resistance
(HOMAV/IR), cholesterol and triglycerides, as well as a decrease in HDL and creatinine
clearance were associated with decreased cortical thickness in regions including the right
posterior cingulate, precuneus, insula, medial temporal lobe and left sensorimotor and
prefrontal cortices. Effects on the the right posterior cingulate, precuneus, insula and medial
temporal lobe (including enthorhinal cortex) and left sensorimotor and prefrontal cortex
persisted after correction for multiple comparisons with p< 0.05 and were enhanced after
accounting for the effects of age, which acted as a confounder (Figures 1 and 2). An area of
association in the right precuneus also survived multiple comparisons at the 0.01 threshold
level (p = 0.0004).

Factor 2 — glucose—An increase in this factor was associated with decreased cortical
thickness in several areas in the temporoparietal transition bilaterally in the analyses without
covariates. However, when controlling for the effects of age and other covarates, these areas
were dramatically reduced and did not survive multiple comparisons.

Factor 3 — kidney function factor—Kidney function factor was the most strikingly
related to cortical thickness in widespread association and sensory-motor areas. An almost
whole-brain negative association between kidney function factor and cortical thickness was
found before accounting for covariates. A significant reduction of the aforementioned
effects, particularly in the lateral and medial temporal lobes was seen when controlling for
the effects of age. However, some widespread clusters of negative association of the factor
with cortical thickness persisted in parietal areas, temporoparietal transitions and medial
temporal areas. The areas in the parietal, frontoparietal, and in left prefrontal and medial
frontal regions persisted after correction for multiple comparisons and after controlling for
the other factors and sex, with a p threshold of < 0.05. An additional analysis with a derived
factor of kidney function without age-adjusted variables showed similar areas of negative
association with cortical thickness, even when accounting for the effects of age. Negative
associations also persisted when splitting the participants into two groups: younger and older
than 60 years old, even though the effects were more pronounced in older subjects, and also
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when investigating an unadjusted Kidney function factor without age-derived variables
(supplementary figure 1).

Factor 4 — cholesterol—An increase in total cholesterol and LDL values was associated
with increased cortical thickness bilaterally in the prefrontal cortex, superior parietal
(including right precuneus) and frontoparietal areas, but also in some bilateral
parietooccipital and lateraloccipital areas. The areas with a higher consistency of this
association were in the prefrontal cortices. These effects persisted after correction for
multiple comparisons (p<0.05) and were not influenced by age, sex and other covariates.
Two areas of association in the left superiorfrontal (p = 0.0004) and lateral occipital giri (p =
0.0002) also survived multiple comparisons at the 0.01 threshold level.

Factor 5 — Protein—Increases in total protein and albumin values were associated with
higher cortical thickness in specific temporal and temporoparietal areas. However, most of
these effects did not persist after considering the effects of age in the analysis (Figure 1). No
major effects of sex and other covariates were seen.

3.4 Associations between factors and hippocampal volume

Overall there was no major statistically significant association between corrected
hippocampal volume and any of the factors while considering age as a covariate. Factor 3,
however, presented some outliers (values above 3 standard deviations of the Factor) and after
excluding these individuals, the kidney function factor showed a negative correlation with
corrected hippocampal volume (r=-0.168, p= 0.049, Pearson's correlation, corrected for
age), meaning that worse kidney function may be linked to smaller hippocampi.

3.5 Surface-based associations between factors and cortical thickness after excluding
individuals with cardiovascular risk factors

Considering that the presence of cardiovascular risk factors among some individuals could
influence the relationship between cortical thickness and the factors (even when under
specific medication), an additional analysis was performed after excluding those with
hypertension, dyslipidemia and type 2 diabetes using the cortical thickness data extracted
from the ROIs seen in figure 2 for Factors 3 (kidney function), 4 (cholesterol), and the
residuals of the relations between age and thickness for Factor 1, taking age into account as
a covariate. The correlation between thickness and all the three factors remained significant
in this analysis and are shown in the Supplementary figure 3(Factor 1- R=-0,2687 / p =
0,0379; Factor 3 — R = —0.3665 / 0.004; Factor 4 — R = 0,2592 / p = 0,0455).

3.6 Surface-based associations between factors and cortical thickness considering ApoE

e4 status

Additional plots and analyses were generated to investigate the potential influence of APOE
genotype on factor by thickness associations using thickness measures from the ROIs shown
in figure 2 for factors 1, 3, and 4. For Factor 1 we used the residuals of the regression
between cortical thickness and age, since age acted a confounder in this case. In total, 109
individuals had information on ApoE e4 status. Individuals in the two subgroups (ApoE e4
positive, n = 26/ApoE e4 negative, n = 83) did not differ in age and sex.

Neuroimage. Author manuscript; available in PMC 2018 February 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Coutinho et al.

Page 10

Analyses demonstrated that ApoE e4 status did not seem to influence the associations
between blood factors and thickness (supplementary figure 3). This was confirmed by
comparing the correlation coefficient obtained for both subgroups using a Fisher's r-to-z
transformation, which showed no differences between the slopes of the subgroups for the
three factors. However, we emphasize that the subanalyses performed has reduced statistical
power relative to the primary analyses of this work.

4 Discussion

In this cross-sectional study, we assessed the relationship between brain cortical thickness
and inter-individual variation across a diverse collection of standard physiological blood
markers commonly used to monitor systemic health in clinical medicine. Some of these
associations are described here for the first time, especially for participants in the middle-age
range. All participants were cognitively healthy and represented a sample of what is
expected to be within ‘typically’ or even ‘optimally’ healthy adulthood for the given age. By
exploring this, we address an underexplored issue of physiological processes that may
contribute to normative cortical variation as well as conditions that may contribute to
variation in trajectories of brain aging.

Among our principal findings were the consistent associations of lower cortical thickness
with increasing levels of insulin and lipid metabolism markers (factor 1), and also with
decreasing kidney function (factor 3). These survived multiple comparisons corrections,
controlling for age and other covariates, and were very consistent in all of our sub-analyses,
i.e. after excluding individuals with cardiovascular risk factors and when considering ApoE
status. Other results such as the increase in cortical thickness with increasing cholesterol
levels replicate prior work by Leritz and colleagues in a different set of older adults (Leritz
etal., 2011). These findings provide insight into inter-individual cortical variations that may
have implications for understanding disease processes.

The most statistically robust effect in this work is the finding of an inverse correlation
between kidney function and cortical thickness. Associations between markers of kidney
function with cerebral blood flow and markers of white matter integrity in the range of
healthy variation or slightly abnormal levels have already been demonstrated (Ryu et al.,
2016; Sedaghat et al., 2015). In end-stage renal disease, central nervous system impairment
is common and could be due to retention of toxic solutes such as urea, creatinine,
parathyroid hormone, and myoinositol (Fraser and Arieff, 1988). Also, due to anatomical
and physiological similarities, the kidneys are sensitive to microvascular and ischemic
damage in a similar way as brain tissue (Ikram et al., 2007; O'Rourke and Safar, 2005; S
Sedaghat et al., 2015). Small vessel disease is also correlated to mediators such as
homocystein, endothelin-1 (Love and Miners, 2015), which could have some influence on
kidney function. The current findings in a cohort comprising Kidney function in the normal
range of individual variation suggest that these relations detected in disease states may
extend to variation in function of healthier individuals.

The renal system is responsible for several critical functions including blood filtration, ion
homeostasis and blood pressure regulation, and hydration levels, all of which may contribute
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to the results reported here. Indeed, simple hydration status is linked to acute changes in
cortical thickness and other structural indices of the brain from MRI (Biller et al., 2015;
Streitbirger et al., 2012). The kidney function factor was partly defined by GFR, which is
known to decrease with age (Glassock and Winearls, 2009). Furthermore, we showed a
strong correlation between this and age, which could mean that the effects seen could be due
to age and not the factor itself. However, even though less significant and less widespread,
effects of kidney function persisted when splitting participants in two age groups, especially
in those younger than 60, where the factor no longer correlates with age, also persisted after
excluding outliers, subjects with dyslipidemia, diabetes and hypertension, and while
investigating a derivative factor without age-adjusted variables and correcting for age.
Therefore, after these analyses we consider that the kidney function factor was still related to
inter-individual regional variation in cortical thickness, independently of age.

Increases in measures related to insulin and lipid metabolism (factor 1) were also inversely
correlated with cortical thickness in temporal and parietal areas and some areas of the
prefrontal cortex, but also in mesial temporal lobes. These effects were independent of age
and other covariates. They are consistent with previous studies showing changes in gray and
white matter particularly in temporal and parietal areas in individuals with diabetes mellitus,
insulin resistance, and central obesity (Akintola et al., 2015; Debette et al., 2010; Ryu et al.,
2014; Tan et al., 2011). Incidence of type 2 diabetes mellitus (DM), insulin resistance (IR),
CVD and neurodegenerative diseases are frequently concomitant and increase with age
(Vagelatos and Eslick, 2013). Interestingly, insulin resistance and diabetes are also a well-
known risk factor for AD (Schilling, 2016). None of the previous studies focused on disease-
free middle-aged and older adults with ‘normal’ or slightly abnormal systemic markers in
their cohort as we did.

The results of Factors 1 and 3 overall suggest that some degree of brain tissue variations may
be linked to systemic/organ health even in younger people without established kidney
disease and diabetes mellitus. These results add information to the findings already
published by our group, in which the same factors had qualitative differential impacts on the
integrity of white-matter fibers (Ryu et al., 2016). In that work, the insulin factor was more
qualitatively associated with long projection fibers, whereas kidney function had a more
widespread association with periventricular white matter classically associated with aging
and CVD (Pantoni and Garcia, 1995). Such findings, especially for factor 3, are in
agreement with the areas of reduced cortical thickness seen in the present study, which
presented an overlap of regions prone to reduce its thickness and have reduced blood flow
and metabolism in normal aging but also vulnerable to CVVD and AD, such as prefrontal,
temporal parietal and medial temporal cortices (Korf et al., 2005; Carmichael et al., 2013;
Dickerson et al., 2009; Dukart et al., 2011; Fjell et al., 2014; Love and Miners, 2015;
McEvoy et al., 2009; Reed et al., 2004; Salat et al., 2004).

We note that the associations between health factors and morphometric measurements
reported here may have technical implications for our prior work examining health factor
associations with white matter microstructural properties using diffusion imaging (Ryu et
al., 2016). Namely, prior work has demonstrated the potential for partial volume
contamination of diffusion measures (Jbabdi et al., 2010; Bach et al., 2014) and it is possible
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that individuals with reduced brain tissue volumes may be more susceptible to such effects.
In light of the information provided in the present work, our previous results should,
therefore, be considered with caution. Nevertheless, given the microstructural and
anatomical specificity of the health effects reported in that work, we believe that the results
reported also occurred due to true associations and not only by technical limitations. It will
be important to examine this possibility more closely in future work. Additionally, it is
possible that the effects are linked in a biological sense- e.g. the cortical and white matter
systems showing associations with a particular health factor are also structurally connected.
We hope to examine such questions in the future.

An association of higher values of the cholesterol factor and higher cortical thickness in
frontal and parietal areas was noted. Similar results have been previously observed in older
adults (Leritz et al., 2011). In Leritz et al. (2011), the authors noted this was an unforeseen
finding since high cholesterol is related to atherosclerosis and could be a risk factor for AD
and other neurodegenerative diseases (Ricciarelli et al., 2012). However, it is clear that
cholesterol ranges considered risk factors for cardiovascular disease are very different than
having values in normal range. It was recently reported that higher cholesterol levels are
associated with better performance on memory tests in cognitively healthy middle-older
adults (Leritz et al., 2016). Such higher values of blood cholesterol could even be related to a
release of excessive quantities of these molecules from the central nervous system.
Alternatively, the inability of the brain to process cholesterol in excess can be prejudicial and
may be related to pathologic states such as AD. Therefore, it appears plausible in light of
these results that greater cholesterol may be related to a thicker cortex in the disease-free
reference range. At this time, mechanisms of such associations are highly speculative given
the distinction between serum and brain cholesterol dynamics (Bjorkhem and Meaney,
2004).

Finally, it should be highlighted that even though Factor 4 (cholesterol) is related to lipid
metabolism, it is fundamentally different from factor 1 (insulin/metabolic). Indeed, Factor 1
included HDL, triglycerides and other markers such as insulin and creatinine clearance,
which are related to lipid, glucose and protein metabolism, while Factor 4 was uniquely
related to LDL and total cholesterol. Furthermore, while the total cholesterol to HDL ratio
was related to both factors, the associations between these factors and cortical thickness
were in opposite directions (an increasing in Factor 1 was linked to lower cortical thickness
while an increasing in Factor 4 was related to higher cortical thickness) and were associated
with different cortical regions. This suggests that this ratio is related to two competing
underlying physiological processes affecting different regions of the brain in opposite ways.
It is possible that Factor 4 is linked to the positive effects of cholesterol on brain function
while Factor 1 may be more strongly related to the potentially early negative effects of
excess insulin resistance and dyslipidemia, even though our sample was generally in the
normal reference range.

We shall address several limitations to the present work. First, the results presented here are
cross-sectional, and therefore, no direct causal inferences can be drawn. The findings
provide suggestive links and still need follow-up work to clarify the role of each of the
presented health factors on gray matter structure over time. Another limitation is that the
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sample used in this study consists predominantly of white Caucasian middle-aged and older
adults from the Boston metropolitan area, which may not be generalized to other
populations. The blood markers available for this work may also not reflect the ideal set, and
future work will require larger marker sets. Finally, given the complexity of the current
project, we did not examine associations between cortical thickness and cognitive function,
which would require careful consideration, yet limits the functional interpretation of the
current findings. The authors plan follow-up work and further investigations to clarify the
relationship between the present findings and cognition.

Lastly, although we consider the control of subject motion in the MRI analysis one strength
of our analysis, it can only correct for patient specific motion during the entire imaging
acquisition. This correction does not take into account correction for motion during specific
sequences, i.e. the T1 sequence used for cortical thickness measurements in the present
work.

Despite these limitations, our results present novel insights and suggest that gray matter
structure may be influenced by systemic health even in the absence of disease, and as early
as middle age. From a theoretical perspective, these findings could give some hints on how
and why people age differently and why different patterns of degeneration are seen in the
spectrum of a particular disease. More practically, since there is evidence that the incidence
of dementia is lowering in some high-income countries that intensified the modification of
specific CVD risk factors (Langa, 2015), it is possible that the relations found in the present
work could have a public-health impact and may help encourage proper prevention and care
for all organ systems. Future interventional and longitudinal studies should focus on whether
optimizing these systemic markers can delay or prevent cognitive decline.
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Highlights

. Cortical thickness was associated with blood markers in younger and older
adults.

. Associations were present even within the “normal range” of blood markers.

. Lower cortical thickness was associated with higher levels of insulin and
lipids.

. Lower regional cortical thickness was associated with decreasing kidney
function.

. Higher levels of cholesterol were associated with higher cortical thickness.
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Figure 1.
statistical maps of the correlations between cortical thickness and each of the health factors,

without covariates (left column, smaller images) and accounting for the effects of age (right
— larger images). Maps are presented on the semi-inflated cortical surfaces of an average
brain. The color scale at the bottom represents the statistical significance of the correlations
with yellow and light blue indicating the most significant regions; blue indicates a negative
association between the factor score and thickness, red/yellow indicates positive
relationships.
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scatterplots of the associations between factors 1, 3 and 4 and cortical thickness. Raw
cortical thickness values (left column) and residuals (right column) of the regressions
between thickness and age were extracted from ROIs defined by the significant voxel-wise
associations with each of the factors after multiple comparisons. These values were used for
examination of the distribution of the effects. Male: black spheres and lines; Female: gray
spheres and lines. Associations for factor 1 were significant only after accounting for age as
a covariate; other factors were significant in all sub analyses. The differences noted in the
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effects related to sex are not statistically significant. These effects, however, are always in
the same direction in both genders.
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Table 1

Demographics and sample averages of blood markers, blood pressure and indicators of all individuals (N =

138).
Variables Reference values® Mean (standard deviation) Range
Age, y 62.08 (11.20) 40-86
Female, % (n) 59.42 (82)
Cholesterol, mg/dL <200 186.71 (36.28) 106-313
HDL, mg/dL 40 to 60 59.60 (17.82) 27-116
LDL, mg/dL <130 106.76 (30.67) 42-204
Triglycerides, mg/dL <150 101.75 (54.87) 34-313
Chol/HDL Ratio <5 3.35(1.02) 1.7-6.6
Average Glucose, mg/dL 77 to 137 115.51 (19.37) 91-217
HbALC, % 43t06.4 5.65 (0.67) 4.8-9.2
Insulin, ulu/mL 2.61025.0 8.75 (5.74) 1.8-33
Fasting Glucose, mg/dL 70 to 110 91.13 (20.11) 52-200
HOMA-IR <25 2.04 (1.55) 0.33-8.39
Albumin, g/dL 3.3105.0 4.40 (0.22) 3.8-4.9
BUN, mg/dL 81025 16.58 (6.66) 7-64
Creatinine, mg/dL 0.6t01.5 0.94 (0.26) 0.58-2.14
eGFR, mL/min/1.73m2 =60 77.76 (17.32) 26.2-107.2
CCL, mL/min 97 to 137 for men, 88 to 128 for women  86.10 (31.13) 29.5-109.1
Total Protein, g/dL 6.0t08.3 7.23 (0.39) 6.2-8.3
Blood pressure
Systolic - 122.40 (14.43) 96-172
Diastolic - 77.43 (9.97) 50-112

a . I I
from the Massachusetts General Hospital core laboratory reference ranges and the National Cholesterol Education Program; these values are

provided for informational purpose only and may vary based on clinical practice, ethnicity, age, sex, and other factors.
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Table 2

Components of the five Factors used in the general linear model regressions versus cortical thickness in the

study.
Factor 1 2 3 4 5
Interpretation Insulin/Metabolic  Glucose  Kidney function  Cholesterol  Protein
% variance explained  20.78 18.42 18.03 13.78 8.41
Insulin 0.82 0.19 -0.01 -0.08 0.06
HDL -0.81 0.01 0.00 0.19 0.02
Chol/HDL ratio 0.81 -0.04 0.02 0.45 0.00
HOMA-IR 0.75 0.47 0.03 -0.10 0.03
Triglycerides 0.69 0.04 0.16 0.28 -0.01
Average Glucose 0.07 0.93 0.17 -0.13 -0.07
HbA1C 0.07 0.93 0.17 -0.13 -0.07
Fasting Glucose 0.17 0.86 0.10 -0.07 -0.10
eGFR -0.03 -0.14 -0.92 0.02 -0.02
Creatinine 0.23 0.12 0.86 -0.11 0.11
BUN 0.15 0.27 0.77 -0.03 0.01
CCL 0.40 0.06 -0.76 -0.12 0.13
Cholesterol -0.08 -0.13 -0.01 0.97 0.08
LDL 0.13 -0.17 -0.06 0.92 0.09
Total Protein 0.10 0.01 0.11 0.02 0.84
Albumin -0.07 -0.20 -0.08 0.12 0.76

Bolded values indicate an absolute loading value of 0.40 or above. HDL = high density lipoprotein; LDL = low density lipoprotein; Chol
=cholesterol; HbA1C = glycated hemoglobin; HOMA-IR = homeostatic model assessment of insulin resistance; BUN = blood urea nitrogen; eGFR
= estimated glomerulus filtration rate; CCL = creatinine clearance
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