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Abstract

We examined regional changes in brain volume in healthy adults (N = 167, age 19-79 years at
baseline; N = 90 at follow-up) over approximately two years. With latent change score models, we
evaluated mean change and individual differences in rates of change in 10 anatomically-defined
and manually-traced regions of interest (ROIs): lateral prefrontal cortex (LPFC), orbital frontal
cortex (OF), prefrontal white matter (PFw), hippocampus (HC), parahippocampal gyrus (PhG),
caudate nucleus (Cd), putamen (Pt), insula (In), cerebellar hemispheres (CbH), and primary visual
cortex (VC). Significant mean shrinkage was observed in the HC, CbH, In, OF, and the PhG, and
individual differences in change were noted in all regions, except the OF. Pro-inflammatory
genetic variants mediated shrinkage in PhG and CbH. Carriers of two T alleles of interleukin-1
(IL-14C-511T, rs16944) and a T allele of methylenetetrahydrofolate reductase (MTHFRC677T,
rs1801133) polymorphisms showed increased PhG shrinkage. No effects of a pro-inflammatory
polymorphism for C-reactive protein (CRP-286C>A>T, rs3091244) or apolipoprotein (APOE) £4
allele were noted. These results replicate the pattern of brain shrinkage observed in previous
studies, with a notable exception of the LPFC thus casting doubt on the unique importance of
prefrontal cortex in aging. Larger baseline volumes of CbH and In were associated with increased
shrinkage, in conflict with the brain reserve hypothesis. Contrary to previous reports, we observed
no significant linear effects of age and hypertension on regional brain shrinkage. Our findings
warrant further investigation of the effects of neuroinflammation on structural brain change
throughout the lifespan.
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1. Introduction

Brain volume declines with age and significant shrinkage occurs in multiple gray and white
matter regions within a relatively short time (Driscoll et al., 2009; Fjell et al., 2009, 2013;
Pfefferbaum et al., 1998; Raz et al., 2005, 2010, 2013; Resnick et al., 2003; Scahill et al.,
2003). Notably, the magnitude and rate of volume reduction vary across brain regions.
Shrinkage is especially pronounced in the cerebellum, tertiary association cortices, medial
temporal lobe and neostriatum (Fjell et. al., 2009; Raz et al., 2005; Tamnes et al., 2013),
whereas primary visual cortex shows minimal age-related decline (Fjell et al., 2009; Raz et
al., 2005, 2010). The rates of change vary, not only across brain regions, but also across
individuals. Understanding individual differences in brain aging and elucidating their
mechanisms has been hampered by the daunting number of proposed antecedents, and the
cumulative record of the relevant studies remains sparse. Among multiple potential
modifiers of the rate and extent of brain aging, vascular risk factors (Jagust, 2013; Raz &
Rodrigue, 2006) and neuroinflammation (Finch, 2010; Godbout & Johnson, 2006) have
attracted significant attention.

To date, several studies have attempted to gauge the influence of vascular risk (VR) and
inflammation on regional brain volumes. Hypertension, a major and probably the most
common VR, has been associated with shrinkage and smaller volume of age-sensitive brain
regions, such as the hippocampus (Burns et al., 2012; Korf et al., 2004; Raz et al., 2005,
2007a, 2007b), and tertiary association cortices (Raz et al., 2003a, 2005, 2007a, 2007h).

Several biomarkers of inflammation have also been linked to individual differences in brain
structure. Elevated circulating levels of pro-inflammatory cytokines (e.g., interleukin (IL)-6,
and tumor necrosis factor ), C-reactive protein (CRP), and homocysteine (Hcy) correlate
with reduced volumes of the hippocampus, cerebral cortex, and cerebral white matter, as
well as increase in the volume of white matter hyperintensities (Bettcher et al., 2012; Choe
et al., 2014; den Heijer et al., 2003; Jefferson et al., 2007; Marsland et al., 2008; Raz et al.,
2012; Satizabal et al., 2012; Seshadri et al., 2008; Shimomura et al., 2011; Taki et al., 2013;
van Dijk et al., 2005; Williams et al., 2002, but see Feng et al., 2013; Morra et al., 2009;
Scott et al., 2004).

In exploring the effects of pro-inflammatory biomarkers on the brain in humans, one must
contend with two problems: the inability to manipulate the levels of biomarkers directly
through induced inflammation, and the uncertain relationship between blood levels and
brain content (Banks et al., 1995). For ethical reasons, blood levels of pro-inflammatory
biomarkers cannot be safely manipulated in healthy humans, and there are doubts as to
whether human IL-1f can cross the blood-brain barrier (Banks, 2005; Banks et al., 2001),
although in rodents, chronic inflammation increases IL-1 gene expression in the
hippocampus (Bardou et al., 2013). These challenges can be overcome, at least to some
extent, by Mendelian randomization (Katan, 1986), which takes advantage of known genetic
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variants (single nucleotide polymorphisms; SNPs) that predispose individuals to various
levels of the pro-inflammatory biomarkers in the brain and peripheral circulation. Thus, the
study of persons with genetic polymorphisms that are associated with variable levels of a
given risk factor may shed light on neuroinflammation in correlational studies. To date,
several genetic variants associated with vascular health and inflammation have been linked
to age-related and individual differences in brain volume and white matter integrity.

Several SNPs associated with various levels of proinflammatory response have been
identified. Methylenetetrahydrofolate reductase (MTHFR C677T), a polymorphism of a
gene that controls production of the enzyme necessary for metabolizing Hcy, modulates
plasma concentration of Hcy (Bathum et al., 2007; de Lau et al., 2010). Variants in the IL-1/5
gene (e.g., IL-15C-511T) are associated with release of the eponymous cytokine in response
to infection (Yarlagadda et al., 2009). Several SNPs that promote inflammation have been
associated with structural brain differences. For instance, MTHFR C677T has been linked to
smaller white matter volumes and accelerated shrinkage in periventricular fronto-parietal
and parieto-occipital regions (Rajagopalan et al., 2011, 2012). G homozygotes of the
polymorphism of the IL-6 gene (IL-6A-174G, rs1800795) have greater hippocampal grey
matter volumes than heterozygotes and A homozygotes (Baune et al., 2012). In healthy adult
carriers (Raz et al., 2012) but not in cognitively impaired individuals (Rajagopalan et al.,
2012) the variant T allele of IL-14 C-511T and CRP-286 C>A>T polymorphisms are
associated with increased burden of white matter hyperintensities (WMH). Notably, none of
the extant studies of pro-inflammatory SNPs investigated their effect on rate of change.

Several other polymorphisms have been linked to individual differences in brain volumes
and in the rate of age-related declines. The most prominent among these is a well-
established genetic risk factor for late-onset Alzheimer’s disease (AD; Roses, 1996), and the
only consistently reported single-gene marker for longevity (Brooks-Wilson, 2013): the €4
allele of the APOE gene. The APOE ¢4 allele controls availability of the apolipoprotein E
(APOE), a major factor in lipid transport. APOE &4 has also been linked to increased risk of
cardiovascular disease (Mahley & Rall, 2000) and hyperlipidemia (Davignon et al., 1988).
However, the extant literature concerning the effect of APOE ¢4 on brain aging and
cognition is contradictory (Reinvang et al., 2013) and some suggest that positive findings
may reflect inclusion of participants with incipient pathology (Cherbuin et al., 2007).

Reliance on cross-sectional comparison studies significantly impedes understanding of age-
related change (see Raz & Kennedy, 2009 for a review). Although it has been made
abundantly clear that cross-sectional studies cannot capture true dynamics of age-related
change and the role of various mediators in shaping the age trajectories (e.g., Hofer &
Sliwinski, 2001; Lindenberger & Potter, 1998; Lindenberger et al., 2011; Maxwell & Cole,
2007), longitudinal studies remain relatively scarce. Moreover, a significant share of the
extant literature on age-related brain shrinkage is focused solely on the mean change across
individuals, without considering individual differences in change. This focus on a measure
of central tendency, commonly expressed in a simple autoregressive or a residual regression
model, precludes the understanding of differential aging. Whereas development of latent
longitudinal methods, such as the latent change score model (LCSM; McArdle, 2008, 2009;
McArdle & Nesselroade, 1994), enables quantification of individual differences in age-
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related change, application of these methods is still relatively rare. With a few exceptions
(McArdle et al., 2004; Raz et al., 2005, 2010, 2013), most of the extant longitudinal studies
(e.g., Fjell et al., 2009; Pfefferbaum et al, 1998; Resnick et al., 2003) are limited to
evaluation of mean change.

In this study, our aim was to address the limitations outlined above. First, we aimed to
document regional brain changes occurring over two years in healthy adults and replicate
previously reported findings. We expected, based on the extant literature, to observe mean
shrinkage of the cerebellum, hippocampus, striatum, and prefrontal cortices, but no
significant mean change in the volume of the primary visual cortex. Second, we examined
individual variation in age-related change in regional brain volumes. Based on previous
studies, we hypothesized to find significant variance (i.e., individual differences) in change
across all regions of interest (ROIs). Third, we gauged the influence of putative modulators
of brain aging trajectories on the rate of change in regional brain volumes. Specifically, we
tested the effects of VR factors and biomarkers, such as arterial hypertension, and genetic
variants associated with increased pro-inflammatory response, IL-15C-511T, CRP -286
C>A>T, and MTHFR C677T. In addition, we evaluated the effect of a common genetic risk
factor for AD (APOE e4) on rates of change in regional brain volumes.

2. Methods

2.1. Participants

The data for this study were collected in a major metropolitan area in the USA. The
participants were volunteers recruited through media advertisement and flyers. Persons who
reported a history of cardiovascular, neurological or psychiatric disease, head trauma with
loss of consciousness in excess of five minutes, thyroid dysfunction, diabetes mellitus, or
history of treatment for drug and alcohol abuse or a habit of consuming three or more
alcoholic drinks per day were excluded from the study. Participants who were taking anti-
seizure medication, anxiolytics or antidepressants were additionally excluded, and persons
suffering from claustrophobia were advised not to participate in the study. Persons with a
reported diagnosis of hypertension were included. These participants were taking anti-
hypertensive medications, such as beta-blockers, calcium channel blockers, angiotensin
converting enzyme inhibitors or potassium-sparing diuretics.

All participants were screened for dementia and depression using Mini-Mental State
Examination (MMSE; Folstein et al., 1975), with a cut-off of 26 (87%) correct responses,
and Center for Epidemiologic Studies Depression Scale (CES-D; Radloff, 1977) with a cut-
off of 15. All participants were right-handed, as indicated by a score above 75% on the
Edinburgh Handedness Questionnaire (Oldfield, 1971). An on-call neuroradiologist
examined the magnetic resonance (MR) scans for suspected space-occupying lesions and
signs of significant pathology.

Of 1055 persons who replied to advertisements, 360 were eligible after the telephone
screening for right-handedness and history of cardiovascular, psychiatric or neurological
disease. Of the eligible participants, 43 were excluded due to MRI contraindications (e.g.,
metal in body, claustrophobia, or pregnancy at baseline), 99 discontinued after starting the
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study because of various logistic and motivational problems as well as exclusionary findings
(e.g., psychiatric illness, excessive alcohol consumption, head trauma) that were not
reported at the initial screening. Five participants had incidental MRI findings (e.g.,
aneurysm, multiple sclerosis plaques, cerebellar infarct). Sixteen scans were acquired with
sequences that differed significantly from the coronal sequence described below and were
not included in the analyses. Of the remaining 197 participants who were eligible for the
longitudinal follow-up, 167 were scanned at baseline on a 4 Tesla (4T) scanner and one on a
3 Tesla (3T) magnet that replaced the 4T scanner during the study at the same site; an
additional 29 participants were scanned on a 3T magnet at follow-up. The data acquired on
the 3T scanner were not included in the analyses presented here. Thus, the final baseline
sample consisted of 167 participants (85% of the eligible cohort). Women composed 65% of
the sample. Participants with controlled hypertension were included in the study (N = 33,
20% of the sample). The process of recruitment, selection and attrition is depicted in a flow
chart in Figure 1.

Of the 167 participants who completed baseline scanning on the 4T magnet, 90 (54%) had
the follow-up on the same scanner. The mean + SD follow-up interval was 24.99 + 2.19
months, with a range of 20-33 months. Attrition was unrelated to sex (b =.24, p = .40), level
of education (b =-.02, p =.83), race (b = 0.30, p = .55), CES-D score (b =.31, p=.24), or
diagnosis of hypertension (b =.99, p = .08). Participants with advanced age (b =-.04, p=.
002) and higher MMSE scores (b =-11.66, p = .02) were less likely to drop out of the
study. The demographic descriptors of the sample are presented in Table 1.

2.2. Covariates

2.2.1. Blood pressure measures—Blood pressure was measured on three separate days
with a mercury sphygmomanometer (BMS 12-S25) using a standard blood pressure cuff
(Omron Professional) on the left arm while participants were seated and their forearm was
positioned on the table. Measurements were conducted by trained laboratory technicians.
The systolic and diastolic measures were averaged across measurement occasions and for
each individual, the mean values of systolic and diastolic blood pressure were used.

2.2.2. Genotyping—We used methods and assays described in previous publications (e.g.,
Raz et al. 2012). DNA was isolated from buccal samples obtained in mouthwash in 145
participants (N = 88 at follow-up) who signed a separate informed consent for genotyping.
Isolation was performed using a Gentra Autopure LS with the standard buccal cell protocol.
For genotyping quality control, 37% direct repeats and DNA sequencing for verification
were performed. Both control DNA and no-template controls were used. First run success
rate of genotyping was 96.25%. However, after direct repeat quality control runs with at
least four successful identifications required for a call, only one sample showed allele
dropout (99.38%). After direct repeat analyses were performed seven times, the sample was
genotyped with an estimated error of .33%. Thus, the final genotyping success rate for this
study was 100%.

2.2.2.1. 1L-1B C-511T (rs16944): The IL-15C-511T polymorphism was interrogated with
the 5’-nuclease assay using a Tagman SNP Genotyping assay (Applied Biosystems, Foster
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City, CA, USA). The allelic distribution of the IL-14-C-511 polymorphism met the Hardy—
Weinberg equilibrium (HWE; 42 = .08, p = .78), with 34% of participants being C
homozygotes (N = 49), 50% C/T heterozygotes (N = 72), whereas 24 participants had the
homozygous TT genotype (16%). Variant allele frequency was 0.59. Two groups, TT versus
C/T and CC, were used in the analyses: IL-14511 T homozygotes (N = 24) vs. C allele
carriers (N = 121). The two groups did not differ in age (t = —.47, p = .64), education level (t
=1.77, p=.08), or MMSE scores (Mann-Whitney U = 1274.50, Z = -.99, p = .32).

2222 MTHFR C677T (rs1801133): The MTHFR C677T polymorphism was interrogated
with the 5’-nuclease assay using a TagMan SNP Genotyping Assay (Applied Biosystems,
Foster City, CA, USA). The assays were run using an Applied Biosystems 7900.

Genotyping revealed that 57 (39%) participants were heterozygous (CT), 14 (10%) were
homozygous for the T allele (TT) and 74 (51%) were homozygous for the C allele (CC). The
distribution of the alleles was consistent with the HWE: #2 = .38, p = .54. Because of few
TT homozygotes in the sample, we conducted analyses comparing carriers of the T allele (N
=71) and CC homozygotes (N = 74). The carriers of the T allele did not differ from MTHFR
C677T homozygotes in age (t = -1.35, p=.18.), education (t = -.08, p = .93), or MMSE
(Mann-Whitney U = 2402.00, Z = -.93, p = .35).

2.2.2.3. CRP-286C>A>T (rs3091244): The CRP polymorphism was PCR amplified using
forward 5" AGGTGTCAGAGCTTCGGGAAGAG-3 and reverse primers 5’-
GCTCTGGGAGGAGCATGTTTGTTT-3 in a 25 ul reaction containing 2.5 mmol/l MgClI2,
0.5 pmol/l of the primers, 1.25 U AmpliTaq Gold polymerase, and 200 pmol/l dNTPs. The
mixture was denatured at 95 °C for 5 min and amplification achieved by 15 cycles of 94 °C
for 305,66 °C for 30 s, and 72 °C for 1 min, followed by a final extension at 72 °C for 10
min. The amplicons were purified using Sephadex and the purified products were analyzed
on an ABI PRISM 3700 DNA Analyzer using a 50 cm capillary array.

One sample was mishandled, and 144 samples were available for genotyping. The sample
comprised of 10 homozygote A carriers (7%), 51 A/C carriers (35%), 13 A/T carriers (9%),
54 homozygote C carriers (38%), 11 C/T carriers (8%), and 5 homozygote carriers of the T
allele (3%). The distribution of C>A, met the HWE requirements (32 = 0.18, p = .68), but
not carriers of the C>T alleles (2 = 10.31, p = .001). There were no age differences between
the allelic variants (t = .65, p = .52). Neither did they differ in years of education (t =-.42, p
=.68) or MMSE (Mann-Whitney U = 1449.50, Z = -1.14, p = .26). As there were only 5 TT
homozygotes, in subsequent analyses, we compared T allele carriers (N = 29) to non-carriers
of that allele, i.e. AA, A/C and CC genotypes (N = 115).

2.2.2.4. APOE variants (rs429358 and rs7412): APOE polymorphisms (rs429358 and
rs7412) were pre-amplified with forward 5-CAATGCTACCGAGTTTTCTTCC-3 and
reverse primers 5-TTCAGATTCTTCACAGATGCGTA-3' in a 25 pl reaction containing
2.5 mmol/l MgCl,, 0.5 umol/I of the primers, 1.25 U AmpliTaq Gold polymerase, and 200
pumol/l dTTPs. The mixture was denatured at 95°C for 10 minutes and amplification
achieved by 15 cycles of 94°C for 30 seconds, 58°C for 30 seconds, and 72°C for 1 minute,
followed by a final extension at 72°C for 10 minutes. One pl of this reaction was
subsequently used for rs429358 and rs7412 5’-nuclease assays under standard conditions.
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The primers and probes for the rs429358 assay were 5-GCGGGCACGGCTGT-3, 5'-
GCTTGCGCAGGTGGGA-3, VICCATGGAGGACGTGTGC-NFQ and FAM-
ATGGAGGACGTGCGC-NFQ. The primers and probes for the rs7412 assay were 5’-
TCCGCGATGCCGATGAC-3, 5-CCCCGGCCTGGTACAC-3, VIC-
CAGGCGCTTCTGC-NFQ and FAM-CAGGCACTTCGCNFQ. APOE genotyping yielded
18 APOE £2/3, 5 €2/4, 81 €3/e3, 38 €3/¢4, 3 €4/e4, and no £2/e2 genotypes. Because of the
small number of APOE €4 homozygotes (N = 3), carriers of one or two copies of the APOE
€4 (N = 46) were compared with 99 persons who had no &4 allele. Allelic frequency met the
assumption of HWE (32 = .02, p =.90). Frequency of APOE &4 did not differ between
Caucasian and African-American participants: 2 = 3.75, p =.15. There were no age
differences between the allelic variants (t = —.86, p = .39). Neither did they differ in years of
education (t = -.08, p =.93), or MMSE (Mann-Whitney U = 2402.00, Z = -.93, p = .35).

2.3. MRI Protocol

Images were acquired on a 4T MRI system (Bruker Biospin, Ettlingen, Germany) with an 8-
channel radio frequency coil. For volume measurements, we acquired magnetization-
prepared rapid gradient echo (MPRAGE) T1-weighted images in the coronal plane.
Acquisition parameters were as follows: echo time (TE) = 4.38 ms, repetition time (TR)
=1600 ms, inversion time (T1) = 800 ms, field of view (FOV) = 256x256 mm?, resolution

= .67x.67x1.34 mm3, matrix size = 384x384, and flip angle (FA) = 8°.

The MPRAGE was acquired as part of a longer protocol that included several other
sequences, including a set of 50 contiguous axial slices of fluid-attenuated inversion
recovery (FLAIR) images, which was acquired with the following parameters: TR = 8440
ms, TE = 112 ms, Tl = 2200 ms, FA = 150°, FOV = 256x256 mm?2, in plane resolution= 1x1
mm?, slice thickness = 2 mm, matrix size = 256x256. All MPRAGE and FLAIR images
were inspected for potential pathology and possible incidental findings were reviewed by an
experienced radiologist.

2.4. MRI processing

In post-processing we followed procedures described in our previous studies (e.g., Raz et al.,
2004). All image manipulations and measurements were conducted with Analyze 10.0
software (Biomedical Imaging Resource, Mayo Clinic College of Medicine). To correct for
asymmetrical positioning of the head in the scanner, images were rotated to adjust for
variation in head pitch (forward - backward), tilt (left - right), and rotation (right - left). All
images were processed by the same group of expert operators who attained reliability of at
least .90 as measured by the intraclass correlation formula ICC (2) that assumes random
raters (Shrout & Fleiss, 1979). The tracers were blind to the time of the image acquisition,
and the demographic characteristics of the participants.

The volumes were computed from measured areas of the ROIs on consecutive slices
multiplied by the slice thickness. To control for sex differences in body size and for possible
changes in unknown variables that could have affected the volumes between baseline and
follow-up measurements, all regional volumes were adjusted for the volume of the
intracranial vault through analyses of covariance (ANCOVA), described in previous
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publications (Jack et al., 1989; Raz et al., 2004). For all ROIls, the assumptions of ANCOVA
were tested, and if, as in the case of VC, the slopes of ROI regression on ICV varied
between the sexes, separate adjustments were performed for men and women.

2.5. Manual Morphometry

2.5.1. Intracranial volume (ICV)—The ICV was estimated in the axial plane and covered
all contents within the cranial vault, including the orbits and nasal cavity. Tracing began at
the occipital pole (i.e., the last slice on which brain tissue was visible) and proceeded
anterior, for a total of 10 slices traced at an increment of 15 (10 mm inter-slice distance).
Previous work indicates that there is minimal reduction in accuracy and reliability at this
sampling density compared to tracing every slice (Eritaia et al., 2000).

2.5.2. Lateral prefrontal cortex (LPFC)—The lateral prefrontal cortex was measured
on every other slice for a total of 10-14 coronal slices located within the posterior 40% of
the distance between the tip of the frontal pole to the genu of the corpus callosum The upper
boundary was the most dorsomedial point of the white matter of the superior frontal gyrus,
and included all grey matter ventrolaterally from that point to the lateral orbital sulcus.
Unattached white matter or areas containing cerebrospinal fluid (CSF) were manually
removed from the measurement.

2.5.3. Orbito-frontal cortex (OF)—Orbito-frontal cortex was measured on the same
coronal slices as the lateral prefrontal cortex. Tracing proceeds from the lateral boundary of
the LPFC (i.e., the lateral orbital sulcus) to the olfactory sulcus and includes all gray matter
in between these sulci. As with the LPFC, unattached white matter or areas containing CSF
were manually removed from the measurement.

2.5.4. Prefrontal white matter (PFw)—The range is identical to lateral prefrontal and
orbital frontal cortices and includes subcortical white matter associated with both cortical
regions, manually excluding the ventricles and other CSF spaces.

2.5.5. Hippocampus (Hc)—The hippocampal slices were aligned perpendicular to its
long axis in the right hemisphere, and the region was traced on every other slice starting
from the level of the mammillary bodies to the slice showing the columns of fornix rising
from the fimbria, a total of 17 to 21 slices per brain. The hippocampus included sectors
Cornu Ammonis 1-4, the dentate gyrus, and the subiculum as a single volume.

2.5.6. Parahippocampal gyrus (PhG)—Included in the measure of parahippocampal
gyrus were the entorhinal cortex and the ambient gyrus, but not the subiculum. The anterior
boundary was the most anterior slice on which the temporal lobe white matter (the temporal
stem) became continuous with the rest of the cortex. The posterior boundary was the most
posterior slice on which the pulvinar was still visible, yet connected to the cortical white
matter (i.e., not separated by the lateral ventricle). The lateral border of PhG was a
horizontal line drawn from the furthest medial point of the cortex of the PhG to the white
matter (note: this is the line used as the inferior border of the hippocampal formation). The
medial border of the PhG is the collateral sulcus. The entire cortex between these two
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landmarks was included in the measure. It was traced on an increment of 2 for a total of 18
to 22 slices.

2.5.7. Insula (In)—The right and left insula cortices were traced on the coronal plane at an
increment of 2 for approximately 10 to 15 slices beginning at the optic chiasm (the first slice
on which the optic tracts become continuous) until the appearance of the posterior
commissure. The insula cortex lies inside the lateral fissure, and was demarcated dorsally
and ventrally by the circular sulcus. The white matter served as the medial boundary,
whereas the lateral boundary was the CSF space outside of the cortex.

2.5.8. Caudate nucleus (Cd)—The volumes of the head and body of the caudate were
traced for a total of 15-21 coronal slices. The most rostral slice was the one on which the
caudate was first visualized. The caudate was traced on every fourth slice with an inter-slice
distance of 2.67 mm until the caudate body was no longer visualized. The protocol excluded
the tail of the Cd. The medial boundary was the lateral ventricle and the subcortical white
matter laterally and dorsally. On rostral sections, the stria terminalis defines the ventral
boundary, and on caudal sections, the septal nucleus.

2.5.9. Putamen (Pt)—The volume of the putamen was measured from 13-16 coronal
slices (every fourth slice, inter-slice distance of 2.67 mm). The most rostral slice was the one
on which the putamen was first visualized and continued to the last caudal slice on which it
was visible. The external capsule was the lateral boundary throughout the range and the
dorsal boundary was the white matter. The internal capsule was the medial border until the
anterior commissure, after which the globus pallidus became the medial border. The limen
insula, optic radiations, amygdala, temporal horn, and anterior commissure served as the
ventral boundary of the putamen on several slices.

2.5.10. Cerebellar hemispheres (CbH)—The cerebellar hemispheres were traced on
every other coronal slice on which the structure was visualized. The volume included the
hemispheric gray and white matter, corpus medullare, and cerebellar tonsils. The vermis, the
superior medullary velum, and the fourth ventricle were excluded. The cerebellar peduncles
were included in the cerebellar white matter on the slices that preceded the appearance of the
anterior vermis. Caudal to that slice, the peduncles were easily distinguishable from the
cerebellar gray matter and were reliably excluded. The CbH were traced on approximately
30 slices.

2.5.11. Primary visual cortex (VC)—The range of the VC covered the posterior 50% of
the coronal slices between the mid-vermis slice and the occipital pole. The region was
defined as the cortical ribbon lining the calcarine sulcus. The inferior and superior
boundaries of this ROl were the point of sulcus opening. Only cortex within the calcarine
sulcus was included, confining this ROI to a part of area 17 and excluding other areas. The
VC was traced at an increment of 2 for 13-20 slices.
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3. Statistical Analyses

Latent change score models were fitted to data from two measurement occasions separated
by an average of 25 months. The LCSM simultaneously estimates cross-sectional individual
differences, and individual differences in change (individual-level). On a conceptual level,
latent change scores are analogous to traditional change scores estimated as the difference
between follow-up and initial measurements. However, unlike raw change scores, latent
change score estimates are free of measurement error. Consequently, unlike traditional
change scores (e.g., Cronbach & Furby, 1970), latent change scores do not suffer from
contamination by measurement error and unreliability (McArdle, 2001).

The LCSM combines the properties of autoregressive cross-lagged models and latent curve
models (Grimm et al., 2012; see Figure 2 for an illustration of a latent change score model).
Construction of LCSM starts with creating separate latent variables from manifest variables
at each measurement occasion (measurement models). Hence, the volume of each ROl is
represented by a latent variable identified by measurements of right and left hemisphere
volumes (VLy1 and VRy1; VL2 and VRT)), with equal factor loadings on their common
latent variable. Subsequently, change was modeled as a second order latent variable (AV).
The latent change score was by definition free of measurement error, because measurement
error was estimated from the two manifest variables that together represent common ROI
volume. The properties of the latent change score are implied by the structure imposed
between the two latent variables at the two measurement occasions. The factor at follow-up
(VT2) is defined as the sum of the factor at baseline (V11) and the latent change score (AV).
Thus, if V12 = V11 + AV, then AV = V15 — V11. Each LCSM estimated the following
parameters: mean volume at baseline (), variance in volumes at baseline (a), mean volume
change (8), variance in change (y), and covariance of the initial brain volume with change in
volume across the measurement occasions (g). For all ROls, except for CbH and VC, we
specified equal residual variance across the two hemispheres and across time (b and c). For
all ROIs, we further constrained equality of the factor loading of the right hemisphere (d),
and of the auto-correlated residuals of both hemispheres across time (e).

As specified in the participant section, the sample underwent attrition over time. To make
full use of all available data, we assumed that the data were missing at random (MAR,;
Rubin, 1976; Schafer & Graham, 2002). The MAR assumption allows the probability of
missingness to depend on observed data, but not on missing data. Parameter estimates were
derived using full information maximum likelihood (FIML) estimation (e.g. Little, 1995;
McArdle & Nesselroade, 1994). The likelihood function is calculated for each individual
based on the available data. Hence, no data were deleted nor imputed. To improve the
performance of FIML, by reducing its estimation bias, it is possible to include auxiliary
variables related to the missingness mechanism (Collins et al, 2001; Schafer & Graham,
2002). To identify such auxiliary variables, we tested the effects of covariates assessed at
baseline that are known to lead to attrition (Lindenberger et al., 2002), such as age, level of
education, MMSE scores, and diagnosis of hypertension. We found that age was an
important predictor of attrition. Hence, to reduce estimation bias, we included age in the
final longitudinal models.
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With respect to estimation quality and statistical power, the FIML approach with auxiliary
variables has repeatedly been shown to be superior to more traditional ad-hoc procedures,
such as list-wise deletion, which limits all analyses to the complete cases. That is, had we
limited our analyses to only include participants with complete longitudinal data (i.e., 90
rather than 167 participants), we would have obtained a selective and biased set of estimates
(Allison, 2001; McArdle & Nesselroade, 1994; Schafer & Graham, 2002; West, 2001).

In a step-up fashion (e.g., Raudenbush & Bryk, 2002), we first estimated a series of LCSMs
without covariates for each ROI. This preliminary step allows modeling each ROl with the
most appropriate specification of the LCSM. In particular, we were concerned with the
statistical significance of the average change score () and of the variance in change (y).
Subsequently, we added age at baseline, genetic polymorphisms and diagnosis of
hypertension as covariates with the intent to explain individual differences in baseline
volume (a) and in change in volume (vy). Chronological age was centered at the grand mean.
Time-invariant covariates measured at baseline were first added to all models. We also
performed a set of follow-up analyses on a subsample of participants who were
normotensive at baseline and follow-up T2 (N = 131). The nominal critical alpha level was
set to .05, with the multiple comparisons alpha adjusted using Bonferroni correction (Dunn,
1961).

4.1. Descriptive statistics

Descriptive statistics are presented in Tables 1 and 2. Prior to the analyses, we identified the
potential outliers by Tukey upper and lower fences, multiplied by a factor of 2.2 (3Q (3rd
quartile) + 2.2 x IQR (interquartile range), and 1Q — 2.2 x IQR; Hoaglin & Iglewicz, 1987).
Three univariate outliers in the volumes of PFw, Hc, and Cd (one per ROI) were found.
Upon exclusion of these observations (1.8% of the sample), all models were re-evaluated to
assess the influence of the outliers on the results. Results with and without outliers were
virtually identical.

All ROI volumes evidenced baseline-to-follow-up stability, with correlations ranging from r
=.90 for the PhG to r = .98 for the OF. Longitudinal plots in Figures 3 and 4 show the
individual trajectories of ROl volume as a function of age and illustrate individual
differences in change.

4.2. Latent Change Score Models

4.2.1. Testing for individual differences in brain shrinkage—The results of the
LCSMs for each ROI volume are summarized in Table 3. Standardized factor loadings for
both hemispheres ranged from .86 for PhG to .99 for CbH and were all significant.
Hemispheric loadings within an ROl were forced to be equal across waves, thus establishing
metric invariance.

The separate models for all ROIls, except VC, showed acceptable to very good fit, according
to conventional criteria: Comparative Fit Index (CFI) > .95, Standardized Root Mean Square
Residual (SRMR) < .06, and Root-Mean-Square Errors of Approximation (RMSEA) < .05
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(Browne & Cudeck, 1993; Hu & Bentler 1998, 1999). More specifically, CFI ranged from .
99 for OF, to 1.00 for LPFC, Hc, Cd and CbH, RMSEA from .000 (LPFC, Hc, CbH and Cd)
to .084 (OF), with all 90% confidence intervals including 0 (except for VC). The model for
the VC fit less well: CFl = .99, SRMR = .15, RMSEA = .11, (Cl 90 % .047-.175), ¥ (5) =
14.75, p = .011. Complete information on model fit indices is available in the supplementary
material.

At baseline, mean and variance for all ROI volumes significantly differed from zero (see
Table 3). Two-year mean changes were observed in volumes of OF, Hc, PhG, In, and CbH,
but not in LPFC, PFw, Cd, Pt, or VC volumes. To compare the magnitude of change among
the regions, we computed effect size as the ratios of the mean latent change scores and the
standard deviations of the baseline latent volumes. We also computed an estimate of the
proportion of change, as the ratio of the mean change in volume over the mean volume at
baseline (expressed in percentage). Both estimates of effect size allow comparing the
magnitude of change across ROIs. According to the effect size comparison (see Table 3,
columns 8-9), the greatest relative negative mean change (shrinkage) occurred in CbH,
followed by In, PhG, Hc, and OF; the smallest (essentially zero) effects were observed in
LPFC, PFw, VC, Cd, and Pt.

As indicated in Table 3, individual differences in change were the largest in the In followed
by CbH, PhG and VC. Smaller and more moderate variance in change was observed in HC,
Pt, PFw, LPFC and Cd. Only negligible variance of change was evident in OF. Further, in
two regions, CbH and In, larger baseline volumes were associated with greater shrinkage
over time (see Table 3, column 6). Estimating the models without the outliers produced
virtually identical results.

4.2.2. Explaining Individual Differences in Brain shrinkage—To explain individual
differences in change observed in all ROIs except OF, we expanded the LCSM to include
theoretically relevant covariates. We adjusted all o levels for multiple comparisons by
Bonferroni correction to a’, depending on the number of comparisons. As we found no
effects of education, MMSE, or length of retest interval across any of the ROls, we
eliminated these covariates from further analyses in the interest of parsimony.

4.2.2.1. Covariates’ effects on baseline volumes: The results of the LCSM with respect to
effects of covariates on baseline volumes are presented in Table 4. Advanced age was
strongly associated with smaller baseline brain volumes across all ROls. However, the
magnitude of association varied across the regions, with the greatest age differences found
in the Pt and the smallest in the VVC. Hypertension (HBP) was unrelated to regional brain
volumes at baseline. Although possession of at least one copy of the APOE &4 allele was
linked to smaller baseline In volume, the association was rendered non-significant by
Bonferroni correction for six comparisons (p =.046, Bonferroni o’ = .01). No associations
between regional volumes and any examined SNP were noted. All models were re-estimated
after exclusion of the outliers in three regions (PFw, Hc, Cd) and all results remained
essentially unchanged. To gauge the magnitude of the covariates’ effects, the last column in
Table 4 presents the percentage of variance in baseline volume predicted by the covariates.
The size of these effects varied from low (11% for VVC) to moderately large (45% for Pt).
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4.2.2.2. The effects of covariates on volume change: The LCSM results with respect to
covariate effects on change in volumes are presented in Table 5. Note that these models are
the same as those presented in Table 4. For the sake of clarity, we discuss the results for
predicting baseline volume and change in volume separately. The analyses revealed no
associations between age differences in the rate of brain shrinkage, apart from a positive
effect on Cd (p = .03) that was eliminated by Bonferroni correction (o’ = .01). Diagnosis of
hypertension was associated with increased Cd shrinkage (p = .01). The Cd model, which
was re-estimated after exclusion of the outlier and the effects of age (p =.02) and
hypertension (p =.01) retained similar strength of associations with brain shrinkage. We
found no significant effects of any covariates on the PFw and Hc volumes in the models that
were replicated after exclusion of the outliers.

Several genetic variants were related to the observed variance in regional volume change.
Possession of two T alleles of the IL-14C-511T polymorphism predicted increased
shrinkage of CbH (p = .03) and PhG (p = .01). Carriers of at least one T allele of MTHFR
C677T polymorphism evidenced increased shrinkage of PhG (p =.01). The directions of the
effects were the same in the subsample of normotensive participants. The effects of MTHFR
C677T and IL-15 C-511T on shrinkage in PhG survived Bonferroni correction (a’ =.01), in
both the full sample and the normotensive subgroup. Comparison of estimated latent change
scores between the allelic groups revealed that PhG shrinkage differed between allelic
groups, and was essentially zero among the participants with lower genetic predisposition to
inflammation (see Figure 5). The effect of the IL-14C-511T polymorphism on shrinkage in
CbH was rendered non-significant by the family-wise error correction in the full sample, but
remained significant in the normotensive subgroup (p =.01, a’=.01; see Figure 6). After
Bonferroni correction, the effect of the APOEe4 allele on volume change was not present in
any group.

The models were re-estimated in the subsample with complete SNP data (N = 145 at
baseline, N = 88 at follow up), and MTHFR C677T (f#=-.35, SE =.17=, p= .03) and IL-15
C-511T (f=-.29, SE =.12, p = .01) still predicted shrinkage of PhG. The effect of IL-1/5
C-511T on CbH was also present (5= -.38, SE = .13, p =.004).

No associations were found between the CRP polymorphism and regional brain shrinkage.
According to the estimates of total magnitude of these effects, the only significant prediction
in change in volume was obtained for PhG, because here two covariates (IL-15C-511T and
MTHFR C677T polymorphisms) were significant.

4.3. Non-linearity in associations between volume and age

Visual inspection of the distributions suggested nonlinear relationships between age and
some regional volumes. Separate cross-sectional analyses with second-order polynomials
(quadratic effects) showed nonlinearities in associations between age and three ROI
volumes: PFw (= -.05, SE=.03, p=.05, a’ =.03), PhG (f=-.05, SE=.03, p=.002, o’
=.03), and VC (f=-.06, SE = .03, p =.045, a’ = .03), although only the non-linear effect
on PhG survived Bonferroni correction in the models with outliers. After two bivariate
outliers in the associations of age with PFw and PhG volumes were removed, the observed
curvilinear associations between age and baseline volumes were still present (PhG) and even
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strengthened (PFw). The latter was strengthened to such a degree that it survived the
Bonferroni correction (5= -.06, SE = .03, p=.021, a’ =.03).

Longitudinal analysis revealed a significant age-related acceleration of PhG shrinkage: (5=
-.01, SE=.01, p=.014, a’ =.03). The association was still significant after exclusion of the
outlier (p = .02). No other ROIs showed a similar age-related acceleration. The finding was
replicated among the normotensive participants (= -.18, SE = .08, p=.029, o’ = .03).

5. Discussion

In healthy adults, we found mild but significant mean shrinkage in 5 out of 10 examined
brain regions over a period of about two years. More importantly, in all but one of these
regions, we observed significant individual differences in shrinkage, a result that would have
been missed by analytic approaches focusing solely on mean change. In some regions, the
individual differences in shrinkage were explained in part by pro-inflammatory genetic
variants, independent of cardiovascular risk factors. Carriers of the T allele of the MTHFR
C677T and T homozygotes for the IL-15 C-511T evidenced increased shrinkage of the
parahippocampal gyrus. The T allele homozygotes of the IL-15C-511T polymorphism also
evidenced greater shrinkage of the cerebellum than C carriers. The association was stronger
for the cerebellum in normotensive participants. To the best of our knowledge, this is the
first report of the effects of pro-inflammatory genetic variants on volumetric brain changes
in healthy adults.

5.1. Heterogeneity of brain shrinkage

The pattern of brain shrinkage observed here on a 4T scanner replicated reasonably well the
findings from previous longitudinal studies conducted on weaker systems (1.5T). Substantial
shrinkage of the cerebellar hemispheres replicates previous results from longitudinal studies
(Raz et al., 2003b, 2005, 2010, 2013; Tang et al., 2001), as does the decline in hippocampal
volume (Du et al., 2006; Fjell et al., 2009; Raz et al, 2005, 2010, 2013; Scahill et al., 2003).
The observed shrinkage of the parahippocampal and orbitofrontal cortices and of the
neostriatal nuclei are also in agreement with previous longitudinal studies (Fjell et al., 2009;
Raz et al., 2003c; 2005, 2010, 2013), as is the observed relative stability of the primary
visual cortex volume (Fjell et al., 2009; Raz et al., 2005, 2010, 2013).

A notable exception to the general pattern of replication is the lack of mean shrinkage in the
lateral prefrontal cortex and the adjacent white matter. Also, the magnitude of insular
shrinkage we found is substantially greater than that previously reported (Raz et al., 2010).
The absence of mean change in the prefrontal regions contradicts the results of several
longitudinal studies of brain aging with inter-scan intervals ranging from 6 months to 5
years (Driscoll et al., 2009; Fjell et al., 2009; Liu et al., 2003; Pfefferbaum et al., 1998; Raz
et al., 2005, 2013; Resnick et al., 2003). However, the observed lack of mean change in
LPFC volume is in agreement with a recent report (Raz et al., 2010) and suggests that,
contrary to the prefrontal aging hypothesis (e.g., West, 1996), prefrontal decline may not be
a sine qua non of healthy aging. Because the lateral prefrontal cortex is one of the last brain
regions to develop, its stability found here presents a challenge to the “last in, first out” view
of brain aging.
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The stability of mean basal ganglia volumes observed in this sample contradicts some
previous reports (Fjell et al., 2009; Raz et al., 2003c, 2013), but replicates findings from
another sample (Raz et al., 2010). In that three-occasion study, we found no change in
volumes of the caudate and putamen within the first 15-month period, only to observe
significant shrinkage of the caudate nucleus during the second follow-up (Raz et al., 2010).
The two-occasion repeated measurement design employed here covers a relatively narrow
time window, similar to the first and second intervals in the latter study, and could have
been insufficient to detect such changes.

Whereas the magnitude of volume change varies among the regions of the brain within the
sample, there are also significant individual differences in the rate of change. The latent
change score models enabled us to estimate not only mean change, but also variance in
change, which was significant in all measured regions, except the orbito-frontal cortex. Such
heterogeneity of change replicates our findings in two other samples, with individual
differences in change being most pronounced in the insula and cerebellum, followed by
PhG, Hc, OF, Pt, Cd, LPFC, VC, and PFw, in descending order (Raz et al., 2005, 2010).

The mechanisms of the observed regional pattern of brain shrinkage remain unclear and
their elucidation is hampered by lack of an established neurobiological basis of volume
differences and changes observed on MRI. Volume variation in some regions has been
linked to attrition of neurons in patients’ brains who succumb to neurodegenerative disease
(Bobinski et al., 2000). Converging evidence suggests that MRI-derived volume differences
may reflect neuropil changes; as shown in rodents, volume changes closely track expansion
and shrinkage of neuropil during the estrous cycle (Qiu et al., 2013) and are associated with
loss of neuropil induced by chronic administration of antipsychotic drugs (Vernon et al.,
2014) or cardiac arrest (Suzuki et al., 2013). Loss of Purkinje cells in a murine model of
autoimmune encephalomyelitis has been related to smaller cerebellar volume observed on
MRI (MacKenzie-Graham et al., 2009). The latter finding underscores the possibility of
myelin damage as a potential source of cortical volume variation. The role of myelin
reduction in brain aging has been hypothesized by several researchers (Bartzokis, 2011;
Courchesne et al., 2000) and is in accord with the observed association between myelination
precedence order according to Flechsig (1901) and regional cortical shrinkage (Raz, 2001,
Raz & Kennedy, 2009). However, in this study, we combined gray and white matter in CbH
volume, and therefore could not examine a differential effect on its compartments.

5.2. Demographic and VR modifiers of shrinkage

Our attempts to explain the observed variance in change by influence of selected moderators
were only partially successful. As discussed above, two genetic variants were linked to
individual differences in shrinkage of two brain regions. However, other hypothesized
moderators of change were not influential. Unlike previous studies (e.g. Raz et al., 2005,
2010), we found no association between hypertension and individual differences in the rates
of change in tertiary cortices and hippocampus. Notably, chronological age, which was
reliably associated with regional brain volumes at baseline, did not affect volume changes
within the two-year time window of this study. The observed lack of correspondence
between cross-sectional age-related differences and longitudinal change reinforces the
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notion that the latter cannot always be inferred from the former. Age-heterogeneous cross-
sectional designs are characterized by high commonality between age and multiple measures
of interest, thereby increasing the likelihood of confounds with between-person age trends
(Hofer & Sliwinski, 2001; Lindenberger & Pétter, 1998), which can lead to spurious
inferences concerning interdependencies among age-related functions (Hofer et al., 2003).

In search for potential modifiers of individual differences in the rate of change, we inquired
whether our data could lend some support to two popular views of brain resilience: brain
reserve (Satz, 1993) and cognitive reserve (Stern, 2002). The first postulates that bigger
brains are somehow protected from multiple insults and, by inference, should show reduced
change over time compared to smaller brains. The second posits cognitive attainment as a
predictor of brain resistance to neurodegenerative changes (Coffey et al., 1999). We found
no support for the brain reserve hypothesis, and observed no advantage for larger brains vis-
a-vis brain shrinkage. Moreover, larger baseline volumes of two regions (cerebellum and
insula) were associated with increased shrinkage over time. In some samples, we have
observed similar associations between larger brain volumes at baseline and faster rates of
shrinkage in selected (and different) brain regions (e.g., for the hippocampus and LPFC in
Raz et al., 2010), whereas in other studies, no such correlations were found (Raz et al.,
2005). Such lack of consistency across studies conducted with similar methods, albeit in
different populations, does not bode well for the brain reserve hypothesis.

In a test of the second proposition, we found no effect of education on the rate of change
across the measured brain regions. This conforms to our previous findings (Raz et al., 2005,
2010). It is possible that reserve works only on a population level where a wide range of
brain volumes and educational attainment is observed. Our participants, on average, reported
about 15 years of formal schooling, which corresponds to almost full college education. In
that narrow range of educational attainment, specific tests of cognitive abilities may provide
more sensitive means of testing the cognitive reserve hypothesis. In addition, our study
participants were intentionally selected for good health and were not affected by dementia.
Both types of reserve may operate as proxies for health disparities that reflect a complex and
confounded patchwork of influences such as socio-economic status, culture, and cognitive
abilities. The full capacity and importance of such reserves may also become clearer and
more crucial in the context of disease. In a selective sample of healthy participants, the
influence of these factors might have been attenuated by constriction of range, which
precluded showing associations as described.

5.3. Non-linear age trends

Consistent with previous findings (Raz et al., 2005), we observed non-linear associations
between age and baseline volume of two regions: prefrontal white matter and
parahippocampal gyrus. The youngest and the oldest participants had smaller volume of
white matter in the prefrontal region than their middle-aged counterparts. An inverted U-
shape conforms to the notion of late myelination continuing into the third decade of life
(Benes et al., 1994), and decline of myelin volume in the late part of the lifespan (Bartzokis,
2011). However, we observed no acceleration of PFw shrinkage in the longitudinal analysis,
although it is unclear whether this null finding is due to an insufficient interval between the
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baseline and the follow-up. We did find accelerated shrinkage of parahippocampal gyrus
over the same two-year period; although, contrary to previous reports (Fjell et al., 2009,
2013; Raz et al., 2005, 2010), there was no accelerated change in the hippocampal volume.
It is possible that parahippocampal gyrus, which includes entorhinal cortex, is more
sensitive to age-related declines than the hippocampus. Several studies have found that the
parahippocampal gyrus is particularly vulnerable to clinical and subclinical factors that are
associated with aging (Bregant et al., 2013; Yau et al., 2014) and have reported particularly
fast thinning of the parahippocampal cortex in late-onset Alzheimer’s disease (Cho et al.,
2013).

5.4. Genetic modifiers of shrinkage

We found that genetic predisposition to inflammation moderated shrinkage in some brain
regions, with only persons who have a strong genetic predisposition to pro-inflammatory
response showing significant shrinkage. It is unclear why shrinkage in the parahippocampal
gyrus and cerebellum was limited to carriers and homozygotes of two of the examined
proinflammatory genetic variants. The literature on regional effects of pro-inflammatory
cytokines on the brain is sparse. Response to neuroinflammation has been linked to
shrinkage of the entorhinal cortex, which constitutes the anterior part of the PhG (Hauss-
Wegrzyniak et al., 2000), and IL-1B may affect glutaminergic and GABAergic transmission
in the cerebellum (Mandolesi et al., 2013). In a sample of patients with schizophrenia and
normal controls, the MTHFR 677 T allele has been associated with decreased density of
parahippocampal and prefrontal grey matter (Zhang et al., 2013). The IL-15C-511T variant
has been linked to smaller prefrontal and temporal cortices in schizophrenia, but is unrelated
to regional brain volumes in normal controls (Meisenzahl et al., 2001). Those, however,
were cross-sectional studies, and their findings are not straightforwardly comparable to
longitudinal observations reported here. Our findings are consistent both with a possibility
that the major alleles of IL-15and MTHFR polymorphisms have neuroprotective influence
on the parahippocampal cortex, and the option that the variant alleles promote shrinkage.
The observational nature and limited statistical power of this study preclude a more
definitive conclusion.

Notably, we observed no APOE e4-related difference in shrinkage of the regions of interest,
including the Hc and the PhG, both of which are particularly vulnerable to Alzheimer-type
pathology (Esiri et al., 1990). In contrast to its established role as a risk factor for
Alzheimer’s disease, the influence of APOE &4 variant in healthy adults is far from clear,
with a wide range of findings reported in the literature (e.g., Cherbuin et al., 2007; Reinvang
et al., 2013). Positive findings from previous studies might have been confounded by
inclusion of persons with less than optimal health and prodromal Alzheimer pathology.

We found no effects of the T allele of another polymorphism previously linked to systemic
inflammation and vascular risk (CRP-286C>A>T) on any of the examined regional brain
volumes. The literature on the role of CRP polymorphisms in brain morphometry is meager.
In one study on a sample with a partial overlap with the current one, we found significantly
larger white matter hyperintensities burden in carriers of the CRP-286 T allele (Raz et al.,

Neuroimage. Author manuscript; available in PMC 2015 December 01.



1duosnue Joyiny vd-HIN 1duosnue Joyiny vd-HIN

1duosnuely Joyny vd-HIN

Persson et al.

Page 18

2012), whereas other studies revealed no such associations (Ladenvall et al., 2006; Reitz et
al., 2007).

5.5. Limitations

The findings reported here should be interpreted in the context of several limitations. First,
we relied on a sample of convenience recruited through advertisements. The participants
were healthier and better educated than expected for a representative sample. For instance,
prevalence of hypertension in American adults (age 20 and above) is 33% compared to 20%
in this sample, and prevalence of diabetes in the same population is 8% compared to 0% in
this sample (Go et al., 2014). Stringent selection served our goal to examine brain aging in a
sub-population that is likely to attain “successful aging” (Rowe & Khan, 1987). Moreover,
by excluding participants with multiple age-related medical conditions, we have eliminated
many potential confounding factors that could affect brain morphology. However, the
downside of this sampling strategy is reduced generalizability and a possible selection bias.
For example, in addition to insufficient statistical power, lack of significant genetic effects
may reflect selection of people with risky alleles who nonetheless have additional mitigating
factors that were not included in the models.

On the other hand, despite exclusion of the participants with clear cognitive impairment and
ascertainment of at least gross cognitive stability over the follow-up period, we still cannot
entirely eliminate a risk of inclusion of individuals at the early prodromal stages of
dementia. This issue can be addressed only by additional longitudinal measurements.

The extant longitudinal studies of brain aging differ in many respects: sample composition
and screening, scanner parameters, duration of delays between follow-ups, and methods of
image analysis, to name a few. Thus, the reasons for the observed discrepancies are difficult
to pinpoint. Regional volumes are determined in any given moment by a dynamic
equilibrium of multiple influences, and expansion and contraction of the parenchyma may
occur in a quasi-periodic fashion (Raz et al., 2010). It is unclear how frequently such
dynamically equilibrated process should be sampled to be faithfully reproduced. This study,
which is a part of an ongoing longitudinal project, was limited to two measurement
occasions. Such low measurement density, although allowing for the identification of both
mean change and variance in change, precluded examination of the trajectories of change
and suffers from reduced statistical power compared to studies with several measurement
intervals (e.g., Hertzog et al., 2006; Muthén & Curran, 1997). Nevertheless, despite such
reduced power, we did uncover some important effects.

Although our selection of potential modifiers of change was predicated on the extant
literature, it was limited. We selected genetic polymorphisms with known pro-inflammatory
properties, but the number of genetic and physiological markers of inflammation is vast
(Wilson et al., 2002) and awaits further examination. Moreover, it is likely that in healthy
populations, interactions between risky alleles of specific genes and other risk factors are
responsible for individual variation in brain aging (e.g., Meda et al., 2013). However, in the
analyses presented here, we could not introduce interactive terms into the models due to the
small number of participants per category and a prohibitively high number of parameters
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that would have ensued. Studies with greater statistical power are needed to investigate the
epistatic effects of multiple genes and interactions of genetic and physiological risks factors.

5.6. Conclusion

In sum, we demonstrated that in healthy adults, multiple brain regions shrink within a two-
year period, but the magnitude of shrinkage varies across the brain regions and among
individuals. Two genetic variants that promote inflammation exacerbated shrinkage in the
parahippocampal gyrus and the cerebellum. These findings encourage further inquiries into
the role of neuroinflammation in brain aging.
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A flow chart illustrating the process of recruitment, selection and attrition of participants. A.
Recruitment — the number of persons, who answered the ads, were contacted by telephone,

interviewed and selected to receive health questionnaires. B. Selection — number of

participants, who passed the health screening, subsequent screening for MRI eligibility,
were scanned on the 4T scanner with the same coronal MPRAGE sequence, did not have
incidental findings, and did not acquire MRI contraindications during the follow-up period.
C. Attrition — Participants who were unable to start the baseline measurements in spite of
full eligibility and those who had baseline measurements but failed to appear at follow-up.
The full details of exclusionary criteria and description of the screening instruments can be
found in the Method section.
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Figure 2.
A latent change score model for the assessment of two-occasion changes in regional brain

volume. Squares represent observed variables, circles are latent variables. The triangle
indicates that the model contains means. Free parameters are marked by an asterisk.
Parameters with equal sign and the same subscript are constrained to be equal to each other.
T1 is baseline; T2 - follow-up; VL is a regional volume of the left hemisphere; VR - a
regional volume of the right hemisphere; § - mean volume at baseline; a - variance in
volumes at baseline; & - mean volume change, v - variance in change; € —covariance between
individual differences in regional brain volume at baseline and individual differences in
regional brain volume changes between baseline and follow-up. The model contains four
observed variables and 9 free parameters, with 5 degrees of freedom.
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Figure 3.
Longitudinal plots of cortical volumes as a function of age at the time of the MRI scan.

Volumes are adjusted for the intracranial volume (see text for details). Unconnected
observations are the data points acquired only at baseline. The plot for the hippocampal
volume does not show an outlier that was removed without any effect on the results as
specified in the Results section, thus reducing the number of plotted baseline observations to
N = 166 but keeping follow-up observations at N = 90.
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Longitudinal plots of changes in the volumes of the basal ganglia, prefrontal white matter,
and cerebellar hemispheres between the baseline and the follow-up as a function of age at
the time of the MRI scan. Volumes are adjusted for the intracranial volume (see text for

details). Unconnected observations are the data points acquired only at baseline. The plots

do not show two region-specific outliers: one for the caudate nucleus and one for the

prefrontal white matter. Thus, the number of plotted observations for the caudate is N = 166

at baseline, and N =89, at follow-up, and for the Prefrontal white matter - N = 166 at

baseline and N = 90 at follow-up. As specified in the Results, removal of the outliers did not

affect the outcome of the analyses.
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Figure 5.
Effects of two pro-inflammatory single-nucleotide polymorphisms, IL-15C-511T (A) and

MTHFR C677T (B), on shrinkage of the parahippocampal gyrus. Shrinkage is indexed by
the mean expected value of latent change scores computed from the latent change score
models (see text). In panel A, homozygotes for the IL-15-511T allele, which is associated
with the increased circulating levels of interleukin -1f are compared to carriers of the C
allele. In panel B, carriers of the MTHFR 677T allele associated with higher plasma
homocysteine levels are compared to the C homozygotes. The bars represent 95%
confidence intervals around the means. The data on genetic variants were available on 145
participants at baseline, and 88 persons at follow up.
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Figure 6.
Effect of a pro-inflammatory single-nucleotide polymorphism, IL-15C-511T, on shrinkage

of the cerebellar hemispheres in normotensive participants. Shrinkage is indexed by the
mean expected value of latent change scores computed from the estimated means of the
models while taking into account the effects of covariates (see text). Homozygotes for the T
allele, which is associated with the increased circulating levels of interleukin -1 are
compared to the carriers of the C allele. The bars represent 95% confidence intervals around
the means. The data on genetic variants were available on 145 participants at baseline, and
88 persons at follow up.
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Descriptive Sample Statistics at Baseline.

Table 1

Variables N Minimum Maximum Mean SD
Age 167 19 79 52.80 15.72
Education 167 12 20 1541 2.30
SBP mmug 166 75.47 156.67 12247 12.91
DBP pmug 166 60.00 106.67 7547 742

Page 32

Note. N = sample size, SD = standard deviation, SBP = Systolic blood pressure, DBP = Diastolic blood pressure, mmHg = millimeter of mercury.
Education measured as years of formal schooling.
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Descriptive statistics of regional brain volumes at two measurement occasion

T1 (baseline)

T2 (follow-up)

Mean SD CV Mean SD Ccv
LPFC 1980 291 .15 1962 268 .14
OF 8.93 136 .15 8.69 133 15
PFw 3764 581 .15 3680 597 .16
Hc 5.69 .68 11 5.62 .59 .10
PhG 3.67 .50 13 3.62 47 13
CbH 53.74 644 11 5142 644 12
Cd 7.88 1.02 .13 7.77 1.02 .13
Pt 8.90 1.02 .11 875 .89 .10
In 7.20 .89 12 6.97 N A1
VvC 5.17 1.06 .20 5.17 1.09 21

Table 2

Page 33

Note. Volumes, averaged across the hemispheres, are in cm3. LPFC = Lateral Prefrontal Cortex; OF = Orbito-Frontal Cortex; PFw = Prefrontal
white matter; Hc = Hippocampus; PhG = Parahippocampal Gyrus; CbH = Cerebellar hemispheres; Cd = Caudate; Pt = Putamen; In = Insula; VC

=Visual Cortex; SD = standard deviation; CV = SD/Mean, coefficient of variation.

Neuroimage. Author manuscript; available in PMC 2015 December 01.



Page 34

Persson et al.

50" >d
*

10" >d
*¥

000" >d
x

*¥

"D / A = d2ueLreA abueyD Jo uoiodold "00T x|d / Q| Se parejnofed sem abueyd feuoniodoid “PA/Q Se pajejnofed sem CL-TLp "a|qerien ayy Jo soueLieA abire| sy} Jo asnedsq sesAjeue 0} Jolid QT Ag papIAIp a1em
HAD U3 pue b Y1 40 Sawn|oA ay L gl Ul 818 SAWNJOA ||\ :S0UBLIEA [enpISaY = "Je/ 'say ‘abueyd pue sWINJOA T SWI| U3aMIaQ Uone|alio) =LV ‘TLi xauo) [ensIA = DA ‘@Insu| = U] ‘uswend =

1d ‘arepned = p salaydsiway Jejjagala) = HgD ‘sniAo redwesoddiyered = 9yd ‘sndwesoddiy = O ‘4aNew alIYM [LIU01J8Id = Mdd ‘X302 [EIUOI4-0NGIO = 4O X3L0D [BlU0ljald [elare] = D4dT SI0N

6TT" ¥ ET0° .y n 790" (ETD)BTT— ., (00)V2O (10)900° ., ®20JT02 ., (0TT)202C DA
0S¢ Tzzz  l8T-  ,,0¢c00 ., (960)ers- . (BoOdovOr . (ez0)o080- . (220)v8T . (9€07) T09'E ul
o uyoeo- ., JE0 (@BTWST= 4y, (PO0)TTO (9100220~ ., (T€00292  _, (¢v0)609'% d
020’ s VEO'— 870 (2.1 160" (200500 (TT0)210°- vy 82008V (OVO)888°E %)
90T 16§57  8TT-  ,..0000  (es0de6z- . (eTO0s80r  , (1€0)ovT- . (8vO)ZIy . (0SODVOV'S  H4D
121 89ST  ¥er- 010 (EVT)0ET'— 4y €000200" | (TT0)620- ., (L00)sso ., (T20)6¥8T  oud
2900 BIET  6IT—  44,EE0 (VT WTT— . (T00)900" (6000280~ . (2100260 ,,(8207)508°C 9H
7800 G0 G00— .88 (TEN)00T"  ,,,(850)25C (S90) ¥T0'= ., (B0B)L68L , (822)989'8T  mdd
G00' 80T  VI0—  ,,,160 (2£€)250 (€000200° . (€100 BP0~ (eso)eey  , (9S0)ZvS 40
¥20° 862 120° wxxEET (98T°)202 - xGT0)970 (2€0) 620" .., (€22)8T6T  (620)¥0L°6 Ddd
oy mwﬂwﬁo AUTlp  rep say (@) Lv-TLl (A) souerren (@uesy () soueLien @ uesn  10¥
abueyd TawlL

"SBLUNJOA S,1S843]U] JO UOIBay yaea J0) S|9POIA 8109 aBuryD Jusle] WOJ) Sa1ewisT Jalaered pazipepueisun

NIH-PA Author Manuscript

€9l|qel

NIH-PA Author Manuscript

NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2015 December 01.



Page 35

Persson et al.

'T0°'= P 8ouealiubis paisnipe

-luo.iajuog 0} puodsaliod sainfy pjog "ajqerien syl Jo adueleA afise| ayj Jo asnedaq QT AQ PapIAIP a1am HAD Ya] pue 1ybL Jo sswnjoA “(Swajqoid uoiewiss ploAe 03) sasAjeue o3 Joud 000T AQ papIAIp
91aM SBWINJOA ||\ "S8IeLIBA0D |[e 0] palngLie adueLieA Jo uolodold = zd “dn moj o4 e suosiad gg pue ‘auljaseq 1e ‘(44D 104 i T) siuedionted GiT UO aqe|reAr alam siueLIeA 9138uab uo elep ayl ‘(v

310 ¥€ 3 =T '¢€3 = 0) J utRjosdodijody = 3 30dV '12.9DH4HLIN JO 3J3|[e L 3y} 0 92uasald = IM4HLIIN {1<V<D 98Z— d¥D 4O d|3|[e L dup Jo dduasaid = 1 dHD * LTTG-OF-T 11 40 3J3]|e L 3y} Jo ddussaid
= 14-171 {(seA = T ‘ou = Q) auljaseq e uoisuauadAy Jo sisoubelq = dgH ‘auljaseq 1e abe = aby Xal0D [eNsIA = DA ‘B|NSU| = U] ‘Uswelind = 1d ‘arepne) = pJ ‘sataydsiway Jejjagaiad = HqD ‘sniko
Jedwreooddiyesed = 9yd ‘sndwedoddiH = 9H ‘Janew alYM [BIUOISRId = Mdd XaL0D [BIUOISId [eJ81eT] = D4d "sasayiualed ay) ulyum pajuasaid aie Sarewisa Jajawesed ay) JO SI0LIS pIepuels ay | 910N

(e50) TTT"  (980) TvO'  (880) 20—  980)€90-  (980)€T0°  (260) veO'-  (8807) L6Z- oA
(890 G0¢"  (v20) 6vT—  (LL0) v8O' (5207 820" (5L07) zeo- (080) Ser-  (2L07) 88%'- ul
(¥90) vSv  (9907) 0£0"  (8907) ZTT'0-  (990)€90°  (990) 600"  (T.0) 6¥0—  (8507) 029 - d
(590) 65" (020)080- (2200 ¥2o- (0200600 (0200050 (SL0) 0.0  (2907) G09'- P2

(2900 922" (9L0) v¥0° (8£07) 000" (920610 (9200 €20 (180) 690 (€L0) 6EV'-  HAD
(cL00)vee (2200260~  (620)T20-  (820) 2200 (8L0) LG0- (€80) ev0'— (T207)266-  Oud
(190 197" (¥80)¢s0°  (980) TYT°  (G80) ¥S0°  (G80) €00  (0607)8EOD"  ¥80) G6E- 9H
(€90 Gee  (LL0)vv0  (6L0)880-  (8L0) TvO'-  (LL0)280°  (€80) 00"  (#20) OL¥-  Mdd
(s90) ovy (290 0c0-  (690) €€0-  (290) 870"  (290)€€0”  (220) 960—  (6507) 619'—  OddT

ed ¥ 30dV 1H4HIN 14490 14-171 dgaH aby 104

"au1jaseg 1e SaWN|oA ureig [euolfisy Uo $109)13 SaIRLIRAOD JO SajeWIIST Pazipiepurls

v alqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2015 December 01.



Page 36

Persson et al.

'T0°'= P 8ouedliubis paisnipe-luotiajuog 03 puodsaliod sainbiy
plog ‘a|qelieA ay 0 adueLieA afire] ay) Jo asnesaq 0T AQ PapIAIP 81am HAD 1YBLi pue 33| 8yl JO SAWNJOA ‘Salelienod [[e Aq paloipaid aoueLieA Jo abeluadlad = zd ‘dn moj |0} 1e suoslad gg pue ‘auljaseq
18 ‘(dYD 10} 1) swuedionted GpT UO ajge|reAr aJam sjuelieA o1aush uo erep syl (i 3 10 #€ 3 =T ‘€63 = 0) J uIsroidodijody = JOdV ! 1/.9D44HLIN J0 39]e L 8y Jo aduasaid = IH4HIIN ‘1<V<D

9827— dHD 10 9J9|[e 1 8y} 0 80ussald = 144D ¢ 1TTS-OJ-T11 40 313 1e 1 oy Jo doussaid = 1g-T7| ‘Isah = T ‘ou = () auljaseq Je uoisusliadAy Jo sisoubeliq = dgH ‘auljaseq Je abe = afy ‘X810 [ensin
= DA ‘B|Nsu| = U] ‘usweingd = 1d ‘alepne)d = pD ‘salaydsiway Jejjagaie) = HAD sniA9 [edweooddiyeied = 9yd ‘sndwesoddiH = 9H ‘lelew alyM [eluoljald = Mdd Xa10D [eluoljald [eiare] = D-4d] 910N

(950) 290" (90T) ¥¥T-  (VIT) 9VO° (81T) eVt (2er)eso-  (9e1)9vo  (veT) wLT- oA
(zg0)€90" (901 8ee  (gTT)eeo’  (ozT) L€00-  (2eT)9sor  (9gT)esor (92T TSOf ul
(160 880" (eS5T)08T-  (cz1)090"  (€L1)850°  (eL1)v6T— (821)€L0-  (06T) TTT id
(osT) soe  (esT) TL2- (61T 8S0° (om) et (o) eLr-  (@LT)ovy-  (€8T) €6€ o]

(2600 980" (e0T) €20~ (60T)€90-  (WITI 00"  (¥PTT)GS2-  (02T) 600"  (T2T) EVT Had
(er)vee  (prT) 89T (960) Lve-  (Ler) v (eer)ete-  (eer)ere-  (evl) 06T oud
(190) 191" (cz1)G90- (8e1)8eT-  (ver)ego  (Le1)99T-  (ev1)svi—  (evl)SvT oH
(9200200 (1T)8S0°  (¥60°) OEO° (zeT) v60"  (921) L9T- (9€T) 9TT- (S¥T)6L0-  Mdd
(620 280"  (e€T) 99T- (60T GET* (zst)vor  (6vT)290-  (2GT) 20T (99T7)280°  O4d1

2d 73 30dV 1d4HLIN 1dd0 L1411 daH abv 104

"3WNJOA Urelg [euolBay Ul sabueyD Uo $108)13 SaIRLIBACD JO SaJeWIIST Pazipiepurls

G 9lqel

NIH-PA Author Manuscript NIH-PA Author Manuscript NIH-PA Author Manuscript

Neuroimage. Author manuscript; available in PMC 2015 December 01.



