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Abstract

Although previous studies have demonstrated that the hippocampus plays a role in pain
processing, the role of hippocampal subfields is uncertain. The goal of this study was to examine
the relationship between hippocampal subfield volumes and chronic pain in nondemented older
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adults. The study sample included 86 community-residing adults age 70 or older who were free of
dementia and recruited from the Einstein Aging Study. Chronic pain was defined as pain over the
last 3 months, that was moderate or severe (minimum rating of 4 out of 10) most, or all of the
time. Hippocampal subfield volumes were estimated using FreeSurfer software. We modeled the
association between chronic pain and hippocampal and subfield volume using linear regression.
The sample had a mean age of 80 and was 58% female. Chronic pain, present in 55% of the
sample, was associated with smaller right and total hippocampal volumes, particularly in women,
after adjusting for age, education, and intracranial volume (eTICV). In addition, in women,
volume was significantly reduced in participants with chronic pain in right CA2-3 (=-0.35,
p=0.010), right CA4-DG (3=-0.35, p=0.011), left presubiculum (=-0.29, p=0.030), and left
fimbria (p=—-0.30, p=0.023). In men, chronic pain was not associated with the volume of any of the
hippocampal subfield volumes. Chronic pain in women is associated with a reduction in the
volume of right hippocampus and also selected hippocampal subfields. Future studies should
clarify the mechanisms underlying the association between regional hippocampal volumes and
chronic pain, particularly in women.

Keywords

Hippocampal Subfields; Hippocampal VVolume; Chronic Pain; MRI; Older Adults

1. INRODUCTION

Chronic pain occurs in more than half of older adults resulting in reductions in daily
activities and decrements in health-related quality of life. The prevalence of disabling pain
increases sharply amongst elderly individuals, especially the oldest-old (Thomas et al.,
2004; Thomas et al., 2007). It is therefore important to understand both the factors that
contribute to the development or acceleration of pain in the elderly as well as its
consequences.

Reasons for the increasing prevalence of pain in older adults are not fully understood.
Painful conditions such as osteoarthritis are more common in the elderly, which leads to
increased peripheral nociception (Oliveria et al., 1995). In addition, aging is associated with
widespread changes in the cellular and neurochemical substrates of the nervous system,
including the nociceptive system. The functional consequences of biological age-related
changes are difficult to extrapolate given the highly-integrated nature of pain processing, but
it is clear that there is a relationship between changes in neurobiological structure and
function and the experience of pain (Gibson and Farrell, 2004).

Overall pain prevalence is higher in females than males across the entire life span, though
certain pain disorders have a male predilection (Fillingim et al., 2009). It has been suggested
that different biological mechanisms such as gonadal hormones and endogenous pain
modulatory systems, as well as psychological mechanisms including cognitive or affective
factors may contribute to sex differences in pain and analgesic responses (Fillingim et al.,
2009). However, it is still unclear which biological mechanisms contribute to this gender
difference in pain perception.
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The hippocampus plays an important role in a variety of physiological processes including
memory, mood and stress (Price and Drevets, 2010; Zimmerman et al., 2008). Many
investigators have evaluated the role of the hippocampus in pain processing in human and
animal studies (Bingel et al., 2002; Duric and McCarson, 2006; Schweinhardt et al., 2006;
Zimmerman et al., 2009). Neuroimaging studies have shown that the hippocampus is
activated in response to painful stimuli in healthy volunteers (Bingel et al., 2002).
Furthermore, adults with chronic pain syndromes have functional and anatomical alterations
in brain regions involved in pain processing including the hippocampus, the thalamus, the
basal ganglia and amygdala as well as cingulate, prefrontal and somatosensory cortex
(Schweinhardt and Bushnell, 2010). In older adults, higher levels of pain severity have been
associated with both reductions in hippocampal volume (HV) and lower NAA levels in the
hippocampus (Zimmerman et al., 2009). Alterations in specific transmitters have been
demonstrated. For example, patients with fibromyalgia have decreased presynaptic
dopaminergic activity was evident in several brain regions, including the hippocampus
(Schweinhardt et al., 2006).

The hippocampal formation consists of various subfields (subregions) including CA1, CA2,
CAZ3, CA4, dentate gyrus (DG), fimbria, presubiculum, and subiculum. These subfields
differ in histology, connectivity and function (Fanselow and Dong, 2010). Different
hippocampal subfields have been implicated in different cognitive and psychiatric disorders
(Elvsashagen et al., 2013; Hanseeuw et al., 2011; Wang et al., 2010). Though animal studies
demonstrate involvement of specific hippocampal subfields in pain (for a review, see Liu et
al (Liu and Chen, 2009)), the volumetric changes associated with chronic pain has rarely, if
ever, been studied in humans. The goal of this study was to examine the association of pain
with total HV as well as subfields in nondemented older women and men.

2. RESULTS

2.1. Demographic and Sample Characteristics (Table 1)

The sample had a mean age of 80.2 years (SD=4.8). The sample was 53.8% women and
54.7% white, with a mean of 14.2 years (SD=3.5) of education. Participants with chronic
pain (CP) represented 55% of the sample and those free of CP (NCP) represented 45%.
Chronic pain groups did not differ in age or eTICV. The prevalence of CP was significantly
higher in women (62%; n=35) than in men (40%; n=12; t=2.02, p=0.046). The CP group had
a lower education level (t=2.4, p=0.021) than the NCP group. There was a negative
correlation between age of participants and total HV (rs=—0.28, p=0.009) and women had
smaller total HV than men (t=—3.6, p=0.001). There was no significant correlation between
HVs and education level.

2.2. Total, Right and Left Hippocampal Volumes (Table 2)

In unadjusted models, total HV was significantly smaller in participants with CP (3=-0.25,
p=0.018) in comparison with participants with NCP. Right HV was significantly reduced in
the CP group (p=—-027, p=0.012) relative to the NCP group; whereas, left HV volume
differences did not reach significance ($=—0.19, p=0.076).
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After adjusting for age, gender, education, and eTICV in linear regression models, the
association between chronic pain and hippocampal volumes persisted, showing significantly
reduced total HV (B=-0.22, p=0.032) and right HV (3=-0.25, p=0.016), but not left HV (3=
-0.15, p=0.15) in the CP versus the NCP group (See Table 2).

Next we investigated whether there was an interactive effect between gender and chronic
pain on hippocampal volume. Inclusion of the interaction term eliminated the influence of
gender and CP on hippocampal volumes (table S-1). However, given the well-known
differences in pain in men and women, we reran the regression models stratifying by gender
while adjusting for other covariates. Among women, results were similar to the total
population showing an association between chronic pain and reduced total (3=—-0.31,
p=0.024) and right HV (p=-0.33, p=0.013), but not with left HV (§=-0.22, p=0.105). In
men, associations between chronic pain and total, right and left hippocampal volumes were
not significant. Table 2 shows the results of the adjusted linear regression models stratified
by gender.

2.3. Hippocampal Subfield Volumes (Table 3)

In unadjusted models, CP was associated with smaller right CA2-3 (f=-0.24, p=0.023) and
CAA4-DG volumes (3=-0.26, p=0.015). No other subfields demonstrated a significant
association with chronic pain.

We therefore ran multiple linear regression analysis with the hippocampal subfield volumes
as the dependent variable and the chronic pain groups (CP vs NCP), age, education, eTICV
and gender as independent variables (Table 3). There were no significant effects of pain
group on any subfield volume after controlling for all covariates. Similar to the analysis for
total hippocampal volumes, we stratified data based on gender and repeated the regression
models. In women, a significant effect of CP group was observed for right CA2-3 (3=-0.35,
p=0.010), right CA4-DG (p=-0.35, p=0.011), left presubiculum (3=-0.29, p=0.030), and left
fimbria (p=—0.30, p=0.023), with CP group consistently having smaller subfield volumes. In
men, CP did not show any association with any of the hippocampal subfield volumes.

3. DISCUSSION

In this cross sectional study, we found a striking association between chronic pain and
reduced hippocampal volume, especially in the right hippocampus and in women. Unilateral
hippocampal volume loss has been previously reported in older adults with or without
cognitive impairment (Shi et al., 2009), and mood disorders (Videbech and Ravnkilde,
2004). Studies using animal models have also showed lateralized pattern in response to
painful stimuli in hippocampus (Belcheva et al., 2009). This asymmetric association
between volume loss and pain may be due to asymmetric neurodegeneration and
reorganization of neuronal pathways of the limbic system. However, little information is
available about the role and differences of right or left hippocampus in pain processing.

In this study, as in many others, the prevalence of chronic pain was higher in women than in
men. In addition, HVs showed association with chronic pain only in women. Gender
differences in pain perception are well established for clinical pain (Unruh, 1996) and
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experimental pain, both in humans (Riley et al., 1998) and animal models (Aloisi et al.,
2000). Women show different responses to pain, including lower pain thresholds, less
tolerance and a greater response to painful stimuli in comparison with men (Hurley and
Adams, 2008). Perhaps this gender disparity is attributable to hormonal differences that
influence brain functions by modulating neurotransmission (Aloisi and Bonifazi, 2006). The
hormonal differences include both stress and sex hormones. The hippocampus regulates the
hypothalamic-pituitary-adrenal (HPA) axis through a negative feedback mechanism via
mineralocorticoid and glucocorticoid receptors, both of which are highly expressed in the
dentate gyrus (Galea et al., 2013). Prior animal studies suggest that stress affect neural
plasticity of hippocampus differently in females compared to men (Galea et al., 2013). Other
animal studies demonstrate sex differences in the hippocampal responses to aversive stimuli
and suggest that sex hormones may mediate these differences (Aloisi et al., 2000). Estrogens
and androgens are neuroactive hormones that can be synthesized in the central nervous
system de novo from endogenous cholesterol, especially in the hippocampus (Shibuya et al.,
2003). Increases in estrogens can increase the numbers of dendrite spines and excitatory
synapses in hippocampal neurons (Woolley and Schwartzkroin, 1998) and also excite
neurons in the cerebral cortex, cerebellum and hippocampus by a non-genomic mechanism
(McEwen and Alves, 1999). Although women experience fluctuations in estrogen and
progesterone levels across the menstrual cycle and face a steep decline in sex hormone
levels during menopause, men show a progressive and slow decline in testosterone with
aging (Hogervorst, 2013). Testosterone levels continue to be much higher in men than
women. There is plenty of evidence showing protective effects of testosterone on cognitive
function and mood stability in older adults (Hogervorst, 2013), but studies on the effects of
testosterone on perception of pain are limited. Such hormonal differences in men and
women and their intermediate role on neurodegeneration and reorganization of neuronal
pathways involved in pain and stress processing might underlie our women-specific finding
of hippocampal volume loss with pain.

In addition to the lateralized and gender-specific effects, we also found differential effects in
various subfields. Among older women, chronic pain was associated with smaller right
CA2-3 and CA4-DG volumes. Animals, studies have shown that responses to painful
stimuli differ among hippocampal subfields (Aloisi et al., 2000; McKenna and Melzack,
1992; McKenna and Melzack, 2001) with some reports of lateralized effects (Belcheva et
al., 2009). Chronic inflammatory nociception significantly reduced the neurogenesis in the
DG, providing a substrate for volume loss (Duric and McCarson, 2006). Injection of
lidocaine or NMDA receptor antagonists into the DG reduces chronic pain, while injection
in CA1 do not induce analgesia (McKenna and Melzack, 1992; McKenna and Melzack,
2001). Other studies have shown that injection of injection of vasoactive intestinal peptide
(VIP) into CAL in the rat elicits lateralized anti nociceptive effect (Belcheva et al., 2009).
Our finding of a relationship between chronic pain and volume loss in CA4 DG is broadly
compatible with these animal studies.

The subfield-specific association between HV and pain might be explained by anatomical
differences among regions. Complex networks of afferent and efferent pathways connect the
hippocampus to other parts of brain and are responsible for transmitting pain information.
The entorhinal cortex is the major source of afferent pain stimuli to the hippocampus; these
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pathways terminate specifically on the dendrites of the CA1, CA3, DG, and subiculum (Liu
and Chen, 2009). The fornix fibers comprise the efferent output from the hippocampus
originating in the CA1 region and projecting to the anterior thalamus, the mammillary
region, and limbic midbrain (Henke, 1982). The other efferent fibers include fimbria fibers
that originate in CA2, CA3, CA4 and subiculum and project to the anterior thalamus, the
preoptic area, and the hypothalamus (Meibach and Siegel, 1977). Our subfield findings
predominantly indicate a change in the volume of regions that fimbria fibers originate from.

Another possible explanation could be molecular and biochemical differences between
various hippocampal subfields. Stressful and noxious stimuli induce hormonal and
behavioral modifications and lasting changes in many physiological parameters, which
result in profound alterations in protein synthesis. Accordingly, it is possible that painful
stimulation would probably lead to analogous changes in immediate early genes (IEG)
expression in the hippocampus, to fulfill the necessary physiological and behavioral
functions pertinent to pain. Immediate early genes (IEGs) are crucial intermediates in a
cascade linking membrane stimulation to long term alterations of neuronal activity
(Pennypacker et al., 1995). Several studies have shown a change in c-Fos (one of the IESS)
expression following painful stimulation in the hippocampus specifically in CA1, CA3, and
DG (Aloisi, 1997; Aloisi et al., 2000). Such changes in gene expression and subsequent
protein synthesis, might lead to long-term changes in the function or volume of these
subfields.

While our subfield findings are promising, a few limitations should be noted. We did not
evaluate information about the duration of pain beyond the 3 month before acquiring
images. Inclusion of the interaction term in models eliminated the influence of gender on
hippocampal volumes, which is probably because our study was underpowered to detect this
effect. Furthermore, consumption of various anti-inflammatory medications or pain
medications is very common in this age group and might affect either perception of pain or
volumetric changes. Finally, as this is a cross-sectional study we cannot determine the causal
relationship of events and if the observed hippocampal volume reduction predisposes
individuals to perception of pain or is it persistent pain that results in hippocampal atrophy.

In summary, chronic pain is associated with a selective reduction in hippocampal subfields'
volume. This reduction of volume is seen exclusively in women. Such gender exclusivity
demonstrates the importance of gender stratification in studies investigating pain. This
gender stratification could be of particular importance in translational and clinical studies for
development of sex-specific pain treatments. Future, longitudinal studies are required to
investigate the role of hippocampus subfields in the development and experience of pain in
elderly population and the temporal relationship between chronic pain and hippocampal
volume loss.

4. Experimental Procedure

4.1 Participants

The participants were 86 non-demented adults over the age of 70 years drawn from the
Einstein Aging Study (EAS). The study design and methods of the EAS have been described
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in detail previously (Katz et al., 2012). Briefly, potential participants were recruited through
systematic sampling from Medicare and voter registration lists for Bronx County, New
York. Eligible participants were at least 70 years old, Bronx residents, non-institutionalized,
and English-speaking. Exclusion criteria included visual or auditory impairments that
preclude neuropsychological testing, active psychiatric symptomatology that interfered with
the ability to complete assessments, and non-ambulatory status. Participants received annual
in-person assessments which included medical histories, neuropsychological testing and
general and neurologic examinations.

Participants who were demented or did not meet standard MRI eligibility criteria - metallic
implants that obscure or interfere with MRI- were excluded from the MRI study. Dementia
diagnosis was based on standardized clinical criteria from the Diagnostic and Statistical
Manual, Fourth Edition (DSM-1V) (American Psychiatric Association. and American
Psychiatric Association. Task Force on DSM-1V., 2000) and required impairment in
memory plus at least one additional cognitive domain, accompanied by evidence of
functional decline. Diagnoses were assigned at consensus case conferences, which included
a comprehensive review of cognitive test results, relevant neurological signs and symptoms,
and functional status. All studies were approved by institutional review board of Albert
Einstein College of Medicine.

4.2. Pain Measurements

Total pain and chronic pain was measured as a ubiquitous exposure in all body areas. The
total pain index (TPI) is an inventory of pain symptoms that consists of questions
concerning pain location, frequency, severity, and duration for eight body areas (head, face,
neck and shoulder, back, arms and hands, legs and feet, chest, abdomen and pelvis, and
other). For each body area, participants were asked: “In the past 3 months, how often did
you have pain in the (insert one of the eight body areas)?” Participants had the option of
choosing between “none of the time,” “a slight bit of the time,” “some of the time,” “most of
the time,” and “all of the time” as their response. Participants then rated the intensity of their
worst pain over the previous 3 months on a scale of 0 to 10, for each body area with pain
(range 0-80). Chronic pain was defined by the presence of pain, in at least 1 location, that
was moderate or severe (minimum rating of 4 out of 10) in the previous 3 months, some,
most, or all of the time (McCarthy et al., 2009). This approximates the International
Association for the Study of Pain definition of chronic pain (Breivik et al., 2006). This
measure is valid and reliable in our elderly adult population [data not shown].

4.3. Neuropsychological Assessment

Verbal memory was assessed using the free recall score (range 0-48) from the Free and
Cued Selective Reminding Test-Immediate Recall (FCSRT-IR) (Buschke, 1984). Details of
neuropsychological tests have been previously described (Katz et al., 2012).

4.4. MRI Acquisition and Processing

Imaging was performed using a 3.0 T "short bore" MRI scanner (Achieva Quasar TX;
Philips Medical Systems, Best, the Netherlands) with a 32-channel head coil (Sense Head
Coil; Philips Medical Systems). T1-weighted whole-head structural imaging was performed
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using sagittal three-dimensional magnetization-prepared rapid acquisition gradient echo with
parallel acceleration (MP-RAGE; TR/TE 9.9/4.6ms; 240 mm? field of view; 240x240 mm
matrix; slab thickness, 1 mm). In addition, a fluid-attenuated inversion recovery (FLAIR)
acquisition was obtained with the following pulse sequence parameters: TR/TE/TI
11000/120/2800ms, 240 mm FOV, 0.6845x0.9758x2 mm, 70 slices, no gap, SENSE 2, and
acquisition time of 3 min 18.0 sec.

4.5. Image Analysis

We processed all MRIs automatically using the FreeSurfer software package (version 5.2,
available at http://surfer.nmr.mgh.harvard.edu/). Briefly, the processing stream starts with a
hybrid watershed algorithm, which removes non brain tissue, automated transformation to
the, Talairach reference space and segmentation of the subcortical white matter and deep
gray matter. FLAIR images were used for pial surface refinement. The whole hippocampal
formation was segmented using FreeSurfer’s standard segmentation procedure using a
probabilistic brain atlas (Fischl et al., 2002). Additionally, for each subject the estimated
intracranial volume (eTICV) was calculated based on the procedure described by Buckner et
al (Buckner et al., 2004).

Subsequently, we performed automated subfield segmentation of the hippocampus using a
recently added procedure within the FreeSurfer suite. This procedure uses Bayesian
inference and a probabilistic atlas of the hippocampal formation which is based on manual
delineations of subfields in T1-weighted MRI scans from a number of different subjects
(Van Leemput et al., 2009). Seven subfield volumes were calculated for each side of the
hippocampus: CAl, CA2-3, CA4-DG, presubiculum, subiculum, fimbria, and hippocampal
fissure. Automated volume estimates of these subfields are shown to correlate well with
manual volume estimates (Van Leemput et al., 2009). Segmentation results were visually
inspected for errors in all datasets, but no manual edits were needed. Figure 1 shows the
whole hippocampus and subfields segmentation results in one of the participants.

4.6. Statistical Analyses

Total HV volume was normally distributed in our population (p=0.178). We examined the
bivariate associations of hippocampal measures with demographic variables such as age,
education, sex and eTICV using Spearman rank correlation coefficients. Linear regression
models with hippocampal volumes as the outcome, were used to assess the association
between chronic pain and MRI measures, firstly unadjusted, and then adjusted for age, sex,
education, and eTICV. Furthermore, to evaluate whether the association between chronic
pain and hippocampal volumes was driven by gender differences, we stratified the data by
gender and reran all the previous models separately for each gender. Chi-square, t-tests and
ANOVAs were used as appropriate. All statistical analyses were conducted using SPSS,
version 20 (Chicago, IL: SPSS Inc.)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Sagittal (A), Coronal (B) and Axial (C) images illustrating segmentation of subfields in the

right hippocampus of a participant. Color code: purple = fimbria; brown = DG-CA4; blue =
CAZ2-3; orange = CA1,; green = subiculum; dark yellow = presubiculum. CA = cornu
ammonis; DG; = dentate gyrus.
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Figure 2.

Differences between groups in hippocampal subfield volumes. CA: cornus armonis; DG:

dentate gyrus; Hipp: hippocampal. Bar graphs present data distribution with average means
and 95% confidence interval of hippocampal subfield volumes among participants with and
without chronic pain. (*) Indicates significant results. Error bars represent standard error of
mean.
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Table 1

Sample demographics, TPI scores, and hippocampal measurements

Total sample, NCPgroup ~ CPgroup  yqjyeb
mean (SD) mean (SD)  mean (SD)

Sample size 86 39 47

% Women 65.1 53.8 74.4 0.046
% White 54.7 59 51.1 0.515
% Right handed 89.5 92.3 87.2 0.444
Age, years 80.23 (4.82)  80.02(4.99) 80.40 (4.72)  0.722
Education, years 14.21(3.57)  15.18(2.99) 13.40(3.83) 0.021
TPI 434 (6.57) 0.30(48)  7.69(7.37)  <0.001

FCSRT IR free recall score 32.06 (6.78)  32.38(7.25) 31.79 (6.44) 0.690
FCSRT IR total recall score 47.24 (2.55) 4754 (1.16) 47.00 (3.29) 0.334
Left Hippocampal volume 3.19(0.40)  328(0.38) 3.13(0.41)  0.076
Right Hippocampal volume 3.27 (0.44) 3.39(0.34)  3.15(0.49) 0.010
Total Hippocampal volume @~ 646 (0.78)  6.67(0.63) ~ 6.28(0.84)  0.018

eTICV 1340 (202) 1382 (197) 1305 (201) 0.078

a . Lo . .
MRI volumetric data are given in cubic centimeters.

b . . . . . .
Using t-test for continuous variables, and Chi-square test for categorical variables.

CP= Chronic pain, NCP= No chronic pain, TPI=Total Pain Index; FCSRT-IR = Buschke and Grober Free and Cued Selective Reminding Test—
Immediate Recall; eTICV= estimated Total Intracranial Volume
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