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Abstract

Objective—The fornix is a white matter tract carrying the fibers connecting the hippocampus
and the hypothalamus, two essential stress-regulatory structures of the brain. We tested the
hypothesis that allostatic load (AL), derived from a battery of peripheral biomarkers indexing the
cumulative effects of stress, is associated with abnormalities in brain white matter microstructure,
especially the fornix; and that higher AL may help explain the white matter abnormalities in
schizophrenia.

Methods—We tested AL in 44 schizophrenia patients and 33 healthy controls using thirteen pre-
defined biomarkers. Diffusion tensor imaging (DTI) was used to obtain fractional anisotropy (FA)
values of the fornix and other white matter tracts.

Results—AL scores were significantly elevated in patients compared to controls (F(3, 77)=7.87,
p=0.006). AL was significantly and inversely correlated with FA of fornix in both controls (r=
-0.58, p=0.001) and patients (r=—0.36, p=0.023). Several nominally significant (p<0.05 but did
not survive Bonferroni correction for multiple comparison) correlations were also observed
between AL and FA of other white matter tracts in schizophrenia patients. However, the fornix
was the only tract exhibiting a correlation with AL in both groups.

Conclusions—These results provide initial evidence that allostatic processes are linked to fornix

microstructure in clinical subjects.
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Introduction

Growing evidence suggests that white matter dysfunction is part of the pathophysiology in
schizophrenia, although the mechanisms remain unclear (1-5). Oligodendrocytes are
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vulnerable to stress, as chronic glucocorticoid exposure suppresses the proliferation of
oligodendrocytes (6) and may delay normal myelination process (7). Animal models
demonstrate that chronic stress can increase oxidative damage to lipid membranes and
myelin (8-10). Fractional anisotropy (FA) of water diffusion, measured using diffusion
tensor imaging (DTI), reflects the “integrity” of the white matter microstructure. Decreased
FA of major white matter tracts is a replicable imaging finding in schizophrenia (11-15).
Reduced FA has been linked to elevated cortisol in individuals exposed to early adverse
events (16-19). Chronic stress may cumulatively affect white matter over time and as a
consequence contribute to abnormal white matter structural connectivity (20). This study
aimed to test the hypothesis that elevated levels of chronic stress may be an important
mechanism contributing to white matter abnormalities in humans in general and in patients
with schizophrenia in particular.

Stress triggers physiological and behavioral changes to optimize short-term response, and
can also induce longer-term adaptive shifts in biological ‘set-points,” a process termed
‘allostasis’ (21-22). Chronic stressors or mal-adaptive responses to stress can push
cardiovascular, metabolic, immune and neuroendocrine system set-points beyond healthy
homeostatic limits, and these changes are conceptualized as “allostatic load” (AL) (21-23).
Elevated AL is hypothesized to reflect the ‘wear and tear’ effects of chronic stress on the
body and the brain (24). AL was found to be significantly elevated in the initial testing of
this concept in patients with schizophrenia (25).

While the research on AL in schizophrenia patients is new, a number of studies have
considered the relationship between allostatic processes and depression (26), PTSD (27),
and bipolar disorder (28-29). However, few studies have directly examined the frequently
hypothesized AL effect on brain structure (28, 30-31) in patients with psychiatric
conditions. We previously found that prolonged, but not acute, cortisol reactivity to
psychological stress was associated with reduced white matter DTI-FA, particularly at the
fornix, in schizophrenia (32). This finding appears consistent with McEwen’s working
hypothesis of AL: hippocampal structural plasticity would be most vulnerable to damage
from repeated or chronic stress (30-31). This hypothesis is well-supported in animal models
using chronic stress manipulations (24, 30-31). However, empirical evidence on how AL
may affect hippocampal circuitry in humans is needed.

The fornix is the principal white matter tract that connects the hippocampus to subcortical
areas including the hypothalamus, medial septum, nucleus of the diagonal band, and dorsal
raphe nucleus (33) and also to cortical areas including prefrontal and cingulate cortices (34—
35). The hippocampal formation and these subcortical areas regulate cardiovascular, immune
and endocrine responses to stress and environmental challenges (36-37). Furthermore, one
study found high AL was related to reduced white matter, but not gray matter volume, in
older adults (average 72.5 years of age), highlighting the importance of focusing on how AL
is related to white matter (38). There are no published studies examining the effect of AL on
DTI-based white matter assessments. Therefore, we tested the hypothesis that higher AL
would be related to lower cerebral white matter microstructure, in particular the fornix.
Furthermore, we were interested in exploring the question of whether AL contributes to FA
deficits in schizophrenia.
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This study included 44 patients with schizophrenia (including n=10 with schizoaffective
disorder; they are together called schizophrenia hereafter) who were recruited from
outpatient clinics of the Maryland Psychiatric Research Center and neighboring outpatient
clinics. Healthy control participants (n=33) were recruited using local media advertisements
and frequency-matched on age and sex with the patients (Table 1). The Structured Clinical
Interview for DSM-IV was performed on all individuals (39). Control participants had no
current Axis | diagnosis, although individuals with a history of past mood or anxiety
disorders were not excluded to better match schizophrenia/schizoaffective patients on non-
psychosis pathology (30% of the controls had previous mood or anxiety disorders based on
Structured Clinical Interview lifetime record). Psychiatric symptoms were assessed with the
Brief Psychiatric Rating Scale (BRPS); the psychosis subscale was used to examine positive
symptoms of psychosis specifically (40). Other than 4 patients who were unmedicated at
time of study, all patients were taking antipsychotics, including 34 on atypical, 4 on typical,
and 2 taking both an atypical and a typical antipsychotic. Exclusion criteria for both groups
included major neurological conditions, history of head trauma with clinical sequelae,
intellectual disability, and substance abuse or dependence within the past 6 months (except
nicotine). To reduce variance from cyclic hormonal effects, females were tested for AL
measures within the first 10 days of their menstrual cycle. The data were collected from
August 2013 to February 2016. Participants gave written informed consent as approved by
the University of Maryland IRB.

Allostatic load assessment

The measure of AL was an index of 13 biomarkers, including resting systolic blood pressure
(SBP), diastolic blood pressure (DBP), and heart rate; body-mass index (BMI) and waist-hip
ratio; blood levels of high-density lipoprotein (HDL) cholesterol, total cholesterol, glycated
hemoglobin (HbA1c), C-reactive protein (CRP), and dehydroepiandrosterone (DHEA); and
12-hour overnight levels of urine epinephrine, norepinephrine, and cortisol. To collect the
urine, participants were given a plastic container, a cooler and an ice pack. Subjects were
instructed to discard the first urination at 2000 h, and then to collect all subsequent urine
until 0800 h the following morning, keeping the container in the cooler with the ice pack.
Participants were asked to refrain from any food or drink besides water and regular
medications from midnight prior to blood collection. Blood and urine samples were sent to a
CLIA-certified commercial laboratory for analysis. Urine cortisol, epinephrine and
norepinephrine values were adjusted for creatine levels. Anthropometric measures were
conducted with participants wearing light clothing. Blood pressure and heart rate was
measured after at least 10 minutes of rest. Fasting blood samples were collected between
0900 h and 1100 h in all participants. AL data for 26 patients and 17 controls in this study
were reported in a previous publication that addressed the initial question of whether AL is
elevated in schizophrenia (25).

Adherent to previously reported methodology for calculation of AL index (41), we identified
the 25th and 75th percentile values of each of the 13 biomarkers for the control sample
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distribution. Participants who had a biomarker value greater or equal to 75th percentile (or
less than or equal to the 25th percentile for HDL and DHEA) received a score of 1 for that
specific biomarker; cutoff values are reported in Table 2. Participants taking one or more
hypoglycemic agent were automatically given a score of 1 for HbALlc; participants taking
one or more antihypertensive medication were given a score of 1 for SBP; and participants
taking one or more lipid-lowering medication were given a score of 1 for total cholesterol.
The sum of biomarker values was computed, and imputed based on a 13 point scale in case
of missing data points, such that the AL index score could range from 0 to 13. We explored
alternative means of calculating AL index, including using clinically meaningful cutoffs
instead of percentiles from our sample, and using averaged Z scores but found minimal
differences between these methods of calculating AL index as already suggested by previous
studies (41).

The measures comprising the AL index have considerable overlap with measures used to
define metabolic syndrome, a condition that contributes to the development of
cardiovascular disease (42). To determine if any relationship between AL and white matter
was driven primarily by presence of metabolic syndrome we used our data to categorize
individuals as likely having metabolic syndrome or not. We defined metabolic syndrome
based on a madification of the National Cholesterol Education Program Adult Treatment
Panel 111 (NCEP ATP I11) definition (43) as follows: individuals were defined as having
metabolic syndrome if they had at least 2 of the following: 1) HgAlc > 6.5 (considered a
useful threshold for diagnosis of diabetes) (44), or taking hypoglycemic medication; 2) waist
circumference >40 inches for males or >35 inches for females; 3) HDL < 40 for males, or <
50 for females; 4) SBP > 130, DBP > 85, or taking hypotensive medication. Note that
because we did not have triglyceride levels available we dropped this criterion, and
substituted HgAlc as a proxy measure of insulin resistance due to lack of fasting glucose
data.

Diffusion tensor data were collected at the University of Maryland Center for Brain Imaging
Research using a Siemens 3T TRIO MRI (Erlangen, Germany) system equipped with a 32-
channel phase array head coil. DTI data were collected using a single-shot, echo-planar,
single refocusing spin-echo, T2-weighted sequence with a spatial resolution of 1.7x1.7x3.0
mm. The sequence parameters were: TE/TR=87/8000ms, FOV=200mm, axial slice
orientation with 50 slices and no gaps, five b=0 images and 64 isotropically distributed
diffusion weighted directions with b= 700 s/mm2. These parameters maximized the contrast
to noise ratio for FA measurements (45). ENIGMA-DTI pipeline (https://www.nitrc.org/
projects/enigma_dti) was used for tract-based analysis of diffusion anisotropy (46). First,
fractional anisotropy (FA) images were created by fitting the diffusion tensor to the mation
and eddy current diffusion data. RMSDIFF (47) was used to estimate the root mean square
(RMS) movement distance between diffusion sensitized and b=0 images. All data passed
QA control of <3mm accumulated motion during the scan. There was no difference in the
average motion per TR between patients and controls (0.42+0.21 vs. 0.43+0.20, for patients
and controls, respectively). In the next step, all FA images were spatially normalized to the
Johns Hopkins University (JHU) (48) and then nonlinearly aligned to a group-wise,
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minimal-deformation target (MDT) brain using the FLIRT method (46,49). The group’s
MDT brain was identified by warping all individual brain images in the group to each (50).
Next, individual FA images were averaged to produce a group-average anisotropy image.
This image was used to create a group-wise skeleton of white matter tracts. The
skeletonization procedure was a morphological operation, which extracts the medial axis of
an object. Finally, FA images were thresholded at FA=0.20 level to eliminate non-white
matter voxels, and FA values were projected onto the group-wise skeleton of white matter
structures. This step accounts for residual misalignment among individual white matter
tracts. FA values were assigned to each point along a skeleton using the peak value found
within a designated range perpendicular to the skeleton. This processing was performed
under two constraints. A distance map was used to establish search borders for individual
tracts. The borders were created by equally dividing the distance between two nearby tracts.
Secondly, a multiplicative 20mm full width at half-max Gaussian weighting was applied
during the search to limit maximum projection distance from the skeleton. The average FA
values along the spatial course of the fornix (column and body of fornix) and eleven other
major white matter tracts were calculated. As this study had no a priori hypothesis with
regard to hemispheric lateralization, we averaged the FA values for the individual left and
right tracts as in our previous studies (32). Whole brain averaged FA was also explored. DTI
data was collected on 39 schizophrenia patients and 30 control participants.

Statistical analysis

Results

Patient-control group difference on AL was compared using univariate ANOVAs with age
and sex as covariates. To explore the relationship of AL to white matter microstructure,
Pearson’s correlation coefficients were calculated for the relationship of AL and FA of the
12 major white matter tracts. Only tracts that showed a significant correlation with AL at a
Bonferroni-corrected threshold of p<0.004 were examined in further analyses. Further
analyses included 1) linear regression to examine the influence of AL on white matter FA
covarying for age, sex, metabolic syndrome, and diagnosis; 2) repeating this linear
regression in patient and control samples independently; 3) for patients, further Pearson’s
correlation and linear regression tests to examine the influence of antipsychotic medication
and symptoms on AL.

Allostatic Load and the Fornix

Univariate ANOVA results showed that AL index scores were significantly higher in patients
compared to controls (F(3, 77)=7.87, p=0.006) after covarying out age and sex effects.
Whole brain tract average FA was significantly lower in patients compared to controls
(F(3,69)=5.13, p=.027), but none of the 12 major white matter tracts was significantly
different between patients and controls after Bonferroni correction for multiple comparisons
(all p>0.05/12=0.004).

The relationships between AL and FA of the 12 major white tracts were examined in the
whole sample (Figure 1). Only the correlation between AL and FA of the fornix was
significant and passed the threshold for Bonferroni correction (r=-0.43, p<0.001). Trend
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level (i.e., 0.004<p<0.05) associations were observed between AL and FA of corona radiata
(r=—.24, p=.046) and sagittal striatum (r=—.25, p=.036). A linear regression analysis using
FA of fornix as the dependent variable and age, sex, metabolic syndrome, diagnosis and AL
as predictors found that AL was still a negative predictor of fornix FA ($=-0.40, p=0.016),
suggesting a similar AL association with fornix FA even after metabolic syndrome was
covariated out. The correlations between fornix FA and AL were significant and in the same
direction in both controls (r=—0.58, p=0.001) and patients (r=—0.36, p=0.023) (Figure 2).
When adjusting for history of mood disorders, the results did not change for controls (r=
-0.59, p=0.001) and patients (r=—0.36, p=0.026).

Other Clinical Covariates

Because many demographic and lifestyle factors may affect AL, a univariate analysis of the
entire sample was performed to test the effects of age, sex, diagnosis, smoking status, and
diagnosis and smoking interaction on AL. This model revealed an effect of diagnosis on AL
(F=9.4, p=0.003) and a trend diagnosis x smoking interaction (F=3.9, p=0.054). Age was a
significant covariate (p<0.001), but sex was not (p=0.10). Smokers had higher AL than
nonsmokers in patients (meanzsd: 6.0+3.6 versus 3.9+2.2, respectively, F=6.6, p=0.015) but
not in controls (p=0.45). In comparison, using the same model but replacing AL with fornix
FA, there was no significant diagnosis x smoking interaction for fornix FA (p=0.91). Age of
onset was ascertained in 33 of 44 patients; age of onset was significantly correlated with AL
such that earlier age of onset was associated with higher AL (partial r=—0.44, p=0.009).
Current antipsychotic medication dose chlorpromazine equivalent (CPZ) was significantly
correlated with AL (r=0.33, p=0.042) although it was not significant after correcting for age
(p=0.12). A partial correlation correcting for CPZ shows the relationship between AL and
fornix FA is marginally affected by CPZ (r=-.30, p=.065). After covarying out race, the
correlation between fornix FA and AL were similar in both controls (r=-0.60; p=0.001) and
patients (r=-0.36, p=0.025). AL was not significantly associated with BRPS total or
psychosis subscale scores (all p>0.25).

Discussion

In this study we found that high level of AL was associated with reduced FA of the fornix in
both patient and healthy control groups. Among patients, AL was also related to reduced FA
of a number of white matter tracts. These results support the possibility that uncompensated
allostatic processes may be related to compromised integrity of the major hippocampal
white matter tract fornix regardless of diagnosis, while providing preliminary evidence that
pathophysiological consequences of AL may contribute to more diffuse white matter deficits
in schizophrenia.

The hippocampus has been theorized to be the primary brain structure affected by AL (30—
31). Extensive evidence from animal models has demonstrated the negative impact of
chronic stress on hippocampal neurons, volume, neurogenesis and dendritic remodeling,
through mechanisms including elevated glucocorticoids (51-53), increased excitatory amino
acids (54) and free radicals (55), epigenetic changes (56), and pro-inflammatory cytokines
(57). However, previous studies have not directly examined the potential impact of AL on
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the white matter tracts connecting hippocampus with other brain areas. The fornix is the
principal tract linking hippocampus with subcortical areas, specifically the medial septum,
nucleus of the diagonal band, supramammillary nucleus, lateral hypothalamus, dorsal raphe
nucleus, and the thalamic nucleus reuniens, all of which send projections through the fornix
to terminate in the hippocampus and the adjacent parahippocampal region (33). The fornix
also contains hippocampal fibers projecting to cortical regions, including the prefrontal
cortex (34,58). The functions of these regions may implicate the mechanisms underlying the
observed relationship between AL and fornix FA. For example, the diagonal band - medial
septum system integrates neuroendocrine output and central blood pressure control (36, 59—
61). Neuroendocrine and blood pressure measures are components of the AL index. Another
example is the dorsal raphe nucleus, which provides major serotonergic projections to brain
areas controlling behavioral and neuroendocrine responses to stress (62—64). Therefore, the
AL - fornix relationship may not be simply hippocampal in origin and may also be related to
other limbic subcortical regions connected through the fornix.

The pattern of AL association with white matter was different in healthy controls vs.
schizophrenia patients. We speculate that the fornix is likely more sensitive to AL and this
could explain an AL - fornix correlation observed even in healthy controls. It is possible that
healthy controls otherwise may not have a predisposed vulnerability to white matter damage,
limiting the relationship between AL and FA to the fornix. In schizophrenia patients, due to
genetic and developmental vulnerability inherent to the disease, AL effects on their brains
may be more diffuse. An even more eminent question is on the causal relationship between
AL and fornix. The initial formulation of the AL theory assumes that changes in the
hippocampus are caused by stress and elevated AL, which implies an AL — fornix causal
interpretation (30-31). The cross sectional design of this study limits our ability to affirm
causality. However, there may be reason to consider the opposite causal pathway of fornix
— AL. For example, one could speculate that the relationship between AL and fornix could
also be driven by a feed-forward mechanism in which individuals with any insult to the
fornix through genetic, developmental, and/or environmental vulnerability may have more
maladaptive responses to stress and as a result they would develop increased AL.
Furthermore, the directionality between AL and the fornix may not necessarily be uni-
directional but likely dynamic where increased AL affects the fornix and in turn, abnormal
fornix exacerbates AL. Future studies using animal models of psychosis, or perhaps
longitudinal studies in humans, may help to determine the pattern of causality regarding the
relationship between AL and white matter changes.

Besides affecting the white matter axons through the neuronal origins, stress may also
directly affect white matter. Evidence supporting a role of chronic stress on white matter
impairment has been found in both animal and human studies. At a cellular level, chronic
elevation of glucocorticoids may inhibit functions of glial cells critical for maintaining
normal white matter development and function (65). Deficits in white matter microstructure
are evident in adolescent monkeys who had experienced maltreatment and high levels of
cortisol in infancy (66). Cushing’s disease and its chronic hypercortisolism are related to
widespread reductions in FA of white matter tracts (67). In another study, subjective
psychological distress reported by middle-aged women predicted the number of white matter
lesions 32 years later (68).
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The findings in the study are potentially confounded by the effects of antipsychotic drugs,
which are well known to have metabolic and cardiovascular effects, including effects on AL
components such as cholesterol, HgA1c, and heart rate (69-70). However, findings in the
fornix were replicated in controls as well as patients, suggesting that findings in the patients
were unlikely all due to medication effect. The concept of metabolic syndrome partially
overlaps with AL, although in our linear regression analyses the effect of AL on fornix FA
remained after a proxy metabolic syndrome index was covariated out. However, due to
limitations in the available data we used a modified definition of metabolic syndrome.
Another limitation of this study is a modest sample size. As such, we did not examine how
individual measures within the AL index may be related to white matter differently because
the current sample lacked the power to examine 13 AL component measures across 12 white
matter tracts.

This initial study of AL effect on DTI-based white matter microstructure measures showed
that AL is related to fornix microstructure in two independent cohorts, consistent with the
hypothesis that the hippocampal structures are most likely to be affected by AL. However,
AL may have a more diffuse relationship with cerebral white matter in patients with
schizophrenia. Although additional longitudinal human studies and animal research are
needed to identify causal mechanisms underlying this relationship, AL may provide a new
framework to understand white matter impairment in schizophrenia, and how somatic health
and brain white matter health may be closely linked.
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Figure 1.
Relationship between allostatic load (AL) scores and fractional anisotropy (FA) of all twelve

major tracts and whole brain average. ** Significant at p < 0.01. * Nominally significant at p
< 0.05). CC: corpus callosum. SLF: superior longitudinal fasciculus.
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Scatter plot of relationship between allostatic load scores and fractional anisotropy of fornix
in controls (black circles) (r=-0.58, p=0.001) and schizophrenia patients (red triangles) (r=

-0.36, p=0.023).
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Clinical information.

Table 1

Schizophrenia (n=44) | Healthy control (n=33) | F or x? statistic | p-value

Age (years) 32.7+126 35.3+14.2 0.72 0.40
Sex (M/F) 28/16 19/14 0.29 0.59
Smoker/Nonsmoker 14/30 7126 1.07 0.30
Race (White/African-American/Asian) 20/21/3 21/9/3 3.32 0.19
BPRS 39.2+11.0 n/a n/a n/a

Age of onset (years) 20.1+5.3 n/a nla n/a

Subjects with Depression and/or Anxiety (%) 15 (34%) 10 (30%) 0.37 0.54
Metabolic Syndrome (%) 11 (25%) 5 (15%) 111 0.29
Allostatic Load 4.42+2.76 3.28+2.22 7.87 0.006

Data are presented as meanzs.d.

BPRS: Brief psychiatric rating scale. Statistics for allostatic load include age and sex as covariates.
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