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Abstract

Previous research has shown that Ayperactivation in ventral medial prefrontal cortex (VmPFC) and
rostral anterior cingulate cortex (rACC) and high cortisol to corticotrophin ratio (cort: ACTH ratio)
during neutral-relaxed states predict relapse in alcohol dependent (AD) patients. Other studies
have shown that VmPFC/rACC deactivation and blunted cortisol release to stress and alcohol cues
are predictive of time to relapse and relapse severity. However, no previous study has assessed the
relationship between these markers of central and peripheral nervous system dysfunction in AD
participants and their potential joint effects on relapse risk. Forty early abstinent, treatment
engaged AD patients underwent a laboratory experiment with exposure to neutral, alcohol, and
stress cues and a separate functional magnetic resonance imaging (fMRI) scan with similar cue
exposure. Neutral-relaxed state cort: ACTH ratio was significantly associated with VmPFC
hyperreactivity to neutral-relaxing cues, and also with hypoactivation in response to alcohol and
stress cues in AD patients. Basal heart rate, neutral cort:ACTH ratio, and neutral VmPFC
hyperreactivty were each associated with risk of relapse. However, abnormal VmPFC activation
and elevated cort: ACTH ratio overlap in predicting risk for relapse, and dysfunctional VmPFC
response was the sole significant predictor of odds of relapse in a joint model of relapse risk.
These findings suggest that the Cort: ACTH ratio may serve as a peripheral marker of VmPFC
brain dysfunction while aberrant VmPFC responses needs further evaluation as a potential
biomarker of alcohol relapse risk in clinical outcome studies.
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Introduction

It has been established preclinically and clinically that stress is intricately involved in the
development of and relapse to alcohol dependence (AD; Koob, 2008; Sinha, 2001).
However, our understanding of how peripheral stress responses relate to neurobiological
mechanisms associated with the chronic, relapsing nature of AD is limited (Sinha, 2001).
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Chronic alcohol abuse and stress have been linked to altered hypothalamic pituitary adrenal
axis (HPA) dysfunction and altered basal sympathetic activity (Spanagel, Noori, & Heilig
2014). For example, blunted HPA axis reactivity to stress has been associated with increased
craving and risk of relapse in early abstinent AD participants (Kiefer et al., 2002, Junghanns
et al., 2003). Recently, work from our laboratory has indicated that AD-associated HPA axis
dysfunction may also be reflected in high morning fasting basal levels of cortisol and high
adrenal sensitivity in the active neutral-relaxing condition, as measured by a high cortisol:
adrenocorticotropic hormone ratio (cort: ACTH ratio; Sinha et al., 2011). A higher than
normal morning cort: ACTH ratio is indicative of greater cortisol in the blood and therefore
the brain. This upregulated adrenal state may prevent an effective cortisol response to acute
stressors, in part by altering autonomic nervous system (ANS) function (Sinha et al, 2008).
AD-associated ANS dysfunction may be evidenced by elevated basal heart rate and lower
heart rate variability (Fox et al., 2009; Thayer et al., 2009). The effects of increased basal
heart rate therefore could be to worsen stress regulation, a potentially significant factor
influencing alcoholic binge drinking (Sinha et al, 2008).

In the central nervous system (CNS), overlearned associations between negative affect and
alcohol consumption are encoded by striatal reward and habit circuits (Heinz et al., 2009).
Recent studies suggest that AD and stress each contribute to a corresponding loss of
inhibitory regulation of these basal ganglia circuits by the prefrontal cortex (PFC; Ansell et
al., 2012, Seo et al., 2013; Volkow et al., 2011). The repeated cycles of alcohol binges and
withdrawal characteristic of AD result in increased glutamatergic activity and decreased
GABAergic tone throughout the striatal corticolimbic circuits (Breese, Sinha & Heilig
2011), leading to a hyper-excitable, basal neurophysiological state. The combination of
increased basal CRH tone and altered glutamatergic signaling results in altered
monoamergic transmission during acute withdrawal that continues into protracted
withdrawal (Koob, 2010). Clinically, this altered neurobiology is associated with increased
anxiety, negative mood, high alcohol craving, sleep difficulties, and poor impulse control
(Sinha, 2001; Koob, 2008). It follows that during early abstinence, alcohol cues are
especially salient and in combination with stress, negative mood, and anxiety, are among the
most commonly cited reasons for relapse in AD (Heinz et al., 2009). Environmental and
interoceptive alcohol and stress cues are therefore especially relevant during protracted
withdrawal/early abstinence (Heilig et al., 2010) and may also significantly impact relapse
risk (Sinha, 2012).

Our group has developed and validated functional magnetic resonance imaging (fMRI)
protocols that assess the central nervous system responses to neutral-relaxed, alcohol, and
stress cues and laboratory paradigms that assess the peripheral (endocrine and autonomic)
responses to neutral-relaxed, alcohol, and stress cues that are relevant in alcohol relapse
(Sinha, 2009, 2012). Using these paradigms, we reported hyperactivation in regulatory
regions, i.e., ventral medial prefrontal cortex (VmPFC) and rostral anterior cingulate cortex
(rACC), during the neutral-relaxing state, and that response is predictive of shortened time to
relapse in AD patients (Seo et al., 2013). Conversely, we reported that blunted neural
VmPFC/rACC response to stress is predictive of time to relapse and relapse severity (Seo et
al., 2013). In addition, in a different study, we reported both high fasting morning cortisol
level and high cort: ACTH ratio, a marker of adrenal sensitivity, were predictive of time to
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relapse (Sinha et al., 2011). These neural and HPA axis responses also correlate with AD
patients’ subjective anxiety and negative affect during neutral, alcohol, and stress cue
exposure (Sinha et al., 2011). However, no previous research has assessed the relationship
between HPA axis and VmPFC dysfunction and their joint effects on subsequent relapse risk
during early abstinence.

Much evidence exists to support an association between these dysfunctional peripheral and
central stress response in AD. For example, the VmPFC receives extensive visceral input
and in turn, regulates autonomic system activity (Thayer et al.,2012). The VmPFC is also
involved in the suppression of negative affect and cognitions related to long term
consequences (Cutuli, 2014). Furthermore, the rACC works in conjunction with the VmPFC
to suppress prepotent (habit-driven) responses to stimuli and rACC activation is necessary
for behavioral flexibility (Garavan et al., 2002). The VmPFC modulates stress-related
physiological changes via its influence on the hypothalamic paraventricular nucleus (PVN)
and HPA activity (Spencer, Buller, & Day, 2005). Increased HPA axis activity and high
glucocorticoids may decrease prefrontal inhibition of peripheral and central stress responses
via steroid-induced upregulation of excitatory amino acids, which may interact with pro-
inflammatory cytokines to decrease synaptic relay efficacy between the VmPFC and PVN
(Blaine, Ansell & Sinha, under review). Additionally, both the VmPFC and rACC influence
behavioral and emotional coping responses to alcohol and stress and cues via direct synaptic
connections to the extended amygdala (Edkin, Edger, & Kalisch 2011). If these synaptic
relays are damaged via glucocorticoid-induced excitotoxicity, then self-directed behavior
may be replaced by habit and sensory-driven automatic responding (Bechara et al., 2005,
Thayer et al., 2009). Thus, the VmPFC and rACC dysfunction may relate to autonomic and
HPA axis dysfunction and therefore play a role in decreased stress adaptation and increased
alcohol consumption.

While the relationships we reported between adrenal sensitivity and relapse and VmPFC
dysfunction and relapse have not yet been independently replicated, we hypothesized a link
between central and peripheral dysfunction in AD, given both the similar pattern of relaxed
state hyperreactivity in heart rate, HPA axis response, and the VmPFC in AD, and the role of
the VmPFC in regulating visceral and emational coping. Correlation among these peripheral
and central stress response measures would support the hypothesis that prefrontal and HPA
axis dysfunction, due to stress and AD, interact with and are potentially causally related to
one another. Therefore, we performed an independent analysis on a subgroup of AD
participants who each participated in two separate studies of neural fMRI response to stress
and alcohol cues related to relapse risk (Seo et al., 2013) and in the peripheral stress
response related to relapse risk (Sinha et al., 2011) during the same alcohol abstinence and
inpatient treatment episode, reported in our previous papers. Given that these AD patients
participated in both studies, it permitted the unique opportunity to examine relationships
between peripheral and central prefrontal stress responses and their unique and combined
contribution to future relapse. We attempted to determine if statistical associations exist
between adrenal sensitivity, basal heart rate, and neural activation in medial prefrontal stress
regulation regions of the brain in response to neutral-relaxing, alcohol, and stress cues. We
hypothesized that elevated basal heart rate, neutral-relaxed state cort: ACTH ratio, and stress
induced cort:ACTH ratio would be positively related to VmPFC and rACC activation in the
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neutral-relaxing condition. We also hypothesized that these measures of HPA axis and
autonomic dysfunction would be inversely correlated with VmPFC and rACC activation in
response to stress and alcohol cues in early AD abstinence. Finally, we hypothesized that
basal heart rate, neutral-relaxed state cort: ACTH ratio, and VmPFC neutral condition
hyperreactivity would each independently increase the risk of future relapse in AD
participants when combined in predictive models, but that neural dysfunction would be the
strongest predictor of shortened time to future relapse risk.

For the current report, we included forty recovering AD patients (9 female; aged 18-50
years) who had abstained from alcohol for 4 to 8 weeks (mean [SD]: 34 (7.6) days; range,
29-59 days). All patients were residing in an inpatient treatment research facility and were
actively engaged in substance abuse treatment for at least 4 weeks. Individuals currently
using opiates, those who ever met criteria for opiate dependence, and those taking
prescribed, over the counter, or homeopathic medications for any current psychiatric or
medical condition were excluded. Women were excluded from the study if they were using
hormonal contraceptives or were in the follicular or early and mid-luteal phases during
laboratory and fMRI sessions. All subjects underwent a complete medical evaluation,
including electrocardiography and laboratory tests of renal, hepatic, pancreatic,
hematopoietic, and thyroid functions, to ensure good physical health. All study procedures
were approved by the Human Investigation Committee of the Yale University School of
Medicine and all participants signed a written informed consent. The laboratory and fMRI
studies were conducted 1 month after admission to the inpatient unit to allow for
normalization of neurobiological changes associated with acute alcohol withdrawal and to
assess stress responses and craving in the early recovery period. Abstinence from drug and
alcohol consumption during treatment was verified by urinalysis. Four structured smoking
breaks were allowed in the inpatient treatment facility and subjects were permitted to smoke
1-2 cigarettes during each break. The smoke breaks were implemented at the start of
inpatient admission at least 4 weeks prior to laboratory and fMRI testing, and thus AD
patients had a 4 week period to adapt to this schedule of nicotine consumption. This sample
made up about half (43%) of the sample reported on in the Sinha et al., 2011 study and the
majority (89%) of the sample reported on in the Seo et al., 2013 study (see Figure S1 for a
flowchart of the current study sample utilized from those reported in previous reports). The
criteria for inclusion in the present study was any AD patient who met the above described
inclusion and exclusion criteria and also completed both the fMRI and the laboratory
experiment during the 4-8 week period of their inpatient stay, and also completed the 90-day
prospective followup period for assessment of relapse risk.

Individualized imagery method and script development

Lab—All participants underwent an imagery script development session (week 3 of
admission) during which they were asked to identify a highly stressful event from their own
lives (rated by the subject as greater than 8 on a 10-point Likert scale for stressfulness); a
personal alcohol cue- related event that involved people, places, and objects related to
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alcohol use and led to subsequent alcohol use; and a personal neutral, relaxing event. Details
of each situation were elicited using methods reviewed and summarized in Sinha, 2009.
Scripts were developed using a standardized format, based on specific stimulus and response
details of each situation, and then audiotaped for presentation in the laboratory sessions.

MRI—Two additional personalized scripts for each of the stress, alcohol cue and neutral-
relaxing conditions were developed prior to the fMRI session according to the procedure
described above. Each 2-minute script was audiotaped and presented in random order during
the scanning session. The neutral-relaxing script served as an active control state for the
stress and alcohol cues because it has been shown not to increase alcohol craving and it
controls for the nonspecific effects of the experimental manipulation.

Laboratory Sessions

On a day prior to the laboratory sessions, participants took part in a habituation and imagery
training procedure that involved exposure to the stress of intravenous catheter insertion and
specific instructions on progressive relaxation and guided imagery participation. This was
followed by 3 experimental sessions conducted at 7:45 AM on each of 3 consecutive days
where subjects were exposed to 5-minute audiotaped scripts of stress, alcohol-related, and
neutral, relaxing scenarios. Only 1 stimulus script was presented per session and condition
order was randomized and counterbalanced across participants.

HPA Axis Measures—To assess basal plasma levels of ACTH and cortisol, 4 mL of blood
were collected in a heparinized tube that was placed on ice immediately after the blood was
drawn. Within 30 minutes of collection, the blood was centrifuged at 4°C and the plasma
was pooled and aliquoted for ACTH and cortisol assays. All tubes were stored at —70°C and
analyzed using standard radioimmunoassay procedures as reported previously (Sinha et al.,
2011). Because cortisol secretion from the adrenal glands occurs in response to circulating
ACTH, the cort: ACTH ratio serves as a measure of adrenal sensitivity.

Functional Magnetic Resonance Imaging Acquisition and Procedure

Magnetic resonance imaging data were collected using a 3-T Siemens Trio MRI system
equipped with a standard quadrature head coil, using T2*-sensitive gradient-recalled single
shot echo planar pulse sequence (parameters described in Seo et al., 2013). Six fMRI trials
(2 per condition) were acquired using a block design. The order of the 6 trials were
randomized and counterbalanced across participants. Each script was presented only once
for a participant, and scripts in the same condition were not presented consecutively. Each
trial lasted 5 minutes, including a 1.5-minute quiet baseline period followed by 2.5-minute
imagery period (2 minutes of read imagery and 0.5 minutes of quiet imagery) and a 1-
minute quiet recovery. During baseline, participants were instructed to stay still in the
scanner without engaging in any mental activity. Between each trial, participants were
engaged in 2-minute progressive relaxation to normalize any residual anxiety or craving
from the prior trial. This technique was mainly focused on relaxing physiological muscle
tension in specific muscle groups and did not involve mental relaxation or imagery.
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fMRI Statistical Analysis

Prospective

Individual Subject Level—Functional MRI data were converted from Digital Imaging
and Communication in Medicine format to analyze (nifti) format using XMedCon. To
achieve steady-state equilibrium between radiofrequency pulsing and relaxation, the first 10
images of each trial were discarded. Images were slice-time corrected using a custom-
designed MATLAB program. Maotion correction was implemented using Statistical
Parametric Mapping version 5 for 3 translational and 3 rotational directions, removing trials
with linear motion greater than 1.5mm and a rotation exceeding 2 mm. The recovery period
(1 minute) was excluded from the data analysis to prevent carryover effects from the
imagery period. Individual-level analysis was conducted using a general linear model on
each voxel in the entire brain volume with a task specific regressor (2.5-minute imagery
relative to a 1.5-minute baseline) using Yale BiolmageSuite30 (http://
www.bioimagesuite.org/). To account for potential variability in baseline fMRI signal, drift
correction was included in the general linear model. Each trial was normalized against the
immediate baseline period preceding the script and then the 2 trials of the same type were
averaged. Functional images were spatially smoothed with a 6-mm Gaussian kernel,
resulting in normalized beta maps in the acquired space (3.44 mm_3.44 mm_4 mm). To
adjust for individual anatomical differences, 3 registrations were performed using the Yale
BiolmageSuite program: a linear individual registration of raw functional image into a 2-
dimensional anatomical image, 2-dimensional to 3-dimensional (1 mm_1mm_1 mm) linear
registration, and a nonlinear registration to the reference 3-dimensional Montreal
Neurological Institute image.

Group Level: Whole Brain Correlations—Whole brain voxel-wise correlation
analyses were run to determine the relationship between blood oxygen level dependent
(BOLD) response to stress, neutral, and alcohol cues and laboratory session hormonal
measurements at baseline and in response to neutral, alcohol, and stress cues. A family-wise
error correction was applied to correct for multiple comparisons based on a MonteCarlo
Simulation run in AFNI AlphaSim (p<0.05, cluster size minimum=168 voxels). To account
for extreme values, 90% winsorization was applied to the cort: ACTH ratio of two outliers,
whose heart rate and ROI Beta values were beyond 2 standard deviations from the mean.
Ninety percent winsorization is the process of determining the value of the 95t and 5t
percentiles of a given measure and setting any outliers to these values (Dixon and Yuen,
1974).

Follow up

All patients were followed up with face-to-face interviews conducted on days 14, 30, and 90
post discharge to evaluate relapse outcomes using both urinalysis and breathalyzer samples,
in addition to the Form 90 substance use timeline follow-back calendar based interview, as
reported in our previous studies (Seo et al., 2013, Sinha et al., 2011).

Relapse Prediction Analyses

Beta values for the VmPFC ROI reported to be predictive of future relapse risk and heart
rates responses during fMRI from Seo et al., 2013 for the subgroup of AD patients included
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in the current study were extracted for each of the neutral imagery-baseline, stress imagery-
neutral imagery, and alcohol imagery-neutral imagery contrasts. Similarly, for the same
subgroup of AD individuals, their neuroendocrine responses to stress and alcohol craving
were extracted from the laboratory experiment that assessed peripheral stress responses and
alcohol craving and relationship to relapse (Sinha et al., 2011). Then independent analyses to
test the proposed current analyses were conducted using Cox proportional hazard
regressions, with time to alcohol relapse as a censoring variable, to investigate whether the
VmPFC Beta values, cort: ACTH ratio, and heart rate predicted the time to first alcohol
relapse and time to heavy drinking.

Demographic and clinical characteristics of the early abstinent alcohol dependent sample are
presented in table 1. The sample was 77.5% male, 66.67% Caucasian, with a mean age of
37.73 +/- 7.75 years, and average 1Q of 108.6 +/- 8.5. The participants drank, on average,
19.38+/-9.75 days of the previous month and had consumed 398.46+/-288.72 drinks in the
past month. All participants had been regularly drinking regularly for at least 10 years (mean
18.62+/-8.8 years). While the majority of the participants were current smokers (90%),
smoking status and nicotine addiction variables were not independently predictive of relapse
to alcoholic drinking in previous reports and were thus not included as a covariate in
analyses. Additionally, 13 of the 40 participants (32.5%) met diagnostic criteria for past
anxiety or mood disorders, past psychiatric history was also not predictive of relapse and
was thus also not included as a covariate in these analyses.

Whole brain correlations: heart rate and hormonal measures

The laboratory session neutral-relaxing condition Cort:ACTH ratio was associated with
VmPFC responses during neutral, stress and alcohol cues in the fMRI session. The neutral-
relaxed state cort: ACTH ratio predicted VmPFC hyperactivation during neutral-relaxed
state, r (39) = 0.58, p<0.001 (Figure 1). It was also correlated with hypoactivation in the
VmPFC in response to stress imagery, r (39) = —0.33, p<0.001 (Figure 2) and alcohol
imagery, r (39) = —0.45, p<0.001 (Figure 3). Thus, adrenal sensitivity in the neutral-relaxing
state accounts for more 10-33% of the variance in VmPFC response to neutral-relaxing,
alcohol, and stress cues in alcohol dependent participants. Similarly, the cort: ACTH ratio
from the laboratory stress condition was associated with hypoactivation in the VmPFC in
response to stress imagery, r (39) = —-0.32, p<0.001 (Figure 4). However, the cort: ACTH
ratio from the laboratory alcohol cue session was not related to VmPFC activation in
response to alcohol cues, r (39) = -0.285, p = 0.0789. Finally, elevated basal heart rate
during the fMRI significantly predicted hypoactivity in the ACC in response to stress, r (39)
=-0.36, p<0.001 (Figure 5), but heart rate during the alcohol imagery was not significantly
associated with neural activation in response to alcohol cues, r (39) =-0.114, p= 0.4831.
Similarly, heart rate during the stressful imagery was not significantly associated with neural
activation in response to stress, r (39) = 0.246, p=0.1267. The significant results are
summarized in Table 2.
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Associations with Future Alcohol Relapse Risk: fMRI heart rate, laboratory session
hormonal measures, and neural response to neutral, alcohol, and stress cues

Elevated neutral state cort: ACTH ratio also increased the risk of relapse, hazard ratio=3.015
(95%Cl: 1.267-7.173), p=0.0126. Elevated basal heart rate was also associated with relapse,
hazard ratio=0.953 (95%Cl: 0.912-0.997), p=0.0358. However, in a combined predictive
model of peripheral markers of relapse, only the laboratory neutral condition cort:ACTH
ratio remained a significant predictor of relapse, hazard ratio= 2.521(95%Cl: 1.044-6.091),
p=0.0399. As a sole predictor, VmPFC hyperactivation in the neutral-relaxing state was the
most influential in increasing the odds of relapse, HR=9.739(95%CIl: 2.494-38.028),
p=0.0011. When it was combined with the cort: ACTH ratio to assess relapse, the neutral
state VmPFC became the sole significant predictor of increase relapse risk, hazard
ratio=6.293 (95%CIl: 1.341-29.531), p=0.0197, suggesting that the effect of adrenal
sensitivity on relapse is significantly mediated by neutral state VmPFC hyperactivation. The
results are summarized in Table 3.

Discussion

In this independent analysis of the relationship between separately assessed peripheral stress
and fMRI prefrontal responses, we found that neutral-relaxed state cort:ACTH ratio, as well
as elevated basal heart rate, an indication of ANS dysfunction, was significantly associated
with aberrant neural activity in the VmPFC and rACC to neutral-relaxing cues, alcohol cues,
and stressful cues in AD participants. Remarkably, the difference in neutral-relaxed state
cort: ACTH ratio values between participants accounts for 30% of the difference between
participants in both VmPFC hyperreactivity under neutral-relaxing conditions and 20% of
the difference between participants in VmPFC hypoactivation in response to alcohol cues.
Furthermore, the neutral-relaxed state cort: ACTH ratio, along with basal heart rate, and the
cort:ACTH ratio under stressful conditions, accounted for a significant portion of the
variance in VmPFC hypoactivity during stressful conditions. Furthermore and contrary to
our hypothesis, the neutral-relaxed state cort: ACTH ratio did not remain independently
predictive of shortened time to relapse when combined in a model with VmPFC neutral state
hyperreactivity. These findings suggest the influence of HPA axis dysfunction on increasing
relapse risk is mediated by VmPFC dysfunction. While previous research in humans has
suggested alcohol-related dysfunction in autonomic, HPA axis, and neural prefrontal
responses may each interact to predict alcohol intake and relapse (Seo et al., 2013, Sinha et
al., 2011, Thayer et al., 2009), to our knowledge, this is the first study to directly assess
associations across these multilevel stress and homeostatic responses in well-controlled
experiments in the same sample of early abstinent AD participants during a single inpatient
treatment episode.

Our results suggest that just as the clinical manifestation of AD is a vicious cycle of
alternating periods of recovery and relapse that worsen over time, VmPFC dysfunction, HPA
dysfunction, and ANS dysfunction contribute to and worsen one another, leading to a
sensitized subcortical limbic-striatal network that is manifested in elevated morning fasting
blood cortisol levels, and greater sympathetic arousal. Heightened physiological arousal in
the basal state is associated with a blunted response to stress and also a decreased influence
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of cortical executive control over striatal and limbic circuits (Breese, Sinha, & Heilig, 2011).
This may then result in increased craving and a greater susceptibility to habit-based coping,
i.e., a resumption of drinking behavior (Heinz et al., 2009). Continued consumption of
alcohol then may worsen autonomic and HPA axis dysfunction, making the next recovery
attempt more difficult by weakening the regulatory influence of the VmPFC on persistently
sensitized subcortical striatal and limbic circuits (Sullivan & Pfefferbaum, 2014).

Increased cortisol and sympathetic dominance in the autonomic nervous system have direct
implications for the clinical experience of protracted withdrawal, acute stress, and
environmental and interoceptive alcohol cues (Sinha, 2013). Behaviorally, this altered
neurobiological state results in susceptibility to cue reactivity, anxious rumination, poor
decision making, and a reliance on habit-based responding (Heilig & Koob 2007).
Specifically, the HPA axis dysregulation appears to influence an altered basal state and
contribute to an inability to downregulate corticolimbic neural activity in response to
relaxation. This may be related to the high morning basal levels of cortisol (Sinha et al.,
2008), possibly due to adrenal sensitization in response to repeated cycles of binge
intoxication and withdrawal, which are associated with increased basal stress levels and
higher sympathetic arousal (Fox et al., 2009). Alternatively, the adrenal sensitization might
be secondary to a dysfunction in the ACTH endocrine releasing cells of the pituitary, or the
CRH neurosecretory cells of the hypothalamus (Adinoff et al., 2003).

Regardless of the originating source, higher morning circulating cortisol can induce
excitotoxicity in the behavior and emotional regulation centers of the brain, i.e., the VmPFC
(Hunter, 2012; McEwen & Morrison, 2014). This excitotoxicity, in combination with
associated neuroinflammatory processes, may lead to loss of gray matter volume and
functional integrity in the VmPFC (Blaine, Ansell, & Sinha, under review). Thus, the
VmPFC, the seat of visceral motor regulation and emotion regulation, exerts less control
over the HPA axis and autonomic reactivity (Navqi, Tranel, & Bechara 2006). For example,
the autonomic dysfunction indicated by increased basal heart rate in AD may be a
consequence of VmPFC hypoactivation during stress, an inability to exert executive control
over limbic and striatal regions, and the associated emotional dysregulation (Critchley &
Harrison, 2013). However, resting heart rate is not only related to sympathetic nervous
system dysfunction, but also a dysregulation of parasympathetic activity (Van Eden & Buijs,
2000). This imbalance between the functional branches of the motor division of the
peripheral nervous system may, in turn, influence neural activity during acutely stressful
states. Given the multitude of factors that influence resting heart rate, it is not surprising that
it was not independently predictive of shorted time to relapse in our analyses. Further study
on the exact nature of the interactions between VmPFC activity, HPA axis dysregulation, and
autonomic disturbances are necessary to elucidate their exact roles in relapse to alcoholic
drinking.

Finally, there are a few important limitations of this study. First, the cort: ACTH ratio were
not measured during the fMRI session, but rather assessed in a separate laboratory
experiment. However, the finding that morning fasting adrenal sensitivity assessed during a
laboratory experimental session involving neutral and stress provocation correlated with
neural response to similar cue exposure days later in an fMRI experiment suggests there is
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an enduring relationship between HPA axis sensitization and the inability to regulate basal
stress reactivity or to mount an adequate neural prefrontal response to stress and alcohol
cues in recovering AD individuals. Second, although elevated heart rate is a biomarker of
autonomic dysregulation, lower hear rate variability has been shown to be an important
indicator of stress reactivity and dysregulation (Thayer et al., 2012) and the current study did
not record heart rate variability during the experiments. Third, given the small sample size
we were unable to examine sex differences in these biomarkers of AD. Etiological
differences in the course of AD between men and women have been reported, and thus
endocrine and neural mechanisms that underlie relapse may differ between the sexes.
Additionally, 90% of our sample were current smokers and the potential contribution of
nicotine dependence to adrenal sensitivity and/or VmPFC activity was not able to be
distinguished in this analysis. Thus, these findings need to replicated and extended in a
larger sample. Despite these limitations, to the best of our knowledge, this is the first report
of an association between adrenal sensitivity, basal heart rate, and neural response to neutral,
alcohol, and stress cues in early abstinent AD patients. The findings suggest clear
interactions between the neural response to neutral-relaxing, alcohol, and stress cues and
HPA axis and autonomic dysregulation in AD and in their role in alcohol relapse risk. The
exact nature and directionality of these interactions may differ during acute and chronic
alcohol intake and depend on both context and disease progression (Blaine et al., in press).

These limitations notwithstanding, neutral-relaxed state cort: ACTH ratio appears to be a
significant biomarker of VmPFC dysfunction in AD, which itself is a neuromarker that
might be used in future studies of AD risk and relapse. Our findings are consistent with
previous reports that neuromarkers tend to provide more accurate prognosis than traditional
behavioral measures (Gabrieli, Ghosh and Whitfield-Gabrieli, 2015). Treatment providers
can benefit from using peripheral biomarkers, including altered adrenal sensitivity, as proxy
for neural dysfunction to identify patients at greater risk of relapse. If accessible, fMRI of
VmPFC hyperreactivity in the neutral-relaxing state might serve as a more sensitive and
specific predictor of relapse risk. Furthermore, normalization of VmPFC dysfunction may be
a useful target in medication or behavioral therapy trials. The development of
pharmacotherapies for AUDs has sometimes proceeded directly from promising preclinical
results to randomized clinical trials, leading to disappointing and conflicting results. For
example, medications that directly affect HPA axis functioning, such as CRH antagonists,
seem to have little effect on human drinking behavior, despite robust effects in animal
models (Kwako et al., 2015). This might be due to the multiple interactions between the
HPA axis, the SAM system, the HPG axis, and the PFC in AUDs. We suggest that
intermediate human laboratory and neuroimaging paradigms should be used to test the
effects of novel therapeutics on alcohol-induced stress system alterations that influence
craving and relapse. Specifically, there may be benefit in future a prioritests of these
hypotheses to be conducted in simultaneously collected endocrine, autonomic, and neural
measures at repeated time points in early abstinence. For example, endocrine and autonomic
data could be collected during tests of neurofeedback aimed at reducing craving. As
disrupted prefrontal control is emerging as a key aspect of alcohol craving and relapse,
multimodal studies core stress systems markers and related psychological variables (affect
and behavior regulation) may elucidate novel therapeutic mechanisms.
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VmPFC Neutral Imagery vs. Neutral
Cort:ACTH ratio
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Figure 1.
Results of whole brain voxel correlation analysis showing relationship between neutral state

cort: ACTH ratio and neutral state VmPFC activation. The cortisol to adrenocorticotropic
hormone (cort:ACTH) ratio in response to neutral-relaxing cues during a laboratory session
was significantly associated with neural hyperactivation in the Ventromedial Prefrontal
Cortex (VmPFC) in response to neutral-relaxing cues during a separate fMRI session, r (39)
=0.58, p<0.001.
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VmPFC Stress Imagery vs. Neutral
Cort:ACTH ratio
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Figure 2.
Results of whole brain voxel correlation analysis showing relationship between neutral state

cort: ACTH ratio and stress state VmPFC activation The cortisol to adrenocorticotropic
hormone (cort: ACTH) ratio in response to neutral-relaxing cues during a laboratory session
was significantly associated with neural hyopactivation in the Ventromedial Prefrontal
Cortex (VmPFC) in response to stress cues during a separate fMRI session, r (39) = -0.33,
p<0.001.

Ad(dict Biol. Author manuscript; available in PMC 2018 March 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Blaine et al.

Page 16

VmPFC Alcohol Imagery vs.
Neutral Cort:ACTH ratio
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Figure 3.
Results of whole brain voxel correlation analysis showing relationship between neutral state

cort: ACTH ratio and alcohol cue induced VmPFC activation. The cortisol to
adrenocorticotropic hormone (cort:ACTH) ratio in response to neutral-relaxing cues during a
laboratory session was significantly associated with neural hyperactivation in the
Ventromedial Prefrontal Cortex (VmPFC) in response to alcohol cues during a separate
fMRI session, r (39) = —0.45, p<0.001.
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VmPFC Stress Imagery
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Figure 4.
Results of whole brain voxel correlation analysis showing relationship between stress state

cort: ACTH ratio and stress state VmPFC activation. The cortisol to adrenocorticotropic
hormone (cort: ACTH) ratio in response to stress cues during a laboratory session was
significantly associated with neural hyperactivation in the Ventromedial Prefrontal Cortex
(VmPFC) in response to stress cues during a separate fMRI session, r (39) = -0.32, p<0.001.
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rACC Stress Imagery vs.
Basal Heart Rate
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Figure 5.
Results of whole brain voxel correlation analysis showing relationship between basal heart

rate and stress state VmPFC activation. The Basal heart rate prior to fMRI stress imagery
was significantly associated with neural hyperactivation in the Ventromedial Prefrontal
Cortex (VmPFC) in response to stress cues during the fMRI session, r (39) = -0.36,
p<0.001.

Ad(dict Biol. Author manuscript; available in PMC 2018 March 01.



1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuen Joyiny

Blaine et al.

Demographic and Baseline Characteristics of Alcohol Dependent Sample (N=40).

AD Subject Variable N =40

Age 37.73 (7.75)
Gender, % male 31(77.5%)
Shipley 1Q 108.6(8.5)
Race, % Caucasian 30 (66.67%)
Average Years of Alcohol Use 18.62 (8.80)
Average Days of Alcohol Use/Month 19.38 (9.75)
Average Amount of Alcohol Use/Month | 398.46 (288.72)
Smoking status, % current smokers 39 (86.7%)
Lifetime Prevalence of PTSD 4 (8.89%)
Lifetime Other Anxiety Disorders 3 (6.67%)
Lifetime Major Depression 6 (13.33%)

Note: Data presented as Mean (standard deviation), unless otherwise noted. AD= Alcohol Dependent. IQ=intelligence quotient. PTSD=

Posttraumatic Stress Disorder.

Ad(dict Biol. Author manuscript; available in PMC 2018 March 01.

Table 1

Page 19



Page 20

Blaine et al.

“191SN|9 padodai ay} 1oy [9XO0A Xead 8y} JO S31RUIPI00D [NIN 3Je Z ‘A X “T00"0>d 1e eoiIubis
a1 SUOIR|3110D |[€ ‘S|3XOA 8IT JO 92IS JAISN|O WINLLIUIW PUE GO"0> d JO PIOYSAIY] [3XOA UIRIG 9|OUM B BuIsn Pajoaliod aiam saleLul ||y “UONBUILLBISP JO UBIDB00-Y “IBISN|D JUBILNUBIS |y sl € x € X €

10 J3QUUNU = S|3XO0A JO J3qUINN "XaL0) a1einbuld) J0LSIUY [eAS0d = DOV "X3LI0D [BIU01J3Id [BIPAWOIIUSA = D4dWA "WIISAS SNOAISN OILIOUOINY =SNV 'SIXY [eualpy Aselnid o1wejeyiodAH =vdH 810N

TETO | 1z _ vz | oowimeeng | sans | auleseg 14N a1ey 1ieaH
¥0T°0 _ s _ 1T _ D4dWA [elare|ig _ ssans _ K1abew| ssang Alojeloge]
020 9T€ T Jd4dWA [esarelig 1oyooly oneY HLOW :[0SIOD
80T'0 €8¢ (¥4 DddWA [elale|ig SSEDIS Ausabew| Buixelal-jennaN Alojesoge]
9€e’0 0ce 17 OddWA [esalejig [elinsN

o S|9XOA 40 JaquinN | ease s,uuewpolg uoibay ureig uonIpUod 1IN JUBWaINSes |\ J33Jewolg J9xewolg SNV/VdH

"UOIIoUNYSAP WBISAS SNOAJIBU 2ILUIOUOINE PUB SIXe WYdH JO sainseaw yum sdiysuoneal ueaipiubis Buimoys suoibai urelg

Author Manuscript

¢ dlqeL

Author Manuscript

Author Manuscript

Author Manuscript

Ad(dict Biol. Author manuscript; available in PMC 2018 March 01.



Page 21

Blaine et al.

"o1es paezey Jo anjea d =d ‘aui] ay3 4o uonenbs Ul anjen eleg =alew s Jolaweled ‘Wopasly Jo saalbap =Jp 810N

T€S'6¢ et €629 L6T0°0 98EY'S 11881°0 676€8'T T | AuanoeaisdAH D4dWA [eJInaN
¢60'9 L1190 G/8'T 94620 T760'T TTT09°0 9/8¢9°0 T oney HLJV :|0Si0D [elinsN ¢lopon
€00'T 916°0 656°0 6900 €L0€€ €¢€C00 ¥2ey0'0- T ajey LedH [eseg
1609 70T Tese 66€0°0 veeey §00SY°0 6.¥26°0 T oney HLJV :|0Si0D [elinsN Fiopon
SHWIT 92UBPHUOD OlFey paezeH 9456 | oney paezeH d atenbs-1yo | J0.u3 paepuels | eyewns3 asyeweded | 4p J918Weed
SO1BWIIST POOYI|aXIT WNWIXBA 0 SisAfeuy

'€T0C "|e 18 033 Ul (820'8E~6Y'C
=12 %56 ‘'TT00°0 =d ‘6£2'6 =xH) ‘asde|aJ Jo 3sIJ sasealoul Ajuediiubis uolreanaesadAy D4dwA a¥els [esnau Jeyy pajesisuowap Ajsnoinaid aney spy "d'N

(T€S'62-TVE T=1D %G6 ‘26T0°0=d ‘€62'9=4H) ISl asde|al U0 o1l H1 OV 100 8Jels paxejal-[elnau ybiy 40 193343 8y} sareIpaw uoleAnoeIadAY D4dWA

91e1S [2JIN3U 31 ‘[9pOW PauIquiod SIy1 Ul (260°9—2250=1D %56 ‘9562 0=d 'G/8°'T =HH) |opow aAndIpaid e ul uoneAndeladAy a1els [eanau D4duwA
UMM paulquiod uaym xsu asdeal sasealoul Appueaiyiubis 1sbuoj ou pue (T00'0>d ‘¥9€€°0 = ;o) uoneAnoesadAy alels [eanau (O4dWA) Xe1oD [eluolald

[21PALIONUBA Ul BDURLIBA U} JO PIIY} BUO IO} SIUNOIJR ONes H1 DV 1Moo 8yl *(q) “(T60°9—¥0'T = (1D) [eAIBIUI 80UBPLUOD %66 ‘66€0°0=d) TZS'C 40
(4H) oney pezeH e yum ‘asdejal Jo Ysu sasealoul ‘onel (H1 OV :1409) suowloy 21do.100114090Ualpe :|0SILI00 aY) A palealpul se ‘AJIAIISUSS [eualpe a1els
paxe|aJ-[eJinaN “a]qelien Bullosuad e se asdejal [0Yyode Yum asn joyoafe Aneay 01 sAep Bunaipaid sisAjeue [eainlns uoissalbal prezey jeuoniodosd xo)

€ 9lqeL

Author Manuscript Author Manuscript Author Manuscript Author Manuscript

Ad(dict Biol. Author manuscript; available in PMC 2018 March 01.



	Abstract
	Introduction
	Methods
	Participants
	Individualized imagery method and script development
	Lab
	MRI

	Laboratory Sessions
	HPA Axis Measures

	Functional Magnetic Resonance Imaging Acquisition and Procedure
	fMRI Statistical Analysis
	Individual Subject Level
	Group Level: Whole Brain Correlations

	Prospective Follow up
	Relapse Prediction Analyses

	Results
	Whole brain correlations: heart rate and hormonal measures
	Associations with Future Alcohol Relapse Risk: fMRI heart rate, laboratory session hormonal measures, and neural response to neutral, alcohol, and stress cues

	Discussion
	References
	Figure 1
	Figure 2
	Figure 3
	Figure 4
	Figure 5
	Table 1
	Table 2
	Table 3

