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Background: Scant research has been conducted on neural mechanisms underlying stress processing in
individuals with alcohol dependence (AD). We examined neural substrates of stress in AD individuals
compared with controls using an fMRI task previously shown to induce stress, assessing amygdala
functional connectivity to medial prefrontal cortex (mPFC).
Materials and methods: For this novel pilot study, 10 abstinent AD individuals and 11 controls completed
a modified Trier stress task while undergoing fMRI acquisition. The amygdala was used as a seed region
for whole-brain seed-based functional connectivity analysis.
Results: After controlling for family-wise error (p ¼ 0.05), there was significantly decreased left and right
amygdala connectivity with frontal (specifically mPFC), temporal, parietal, and cerebellar regions. Sub-
jective stress, but not craving, increased from pre-to post-task.
Conclusions: This study demonstrated decreased connectivity between the amygdala and regions
important for stress and emotional processing in long-term abstinent individuals with AD. These results
suggest aberrant stress processing in individuals with AD even after lengthy periods of abstinence.
© 2017 The Authors. Published by Elsevier Inc. This is an open access article under the CC BY-NC-ND

license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction

Experience of early stressful life events significantly increases
the odds of developing alcohol dependence (AD) (Pilowsky et al.,
2009), and recent stress increases alcohol consumption in the
short- and long-term (Vlahov et al., 2002, 2004). In Koob's and
colleagues' (Koob and Volkow, 2010; Koob and Le Moal, 1997)
three-stage model of addiction, stress is hypothesized to play
several key roles. For example, in the second “withdrawal and
negative affect” stage, stress increases withdrawal effects through
release of corticotropin-releasing factor (CRF) and norepinephrine
in the extended amygdalada brain region comprised of the bed
nucleus of the stria terminalis, the central nucleus of the amygdala,
and the shell subregion of the nucleus accumbens (Koob and
Volkow, 2010). Subsequent to this withdrawal phase, the third
sdahl).
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stage is further influenced by stress, which often leads to relapse.
Importantly, Koob and colleagues hypothesize that addiction leads
to an overall allostatic shift, a readjustment of hedonic response as
a result of repeated and compulsive drug use and over-
compensating by the stress response system (Koob and Le Moal,
1997; Koob, 2013). As physiological adjustments occur, it may be
that there are not enough resources available to effectively inhibit
the stress response. Alternatively, the stress response may also
become sensitized, making it easier to be triggered in response to a
stressor.

The relationship between stress and AD is complex. Stress may
predispose vulnerable individuals to develop alcohol problems
(Koob and Kreek, 2007), with stress system dysfunction conversely
being suggested as a consequence of AD (Adinoff et al., 2005). In-
dividuals with AD are often characterized as having a blunted
cortisol response (Lovallo et al., 2000) and elevated basal cortisol
levels (Lovallo et al., 2000; Thayer et al., 2006), yet as Stephens and
Wand (2012) point out, specific glucocorticoid supply levels differ
depending on what stage in the addiction cycle an individual is in,
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amongst other factors. To date, only one known study specifically
examined the neural response to stress in an AD sample (Seo et al.,
2013). Results showed blunted activity in the ventromedial PFC and
anterior cingulate cortex (ACC) during an idiographic stress script,
with hyperactivity in the amygdala and other regions during a
neutral script. Since recently abstinent AD individuals have a
blunted cortisol response (Lovallo et al., 2000), they may have an
altered response to a stressor as a result of an inhibited negative
feedback loop. For example, connectivity between the amygdala
and medial PFC (mPFC) may be important since the mPFC has been
suggested to play a key role in controlling motivated behavior in
alcohol consumption (George et al., 2012) as well as themPFC being
key to modulate the inhibitory response to stress in healthy in-
dividuals (Kern et al., 2008).

The present study investigated the effects of AD on amygdala
functional connectivity during an fMRI stress task, given the
important role proposed for the amygdala in the neurobiology of
addiction (Koob and Volkow, 2010). It was hypothesized that
abstinent AD subjects demonstrate decreased connectivity (George
et al., 2012) between the amygdala andmPFC during the stress task,
compared with controls.

2. Materials and methods

The present study analyzed data previously collected as part of a
pilot imaging genetics study derived from two larger parent studies
(NCT00226694, NCT01200901). Twenty-one participants (10 AD,11
controls) were recruited from the original parent studies that
examined hormonal changes with stress (for details see (Anthenelli
et al., 2009)). Participants completed psychological questionnaires
related to stress and trauma history and performed an fMRI stress
task.

2.1. Participants

A total of 21 individuals (23-55 years-old) completed the fMRI
stress task. Ten abstinent individuals with AD (6 females) were
recruited from the parent study that examined endocrine and
behavioral responses to pharmacological stressors (Anthenelli
et al., 2009) (NCT00226694). Eleven non-depressed controls (6
females) were recruited from the community as part of a larger
study examining stress and brain response in depression
(NCT01200901). The IRBs at the University of Cincinnati and Cin-
cinnati Veterans Affairs Medical Center approved all aspects of the
study, and all participants provided written informed consent.

AD participants met lifetime DSM-IV-TR criteria for AD in sus-
tained or early full remission and were in treatment when they
enrolled in the parent study. Participants were abstinent from all
substances except for tobacco for at least one month prior to the
MRI session. AD participants had largely maintained abstinence
since their participation in the parent study, as measured by
Timeline Follow-Back, though only one month of abstinence was
required for this pilot imaging study. Although current PTSD was
exclusionary, sub-threshold symptoms of PTSD and history of
trauma were not. Controls had no history of any Axis I or Axis II
disorders, including substance use disorders (SUD). Current use of
psychotropic medication; lifetime history of serious neurologic
injuries or disorders; severe medical illness; diagnosis of an inde-
pendent Axis I anxiety, mood or psychotic disorder (or Axis II
personality disorder in controls); use of oral contraceptives; cur-
rent pregnancy or lactation in women; or MRI contraindications
were exclusionary in both groups. Recent (past several days)
abstinence from substance use was confirmed by drug toxicology
testing (DrugTestStrips.com™12 Panel drug test), and breathalyzer
(FC10 Breath Alcohol Tester® to verify 0.000 BAC) in AD individuals.
2.2. Procedure

Eligible participants were consented to this phase of the study,
and Timeline Follow-Back (TLFB) data were collected to fill in
alcohol and drug use from the parent study's conclusion to the
present study. Women underwent urine pregnancy testing. All
participants were given psychological questionnaires to assess
mood and trauma history. Participants then completed the neuro-
imaging protocol.

2.3. Measures

2.3.1. Stress and craving measures
Subjective stress and craving for alcohol was measured by

calculating change scores from baseline (initial moments in the
scanner) to post-scan (immediately after the stress task) with
participants rating their level subjective stress and craving on a
100-point scale.

2.4. Data acquisition

Imaging was conducted at the University of Cincinnati's Center
for Imaging Research, using a 4.0 T Varian, Unity INOVA Whole
Body MRI/MRS System (Varian, Inc., Palo Alto, CA). To provide an
anatomical reference for the fMRI data, a T1-weighted, 3-D
anatomical brain scan was first obtained using a modified driven
equilibrium Fourier transform sequence (TMD ¼ 1.1 s, TR ¼ 13 ms,
TE ¼ 6 ms, FOV ¼ 25.6 � 19.2 � 19.2 cm, matrix 256 � 192 x 96
pixels, flip angle ¼ 20�, 1500). fMRI scans were acquired using an RF-
spoiled FAST 3-D acquisition technique. Functional images were
collected while performing the stress task using a T2*-weighted
gradient-echo echoplanar imaging (EPI) pulse sequence (TR/
TE ¼ 2000/30 ms, FOV ¼ 25.6 � 25.6 cm, matrix 64 � 64 pixels,
slice-thickness ¼ 4 mm, flip angle ¼ 75�, 35 slices in coronal
orientation). Sixteen minutes of the hour-long scan were dedicated
to the control (5 min) and stress tasks (11 min), respectively (see
fMRI Stress Task below). A neuroradiologist assessed each scan for
brain abnormalities and found none.

2.5. Amygdala mask

Automated left and right amygdala masks were created for each
subject, and then hand nudged to more accurately reflect
neuroanatomy.

2.6. fMRI stress task

Stress was induced through a variation on the Trier Social Stress
Test (TSST) (Allendorfer et al., 2014; Kirschbaum et al., 1993). The
task includes two math components; a stress-inducing test and a
“control” test. The control task (not used in the present study) was
first and included 60 different basic subtraction problems. They
then completed the stress task, which consisted of 80 subtraction
problems that were considerably more difficult and contained
three possible answers rather than two. As this task was about to
begin, participants saw a video on their goggles worn into the
scanner of two confederate “doctors” sitting in the scanner console
room. Participants were told these “experimenters,” who intro-
duced themselves as doctors, would be rating them and giving
feedback on their performance (six different pre-recorded mes-
sages that informed them they were not performing up to the task,
regardless of their actual performance). Participants were also told
that they would have between 1 and 5 s to answer each question,
but would not be told how long was left. If they went over the
allotted time, their answer would not count. Finally, participants



Table 1
Demographic and clinical characteristics.

Alcohol Dependent
(N ¼ 10) M (SD),
Range; %

Healthy Control
(N ¼ 11) M (SD),
Range; %

Age 43.3 (8.3) 30-55 37.6 (10.6) 23-55
% Female 60% 54%
% Caucasian 70% 64%
% Right Handed* 60% 100%
Education (in years) 13.7 (2.1) 10-17 15.4 (1.5) 14-18
BDI Total Score 8.8 (9.7) 0-27 e

HAM-D Total Score e 0.4 (0.8) 0-2

Notes: * indicates p < 0.05 between groups.

Table 2
Left amygdala connectivity.

Talairach Coordinates

Region CM x CM y CM z Volume
(ml)

Decreased Connectivity
Right Cerebellar Tonsil �23.7 69.5 �29.1 1026
Left Cerebellar Tonsil 31.5 34.6 �43.3 594
Right Declive �4.9 79.2 �19.5 540
Right Culmen �5.5 62.7 �5.8 513
Left Uncus 11.8 7.3 �28.6 405
Left Uvula 25.3 74.5 �25.5 351
Right Caudate �8 2.2 20 702
Left Precuneus 1.4 45.1 47.4 540
Right Posterior Cingulate �2.9 47.8 19.2 1080
Left Cingulate Gyrusþ 12 5.9 27.8 567
Left Parahippocampal Gyrus 16 38.4 6.2 486
Left Posterior Cingulate 1.7 27.7 17.2 378
Right Superior Parietal Lobule 6 56.3 58.3 6399
Left Inferior Parietal Lobule 40.8 43.2 54 378
Left Inferior Temporal Gyrus 50.6 49.2 �22.9 756
Right Superior Temporal Gyrus �53 �5.7 �2.6 729
Right Middle Temporal Gyrus �63.4 43.5 �10.2 378
Right Inferior Temporal Gyrus �57.7 59.2 �3.7 378
Left Inferior Frontal Gyrus 10.8 �25.4 �19.2 540
Right Superior Frontal Gyrus �23 �24.5 55.1 486
Left Middle Frontal Gyrus 30.6 �35.8 37.2 432
Left Postcentral Gyrus 36.6 29.5 62.4 432
Left Inferior Frontal Gyrus 20 �14.8 �17.9 378
Left Inferior Frontal Gyrus 24.9 �22.8 �11.6 378
Right Superior Frontal Gyrus �23.6 �37.3 33.6 351
Right Medial Frontal Gyrus �2 17.4 70.7 351
Increased Connectivity
Right Declive �3.6 62.3 �23.6 1161
Right Posterior Cingulate �28.5 55.9 11.2 702
Right Precentral Gyrus �33.4 �0.2 33.3 1134
Right Lingual Gyrus �30.9 73.5 �6.9 513

Notes: þdenotes cluster that differed by handedness in MANOVA, but handedness
did not predict connectivity in the follow-up multiple regression analysis.
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were told they had to get enough questions correct for their data to
be usable; if they did not succeed, they would not receive full
compensation. At the completion of the task, participants were
debriefed and informed that there were no experimenters rating
performance and that the feedback was not based on their per-
formance. Each participant was fully compensated. The stress task
took approximately 11 min to complete and was administered in
one block. Mean amygdala activation at each TR over the course of
the 11 min was then calculated and summed for AUC analysis to
assess potential habituation patterns in response to the stress task.

2.7. Data processing and analysis

2.7.1. fMRI processing
fMRI data were processed using Analysis of Functional Neuro-

Images (AFNI) (Cox, 1996). Standard pre-processing for each
participant was done, including: align slices into correct anatomical
space, remove the first three repetition times (TRs, or the length of
time between excitation pulses), correct for timing differences in
slice acquisition, correct for motion, blur at 1.8 times the voxel size
(5.4 mm), resample into 3.0 mm3 voxels, create a brain mask, warp
to standard space (Talairach and Tournoux, 1988), and create time
and curve regressors. Motion parameters were analyzed in
3dToutCount and trials were censored if value was above 0.3 mm.
Trained research personnel visually inspected all images for
excessive motion and noise; TRs with excessive movement were
censored. Greater than 15% of TR removal due to censoring resulted
in the participant's data not being used; no subjects surpassed this
criterion. Motion for three rotational and three translational pa-
rameters were also used to create a temporal mask that was used in
the analyses as nuisance regressors. Responses were visually
monitored to ensure participant engagement in the task.

2.7.2. Functional connectivity (fcMRI)
Average BOLD signal across the time-series in the seed regions

(both left and right amygdala) was extracted for each subject. Next,
for each subject, the time-series activation in the seed regions (left
and right amygdala) were used as predictors for activation in the
rest of the brain (voxel-wise analysis), betas and t-statistics for each
individual were saved.

2.7.3. Statistical analysis
In order to determinewhether group status predicted functional

connectivity between the seed regions and the rest of the brain,
using 3dttestþþ in AFNI, we assessed whether coefficients signif-
icantly differed by group. A Monte Carlo simulation was run to
correct for family-wise error (Forman et al., 1995), finding that for
an individual voxel threshold of p ¼ 0.01 and a family-wise error
corrected significance of 0.05, 13 contiguous voxels had to be
activated (351 ml).

Groups differed on handedness (see Table 1). In order to rule-
out influence of handedness, two MANOVAs were run with both
the left and right amygdala with handedness as the independent
variable. Any brain regions that were significantly predicted by
handedness were then followed-up with a regression including
group status and handedness. If the regression by group status and
handedness predicted the brain cluster, then it was considered null
and excluded from the results. Only one cluster met these criteria.

3. Results

3.1. Demographic and clinical characteristics

Groups did not differ significantly on age, education, racial
composition, or gender (see Table 1). Groups differed on
handedness, with all left handed participants in the AD group
[x2(1) ¼ 3.85, p ¼ 0.05]. Therefore, handedness was used as a co-
variate in subsequent analyses. In the AD group, at the time of the
fMRI scan participants had been abstinent from alcohol a mean of
1628 days (SD ¼ 2123, range ¼ 68e4759).
3.2. Primary results

3.2.1. Amygdala connectivity
After controlling for family-wise error in AFNI (p ¼ 0.05), sig-

nificant differences were found between the seed regions of the left
and right amygdala voxel-wise connectivity in the whole-brain
analysis. Decreased connectivity was found between the left and
right amygdala and the mPFC and other areas, with full results
listed in Tables 2 and 3. In addition, 4 (out of 30) clusters in the left



Table 3
Right amygdala connectivity.

Talairach Coordinates

Region CM x CM y CM z Volume
(ml)

Decreased Connectivity
Right Pyramis �23.4 69.1 �29.3 1080
Right Declive �4 79.9 �20.3 621
Right Culmen �5.8 62.4 �5.4 594
Left Cerebellar Tonsil 33.2 37.8 �4.4 567
Right Lentiform Nucleus �17.1 1.9 �6 945
Right Claustraum �20.5 �7.8 16 432
Right Caudate �8.9 6.9 17.8 1674
Left Caudate 12.7 �12.5 �1.6 1080
Left Parahippocampal Gyrus 14.5 36.5 6.2 729
Left Cingulate Gyrus 12.8 6.9 30.5 513
Right Posterior Cingulate �0.6 42.9 19.2 2187
Right Precuneus �7.6 55.3 60 459
Right Superior Parietal Lobule �23.5 58.1 59.2 864
Left Superior Parietal Lobule 9.2 53.6 59.8 648
Left Superior Parietal Lobule 31.9 58.2 50.7 540
Right Middle Temporal Gyrus �63.3 42.9 �10 351
Left Postcentral Gyrus 1.5 47.6 65.7 1026
Left Postcentral Gyrus 36.3 29.4 61.8 567
Right Postcentral Gyrus �9.8 42.5 70.6 378
Left Middle Frontal Gyrus 30.4 �39.7 35.1 621
Right Medial Frontal Gyrus �2.5 17.9 71 378
Left Inferior Frontal Gyrus 16.8 �20.8 �17.7 1161
Right Superior Frontal Gyrus �18.4 �28.7 54.8 729
Right Superior Frontal Gyrus �22.8 �37.1 35.1 621
Increased Connectivity
Right Declive �3.7 63.6 �24 1053
Right Lingual Gyrus �31.4 73 �6.9 756
Right Precentral Gyrus �35 �0.2 34.8 702

Fig. 2. Line graph of mean craving (100 point VAS) pre-scan to post-scan in the AD
group. Results indicate that participants with AD did not crave alcohol significantly
more after completing the stress task than before the stress task (p > 0.05).
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amygdala and 3 (out of 27) clusters in the right amygdala showed
increased connectivity in the AD individuals relative to controls.

Results do not appear to be lateralized. For example, follow-up
MANOVA analysis to control for handedness revealed that left
handedness predicted connectivity in only two left cingulate gyrus
regions (a) a medial anterior region of the cingulate gyrus
[F(1,16) ¼ 3.08, p < 0.10]; and (b) a lateral posterior cingulate gyrus
cluster [F(1,16)¼ 18.18, p < 0.01]. Multiple regressions including AD
group status found that left handedness predicted increased con-
nectivity in the second (b) cluster (beta¼�0.67, p¼ 0.002), but not
the first (a) cluster (beta¼ 0.05, p¼ 0.75). This finding in the second
Fig. 1. Line graph of mean subjective stress level (100 point VAS) pre-scan to post-scan
in the AD group. Results indicate that participants with AD experience significantly
greater subjective stress after the stress task than before the stress task (* indicates
p < 0.005).
(b) cluster was therefore excluded from the table.

3.2.2. Subjective stress
Nine of the 10 AD subjects completed 100-point visual analog

scales (VAS) of their stress level before (pre-scan) and after (post-
scan) the stress task (pre-scan M ¼ 13.89; SD ¼ 11.93; post-scan
M ¼ 35.00; SD ¼ 24.50). Within the AD group, participants
exhibited a significant increase in subjective stress from pre-scan to
post-scan (t(9)¼ 3.967, p¼ 0.004; see Fig.1); levels went from calm
to moderately stressed.

3.2.3. Craving
Nine of the 10 AD subjects completed 100-point VAS of their

craving of alcohol before (pre-scan) and after (post-scan) the stress
task (pre-scanM¼ 2.22; SD¼ 3.63; post-scanM¼ 3.89; SD¼ 8.21).
There was no significant change in self-reported craving in AD
subjects (t(9) ¼ 0.535, p ¼ 0.608; see Fig. 2), and levels remained in
the no-to-minimal craving range.

4. Discussion

The present study investigated neural differences in processing
in long-term abstinent AD during a fMRI stress task. Functional
connectivity analyses using the left and right amygdala as seed
regions revealed decreased connectivity between the left and right
amygdala and prefrontal, temporal, parietal, and cerebellar struc-
tures in AD individuals in comparison to healthy controls. In
addition, 4 (out of 30) clusters in the left amygdala and 3 (out of 27)
clusters in the right amygdala showed increased connectivity in the
AD individuals relative to controls.

In assessing functional connectivity of the amygdala, the AD
group demonstrated decreased connectivity with many brain re-
gions (left: 26 significant clusters; right: 24 clusters). Within the
PFC, we found a range of connectivity differences in superior,
inferior, middle, medial, and precentral regions. The only other
known study of stress response in a scanner in individuals with AD
showed blunted activity in the ventromedial PFC and anterior
cingulate cortex (ACC) during an idiographic stress script, though
importantly functional connectivity was not assessed. The discon-
nection between the prefrontal cortex and amygdala in stress, then,
is particularly novel and noteworthy. Animal models of AD have
most frequently been examined to assess stress processing (for
review, see Koob, 2013). In humans, however, most studies have
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assessed emotional processing differences in fronto-limbic regions
that also regulate stress. Other studies outside the stress and AD
literature have shown decreased connectivity in individuals with
AD compared to controls (e.g (Maurage et al., 2013; Kienast et al.,
2013).,). A separate analysis of this same sample found reduced
fcMRI during both fearful and happy affective processing (Padula
et al.). As previous research has suggested a role for connectivity
between the amygdala and medial PFC (mPFC) in controlling
motivated behavior in alcohol consumption (George et al., 2012),
this disrupted fcMRI may be telling of aberrant processing stress
and emotional processing in general. Future research is needed to
determine both overlap and unique pathways between emotional
and stress processing, as well as to further understand the role of
the mPFC in these functions.

A number of other regions exhibited largely decreased con-
nectivity with the amygdala and it is interesting to speculate on the
relevance of some of these. In regards to stress, the parietal lobe
may potentially be linked to stress response in AD (Yang et al.,
2013). The parietal lobe, in general, may also be activated by
mathematical problem solving (Park et al., 2013), and in working
memory and attentional tasks (Soto et al., 2014). Further research is
needed to clarify both the roles of each regions in stress processing,
as well as to investigate potential underlying mechanisms within
the parietal lobe that may uniquely contribute to either math or
stress processing. In particular, a stress task with no math
component may result in no findings within the parietal lobe.
However, it should be noted that our results highlight different
parietal areas than those often implicated during math-processing.
Again, our results suggesting decreased connectivity are broadly
consistent with other findings in AD of blunted connectivity in a
variety of tasks (Maurage et al., 2013; Kienast et al., 2013).

The cerebellum has been hypothesized to have a greater role in
stress and emotion processing than once thought (for review, see
(Stoodley and Schmahmann, 2010; Baumann and Mattingley,
2012)). In particular, the vermis has been proposed as the “limbic
cerebellum” (Stoodley and Schmahmann, 2010), fitting with our
findings regarding altered function of limbic regions including re-
gions within the vermis such as the culmen and uvula. These
cerebellar functional differences may also be due to structural
changes, as alcohol exposure in animals (Phillips, 1990), adoles-
cents (Lisdahl et al., 2013), and adults with AD, even after 7.5
months of abstinence (Durazzo et al., 2015), has been linked with
cerebellar atrophy. As much of this cerebellum-specific research is
preliminary, more research is needed to assess the influence of
cerebellum structure and function on alcohol-related outcomes
and the underlying mechanisms that drive cerebellar processing.

Several clusters showed increased connectivity with the amyg-
dala. (4/30 with the left amygdala; 3/27 with the right amygdala) in
the AD group. One region showing both increased and decreased
connectivity is the right posterior cingulate cortex (PCC). The
cingulate is important for regulating limbic activity, particularly
within the amygdala (Herman et al., 2003). The PCC in particular is
also key in guiding attention and internally referenced thought
(Leech and Sharp, 2014). Leech and Sharp (2014) suggest the more
dorsal portion of the PCC is a “transitional” pathway, coordinating
complex cognition across distinct functions (e.g., balancing internal
and external attention). Perhaps what the increased and decreased
connectivity presented here indicates, then, is the nuanced nature
of certain regions, such as the PCC, in a range of functions. This is
even more likely the case given the both stressful and cognitive
demanding nature of the current task.

Heavy alcohol use has known structural consequences
(Rosenbloom and Pfefferbaum, 2008) that may reorganize neural
systems (Crews et al., 2005), leading to aberrant stress processing.
Alterations in excitatory projections from the OFC and mPFC to the
amygdala in mice and monkeys have been related to inappropriate
affective regulation and stress reactivity (Andolina et al., 2013;
Barbas et al., 2003; Ghashghaei and Barbas, 2002). Multi-modal
imaging techniques are needed to further tease apart these hy-
pothesized connections between functional stress processing def-
icits and potential structural deficits in AD.

It is interesting to note that, even with aberrant neural pro-
cessing in the AD individuals and increased self-reported stress
levels, the AD group did not report increased alcohol craving.
Though this may seem in contrast to previous studies, perhaps it is
actually an indication of successful maintenance of sobriety.
Craving in response to stress has previously been found to be an
important mediator of relapse (Law et al., 2016; Higley et al., 2011).
In heavy drinkers who are not dependent, however, cravingwas not
predictive of alcohol use problems (Tartter and Ray, 2012). There-
fore, cravingmay best be a predictor in thosewith ADwho aremore
likely to relapse. As these participants had varying degrees of
abstinence, with a minimum of two months (and up to 13 years) of
abstinence, these particular individuals may not be as susceptible
to stress induced craving, and, therefore, better able to sustain
abstinence.

4.3 Though the present findings are robust and novel, several
limitations should be noted. Participants reported stress during a
“control” portion of the task (not analyzed here), which also
involved solving arithmetic problems; therefore, wewere unable to
compare amygdala connectivity during a portion of the task that
was subjectively experienced as non-stressful. Future studies
should examine the relationship between stress versus non-stress
response in the amygdala in abstinent individuals with AD in a
task that does not include a stress-provoking cognitive component.
Indeed, future studies should include a clear control task to fully
determine stress processing as compared to a neutral task. Further,
as the stress-inducing task presented included solving mathemat-
ical problems, there is a possibility that thefindingswere influenced
by differences in mathematical abilities. However, it should be
noted that a prior study found the task to be stress-provoking
(Allendorfer et al., 2014) and subjective stress levels did increase
during the task. Subjective stress analysis was conducted in the AD
group only and should be replicatedwith a control group to provide
better interpretability. This was a pilot study with a small sample
size; findings need to be replicated in a larger sample to assess
whole brain regional activation patterns and ensure generalization.
Our sample also included left-handed individuals, which may have
introduced extra variance into our between-group differences
(Vingerhoets et al., 2012). However, lateralization differences pre-
dominately affect language and fine motor function (Gutwinski
et al., 2011). Nonetheless, right-vs-left handedness may also have
stress-related effects (Serrien and Sovijarvi-Spape, 2013). Our AD
participants had histories of other substance use disorders and
psychiatric comorbidities. However, AD was the primary diagnosis
and the reason for enrollment in the study and these conditions are
commonly comorbid in AD treatment samples. AD participants also
had wide variability in the length of abstinence, and this may
impact neural-related dysfunction, though this may reflect long-
term stress dysregulation in individuals with AD. Future research
is needed to tease apart the potential influence of length of absti-
nence on neural correlates of stress response. Avariety of confounds
may be present in this study, including tobacco smoking, mathe-
matical and intellectual abilities, and trauma history. Therefore,
additional research into the possible influence of these factors is
needed to more fully assess the influence of stress relative to other
confounds. Finally, future studies with larger samples of both men
andwomen are needed to assess the functional response to stress in
AD subjects, as gender is often an important moderator of emotion
processing and brain connectivity (Tomasi and Volkow, 2012).
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In summary, the present pilot study demonstrated decreased
connectivity between the amygdala and brain areas important for
stress and emotion processing in individuals with AD. Longitudinal
studies would be beneficial to assess whether the stress response
dysregulation causes or is a result of AD. Additional research
developing early interventions that address altered amygdala
response to stress in AD samples are needed, especially in youth.
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