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Abstract 
Introduction: Abstinence symptoms present challenges to successful cessation of cigarette smoking. Chronic exposure to nicotine and long-
term nicotine abstinence are associated with alterations in cortical and subcortical gray matter volumes (GMVs).
Aims and Methods: We aimed at examining changes in regional GMVs following overnight abstinence and how these regional functions relate 
to abstinence symptoms. Here, in a sample of 31 regular smokers scanned both in a satiety state and after overnight abstinence, we employed 
voxel-wise morphometry and resting-state functional connectivity (rsFC) to investigate these issues. We processed imaging data with published 
routines and evaluated the results with a corrected threshold. 
Results: Smokers showed smaller GMVs of the left ventral hippocampus and right secondary somatosensory cortex (SII) after overnight ab-
stinence as compared to satiety. The GMV alterations in right SII were positively correlated with changes in withdrawal symptom severity be-
tween states. Furthermore, right SII rsFC with the precentral gyrus was stronger in abstinence as compared to satiety. The inter-regional rsFC 
was positively correlated with motor impulsivity and withdrawal symptom severity during abstinence and negatively with craving to smoke 
during satiety.
Conclusions: These findings highlight for the first time the effects of overnight abstinence on cerebral volumetrics and changes in functional 
connectivity of a higher-order sensory cortex. These changes may dispose smokers to impulsive behaviors and aggravate the urge to smoke at 
the earliest stage of withdrawal from nicotine.
Implications: Overnight abstinence leads to changes in gray matter volumes and functional connectivity of the second somatosensory cortex 
in cigarette smokers. Higher somatosensory and motor cortical connectivity in abstinence is significantly correlated with trait motor impulsivity 
and withdrawal symptom severity. The findings add to the literature of neural markers of nicotine addiction.

Introduction
Nicotine use is a leading cause of morbidity and mortality.1 
Despite the success of public health campaign to reduce 
prevalence of smoking, symptoms of nicotine abstinence, in-
cluding inability to focus, restlessness, negative mood, and 
craving, continue to impede successful cessation.2,3 These 
symptoms typically set in a few hours following abstinence 
and may lead to impulsive and uncontrollable urge to smoke. 
Impulsivity conduces to smoking4 and relapse to smoking.5 
For instance, greater trait impulsivity, as indexed by the 
total score of Barratt Impulsiveness Scale (BIS-11), predicted 
higher levels of craving and anxiety during a 48-h abstinence 
period6 and faster relapse to smoking following the 48 h of 
abstinence.7 Studies also showed that the attenuated response 
to monetary reward anticipation in the right caudate after an 
initial period of 24-h abstinence predicted greater likelihood 
of lapse, suggesting early abstinence as a critical period of 

vulnerability in cigarette smokers.8 Understanding abstinence-
elicited shorter-term structural and functional changes of 
the brain may help in identifying neural markers to target 
for cessation treatments. Previous research demonstrated ce-
rebral volumetric changes in chronic tobacco smokers and 
how these changes related to behavioral impulsivity,9,10 and 
examined how brain volumes predicted relapse in cessation 
treatments.11 However, no studies, to the best of our knowl-
edge, have investigated these changes immediately after cessa-
tion of cigarette smoking.

Regional brain volumes are determined by cell sizes and 
density.12 Brain-derived neurotrophic factors (BDNFs) play 
vital roles in modulating activity-dependent synaptic plas-
ticity among mature neurons, particularly in the hippo-
campus and neocortex.13,14 Studies have also shown that these 
neuromodulating effects are disrupted during acute with-
drawal of nicotine in chronically exposed animals.15 Although 
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no work has investigated the influences of acute nicotine 
withdrawal on GMVs, a recent study demonstrated reduction 
in anterodorsal hippocampal volumes following 12-h absti-
nence of alcohol in rats.16 Thus, GMVs seem amenable to the 
influences of abstinence from drug use on a short time scale, 
as with regional brain activation and connectivity.17,18 In 
human studies, participants showed significantly reduced re-
gional cerebral blood flow (CBF) in the bilateral hippocampus 
extending into the midbrain, posterior cingulate cortex, ven-
tral striatum, and occipital cortex after 4-h nicotine abstinence 
as compared to satiety.19 Another PET study showed that at 
the end of the overnight abstinence, global gray matter CBF 
and metabolic rate of oxygen (CMRO2) were both reduced 
by 17% relative to nonsmokers. At 15  min after renewed 
smoking, global CMRO2 increased by 11% in the left pu-
tamen and thalamus and right posterior cortical regions. At 
60 and 105  min after renewed smoking, CBF increased by 
8% and CMRO2 by 11%–12% in most brain regions.20 These 
findings indicate substantial and global disruption of CBF/
CMRO2 just after overnight abstinence that can be restored 
by resumption of smoking. While these physiological changes 
may mediate the cognitive and emotional effects of nicotine 
withdrawal, the impacts on cerebral volumetrics are not clear.

Notably, a recent study reported increases in gray matter 
density (GMD) in the right frontal pole, and superior and 
middle frontal gyri as well as decreases in GMVs and cor-
tical thickness in the right temporal pole after 24 h of acute 
sleep deprivation as compared to after normal sleep.21 The 
GMD increase may result from a net elevation in synaptic 
strength in many neuronal circuits in the state of being 
awake. Interestingly, total sleep loss is associated with im-
paired hippocampal BDNFs expression, along with memory 
and cognitive deficits,22 in accord with its impact on GMVs. 
Another study showed greater GMVs and white matter 
volumes (WMVs) of subcortical regions including the basal 
ganglia, hippocampus, and amygdala after 12 h of task prac-
tice in combination with sleep deprivation and the increases 
became even more significant after 24 h.23 Furthermore, the 
changes in GMVs and WMVs reverted after 8 h of recovery 
sleep, suggesting that structural brain alterations after acute 
sleep deprivation may be temporary. Thus, although scanty, 
evidence is available to support the prospective effects of acute 
changes in physiological states, potentially including very 
short-term abstinence from smoking, on brain volumetrics.

In the current study, we compared the GMVs within subjects 
between the states of overnight abstinence and satiety in cig-
arette smokers. We used voxel-based morphometry (VBM) 
and quantified the relationships between changes in GMVs, 
nicotine use metrics, and impulsivity of the participants. On 
the basis of the literature, we speculated that overnight ab-
stinence negatively impacts the GMVs of brain regions crit-
ical to the manifestation of withdrawal-related symptoms and 
that the functional features of these regions may be related to 
nicotine use metrics and behavioral impulsivity.

Methods
Volunteers, Informed Consents, and Assessments
Thirty-nine regular smokers (age 24–55 years) participated in 
the study. Participants completed a brief prescreening survey 
over phone and met eligibility criteria, including smoking at 
least 5 cigarettes daily for at least 2 years and having a body 
mass index of 19–38. Exclusion criteria included a history of 

or current major medical condition, history of head injury or 
brain concussion that resulted in loss of consciousness, his-
tory of or current Axis I psychiatric diagnosis including sub-
stance (except nicotine) use disorder according to DSM-IV, 
and current use of any psychotropic medications. The study 
was approved by the Institutional Review Board of Yale 
University. All research was performed in accordance with rel-
evant guidelines and regulations, and written informed con-
sent was obtained from each individual prior to participation.

A total of 8 participants were excluded from analyses be-
cause of incomplete scan (n = 5), smoking before the absti-
nence session (n = 2), or testing positive for cannabis on the 
day of scan (n = 1). The final sample size for VBM was 31 (15 
women) with 11 Caucasian Americans, 9 African Americans, 
2 Asians, and 9 Others in race. Two participants had excessive 
head motion during resting-state fMRI, and one did not have 
fMRI data; thus, the final sample size for resting-state fMRI 
analyses was 28 (13 women).

Participants completed two MRI scans, 1–2 weeks apart, 
each when they were sated with smoking and when they were 
overnight abstinent from smoking, with the order counter-
balanced across subjects. Exhaled breath carbon monoxide 
(CO) level was verified using a Bedfont Micro+ breath CO 
monitor with abstinence defined by a CO level of <10 ppm.24 
For the satiety session, participants were not required to re-
main abstinent prior to the scan. Participants also received 
urine toxicology tests prior to each MRI session to detect 
illicit substances and measure nicotine metabolite cotinine. 
The NicAlert test strip has 7 numbered zones (0–6); level 0 
(0–10 ng/mL), 1 (10–30), 2 (30–100), 3 (100–200), 4 (200–
500), 5 (500–1000), and 6 (>1000). The result was identified 
by locating the lowest level where a red band appeared. A 
reading of 3 or greater was considered positive for smoking, 
with a cotinine concentration of >100 ng/mL.25

Participants were assessed for nicotine use metrics and 
other clinical characteristics before the first MR scan, in-
cluding daily consumption of cigarettes, years of smoking, 
and nicotine addiction severity with the Fagerström Test for 
Nicotine Dependence (FTND; range 0–10) with a higher 
score indicating more severe dependence.26 Participants were 
also assessed for impulsivity with BIS-11,27 with a higher total 
score and inattentional, motor, and nonplanning subscores 
indicating higher impulsivity. Pack years of each partici-
pant were calculated by multiplying the number of packs of 
cigarettes smoked per day by the number of years of smoking 
to reflect lifetime exposure to tobacco.

On the days of MRI, abstinence duration (ie, time since 
last cigarette, in hours) was recorded. Before each scan, 
22 participants (14 women) were assessed for withdrawal 
symptoms with reference to the past 24  h using Hughes-
Hatsukami Withdrawal Questionnaire,28 craving to smoke 
with a brief, 10-item version of the Questionnaire of Smoking 
Urges,29 and state anxiety with State-Trait Anxiety Inventory.30

We performed two-sample t tests to examine sex differences 
in the demographic and clinical measures and two (abstinence 
vs. satiety) by two (men vs. women) mixed-model ANOVAs 
on CO level, withdrawal duration, withdrawal symptom 
severity, craving to smoke, and state anxiety. Given that 
the urine cotinine level was an ordinal variable, we used a 
nonparametric interaction test of mixed-model ANOVA in-
stead. Furthermore, we computed the correlation coefficients 
of Pearson’s regression to examine the relationships be-
tween clinical measures in men and women combined and 
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separately and used slope tests to examine the sex differences 
in the correlations.31–33 For the clinical measures recorded for 
both scans, we also examined the differences in correlations 
between abstinence and satiety with slope tests.

MRI Data Acquisition and Preprocessing
A customized 3T Siemens Trio scanner with a standard 
32-channel Siemens receiver head coil and a body trans-
mission coil was used in the MRI scanning. T1-weighted 
high-resolution structural images were acquired using a 3D 
MPRAGE sequence in the axial plane parallel to the AC–
PC line (FOV = 250  ×  250  mm, matrix = 256  ×  256, 176 
sagittal slices with slice thickness = 1 mm and no gap, TR = 
1900 ms, TE = 2.52 ms, TI = 900 ms, FA = 9°). Functional, 
BOLD signals were then acquired with a single-shot gradient 
echo planar imaging (EPI) sequence. Fifty-one axial slices par-
allel to the AC–PC line covering the whole brain were ac-
quired (FOV = 210 × 210 mm, matrix = 84 × 84, 51 slices 
with slice thickness = 2.5 mm and no gap, TR = 1000 ms, TE 
= 30 ms, bandwidth = 2290 Hz/pixel, FA = 62°). One run of 
10-min resting state fMRI scan (600 frames) was obtained 
for each visit of each volunteer with eye closed but awake. 
Physiological data (ie, cardiac and respiratory signals) associ-
ated with each functional MR scan were also acquired, using 
a standard Biopac pulse oximeter placed on a digit and a res-
piratory belt placed on the abdomen. These physiological sig-
nals were sampled at 1000 Hz.

We followed published routines and performed VBM to es-
timate the GMVs of brain regions with the CAT12 (Version 
12.7) toolbox, following the suggested defaults34 (http://dbm.
neuro.uni-jena.de/vbm). The details of VBM analysis have 
been described in our previous studies35,36 (Supplementary 
Methods). Weighted average image quality rating (IQR) was 
reported, and total intracranial volume (TIV) was estimated 
for the participants.

Likewise, we preprocessed the fMRI data as described 
earlier for resting-state functional connectivity (rsFC) anal-
ysis37 (Supplementary Methods).

Group Statistics of GMVs and rsFC
We performed paired-sample t tests for whole-brain GMVs 
and evaluated the results at voxel p < .001, uncorrected, in 
combination with a cluster p < .05, corrected for family-
wise error (FWE) of multiple comparisons, on the basis of 
Gaussian random field theory as implemented in SPM, fol-
lowing current reporting standards.38 In addition to reporting 
the peak voxel Z values, we computed the effect sizes by 
approximating Cohen’s d from the t-statistics using the ex-
pression 39

d =
2t√
df

For the clusters revealed in voxel-wise analysis (regions of 
interest or ROIs), we computed the regional GMVs for in-
dividual participants and performed linear correlations with 
clinical measures—pack years, FTND score, and BIS-11 total 
score and subscores—for each scan separately. Slope tests 
were used to examine differences in the correlations between 
abstinence and satiety.

We used the masks of the ROIs as seed regions to com-
pute the whole-brain rsFC. The BOLD time courses of 
each voxel were averaged for the seed, and the correlation 

coefficient was computed between the average time course 
of each seed and the time courses of all other voxels for in-
dividual participants. The correlation matrix was Fisher’s 
z-transformed into z score maps. We used a whole-brain 
paired-sample t test to compare seed-based rsFC between 
abstinence and satiety, and evaluated the results at voxel p 
< .001, uncorrected, in combination with a cluster p < .05, 
corrected for FWE. Likewise, we computed the effect sizes 
with Cohen’s

d =
2t√
df

We also computed the β estimates of the ROIs that were re-
vealed in the whole-brain rsFC analyses and performed linear 
correlations with the same set of clinical measures for each 
scan separately. Again, slope tests were used to examine the 
difference in correlations between abstinence and satiety.

Results
Demographics, Clinical, and Global Volumetric 
Measures
The mean and SD values of demographic, clinical, and global 
volumetric measures are presented in Table 1. Two-sample t 
tests showed no significant sex differences in any of the dem-
ographic or clinical metrics (t’s ≤ 1.51, p’s ≥ .141). A two 
(abstinence vs. satiety) by two (men vs. women) mixed-model 
ANOVA showed a significant interaction effect on the CO 
level (F = 8.99, p = .006). Simple-effect tests showed that the 
CO level was significantly lower in abstinence versus satiety 
in women (p < .001) but not in men (p = .095) and there were 
no sex differences in the CO level in either abstinence (p = 
.430) or satiety (p = .259). The nonparametric interaction test 
of mixed-model ANOVA showed no state-by-sex interaction 
effect on urine cotinine level (F ≤ 0.10, p = .750).

The main effects of state were significant for withdrawal 
duration (F = 385.76, p < .001), withdrawal symptom se-
verity (F = 16.19, p = .001), craving to smoke (F = 14.16, p = 
.001), but not for state anxiety (F = 3.84, p = .064), TIV (F = 
0.13, p = .717), or IQR (F < 0.01, p = .994). The main effects 
of sex were not significant for any of the clinical or global 
volumetric measures (F’s ≤ 2.76, p’s ≥ .112), except that men 
showed significantly higher TIV than women (F = 17.26, p < 
.001). There were no significant interaction effects for any of 
these measures (F’s ≤ 0.82, p’s ≥ 0.375).

Pack years were positively correlated with FTND score in 
men and women combined (r = 0.584, p = .001) as well as 
in men (r = 0.721, p = .002) but not in women (r = 0.395, 
p = .145) alone. The slope test confirmed the sex differ-
ence in the correlations (t = 3.231, p = .003). Pack years 
and FTND scores were not significantly correlated with BIS-
11 total score or subscores across all subjects (p’s ≥ .116) 
or in men (p’s ≥ .194) or women (p’s ≥ .257) separately. 
Slope tests showed no significant sex differences in these 
correlations (p’s ≥ .168). In addition, BIS-11 total score and 
subscores were all significantly inter-correlated (r’s ≥ 0.555, 
p’s ≤ 0.002) in all subjects and in men (r’s ≥ 0.510, p’s ≤ 
.044, except for motor versus nonplanning with r = −0.138, 
p = .611) and in women (r’s ≥ 0.711, p’s ≤ .006, except for 
inattentional versus motor with r = 0.544, p = .055) sepa-
rately. Slope tests showed significant sex differences in the 
correlations of BIS-11 motor and nonplanning subscores (r 
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= −0.138 and 0.830 for men and women, respectively; slope 
test t = 3.821, p < .001) but not in any other correlations 
(p’s ≥ .073).

In men and women combined, state anxiety was signifi-
cantly correlated with withdrawal symptom severity in both 
abstinent (r = 0.59, p = .004) and sated (r = 0.60, p = .003) 
states; craving to smoke was not significantly correlated with 
withdrawal symptom severity or with state anxiety in either 
state (p’s ≥ .054). Slope test did not show significant state 
differences in any of the correlations (p’s ≥ .207). Furthermore, 
the differences (abstinence–satiety) in these three measures 
were not significantly inter-correlated (p’s ≥ .054).

Regional GMVs: Whole Brain Analyses and Clinical 
Correlations
The whole-brain paired-sample t test identified lower GMVs 
in two clusters in abstinence versus satiety, at voxel level p 
< .001 uncorrected and cluster level p < .05 corrected for 
FWE, each in the left ventral hippocampus (cluster size k = 
414, MNI coordinates x = −32, y = −9, z = −21, peak Z = 
4.83) and the right second somatosensory cortex or SII (k 
= 209, x = 53, y = −23, z = 20, peak Z = 4.54) (Figure 1A). 
We extracted the GMVs for these two clusters and visualized 
the differences across abstinence and satiety across subjects in 
Figure 1B. Specifically, 25 and 27 of the 31 subjects showed 
lower GMVs in abstinence versus satiety for the left ventral 
hippocampus and right SII, respectively. Nonparametric tests 
showed no significant differences in any demographic or clin-
ical measures between those who showed higher versus lower 
GMVs across satiety and abstinence for either left ventral hip-
pocampus or right SII (p’s ≥ .057).

Post hoc paired-sample t test showed that, left ventral hip-
pocampus GMV was smaller in abstinence versus satiety 
(0.962 ± 0.130 vs. 1.003 ± 0.115, t = −4.86, p < .001; Figure 
1B—left panel); right SII GMV was also smaller in abstinence 
versus satiety (0.506 ± 0.108 vs. 0.513 ± 0.106, t = −4.20, p 
< .001; Figure 1B—right panel). No clusters showed greater 
GMVs in the state of abstinence relative to satiety. The TIV 
did not show significant differences in abstinence versus sa-
tiety (1456.88 ± 128.38 vs. 1457.38 ± 125.53 ccm; t = −0.35, 
p = .728).

Regardless of abstinence or satiety, the left ventral hippo-
campus or right SII GMVs were not significantly correlated 
with pack years, FTND score, BIS-11 total score or subscores, 
withdrawal symptom severity, craving to smoke, or state anx-
iety (p’s ≥ .114). Slope tests showed no significant differences 
in these correlations between the two states (p’s ≥ .618). The 
statistics are summarized in Supplementary Table S1. With 
age, sex, race, TIV, and IQR as covariates, the findings remain 
nonsignificant (Supplementary Table S2).

However, the differences (satiety–abstinence) in right SII 
GMV were significantly correlated with the differences (sa-
tiety–abstinence) in withdrawal symptom severity (r = 0.482, 
p = .023). The state differences in the GMV of left ventral hip-
pocampus or right SII were not significantly correlated with 
pack years, FTND scores, BIS-11 total or subscores, or with 
the differences between states in craving to smoke or state 
anxiety (p’s ≥ .149).

Seed-Based rsFCs and Clinical Correlations
Whole-brain paired-sample t test did not identify any clusters 
showing significant differences in rsFC with the left ventral 

Table 1. Demographic, Clinical, and Global Volumetric Measures in Men and Women

 Mean ± SD Two-sample t or ANOVA

Men (n = 16) Women (n = 15) T p 

Age (years) 41.7 ± 10.2 36.9 ± 8.6 1.40 .17

Scan interval (d) 9.4 ± 4.8 9.2 ± 3.6 0.15 .88

Pack years 17.1 ± 21.2 8.4 ± 7.0 1.51 .14

FTND score 4.5 ± 2.8 4.6 ± 2.3 −0.11 .91

BIS-11 total 63.6 ± 11.1 63.5 ± 14.7 0.02 .98

BIS-11 inatt. 16.1 ± 4.9 15.8 ± 6.0 0.18 .86

BIS-11 motor 23.3 ± 5.9 22.2 ± 4.7 0.57 .57

BIS-11 nonpl. 24.1 ± 4.4 25.5 ± 5.8 −0.75 .46

 Abstinence Satiety Abstinence Satiety F* p* 

CO (ppm) 9.6 ± 9.8 13.2 ± 11.7 7.0 ± 6.5 19.0 ± 13.7 9.00 .01

U. cotinine level 5.3 ± 0.8 5.4 ± 0.8 5.4 ± 0.8 5.5 ± 0.9 0.10 .75

Withdr. dur. (h) 11.1 ± 2.3 1.7 ± 1.7 11.6 ± 4.4 1.7 ± 3.3 0.25 .62

Withdr. sym. 14.2 ± 7.7 8.6 ± 5.7 11.6 ± 6.4 7.8 ± 4.8 0.56 .46

Craving 45.5 ± 16.6 32.9 ± 13.4 49.4 ± 15.4 31.7 ± 17.2 0.40 .54

State anxiety 40.4 ± 16.6 35.1 ± 10.8 31.0 ± 10.6 29.0 ± 8.1 0.82 .38

TIV (ccm) 1531 ± 93 1530 ± 88 1378 ± 114 1379 ± 112 0.33 .57

IQR (%) 85.1 ± 1.0 85.1 ± 1.0 84.8 ± 1.3 84.8 ± 1.8 0.06 .82

d, days; FTND, Fagerström Test for Nicotine Dependence; BIS-11, Barratt Impulsiveness Scale 11; inatt., inattentional; nonpl., nonplanning; CO, carbon 
monoxide; U, urine; Withdr, Withdrawal; dur. (h), duration (h); sym., symptom severity; TIV, total intracranial volume; ccm, cubic centimeter; IQR, image 
quality rating. 
*F and p values reflect the interaction effects of mixed-model ANOVA.
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hippocampus. With the right SII as a seed, the rsFC with right 
precentral gyrus (cluster size k = 71, MNI coordinates x = 24, 
y = −14, z = 54, peak Z = 4.70) was stronger in abstinence 
versus satiety (Figure 2; center).

Stronger rsFC between right SII and precentral gyrus (PrCG) 
was significantly correlated with higher BIS-11 motor impul-
sivity (r = 0.424, p = .031) and more withdrawal symptoms (r 
= 0.502, p = .021) in abstinence but not in satiety (r = 0.344, 
p = .085 and r = 0.108, p = .642, respectively) (Figure 2A and 
2B). As shown in Figure 2C, stronger right SII-PrCG rsFC was 
significantly associated with less craving to smoke in satiety 
(r = −0.448, p = .042) but not significantly in abstinence (r 
= 0.309, p = .173). The correlation between right SII-PrCG 
rsFC was not significantly correlated with state anxiety either 
in abstinence (r = 0.386, p = .084) or in satiety (r = −0.240, p 
= .294) (Figure 2D). Slope tests showed significant differences 
between two states only in the correlations of right SII-PrCG 
rsFC with craving to smoke (t = 2.55, p = .015). The sta-
tistics are summarized in Supplementary Table S3. With age, 
sex, and race as covariates, the findings remained similar 
(Supplementary Table S4).

The difference in the right SII–PrCG rsFC between the two 
states (abstinence – satiety) was not significantly correlated 
with pack years, FTND score, BIS-11 total or subscores, or 

with state differences in withdrawal symptoms, craving to 
smoke, or anxiety (p’s ≥ .154).

Discussion
We presented, to the best of our knowledge, the first evidence 
of regional GMV changes following overnight nicotine ab-
stinence in cigarette smokers. Smokers showed significant 
reductions in the GMVs of left ventral hippocampus and 
right SII as well as stronger SII-precentral cortical rsFC in ab-
stinence versus satiety. Greater GMV alterations in the right 
SII were associated with greater differences in the severity of 
withdrawal symptoms between the two states. The right SII-
precentral cortical rsFC was positively correlated with motor 
impulsivity and withdrawal symptom severity in abstinence, 
and negatively with craving to smoke in satiety. We discussed 
the main findings below.

Hippocampal and SII GMVs in Abstinence Versus 
Satiety
Left ventral hippocampus GMV was lower in smokers 
in abstinence as compared to satiety, in accord with pre-
vious evidence showing decreases in hippocampus GMV 

Figure 1.  (A) Whole-brain analysis identified the left ventral HP and right SII showing smaller GMVs in abstinence versus satiety. The inset shows the 
coronal section of the two clusters at y = −15. Color bar shows T value and Cohen’s d for the clusters. (B) Connected-line plots show the GMVs of left 
ventral HP and right SII of each participant in abstinence versus satiety: 25 and 27 of the 31 subjects showed lower GMVs in abstinence versus satiety 
for the left ventral HP and right SII, respectively. GMV, gray matter volume; HP, hippocampus; SII, secondary somatosensory cortex. ***p < .001.

http://academic.oup.com/ntr/article-lookup/doi/10.1093/ntr/ntac168#supplementary-data
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after 4-week abstinence from smoking in humans.11 The 
current findings suggest that ventral hippocampus GMV 
may start to diminish at the very early stage of abstinence. 
Decrements in hippocampal volumes were also noted earlier 
in patients with alcohol use disorder following 14 days of 
abstinence and in chronically exposed rats following 12 h 
of abstinence.16 Furthermore, the levels of glutamate and 
glutamine were associated negatively with hippocampal 
volumes, suggesting neuronal loss because of excessive 
glutamatergic activity during alcohol withdrawal.16 Thus, 
the changes in ventral hippocampus GMV may relate to 
hyperglutamatergic neurotoxicity and potentially the de-
crease in BDNFs, as discussed earlier, during the onset of 
nicotine withdrawal.

The hippocampus is critical to learning and memory and 
associating environmental cues with craving and drug use.40 
The dorsal hippocampus has been implicated in relapse to 
drug-seeking during long-term abstinence,41 whereas the 
ventral hippocampus is involved in the regulation of anxiety-
driven behaviors and stress responses,42,43 both of which are 
central to clinical manifestations of nicotine withdrawal. 
We found significant increases in withdrawal symptom se-
verity, craving to smoke, and trend-level increases in state 
anxiety in abstinence versus satiety. An earlier study showed 
that anxiety escalated within the first 3.5 h and continued 

to increase at 18-h.44 The average withdrawal duration was 
11 h in our study, well within this range. However, we did 
not observe significant correlations between left ventral hip-
pocampus GMV and these clinical measures in our small 
sample.

We also observed lower GMV of right-hemispheric SII 
in smokers during overnight abstinence versus satiety, with 
greater GMV alterations associated with greater differences 
in the severity of withdrawal symptoms between the two 
states. This finding suggests neuroplasticity of the associ-
ative somatosensory cortex in response to acute nicotine 
abstinence. A network involving the insula, the primary so-
matosensory cortex (SI) and SII, in the right hemisphere es-
pecially, is critical for the representation of affective states 
and visceral awareness, in addition to general somatosen-
sory sensations.45 Both SI and SII along with the right poste-
rior insula showed parametric elevation in activation when 
individuals attended to aversive emotions.46 Previous studies 
have documented GMV or GMD reduction in SII in chronic 
pain disorders.47 Another study demonstrated lower somat-
osensory cortical GMVs in correlation with higher levels of 
somatic complaints in otherwise healthy subjects.48 Thus, it 
is tempting to speculate that the decreases in SII GMV may 
relate to physical discomforts arising from acute nicotine 
abstinence.

Figure 2. Right precentral gyrus (PrCG) shows stronger rsFC with the right secondary somatosensory cortex (SII) in abstinence versus satiety (center). 
Color bar shows T value and Cohen’s d. Correlations between right SII-PrCG rsFC and (A) BIS-11 motor subscore, (B) withdrawal symptoms, (C) craving 
to smoke, and (D) state anxiety in the state of abstinence and satiety. Crosses represent individual data points and dashed lines represent 95% 
confidence intervals of the mean regressions (solid lines). *p < .05.
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Functional Connectivity Between Right SII and 
Precentral Gyrus
Nicotine withdrawal is associated with deficits in 
neurocognitive functions including attention, working 
memory, and response inhibition.49 For instance, a behavioral 
study showed that smokers undergoing 24-h nicotine absti-
nence preferred immediate cigarettes over delayed money, 
but did not alter preference between immediate small versus 
delayed large sum of money, suggesting that acute nico-
tine deprivation may lead to impulsive decision making on 
nicotine-related rewards.50 Indeed, we found stronger rsFC 
between right SII and precentral gyrus in abstinence versus 
satiety, in correlation with higher motor impulsivity and more 
severe withdrawal symptoms in abstinence and, in contrast, 
with lower levels of craving in satiety. Motor impulsivity 
reflects “acting without thinking”.27 The precentral gyrus is 
implicated in sensorimotor integration51 and motor impul-
sivity.52 For instance, the somatomotor cortex showed higher 
activation in correlation with BIS-11 motor impulsiveness 
during proactive control in a Go/No-go task.53 Furthermore, 
the precentral gyrus showed higher responses not only to cue-
54 but also withdrawal-induced18 craving in smokers. Thus, 
higher SII rsFC with precentral gyrus may serve to integrate 
somatosensation and interoception to impact craving and urge 
to smoke as smokers experience acute nicotine deprivation.

The findings relating rsFC strength to clinical manifestations 
are correlational. Glutamatergic signaling contributes to the 
motivation to smoke and may be associated with nicotine 
withdrawal symptoms.55 Previous studies have suggested 
corticolimbic rsFCs as intermediate phenotypes to explain 
the relationships between altered glutamatergic signaling and 
addiction symptomatology such as craving.56,57 Studies com-
bining MR functional and spectroscopic imaging may investi-
gate how cortical rsFCs mediate glutamatergic signaling and 
withdrawal-induced craving and other symptoms at early as 
well as later stages of nicotine deprivation, elucidating the 
mechanistic processes of nicotine withdrawal.

Limitations of the Study, Other Considerations, and 
Conclusions
A few limitations should be considered. First, our findings 
need to be considered as preliminary and verified in a larger 
sample as well as investigated further for sex differences. 
In particular, men relative to women showed significantly 
less difference in CO level between abstinence and satiety, 
suggesting that some male participants may not be truly ab-
stinent overnight. On the other hand, we wish to empha-
size that, despite the small sample size, the imaging findings 
were evaluated at a corrected threshold and would help 
future work in power analyses and formulation of spe-
cific hypotheses on the volumetric correlates of nicotine 
withdrawal. Second, we only assessed impulsivity as a per-
sonality trait along with the first MR scan. Although impul-
sivity is typically considered a stable trait, researchers may 
investigate how GMV changes in abstinence would asso-
ciate with impulsivity via laboratory behavioral paradigms. 
Third, hippocampal volume measures are influenced by 
tissue water levels.58 We cannot rule out the possibility that 
the volumetric changes during acute nicotine abstinence 
may reflect dehydration-induced changes in water signals. 
Previous studies demonstrated significant GMV reduction 
in association with dehydration in the caudate nucleus and 

cerebellum.59 Thus, ensuring adequate fluid intake within 
24 h before scanning and controlling the use of alcohol or 
medications that may affect brain morphometry should be 
noted for future work.60,61 In addition, we need to acknowl-
edge the broader possibility that the structural alterations 
could be related to transient changes in blood flow or other 
physiological signals.61 Finally, volumetric brain changes 
owing to sleep deprivation reverted after recovery sleep.23 It 
would be of great interest to explore the recovery effects on 
GMVs in smokers.

To conclude, the current study reports the effects of over-
night abstinence on regional volumetrics and changes in 
functional connectivity of the SII that may dispose smokers 
to impulsive behaviors and aggravate the urge to smoke. A 
better understanding of the underlying mechanisms may help 
in elucidating the etiological processes of nicotine addiction 
and in formulating new treatments for smoking cessation.
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