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ABSTRACT

Objective: Patients with bipolar disorder (BD) have a high prevalence of smoking.
Smoking status may interact with disease-related brain functional abnormalities and jointly
influence resting-state brain activity. This study aims to investigate the independent and
interactive effects of BD diagnosis and smoking status on the dynamic instability of
regional brain activity. Based on resting-state functional magnetic resonance imaging
(fMRI) data, dynamic amplitude of low-frequency fluctuation (dALFF), dynamic fractional
amplitude of low-frequency fluctuation (dfALFF), and dynamic regional homogeneity
(dReHo) were integrated to evaluate fluctuations in regional brain activity. Furthermore,
associations between abnormal brain regions, clinical symptoms, and daily cigarette
consumption were analyzed.

Methods: From July 2022 to November 2025, a total of 113 participants were recruited at
the Second Xiangya Hospital of Central South University, including 25 smoking patients
with BD (BDsm group), 33 non-smoking patients with BD (BDnsm group), 23 smoking
healthy controls (HCsm group), and 32 non-smoking healthy controls (HCnsm group). The
BDsm and BDnsm groups were combined as the BD group, while the HCsm and HCnsm
groups were combined as the healthy control (HC) group. Resting-state fMRI data were
collected and preprocessed, followed by calculation of dALFF, dfALFF, and dReHo using a
sliding-window approach. The 3 dynamic indices were standardized and subjected to
principal component analysis, with the first principal component extracted as a composite
measure of dynamic regional brain activity. Whole-brain two-way analysis of covariance
(ANCOVA) was performed to examine the interaction effects and main effects of BD
diagnosis and smoking status, with age, sex, years of education, and dataset source
included as covariates. Brain regions showing significant effects were further analyzed
using post hoc comparisons and Pearson correlation analyses.

Results: Whole-brain analysis revealed a significant interaction effect between BD
diagnosis and smoking status in the right thalamus. Post hoc analyses showed that dynamic
activity instability in the right thalamus was significantly higher in the BDsm group than in
the HCsm group (=3.955, P<0.001) and the BDnsm group (=5.987, P<0.001). The
BDnsm group exhibited lower right thalamic dynamic activity instability than the HCnsm
group (=-6.681, P<0.001), and the HCsm group showed lower instability than the HCnsm
group (=-4.530, P<0.001). After controlling for dataset source, the interaction effect
remained significant, and the results were replicated only in the male subgroup. A main
effect of BD diagnosis was identified in the ventromedial prefrontal cortex and left
dorsolateral prefrontal cortex. Post hoc analyses showed that dynamic activity instability in
the ventromedial prefrontal cortex and left dorsolateral prefrontal cortex was significantly
higher in the BDsm group than in the HCsm group (ventromedial prefrontal cortex: =
5.046, P<0.001; left dorsolateral prefrontal cortex: =3.152, P=0.003). Similarly, the
BDnsm group exhibited significantly higher dynamic activity instability in these regions
than the HCnsm group (ventromedial prefrontal cortex: =3.440, P=0.001; left dorsolateral
prefrontal cortex: =4.684, P<0.001). No significant main effect of smoking status was
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observed. Among all smokers, daily cigarette consumption was positively correlated with
dynamic activity instability in the right thalamus (r=0.335, P=0.026). Among smoking
patients with BD, dynamic activity instability in the left dorsolateral prefrontal cortex was
positively correlated with anxiety symptoms (+=0.451, P=0.031).

Conclusion: BD diagnosis and smoking status exert interactive effects on dynamic activity
in the right thalamus. Under non-smoking conditions, patients with BD exhibited reduced
thalamic dynamic activity instability; however, this BD-associated reduction was
attenuated among smokers and showed an association with smoking exposure intensity.
Patients with BD demonstrated increased dynamic activity instability in prefrontal regions,

suggesting abnormalities in brain regions involved in emotional regulation and cognitive

control.
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Figure 1 Flowchart of this study

rs-fMRI: Resting-state functional magnetic resonance imaging; dALFF: Dynamic amplitude of low-frequency fluctuation; dfALFF:

Dynamic fractional amplitude of low-frequency fluctuation; dReHo: Dynamic regional homogeneity; PC: Principal component.
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ZH 45 H WA 3 T HCsm 2 [(15.26212.37) 2 vs
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HCsm 41 4E 44 7 (23.9148.24) % , Z ¥ HEMR K
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Table 1 General clinical data of BD patients

(12.48+3.47) 4, & H W M 2 4 (9.24+4.73) X 5
HCnsm 41 4F #% 0 (25.2145.56) % , ZH HAER N
(13.24+3.68)4F,

4 AR I Z BB AR B Jy T 22 RG24
SL(4y 51k F=0.479, P=0.697; F=0.236, P=0.871),
{1 A A7 A (3 25 5 (=17.335, P=0.001), "
HAZE T3P e v

Characteristic BDsm group (n=23) BDnsm group (n=30) 1/t P
Age/Years 26.00+6.02 24.30+6.68 0.958 0.343
Male/female 15/15 4.430 0.035
Education/Years 13.00+2.94 13.03+3.12 -0.039 0.969
Age at onset/Years 21.3245.13 21.69+5.43 -0.248 0.805
Duration of illness/Months 67.05+76.49 42.85+49.69 1.382 0.173
Cigarettes smoked per day 15.26+12.37 — — —
Medication status (drug-naive/on medication) 9/21 2.137 0.144
Duration of medication treatment/Months 8.35+18.29 9.69+19.76 -0.250 0.804
Medication use
Lithium 13 0.000 0.992
Antiepileptic mood stabilizers 11 0.034 0.854
Antipsychotics 14 0.007 0.933
Antidepressants 12 0.151 0.698
Bipolar mood state 1.004 0.800
Depressive episode 12 — —
Manic/hypomanic episode 5 — —
Mixed episode 3 — —
Euthymic state 10 — —
Clinical symptom scale scores
HAMD total score 10.74+9.65 14.34+8.04 -1.470 0.148
HAMA total score 8.48+7.41 11.28+8.40 -1.256 0.215
YMRS total score 6.83+10.13 8.69+9.95 0.666 0.509
BPRS total score 29.454+8.19 33.45+8.86 -1.646 0.102

Continuous variables are presented as mean+standard deviation and are compared using independent-samples ¢ tests. Categorical

variables are presented as frequencies (percentages) and are compared using y* tests. All tests are 2-sided, and P<0.05 is considered

statistically significant. BD: Bipolar disorder; BDsm: Smoking patients with BD; BDnsm: Non-smoking patients with BD; HAMD:
Hamilton Depression Rating Scale; HAMA : Hamilton Anxiety Rating Scale; YMRS: Young Mania Rating Scale; BPRS: Brief

Psychiatric Rating Scale.
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Figure 2 Interaction effects between bipolar disorder and smoking

A significant interaction effect is shown in the thalamus using 2-way ANCOVA. The statistical significance level is set

at P,

voxel

HC: Healthy control.

<0.001 and cluster size >23 voxels (AlphaSim corrected). Bonferroni correction with 4 planned comparisons.

x2 ZFWRA. BD XEER R EMN IR BIZE S A TRRE MR X

Table 2 Brain regions with dynamic activity instability due to main effects of smoking, BD, or their interaction

Brain regions CM LR CM PA CM SI k BtDsm A BDns;l
Interaction between BD and smoking

R thalamus 18 3 38 5.987 <0.001
Main effects of BD

Ventromedial prefrontal cortex -6 -15 107 — —

L dorsolateral prefrontal cortex -33 39 23 — —

Main effects of smoking

Not available
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28
BDsm vs HCsm BDnsm vs HCnsm HCsm vs HCnsm
Brain regions
t P t P t P
Interaction between BD and smoking
R thalamus 3.955 <0.001 -6.681 <0.001 -4.530 <0.001
Main effects of BD
Ventromedial prefrontal cortex 5.046 <0.001 3.440 0.001 — —
L dorsolateral prefrontal cortex 3.152 0.003 4.684 <0.001 — —

Main effects of smoking

Not available

Cluster centroid coordinates are reported in MNI space (mm). Whole-brain effects are examined using a 2x2 analysis of
covariance (ANCOVA), with diagnosis (BD/HC), smoking status (smoker/non-smoker), and their interaction as fixed effects; age,
sex, years of education, and dataset source are included as covariates. The whole-brain threshold is set at voxel-wise P<0.001 with a
cluster extent of >23 voxels, corrected using AlphaSim. Post hoc pairwise comparisons of extracted regional values are conducted
using independent-samples ¢ tests, with Bonferroni-adjusted P values. All tests are 2-sided. &2 Number of voxels in cluster; CM:
Center of mass of cluster; LR: Left-right; PA: Posterior-anterior; SI: Superior-inferior; HCsm: Smoking healthy control; HCnsm:

Non-smoking healthy control.

®3 ZWMAE. BDEHMKEEZBERZMBME(NESEERTEES)

Table 3 Brain areas affected by the main effects of smoking, BD, or their interaction (a repeated analysis conducted on

males)
BDsm vs BDnsm
Brain regions CM LR CM PA CM SI k ) -
Interaction between BD and smoking
R thalamus 18 -24 0 24 3.992 <0.001
Main effects of BD
Ventromedial prefrontal cortex -6 36 -15 40 — —
Main eftects of smoking
Not available
BDsm vs HCsm BDnsm vs HCnsm HCsm vs HCnsm
Brain regions
t P t P t P
Interaction between BD and smoking
R thalamus 3.036 0.004 -5.943 <0.001 -4.793 <0.001
Main effects of BD
Ventromedial prefrontal cortex 4.673 <0.001 3.819 <0.001 — —

Main effects of smoking

Not available

Cluster centroid coordinates are reported in MNI space (mm). Whole-brain effects are examined using a 2x2 analysis of
covariance (ANCOVA), with diagnosis (BD/HC), smoking status (smoker/non-smoker), and their interaction as fixed effects; age,
sex, years of education, and dataset source are included as covariates. The whole-brain threshold is set at voxel-wise P<0.001 with a
cluster extent of =23 voxels, corrected using AlphaSim. Post hoc pairwise comparisons of extracted regional values are conducted

using independent-samples ¢ tests, with Bonferroni-adjusted P values. All tests are 2-sided.
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Table 4 Correlation analysis between thalamic dynamic

activity and clinical symptoms in patients with BD

Statistical
indicators BD group (n=53) BDsm group (n=23)
HAMD r -0.047 0.159

P 0.740 0.468
HAMA r 0.008 0.133

P 0.953 0.545
YMRS r -0.126 -0.210

P 0.372 0.336
BPRS r -0.073 0.058

P 0.613 0.797

Values are presented as Pearson correlation coefficients (r)

and 2-sided P values. Correlations between dynamic activity
instability in the right thalamus and clinical symptom scale
scores are examined separately in all patients with BD (n=53)
and smoking patients with BD (n=23). P<0.05 is considered

statistically significant.

2.3 FEXA

BD 2 Wi i =800 (813 2 2) B IR P9 AN i
I F7 J2 (ventromedial prefrontal cortex, vmPFC)[MNI:
(-6, 33, -15), FEKR/D=10715Z M SMUHETH K
)2 (dorsolateral prefrontal cortex, dIPFC)[MNI: (-33,
45, 39), EK/N=23], FHEHH(KE3. £2)HIR,
BDsm 41 ) vmPFC FI 20 dIPFC B S 2815 sh Ak e 1k
11 5 3% % T HCsm 41 (vmPFC:  £=5.046, P<0.001; %
] dIPFC: ¢=3.152, P=0.003), BDnsm 4 ) vmPFC
FZE AN dIPFC 19 3l 285 16 3 A Fe o HEIR 34 8 % & T
HCnsm £ (vmPFC: 1=3.440, P=0.001; 7l dIPFC:
=4.684, P<0.001). 441 vmPFC A= dIPFC 375
5 BB DL 1(https://doi.org/10.57760/sciencedb.
xbyxb. 0005x). A MLELEN AR A =R o

XTUR A BD £ AT AHOC A & B, 22 dIPFC
1) B S AT E P 5 AR IERE IR 5 IE A DG (=0.451,
P=0.031), 7E41A&BD & TR I EHOEPEGER S),

F-value
42
@ Ventromedial prefrontal cortex L dorsolateral prefrontal cortex
28 P<0.001 P=0.001 P=0.003 P<0.001 = BD
L dorsolateral - 0.6 = 0 =HC
prefrontal cortex g ’ 1 . g 0.3 l
| S oath i ] | Sz 0ol i1 -
Ventromedial 14 2% © i A I i g VArA . A ;
prefrontal cortex L5 021y | §° l 25 01 ( ) ! ) I :
c%g | Y gg \,) : I \Y ' I
0 -02 = — -0.1 ” —
Smoking ~ Non-smoking Smoking ~ Non-smoking

3 BDBIERMN

Figure 3 Main effects of BD

Significant main effects of disease in the vmPFC and dIPFC. The statistical significance level is set at P, ,<0.001 and cluster size >

voxel

23 voxels (AlphaSim corrected). Bonferroni correction with 2 planned comparisons. vmPFC: Ventromedial prefrontal cortex; dIPFC:

Dorsolateral prefrontal cortex.

&5 BDE&E vmPFC 1 dIPFC Zh7SE SN 5 R RER T X 15 17

Table 5 Correlation analysis between dynamic activity in the vmPFC and dIPFC and clinical symptoms in patients with BD

Statistical indicators

BD group (n=53)

BDsm group (n=23)

vmPFC L dIPFC vmPFC L dIPFC
HAMD r -0.120 0.128 0.150 0.268
P 0.396 0.365 0.494 0.216
HAMA r -0.179 0.192 0.152 0.451
P 0.204 0.172 0.489 0.031
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R5(4)

BD group (1n=53)

BDsm group (n=23)

Statistical indicators

vmPFC L dIPFC vmPFC L dIPFC

YMRS r -0.131 0.142 -0.341 -0.006
P 0.355 0.314 0.111 0.980

BPRS r -0.223 0.143 -0.229 0.190
P 0.115 0.317 0.304 0.397

Values are presented as Pearson correlation coefficients (r) and 2-sided P values. Correlations of dynamic activity instability in the

vmPFC and L dIPFC with clinical symptom scale scores are examined separately in all patients with BD (#=53) and smoking
patients with BD (n=23). P<0.05 is considered statistically significant. vmPFC: Ventromedial prefrontal cortex; L dIPFC: Left

dorsolateral prefrontal cortex.

3T g
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