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Early abstinence in severe alcohol use disorder: MCP-1 decline,
choroid plexus shrinkage, and region-specific grey-matter
volume changes
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In this longitudinal study, 37 patients with severe alcohol use disorder (SAUD) were tested at the beginning (T1) and end (T2) of
supervised detoxification to explore the evolution of and relationship between systemic inflammation, volumetric changes for brain
grey matter (GM) and choroid plexus (ChP), and clinical symptoms. At T1, patients exhibited high levels of anxiety, depression, and
craving, and had elevated plasmatic pro-inflammatory cytokines, indicating low-grade systemic inflammation. Monocyte
chemoattractant protein-1 (CCL2) (MCP-1) levels correlated positively with ChP volume and severity of withdrawal symptoms, while
macrophage inflammatory protein-1 beta (CCL4) (MIP-1β) also correlated with ChP volume, together suggesting an acute immune
response at T1, and underscoring the ChP as a potential neuroimmune biomarker to be further evaluated in future studies. During
three weeks’ abstinence, Interleukin-8 (IL-8), MIP-1β, and MCP-1 levels decreased, although MIP-1β did not return to control levels,
and tumor necrosis factor-alpha (TNF-α) showed no significant reduction. Volumetric MRI analyses suggested two concurrent
trajectories during detoxification. First, an overall “recovery-driven” pattern of rapidly increasing GM volume in widespread
forebrain regions with parallel declines in ventricle size and craving. Second, GM in limbic cortical areas, temporal and inferior
frontal cortex showed no significant volumetric gain. However, these regional volumes correlated significantly with declining MCP-
1, indicative of a “deflation”, potentially related to declining microglial activation. These findings highlight the role of inflammatory
processes in shaping early neuroplastic changes during detoxification and point to a central role of MCP-1 in inflammation-driven
morphometric changes.
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INTRODUCTION
Severe alcohol use disorder (SAUD) is a major cause of
preventable disability and mortality. Beyond its effects on brain
structure and neurotransmission [1], increasing evidence impli-
cates neuro-inflammation in alcohol-related brain damage [2].
In SAUD, inflammation encompasses systemic immune activa-

tion (e.g., elevated tumor necrosis factor-alpha -TNF-α-, IL-6 due to
gut-derived endotoxins), neuroinflammation (glial activation in
the central nervous system (CNS)), and microgliosis (a more
specific microglial response involving morphological and func-
tional shifts). These processes, often co-occurring, may interact
through gut-brain and blood-brain barrier (BBB) dysfunction to
exacerbate CNS injury [2].
Animal studies show that chronic alcohol exposure activates

microglia, upregulates TLRs, and increases proinflammatory
cytokines (e.g., IL-1β, TNF-α, MCP-1) in the hippocampus and
prefrontal cortex, contributing to structural and cognitive impair-
ments [3, 4]. Human post-mortem studies corroborate these

findings, with increased microglial markers and proinflammatory
signaling in the cingulate cortex, amygdala, ventral tegmental
area, and orbitofrontal cortex of individuals with SAUD [5–7].
Notably, Crews et al. [5] identified a phagocytic-like microglial
phenotype in the orbitofrontal cortex (upregulated Iba1, CD11b,
CCR2, and reduced Tmem119, SOCS3) and showed that microglial
blockade in alcohol-exposed mice blunted astrocyte reactivity and
oxidative stress, evidence that neuroimmune activation drives
alcohol-related neurotoxicity. As this study is currently available as
a preprint, its findings should be interpreted with appropriate
caution until peer review confirms their robustness.
Despite this compelling evidence from preclinical and post-

mortem research, neuroimaging findings remain inconsistent.
Studies using positron emission tomography (PET) with the
microglial translocator protein (TSPO) radioligand N-(2-[11C]
methoxybenzyl)-2-phenoxy-5-pyridinamine ([11C]PBR28) report
inconsistent results, with lower or unchanged TSPO binding in
detoxified SAUD patients [8–10]. This may reflect TSPO
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downregulation or microglial loss/dysfunction (“burn-out”) after
chronic activation, leading to impaired neuroprotection and
cognitive deficits [8]. Conversely, acute alcohol exposure tran-
siently increases TSPO binding in humans [11] and non-human
primates [12], suggesting that neuroimmune responses to alcohol
may be dynamic and time-sensitive and difficult to capture by
single time-point scans. These findings underscore the need for
longitudinal, multimodal designs that combine neuroimaging with
peripheral biomarkers to track immune dynamics across intoxica-
tion and recovery [13].
To address this, we conducted a longitudinal, test-retest study

in SAUD patients over three weeks of abstinence, designed to
track within-subject changes in peripheral inflammation (via
circulating cytokines), brain structure (via magnetic resonance
imaging (MRI)), and clinical symptoms (depression, anxiety,
craving, and alcohol withdrawal severity). This early abstinence
window is characterized by rapid clinical improvement [14, 15]
and partial normalization of peripheral cytokines [16], yet brain
inflammatory processes in early abstinence are still poorly
described [17], in part due to limitations in study design or
timing. Recent MRI studies have shown evolving GM and white
matter (WM) changes within the first weeks of abstinence [18, 19],
changes that resemble microglial activation patterns observed in
animal models [20]. However, direct evidence linking these
changes to systemic inflammation or clinical outcomes in SAUD
remains scarce.
We also focused on the ChP, increasingly recognized as key

neuroimmune interfaces at the blood-cerebrospinal fluid (CSF)
barrier [21]. The ChP act as immune sensors and modulators, and
show structural and functional changes in other inflammatory
disorders such as multiple sclerosis, Alzheimer, schizophrenia and
major depression [21–24]. Despite their central immunological
role, they remain unexplored in the context of SAUD.
We first expected to observe first signs of structural recovery in

the brain over the three weeks detoxification, particularly in GM.
Second, we hypothesized that there would be a partial resolution
of systemic inflammation, reflected by a decrease in circulating
pro-inflammatory cytokines. Since our analyses was limited to
markers that would be systematically above the lower limit of
detection in all participants, we did not make specific predictions
about certain molecules. Third, we hypothesized that cerebral and
immune changes would occur simultaneously over time, i.e., that
the reduction in peripheral inflammation would correlate with
volumetric normalization, particularly in the ChP, given their
emerging role in neuroimmune signaling. Finally, we hypothe-
sized that these biological changes would be related to clinical
variables. However, due to the exploratory nature of the study, we
did not make specific regional predictions, but rather adopted a
global, whole-brain based approach.
To maximize interpretability, we tightly controlled the timing of

MRI and cytokine assessments relative to last alcohol and food
intake. This precise synchronization enabled us to better capture
short-term neuroimmune dynamics and their potential role in
early recovery from alcohol dependence.

METHODS
Participants
We recruited SAUD patients admitted to Saint-Luc Academic Hospital
(Brussels, Belgium) for a three-week detoxification program from
2015–2019. Diagnosis was established by psychiatric interview (DSM-5),
and patients had been drinking until the day of admission or the day
before.
Exclusion criteria included chronic inflammatory bowel disease, rheu-

matoid arthritis or other chronic inflammatory conditions, cancer, obesity
(Body Mass Index (BMI) > 30 kg/m²), diabetes, and bariatric surgery.
Patients were also excluded if they had taken antibiotics, probiotics, or
prebiotics within two months, or anti-inflammatory drugs (NSAIDs/
glucocorticoids) within one month before inclusion. Additional exclusions

were cirrhosis, significant liver fibrosis ( ≥ F2 on Fibroscan), any other Axis I
DSM-5 disorder or major cognitive impairment (i.e., a score of ≤25 on the
Mini-Mental State Examination (MMSE); [25]), use of drugs other than
alcohol/nicotine, or contraindications to MRI (pregnancy, pacemaker/metal
implants, claustrophobia). All patients received diazepam (40–60mg/day)
at the start of detoxification, with progressive tapering.
A control group matched for age and sex was available for comparison

of inflammatory markers and clinical symptoms. It was recruited via social-
media advertisements. Volunteers received an information sheet and a
prescreening questionnaire (demographics, alcohol use including Alcohol
Use Disorders Identification Test (AUDIT) [26], brief medical/MRI-safety
check). Inclusion criteria were age 18–65, low-risk alcohol use, AUDIT ≤ 7.
Exclusion criteria were the same as for patients.
For patients, prior to consent, research staff assessed the capacity to

understand study information, and their ability to express a choice
voluntarily. Patients were informed that participation was voluntary, that
they could withdraw at any time without consequence or impact on their
treatment.

Procedure
Upon admission on Day 1, patients consenting to participate underwent
an MRI scan (strictly between 6 and 8 h after admission for all patients) and
received questionnaires to evaluate their clinical symptoms. Overnight
fasting blood samples were taken from all participants on Day 2 between
8:00 and 8:30 AM. These tests together constituted the evaluation at time 1
(T1). At the end of the detoxification program (Day 19), patients were re-
evaluated by MRI scanning, questionnaires for clinical symptoms, and
blood sample, together constituting T2 (Fig. 1).
Given that early detoxification is a vulnerable period, special precautions

were taken to ensure participant safety during MRI sessions. A trained
medical technician and a member of the research team accompanied each
patient to the scan, and participants were monitored throughout the
session. A panic button was available, and patients were reminded that
they could stop the scan at any time.

Clinical symptoms questionnaires
Symptoms of depression, anxiety, and alcohol craving were measured
using three self-report questionnaires: the Beck Depression Inventory (BDI)
[27], the State-Trait Anxiety Inventory (STAI Form YA) [28], and the
Obsessive-Compulsive Drinking Scale (OCDS) [29]. The BDI, used in its
French BDI-II version [30] comprises 21 items (maximum score 63; cutoffs:
0–11 minimal, 12–19 mild, 20–27 moderate, 28–63 severe) assessing
depressive symptoms over the previous two weeks. The STAI Form YA’s
state subscale, which contains 20 items scoring current state anxiety
(range 20–80; 20–39 low, 40–59 moderate, 60–80 high), was used in its
validated French version [31]. The OCDS (14 items) captures cognitive
aspects of craving in the preceding seven days; we employed a French
translation [32], omitting items on current alcohol consumption, since
participants were under supervised detoxification.
Withdrawal intensity scores were measured by nurses using the

Cushman Scale [33], which evaluates heart rate, systolic blood pressure,
respiration, tremor, perspiration, agitation, and sensory disturbances (each
scored 0–3, total possible 18). These ratings were conducted three times
on Day 2 at six-hour intervals, with averaging to give the overall
withdrawal severity. Pre-hospitalization alcohol consumption (grams/day)
over the previous 30 days was quantified using the timeline follow-back
method [34].

Biological sample collection
Blood was collected in (ethylenediaminetetraacetic acid) EDTA tubes and
centrifuged at 1000 g for 15min at 4 °C. Plasma was stored at −80 °C until
the time of analysis. Plasma levels of four inflammatory cytokines
(Interleukin-8 (IL-8), monocyte chemoattractant protein-1 (CCL2) (MCP-1),
macrophage inflammatory protein-1 beta (CCL4) (MIP-1β), and tumor
necrosis factor-alpha (TNF-α)) were measured by a multiplex cytokine assay
(Human Bio-Plex; Bio-Rad Laboratories Inc., Hercules, CA, USA) according to
instructions from the manufacturer. These four cytokines were not selected
a priori, but were the only analytes from the broader panel that
consistently exceeded the lower limit of detection across participants.
The choice thus reflects assay constraints rather than theory-driven
selection. The detection thresholds were as follows: IL-8 (0.4 pg/mL), MCP-1
(1.9 pg/mL), MIP-1β (3.0 pg/mL), and TNF-α (0.7 pg/mL). Plasma levels of
other kit analytes fell below their respective detection levels.
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MRI acquisition
Three-dimensional (3D) anatomical images with heavy T1-weighting were
obtained using a 3 T Achieva scanner from Philips Healthcare, employing a
32-channel phased array head coil. Patients were instructed to stay still and
were securely positioned in the head-holder coil, with the provision of soft
earplugs for comfort. Motion was mitigated by stabilising the head and re-
acquiring scans when motion was observed. The 3D sequence involved a
gradient echo sequence with an inversion prepulse (Turbo Field Echo)
captured in the sagittal plane, with parameters as follows: TR/TE/flip
angle= 9.1 ms/4.6 ms/8°, 150 slices, slice thickness= 1mm,
FOV= 220 × 197mm², acquisition matrix= 296 × 247 (refined to
320*320), in-plane resolution= 0.81 × 0.95mm² (acquisition) refined to
0.75 × 0.75 mm2, and a SENSE factor= 1.5 (for parallel imaging).
The whole brain was analyzed and volumetrically segmented in the

FreeSurfer image analysis suite (version 6) (http://
surfer.nmr.mgh.harvard.edu/), using a series of automated steps. This final
volumetric segmentation amalgamates data derived from a universal
probabilistic atlas and subject-specific measured values, allowing for
detailed volumetric analysis. The reference atlas derives from a training set
of 40 healthy young subjects, whose brain structures were manually
labeled [35–37].
T1-weighted images underwent rigorous visual quality control. Scans

showing visible motion artefacts or failed segmentation were excluded,
minor skull-stripping inaccuracies were corrected before volumetry.

Statistical analyses
We enrolled all eligible SAUD patients during the recruitment period
(n= 37), a sample size comparable to prior studies (n ≈ 25–40) that
detected significant MRI and cytokine changes in early abstinence
[16, 38–40]. Between-group (T1 vs. controls) comparisons of demographics,
clinical scores and cytokines used two-sided t-tests (Levene’s/Welch’s or
nonparametric as needed), and within-patient T1-T2 changes employed
paired t- or Wilcoxon tests. Change was defined as a difference score
(T2 minus T1). This matches our within-subject test-retest design and
avoids collinearity that can arise when controlling baseline in small
samples [41]. Correlations (Pearson or Spearman, according to normality)
were analyzed. For cytokines, distributions were skewed, accordingly, we
reported medians and interquartile ranges [IQR] and used non-parametric
tests (Wilcoxon/Spearman) rather than log-transformations. Results were
corrected at 5% false discovery rate (FDR), with uncorrected p-values
reported to highlight trends for future, larger cohorts. MRI volumes were
investigated atlas-wide using FreeSurfer’s ASEG (cortical and WM macro-
structures, subcortical nuclei, ventricles and ChP, corpus callosum) and
Desikan-Killiany lobar parcellations (left/right combined). FDR was applied
within each anatomical group, Cohen’s d quantified effect sizes, and for
nonsignificant effects we calculated the N required for 80% power. These

values are provided in the Supplementary Material. Because the MRI
analyses were within-subject, participants served as their own controls and
therefore neither age nor sex was included as a covariate in the primary
MRI models. Smoking was highly homogeneous (most patients were daily
smokers at both time points) and was not modelled. In exploratory
analyses, we tested whether sex, age, or baseline daily alcohol were
associated with change scores (T2-T1) using two-sample t-tests (Mann-
Whitney U when non-normal) and Pearson/Spearman correlations, as
appropriate. All analyses were performed in R 4.2.2.

RESULTS
Participants
The final sample of SAUD patients were 21 males and 16 females
with a mean age of 46 years. Most patients (35/37) were smokers.
The median alcohol consumption was 101 units (IQR= 106) of
alcohol (10 g) per week. Women (M= 84, SD= 48) drank less
alcohol than men (M= 143, SD= 95) before entering detoxifica-
tion (t(31)= 2.116, p= 0.042). The control group included ten
women and seven men with a mean age of 43 years, only one of
whom was a smoker. The two groups did not differ in age
(p= 0.450), or sex (χ²= 0.5945, p= 0.440). However, the control
group differed significantly from the SAUD group (at T1) in terms
of lower scores for depression (Wilcoxon W= 451, p < 0.001),
anxiety (Wilcoxon W= 410, p= 0.003), and craving measures
(Wilcoxon W= 515, p < 0.001). See Table 1.

Clinical data and evolution with alcohol cessation
In the SAUD group, all clinical symptoms decreased from T1 to T2.
Depression scores transitioned from moderate to minimal levels
(Wilcoxon W= 411, z=−4.19, p < 0.001). State anxiety scores
decreased from moderate to low levels (Wilcoxon W= 343,
z=−2.27, p= 0.023). Total craving score also showed a statisti-
cally significant reduction (t(28)= 5.921, p < 0.001). See Table 1.

Inflammation levels and evolution with alcohol cessation
We first examined whether SAUD patients differed from controls
at the two different time points (T1 and T2) with respect to the
four plasma inflammation markers IL-8, MCP-1, MIP-1β, and TNF-α.
The T1 and T2 levels in patients were both compared to the single
measurements in the control group.
All four cytokines were significantly higher at T1 (MCP-1:

z= 0.014, p= 0.014, FDR-corrected p= 0.014, TNF-α: t(47)= 2.77,

Fig. 1 Study protocol for alcohol detoxification and assessment. Timeline illustrating the study design across the three weeks of alcohol
detoxification: T1 (Day 1/Day 2) at the start and T2 (Day 19) at discharge. Clinical evaluations, MRI imaging, and blood samples were collected
at both time points to monitor changes in systemic inflammation, brain morphometry, and clinical symptoms.
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p= 0.008, FDR-corrected p= 0.014, MIP-1β: z= 4.45, p < 0.001,
FDR-corrected p < 0.001, IL-8: z= 2.43, p= 0.014, FDR-corrected
p= 0.014) in SAUD than control subjects. At T2, TNF-α (z= 2.75,
p= 0.006, FDR-corrected p= 0.012), and MIP-1β (t(49)= 4.25,
p < 0.001, FDR-corrected p < 0.001) levels remained higher in
patients compared to control data.
We next examined the evolution of each cytokine over time in

SAUD patients. There was a statistically significant decrease in the
plasma levels of MCP-1 (z= 2.04, p= 0.041, FDR-corrected
p= 0.056), MIP-1β (z= 2.51, p= 0.012, FDR-corrected p= 0.036),
and IL-8 (z=−0.29, p= 0.018, FDR-corrected p= 0.036), between
T1 and T2. No such trend was observed for TNF-α, as its levels
increased in half of the patients (N= 15) and decreased in the
other half (N= 16). Given the high variability of MCP-1 levels in
the population, we calculated the 95% confidence interval for
their median difference 3.87–36.80 pg/ml. Notably, the lower end
of this interval exceeds zero, thus reinforcing our finding of a
significant reduction in MCP-1 levels between T1 and T2. See Fig.
2.

Early changes in brain volume with alcohol cessation
We observed a significant rise from T1 to T2 in GM volume in both
cortical (t(36)= 2.651, p= 0.012, FDR p= 0.020) and subcortical

(t(36)= 3.343, p= 0.002, FDR p= 0.007) components, as well as in
cerebellar GM (t(36)= 3.245, p= 0.003, FDR p= 0.007). WM
volumes did not change significantly, except for an increase in
cerebellar WM (t(36)= 2.399, p= 0.022, FDR p= 0.027).
We also noted significant volumetric decreases for the ChP

(t(35)= 2.097, p= 0.043, FDR p= 0.048) and the third
(t(35)= 2.093, p =0.044, FDR p= 0.048), fourth (t(35)= 3.674, p
<0.001), and lateral ventricles (t(35)= 2.049, p =0.048, FDR
p= 0.048). No significant changes were observed in any of the
corpus callosum subdivisions.
Examining specific subcortical Region of interest (ROIs) revealed

volumetric increases in the thalamus (t(36)= 2.342, p= 0.025) and
ventral diencephalon (t(36)= 2.071, p= 0.046), though neither
survived FDR correction (Supplementary Table 1).
Using the Desikan-Killiany “aparc” atlas to analyze cortical GM

first by lobe, we found significant global volumetric increases for
the frontal (t(36)= 2.414, p= 0.021, FDR p= 0.043), parietal
(t(36)= 2.321, p= 0.026, FDR p= 0.043), and occipital lobes
(t(36)= 2.928, p= 0.006, FDR p= 0.030). There were subregional
volumetric increases surviving FDR correction for multiple
comparisons in the frontal pole (t(36)= 2.829, p= 0.008, FDR
p= 0.044), caudal middle frontal gyrus (t(36)= 2.920, p= 0.006,
FDR p= 0.044), pericalcarine cortex (t(36)= 2.581, p= 0.014, FDR

Table 1. Demographic and clinical data of the patients (SAUD, N= 37) (T1 and T2) and the controls (CTRL, N= 17).

Variable Group Mean (SD) Median(IQR) Min-Max P value

Age (Years) SAUD 46.11 ( ± 11.04) 46 (15) 29–71 p= 0.450

CTRL 43.12 ( ± 8.31) 41 (15) 30–55

Sex SAUD 21 men (56.8%) 16 women (43.2%) - p= 0.440

CTRL 7 men (41.2%) 10 women (58.8%) -

Smokers SAUD 2 non-smokers (5.4%) 35 smokers (94.6%) - p < 0.001

CTRL 16 non-smokers (94.1%) 1 smoker (5.9%) -

Alcohol units/
week*

SAUD 118.44 ( ± 82.80) 100.8 (105.9) 24–350 -

Withdrawal
symptoms
(Cushman)

SAUD 7.03 ( ± 5.29) 6 (6.5) 0–21 -

Depressive
symptoms
(BDI)

T1 SAUD 24.13 ( ± 10.99) 24.5 (15.75) 3–48 p < 0.001

CTRL 8.18 ( ± 7.69) 5 (11) 1–25

T2 SAUD 14.09 ( ± 11.96) 10 (15) 0–43 -

Anxiety
symptoms
(STAI)

T1 SAUD 43.88 ( ± 10.26) 44.5 (15.25) 276–2 p= 0.003

CTRL 34.18 ( ± 10.18) 33 (15) 22–58

T2 SAUD 38.70 ( ± 13.52) 38 (25) 20–64 -

Craving
(OCDS)

T1 SAUD 15.42 ( ± 6.53) 16 (7) 0–28 p < 0.001

CTRL 1.06 ( ± 1.60) 0 (2) 0–5

T2 SAUD 9.24 ( ± 6.14) 9 (8) 0–20 -
*1 unit is 10 grams of pure alcohol.
Sex and Smoker are categorical; no mean/median applies.
BDI beck depression inventory.
STAI state-trait anxiety inventory (State subscale).
OCDS obsessive-compulsive drinking scale.
A Wilcoxon test was used for BDI, STAI-State, and OCDS. For Age, a Welch’s t-test was performed.
SAUD severe alcohol use disorder group, CTRL control group.
(“-”) indicate no formal test or not applicable data.
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p= 0.018), cuneus (t(36)= 2.693, p= 0.011, FDR p= 0.018), and
lateral occipital cortex (t(36)= 2.988, p= 0.005, FDR p= 0.018).
(Supplementary Table 2).

Links between changes in the ventricles and changes in other
structures
Next, we tested whether ventricular volume reductions between
T1 and T2 correlated with significant increases observed in other
brain structures in the FreeSurfer automated subcortical segmen-
tation (ASEG) atlas (cortical GM, subcortical GM, cerebellar GM and
WM, the thalamus, the ventral diencephalon, and the ChP). To
capture overall ventricular shrinkage, we computed a composite
score summarizing volume changes across the third, fourth, and
lateral ventricles. We found statistically significant negative
correlations between changes in ventricle volume and subcortical
GM (r= -0.448, p= 0.005, FDR p= 0.018). Associations with
cerebellar GM (r= -0.419, p= 0.010, FDR p= 0.103), and cerebellar
WM (ρ=−0.364, p= 0.027, FDR p= 0.103) were also found but
without surviving FDR. Among subcortical regions, the thalamus
showed a negative correlation with ventricle volume (r= -0.642,
p < 0.001, FDR p < 0.001). In contrast, no significant correlations
were found between changes in ChP volume and ventricular
structures.

Modulatory effect of demographic variables on morphometric
changes and inflammation levels
Additional analyses explored potential demographic influences on
brain volume and cytokine changes from T1 to T2. Significant sex
effects emerged for total and GM volume increases, notably in
subcortical, cerebellar, occipital, and frontal regions (p-values
ranging from 0.015–0.048), although these did not withstand FDR
correction. Further paired t-tests revealed volume changes to be
significant only in the men. There was no significant sex-based
differences in cytokine concentrations. Additionally, neither age
nor daily alcohol consumption correlated with volumetric or
cytokine changes, and the high prevalence of smokers in the
sample (35 out of 37) precluded analysis of smoking’s impact.

Associations between brain volume changes and changes in
clinical symptoms
To investigate possible relationships between changes in clinical
symptoms and brain volume from T1 to T2, we examined overall
regions (main GM divisions) and then explored each cortical and
subcortical subregion in more detail. No significant correlations
emerged for anxiety, depression, or withdrawal severity. By
contrast, changes in craving showed a negative association with
changes in cortical GM volume (r=−0.386, uncorrected
p= 0.042, FDR > 0.05). An exploratory, uncorrected survey across
cortical regions revealed negative correlations in several frontal
regions (caudal middle frontal gyrus: r=−0.41, p= 0.028;
paracentral lobule: r=−0.40, p= 0.033; precentral region:
r=−0.39, p= 0.039), the temporal lobe (inferior temporal cortex:
r=−0.38, p= 0.046; banks of the superior temporal sulcus:
r=−0.42, p= 0.025), and the parietal lobe (inferior parietal
cortex: r=−0.39, p= 0.041; supramarginal gyrus: r=−0.47,
p= 0.011; precuneus: r=−0.52, p= 0.004). Additionally, the
volume of the posterior corpus callosum correlated negatively
with changes in craving (r=−0.494, p= 0.008). Overall, these
findings indicate that individuals who showed larger volume
increases in these specific regions also experienced greater
reductions in craving.

Associations between brain volume changes and
inflammatory changes
To examine a potential link between inflammation and ChP
volume, we tested cytokine-ChP associations at both time points
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Fig. 2 Circulating cytokine levels in SAUD patients and controls.
Plasma concentrations of cytokines in patients at T1 and T2
compared to controls. TNF-α and IL-8 values were log10-
transformed for visualization. Data are shown as individual values
with mean ± crossbar. Statistical comparisons are indicated by
brackets (*p < 0.05; **p < 0.01; ***p < 0.001; ns, not significant).
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and then explored whether changes in cytokines between T1 and
T2 predicted changes in ChP volume. Positive correlations
emerged at T1 between ChP volume and both MCP-1
(ρ= 0.364, p= 0.040, FDR p= 0.080) and MIP-1β (ρ= 0.378,
p= 0.033, FDR p= 0.080), indicating a trend toward significance
after FDR correction.
We then evaluated whether shifts in cytokines from T1 to T2

related to significant regional volume changes. In this exploration,
MCP-1 stood out, displaying a significant positive correlation with
cortical (ρ= 0.367, p= 0.040, FDR p= 0.094), subcortical
(ρ= 0.416, p= 0.019, FDR p= 0.076), and cerebellar GM volumes
(ρ= 0.355, p= 0.047, FDR p= 0.094), and a significant negative
correlation with ventricular volume (ρ=−0.460, p= 0.009, FDR
p= 0.072). Within the cortex, the temporal lobe showed the
strongest association (ρ= 0.562, p < 0.001, FDR p= 0.003): declin-
ing MCP-1 coincided with shrinking GM volumes and ventricle
enlargement (see Fig. 3).
We next made an exploratory investigation of all cortical

subregions by lobe that correlated positively with the individual
changes in MCP1 concentration. In the temporal lobe, there were

correlations in the fusiform gyrus (ρ= 0.367, p= 0.039), inferior
temporal gyrus (ρ= 0.406, p= 0.022), middle temporal gyrus
(ρ= 0.387, p= 0.028) and superior temporal gyrus (ρ= 0.427,
p= 0.015). In the frontal lobe, correlations were confined to parts
of the inferior frontal gyrus: the pars orbitalis (ρ= 0.383,
p= 0.031), the pars opercularis (ρ= 0.399, p= 0.024), and the
pars triangularis (ρ= 0.462, p= 0.008) and in the medial
orbitofrontal cortex (ρ= 0.564, p= 0.001). In addition, the
cingulate isthmus (ρ= 0.365, p= 0.040) also showed a significant
correlation. Among subcortical regions, only the volume change in
thalamus correlated with the decrease in plasma MCP -1
(ρ= 0.364, p= 0.040). Moreover, the insula also exhibited a
significant positive correlation with the MCP-1 reduction
(ρ= 0.361, p= 0.042).

Associations between inflammatory changes and changes in
clinical symptoms
We found no link between cytokine levels and changes from T1 to
T2 in depression, anxiety, or craving symptoms in the SAUD
patients, nor were there any such associations in the control

Fig. 3 Associations between changes in MCP-1 concentration from T1 to T2 and changes in brain tissue compartment volumes during
early abstinence. Scatterplots show the associations for cortical grey matter (top left), subcortical grey matter (top right), cerebellar grey
matter (bottom left), and ventricular volume (bottom right). Points represent individual participants. Spearman correlation coefficients (ρ) and
corresponding p-values are reported in each panel. The solid line represents the fitted regression line and shaded areas indicate the 95%
confidence interval.
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group. However, the SAUD patients showed a statistically
significant, positive correlation between the Cushman withdrawal
score and MCP-1 level at T1 (ρ= 0.469, uncorrected p= 0.009,
FDR-corrected p= 0.036). See Fig. 4.

DISCUSSION
Clinical changes during detoxification
Results confirmed a positive trajectory in the psychological well-
being of SAUD patients across the detoxification process, with
significant reductions in the levels of anxiety, depression and
craving in the first three weeks of supervised detoxification,
aligning with previous findings [14, 15, 42].

Cytokine dynamics and link with withdrawal symptoms
At the onset of detoxification, patients exhibited elevated
plasma levels of all four cytokines, reflecting a low-grade
systemic pro-inflammatory state [16, 40, 43]. A key new
observation is that baseline MCP-1 correlated with withdrawal
severity, and not total alcohol intake, pointing to a specific link
between inflammation and symptom intensity. MCP-1 drives
monocyte recruitment, microglial activation, and increased BBB
permeability [44] which may amplify systemic and central
immune responses during abrupt cessation. In animal models,
MCP-1 spikes by up to 1000% within 18 h of ethanol withdrawal,
coinciding with falling blood alcohol levels and supporting the
concept of a withdrawal-specific neuroimmune rebound [45, 46].
Over 19 days of supervised detoxification, MCP-1 and IL-8

declined toward control levels [40, 47], MIP-1β also decreased but
remained higher than controls, and TNF-α showed no net change
(it rose in roughly half the patients and fell in the other half), in
line with prior observations [16, 48]. Longer follow-up may be
required for stable declines in some cytokines such as TNF-α [40]
and inter-individual variability may reflect genetic or lifestyle
factors [49]. Consistent with a recent review [43], these hetero-
geneous normalization rates likely reflect rapid improvement in
gut permeability/endotoxemia during abstinence, which can
dampen chemokine release [50, 51] and persistent peripheral
drivers and longer-lived immune adaptations (e.g., smoking)
sustaining MIP-1β or TNF-α [52].

Link between cytokines and the choroid plexus
MCP-1 and MIP-1β levels positively correlated with ChP volume at
T1. The ChP, principal producer of CSF, acts as an immune
gateway, coordinating leukocyte entry and cytokine exchange
between blood and CSF [53, 54]. Its enlargement is a recognized
marker of neuroinflammation across psychiatric disorders and
likely reflects leukocyte infiltration, oedema, and cytokine-driven
epithelial proliferation/remodeling [21]. MCP-1 and MIP-1β, as key
chemokines for monocyte recruitment [55], may exert a specific
influence on ChP structure. Our data provide the first evidence of
a ChP-cytokine link in SAUD and, with the subsequent ChP
shrinkage observed at T2, these results suggest that the ChP may
act as a dynamic interface of resolution of neuroimmune
alterations during early abstinence. Of course, validation in larger,
independent cohorts is needed before establishing its role as a
biomarker.
Substance use may accelerate brain aging, as shown in

methamphetamine use disorder with older-appearing brains,
atrophy, and ChP abnormalities during early abstinence [56]. In
alcohol use disorder, we similarly observed early gray-matter
recovery, ventricular-parenchymal coupling, and ChP changes
linked to MCP-1, in line with prior reports of accelerated aging
signatures [57]. Given evidence that ChP morphology predicts
cognitive risk in aging, future work should test whether ChP
volume and brain-age indices in alcohol use disorder predict
cognition, treatment response, and relapse [58].

Structural brain changes during detoxification
No significant overall WM evolution. Apart from the cerebellum,
we found no significant WM changes across detoxification,
suggesting that substantial axon remodelling or remyelination
does not occur within two to three weeks of abstinence. This
aligns with an earlier study showing limited WM recovery at two
weeks [39], but may differ from microstructural findings that
revealed subtler early changes [18, 19, 59]. Such discrepancies
may reflect the limitations of T1-based volumetry in detecting
localized tract-specific remodeling, which might require longer
sobriety or more sensitive imaging modalities. Notably, the
cerebellum GM volume appeared to recover more rapidly,
implying distinct regional plasticity in early abstinence [39].

Fig. 4 Association between baseline MCP-1 concentration and withdrawal severity at T1. Scatterplot showing the association between
Cushman score and MCP-1 concentration at T1. Points represent individual participants. The solid line represents the fitted regression line and
shaded areas indicate the 95% confidence interval.
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Two coexisting patterns in brain changes
Our results suggest two coexisting trends in the evolution of brain
recovery during abstinence.

Recovery-dominated pattern
On the one hand, the group-level analysis revealed a general
recovery dynamic associated with alcohol cessation, marked by an
overall increase in GM volume. The increase in cerebral cortex was
driven by specific regions (middle and superior frontal areas,
associative parietal areas, and most of the occipital lobe), and the
subcortical increase was driven by the diencephalon and the
thalamus, with an additional component from the cerebellum.
Previous studies have already noted widespread GM recovery
within two weeks of abstinence [17, 38, 39, 60–62], although the
baseline intervals for those cohorts varied, which complicates a
direct comparison with present results following a more tightly
controlled timeline. The observed GM volume increases may
reflect a combination of biological mechanisms associated with
early abstinence, including tissue rehydration [63–65], improved
cerebral perfusion [66–68], dendritic regrowth [63, 69], and
possibly neurotransmitter rebalancing [70–72]. While the first
two are primarily physiological processes rather than markers of
structural restoration per se, they may contribute to macroscopic
volume changes detected via MRI. Likewise, neurotransmitter
rebalancing, although not directly volumetric, may promote
synaptic remodeling or glial support processes that contribute
to overall tissue integrity and subtle structural recovery [73].
Concurrent reductions in ventricular volume, likely a direct effect
of expansion of the surrounding GM [62, 74], indeed correlated
with the GM gains which mirrored previous findings at two [39] to
four weeks [75] post- detoxification. The GM increase also
correlated with the decrease in craving in our SAUD patients,
suggesting a possible clinical importance of these changes.
Volume increase in frontal subregions (caudal middle frontal,
paracentral lobule, and precentral gyrus) is expected to reinforce
executive inhibition and motor suppression of alcohol-seeking
behavior [1]. Temporal lobe structures (inferior temporal cortex,
superior temporal sulcus) facilitate visual association and socio-
emotional processing [76], recovery of which might dampen cue-
reactivity [1]. Gains in parietal areas (inferior parietal cortex,
supramarginal gyrus, precuneus) mediate attentional bias, multi-
sensory integration, and self-referential cognition [77], which
might also mediate aspects of recovery. Finally, expansion of the
posterior corpus callosum likely enhances inter-hemispheric
signaling, thereby improving top-down regulatory control over
reward circuits [78].
While GM increase paralleled the decline in craving, the

temporal profile of MCP-1 did not, (consistent with [43])
suggesting that clinical improvement aligns more with structural
restoration than with chemokine normalization, a dissociation
future multimodal studies should probe explicitly.

Inflammation-resolution pattern
In addition, individual-level correlations between regional brain
volume decreases and MCP-1 reduction in specific regions
(inferior frontal areas, temporal lobe structures, the insula, and
the cingulate isthmus) suggest a second mechanism, possibly
reflecting the resolution of inflammation.
In the early stages of abstinence, elevated MCP-1 may

contribute to microglial activation and BBB dysfunction. Although
fully phagocytic amoeboid microglia are not typically observed in
SAUD [79], studies report a partially activated, pro-inflammatory
microglial state whether driven by chronic alcohol exposure [5, 80]
or by a rebound effect during detoxification [81, 82]. This
phenotype is sufficient to trigger cytokine release, astrocyte
activation and increased BBB permeability [83]. MCP-1 itself has
been shown to directly increase BBB permeability [44], while
astrocytic aquaporins facilitate vasogenic oedema [84], transiently

expanding regional volume. Diffusion-MRI and histology further
show that microglial soma hypertrophy and process retraction
enlarge the extracellular space and can raise regional volume even
without cell-number changes [82, 85]. As inflammation resolves,
microglia revert to a ramified state [86] and barrier integrity is
restored, possibly producing the GM contraction found here to be
associated with the decrease in MCP-1. In our sample, this process
unfold within two weeks, consistent with the known rapid
dynamic of microglial (partial) deactivation [82, 87, 88] and the
normalization of lipopolysaccharide (LPS) and MCP-1 early in
abstinence [16]. Participants with the greatest GM deflation
showed lesser shrinkage or paradoxical enlargement of ventricles,
consistent with Monro-Kellie principle which states that as
intracranial volume is constant, the reductions in brain tissue are
compensated by relative expansions in cerebrospinal fluid or
blood volume [89]. Although MCP-1 was not measured in brain
tissue directly, its correlations with structural changes, ChP
volume, and withdrawal severity supports a model in which
peripheral immune signaling, via BBB or ChP pathways, con-
tributes to transient neuroinflammatory brain remodeling during
early abstinence. The affected regions are known to host microglia
with high activation potential [90] and are particularly vulnerable
to inflammation across psychiatric disorders [91, 92]. Within this
network, the insula is a key hub: it integrates interoceptive and
affective signals [93], responds to peripheral immune challenges
[94] and has been consistently implicated in craving and relapse
risk in alcohol use disorder [95, 96].
Co-existent patterns of response (post-alcohol recovery and

inflammation resolution) may cancel out at the group level, such
that some structural changes did not emerge as significant in the
T1-T2 comparison. However, we see in our population a clustering
of responses (see Fig. 5): “recovery-dominant” regions showing an
overall volume increase independent of MCP-1 decline; (2)
“inflammation-modulated” regions with no significant volume
change, but strong correlations to MCP-1 reduction; and (3)
“mixed-effect” areas (thalamus, cerebellum, pars opercularis) that
may exhibit a volume gain along with a “microglial deflation”
component, thus tempering the net volumetric increase at T2.
By demonstrating tight co-modulation of peripheral chemo-

kines, ChP dynamics and regional GM volumes, our study
reinforces the need for integrated neuro-immune models of
SAUD. The observed MCP-1-ChP association is preliminary but
highlights a pathway that deserves replication in larger samples
before being considered a biomarker or therapeutic target.

Sex and SAUD severity effects
Sex-related volume brain volume changes, aligned with known
sex differences in alcohol metabolism, toxicity, and immunity [97,
98], lost significance after FDR correction, indicating limited
power. Age and pre-detoxification alcohol intake were not
associated with brain or cytokine measures, suggesting that
abrupt cessation, rather than cumulative exposure, drives neuro-
immune observations.

Study limitations and future directions
A first limitation is the potential influence of smoking. Nearly all
patients were daily smokers, which prevented modeling smoking
as a covariate but also reflects the clinical reality of alcohol use
disorder (typically 60–90% in the literature) [99]. Smoking exerts
both chronic pro-inflammatory effects [100] and transient
immunosuppressive effects of nicotine [101] and has been
associated with cortical thinning and accelerated brain aging
[102, 103]. It may therefore have contributed to elevated cytokines
at baseline, while its continuation would be expected to maintain
inflammation, blunt recovery, and diminish the extent of cerebral
structural restoration, making our findings likely conservative.
However, detailed measures such as pack-years were not
collected. Likewise, all patients had received only a single 10 mg
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dose of diazepam at the time of the first MRI, and the medication
had been fully tapered by the second MRI. Benzodiazepines can
dampen immune responses [104, 105] and may influence brain
structure [106]. However, given its short-term and low-dose use, a
major impact is unlikely. The robust cytokine elevations and brain-
immune associations observed suggest that inflammation was
strong enough to be captured despite these potential confoun-
ders. More broadly, unmeasured factors such as such as BMI,
lifestyle (diet, activity, sleep), genetics, and sociodemographic
variables (marital status, education, employment) may also shape
recovery and should be included in future studies to better
explain variability and improve generalizability [49, 107–109]. A
key strength lies is our precise control of the timing of alcohol
cessation relative to measurements: all participants drank until
admission or the day before, but we lacked exact final drinking
episode, drinking-day averages, and age-at-first-drink data, which
could moderate outcomes. A minority (N= 10) showed paradox-
ical anxiety increases, suggesting individual trajectories that merit
targeted follow-up. Finally, only four cytokines exceeded the
assay’s detection threshold across participants and thus entered
analyses, limiting biomarker coverage. Although MCP-1 was the
strongest signal, other immune molecules may be equally
relevant. Notably, IL-6, often elevated in SAUD meta-analyses
[43] fell below threshold in our cohort. More refined kits or high
sensitivity assays should be used in future studies to better
capture low grade inflammatory states that is usually observed in
SAUD patients and to expand the coverage of both pro, and anti-
inflammatory pathways involved in alcohol withdrawal and
recovery.

We applied an atlas-wide, FDR-corrected analysis to keep false
positives low, but we also show uncorrected trends to show effects
that need larger samples. Because strict correction in a single cohort
can hide biologically relevant signals [110, 111], replication in an
independent sample is essential, an approach now widely
recommended for exploratory neuroimaging [112, 113].

DATA AVAILABILITY
The data that support the findings of this study are available from the corresponding
authors upon written request.
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