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Postural instability, a concomitant of falls, can persist in people with alcohol use disorder (AUD) even with sustained sobriety.
Balance testing using a force plate, which detects micromovements while standing still, can be quantified with spectral analysis and
expressed as temporal frequency, an index of truncal (i.e., postural) tremor. Here, we investigated physiological and brain structural
factors that may contribute to a mechanistic understanding of postural instability during quiet standing in AUD. This mixed cross-
sectional/longitudinal design included 462 observations in 292 participants (age 25-75 years): 120 men and 44 women with DSM-5-
determined AUD and 75 control men and 53 control women. All participants completed balance testing on a force plate under two
conditions: eyes open and eyes closed, both with feet together. Most participants also underwent two-point discrimination testing
on the soles of the feet and structural MRI, typically within the week of balance testing. Linear mixed-effects models revealed
greater tremor in all conditions in the AUD than control group with the diagnostic differences attributed to AUD men. Age effects
did not differ significantly between AUD and control groups. By contrast, stronger correlations were detected between greater
tremor, measured as a 2-5 Hz/0-2 Hz frequency quotient, and smaller regional brain volumes selective to motor centers (frontal
supplemental motor cortex, thalamus, pallidum, cerebellar white matter) of the AUD men. The salient signs of postural instability

were attributable to AUD men who consumed alcohol exceeding NIAAA guideline limits in the year prior to testing.

Translational Psychiatry (2025)15:338; https://doi.org/10.1038/s41398-025-03552-8

INTRODUCTION
Epidemiological studies [1] report that 1 in 4 Americans aged 65
and older fall each year. Falls resulting in morbidities, notably
broken bones and subdural hematoma, are a leading cause of
emergency department visits [1-3]. Among falls risk is consump-
tion of alcohol [4]. Acutely, drinking any amount of alcohol has the
potential of impairing motor coordination required for postural
stability [5]. With alcohol use disorder (AUD), instability can persist
even with sustained reduction or abstinence from alcohol
consumption [6, 7]. Indeed, roadside sobriety-type testing
revealed poorer ability of people with AUD than control
participants to stand on one leg or walk a line, especially without
stabilizing sensory aids such as vision [6]. Refinements of balance
testing have used a force plate, which detects micromovements as
a person attempts to stand still under different testing conditions
and yields a sway path [6, 7]. In addition to sway, these
micromovements can be subjected to spectral analysis and
expressed as temporal frequency, an index of truncal (or postural)
tremor [8, 9]. Frequency band and strength of truncal tremor
together provide an estimate of long-loop muscle reflexes to
correct excessive sway, which is notable in the anterior-posterior
axis in people with anterior cerebellar lesions [10, 11].

Early studies classified postural tremor by frequency and either
presumed or measured brain lesion site as the anterior superior
vermis of the cerebellum [11-14]. Of relevance to AUD, truncal

tremor, which is associated with anterior cerebellum integrity, a
common site of volume deficit [6, 7] and Purkinje cell shrinkage
[15, 16], was pronounced in the 2-5Hz range [7]. This pattern
comports with other studies of non-AUD patients who showed
evidence of 3-10Hz axial postural tremor with suspected
pathology of cerebellar outflow pathways [11, 17, 18].

More recently, application of transmagnetic brain stimulation
(TMS) to the left primary motor cortex reduced tremor intensity
and improved postural control in all 8 patients examined with
orthostatic tremor [19]. The speculation was that TMS disrupted a
faulty cerebellar-thalamic-cortical network that caused the tremor,
thus invoking a multi-site source of postural instability (cf.,
[20-22]). Consistent with this characterization of postural control,
we have observed greater tremor during quiet standing while
engaged in mental arithmetic in men with AUD than control men
or women or women with AUD [9]. We further found a
dissociation between local tissue diffusivity, measured with MR
diffusion tensor imaging, and tremor frequency exhibited by AUD
men but not AUD women or controls. Specifically, greater tremor
velocity in the 2-5Hz range correlated with higher diffusivity in
cerebellar and superior cingulate bundle white matter tracts,
whereas greater tremor velocity in the 5-7 Hz range correlated
with higher diffusivity in the motor cortex and internal capsule.
Remaining to be examined are potential relations between
alcohol-associated truncal tremor and regional brain volumes of
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these tremorgenic networks and whether the severity of tremor
advances with age or is associated with evidence of pedal
somatosensory impairment (cf., [22, 23]).

Accordingly, here we investigated physiological and brain
structural factors that may contribute to a mechanistic under-
standing of postural instability during quiet standing in AUD and
tested three hypotheses: truncal tremor would be greater in an
AUD than a control group and would accelerate with aging; AUD
men would exhibit greater tremor than AUD women; and greater
truncal tremor in the AUD men would be related to smaller brain
volumes in motor network structures measured with MRI.

METHOD

Participants

This mixed cross-sectional/longitudinal analysis included 462 test sessions
(Supplementary Table 1) of balance platform testing for sway and tremor
detection. Balance testing was typically conducted on the same day as MRI
data acquisition; this difference was nearly the same for the 4 groups as
verified by a group x sex interaction conducted with a linear model that
was not significant (t = 0.231, p = 0.818) (Table 1). Although the sway path
results [24] and much of the MRI volumetric data [25-27] were reported
previously, the current analysis newly focused on truncal (i.e., postural)
tremor and its relations with regional brain volumes and peripheral
sensory status of the soles of the feet that can potentially influence
postural stability [28, 29]. The data include an expanded sample collected
from 12 April 2006 to 31 October 2024 and report on brain and tremor
data of 128 control and 164 AUD participants, age 25-75 years (Table 1).
Participants were recruited from local alcohol and drug recovery centers,
post card mailings, recruitment flyers, and word of mouth. This study was
approved by the Institutional Review Boards of SRl International and
Stanford University School of Medicine and was carried out in accordance
with The Code of Ethics of the World Medical Association (Declaration of
Helsinki).

As described previously [30], after obtaining written informed consent
for study participation, all volunteers underwent Structured Clinical
Interviews for DSM-IV-TR [31] to determine diagnosis for alcohol
dependence/abuse and DSM-5 diagnosis for AUD [32]. Interviews included
structured health questionnaires and a semi-structured timeline follow-
back interview to quantify lifetime and recent alcohol use [33, 34]. Starting
each study day, participants underwent breathalyzer screening for recent
alcohol consumption. Participants whose breathalyzer reading exceeded
0.0 were not tested on that day and were asked to return when they had
refrained from drinking. Principal exclusion criteria at study entry were
history of schizophrenia, bipolar disorder, and neurological disorders other
than AUD. Substance use dependence/abuse (current or in remission) for
illicit drugs was common. Of the control participants, only one met DSM
criteria for a substance use disorder (cannabis, which is legal in California).
Of the 164 participants with AUD, 108 (65.85%) also had history of at least
one substance use disorder (75 cocaine, 38 amphetamines, 24 opioids,
12 sedatives, 10 hallucinogens, 63 cannabis). Mean £+ SD remission time
from the most recent substance use disorder was 474.4 + 537.16 weeks
(median = 277.4 weeks). All participants also completed metal screening to
ensure MRI safety.

Balance and sensory testing
Force platform data acquisition and analysis. Participants wore rubber-
soled socks and stood still on a force plate with feet together and arms
relaxed at their side. The test comprised three, 30 sec. trials in each of two
conditions: eyes open and eyes closed. The microcomputer-controlled
force plate (model 9284; Kistler, Amherst, NY) has multiple transducers and
analog-digital converters and sampled data at 1000 Hz to produce sway
paths for each trial of each condition. Raw data were center-of-pressure
displacements (x-y pairs) and subjected to a 10 Hz low-pass filter (99 terms,
—50db Gibbs). Sway path length was expressed as the line integral [7].
Relevant to the current study, the sway data were subject to spectral
analysis described previously [9], using fast Fourier transform on the
anterior/posterior (A/P) and lateral/medial (M/L) sway path velocity (2-
point differential of the filtered sway path). To characterize the frequency
(Hz) of maximal sway velocity, data were divided into three frequency
components: 0-2Hz, 2-5Hz, and 5-7Hz. To account for mild, non-
pathological tremor in the 0-2 Hz band detected in young, healthy adults,
Baloh and colleagues [35] devised a frequency quotient (FQ), which they
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defined as the power of frequencies between 2 and 5 Hz over the power of
frequencies between 0 and 2Hz. This single value of the FQ reduced
unwanted variance from the low frequency band, thereby increasing its
ability to detect tremor in older healthy participants free of disorders and
in individuals with pathologies that influence stability. We expected that
the AUD participants would have a higher ratio than controls [8]. The
5-7 Hz data provided a contrast to establish selectivity of brain-tremor
relations observed with the FQ.

2-point pedal discrimination. As described [30], starting with the
dominant side determined from handedness, the examiner touched the
sole of one foot with 1 or 2 points of a 3-point aesthesiometer, to which
the participant (with eyes closed) responded “one” or “two.” Testing
avoided calloused skin and proceeded with descending limits (starting at
50 mm distance between points); the threshold was the shortest distance
on which fewer than 3 errors were made [36]; thus, high scores were in the
impaired direction. The procedure was repeated with the other foot. The
score was the mean of the left and right thresholds.

Falls questionnaire. At initial test, about one-third of AUD participants (56
of 159 AUD) and half of control participants (60 of 122 control) completed
a falls questionnaire [37], which was begun several years after study
initiation. Participants were asked how many times they remembered
having fallen to the ground in the past year. The range recorded was 0-6
occasions.

Neuroimaging acquisition and analysis

MRI data were acquired at SRI International on a GE 3 Tesla Discovery
MR750 system (Waukesha, WI, US.A) with ASSET for parallel and
accelerated imaging on an 8-channel head coil. Volumetric analysis was
based on data collected with two MRI protocols: T1-weighted (T1-w) MRI
for anatomical localization [3D axial IR-Prep (inversion prepared) SPGR
(SPoiled Gradient Recalled); Repetition Time (TR)=6.5ms, Echo Time
(TE) = 1.54 ms, thickness (thick) = 1.25 mm, locations (loc) = 124, skip = 0];
and T2-weighted (T2-w) MRI merged with T1 data for skull stripping [3D
isotropic FSE [Fast Spin Echo; GE name = CUBE; TR = 2500 ms, effective
TE=99ms, echo train length (ETL)=100ms, thick=1mm, loc= 150,
FOV = 256 mm, xy_matrix = 256 X 256, resolution =1x 1 x 1 mm].

Brain structural analysis proceeded using the SIBIS pipeline [38]. T1-w
and T2-w MRI data were corrected for noise [39] and field inhomogeneity
via N4ITK [40]. T2-w images were then aligned to T1-w images via CMTK
[41]. The SRI24 atlas [42] was non-rigidly aligned to T1-w images via ANTS
[43], and the SRI24 mask was used to refine inhomogeneity correction of
both modalities. Next, an improved brain mask was created by majority
voting [44] across maps extracted by FSL BET [45], AFNI 3dSkullStrip [46],
FreeSurfer mri_gcut [47], and the Robust Brain Extraction method [48].
Atropos generated brain tissue segmentations (gray matter, white matter,
and CSF) [49]. Regarding majority voting, a voxel was labelled inside the
brain if a majority of masks agreed; otherwise, the voxel was labelled
outside the brain. The resulting probabilistic label maps of each time point
were overlaid with the SRI24 atlas to define cortical and subcortical regions
in each brain lobe.

Parcellation of the thalamus, described previously [27, 50, 51], used the
THalamus Optimized Multi-Atlas Segmentation (THOMAS). This histogram-
based polynomial synthesis (HIPS) algorithm first synthesized white matter
nulled-like images from standard T1-w images prior to THOMAS
segmentation [52]. Then the multi-atlas segmentation method [52]
produced separate unilateral estimates of 10 bilateral nuclei (10 left and
10 right, unilateral volumes): Anterior Ventral (AV), Ventral Lateral anterior
(VLa), Ventral Lateral posterior (VLp), Ventral anterior (VA), Ventral Posterior
lateral (VPI), Pulvinar (Pul), Lateral Geniculate Nucleus (LGN), Medial
Geniculate Nucleus (MGN), Centromedian (CM), and Mediodorsal (MD).
Parcellation included about 70% of the total thalamic volume. Because
thalamic volume is highly correlated with brain size [51], all thalamic
measures were adjusted for intracranial volume (ICV) with regression
analysis.

As described [53], the cerebellum was extracted from the processed MR
images based on the aligned cerebellum mask of the SRI24 atlas [42]. The
Spatially Unblased aTlas for the cerebellum (SUIT) [54, 55] was then non-
rigidly aligned to the cerebellum of the baseline scan and propagated to
the other time points via the intra-visit alignments. The aligned atlas was
used by longitudinal consistent Atropos [56] to generate probability maps
of the gray matter, white matter, and CSF within the cerebellum on the T1-
w images. Those probability maps were overlaid with the parcellations of
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Table 1.

Age (yrs)

n=

Education (yrs)

n—=
Socioeconomic status
(lower Score=higher status)
n=

Body Mass Index (BMI)

n=

Diastolic blood pressure
(dBP)

n=

Systolic blood pressure (sBP)

n—=

Global Assessment of
Functioning (GAF)

n—=

2-point pedal discrimination

n=

Control (N=128)

Men
53.5
(13.89)
75

16.1
(2.39)
65
245
(11.75)
71
26.0
(3.72)
67
76.5

(13.19)
60
127.6
(19.50)
60
84.6

(6.56)
64
36.5
(14.12)
58

Number of falls in past year (all visits)?

0/1/2/3/4/5/6 =

Beck Depression Inventory Il
(BDI)

n=

Lifetime alcohol
consumption (kg)

n=

Total alcohol in past year
(kg)

n=

Age at AUD diagnosis

n=

Absolute days between MRI
and balance

n for all visits =

Race: Black/White/Asian/
other® n=

37/10/3/3/
0/0/1

2.1

(3.41)
64
443

(69.79)
70
1.0

(1.70)
68

6.3

(13.21)
124
13/32/21/9

Women
523
(14.77)
53
16.5
(2.31)
50
236
(10.99)
51
254
(5.24)
48
734

(8.29)
37
120.1
(17.93)
37
86.0

(4.90)
49
34.8
(19.06)
43

21/6/4/0/1/
1/0

24

(3.70)
49
23.1

(31.74)
49
1.0

(1.42)
49

84

(14.49)
93
5/32/9/7

AUD (N = 164)

Men
51.0
(11.07)
120
13.2
(2.40)
112
428
(15.51)
116
27.0
(4.09)
110
79.2

(10.90)
105
131.8
(16.88)
105
68.1

(10.17)
112
40.5
(19.02)
107

23/6/7/4/3/
2/3

85

(7.39)
111
1353.6

(1071.69)
115
34.0

(32.53)
115
249
(9.52)
111

4.1

(8.17)
154
42/52/4/22

Women
50.7
(9.10)
44
14.1
(2.18)
41

37.1
(14.16)
43
27.2
(5.13)
41
78.8

(11.85)
38
122.2
(17.87)
38
68.7

(10.45)
41
39.7
(22.34)
39

13/3/0/0/0/
0/2

11.2

(9.59)
41
865.6

(581.74)
41
21.0

(26.00)
41
26.5
(9.99)
41

56

(12.24)
73
16/20/1/7

Study entry demographics of the study groups at first test session: mean (SD) or frequency count of participants with tremor scores.

Im (ANOVA)

Group Sex Age
t= —1.431 0.477 =
p= 0.1540 0.6340 =
t= —9.328 —2.11 4.093
p= 0.0000 0.0358 0.0007
= 9.806 2.039 —3.155
p= 0.0000 0.0424 0.0018
t= 2.271 0.379 0.770
p= 0.0240 0.7050 0.4420
t= 2516 0.990 2.165
p= 0.0125 0.3232 0.0314
t= 1.616 3.449 2.347
p= 0.1075 0.0007 0.0198
= —15.404 —0.903 0.851
p= 0.0000 0.3670 0.3950
= 2.741 0.431 8.318
p= 0.0066 0.6671 0.0000
¥2=10.724, p =0.0973
= 8.806 —1.810 —0.530
p= 0.0000 0.0714 0.5965
= 13.067 2.678 3417
p= 0.0000 0.0079 0.0007
= 9.741 2.185 —0.732
p= 0.0000 0.0297 0.4647
= — —0.921 4.071
p= = 0.3588 0.0001

Group x
Sex

= —1.505 —1.262 0.231
p= 0.133 0.208 0.818

%2 =45.513, p < 0.00001

22 collapsed falls into 3 categories: 0, 1-3, 4-6; Control men vs. AUD men for falls: y2 = 8.418, p = 0.0149.
POther includes mixed + other 4 unknown.
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SUIT to compute for each region its gray matter, white matter, or CSF
volume. Tissue probability maps were used to compensate for partial
voluming within the cerebellum.

Statistical analysis

Statistical analysis was performed using R 3.5.1 (R Core Team, 2019). Taking
advantage of the fact that several participants had multiple data sets
across time, the primary statistic was a linear mixed effects model (Imer) to
test the relations among frequency bands, test conditions (eyes open or
closed), and each regional brain volume as a function of diagnostic group
(control vs. AUD) +age®. Native tremor values were extremely skewed,
ranging from 1.3-11.9Hz. After logging, the skew values range was
reduced to 0.5-2.2 Hz. Thus, logged frequencies were used in all analyses.

To account for differences in demographic characteristics and variables
potentially correlating with the primary metrics, linear mixed-models
multiple regression analysis included diagnosis, age, age?, sex, years of
education, 2-point pedal discrimination, amount of alcohol consumed over
a lifetime, and age at AUD onset. Analyses were repeated after eliminating
variables that did not contribute significantly to the main effect
determined with Akaike Information Criterion. The model outputs for
group differences produced t and p values. Within-group analysis
examined relations between tremor frequency and regional brain volumes
accounting for the demographic variables noted above that were
significant contributors in the multiple regressions. Family-wise Bonferroni
correction was applied to account for multiple comparisons in each
primary analysis as noted in the tables.

Brain volumes of individuals were adjusted for age and ICV based on the
control values at initial exam using regression analysis. The standardized
residuals for each regional brain volume were then applied to the raw
values of each participant in each group. Adjustment for ICV accounts for
much of the variance attributed to sex differences [26, 57].

RESULTS
The statistical test results are presented in the tables and figures.
For all analyses, tremor expressed in Hz was log transformed.

Comparison of diagnostic groups on demographic variables
The AUD and control groups were not statistically different in age
or number of falls reported over the past year, although the AUD
men reported more falls than control men (x*> = 8.418, p = 0.0149).
Compared with the control group, the AUD group had fewer years
of education, lower SES and GAF, higher BMI and diastolic blood
pressure, more depressive symptoms, and poorer 2-point pedal
discrimination. The AUD group had more men than women and a
larger Black representation than the control group. As expected,
the AUD group had consumed significantly more alcohol over
their lifetime and over the year prior to testing than the control
group. Although the men with AUD had consumed more alcohol
than the women with AUD, the groups did not differ significantly
in age at AUD onset (Table 1).

Group and sex differences in tremor frequency and velocity
Grand average velocity spectra by group and sex are presented in
Fig. 1. A series of linear models tested group and sex effects for
each test condition and frequency band. These analyses were
based on all available data for all participants, such that data of
participants with multiple visits were averaged, thus counting the
data of each person only once. The results indicated that tremor
was significantly greater in the AUD group than the control group
in all but one condition, which did not meet statistical criterion for
multiple comparisons (Supplementary Table 2; Fig. 2). On average,
men exhibited greater tremor than women; inspection of the plots
and means reveal that the sex effects were attributable to the AUD
men. For men and women in each group, the tremor was less with
eyes open than eyes closed (Supplementary Fig. 1)

Effects of age and sex on tremor

A series of omnibus linear mixed models (Imer) with multiple
regression was conducted for each balance condition as a
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function of group with age, age +age? and sex as covariates.
The Imer analyses revealed significant contributions from group
(AUD > control) and age? (greater tremor with older age) in all
conditions. Sex contributed significantly to three frequency
quotient conditions and marginally to the fourth (men had
greater tremor than women) (Supplementary Table 3). By contrast,
sex differences in the 5-7 Hz frequency band were not forth-
coming in any of the four conditions.

Follow-up analyses conducted separately by sex indicated that
the mainstay of the group effects was attributed to AUD men.
Whereas all group differences were significant for the AUD men
compared with control men, only two conditions—eyes open and
eyes closed in the medial/lateral axis for 5-7 Hz—were marginally
different for AUD women compared with control women. For all
group differences, tremor was greater in AUD than control
participants. The age fits also differed by sex, where all but two
conditions (FQ of eyes open and eyes closed in the medial/lateral
axis) were best described by quadratic (age +age?) fits for the
AUD men, whereas linear fits best described the relation between
5-7 Hz tremor with eyes open for the AUD women. In these cases,
tremor was greater with older age (Supplementary Table 3;
Supplementary Fig. 2). Despite differences in group, vison
condition, and age in tremor intensity, neither AUD men nor
AUD women showed disproportionately greater tremor with older
age relative to their control counterparts.

Relation between 2-point pedal discrimination and tremor
For all test conditions, greater tremor was related to poorer
discrimination of 2-points on the soles of the feet for control men
and women and AUD men. These correlations were consistent
across these three groups and significant in all but one instance
with multiple comparison correction: the 5-7 Hz while balancing
with eyes open (Supplementary Table 4). Additional correlations
between 2-point discrimination and tremor (especially in the
anterior/posterior axis with eyes closed) occurred in control men
and women and AUD men. The AUD women did not exhibit these
relations in any condition.

Relations between regional brain volumes and tremor

A total of 55 regional brain volumes were tested as potential
correlates of tremor frequency and strength in control and AUD
men and women. To correct for multiple comparisons, only
directional p-values < 0.001 (greater tremor with smaller volumes)
were considered significant. None of the correlations between
tremor and cortical volume met criterion for significance in the
control or AUD women or the control men (Supplementary Fig.
3-8). By contrast, six correlations met significance criterion for the
AUD men, and all involved thalamic nuclei and subcortical motor
system structures (Figs. 3, 4, turquoise outlined heatmap squares).
Specifically, greater tremor, expressed as frequency quotients in
the anterior/posterior sway axis in the eyes closed and open
conditions, correlated with smaller pallidal volumes. Significant
correlations emerged between two thalamic nuclei (anterior
ventral and ventral lateral posterior) and 5-7 Hz tremor in both
sway axes with eyes open. In general, the brain-tremor heatmaps
revealed many more negative correlations (deeper blue) in the
AUD men than control men for the thalamic, subcortical, and
cerebellar (Figs. 3, 4; Supplementary Fig. 7) volumes although
most did not meet criteria after correcting for multiple
comparisons.

With a less stringent criterion (p<0.01, orange outlined
heatmap squares), seven relations emerged with thalamic nuclei
for the control men. For the AUD men, seven additional
correlations emerged with volumes of thalamic nuclei (Fig. 3),
three with pallidal volumes (Fig. 4), and six trends with cerebellar
white matter volumes (Supplementary Fig. 7). In addition, five
correlations met the weaker significance criterion in the AUD
women (but none for the control women) and involved the
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Fig. 1 Control and AUD tremor grand averages at initial test. Grand averages of postural tremor frequency on the A/P (anterior/posterior)
and M/L (medial/lateral) axis in each test condition (eyes closed on the left, eyes open on the right) for each group: control men and women

(gray) and AUD men (blue) and women (red).

inferior parietal cortex, thalamic lateral geniculate nucleus, and the
pallidum (Supplementary Fig. 5, 6).

We then tested differences between brain-tremor correlations
observed in AUD men relative to control men and found four
differences (p <0.01), where the negative correlations involving
the frequency quotient were significantly greater in the AUD than
control men. Three differences involved the eyes open condition
in the anterior/posterior axis: frontal supplementary motor cortex,

Translational Psychiatry (2025)15:338

r=-3.129, p<0.001; putamen, r=—3.332, p<0.001; and palli-
dum, r=—3.784, p<0.0001. The fourth difference occurred for
the correlation between the eyes closed condition in the anterior/
posterior axis and the pallidum, r=—2.738, p <0.01.

Influence of alcohol consumption history on tremor

Correlations based on age of AUD onset indicated that the older
the onset age, the greater the tremor in both AUD men and

SPRINGER NATURE
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Fig.2 Control vs. AUD tremor differences across all visits. Bee swarm log power plots overlaid with box plots of the distributions of tremor
from all test sessions for the frequency quotient (FQ = 2-5/0-2 Hz) and 5-7 Hz on the A/P (anterior/posterior) and M/L (medial/lateral) axis in
each test condition (eyes closed on the left, eyes open on the right) for each group: control men and women and AUD men and women.

women. The only correlations meeting criteria for multiple
comparisons (p<0.0125, 1-tailed) were for the eyes closed
condition and involved anterior/posterior tremor in both fre-
quency bands for the AUD women and the frequency quotient
tremor in both directions for the AUD men (Supplementary Fig. 9).
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Although none of the correlations between greater tremor
intensity and more alcohol consumed over a lifetime was
significant for either men or women with AUD, several relations
emerged when considering drinking more proximal to testing.
Here, we used the timeline consumption reports provided by each

Translational Psychiatry (2025)15:338
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Fig. 3 Thalamic-tremor correlations for control and AUD men. Top: Axial MR images from T1-weighted data (top) of a control man. The cut-
outs are from three different axial levels of volumes employed in the analysis process. From radiological orientation, the white outline in the
left hemispheres (right side of the cut-out images) encompasses the total thalamus on that slice; the color-coding on the right hemispheres
(left side of the cut-out images) indicates the 10 thalamic nuclei taken from [27]. Bottom: Heat maps of correlations between each thalamic
nuclear volume and tremor metric. Control men are on the left, and AUD men are on the right. The turquois boxes indicate correlations
meeting Bonferroni correction (p <0.001); the orange boxes indicate correlations meeting less stringent criteria (p < 0.01).

participant at each balance test session to estimate how many
drinks were consumed each day in the prior year. We then divided
the AUD groups into those who drank within the National Institute
on Alcohol Abuse and Alcoholism (NIAAA) guidelines versus those
who exceeded the guidelines by sex, where the guideline limits
were 0-2 drinks per day for men and 0-1 drink per day for
women. Comparisons for each balance measure included AUD
participants in the exceed criteria group, the non-exceeds criteria
group, and control participants controlling for sex. Follow-up
analyses compared the exceeds and non-exceeds AUD groups for
each sex separately. Sex was a significant factor in the combined
groups. The follow-up analyses of each sex separately revealed
that the AUD effect was attributable to the AUD men only and
only to those AUD men who exceeded the NIAAA limits in the
preceding year (Fig. 5 and Supplementary Table 5).

Having found that AUD men reported more falls in the year
before testing than control men (Table 1), we questioned whether
the frequency of falls was greater in the exceeds than the non-
exceeds AUD men. The number of falls reported by the AUD
exceeds men was significantly greater than the number reported
by the control men (x> = 11.731, p = 0.0028) but not significantly
greater by the AUD non-exceeds men (x* = 2.745, p = 0.2534).

DISCUSSION

Our search for physiological and brain structural factors contribut-
ing to postural tremor during quiet standing in aging and AUD
largely supported the three main hypotheses tested: truncal
tremor was greater in the AUD than control group and advanced
with aging in AUD and control participants but did so at similar
rates; AUD men exhibited greater tremor than AUD women; and

Translational Psychiatry (2025)15:338

greater truncal tremor in the AUD men correlated with smaller
brain volumes of motor network structures. In addition, greater
tremor was related to poorer 2-point pedal discrimination in
control men and women and AUD men and to alcohol
consumption levels that exceeded NIAAA guideline limits in
AUD men estimated from their reported drinking patterns over
the year prior to testing. Together, these findings point to both
peripheral and central nervous system contributions and recent
heavy drinking to postural instability notable in AUD men.

Characterizing tremor in AUD men and women

The tremor was prominent in the AUD men and greatest in
the 2-5Hz range, expressed as the frequency quotient
(FQ = 2-5Hz/0-2 Hz). Because of its prominence and occur-
rence while attempting to stand still, it could be described as
either a mild Holmes tremor or a cerebellar tremor, the latter
supported by the modest correlations between tremor and
cerebellar white matter volumes. An early study [58] found
higher 2-6 Hz frequency peaks during dynamic posturography
in 23 AUD men and women compared with 12 controls with
little differentiation when the frequency band was divided (i.e.,
2-4 and 4-6Hz); also observed was a correlation between
greater 2-6Hz sway power and (log) number of drinks
consumed over a lifetime. Although parkinsonian tremor is
also marked a 3 Hz velocity, Parkinson’s disease was a study
exclusion criterion.

In seeking factors that rendered AUD men more vulnerable
than AUD women to measurable truncal tremor, we considered
lifetime alcohol consumption, which was greater in AUD men than
women, and age of AUD onset, which was younger by an average
of 2 years in the men. Although amount of alcohol drunk over a

SPRINGER NATURE
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Fig. 4 Subcortical-tremor correlations for control and AUD men. Top: Outlines of axial images from the SRI24 parcellation atlas displaying
the subcortical regions used in the analysis. Bottom: Heat maps of correlations between each subcortical volume and tremor metric. Control
men are on the left, and AUD men are on the right. The turquois boxes indicate correlations meeting Bonferroni correction (p < 0.001); the
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lifetime did not correlate with tremor in either AUD men or
women, stronger tremor in the A/P axis with eyes open was
related to older age of AUD onset in both men and women
(Supplementary Fig. 9) and is consistent with reports of people
with AUD and with cerebellar damage to exhibit sway and tremor
in this axis (e.g., [10, 11, 17]). This characterization of AUD-related
truncal tremor differs, however, from that of an earlier study,
which reported that although far more people with AUD exhibited
postural tremor than controls, tremor severity was not related to
age or duration of drinking [59].

A metric we created to differentiate alcohol consumption levels
more proximal to balance testing than total lifetime consumption
was based on whether estimated drinking levels over the year
prior to testing fell within or exceeded NIAAA sex-linked guide-
lines. Although this subgrouping did not distinguish postural
tremor levels in AUD women, it did in AUD men. Specifically, AUD
men who consumed alcohol exceeding the NIAAA guideline limits
over the previous year were solely responsible for abnormally
greater postural tremor compared with control men. Although the

SPRINGER NATURE

AUD men in the non-exceeds group exhibited greater tremor than
the controls, none of the differences was significant. These results
suggest that recency and amount of drinking remain relevant
factors to postural stability in AUD.

Tremor axis, frequency band, and brain correlates

The relations between tremor intensity and regional brain
volumes mapped onto nodes of the brain's motor system,
involving the cerebellum, thalamus, pallidum, and supplemental
motor cortex. These modest to strong tremor-brain correlations
included thalamic nuclei (AV, Vlp, and VPI), globus pallidus, and
four lobules of cerebellar white matter (Vllb, Vllla, Vlllb, 1X), which
are nodes of the dorsal attentional network and the oculomotor
control network [60]. The cerebellar white matter loci may
indirectly reflect the integrity of deep nuclei of the cerebellum
that project to thalamic targets but are below MRI detection
[21, 22, 61]. One relation between tremor and cortical sites
involved the supplemental motor cortex. This relation along with
others involving the putamen and pallidum was identified when

Translational Psychiatry (2025)15:338
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Fig.5 Exceeds vs. Non-exceeds NIAAA drinking limits. Bee swarm and box plots for all visits of each visit for each group: male controls (CM),
non-exceeds AUD men (NE-M), exceeds AUD men (E-M), female controls (CF), non-exceeds AUD -female (NE-F), and exceeds AUD - female
(E-F). The exceeds groups were estimated to have consumed alcohol over the year prior to testing exceeding the NIAAA guidelines of no more
than 1 drink per day for women and 2 drinks per day for men. The non-exceeds groups were estimated to have consumed alcohol within

the guidelines, with some reporting complete abstinence.

testing differences between correlations in the control and AUD
groups. A commonality across those associations was that 3 Hz
truncal tremor was in the A/P axis, which has been documented to
be salient in people with anterior cerebellar pathology, including
AUD (eg, [11, 17, 62]).

Translational Psychiatry (2025)15:338

Selective thalamic nuclei, notably the ventral lateral nucleus,
contribute to motor function through reception of motor input
from the cerebellum and the globus pallidus; the latter two
structures serve to regulate and smooth movements. Melo [63]
described hemiataxia-hypesthesia, a “thalamic ataxia syndrome,”
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with some sensory loss of touch on the affected side arising from a
stroke involving the contralateral ventral lateral and ventral
posterior thalamus identified on CT or MRI. The ataxia reported
was not tested with upright standing, but rather noted solely as
upper limb dysmetria and dysdiadochokinesia. Perhaps closer to
the AUD tremor frequency and related brain nodes is Holmes
tremor. Signs of tremor in our AUD men overlapped with two
(postural and action) of three (not resting) signs of Holmes tremor,
[64-66] albeit far milder than often observed in Holmes tremor.
Brain regional commonalities of these tremors are integrity of the
globus pallidus and ventral posterior thalamic nuclei. Despite the
involvement of the cerebellum in both tremor types, the loci were
different, being focal to the cerebellar cortex and lobules VI and X
in Holmes tremor [18] but involving cerebellar white matter lobules
Vlib, Vlila, Vlilb, and IX in AUD tremor herein. Taken together, the
correlations observed tracked an AUD-related tremoragenic brain
network with the possibility that disruption of any of its nodes
could initiate or exacerbate tremor (cf., [21, 22, 64]).

An early study of progressive cerebellar anterior lobe atrophy
conducted over 3.5 years reported a tremor frequency shift from
3.5-2.3 Hz in anteroposterior sway with eyes closed; this decreas-
ing shift in the dominant postural tremor frequency occurred with
an increase in long-loop muscle reflex latencies used to stabilize
sway [11]. Mauritz and colleagues also referred to a series of
relevant studies that identified neural system of these responses
that involved the cerebellar interpositus nucleus connecting to
motor regions of the precentral cortex via the ventrolateral
thalamus [21].

Aging

Overall, tremor was stronger with older age in all four groups, but
the statistical age functions differed by tremor band, test condition,
and sex. Age was best fit with a quadratic (age +age?) function
with more rapid change with advancing age for the control men
and women and the AUD men. Despite the overall greater tremor
exhibited by the AUD men, their tremor did not show faster aging
than the controls. The AUD women showed a linear aging effect on
tremor in the M/L axis and only for the eyes open condition at
5-7 Hz. The absence of an age-AUD interaction in tremor intensity
comports with the same pattern of effects observed in these data
when analyzed in terms of path length [24] but differs from the
pattern observed previously of greater frontal cortical volume
deficits associated with older than younger onset age of AUD and
accelerated volume deficits in AUD than control participants [25].

Limitations

Several study limitations should be acknowledged. Firstly, the men
and women with AUD were not matched on alcohol consumption
variables, including lifetime alcohol consumption and recency of
consumption. Further, the sex distributions were biased with AUD
men outnumbering the AUD women by nearly 3-fold. Within this
limitation, we had no evidence of “telescoping” where AUD
women would exhibit significantly greater dysfunction than AUD
men with similar drinking history factors (for reviews, [67-70]).
AUD men commonly drink more than AUD women, as observed
here, yet postural tremor magnitude did not correlate significantly
amount of alcohol consumed in a lifetime although greater tremor
was present in AUD men who had resumed drinking at levels
exceeding the NIAAA guidelines. Another limitation is the lack of
objective measurement of muscle response while balancing. Such
data could inform static posture data regarding long-loop muscle
responsivity that occurs with long excursions in sway requiring
correction to avoid falls.

CONCLUSIONS
The salient signs of postural tremor were attributable to AUD men
who consumed alcohol exceeding NIAAA guideline limits in the

SPRINGER NATURE

year prior to testing and may have also contributed to their
reports of having experienced more falls in the past year than
control men. Age-related postural tremor especially when
combined with continued drinking in individuals with AUD are
vulnerability factors for falls possibly related to compromised
ability to engage long loop reflexes to correct for instability. On a
positive note, AUD men and women were able quell their
excessive tremor with information from vision as did their control
counterparts. This visually-based improvement occurred despite
relations between greater tremor and smaller volumes of motor
structures in tremoragenic brain networks, indicating the critical
role of adequate lighting to mitigate postural tremor and possibly
falling, for example, while walking or rising from bed at night.

DATA AVAILABILITY

De-identified data will be made available if requested.
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