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ABSTRACT
BACKGROUND: Both postural instability and brain white matter hyperintensities (WMHs) are noted markers of normal
aging and alcohol use disorder (AUD). Here, we questioned what variables contribute to the sway path–WMH
relationship in individuals with AUD and healthy control participants.
METHODS: The data comprised 404 balance platform sessions, yielding sway path length and magnetic resonance
imaging data acquired cross-sectionally or longitudinally in 102 control participants and 158 participants with AUD
ages 25 to 80 years. Balance sessions were typically conducted on the same day as magnetic resonance imaging
fluid-attenuated inversion recovery acquisitions, permitting WMH volume quantification. Factors considered in
multiple regression analyses as potential contributors to the relationship between WMH volumes and postural
instability were age, sex, socioeconomic status, education, pedal 2-point discrimination, systolic and diastolic
blood pressure, body mass index, depressive symptoms, total alcohol consumed in the past year, and race.
RESULTS: Initial analysis identified diagnosis, age, sex, and race as significant contributors to observed sway path–
WMH relationships. Inclusion of these factors as predictors in multiple regression analyses substantially attenuated
the sway path–WMH relationships in both AUD and healthy control groups. Women, irrespective of diagnosis or race,
had shorter sway paths than men. Black participants, irrespective of diagnosis or sex, had shorter sway paths than
non-Black participants despite having modestly larger WMH volumes than non-Black participants, which is possibly a
reflection of the younger age of the Black sample.
CONCLUSIONS: Longer sway paths were related to larger WMH volumes in healthy men and women with and
without AUD. Critically, however, age almost fully accounted for these associations.

https://doi.org/10.1016/j.bpsc.2024.03.005
Postural instability is a common marker of acute alcohol intoxi-
cation [e.g., (1)], and long-term effects from chronic alcohol use
disorder (AUD) are seen even with sustained sobriety (2,3).
Although neuroimaging studies have established a pontocer-
ebellar substrate of postural instability and ataxia of gait in AUD
(4–8) with support from histological studies indicating cerebellar
pathology in AUD cases with manifest signs of imbalance in life
(9–11), additional evidence suggests that disturbance of cortical
white matter integrity could also contribute to imbalance (12–14).
Early computed tomography (15,16) and magnetic resonance
imaging (MRI) (17,18) studies revealed areas of hyperintense
signal that are commonly seen on the periphery of the lateral
ventricles and in deep white matter locations. Greater presence
and size of these white matter hyperintensities (WMHs) in peri-
ventricular or deep white matter were predictive of postural
instability or falls in normal aging (12,17,19–23) and neurode-
generative and psychiatric conditions, such as Alzheimer’s dis-
ease (24), Parkinson’s disease (25) [but see (26)], mild stroke
(27–29), small cerebrovascular disease (30,31), and depression
(32). Among WMH studies in AUD, a few (33,34) have reported
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larger volumes in AUD than in control groups; however, none
thus far have studied the relationship between WMH volumes
and balance instability. Nonetheless, studies using diffusion
tensor imaging have reported greater AUD-related compromise
of white matter microstructure (i.e., fractional anisotropy and
high diffusivity) in anterior regions of the centrum semiovale
(35,36) and segments of the corpus callosum (37). These 2
diffusion tensor imaging studies found that poorer balance on a
test of ataxia correlated with microstructural white matter
compromise in men and women with AUD, whereas greater
postural instability was associated with deterioration of the
sensorimotor and parietal segments of the corpus callosum (37).
To the extent that WMH volumes are related to diffusion tensor
imaging metrics (38) and volumetric measures of white matter
(39), exploration of the relationships between postural instability
and WMH location and size has foundation.

In our recent MRI study, we reported that aging accelerated
WMH volume enlargement at similar rates in control partici-
pants and participants with AUD, although the AUD group had
consistently larger WMH volumes than the control group (34).
All rights reserved.
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Because most participants in that study had posturography
testing (40) concurrent with neuroimaging, we were able to
pose the following questions in the current analysis. First, does
evidence for postural instability measured as sway path length
correlate with WMH volumes in normal aging and AUD? Sec-
ond, does the balance-brain relationship vary by AUD and
control group and WMH location? Third, what demographic
and physiological variables contribute to the observed sway
path–WMH relationship? We explored salient variables as
potential contributors to sway path or WMH presence taken
from prior studies: age (34,40); sex (34,41); socioeconomic
status (SES) (42); education (43,44); pedal 2-point discrimina-
tion (40,45); systolic and diastolic blood pressure as indices of
hypertension (46–49) and age-related cerebral small vessel
disease (cSVD) (27,48,50–56); body mass index (BMI) as a
possible risk factor for WMHs [(57,58), but see (59)]; depressive
symptoms (60); alcohol consumption (33,61); and race in the
context of evidence for heightened risk of hypertension (62)
and cSVD (42,63,64) in the Black community.

METHODS AND MATERIALS

Participants

The data comprised 404 balance platform testing sessions,
yielding sway path length and MRI (Table 1) acquired cross-
sectionally or longitudinally from 102 control participants and
158 participants with AUD, who were ages 25 to 80 years at
study entry. Balance sessions were typically conducted on the
same day (mean = 0.80, median = 0, SD = 11.9 days in between)
as MRI fluid-attenuated inversion recovery (FLAIR) acquisitions,
which allowed for WMH volume quantification. Althoughmost of
the balance (40) and FLAIR (34) data were reported previously,
those data were never combined to examine the relationship
between sway and WMH volumes. In addition, the current
analysis included an expanded data sample collected from
October 12, 2006, to July 21, 2023 (Table 2). Participants
were recruited from local alcohol and drug recovery centers,
postcard mailings, recruitment flyers, and word of mouth.

The mainstay of the data acquisition and analysis methods
have been described previously (34,40). These studies were
approved by the institutional review boards of SRI International
and Stanford University School of Medicine and were carried
out in accordance with the Code of Ethics of the World Medical
Association (Declaration of Helsinki).
Table 1. Number of Participants With MRI and Balance Data

Control Group,
n = 102

AUD Group,
n = 158

No. of Path1FLAIR Sessions

1 58 120

2 26 20

3 8 12

4 4 4

5 5 1

6 1 1

Total No. of Path1FLAIR Sessions 181 223

AUD, alcohol use disorder; FLAIR, fluid attenuated inversion recovery; MRI,
magnetic resonance imaging.
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After obtaining written informed consent from study
participation, all volunteers were administered the Structured
Clinical Interview for DSM-IV-TR (65) to determine diagnoses
of alcohol dependence/abuse and DSM-5 diagnoses of AUD
(66). Interviews included structured health questionnaires and a
semistructured timeline follow-back interview to quantify lifetime
alcohol use (67). Principal exclusion criteria at study entry were a
history of schizophrenia, bipolar disorder, or neurological dis-
orders. Substance use dependence/abuse (current or in remis-
sion) for illicit drugs was common and involved cocaine,
amphetamines, opiates, and cannabis (although the latter is
now legal in California). All participants also completed metal
screening to ensure MRI safety. At the beginning of each study
day, participants underwent breathalyzer testing 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.

Balance, Sensory, and Physiological Testing

Balance 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-second trials in each of 2 conditions: eyes
open and then eyes closed. The microcomputer-controlled
force plate (model 9284; Kistler) 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) subjected to
a 10-Hz low-pass filter (99 terms, 250 dB Gibbs). Sway path
length was expressed as the line integral (cm) (7) (equation 1).
Examples of sway paths are shown in Figure 1A.
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q
(1)

Sensory Testing: 2-Point Discrimination. Starting with
the dominant side determined from handedness, the examiner
touched the sole of 1 foot with 1 or 2 points of a 3-point aes-
thesiometer, and the participant (with eyes closed) responded
“1” or “2.” Testing avoided calloused skin and proceeded with
descending limits (starting at 50 mm distance between points);
the threshold was the shortest distance at which fewer than 3
errors were made (68). 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.

Blood Pressure. Sitting blood pressure was collected twice.
The mean of each of the 2 diastolic and systolic measures was
used in multiple regression analyses described below.

Falls Questionnaire. About one-third of participants in
each group (33 of 102 controls and 55 of 158 participants with
AUD) completed a simple falls questionnaire (69) and were
asked how many times they had fallen to the ground during the
past year. The range was 0 to 6 occasions.

Neuroimaging Acquisition and Analysis

Protocols and Parameters. Scanning was conducted at
SRI International on a GE 3T MR750 system with array spatial
sensitivity encoding technique for parallel and accelerated
oimaging October 2024; 9:998–1009 www.sobp.org/BPCNNI 999
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Table 2. Study Entry Demographics at Baseline

Control,
n = 102

AUD,
n = 158

Simple Effects Statistics

Group Sex Age

Age, Years 53.51 (14.36) 51.13 (10.75) t = 21.52, p = .130 t = 0.090, p = .928 –

Sex, Female/Male 42/60 43/115 c2
2 = 5.49, p = .019a

Education, Years 16.21 (2.47), n = 99 13.47 (2.41), n = 154 t = 28.364, p = 4.36 3

10215a
t = 21.457, p = .146 t = 4.653, p = 5.31 3

1026a

Socioeconomic Statusb 24.86 (12.05), n = 100 41.26 (15.36), n = 158 t = 8.550, p = 1.17 3

10215a
t = 1.909, p = .574 t = 23.119, p = .002a

Body Mass Index 25.97 (4.41), n = 100 27.10 (4.40), n = 153 t = 2.019, p = .045a t = 20.631, p = .529 t = 0.292, p = .771

Diastolic Blood Pressure 75.99 (11.41), n = 86 78.91 (10.78), n = 144 t = 2.153, p = .032a t = 0.049, p = .961 t = 1.676, p = .095

Systolic Blood Pressure 126.60 (18.84), n = 86 128.92 (16.95), n = 144 t = 1.028, p = .305 t = 2.782, p = .006a t = 2.137, p = .034a

Global Assessment of
Functioning

84.32 (6.70), n = 99 67.20 (10.62), n = 152 t = 213.987, p = ,23
10216a

t = 0.039, p = .969 t = 1.293, p = .197

2-Point Pedal Discrimination 18.17 (9.37), n = 95 20.28 (10.23), n = 149 t = 2.827, p = .005a t = 0.639, p = .524 t = 9.364, p = ,2 3

10216a

Beck Depression Inventory II 2.69 (3.75), n = 96 9.39 (8.07), n = 155 t = 7.803, p = 1.07 3

10213a
t = 21.856, p = .065 20.431, p = .667

Lifetime Alcohol Consumption,
kg

40.47 (66.66), n = 101 1236.57 (988.58), n = 158 t = 12.290, p = ,2 3

10216a
t = 2.900, p = .004a t = 3.667, p = .0003a

Total Alcohol in Past Year, kg 1.00 (0.61), n = 99 30.88 (31.18), n = 158 t = 9.079, p = ,2 3

10216a
t = 2.306, p = .022a t = 20.460, p = .646

Age at AUD Diagnosis, Years – 25.42 (9.55), n = 152 – – –

Number of Falls in Past Year,
0/1/2/3/4/5/6

14/11/6/0/1/1/0, n = 33 26/8/7/4/3/2/5, n = 55 c2
6 = 9.58, p = .134

Race, Asian/Black/Other/Whitec 25/18/6/53, n = 102 5/60/22/71, n = 158 c2
4 = 37.38, p , .0001

Values are presented as mean (SD) or n.
AUD, alcohol use disorder.
ap Values meeting significance with correction for multiple comparisons.
bA lower socioeconomic score indicates higher status.
cOther includes mixed, other, and don’t know.
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imaging on an 8-channel head coil. Detection and localization
of WMHs used 3 MRI acquisition protocols: 1) T1-weighted
(T1-w) MRI for anatomical localization: 3-dimensional axial
inversion-recovery prepared, spoiled gradient recalled;
repetition time = 6.5 ms, echo time = 1.54 ms, thickness =
1.25 mm, locations (loc) = 124, skip = 0; 2) T2-weighted MRI
merged with T1 data for skull stripping: 3-dimensional isotropic
fast spin echo (GE name = CUBE); repetition time = 2500 ms,
effective echo time = 99 ms, echo train length = 100 ms,
thickness = 1 mm, loc = 150, field of view = 256 mm2,
xy_matrix = 256 3 256, resolution = 1 3 1 3 1 mm3; and 3)
FLAIR imaging for estimates of WMH volumes: 2-dimensional
axial, repetition time = 9000 ms, echo time = 82.5 ms, inversion
time = 2200 ms, thickness = 2.5 mm, loc = 65.

MRI Structural Analysis. T1-w and T2-weighted MRI data
were corrected for noise (70) and field inhomogeneity via
N4ITK (71). T2-weighted images were then aligned to T1-w
images via CMTK (72). The SRI24 atlas (73) was nonrigidly
aligned to T1-w images via ANTS (74), and the SRI24 mask
was used to refine inhomogeneity correction of both mo-
dalities. Next, an improved brain mask was created by ma-
jority voting (75) across maps extracted by FSL BET (76),
AFNI 3dSkullStrip (77), FreeSurfer mri_gcut (78), and the
robust brain extraction method (79). Atropos generated brain
tissue segmentations (gray matter, white matter, and cere-
brospinal fluid) (80). Regarding majority voting, a voxel is
labeled inside the brain if a majority of masks agrees;
1000 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging
otherwise, the voxel is labeled outside the brain. The
resulting probabilistic label maps of each time point were
overlaid with the SRI24 atlas to define cortical and subcor-
tical regions in each brain lobe.

WMH Quantification. WMH analysis of FLAIR data was
accomplished with the UBO Detector, a freely available,
cluster-based, fully automated pipeline for extracting and
calculating WMH volume on a voxel basis (81,82). The UBO
Detector was validated on longitudinal data and gold-standard
Fazekas ratings (83). This procedure yielded voxel maps of
total, periventricular (PVWMH) and deep (DWMH) WMHs
(Figure 1B) and DWMH volumes in each of 4 lobar regions.
Analysis required that FLAIR and T1-weighted data be trans-
formed into Montreal Neurological Institute space prior to
nonrigid transformation into standard atlas space. This was
necessary for accurate placement of anatomical locations to
enable comparisons across individuals and imaging modalities
on a voxelwise basis without the need for further correction for
intracranial volume.

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 (84), the primary statistic
was a linear mixed-effects model (lmer) applied separately to
test the relationship between balance platform condition (i.e.,
eyes open or closed) and each WMH volume (i.e., total,
October 2024; 9:998–1009 www.sobp.org/BPCNNI
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Figure 1. (A) Examples of sway paths of a 75-year-old man with alcohol
use disorder (AUD). The top sway path (246.1 cm long) occurred while trying
to stand still with eyes closed, and the bottom sway path (133.1 cm long)
occurred with eyes open. (B) Axial images from fluid-attenuated inversion
recovery (FLAIR) data of the man with AUD. His white matter hyperintensities
(WMHs) are delineated in red outlining.
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periventricular, deep) as a function of group (control, AUD) 1
age2. Previously, we found that the relationship of path length
(40) and WMH volumes (34) to age were best fit with an age2

function; thus, age2 was used in all analyses herein. Because
of the heteroscedasticity of WMH volumes across individuals,
their values were square root transformed before statistical
analysis. The WMH analysis proceeded in a hierarchal fashion:
initial comparisons were based on total WMH volume,
PVWMH, and DWMH volumes; the whole brain was then
divided into 4 cortical lobes (frontal, temporal, parietal, and
occipital) for regional analysis of DWMH volumes.

To account for differences in demographic characteristics
and variables that have been reported to correlate with WMH
size, linear mixed-models multiple regression analysis included
diagnosis, age2, sex (self-identified), SES, number of years of
education, 2-point pedal discrimination, systolic and diastolic
blood pressure, BMI, depressive symptoms (Beck Depression
Inventory-II score), amount of alcohol consumed in the past
year, and race (Black vs. non-Black, self-identified). Analyses
were repeated after eliminating variables that did not
contribute significantly to the main effect. The model outputs
for group differences produced t and p values. Within-group
analysis examined relationships between WMH volumes and
sway path lengths while accounting for the demographic var-
iables noted above that were significant contributors in the
multiple regression analyses. Familywise Bonferroni correction
was applied to correct for multiple comparisons in each pri-
mary analysis as noted in the tables.

A final set of analyses was used to follow up on variables
that were found to contribute significantly to the relationship
Biological Psychiatry: Cognitive Neuroscience and Neuro
between sway path and WMHs in the multiple regression an-
alyses. Because the resulting groups were of different ages,
the sway path and WMH volumes of individuals were adjusted
for age. Accordingly, within the control and AUD groups
separately, the standardized residuals from the fixed effects of
a linear mixed-model regression for balance scores and for
WMH volumes were reduced to a single mean value for each
participant, and the resulting age-adjusted balance and WMH
values were compared using a simple linear regression
analysis.

RESULTS

Comparison of Groups on Demographic Variables

The AUD and control groups were not statistically different in
age or number of falls reported over the past year. Compared
with the control group, the AUD group had fewer years of
education, lower SES, lower Global Assessment of Func-
tioning scores, higher BMI and diastolic blood pressure, more
depressive symptoms (Beck Depression Inventory), and poorer
2-point pedal discrimination (Table 2). The AUD group had
disproportionately more men than women and a larger Black
representation than the control group. The AUD group had
consumed significantly more alcohol than the control group
over their lifetime, since their last visit, and during the year prior
to testing. Given these group differences, multiple regression
analyses were used to examine the influence of these variables
in testing group differences and in conducting within-group
correlations between sway path and WMH volumes.

Group Differences in Predicting Sway Path Length
From WMH Volume

An omnibus linear mixed-model multiple regression of balance
with eyes closed as a function of diagnosis with total WMH
volume, age2, sex, SES, education, pedal 2-point discrimina-
tion, systolic blood pressure, diastolic blood pressure, BMI,
Beck Depression Inventory score, total alcohol consumed in
the past year, and race (Black vs. non-Black) as covariates
revealed significant contributions from age and race. The same
pattern emerged for balance with eyes open (Table S1).
Considering these significant contributing factors and inclu-
sion of sex as a biological variable, subsequent analyses
comparing balance between the AUD and control groups
included diagnosis, WMH volume, age, sex, and race as po-
tential contributors.

Both larger total WMH and PVWMH volumes predicted
longer sway paths with eyes closed, with significant contri-
butions from age and race and a modest contribution from sex.
In regional lobar analyses, this pattern held for DWMH parietal
volume. For sway path length with eyes open, the group ef-
fects for total, parietal, and occipital DWMH volumes remained
after controlling for significant effects of age and sex and the
nonsignificant contribution of race (i.e., not meeting correction
for multiple comparisons) (Table 3).

Predicting Sway Path Length From WMH Volume
Within Each Group

Initial analyses tested whether WMH volumes predicted sway
path length without consideration of other potentially
imaging October 2024; 9:998–1009 www.sobp.org/BPCNNI 1001
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contributing variables. Each of the 7 WMH total and regional
volumes significantly correlated (with correction for multiple
comparisons) with path length in the AUD and control groups
separately in the eyes closed and eyes open conditions
(Table 4; Figures 2 and 3; Figures S1 and S2).

Next, within-group multiple regression analyses controlling
for age, sex, and race were used to examine whether the AUD
and control groups differed in factors predicting sway paths
over time. When adding these factors to WMH volume in the
models predicting path length, the contribution from WMH
volumes was attenuated and supplanted by age in both groups
and for all WMH measures (Figures 2 and 3; Figures S1 and
S2). In 6 instances, WMH volumes survived as a contributor to
path length, but generally with marginal significance after
correction for multiple comparisons: With eyes closed, total
WMH and PVWMH volumes contributed to sway path in the
control group, whereas parietal DWMH volume contributed to
sway path in the AUD group; with eyes open, total WMH and
parietal and occipital DWMH volume contributed to sway path
in the AUD group. Sex was also a factor, albeit not meeting
Bonferroni correction, in all comparisons in the eyes open
condition in the AUD group. Race was a significant factor
(meeting Bonferroni correction) in all comparisons in both sway
path conditions in the AUD group (Table 4).

Effects of Sex and Race on Sway Path Length and
WMH Volume

To discern the effects of sex and race on sway path length, the
control and AUD groups were divided first by sex and then by
race (Table 5 and Figure 4, top). On average, women, irre-
spective of group and race, had shorter sway paths than men
in the eyes closed (t196.64 = 2.787, p = .006) and eyes open
Table 3. The Effects of Group, WMH Volume, Age, Sex, and Rac

Sway and WMH Condition

Group WMH volume

t p t p

Eyes Closed

Total WMH 2.959 .003a 2.915 .004a

PVWMH 2.733 .007a 3.066 .002a

DWMH 2.077 .038b 3.077 .002a

Frontal 0.988 .324 3.294 .001a

Temporal 1.323 .187 3.350 .001a

Parietal 2.711 .007a 2.979 .003a

Occipital 0.885 .377 3.384 .001a

Eyes Open

Total WMH 2.291 .023b 3.163 .002a

PVWMH 1.435 .152 3.371 .001a

DWMH 3.063 .002a 3.067 .002a

Frontal 0.906 .365 3.448 .001a

Temporal 0.911 .363 3.524 .001a

Parietal 2.859 .005a 3.101 .002a

Occipital 2.792 .005a 3.402 .001a

Regressions are based on 404 observations in 102 control and 158 AUD participan
AUD, alcohol use disorder; DWMH, deep WMH; PVWMH, periventricular WMH; WM
aBonferroni correction for 7 comparisons (2-tailed, a = 0.05) requires p # .007.
bp # .05 uncorrected.
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(t183.75 = 2.838, p = .005) conditions. Black participants, irre-
spective of group and sex, had significantly shorter sway paths
than non-Black participants with eyes closed (t172.99 = 22.235,
p = .027) and nonsignificantly shorter paths with eyes open
(t219.84 = 21.856, p = .065).

When considering the effects of sex and race on total WMH
volumes (Table 5 and Figure 4, bottom), the combined group of
Black participants, irrespective of diagnostic group or sex, had
nonsignificantly larger WMH volumes than non-Black partici-
pants (t124.87 = 1.917, p = .057), although the mean total WMH
volumes of the Black men and women with AUD were larger
than those of the Black control men and women. By contrast,
the combined groups of men and women did not differ in total
WMH volumes (t134.50 = 21.082, p = .281). The same set of
comparisons did not yield any significant differences for
DWMH volumes for race (t138.43 = 0.579, p = .564) or sex
(t142.66 = 20.792, p = .430).

DISCUSSION

The results of the current study provided answers to questions
posed and raised additional questions. First, regarding an-
swers, postural instability measured as longer sway path
length was significantly correlated with larger WMH volumes in
normal aging and AUD. Second, the observed balance-brain
relationships were similar in the AUD and control groups by
WMH location and in both balance vision conditions. Third and
most critically, testing of 12 demographic and physiological
variables identified age as the strongest factor in tempering
direct balance-WMH relationships, with additional contribu-
tions from sex and race.

WMH is a neuroimaging feature associated with cSVD and
commonly taken as evidence for microvascular rarefaction in
e on Sway Path Length

Age Sex
Race (Black vs.
Non-Black)

t p t p t p

5.317 .000a 2.385 .018b 23.149 .002a

6.005 .000a 2.343 .020b 23.175 .002a

5.864 .000a 2.244 .026b 22.921 .004a

7.050 .000a 2.121 .035b 22.955 .003a

7.219 .000a 2.199 .029b 22.916 .004a

5.865 .000a 2.273 .024b 22.941 .004a

7.111 .000a 2.117 .035b 22.845 .005a

7.247 .000a 2.842 .005a 22.635 .009b

8.135 .000a 2.749 .006a 22.579 .011b

7.087 .000a 2.840 .005a 22.477 .014b

8.774 .000a 2.653 .008b 22.498 .013b

9.048 .000a 2.697 .007a 22.443 .015b

7.487 .000a 2.814 .005a 22.490 .014b

8.267 .000a 2.714 .007a 22.312 .022b

ts.
H, white matter hyperintensity.
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Table 4. Simple Regressions Between Sway Path Length and WMH Volumes and Multiple Regressions Predicting Sway From
WMH Volumes Controlling for Age, Sex, and Race

Sway Condition Group

Simple
Regressions Multiple Regressions

WMH Volume WMH Volume Age Sex Race

t p t p t p t p t p
Eyes Closed

Total WMH Control 6.289 .000a,b 2.597 .010a 3.750 .000a,b 1.547 .125 0.108 .914

AUD 3.634 .000a,c 1.847 .066 3.887 .000a,c 1.670 .097 23.463 .001a,c

PVWMH Control 5.841 .000a,b 2.716 .007a,b 4.504 .000a,b 1.468 .145 0.212 .833

AUD 3.057 .003a,c 1.653 .100 4.216 .000a,c 1.662 .098 23.496 .001a,c

DWMH Control 4.436 .000a,b 0.820 .413 5.057 .000a,b 1.271 .207 0.273 .786

AUD 3.944 .000a,c 1.692 .092 3.915 .000a,c 1.591 .114 23.276 .001a,c

Frontal Control 3.210 .002a,b 0.846 .399 5.796 .000a,b 1.260 .210 0.228 .820

AUD 2.280 .024c 0.335 .738 4.742 .000a,c 1.521 .130 23.325 .001a,c

Temporal Control 2.284 .024b -0.245 .807 6.431 .000a,b 1.145 .255 0.377 .707

AUD 2.963 .003a,c 1.752 .081 4.554 .000a,c 1.705 .090 23.356 .001a,c

Parietal Control 4.008 .000a,b 0.589 .557 5.326 .000a,b 1.247 .215 0.289 .774

AUD 4.632 .000a,c 2.604 .010c 3.735 .000a,c 1.551 .123 23.248 .00a,c

Occipital Control 3.246 .001a,b 0.062 .950 5.960 .000a,b 1.163 .247 0.368 .714

AUD 2.528 .012c 0.869 .386 4.807 .000a,c 1.562 .120 23.267 .001a,c

Eyes Open

Total WMH Control 5.918 .000a,b 1.358 .177 5.493 .000a,b 1.656 .101 0.235 .815

AUD 3.885 .000a,c 1.679 .095 4.791 .000a,c 2.122 .035c 22.919 .004a,c

PVWMH Control 4.937 .000a,b 0.953 .342 6.339 .000a,b 1.569 .120 0.308 .759

AUD 2.969 .003a,c 1.105 .270 5.262 .000a,c 2.083 .039c 22.898 .004a,c

DWMH Control 5.279 .000a,b 1.105 .271 5.958 .000a,b 1.624 .108 0.247 .806

AUD 5.124 .000a,c 2.616 .010c 4.384 .000a,c 2.071 .040c 22.721 .007a,c

Frontal Control 3.342 .001a,b 0.526 .600 7.060 .000a,b 1.529 .130 0.277 .782

AUD 2.784 .006a,c 0.456 .649 5.542 .000a,c 1.985 .049c 22.796 .00a,c

Temporal Control 2.555 .012b 20.530 .597 7.697 .000a,b 1.438 .154 0.391 .697

AUD 3.032 .003a,c 1.576 .117 5.482 .000a,c 2.160 .032c 22.806 .006a,c

Parietal Control 4.838 .000a,b 0.926 .356 6.192 .000a,b 1.618 .109 0.242 .809

AUD 4.866 .000a,c 2.511 .013c 4.643 .000a,c 2.022 .045c 22.722 .007a,c

Occipital Control 4.322 .000a,b 0.734 .464 6.837 .000a,b 1.497 .138 0.368 .714

AUD 4.279 .000a,c 2.615 .010 5.274 .000a,c 2.077 .039c 22.659 .009c

Regressions are based on 181 observations in 102 controls and on 223 observations in 158 AUD participants.
AUD, alcohol use disorder; DWMH, deep WMH; PVWMH, periventricular WMH; WMH, white matter hyperintensity.
aBonferroni correction for 7 comparisons (2-tailed, a = 0.05) requires p # .007.
bp # .05 uncorrected for the control group.
cp # .05 uncorrected for the AUD group.
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normal aging (48,50–54) and disease (85) including AUD
(86,87) and often considered a substrate of cognitive and
motor declines (27). Relationships between WMH volumes and
motor performance may be mediated by WMH size and loca-
tion (88–91). Factors that we tested in the current study that
were previously known as potential contributors to the
observed balance-WMH relationship were systolic and dia-
stolic blood pressure (34), 2-point pedal discrimination (40,69),
BMI (38), depressive symptoms (34), and recency and amount
of alcohol consumption (2). Although we previously found that
older age of AUD onset, systolic and diastolic blood pressure,
and more depressive symptoms were each modest predictors
of larger WMH volumes in participants with AUD, none of these
factors made adequate contributions to the balance-WMH
relationships in either diagnostic group in the current study;
Biological Psychiatry: Cognitive Neuroscience and Neuro
thus, none was strong enough to warrant inclusion in multiple
regressions in our principal analysis. Factors that did make
greater contributions to the balance-WMH relationships were
age, sex, and race.

Of all the variables that were tested, age had by far the
greatest effect on the balance-WMH relationship. Age
almost fully accounted for the correlations between longer
sway paths and larger WMH volumes in both the AUD and
control groups. Attenuation of the sway path–WMH volume
correlations with age indicated that the relationship between
increasing instability and enlarging of WMH volumes
occurred principally because they advanced together with
age and thereby provided weak support for speculations
regarding WMH presence, size, or location as potential
causal factors in postural instability in either the control or
imaging October 2024; 9:998–1009 www.sobp.org/BPCNNI 1003
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Figure 2. Correlations between sway path length (eyes closed condition) and white matter hyperintensity (WMH) volume for total, periventricular WMH
(PVWMH), and deep WMH (DWMH) regions for 102 control participants (gray) and 158 participants with alcohol use disorder (AUD) (blue). Participants with
multiple pairs have their data points connected as shown in the spaghetti plots (first and third images across each line). The second and fourth images are age-
residualized values for both WMH volumes and sway path lengths (of mean values of individual with multiple test points) adjusted for age. Also plotted are the
mean regression lines and 95% CIs. Without age adjustment, all correlations were significant. With age adjustment, all correlations were diminished, yielding
only 1 marginally significant correlation in the AUD group (sway with eyes closed and DWMH volume).
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the AUD group. This conclusion is consistent with that of a
longitudinal study of 59 normal older people examined
annually for 8 to 10 years (19). Specifically, observations of
age-related decreases in vestibular, visual, auditory, and
somatosensation and worse WMH ratings correlated with
slowed gait and advancing postural instability, but all vari-
ables combined accounted for ,30% of the gait and bal-
ance declines.

Regardless of diagnostic group, the men in this study had
longer sway paths than the women, which is consistent with
our earlier study based on a larger sample from which the
current group was drawn (40). In an earlier study, we also
found longer sway paths in healthy women than in men, but
longer sway paths correlated with larger WMH volumes in
women but not men (39). Further complicating the sex effects
in the context of aging and WMH size, another study found
that postmenopausal women had longer sway paths, faster
age-related acceleration, and more WMHs than premeno-
pausal women and men of similar ages; notably, the longer
sway paths of postmenopausal women were not related to
use of hormone replacement treatment (41). When consid-
ering sex and postural instability in AUD, we have consis-
tently observed greater imbalance in men than women with
1004 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging
AUD, whether using force platform (92) or simple ataxia (8)
testing. Although the extent of imbalance in AUD has been
related selectively to cerebellar volume deficits in men with
AUD (7) or anomalous frontocerebellar connectivity (5),
neither our studies nor those of others had identified re-
lationships between postural instability and WMH volumes in
AUD.

The combined group of self-identified Black participants,
irrespective of diagnostic group or sex, tended to have shorter
sway paths but larger WMH volumes than the non-Black par-
ticipants. This paradoxical combination may have some foun-
dation in the age differences between our Black control
participants and their White counterparts, who were about 10
years older on average than the Black participants in the current
study. Nonetheless, in light of epidemiological studies showing
greater prevalence in middle-age Black individuals of cSVD
that are considered a leading cause of WMHs (93), we found
race to be a moderator of the WMH-balance relationship.
Limitations

On average, Black participants in the current study were about
a decade younger than non-Black participants, which
October 2024; 9:998–1009 www.sobp.org/BPCNNI
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Figure 3. Correlations between sway path length (eyes open condition) and white matter hyperintensity (WMH) volume for total WMH, paraventricular WMH
(PVWMH), and deep WMH (DWMH) regions for 102 control participants (gray) and 158 participants with alcohol use disorder (AUD) (blue). Participants with
multiple pairs have their data points connected as shown in the spaghetti plots (first and third images across each line). The second and fourth images are age-
residualized values for both WMH volumes and sway path lengths (of mean values of individual with multiple test points) adjusted for age. The mean regression
lines and 95% CIs are also plotted. Without age adjustment, the correlations were significant. With age adjustment, all correlations were diminished, yielding
only 1 significant correlation in the AUD group (sway with eyes open and DWMH volume).
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necessitated the use of age-adjusted sway path length and
WMH volume in statistical comparisons. These post hoc an-
alyses indicated that the Black participants with AUD had
shorter sway paths despite larger total WMH volumes
(adjusted for age) than the non-Black participants with AUD.
To the extent that WMHs, especially those in deep cortical
regions, are typically associated with cSVD (94) and with
higher prevalence in Black than White groups (93), it was
surprising that our results were not consistent with earlier
Table 5. Sway Path Length and WMH Volumes Adjusted for Age

Black

Control AUD

Men,
n = 13

Women,
n = 5

Men,
n = 43

W

Age, Years, Mean (SD) 40.40 (10.21) 38.81 (14.13) 52.86 (8.21) 48.

Eyes Closed, Mean (SD) 52.80 (11.02) 60.58 (14.44) 67.47 (35.78) 62.

Eyes Open, Mean (SD) 37.69 (8.36) 41.94 (10.20) 50.61 (20.48) 46.

Total WMH, Mean (SD) 30.12 (14.19) 34.22 (23.77) 50.50 (29.68) 56.

DWMH, Mean (SD) 16.54 (14.74) 22.68 (17.03) 27.69 (15.77) 29.

AUD, alcohol use disorder; DWMH, deep WMH; WMH, white matter hyperintensity.

Biological Psychiatry: Cognitive Neuroscience and Neuro
findings. The lack of agreement may be due, at least in part, to
the limited sample sizes and significant age differences in our
sample. Despite these shortcomings, objectively observed,
race-based differences indicate a need to incorporate race as
a variable in biologically based research. However, to do so
calls for mindful consideration of race-based disparities that
emerge insidiously and serve to bias the outcome and inter-
pretation of results from comparisons of racially defined
groups [cf., (95)]. Fair comparisons require adequate power,
Divided by Sex and Race

Non-Black

Control AUD

omen,
n = 17

Men,
n = 47

Women,
n = 37

Men,
n = 72

Women,
n = 26

29 (9.28) 57.15 (12.57) 55.48 (14.37) 50.20 (12.80) 52.68 (8.78)

64 (18.87) 76.09 (30.79) 64.85 (32.01 87.89 (40.42) 71.54 (30.47)

38 (12.59) 54.79 (22.66) 47.15 (17.87) 60.93 (26.04) 51.12 (25.42)

58 (36.31) 43.69 (20.77) 49.44 (32.77) 46.88 (27.63) 48.61 (30.93)

30 (20.25) 25.25 (13.21) 29.20 (19.81) 29.27 (17.26) 28.66 (18.35)
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Figure 4. Box plots overlaid on bee swarm
scatterplots of each participant, men in blue and
women in red. All values are adjusted for age. For
participants with more than 1 observation, the
mean values for path length and white matter
hyperintensity (WMH) volume were computed and
plotted so that each participant had only 1 value
per metric. The top set of 4 figures divided the
groups by race (Black and non-Black) to illustrate
the effect of race on sway path length. The bot-
tom 4 figures also divided the groups by race to
show the effect of race on WMH volumes. The
means 6 SDs of these plots are given in Table 5.
AUD, alcohol use disorder; DWMH, deep WMH.
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appropriate control groups, and responsible research ques-
tions poised to identify environmental, biological, or other
factors that may help explain a phenomenon, for example by
furthering a mechanistic understanding of a neuropsychiatric
disorder.

As we previously speculated (34), poor nutritional status,
notably low vitamin D, may be a risk factor for greater WMH
burden (96), whereas physical exercise may enhance central
nervous system health (97), but these measures were not
available in our study. A further shortcoming is the unequal
sample size across groups. Although men and women were
1006 Biological Psychiatry: Cognitive Neuroscience and Neuroimaging
similarly represented in the control group, men outnumbered
women in the AUD group, which is consistent with epidemio-
logical data (98). Clearly, inclusion of larger groups, especially
women of color, is warranted.
Conclusions

The results of this study provide evidence that longer sway
paths are related to larger WMH volumes in healthy individuals
and those with AUD. However, this finding needs to be
considered in the context of aging given that age nearly fully
October 2024; 9:998–1009 www.sobp.org/BPCNNI
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accounted for this relationship. Recognizing that WMH size as
a neural substrate of imbalance and propensity for falls has
been reported primarily in older adults and diagnostic groups,
it may be fitting that the WMH-balance relationships observed
herein were modulated primarily by age and thus do not
necessarily occur in people who are in relatively good health or
even in those with AUD.
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