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Abstract

Evidence suggests that alcohol dependence (AD) is associated with microstructural

deficits in white matter, but the relationship with lifetime alcohol exposure and the

impact of polydrug dependence is not well understood. Using diffusion tensor mag-

netic resonance (MR) imaging, we examined white matter microstructure in relation

to alcohol and polydrug dependence using data from the Imperial College Cambridge

Manchester (ICCAM) platform study. Tract-based spatial statistics were used to

examine fractional anisotropy (FA) in a cohort of abstinent AD participants, most of

whom had a lifetime history of dependence to nicotine. A further subgroup also had

a lifetime history of dependence to cocaine and/or opiates. Individuals with AD had

lower FA throughout the corpus callosum, and negative associations with alcohol and

nicotine exposure were found. A group-by-age interaction effect was found showing

greater reductions with age in the alcohol-dependent group within corpus callosum,

overlapping with the group difference. We found no evidence of recovery with absti-

nence. A comparison of alcohol-only- and alcohol-polydrug-dependent groups found

no differences in FA. Overall, our findings show that AD is associated with lower FA

and suggest that these alterations are primarily driven by lifetime alcohol consump-

tion and cigarette smoking, showing no relationship with exposure to other sub-

stances such as cocaine, opiates or cannabis. Reductions in FA across the adult

lifespan are more pronounced in AD and offer further support for the notion of

accelerated ageing in relation to alcohol dependence. These findings highlight there

may be lasting structural differences in white matter in alcohol dependence, despite

continued abstinence.
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1 | INTRODUCTION

Alcohol dependence (AD) is characterised by a preoccupation with

seeking alcohol, loss of control over use and continued drinking in

spite of harms and is associated with high rates of relapse. An impor-

tant clinical priority is the identification of biomarkers that predict dif-

ferent stages of disease projection, for example, progression from

‘heavy use’ to dependence or vulnerability to relapse. Increased

understanding of the role of white matter in addiction will likely lead

to improvements in prediction of substance dependence, as white

matter is a critical structure that facilitates connections between

regions of the cortex. An initial meta-analytic investigation of white

matter macrostructure in AD revealed a modest general reduction in

volume relative to healthy controls.1 Subsequently, a recent

coordinate-based meta-analysis found common volume reductions in

the anterior thalamic radiation in alcohol, nicotine and cocaine depen-

dence.2 Diffusion tensor imaging (DTI) allows for a more detailed

assessment of white matter and to elucidate the relationship between

structural connectivity and substance dependence. Unsurprisingly,

DTI studies in AD have typically found differences in white matter

microstructure, with the vast majority reporting a negative impact on

white matter tracts.3

One of the most widely reported diffusion metrics is fractional

anisotropy (FA). Tract-based spatial statistics (TBSS) allows for a voxel-

based approach to examine local white matter microstructure using

diffusion indices, typically using whole-brain maps of FA.4 TBSS stud-

ies of AD have frequently reported lower FA in the corpus

callosum,5–12 with mixed findings implicating other tracts and regions.

A meta-analysis of white matter macro- and microstructural differ-

ences in AD further confirmed that alterations converge on the corpus

callosum, cingulum bundle and internal capsule.13 Considering only the

11 identified DTI studies, differences were solely found along the cor-

pus callosum and fornix. It is important to note that though most stud-

ies have examined recently abstinent patients,5–10 similar disturbances

in the corpus callosum have been found in long-term abstinent8 and

non-treatment-seeking patients.11 This could highlight a static and

long-term impact of AD on white matter microstructure. However,

longitudinal studies have pointed to an attenuation of differences with

abstinence14–17 as well as greater deterioration in those who relapse

to heavy drinking.15,18 This implies that deficits arise as a result of

chronic excessive alcohol consumption, in support with animal10 and

post-mortem neuropathology19 studies, and are amenable to recovery.

Additionally, it has been suggested that some microstructural deficits

may reflect a pre-existing vulnerability to development of AD.20,21

Studies seeking to distinguish subtypes of AD have tended to

include a group characterised by a high occurrence of other forms of

substance abuse and dependence.22–24 Polydrug use by clients within

treatment services has been long been recognised as a treatment

issue, though this remains understudied, with inpatient prevalence

rates of alcohol-polydrug dependence ranging from 47% to 64%.25–27

Furthermore, emerging evidence has highlighted worse treatment

outcomes—greater risk of relapse, lower treatment retention rates,

higher mortality rates and a greater prevalence of psychiatric comor-

bidity.28 A recent meta-analysis of grey matter volume in substance

dependence highlighted that whereas AD is primarily associated with

lower volume in frontal and anterior cingulate regions, polydrug users

show lower volume in the thalamus and across temporal regions as

well as greater volume in the subcallosal extension of the anterior cin-

gulate cortex and putamen.2 Direct comparisons of dependent sub-

groups have been mixed; studies have found lower subcortical volume

in alcohol-only,29,30 reduced anterior cingulate thickness and prefron-

tal surface area,31 greater cortical white matter volume in alcohol-

polydrug32 and lower cortical white matter volume and lower anterior

cingulate white matter in alcohol-polydrug.33 Though there have been

no TBSS studies on alcohol-polydrug dependence, studies have con-

sistently revealed lower FA in cocaine,34–36 opiate37,38 and nicotine

dependence39,40 and in long-term cannabis use,41,42 particularly in

corpus callosum.

This study aimed to replicate previous findings of reduced FA in

AD and to investigate the impact of polydrug dependence in a cross-

sectional design. We first compared FA between controls and absti-

nent AD and then compared those who were alcohol-only dependent

with alcohol-polydrug dependent and explored associations with mea-

sures of substance exposure. Data were derived from the Imperial

College Cambridge Manchester (ICCAM) platform,43 a multicentre

multimodal neuroimaging study that aimed to better understand the

neurobiological mechanisms involved in addiction. Participants were

healthy controls or abstinent AD individuals with or without addi-

tional lifetime cocaine, opiate or other polydrug dependence. We

hypothesised that as AD negatively impacts white matter, FA will be

lower relative to controls. We expected group differences in FA to be

negatively associated with cumulative lifetime alcohol exposure. Alter-

ations to white matter may be amenable with recovery, and we

expected FA in affected tracts to be positively associated with absti-

nence length. Alcohol-polydrug dependence may lead to additional

white matter deficits, and we hypothesise that lower FA will be evi-

dent in alcohol-polydrug compared with alcohol-only groups.

2 | METHODS

2.1 | Participants and study design

Participants were recruited from the ICCAM platform study cohort,43

which included 155 participants: healthy controls (n = 68), alcohol-

only dependent (n = 28) and polydrug (alcohol, cocaine, opiates)
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dependent (n = 59), of which a significant proportion were alcohol-

polydrug dependent (n = 36). Participants were included if they met

Diagnostic and statistical manual for mental disorders, 4th edition

(DSM-IV) criteria for AD, either alone or in combination with at least

one of either cocaine or opiate dependence, with a range of absti-

nence lengths (0–72 months). Healthy controls did not meet current

or past aforementioned dependence criteria and were matched as far

as possible with abstinent dependent groups for age, sex and tobacco

smoking status. Exclusion criteria included current primary Axis I psy-

chiatric condition, history of severe mental illness, history of psychosis

(unless brief and drug-induced) and history or presence of significant

neurological disorders including significant head injury and MRI con-

traindications. Participants provided a negative breath alcohol and

urine drug test prior to scanning (for amphetamines, barbiturates,

cocaine, heroin and benzodiazepines). Participants were requested to

refrain from cannabis use for at least 7 days, but positive results were

permitted due to the long half-life of metabolites. Additional inclusion

and exclusion criteria can be found in Paterson et al.43 Structural brain

scans were assessed by a neuroradiologist in case of adventitious

findings. AD participants were followed-up every 3 months for up to

12 months via telephone interview to obtain self-reported measures

of relapse.

This study was conducted in accordance with the Declaration of

Helsinki. Ethical approval was obtained from West London and Gene

Therapy Advisory Committee National Research Ethics Service com-

mittee (11/H0707/9), and relevant research governance and Partici-

pation Identification Centre (PIC) approvals were obtained.

The study consisted of a single baseline scan comprising struc-

tural, functional and DTI imaging acquisition protocols and a clinical

interview session, during which written informed consent was

obtained and eligibility confirmed. Diagnoses were reviewed by a psy-

chiatrist. Substance-dependent individuals were abstinent at the time

of scanning (at least 24 h). The timeline follow-back method was used

to calculate lifetime substance exposure. We defined exposure (alco-

hol, cocaine, opiates and cannabis) as the number of years in which an

individual's consumption could be categorised as ‘heavy use’ for over
6 months within a 12-month period. Further details on the criteria

used to define heavy use and exposure are provided in the Supporting

Information.

Three healthy controls were subsequently excluded from analysis:

one due to poor quality imaging data, and two were a poor match for

the AD group (outliers on age and WTAR IQ scores, i.e. younger with

higher IQ than the rest of the cohort). The final groups used for ana-

lytical comparison were an alcohol-dependent cohort (AD, n = 64),

which was then split into two subgroups of alcohol-polydrug-

dependent (n = 36) and alcohol-dependent-only (n = 28) individuals

and healthy controls (HC, n = 65).

2.2 | MRI acquisition

Images were acquired using a 3-T Siemens Tim Trio MRI scanner

using a 32-channel headcoil at the Cambridge and Imperial sites and a

3-T Philips Achieva scanner with eight-channel headcoil in

Manchester. Diffusion-weighted images were acquired using a

single-shot spin-echo echo-planar imaging sequence (TR = 9300 ms,

TE = 88 ms, acquisition matrix = 128 � 128, voxel resolu-

tion = 1.9 mm3) with 64 gradient orientations (b = 1000 s/mm2) and

one unweighted scan (b = 0 s/mm2). Parameters were identical

between all three sites, though at the Manchester site, acceleration

was achieved using sensitivity encoding (SENSE) instead of

generalized autocalibrating partial parallel acquisition (GRAPPA). A

high-resolution T1-weighted image was acquired at each site using a

magnetization-prepared rapid gradient echo (MPRAGE) sequence

(Siemens; TR = 2300 ms, TE = 2.98 ms, TI = 900 ms, flip angle = 9�,

image matrix = 240 � 256, voxel resolution = 1 mm3, Philips;

TR = 6.8 ms, TE = 3.1 ms, TI = 900 ms, flip angle = 9�, image

matrix = 256 � 256, voxel resolution = 1.055 � 1.055 � 1.2 mm).

2.3 | Image processing and analysis

Information on pre-processing of the diffusion weighted images is

available in the Supporting Information. All subject's FA images were

aligned to the FMRIB_58 template in standard space, and a group

mean FA skeleton was created (thresholded at 0.2). Each subject's FA

data were then projected onto the group skeleton and FA values from

the nearest relevant tract centre used to fill the subject-specific FA

skeleton. Voxel-wise analyses were then carried out across all subjects

on the skeletonised FA images.

A general linear model was implemented through FSL's Random-

ise (https://fsl.fmrib.ox.ac.uk/fsl/fslwiki/Randomise) at each voxel in

the FA skeleton to examine group differences whilst controlling for

scanning site, age, IQ and gender. Contrasts were specified to identify

group differences as well as age-by-group interaction effects. A

cluster-based threshold was defined (Z > 2.3), and permutation testing

was applied to obtain family-wise error (FWE) corrected cluster p-

values (5000 Monte Carlo permutations). Results were thresholded at

pFWE < 0.05. This process was applied to the main analysis comparing

AD with HC and to the subgroup analysis of alcohol-only and alcohol-

polydrug groups. Locations of significant clusters were identified using

the John Hopkins ICBM DTI-81 probabilistic white matter atlas.44

2.4 | Other statistical analysis

All other analyses and visualisations were carried out using R

v3.6.3.45–47 Group differences in demographic variables were ana-

lysed using Welch's t-test, analysis of variance (ANOVA) tests or

Mann–Whitney U-tests based on the distribution of data. Spearman's

rank correlations and partial correlations were carried out to explore

the relationship between FA from clusters identified through voxel-

wise analysis and clinical variables of interest. For clusters identified in

the main analysis contrasting AD and HC, local FA was examined in

relation to alcohol exposure, pack-years and months abstinent from

alcohol. Given a lack of differences between subgroups (alcohol-only
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and alcohol-polydrug), we explored associations between local FA and

cannabis, cocaine and opiate exposure in the alcohol-polydrug group.

This was only examined in this group as the alcohol-only group had

very few individuals with exposure to these substances. We applied a

false-discovery rate correction to adjust for multiple comparisons

(pFDR < 0.05).48

3 | RESULTS

3.1 | Sample characteristics

Demographic information and patterns of drug use are provided in

Table 1. The HC and AD groups were similar in terms of age, gender,

site distribution and body mass index. The HC group had a higher esti-

mated IQ than the AD group. As expected, the AD group had higher

lifetime exposure to alcohol, cocaine, opiate, nicotine and cannabis as

well as a higher proportion of current smokers, nicotine dependence

and family history of dependence compared with HCs. Follow-up data

from telephone interviews was available for 34 AD participants, of

which 12 (35%) had relapsed in the past 12 months since the study.

In the comparison of alcohol-only and alcohol-polydrug, the

alcohol-polydrug group was younger and had a slightly lower mean

IQ. As expected, cocaine, opiate and cannabis exposure were higher

in the alcohol-polydrug compared with alcohol-only group, and age at

regular use of alcohol was younger than for the alcohol-only group. In

contrast, alcohol exposure was higher in the alcohol-only group com-

pared with the alcohol-polydrug group, though there was no differ-

ence when age was taken into account. They did not differ on current

tobacco smoking status, nicotine dependence or lifetime nicotine

exposure. Subgroups showed similar rates of relapse within

12 months following the study.

3.2 | Whole-brain analyses: Lower FA in AD
compared with HC

Whole-brain analysis found significantly lower FA in AD relative to

HC in a large cluster spanning the genu, body and splenium of the cor-

pus callosum (Cluster 1) and a second smaller cluster in the right ante-

rior corona radiata (Cluster 2). A group-by-age interaction effect was

also found in two clusters, where a greater linear decrease in FA with

age was found in AD. The larger cluster was found in the corpus callo-

sum and showed considerable overlap with the group effect (Cluster

3). The smaller cluster was located in the left posterior thalamic radia-

tion (Cluster 4). There were no clusters where FA was higher in

AD. Cluster information is summarised in Table 2 and visualised in

Figure 1. Mean FA was extracted from each cluster for each individ-

ual, and group and interaction effects are depicted in Figure 2.

To further assess the laterality of effects reported in the right

anterior corona radiata and left posterior thalamic radiation, we also

examined group differences at a more lenient statistical threshold

(pFWE < 0.1). Lowering the threshold highlighted a similar group effect

in the left anterior corona radiate whereby FA was lower in AD. There

was no sign of an interaction effect in the right posterior thalamic

radiation. Results are further reported in Table S2.

No significant differences in FA were found between alcohol-only

and alcohol-polydrug groups.

3.3 | Relationship between substance use and FA
in AD

We sought to further examine group differences in FA by extracting

the mean FA from the main cluster in the corpus callosum. A negative

correlation was found between mean FA and age-normalised alcohol

exposure (ρ(62) = �0.45, p < 0.001). Similarly, a negative correlation

was found between smoking (pack-years) and callosal FA

(ρ(57) = �0.39, p = 0.002). No correlation was found between FA and

months abstinent from alcohol (ρ(58) = 0.001, p = 0.94). We visually

inspected relapse in relation to abstinence and FA, and though most

individuals who relapsed had shorter lengths of abstinence at the time

of the study, there was no distinguishable pattern in relation to callo-

sal FA. Effects are plotted in Figure 3. Partial correlations showed that

when controlling for smoking, alcohol exposure still showed a nega-

tive correlation with FA (ρ(56) = �0.42, p = 0.001). The same was true

for the negative correlation between smoking and FA whilst control-

ling for alcohol exposure (ρ(56) = �0.31, p = 0.02). Examination within

the alcohol-polydrug group further showed no association between

FA and age-normalised cocaine (ρ(34) = �0.12, p = 0.48), opiates

(ρ(34) = �0.05, p = 0.78) or cannabis exposure (ρ(34) = 0.07, p = 0.70).

4 | DISCUSSION

The purpose of this study was to investigate the relationship between

AD and white matter microstructure as well as the association with

measures of drug and alcohol consumption. In accordance with our

hypothesis, we found that white matter FA was lower in AD relative

to HC, particularly within corpus callosum. An interaction between age

and group was identified where AD participants exhibited a greater

decline in FA with age compared with HC. Furthermore, negative rela-

tionships with alcohol and nicotine exposure (pack-years) were identi-

fied and shown to have independent effects on FA in AD. Contrary to

our hypotheses, we found no differences in FA between alcohol-only

and alcohol-polydrug participants, and exposure to substances such as

cocaine or opiates had no discernible effect on FA. Surprisingly, dura-

tion of abstinence from alcohol did not correlate with FA. Overall, our

findings show that FA is lower in AD and not further affected by addi-

tional substance dependences. Furthermore, the differences are more

likely driven by lifetime exposure to alcohol and nicotine than by other

polydrug dependence and do not appear to recover with abstinence.

Lower FA may be additionally exacerbated by age-related changes

that appeared to be accelerated in the AD group.

In line with our primary hypothesis, we found lower FA in AD

across the corpus callosum and extending into parts of the corona
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radiata. These findings are consistent with a recent meta-analysis of

white matter in AD highlighting convergent macro- and microstruc-

tural WM alterations in the corpus callosum.13 We demonstrated that

callosal effects are negatively associated with long-term excessive

alcohol consumption. The anterior corpus callosum has been

highlighted as a vulnerable region to the effects of alcohol, and a neg-

ative association with consumption has been shown in a cohort of

adult alcohol drinkers.49 The potential mechanisms for changes to

white matter in AD are numerous. Several studies of AD have

examined additional diffusion metrics—mean, axial and radial

diffusivity—thought to reflect different facets of white matter

microstructure and have typically found higher radial diffusivity along

with lower FA in the corpus callosum.5,8,10 Additionally, increases in

these diffusivity indices have been reported in AD along commissural,

associative and projection suggesting alterations beyond alterations

to FA.5,12,50,51 Whereas further confirmatory research is needed to,

these studies suggest that though microstructural damage to the cor-

pus callosum is a common feature of AD, there may be a more wide-

spread pattern of alterations to white matter. Possible causes for

these alterations include axonal damage and loss of myelin,52 though

it is important to note that DTI alone is not sufficient to determine

the mechanism underlying the alterations to white matter. Preclinical

studies have shown that in vitro ethanol treatment can disrupt

platelet-derived growth factor receptor alpha (PDGFRα), which is

required for the differentiation of oligodendrocyte progenitor cells

(OPCs) into myelin-producing oligodendrocytes.53 Additionally,

chronic alcohol exposure has been found to activate Toll-like receptor

4 (TLR4), which induces a cellular signalling cascade that leads to

microglial activation. Microglia have been reported to release

pro-inflammatory factors that instigate an inflammatory response that

can lead to axonal damage as well as damage to oligodendrocytes and

to myelin binding proteins.54

In this study, we found a negative correlation between cigarette

‘pack-years’ and FA. Furthermore, partial correlations showed that

pack-years and alcohol exposure each had an independent impact on

callosal FA. One previous study found significant negative correlations

between smoking duration and FA in the splenium of the corpus callo-

sum.17 Another reported no effect of smoking status on FA in a medi-

ation analysis,55 although this study was in heavy drinkers rather than

AD and only considered recent smoking, rather than lifetime expo-

sure.55 Our findings suggest that smoking does have additional detri-

mental effects on white matter microstructure. Previous literature has

linked smoking severity and duration to lower FA, though this has

been in non-alcohol-dependent smokers.39,56 Further studies demon-

strated that smoking history was a factor that affected FA recovery

when comparing participants that were 1-week abstinent with those

1-month abstinent,14 and longer smoking duration was associated

with lower FA in a cohort of alcohol-dependent relapsers.18 Drinking

and smoking behaviours commonly occur together, and it is therefore

possible that an interaction effect between nicotine and alcohol expo-

sure could contribute to these findings. It has previously been found

that smoking AD had lower grey matter volume in the putamen than

non-smoking AD, but this study observed no effect on white matterT
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volume.57 Our approach allowed us to consider the correlation

between pack-years and alcohol exposure in AD when examining

their respective associations with FA, but our dataset was not suitable

to further assess the possibility of an interaction. The possibility that

nicotine exposure can affect white matter FA in conjunction with

alcohol may also be clinically important considering that around 80%

of alcohol-dependent individuals smoke cigarettes,58 a figure also

reflected in our sample.

We further explored the interaction effect between age and

group and identified greater age-related reductions in AD. This

effect showed considerable spatial overlap with our main effect of

group, suggesting that lower FA in AD is exacerbated with age and

is likely associated with lifetime alcohol and nicotine consumption.

In recent years, there has been renewed support for the notion of

accelerated ageing in AD both in grey matter59–61 and in white mat-

ter.15,62,63 In particular, a greater age-related decline in the corpus

callosum was found in older compared with younger alcoholics.62 A

subsequent TBSS study expanded on these findings and identified a

similar interaction in the genu of the corpus callosum.63 A longitudi-

nal assessment of FA in AD and controls did not find a greater

reduction with age, except in those who had relapsed between

scans.30 However, this study focused on trajectory slopes of FA for

each individual, derived from regions showing a group difference,

rather than through modelling the effect of age and AD on FA

across the brain.

Our study found lower FA in AD, but there were no differences

in FA between the alcohol-only and alcohol-polydrug subgroups. This

was unexpected, as previous studies have shown effects of cocaine

and opiate dependence on FA.34–38 Cocaine is a potent vasoconstric-

tor that has been associated with hypoperfusion and subsequent

demyelination of neuronal cells.64,65 It would therefore seem likely

that cocaine has detrimental effects on white matter, but we are

unable to support this with our data. Similarly, lower FA has been

reported in opiate dependence.37,38,66,67 Studies on polydrug use of

other substances has produced mixed results. Lower FA in cocaine-

dependent polydrug users was not associated with alcohol use,36 and

no differences were found between binge drinkers with and without

heavy cannabis consumption.68 One study of cocaine users distin-

guished polydrug use subtypes—concurrent users of alcohol, cannabis

or both—and found a negative association between FA and the num-

ber of additional substances used.69 However, subgroups were very

small, and this study found no overall difference between controls

and cocaine users. Overall, our findings do not point towards distinct

effects of alcohol-polydrug dependence on FA in abstinent individ-

uals. Additionally, there was no indication of an association between

lower FA and exposure to opiates, cocaine or cannabis, whereas

TABLE 2 Summary of clusters highlighting differences between HC and AD

Cluster index Effect Cluster Size Location

Cluster peak MNI

coordinates
Cluster
p-value

Median cluster FA

X Y Z Control AD

1 Group 5815 Corpus callosum 11 28 �8 p < 0.001 0.64 ± 0.04 0.61 ± 0.05

2 Group 284 Right anterior corona radiata 31 �6 15 p = 0.047 0.53 ± 0.03 0.51 ± 0.03

3 Group-by-age 3174 Corpus callosum 13 32 �9 p < 0.001 0.71 ± 0.04 0.68 ± 0.08

4 Group-by-age 334 Left posterior thalamic radiation �33 �64 6 p = 0.042 0.56 ± 0.04 0.55 ± 0.05

F IGURE 1 Lower FA in AD
compared with HC shown across
axial (A), sagittal (B) and coronal
(C) slices. A main effect of group
was found in the corpus callosum
(shown in yellow, Cluster 1) as
well as the anterior corona
radiata (shown in light blue,
Cluster 2). Group-by-age

interaction effects, whereby a
greater age-related reduction was
found in AD, were present in the
corpus callosum (shown in red,
Cluster 3) and in the posterior
thalamic radiation (shown in dark
blue, Cluster 4). The mean FA
skeleton is shown in green.
Clusters were inflated to improve
visibility
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alcohol and nicotine exposure showed a negative correlation with the

observed group differences in FA.

Contrary to our hypothesis, we found no association between FA

and length of abstinence in AD. Previous work has found evidence of

possible recovery. A study comparing abstinence in AD reported

increased callosal FA in those 1-month abstinent compared with those

1-week abstinent,17 and a longitudinal study of recently detoxified AD

also demonstrated increased FA following protracted abstinence rela-

tive to baseline.16 In comparison, our study examined a younger cohort

with a more mixed sample in terms of abstinence length. Furthermore,

such studies have tended to assess the impact of only a single

substance,3,28,30 whereas our cohort of alcohol-dependent participants

includes a significant number of individuals who are alcohol-polydrug

dependent. Such heterogeneity could mask the effects of a single sub-

stance on recovery. Indeed, cocaine and opiates are thought to exert

distinct mechanisms of white matter dysregulation,3 which may

require differing abstinence lengths in order for recovery to occur, or

the effects may interact, resulting in no overall change in FA. In addi-

tion, different brain structures may be more or less susceptible to

recovery. For example, amongst abstinent cocaine-dependent individ-

uals, some regional changes in FA persisted through abstinence,

whereas others were altered as a function of abstinence, suggesting

differential susceptibility to recovery.70 In addition to the possibility

that the callosal FA is less susceptible to recovery, it may be that any

recovery with abstinence is hindered by the exaggerated age-related

decline in AD. Due to high attrition rate during follow-up, we were

unable to formally investigate relapse, but visual inspection of the data

did not show any sign of differences in callosal FA in those who

relapsed within 12 months. Though abstinent from alcohol and illicit

substances, the vast majority of AD participants were current smokers.

This likely played a role in the observed differences in FA as well as

the lack of abstinence-related recovery; DTI studies of middle-aged

smokers have reported lower FA in the corpus callosum,39,40 and have

shown that smoking status and nicotine exposure can negatively affect

recovery of FA with abstinence.14,17,18 Additionally, we found a nega-

tive association between callosal FA and pack-years that was indepen-

dent from the association with alcohol exposure. Taken together, it is

possible that heavy nicotine consumption hinders expected recovery

with abstinence from other substances.

The corpus callosum is a crucial white matter bundle that con-

nects homologous structures in the two hemispheres, typically in a

symmetric manner according to the topological organisation of the

cortex.71,72 As such, disruptions to myelination or axonal integrity

along the corpus callosum can lead to a wide range of functional

impairments. It is likely that these disturbances play a role in the cog-

nitive profile seen in AD. Previous studies have found that alterations

negatively affect executive function,50 working memory,50,62 decision

making,7 impulsivity73 and processing speed12,50 and visuo-spatial

F IGURE 2 Mean FA values extracted from each cluster and plotted for each group (HC vs. AD). (A) A main effect of group across the corpus
callosum where AD showed lower FA than HC. (B) A main effect of group in the right anterior corona radiata where AD showed lower FA than
HC. (C,E) The group-by-age interaction effect on FA in the corpus callosum where those with AD showed greater reductions with age. (D,F) A
similar group-by-age interaction effect in the left posterior thalamic radiation. HC are depicted in blue and AD in red. AD subgroups that were
considered for further analysis are plotted using a different colour (alcohol-only: pink upward-facing triangles, alcohol-polydrug: yellow
downward-facing triangles)
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abilities.62 Disruptions to callosal white matter integrity in AD and the

functional and clinical implications are worthy of further study, partic-

ularly if this is further exacerbated by age-related decline62 and is

non-recoverable.

It is clear that caution should be exercised when generalising find-

ings between one substance of dependence and another; certain

regions may share commonality of effect regardless of dependence,

whereas other changes may be substance-specific or be subject to as

yet unidentified interaction effects with other factors that could exac-

erbate and/or mitigate white matter alterations. Given the coincident

use and abuse of substances (particularly cigarettes and alcohol)

across one's lifetime, the possibility for disentangling the various

impacts of single substances on white matter, and indeed brain struc-

ture more generally, is likely to pose a significant challenge. Coupled

with evidence of differential susceptibility of regional changes to per-

sistence versus recovery during abstinence further complicates the

picture. Further investigation in longitudinal cohorts of much greater

sample size and which include a range of individuals across cultures

where patterns of concurrent use of certain substances may vary from

those previously published will be required to understand the impacts

of substances on brain structure more fully.

There are a few limitations that are relevant to the findings of this

study. Firstly, the strength of interpretation is limited by its cross-

sectional design. We are unable to fully capture the impact of history

of substance dependence or lifetime exposure to illicit substances

when examining brain structure at a time where participants were

already abstinent. Longitudinal designs allow greater confidence in

linking changes in FA over time to exposure and abstinence, its rela-

tionship to the duration of active dependence and whether changes in

FA impact the likelihood of relapse. Another limitation may be that

our sample size was not sufficient to detect more subtle effects asso-

ciated with additional substance dependences. Alcohol and nicotine

have both been shown to have profound effects on white matter and

may overlap with polydrug effects, making it harder to disentangle

effects. Furthermore, population-level studies are needed to under-

stand the specific impact of substances such as cannabis, cocaine and

opiates on white matter or the impact of age of onset, severity of

dependence or whether the drugs were taken together or sequen-

tially. Although effort was made to ensure healthy controls were age-

matched to the overall sample of dependent subjects, the alcohol-only

subgroup was slightly older than the alcohol-polydrug subgroup. All

groups were composed of a similar age range from 20 to 65 years old,

F IGURE 3 Associations between callosal FA and alcohol exposure and smoking in AD. Top: (A,C) A negative relationship between FA and
alcohol exposure and FA and pack-years, respectively. (E) No clear relationship between FA and months abstinent from alcohol. Bottom: Effects
have been plotted using the ranked data to show the correlation strength. (B,D) A negative monotonic relationship was found between mean FA

from Cluster 1 and alcohol exposure and pack-years. (F) No clear relationship between FA and months abstinent from alcohol. AD subgroups that
were considered for further analysis are plotted using a different colour (alcohol-only: pink upward-facing triangles, alcohol-polydrug: yellow
downward-facing triangles). In (E) and (F), individuals who relapsed within 12 months are shown as open triangles
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and age was considered as a confounding variable in all our whole-

brain analyses. However, age was also of interest in relation to accel-

erated ageing, and we are unable to assert that group differences do

not affect these results. Although only counting years of exposure

when participants met the heavy use criteria produces a more reliable

measure of exposure, it is not immune to ceiling effects whereby it is

not possible to distinguish heavy and extreme levels of consumption.

Furthermore, patterns of consumption may change over time, and our

use of exposure is unable to fully consider differences in periods of

drug use and abstinence. In terms of methodology, to build the mean

FA skeleton, the participants' images were warped to a pre-selected

template rather than through building a template using the partici-

pants' own images. This template is an average image based on

58 well-aligned good quality FA images from healthy male and female

subjects that were between 20 and 50 years old. Variability in anat-

omy between individuals may be high, and template choice may

impact the results in a group-wise analysis.74 This may be because the

detected group differences (from the statistical map) not only reflect

the true group differences but also the degree of modification of each

image to the template.74 If the participants' anatomy is close to that

of the template, then less warping will occur, and the effect of tem-

plate modification may be reduced. Again, such limitations can be

addressed in larger sample sizes and with longitudinal designs that

remove between-subject variance.

5 | CONCLUSIONS

This study contributes to our understanding of white matter micro-

structure in AD and offers novel insight into the role of polydrug

use. Our findings indicate that deficits in white matter microstruc-

ture are present in AD and are associated with lifetime alcohol expo-

sure. We further showed more pronounced age-related reductions

in FA in those with AD suggesting age-related changes may be

accelerated in this group. Furthermore, an independent association

between nicotine exposure and FA was identified, but crucially,

alcohol-polydrug-dependent individuals showed no additional differ-

ences in FA compared with alcohol-only individuals. Further work is

required to determine whether such alterations are associated with

functional deficits and the extent to which these might be recover-

able with treatment or longer-term abstinence. With further valida-

tion, these alterations may provide useful biomarkers to predict the

onset of problematic drinking, propensity to relapse or treatment

response.
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