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ABSTRACT
Background Homeless or precariously housed 
individuals live with poor health and experience 
premature mortality compared with the general 
population, yet little is known about age- related brain 
changes among these individuals. We evaluated whether 
MRI measures of brain structure are differentially 
associated with age and selected risk factors among 
individuals who are homeless or precariously housed 
compared with a general population sample.
Methods We compared T1- weighted and diffusion tensor 
imaging measures of brain macrostructure and white 
matter microstructure in a well- characterised sample 
of 312 precariously housed participants with a publicly 
available dataset of 382 participants recruited from the 
general population. We used piecewise and multiple linear 
regression to examine differential associations between 
MRI measures and between the samples, and to explore 
associations with risk factors in the precariously housed 
sample.
Results Compared with the general population sample, 
older age in the precariously housed sample was 
associated with more whole- brain atrophy (β=−0.20, 
p=0.0029), lower whole- brain fractional anisotropy 
(β=−0.32, p<0.0001) and higher whole- brain mean 
diffusivity (β=0.69, p<0.0001). Several MRI measures 
had non- linear associations with age, with further adverse 
changes after age 35–40 in the precariously housed 
sample. History of traumatic brain injury, stimulant 
dependence and heroin dependence was associated with 
more atrophy or alterations in white matter diffusivity in 
the precariously housed sample.
Conclusions Older age is associated with adverse 
MRI measures of brain structure among homeless and 
precariously housed individuals compared with the general 
population. Education, improvements in care provision 
and policy may help to reduce the health disparities 
experienced by these individuals.

INTRODUCTION
Individuals who are homeless experience 
disproportionately high morbidity and 
mortality compared with the general popu-
lation,1 and individuals who are precariously 
housed face similar mortality as those who are 
homeless.2 Previous studies report consider-
ably higher rates of communicable diseases,3 
mental illness4 and substance misuse, as well 
as high rates of unintentional injury such as 
falls, assault and traumatic brain injury.5 6 
Previous studies also report higher rates of 

WHAT IS ALREADY KNOWN ON THIS TOPIC
 ⇒ Individuals who are homeless or precariously 
housed have a higher burden of illness as compared 
with the general population.

WHAT THIS STUDY ADDS
 ⇒ This is the first study to look at differential associ-
ations between quantitative MRI measures of brain 
health and age among these individuals compared 
with the general population. In this cross- sectional 
analysis of 694 participants, we found that older 
age was more strongly associated with adverse MRI 
measures of brain structure among those who were 
precariously housed compared with the general 
population.

HOW THIS STUDY MIGHT AFFECT RESEARCH, 
PRACTICE OR POLICY

 ⇒ Care providers should be aware of the differences 
in brain health and consider earlier evaluation and 
intervention, with traumatic brain injury and sub-
stance dependence being especially important brain 
health factors to consider. Policy- makers should 
consider increasing targeted availability and/or ex-
panded eligibility of supportive services.
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non- communicable diseases, cognitive impairment and 
age- related conditions, which some have taken as evidence 
for accelerated ageing.5 Indeed, homeless individuals 
over the age of 50 have a high prevalence of ‘geriatric 
syndromes’, comparable with general population samples 
more than 20 years older.7 8

There is preliminary evidence for differential brain 
changes in homeless and precariously housed samples, 
with a higher- than- expected prevalence of stroke and 
nearly one- third having pathological findings visible on 
MRI.9 10 Only one study to date has looked at quantita-
tive MRI in homeless individuals compared with a control 
group and found that homeless individuals had smaller 
thalamic and brainstem volumes compared with controls, 
and that history of traumatic brain injury was associated 
with lower volumes of various brain structures compared 
with those without traumatic brain injury.11 However, this 
study was limited in sample size (nhomeless=25, ncontrol=26) 
and reported only basic between- group differences in 
volume across a few regions of interest. To date, it is 
unknown whether MRI measures of brain structure differ 
between homeless or precariously housed individuals 
compared with the general population, or whether there 
is a differential association with age that could indicate 
accelerated degenerative processes. If there are differen-
tial associations between MRI measures of brain structure 
and age, there are potential implications for education, 
public health policy and health delivery, especially given 
the ageing homeless population.12

In this study, we evaluated whether age is differentially 
associated with MRI measures of brain structure in a 
well characterised sample of individuals who are precar-
iously housed (n=312) compared with a publicly avail-
able sample of individuals from the general population 
(n=382). We hypothesised that older age would be asso-
ciated with greater whole- brain atrophy and differential 
white matter diffusivity among precariously housed indi-
viduals compared with the general population. We char-
acterised differential associations with age across regions 
of interest and also explored whether risk factors that 
are over- represented in homeless or precariously housed 
samples, such as mental illness diagnoses, substance 
dependence, intravenous drug use, HIV, traumatic brain 
injury or stroke, were associated with atrophy or white 
matter diffusivity in the precariously housed sample.

METHODS
Study samples and participants
The Hotel Study is a prospective longitudinal observa-
tional study of individuals who are precariously housed 
in an impoverished neighbourhood of Vancouver, 
Canada.10 13 14 Participants were recruited from single- 
room occupancy hotels, a downtown community court 
and a local hospital emergency department and were 
assessed monthly and yearly on various aspects of health 
and functioning, including one or more multimodal MRI 
scans of the brain. Inclusion criteria included being aged 

18 or older, ability to speak English and ability to provide 
informed consent; no other exclusion criteria were 
applied. Participants in this study are demographically 
similar to studies on homelessness and have comparable 
health characteristics.15 16 Mental illness and substance 
use diagnoses were assessed using the best estimate clin-
ical evaluation and diagnosis form by study psychiatrists,17 
HIV status by baseline serology and traumatic brain injury 
was operationalised as being struck in the head, neck or 
face, and losing consciousness for any period of time, as 
assessed through a structured interview. MRI scans were 
acquired for research purposes and not for any specific 
clinical indication. Any clinically significant incidental 
findings were reported to the participants and their care 
providers. Of the 515 participants enrolled in the broader 
study, we included baseline data from participants 
between the ages of 18 and 65 who had a T1- weighted and 
diffusion tensor imaging (DTI) scan of sufficient quality 
to be analysed (n=312). Age 65 was selected as an upper 
bound as it aligns with the Canadian Government (and 
commonly used) cut- off between adulthood and older 
adulthood.18

Data from the general population was collected as part 
of the population- based and open- access Cambridge 
Centre for Ageing and Neuroscience repository 
(CamCAN; http://www.mrc-cbu.cam.ac.uk/datasets/ 
camcan/).19 20 The CamCAN dataset was selected as it 
is a comparably large dataset with all imaging acquired 
on a single MRI scanner. To facilitate comparison to the 
Hotel Study sample, we included participants who were 
between the age of 18 and 65 who had a T1- weighted and 
DTI scan of sufficient quality to be analysed (n=382). In 
supplementary analyses, we also evaluated an additional 
healthy control sample that was acquired on the same 
scanner, with the same acquisition parameters as the 
Hotel Study sample (n=35), and processed identically to 
Hotel Study scans. These additional scans were acquired 
as part of a control sample for a different study and thus, 
there was no blinding of participant group required for 
research staff.

Neuroimaging acquisition and processing
For the Hotel Study sample, T1- weighted and diffusion 
tensor imaging scans were acquired on a 3T Philips 
Achieva scanner with an eight- channel SENSE head coil 
and for the CamCAN sample all scans were acquired on 
a 3T Siemens TIM Trio scanner with a 32- channel head 
coil. Scan acquisition parameters are detailed in the 
online supplemental methods.

All scans were processed using similar processing pipe-
lines. T1- weighted scans were processed using FreeSurfer 
V.6.021 with full processing and quality control details 
outlined in the online supplemental methods. Tissue- 
to- intracranial volume ratio was derived by dividing total 
cerebral brain tissue volume (excluding the ventricles, 
cerebellum and brainstem) by estimated intracranial 
volume. Cortical thickness was extracted according to 
the Desikan- Killiany atlas22 and subcortical volumes were 
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extracted according to the standard FreeSurfer subcor-
tical segmentation atlas.23 Hotel Study DTI scans were 
processed using FSL V.5.0.11 and CamCAN DTI scans 
were processed with FSL V.6.0 (https://fsl.fmrib.ox.ac. 
uk),24 with full processing and quality control details 
outlined in the online supplemental methods. Mean 
whole- brain fractional anisotropy (FA) and mean diffu-
sivity (MD) data were extracted by taking an average 
from the white matter skeleton, and values across white 
matter tract regions of interest were exported according 
to the Johns Hopkins University white matter tract atlas.25 
In general, decreased FA and increased MD is indicative 
of damaged or degraded white matter integrity, and this 
pattern is generally seen with increasing age.26 However, 
DTI findings are not specific to any particular pathology 
and can change throughout a disease process, and thus, 
conservative interpretation about the exact meaning 
of DTI measures is required.26 Therefore, we constrain 
our interpretation of our DTI findings to ‘alterations in 
diffusivity’ rather than making any direct interpretations 
about the underlying brain pathology.

Statistical analysis
We tested for differences between samples in median 
age with a Wilcoxon rank- sum test, and for differences in 
the proportion of sex between samples with a χ2 test. We 
centred all MRI measures in each sample to the sample 
mean (ie, CamCAN values were centred on the CamCAN 
sample mean for that metric) and standardised the data. 
We report standardised beta weights throughout to facili-
tate comparison across imaging metrics and samples. We 
first looked at broad, whole- brain measures including 
tissue- to- intracranial volume ratio, cerebral white matter 
volume, cortical volume, subcortical grey matter volume, 
average whole- brain FA and average whole- brain MD. 
We describe the difference in average slope between age 
and these whole- brain measures using multiple linear 
regression with a sample×age interaction term. However, 
there were non- linear associations between age and 
several whole- brain measures. Quadratic terms improp-
erly describe non- linear relationships in cross- sectional 
studies27 and other non- linear methods (eg, general addi-
tive models) yield coefficients that are challenging to inter-
pret and compare across measures or samples. Therefore, 
we used piecewise regression to algorithmically estimate 
the age at which the breakpoints occurred and estimate 
slopes before and after the breakpoint.28 We also evalu-
ated differential associations between age and cortical 
thickness, subcortical volumes and white matter diffusivity 
across regions of interest using multiple linear regression 
with sample×age interaction terms. As shown in online 
supplemental figure 1, linear approaches provided good 
estimates of average slope across the lifespan compared 
with non- linear approaches, so we used linear models to 
characterise region of interest results with one single stan-
dardised value for each region of interest. As shown in 
online supplemental figure 2, the slope for whole- brain 
atrophy in the CamCAN sample was not significantly 

different from the healthy control sample acquired on 
the same scanner as the Hotel Study sample. Therefore, 
we use the CamCAN sample as the primary comparator 
throughout due to the larger sample size. We covaried for 
estimated intracranial volume for all volumetric measures 
except for tissue- to- intracranial volume ratio and we cova-
ried for sex for all measures. All region of interest anal-
yses were corrected for multiple comparisons to a false 
discovery rate of p<0.05.

One major factor that could disproportionately influ-
ence our results are individuals who had structural 
lesions due to traumatic brain injury, a subgroup which 
is over- represented in the precariously housed sample 
compared with the general population.29 To evaluate 
whether our results were largely driven by these individ-
uals, we first created a lesion overlap figure to describe 
the distribution and overlap of the lesions. We manually 
drew the lesion mask for each participant in FSL using 
T1- weighted and FLAIR images that were coregistered 
and then non- linearly registered the T1- weighted images 
and lesion masks to the MNI- 152 standard space. To run 
the sensitivity analysis, we removed these participants and 
ran identical models to our original analyses. A second 
subgroup that could potentially influence our results are 
individuals who had MRI evidence of stroke. This has 
been characterised previously in detail in a largely over-
lapping sample of participants, but in general the strokes 
were relatively small and either lacunar or cortical.9 As 
the strokes were generally small, we did not create a 
lesion overlap figure but we did re- run our analyses with 
these participants removed.

Finally, we explored whether factors such as mental 
illness diagnoses, substance dependence, intravenous 
drug use, HIV positivity, traumatic brain injury or stroke 
were associated with tissue- to- intracranial volume ratio or 
mean whole- brain FA in the precariously housed sample. 
To account for missing data, we used multiple imputa-
tion as described in the online supplemental methods. 
We used multiple linear regression with an age2 term to 
account for the non- linear relationships of the imaging 
variables with age, and then successively added blocks of 
variables.

All statistical analyses were conducted in R V.4.0.4,30 with 
piecewise regression implemented using the segmented 
package,31 region of interest results displayed using the 
ggseg package32 and multiple imputation performed 
using the mice package.33

RESULTS
The total sample included 694 participants, with 382 
from the general population (CamCAN) sample and 
312 from the precariously housed (Hotel Study) sample. 
The general population sample was slightly older (44.2 vs 
41.8; W=67 022, p=0.0047) and had a lower proportion of 
males (47.6% vs 78.8%; χ2=69.4, p<0.0001), and all subse-
quent analyses were adjusted for age and sex.
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The crude relationships between whole- brain 
imaging outcomes and age for each sample are shown in 
figure 1, with adjusted estimates reported in- text and in 
online supplemental table 1. Older age was associated 
with whole- brain atrophy in both samples; however, the 
precariously housed sample had a stronger association 
than the general population (β=−0.20, p=0.0029). The 
relationship between atrophy and age was linear in the 
general population and non- linear in the precariously 
housed sample, where older age was associated with 
more atrophy after age 37.0 (95% CI=30.0 to 44.0). The 
association between age and atrophy was 6.5 times the 
slope before age 37 and approximately two times the 
magnitude of association as in the general population.

The differential atrophy in the precariously housed 
sample appeared to be largely driven by cerebral white 
matter volume (β=−0.12, p=0.0015), as neither cortical 
volume (β=−0.049, p=0.16) nor subcortical grey matter 
volume (β=−0.060, p=0.19) were significantly different 
in slope compared with the general population, and 
both declined linearly in each sample. The relation-
ship between age and cerebral white matter volume was 
linear in the general population and stable across the 
age range. In contrast, the relationship was non- linear 
in the precariously housed sample as older age was 
associated with higher cerebral white matter volume 
up to age 39.8, after which it was associated with lower 
cerebral white matter volume.

There was also a stronger association between age 
and both whole- brain FA (β=−0.32, p<0.0001) and 
whole- brain MD (β=0.69, p<0.0001) in the precar-
iously housed sample relative to the general popula-
tion, with non- linear relationships in both samples for 
each metric. After age 36.4 in the precariously housed 
sample, older age was associated with lower FA at a 
magnitude 5.7 times that of the association before the 
breakpoint and approximately two times that of the 
general population at a similar age. After age 43.4 in 
the precariously housed sample, older age was associ-
ated with higher MD at a magnitude 5.4 times that of 
the association before the breakpoint and 7.9 times 
that of the general population at a similar age.

Differential associations with age for cortical thick-
ness, subcortical volumes and white matter tract diffu-
sivity between the two samples is shown in figure 2, with 
full results reported in online supplemental table 2–4. 
In the precariously housed sample compared with the 
general population, older age was associated with lower 
cortical thickness in the middle and inferior temporal 
areas bilaterally, temporal poles and the middle frontal 
and medial orbitofrontal areas, lower corpus callosum 
volume, higher third and lateral ventricle volumes, 
lower FA in 16 of 20 tracts and higher MD in 14 of 20 
tracts.

Overall, 19 of the 312 precariously housed partici-
pants (6.1%) had MRI evidence of encephalomalacia 
attributable to traumatic brain injury, figure 3. Trau-
matic brain injury lesions most commonly affected 

the frontal and orbitofrontal regions, as well as the 
temporal poles, consistent with the known vulnerability 
of these regions to trauma.34 Additionally, 17 (5.4%) of 
the precariously housed participants had MRI evidence 
of stroke, which has been characterised in detail previ-
ously.9 There were no substantive changes in the 
nature or direction of our findings with either of these 
subgroups removed (online supplemental table 5 and 
online supplemental figures 3–5), indicating that our 
results are not unduly driven by individuals with MRI 
evidence of traumatic brain injury or stroke.

Finally, we explored whether factors such as mental 
illness diagnoses, substance use, intravenous drug use, 
HIV, history of traumatic brain injury or MRI evidence 
of stroke were associated with atrophy or whole- brain 
FA in the precariously housed sample. The final blocks 
showing all risk factors we explored are shown in 
figure 4 and the preliminary models and full results 
are reported in online supplemental tables 6 and 7. 
Male sex (β=−0.47, p=0.00049) and history of traumatic 
brain injury (β=−0.35, p=0.0017) were independently 
associated with greater atrophy. Heroin dependence 
was associated with lower FA (β=−0.28, p=0.031) and 
stimulant dependence was associated with higher FA 
(β=0.34, p=0.034). MRI evidence of stroke fell just 
outside of statistical significance for both tissue- to- 
intracranial volume ratio (−β=0.42, p=0.056) and mean 
whole- brain FA (β=−0.47, p=0.054).

DISCUSSION
In this study, we found that older age was associated 
with decreased MRI measures of brain structure 
among individuals who were homeless or precariously 
housed compared with the general population. We 
also found that male sex and history of traumatic brain 
injury were associated with more atrophy in the precar-
iously housed sample, and that stimulant and heroin 
dependence were associated with altered white matter 
diffusivity.

The process of ageing is generally understood to 
be complex and involves progressive allostatic load 
leading to physiologic and functional decline.35 36 The 
decline of MRI measures of brain structure is part of 
the normal course of ageing in the general population 
and there is an accelerated decline in senescence.37–40 
However, we show that homeless or precariously 
housed participants have an age- associated decline 
that occurs earlier and in greater magnitude of that 
seen in the general population. Our results most 
likely reflect the effects of both systemic factors (eg, 
lack of housing) and individual factors (eg, develop-
ment of mental illness, bodily injury) that accumulate 
and interact across the lifespan. This accumulation 
may result in accelerated brain changes where MRI 
measures of brain structure decline earlier among 
homeless or precariously housed individuals, similar to 
the accelerated decline with senescence seen in older 

 on M
ay 22, 2023 by guest. P

rotected by copyright.
http://neurologyopen.bm

j.com
/

B
M

J N
eurol O

pen: first published as 10.1136/bm
jno-2022-000349 on 13 January 2023. D

ow
nloaded from

 

https://dx.doi.org/10.1136/bmjno-2022-000349
https://dx.doi.org/10.1136/bmjno-2022-000349
https://dx.doi.org/10.1136/bmjno-2022-000349
https://dx.doi.org/10.1136/bmjno-2022-000349
https://dx.doi.org/10.1136/bmjno-2022-000349
http://neurologyopen.bmj.com/


5Stubbs JL, et al. BMJ Neurol Open 2023;5:e000349. doi:10.1136/bmjno-2022-000349

Open access

Figure 1 Whole- brain measures in the general population sample (Cambridge Centre for Ageing and Neuroscience (CamCAN); 
blue) and in the precariously housed sample (Hotel Study; orange). Each metric is centred to the mean of the respective sample 
and standardised. For linear relationships, a linear fit and shaded 95% CI is shown. For non- linear relationships, the piecewise 
regression estimates are shown with a dashed linear (+ 95% CI) fit shown for reference.
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adults in the general population. This is supported by 
studies that have found a higher prevalence of other 
age- related conditions such as geriatric syndromes,7 8 
multimorbidity10 and earlier mortality.2

Our results could also be partly due to the devel-
opment of pathological conditions that are distinct 
from normal ageing. Brain atrophy, as assessed by 
structural neuroimaging, is a non- specific biomarker 
for conditions such as Alzheimer’s disease41 42 and 
cerebral small vessel disease.43 44 Greater atrophy with 
age in our study may be indicative of a neurodegen-
erative process, especially among older participants. 

This is supported by previous research that has found 
that pathological conditions more often seen in older 
adults are also more common in this sample, with 46% 
having any neurological illness, 19% having a move-
ment disorder and 11% with a history of stroke.9 10

History of traumatic brain injury was associated with 
additional atrophy in the precariously housed sample 
which is congruent with studies that have found a 
range of neuroimaging changes, including atrophy, 
in individuals from the general population after trau-
matic brain injury.45 46 We also found that stimulant 
and heroin dependence were associated with altered 

Figure 2 Differential associations across cortical, subcortical and white matter regions of interest between the general 
population and precariously housed sample. Beta weight is the standardised beta from a sample×age interaction term for each 
region in the Desikan- Killiany atlas (top panel, left), FreeSurfer subcortical atlas (top panel, right) and Johns Hopkins University 
white matter atlas (bottom panel). Positive (blue) beta weights indicate that the relationship between the imaging metric 
and age is more positive in the precariously housed sample compared with the general population and negative (red) beta 
weights indicate that the relationship between the imaging metric and age is more negative in the precariously housed sample 
compared with the general population. FA, fractional anisotropy; MD, mean diffusivity.
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whole- brain white matter diffusivity. Previous studies 
report mixed findings and that the direction of the 
association between substance use and structural MRI 
measures depends on the specific substance and the 
region of interest.47 48

Our work has potential implications for care 
providers, policy- makers and researchers. First, care 
providers should be aware of this differential decline in 
MRI measures of brain structure and consider earlier 
evaluation and intervention for individuals experi-
encing homelessness or precarious housing. History 
of traumatic brain injury and substance dependence 
represent especially important factors to consider, 
and our work highlights the importance of accurate 
medical and injury history when working with vulner-
able groups, especially given the association between 
traumatic brain injury and homelessness.6 49 Second, 
our study contributes to the growing evidence showing 
a high burden of functional impairment, morbidity 
and mortality among these individuals. Policy- makers 

should consider increasing targeted service availability, 
or expanding service eligibility; for example, making 
supportive services targeted for seniors in the general 
population available to individuals in these groups at 
a younger age. Finally, future research should char-
acterise predictors of longitudinal change in these 
groups and evaluate how changes in brain structure 
are associated with functioning. Age- related decline 
in cognitive function, for example, is associated with 
adverse changes in MRI measures of brain structure,38 
and thus, our results likely partially explain the well- 
documented cognitive and functional impairments 
experienced by these individuals.50 51 Intervention 
studies specifically informed by the unique health chal-
lenges of this population (eg, earlier targeted cerebro-
vascular risk factor management strategies including 
non- traditional risk factors such as intravenous drug 
use9 are also warranted in an effort to improve overall 
health.

Figure 3 Overlap of lesions determined to be caused by traumatic brain injury in the precariously housed sample. Lesions are 
projected on the MNI- 152 1 mm template. Yellow/white denotes higher number of lesions overlapping.
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Limitations
While our study leverages a well- characterised sample 
of precariously housed individuals and a large open- 
access sample from the general population, our 
work has several limitations. First, the two samples 
were acquired on different scanners with different 
acquisition parameters, and thus, comparison of the 
intercepts or ‘main effects’ could be biased by differ-
ences between scan acquisitions.52 Therefore, we 
restricted our analyses to look only at the difference 
in slope between samples. Imaging metrics could be 
different in intercept but not slope in the precariously 
housed sample compared with the general popula-
tion; however, future work with larger control samples 
acquired on the same scanner is needed to appropri-
ately evaluate these relationships. Second, while quan-
titative MRI has been used extensively to evaluate brain 
structure in vivo, it is important to acknowledge that 
MRI measures of brain structure may be biased by a 
variety of factors and are not fully representative of the 
underlying biology.53 Third, we used a cross- sectional 
approach to facilitate comparison to the general popu-
lation. However, cross- sectional studies cannot eval-
uate what factors are associated with change over time, 
which may represent particularly important targets 
for intervention. Additionally, the Hotel Study and 
CamCAN samples were not rigorously matched on 

demographic or clinical variables, though we covaried 
for age and sex in all analyses. Rather, our aim was to 
use the CamCAN sample as a reference sample for 
what is normally expected in the general population 
and then to evaluate specific risk factors within the 
Hotel Study sample. There are also additional unmea-
sured variables (eg, acute illness) that could affect MRI 
measures of brain structure and introduce bias into our 
results. Future work with closely matched comparison 
samples will be able to further delineate the specific 
effects of risk factors on the brain structure of these 
individuals. Finally, we restricted our exploratory anal-
yses on predictors of atrophy and FA to whole- brain 
measures. It is possible that some factors are associ-
ated with alterations in specific regions of interest but 
not with whole- brain measures. Additionally, co- use of 
substances is common, and our substance use variables 
were generated using a physician- assigned diagnosis of 
dependence (rather than any history of use). Future 
studies are needed to characterise the focal brain 
changes and dose–response characteristics associated 
with these risk factors.

CONCLUSIONS
Older age is associated with adverse MRI measures of 
brain structure among individuals who are homeless or 

Figure 4 Forest plot of the associations between risk factors and tissue- to- intracranial volume (left) and risk factors and 
mean whole- brain fractional anisotropy (right). Error bars denote the 95% CI for the regression estimate. NOS, not otherwise 
specified.
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precariously housed well beyond the normal pattern 
seen in the general population. History of traumatic 
brain injury and substance dependence are factors 
that are over- represented among these individuals and 
associated with further atrophy and alterations in white 
matter diffusivity. Changes in care provision and policy 
are needed to address the disparity in health outcomes 
for individuals experiencing homelessness and precar-
ious housing.
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Supplementary Methods 

 
For the Hotel Study sample, all scans were acquired using 3T Philips Achieva (software version 2.6.3.5) using an eight-

channel SENSE head coil. High resolution 3D T1-weighted FFE sagittal images were acquired with TE = 3.7 ms, TR = 8.1 

ms, flip angle 8°, FOV = 256mm × 256mm, acquisition matrix = 256 × 250, reconstruction matrix = 256 × 256, voxel 

spacing = 1.0 mm × 1.0 mm × 1.0 mm, 190 contiguous slices, slice thickness = 1 mm, gap = 0, SENSE = 1, scan duration = 

7:23 min. Diffusion-weighted images were acquired during the same session with 70 contiguous transverse slices in 32 

directions, acquisition matrix = 100 × 99, reconstruction matrix = 112 × 112, acquisition voxel = 2.24 × 2.24 × 2.0 mm, 

reconstructed voxel = 2.0 × 2.0 × 2.0 mm, slice thickness = 2.2 mm, TE = 60 ms, TR = 6451 ms, FOV = 224 mm × 224 

mm, flip angle = 90°, SENSE = 2.1, maximum number of gradient orientations = 33, b = 700 s/mm2, total scan duration = 

3:46 min. 

 

For the CamCAN sample, all scans were acquired on a 3T Siemens TIM Trio scanner with a 32-channel head coil. T1-

weighted scans were acquired using an MPRAGE sequence, with TR = 2250ms, TE = 2.99ms, flip angle = 9°, FOV = 256 × 

240 × 192mm, voxel size = 1 × 1 × 1mm, and GRAPPA 2.1 Diffusion-weighted scans were acquired with a twice-refocused 

SE sequence at three b-values (b = 1000, 30 directions, 66 axial slices; b = 2000, 30 directions, 66 axial slices, and b = 0, 66 

axial slices, 3 images), with TR = 9100ms, TE = 104ms, FOV = 192 × 192mm, voxel size = 2 × 2 × 2mm. 

 

T1-weighted data from both samples was processed using FreeSurfer version 6.0 (https://surfer.nmr.mgh.harvard.edu)2 and 

involved removal of non-brain tissue using a hybrid watershed/surface deformation procedure,3 automated Talairach 

transformation and segmentation of the subcortical white matter and deep gray matter structures,4,5 intensity normalization,6 

tessellation of the gray-white matter boundary, automated topology correction,7,8 and surface deformation following 

intensity gradients to optimally place gray-white and gray-cerebrospinal fluid boundaries.9–11 T1-weighted data for Hotel 

Study participants was evaluated by a trained research assistant and edited where necessary due to the higher pathology than 

the general population. T1-weighted data in the CamCAN sample was quality controlled using the ENIGMA Consortium 

quality control protocol (https://enigma.usc.edu/). 

 

Diffusion tensor imaging scans for both study samples were processed using FSL (https://fsl.fmrib.ox.ac.uk; version 6.0 for 

CamCAN scans and version 5.0.11 for Hotel Study scans),12 which involved brain extraction,13 eddy current correction,14 

and tensor fitting. Additionally, for the Hotel Study scans, eddy_cuda8.0 was used to detect and correct slices that were 

corrupted by motion-induced signal dropout including slice-to-volume registration. Non-diffusion volume and intensity 

inversed T1 volumes were used to estimate susceptibility distortion by using ANT’s SyN algorithm,15 and then mapped to 

T1 space and resliced as 2mm × 2mm × 2mm isotropically. All DTI volumes were then processed in FSL with tract-based 

spatial statistics,16 which involved aligning individual-participant FA data into a common space using nonlinear registration, 

creating a mean FA image, thinning the mean FA image it into a white matter skeleton, and projecting each participants’ 
aligned data onto the white matter skeleton.16 Quality control was performed by a trained research assistant on the raw data, 

after eddy current correction, and after tensor fitting. 

 

There was a relatively small amount of missing data for our analyses of factors associated with tissue-to-intracranial volume 

ratio and mean whole-brain fractional anisotropy in the precariously housed sample. HIV status was missing for 7.69%, 

stroke for 4.5%, traumatic brain injury history for 1.92%, IV drug use for 0.64%, and heroin dependence for 0.32%. To 

retain all participants in the analyses we used multiple imputation implemented through the mice package in R.17,18 We used 

all variables included in the analyses (age, sex, tissue-to-intracranial volume ratio, mean whole-brain fractional anisotropy, 

mental illness diagnoses, substance dependence diagnoses, IV drug use, HIV status, and traumatic brain injury history) to 

impute 10 new datasets. Each regression model was fit to each imputed dataset and the results were pooled to yield the final 

estimates. There were no differences in the direction or statistical significance of the results between the results based on the 

imputed data and identical models fit on the observed data, therefore the imputed results are reported in-text and in the 

supplement. 
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Supplementary Figure 1. Predicted values of tissue-to-intracranial 

volume ratio as a function of age in the Hotel Study as estimated by three 

different methods. Linear regression (dotted line; adjusted R2 = 0.265), 

piecewise linear regression (dashed line; adjusted R2 = 0.283), and general 

additive model (solid line with 95% confidence interval in shaded region; 

adjusted R2 =0.282). 

 

 
Supplementary Figure 2. Predicted values of tissue-to-intracranial 

volume ratio as a function of age in two healthy control samples and the 

Hotel Study. Linear fits (dashed) and general additive models (solid, with 

shaded 95% CI) are shown for the CamCAN sample (green), Hotel Study 

sample (orange), and an additional healthy control sample acquired on the 

same scanner, with the same acquisition parameters, as the Hotel Study 

sample (blue). A multiple linear regression model indicates that the slope of 
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the CamCAN sample relative to the additional healthy control sample is not 

significantly different (b = 0.0074, p = 0.46), while the slope of the Hotel 

Study relative to the additional healthy control sample is significantly 

different (b = 0.014, p = 0.0023). Additionally, the shape of the relationship, 

as visualized with a general additive model, is approximately linear for both 

of the healthy control samples, but it is non-linear for the Hotel Study 

sample. 

 

Supplementary Results 

 
Supplementary Table 1. Full adjusted results of whole-brain imaging outcomes. 

 

Metric Sample Beta1 
Within-group slope estimates (with break points if 

applicable) 

Tissue-to-

intracranial 

volume ratio2 

General population (CamCAN) β = -0.20, p = 0.0029 

Linear: -0.39 

Precariously housed (Hotel Study) 
Piecewise: -0.13 up to age 37, then -0.88 

Cerebral white 

matter volume3 

General population (CamCAN) β = -0.12, p = 0.0015 

Linear: 0.038 

Precariously housed (Hotel Study) 
Piecewise: 0.23 up to age 39.8, then -0.33 

Cortical grey 

matter volume3 

General population (CamCAN) β = -0.049, p = 0.16 

Linear: -0.41 

Precariously housed (Hotel Study) 
Linear: -0.36 

Subcortical grey 

matter volume3 

General population (CamCAN) β = -0.060, p = 0.19 

Linear: -0.35 

Precariously housed (Hotel Study) 
Linear: -0.30 

Fractional 

anisotropy (FA)2 

General population (CamCAN) β = -0.32, p < 0.0001 

Piecewise: 0.59 up to age 30.6, then -0.47 

Precariously housed (Hotel Study) 
Piecewise: -0.16 up to age 36.4, then -0.91 

Mean diffusivity 
(MD)2 

General population (CamCAN) β = 0.69 p < 0.0001 

Piecewise: -0.44 up to age 35.9, then 0.17 

Precariously housed (Hotel Study) 
Piecewise: 0.25 up to age 43.4, then 1.34 

1Standardized beta of the sample x age interaction term; 2adjusted for sex; 3adjusted for sex and intracranial volume 

 
Supplementary Table 2. Full results of cortical thickness across regions of interest. 

 

Region of interest Beta1 
p-value 

(unadjusted) 

p-value (FDR 

corrected) 

Banks of the superior temporal sulcus (left) -6.50E-02 0.38 0.60 

Banks of the superior temporal sulcus (right) -5.03E-02 0.49 0.65 

Caudal anterior cingulate (left) -9.94E-02 0.18 0.47 

Caudal anterior cingulate (right) -7.83E-02 0.29 0.55 

Caudal middle frontal (left) -1.94E-01 0.0072 0.054 

Caudal middle frontal (right) 8.39E-02 0.25 0.53 

Cuneus (left) 2.48E-01 0.0011 0.032 

Cuneus (right) 1.25E-01 0.1 0.36 

Entorhinal (left) -1.14E-01 0.14 0.40 

Entorhinal (right) -2.10E-01 0.007 0.054 

Frontal pole (left) -5.76E-02 0.46 0.64 

Frontal pole (right) -1.51E-02 0.84 0.92 

Fusiform (left) -6.54E-03 0.93 0.95 

Fusiform (right) -1.75E-02 0.82 0.92 

Inferior parietal (left) -4.83E-02 0.5 0.65 

Inferior parietal (right) -1.32E-02 0.85 0.92 

Inferior temporal (left) -1.90E-01 0.011 0.074 

Inferior temporal (right) -1.89E-01 0.012 0.074 

Insula (left) 1.27E-01 0.086 0.34 

Insula (right) 1.07E-01 0.14 0.40 

Isthmus cingulage (left) -6.42E-01 0.39 0.60 

Isthmus cingulage (right) -2.92E-02 0.69 0.82 

Lateral occipital (left) -5.64E-02 0.46 0.64 

Lateral occipital (right) -3.71E-02 0.63 0.77 

Lateral orbitofrontal (left) -1.09E-01 0.13 0.40 

Lateral orbitofrontal (right) -9.97E-02 0.18 0.47 

Lingual (left) 4.64E-02 0.53 0.67 
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Lingual (right) 1.37E-01 0.067 0.28 

Medial orbitofrontal (left) -2.04E-01 0.0067 0.054 

Medial orbitofrontal (right) -1.26E-01 0.093 0.35 

Middle temporal (left) -1.49E-01 0.033 0.16 

Middle temporal (right) -2.16E-01 0.002 0.034 

Paracentral (left) 7.12E-02 0.34 0.58 

Paracentral (right) 8.99E-02 0.22 0.53 

Parahippocampal (left) -2.33E-02 0.76 0.89 

Parahippocampal (right) 4.57E-03 0.95 0.95 

Pars opercularis (left) -6.40E-02 0.35 0.58 

Pars opercularis (right) 1.60E-02 0.82 0.92 

Pars orbitalis (left) -2.45E-01 0.001 0.032 

Pars orbitalis (right) -1.66E-01 0.025 0.13 

Pars triangularis (left) -1.61E-01 0.019 0.11 

Pars triangularis (right) -8.26E-02 0.23 0.53 

Pericalcarine (left) 7.41E-02 0.33 0.58 

Pericalcarine (right) -1.15E-01 0.14 0.40 

Postcentral (left) 7.92E-01 0.28 0.55 

Postcentral (right) 7.71E-02 0.3 0.55 

Posterior cingulate (left) -4.49E-02 0.53 0.67 

Posterior cingulate (right) -8.63E-02 0.23 0.53 

Precentral (left) -4.91E-03 0.95 0.95 

Precentral (right) -1.41E-02 0.84 0.92 

Precuneus (left) 6.62E-02 0.35 0.58 

Precuneus (right) 6.30E-02 0.38 0.60 

Rostral anterior cingulate (left) -6.01E-02 0.4 0.60 

Rostral anterior cingulate (right) -6.07E-02 0.42 0.62 

Rostral middle frontal (left) -7.64E-02 0.3 0.55 

Rostral middle frontal (right) -2.04E-01 0.0052 0.054 

Superior frontal (left) 8.16E-03 0.9 0.94 

Superior frontal (right) -1.02E-01 0.14 0.40 

Superior parietal (left) 1.10E-02 0.88 0.94 

Superior parietal (right) 8.43E-02 0.25 0.53 

Superior temporal (left) -4.93E-02 0.48 0.65 

Superior temporal (right) -5.43E-02 0.44 0.64 

Supramarginal (left) 8.03E-02 0.25 0.53 

Supramarginal (right) 1.30E-01 0.06 0.27 

Temporal pole (left) -2.34E-01 0.0027 0.037 

Temporal pole (right) -2.49E-01 0.0014 0.032 

Transverse temporal (left) 4.02E-02 0.59 0.73 

Transverse temporal (right) 8.51E-02 0.26 0.54 
1Standardized beta of the sample × age interaction term  

 
Supplementary Table 3. Full results of subcortical volume across regions of interest. 

 

Region of interest Beta1 
p-value 

(unadjusted) 

p-value (FDR 

corrected) 

3rd ventricle 3.17E-01 < 0.0001 < 0.0001 

4th ventricle 8.21E-02 0.26 0.35 

Amygdala (left) -8.17E-03 0.89 0.89 

Amygdala (right) -9.76E-02 0.1 0.18 

Brainstem -1.66E-02 0.77 0.80 

Caudate (left) 1.45E-01 0.024 0.084 

Caudate (right) 1.04E-01 0.1 0.18 

Corpus callosum (anterior) -1.75E-01 0.013 0.050 

Corpus callosum (central) -2.71E-01 0.00018 0.0012 

Corpus callosum (mid-anterior) -3.19E-01 < 0.0001 0.00017 

Corpus callosum (mid-posterior) -1.50E-01 0.041 0.11 

Corpus callosum (posterior) -1.83E-01 0.012 0.050 

Hippocampus (left) -6.43E-02 0.32 0.39 

Hippocampus (right) -8.63E-02 0.18 0.26 

Lateral ventricle (left) 2.40E-01 0.00028 0.0016 

Lateral ventricle (right) 2.70E-01 < 0.0001 0.00051 

Pallidum (left) -1.21E-01 0.043 0.11 

Pallidum (right) -1.15E-01 0.053 0.11 

Putamen (left) -1.21E-01 0.046 0.11 

Putamen (right) -1.04E-01 0.079 0.16 

Thalamus (left) -7.33E-02 0.17 0.26 
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Thalamus (right) -2.25E-02 0.66 0.72 

VentralDC (left) -1.15E-01 0.053 0.11 

VentralDC (right) -5.75E-02 0.32 0.39 
1Standardized beta of the sample × age interaction term  

 
Supplementary Table 4. Full results of white matter diffusivity across regions of interest. 

 
  Fractional anisotropy (FA) Mean diffusivity (MD) 

Region of interest Beta1 p-value 

p-value 

(FDR 

corrected) 

Beta1 p-value 

p-value 

(FDR 

corrected) 

Anterior thalamic 

radiation (left) -3.50E-01 < 0.0001 < 0.0001 6.10E-01 < 0.0001 < 0.0001 

Anterior thalamic 

radiation (right) -2.90E-01 < 0.0001 0.00015 5.20E-01 < 0.0001 < 0.0001 

Cingulate gyrus 
(left) -4.60E-01 < 0.0001 < 0.0001 1.90E-01 0.01 0.015 

Cingulate gyrus 

(right) -3.40E-01 < 0.0001 < 0.0001 1.50E-02 0.85 0.89 

Hippocampus (left) 1.40E-01 0.075 0.083 -1.40E-01 0.075 0.093 

Hippocampus 
(right) 2.30E-01 0.0025 0.0036 -2.10E-01 0.0067 0.012 

Corticospinal tract 

(left) -1.60E-01 0.028 0.034 4.90E-01 < 0.0001 < 0.0001 

Corticospinal tract 

(right) 7.90E-02 0.3 0.30 -4.30E-02 0.58 0.64 

Forceps major -4.80E-01 < 0.0001 < 0.0001 3.30E-01 < 0.0001 < 0.0001 

Forceps minor -3.70E-01 < 0.0001 < 0.0001 4.50E-01 < 0.0001 < 0.0001 

Inferior fronto-

occipital fasciculus 
(left) -3.00E-01 < 0.0001 < 0.0001 2.40E-01 0.0016 0.0031 

Inferior fronto-

occipital fasciculus 

(right) -2.70E-01 0.00011 0.00020 1.90E-01 0.01 0.015 

Inferior longitudinal 
fasciculus (left) -1.90E-01 0.0088 0.012 1.60E-01 0.034 0.045 

Inferior longitudinal 

fasciculus (right) -2.70E-01 0.00014 0.00024 1.00E-01 0.18 0.22 

Superior 

longitudinal 
fasciculus (left) -3.00E-01 < 0.0001 < 0.0001 5.30E-01 < 0.0001 < 0.0001 

Superior 

longitudinal 

fasciculus (right) -2.40E-01 0.00072 0.0011 4.20E-01 < 0.0001 < 0.0001 

Uncinate fasciculus 
(left) -4.10E-01 < 0.0001 < 0.0001 6.70E-01 < 0.0001 < 0.0001 

Uncinate fasciculus 

(right) -3.70E-01 < 0.0001 < 0.0001 4.50E-01 < 0.0001 < 0.0001 

Superior 

longitudinal 
fasciculus temporal 

portion (left) -9.60E-02 0.2 0.22 2.70E-03 0.97 0.97 

Superior 

longitudinal 

fasciculus temporal 
portion (right) -1.50E-01 0.047 0.056 2.00E-01 0.0094 0.015 
1Standardized beta of the sample × age interaction term 

 
Supplementary Table 5. Sensitivity analysis on whole-brain measures. 

Metric Sample 

Beta1 with all 

participants 

included 

Beta1 with 

participants who 

had MRI evidence of 

traumatic brain 

injury removed 

Beta1 with 

participants who 

had MRI evidence of 

stroke removed 

General population (CamCAN) β = -0.20, p = 0.0029 β = -0.18, p = 0.013 β = -0.21, p = 0.0024 
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Supplementary Table 6. Full results of factors associated with tissue-to-intracranial volume ratio in the precariously housed sample. 

 

Tissue-to-intracranial 

volume ratio 

Block 1: Basic demographics Block 2: Mental health diagnoses Block 3: Substance use 
Block 4: HIV, traumatic brain injury, 

and stroke 

Beta 95% CI p-value Beta 95% CI p-value Beta 95% CI p-value Beta 95% CI p-value 

Age 0.56 -0.15, 1.27 0.12 0.55 -0.19, 1.28 0.14 0.49 -0.30, 1.27 0.22 0.46 -0.32, 1.23 0.25 

Age2 -1.12 -1.83, -0.40 0.0022 -1.13 -1.86, -0.40 0.0027 -1.08 -1.85, -0.31 0.0062 -1.01 -1.77, -0.25 0.0098 

Sex                         

Female — —   — —   — —   — —   

Male -0.51 -0.75, -0.27 < 0.0001 -0.45 -0.70, -0.20 0.00047 -0.43 -0.70, -0.17 0.0013 -0.47 -0.73, -0.21 0.00049 

Schizophrenia       -0.29 -0.65, 0.06 0.11 -0.31 -0.67, 0.06 -0.10 -0.28 -0.63, 0.08 0.13 

Schizoaffective       -0.05 -0.39, 0.28 0.76 -0.05 -0.39, 0.29 0.78 -0.04 -0.38, 0.30 0.81 

Bipolar I or Bipolar NOS       0.10 -0.28, 0.48 0.60 0.11 -0.27, 0.50 0.56 0.13 -0.25, 0.51 0.49 

Bipolar II       0.12 -0.37, 0.62 0.63 0.13 -0.38, 0.63 0.62 0.10 -0.40, 0.60 0.69 

Major depressive 

disorder or depression 
NOS       0.16 -0.14, 0.46 0.31 0.16 -0.15, 0.46 0.32 0.16 -0.15, 0.47 0.3 

Psychotic disorder NOS       -0.21 -0.55, 0.12 0.22 -0.22 -0.56, 0.13 0.21 -0.17 -0.51, 0.16 0.31 

Alcohol             -0.01 -0.27, 0.25 0.94 -0.01 -0.27, 0.24 0.92 

Stimulant              0.06 -0.22, 0.35 0.66 0.04 -0.24, 0.32 0.79 

Heroin             -0.01 -0.24, 0.22 0.95 0.01 -0.22, 0.24 0.94 

Cannabis             -0.10 -0.33, 0.13 0.38 -0.12 -0.35, 0.10 0.29 

IV drug use             -0.07 -0.35, 0.22 0.65 -0.03 -0.30, 0.25 0.85 

HIV positivity                   -0.16 -0.47, 0.16 0.32 

Traumatic brain injury                   -0.35 -0.56, -0.13 0.0017 

Stroke                   -0.42 -0.85, 0.01 0.056 

*NOS = not otherwise specified 
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Supplementary Table 7. Full results of factors associated with whole-brain fractional anisotropy (FA) in the precariously housed sample. 

 

Average whole-brain 

fractional anisotropy 

(FA) 

Block 1: Basic demographics Block 2: Mental health diagnoses Block 3: Substance use 
Block 4: HIV, traumatic brain injury, 

and stroke 

Beta 95% CI p-value Beta 95% CI p-value Beta 95% CI p-value Beta 95% CI p-value 

Age 0.48 -0.30, 1.27 0.23 0.46 -0.35, 1.27 0.27 0.31 -0.54, 1.16 0.48 0.27 -0.59, 1.13 0.54 

Age2 -1.11 -1.90, -0.33 0.0056 -1.11 -1.92, -0.30 0.0075 -0.96 -1.80, -0.13 0.024 -0.89 -1.73, -0.04 0.039 

Sex                         

Female — —   — —   — —   — —   

Male 0.20 -0.07, 0.47 0.15 0.23 -0.05, 0.51 0.11 0.16 -0.12, 0.45 0.26 0.12 -0.17, 0.41 0.41 

Schizophrenia       -0.24 -0.63, 0.16 0.24 -0.30 -0.70, 0.09 0.13 -0.28 -0.67, 0.11 0.16 

Schizoaffective       0.16 -0.21, 0.53 0.4 0.13 -0.24, 0.5 0.49 0.15 -0.22, 0.52 0.43 

Bipolar I or Bipolar 

NOS       -0.20 -0.62, 0.23 0.36 -0.17 -0.58, 0.25 0.43 -0.18 -0.60, 0.23 0.39 

Bipolar II       0.06 -0.49, 0.61 0.83 0.10 -0.45, 0.65 0.72 0.04 -0.51, 0.59 0.89 

Major depressive 

disorder or depression 
NOS       -0.07 -0.40, 0.26 0.67 0.02 -0.31, 0.36 0.90 0.05 -0.28, 0.39 0.76 

Psychotic disorder 

NOS       -0.05 -0.43, 0.32 0.78 -0.01 -0.38, 0.36 0.95 0.03 -0.35, 0.40 0.89 

Alcohol             -0.22 -0.50, 0.07 0.13 -0.22 -0.51, 0.06 0.12 

Stimulant              0.33 0.02, 0.64 0.035 0.34 0.03, 0.65 0.034 

Heroin             -0.28 -0.53, -0.03 0.030 -0.28 -0.53, -0.03 0.031 

Cannabis             0.18 -0.06, 0.43 0.15 0.18 -0.07, 0.42 0.16 

IV drug use             -0.02 -0.32, 0.29 0.92 0.00 -0.31, 0.30 0.99 

HIV positivity                   -0.23 -0.58, 0.11 0.19 

Traumatic brain injury                   -0.09 -0.33, 0.15 0.46 

Stroke                   -0.47 -0.95, 0.01 0.054 

*NOS = not otherwise specified 
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