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ABSTRACT  

There is increasing recognition that socioeconomic inequalities contribute to disparities in 

brain and cognitive health in older adults. However, whether neighborhood socioeconomic 

status (SES) buffers individuals with low individual SES against neurodegeneration, 

cerebrovascular disease, and cognitive function are not well understood. Here, we evaluated 

whether neighborhood deprivation (Townsend deprivation index) interacted with individual 

SES (composite household income and education levels) on hippocampus volume, regional 

cortical thickness, white matter hyperintensities, and cognition in 19,638 individuals (mean age 

= 54.8) from the UK Biobank. We found that individuals with low individual SES had the 

smallest hippocampal volumes, greatest white matter hyperintensity burden, and poorest 

cognition if they were living in high deprivation neighborhoods but that these deleterious 

effects on brain and cognitive function were attenuated if they were living in low deprivation 

neighborhoods (p for interactions <.05). While neighborhood deprivation did not interact with 

individual SES to influence regional cortical thickness, high neighborhood deprivation was 

independently associated with lower cortical thickness in 16 regions (false discovery rate q 

<.05). Across multiple brain indices and cognitive function analyses, we found converging 

evidence suggesting that low neighborhood deprivation may have a neuroprotective effect 

against neurodegeneration, cerebrovascular pathology, and cognitive impairment, particularly 

in vulnerable individuals with low household income and education levels. 

Keywords: Hippocampus, Neurodegeneration, Cognition, White matter lesions, 

Socioeconomic status, Neighborhood deprivation 
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1. INTRODUCTION 

 Socioeconomic disparities has been found to contribute to differences in brain health in 

older adults [1] and are associated with poorer cognitive function [2-6] and greater dementia 

incidence [7-9].  Neuroimaging studies focusing on older adults have also examined 

socioeconomic status (SES)-brain relationships, with most finding that higher individual SES 

such as income and/or education levels is neuroprotective and associated with larger total brain 

volume [10, 11], hippocampus volume [12-14],  greater cortical thickness [15-17], white matter 

integrity [18], and white matter lesions [11]. However, some studies have also reported no or 

reverse associations between individual SES and neuroimaging markers [17, 19, 20].  

Beyond individual SES measures, some studies have also highlighted the role of 

neighborhood SES on brain health in older adults. Neighborhood disadvantage was found to 

be associated with lower robustness in brain morphological networks [21], greater Alzheimer’s 

neuropathology [22] and brain atrophy [23] . Taken together, these studies support the idea that 

SES as a multidimensional construct, comprises of a complex bundle of imperfectly correlated 

economic and social factors [24, 25] that may affect health outcomes interactively. While the 

presence of interactions between neighborhood and individual SES on other health outcomes 

such as cardiovascular health [26], mortality [27], self-reported general and mental health [28] 

have been previously investigated, whether and how neighborhood SES interact with 

individual SES to influence brain and cognitive health that are implicated in neurodegenerative 

diseases are not well-understood.  

In this study, we leveraged on a large sample of adults from the UK Biobank to test 

whether low neighborhood deprivation (Townsend deprivation index) buffers individuals with 

lower individual SES (composite of household income and education) against 

neurodegeneration (hippocampus volume, regional cortical thickness), white matter 
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hyperintensities (WMH) of presumed vascular origins, and fluid intelligence. We hypothesize 

that the deleterious effects on brain and cognitive health of both low neighborhood and 

individual-level SES compound with each other but would be attenuated for low individual 

SES individuals who are living in less deprived neighborhoods. 

2. METHODS 

2.1 Participants  

The UK Biobank (https://biobank.ndph.ox.ac.uk/) recruited more than 500,000 

individuals aged between 40 – 69 years old from the year 2006 – 2010. The UK Biobank study 

has research ethics approved by the North West Multi-centre Research Ethics Committee 

(21/NW/0157). Participants underwent comprehensive evaluation and provided blood, urine 

and saliva samples, and other health and neuroimaging data to improve our understanding of a 

wide variety of diseases. In our study, we determined the sample sizes based on the number of 

individuals who had complete data on the key variables of interests, namely neighborhood and 

individual level SES, neuroimaging data for extracting of, hippocampus volume, regional 

cortical thickness, white matter hyperintensities, and fluid intelligence. Demographics based 

on 19,638 individuals included in the study are summarized in Table 1. 

 

2.2 Socioeconomic status (SES) 

We assessed neighborhood SES with the Townsend deprivation index calculated at first 

visit. The Townsend deprivation index was calculated by incorporating data on unemployment, 

car ownership, home ownership, and household overcrowding [29]. Similar to prior studies 

[30, 31], we recoded Townsend deprivation index into quintiles, with higher quintiles 

corresponding to higher deprivation and hence lower neighborhood SES. We assessed 

individual SES with 2 variables, average total household income before taxes and highest 

attained education qualification at first visit. The 5 levels of household income are “Less than 
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18,000”, “18,000 to 30,999”, “31,000 to 51,999”, “52,000 to 100,000”, and “Greater than 

100,000”. Following the International Standard Classification of Education (ISCED) and as 

used in other studies [32, 33], education qualification were converted to years of education 

based on the following conversion: “None of the above (7 years)”, “CSEs or equivalent (10 

years)”, “O levels/GCSEs or equivalent (10 years)”, “A levels/AS levels or equivalent (13 

years)”, “Other professional qualifications (15 years), “NVQ or HND or HNC or equivalent 

(19 years)” and “College or University degree (20 years)”. Household income and education 

levels were correlated (r(19636) = 0.28, p < 2.2x10-16) and we derived a composite individual 

SES measure by averaging the z scores of household income and education [34].  

 

2.3 Magnetic resonance imaging (MRI) 

In brief, magnetic resonance imaging scans were performed on identical 3T Siemens 

Skyra scanners with a standard Siemens 32-channel head coil. T1-weighted (1 × 1 × 1 mm, 

208 × 256 × 256 matrix, TI/TR = 880/2000 ms) scans were processed through Freesurfer 6.0. 

We extracted hippocampus volume from the subcortical segmentation and estimated 

intracranial volume as a covariate. For regional indices, we extracted cortical thickness from 

33 regions of interest (ROI) available based on the parcellation from the Desikan-Killiany atlas 

[35] and we averaged right and left hemisphere for each of the regional cortical thickness 

measures [36] prior to statistical analysis to reduce multiple comparisons. White matter 

hyperintensity volumes were derived from T2-weighted FLAIR structural imaging with a 

resolution of 1.05 x 1 x 1mm, and field of view 192 x 256 x 256 matrix). The lesion 

segmentation was processed automatically using BIANCA [37]. These post-processed data 

were directly extracted from the UK Biobank and no manual editing of the segmentation and 

parcellations were conducted by the authors. Further details of the MRI sequences, processing, 

and quality control procedures have been previously described [38].  
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2.4 Cognition 

 The assessment of fluid intelligence that captures the individual’s capacity to use logic 

and reasoning to solve problems was conducted using a touch screen. Participants were 

required to complete as many questions as possible within a 2-minute timeframe. The test 

required participants to answer 13 questions relating to conditional arithmetic, word 

interpolation, square sequence recognition, subset inclusion logic, among others. A maximum 

score of 13 points can be achieved. Descriptions of the fluid intelligence assessment can be 

found on UK Biobank. 

 

2.5 Statistical Analysis 

We conducted multiple linear regression to evaluate whether neighborhood SES 

(Townsend deprivation index) interacted with composite individual SES (household income 

and education) to influence neurodegeneration (hippocampus volume, regional cortical 

thickness), cerebrovascular disease (WMH volume), and fluid intelligence in separate models. 

For volumetric measures (hippocampus and WMH) that scales with general head size, we 

controlled for age at first visit and at MRI scan, sex, and also intracranial volume. Intracranial 

volume was not included as a covariate for the regional cortical thickness analyses and fluid 

intelligence analyses. For the regional cortical thickness analyses involving 33 regions of 

interest (ROIs) we additionally controlled for multiple comparisons at a false discovery rate 

(FDR) of  q < .05. The dependent variables and Townsend deprivation index were scaled prior 

to analyses to generate standardized estimates. All interactions models included based terms 

(i.e. Townsend deprivation index and individual SES). If the interactions were statistically 

significant, we then conducted simple slopes analyses to determine what is driving the 

interaction. If the interaction was not significant, we conducted the multiple linear regression 
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without the interaction term to determine if neighborhood deprivation was associated with the 

brain and cognitive variables, independent of composite individual-level SES and relevant 

covariates. For the interaction model, we additionally conducted Monte Carlo cross-validation 

to examine generalizability of the model, using 200 repetitions and 80:20 split for training and 

testing set respectively in each repetition [39]. All statistical analyses were conducted using R 

4.2.2. 

 

3. RESULTS 

3.1 Interactions of neighborhood deprivation and individual SES on neurodegeneration 

The interaction of Townsend deprivation index with composite individual SES was 

statistically significant for hippocampus volume (β = 0.015, SE = 0.07, p < 0.05), Figure 1A). 

Simple slopes analyses revealed that individuals in high deprivation neighborhoods, higher 

individual SES individuals had larger hippocampus volume (β = 0.05, SE = 0.01, p < 0.01) than 

lower individual SES individuals. However, for individuals living in low deprivation 

neighborhoods, there were no differences in hippocampus volume between individuals with 

higher or lower individual SES (β = 0.02, SE = 0.01, p = 0.12). The prediction accuracy of the 

model (R2 = 0.3974) was very similar to the averaged Monte Carlo cross-validated models (R2 

= 0.3972). We did not find any statistically significant interaction of neighborhood deprivation 

and individual SES on any of the 33 regional cortical thickness (p for all interactions > 0.05 

and FDR q > 0.98).  

 

3.2 Interactions of neighborhood deprivation and individual SES on cerebrovascular 

disease 

Townsend deprivation index also interacted with individual SES on WMH volume (β 

= -0.016, SE = 0.008, p < 0.05), Figure 1B). Analyses of the simple slopes revealed that for 
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individuals in high deprivation neighborhoods, higher individual SES individuals had lower 

WMH volume (β = -0.09, SE = 0.01, p < 0.001), indicating better cerebrovascular health, than 

lower individual SES individuals. For individuals living in low deprivation neighborhoods, a 

statistically significant difference in WMH volume was found between individuals with higher 

or lower individual SES, but these effects were significantly attenuated (β = -0.06, SE = 0.01, 

p < 0.001). The prediction accuracy of the model (R2 = 0.2693) was also very similar to the 

averaged Monte Carlo cross-validated models (R2 = 0.2688). 

 

3.3 Interactions of neighborhood deprivation and individual SES on cognition 

Lastly, we found a significant interaction of Townsend deprivation index with 

composite individual SES on cognition as quantified by fluid intelligence (β = 0.014, SE = 

0.007, p < 0.05). Simple slopes analyses showed a similar pattern as WMH volume, such that 

for individuals in high deprivation neighborhoods, higher individual SES individuals had better 

cognitive function (β = 0.39, SE = 0.01, p < 0.001), than lower individual SES individuals. For 

individuals living in low deprivation neighborhoods, a statistically significant difference in 

cognitive function between individuals with higher or lower individual SES persisted, but these 

effects were also significantly attenuated (β = 0.35, SE = 0.01, p < 0.001). The prediction 

accuracy of the model (R2 = 0.1115) was also very similar to the averaged Monte Carlo cross-

validated models (R2 = 0.1102). 

 

3.4 Independent associations of neighborhood deprivation and individual SES on regional 

cortical thickness 

Given that no statistically significant interactions (p > 0.05) between neighborhood 

deprivation and individual SES on regional cortical thickness were found, we proceeded to 

evaluate whether neighborhood deprivation and individual SES were associated with regional 
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cortical thickness, independent of individual SES without the interaction term. The results 

showed that greater neighborhood deprivation was associated with lower cortical thickness in 

18 out of 33 regions (p < 0.05). After correcting for multiple comparisons, 16 cortical regions 

remained statistically significant (FDR q < 0.05. Table 2, Figure 2). Individual SES was also 

independently associated with cortical regions in 16 regions (p < 0.05), of which 12 regions 

survived correction for multiple correction (FDR q < 0.05). Of the 12 statistically significant 

regions, 7 showed positive associations and 5 were negative (Table 2). 

 

4. DISCUSSION 

 

 In this large sample of middle-aged and older adults, we demonstrate that lower 

neighborhood deprivation buffers against the negative effects of low individual SES on neural 

markers of hippocampal neurodegeneration, cerebrovascular disease, and cognitive 

performance. Specifically, differences in brain and cognitive health due to individual SES 

differences were most pronounced for individuals living in deprived neighborhoods but were 

attenuated for individuals who were living in less deprived areas. In addition, while no 

interactions on regional cortical thickness were found, neighborhood SES was independently 

associated with cortical thickness in multiple regions, even after correcting for multiple 

corrections. Our collective findings support the role of neighborhood SES as a neuroprotective 

factor against proliferation of age-related brain pathology and cognitive impairment in middle-

aged and older adults. 

 Our findings are consistent with existing studies investigating the interaction of 

neighborhood and individual SES on health outcomes [26-28], generally showing a 

compounding negative effect of both low individual and low neighborhood SES on health. A 

recent longitudinal study computed a global composite of both individual and neighborhood 

SES and reported that it was associated with progression to mild cognitive impairment over a 

seven year period [40], supporting the role of both SES measures on clinical decline. 
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Importantly, our study expands upon these findings by linking the interactive effects of 

neighborhood and individual SES to biological cerebral markers. The hippocampus is a key 

structure implicated in age-related memory loss and neurodegenerative diseases such as 

Alzheimer’s disease [41] and our findings suggest that lower neighborhood deprivation may 

exert a salubrious effect against hippocampal atrophy, particularly for low SES individuals.  

 Beyond hippocampal neurodegeneration, we also found evidence of an interactive 

effect on cerebrovascular health as measured by WMH volume. The presence of mixed 

pathology such as the combination of Alzheimer’s and cerebrovascular pathology increases 

with age and is considered the norm [42], especially in the oldest old [43]. Studies have also 

shown that the combination of both neurodegenerative and cerebrovascular pathologies best 

predicted multi-domain cognitive performance [44] and doubles the risk of dementia compared 

to individuals with pure degenerative pathologies [45]. Our significant interaction findings in 

both pathologies suggest that the neuroprotective effects of neighborhood SES may be 

conferred on both age-related neurodegenerative and cerebrovascular pathological pathways. 

We also found significant interactions on cognitive function beyond neural markers, 

demonstrating a convergence of evidence at both the neural and cognitive level. Overall, our 

results are also in agreement with the general idea of the double jeopardy to health hypothesis 

(e.g. [46]), where we demonstrate that the confluence of two negative exposures are associated 

with poorer brain and cognitive health outcomes. 

 While regional cortical thickness may represent brain structural integrity at a more 

precise level than global hippocampal volume, in our study, we only found an interaction effect 

of neighborhood and individual SES on hippocampus volume but not regional cortical 

thickness. This may suggest that while the multidimensional measure of neighborhood SES 

attenuates the negative effects of individual SES on brain structural health, this effect may be 

apparent only in larger volumetric regions such as the hippocampus but not conferred on 
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specific cortical regions with distinct cytoarchitectural and functional properties. However, we 

found robust associations between greater neighborhood deprivation and lower cortical 

thickness in 16 regions that were independent of individual SES, even after correcting for 

multiple comparisons, indicating that neighborhood deprivation may be precise enough to 

affect distinct regional neocortical thickness, albeit not interactively with individual SES.  

These associations were strongest in the frontoparietal regions and show substantial 

overlap with the default mode network and frontoparietal control network. These large-scale 

functional networks of the cerebral cortex have also been implicated in aging and Alzheimer’s 

disease [47-49], suggesting that neighborhood SES may be preferentially associated with 

degradation in structural and functional connectivity in age-related vulnerable regions, beyond 

individual SES. In addition, 8 statistically significant regions (inferior parietal, pars 

opercularis, pars orbitalis, pars triangularis, precuneus, supramarginal gyrus, superior parietal, 

and superior frontal) are putative Alzheimer’s associated cortical thinning signature regions 

[50]. Frontoparietal regions have also been previously implicated with measures of 

cerebrovascular health such as cerebral arterial elasticity [51]. When considered together with 

studies showing associations of SES with cardiovascular outcomes [26, 27, 52], future studies 

may further elucidate whether the interaction between SES and cortical thickness in vulnerable 

regions is mediated by cardiovascular and/or cerebrovascular health.  

In our study, we also found independent associations of individual SES on regional 

cortical thickness in 12 regions. However, unlike neighborhood SES where we found consistent 

negative associations of greater neighborhood deprivation with cortical thickness, higher 

individual SES was associated with greater thickness in 7 regions but lower thickness in 5 

regions. The presence of heterogeneous results between individual SES and global brain 

indices in individuals across the lifespan have also been previously reported [20] and may be 

reflective of heterogeneity in the estimation of individual SES levels such as education levels 
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that does not fully account for the qualitative aspect of education, or heterogeneity in estimating 

individual-level income effects based on average household income. 

 Our study is also limited by using only objective measures of SES. Given that 

subjective SES has been found to be associated with health-related factors [34] and brain 

morphology [53], future research investigations may further shed light on potential 

independent and interactive effects of both objective and subjective SES measures on brain 

and cognitive health. In addition, while the interaction effects were statistically significant and 

the models were robust to cross-validation, the simple effects were small corresponding to ~1% 

and ~2.5% difference in neural and cognitive outcomes respectively. The difference between 

hippocampal atrophy rates of stable MCI versus converters to AD dementia has been found in 

a previous study to be about 0.9% (2.8% vs 3.7%) [54], suggesting that even small percentage 

differences in neurodegeneration may be meaningful. The presence of “healthy volunteer” 

selection bias in the UK Biobank [55] may also suggest that larger effects may be present in 

the general population who are likely to belong to a broader spectrum of SES levels, brain, and 

cognitive health. The measures of SES used in the current study were also quantified at a 

moment in time, while education levels are unlikely to vary substantially in middle-aged and 

older adults, household income and neighborhood deprivation may change over time. Future 

longitudinal studies will be required to further clarify whether changes in neighborhood and/or 

individual SES affects rates of cerebral atrophy, cerebrovascular pathology, and cognitive 

decline to better establish the presence of causative relationships. Lastly, given that higher 

Alzheimer’s disease polygenic risk have been found to be associated with greater rates of 

cognitive decline and neurodegeneration even in preclinical individuals [56, 57], future studies 

may examine gene and environment interactions [58] by evaluating whether neighborhood 

and/or individual SES can serve as buffer against higher Alzheimer’s genetic risk. 
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 In conclusion, our study supports the presence of interactive effects of neighborhood 

and individual SES on brain and cognitive health, suggesting that the evaluation and 

consideration of these factors may be of relevance for understanding disease progression in 

neurodegenerative diseases such as Alzheimer’s disease. While interventions are typically 

targeted at the individual level, our findings suggest that broader interventions at the 

neighborhood level may also confer beneficial effects, particularly for vulnerable individuals 

with low household income and/or education attainment. Expanding on existing understanding 

of genetic risk and biomarkers profiles of neurodegenerative diseases, our study suggests that 

elucidating the effects of SES at both the individual and neighborhood level may further 

enhance our ability to identify individuals with the highest burden of neurodegenerative and 

cerebrovascular pathologies that may lead to downstream cognitive decline. 
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TABLES 

 

Table 1 Demographics of individuals 

  

Age at baseline, years (mean ± SD) 54.76 (7.47) 

Females, n (%) 10006 (50.95) 

Townsend deprivation index (mean ± SD) -1.99 (2.64) 

Household income   

Less than 18,000, n (%) 2504 (12.75) 

18,000 to 30,999, n (%) 4581 (23.33) 

31,000 to 51,999, n (%) 6102 (31.07) 

52,000 to 100,000, n (%) 5255 (27.47) 

Greater than 100,000, n (%) 1196 (6.49) 

Years of Education (mean ± SD) 15.57 (4.74) 

Hippocampus volume (mean ± SD) 8126 (801) 

White matter hyperintensities volume (mean ± SD) 7.91 (0.99) 

Fluid intelligence (mean ± SD) 6.80 (2.06) 
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Table 2 Independent Associations of Neighborhood Deprivation and Individual SES 

with Regional Cortical Thickness 

 

Region of Interest (ROI) 

Neighborhood 

deprivation 

Individual SES 

t value FDR- 

adjusted q 

t value FDR- 

adjusted q 

Banks of the superior temporal sulcus -2.44 0.034 2.98 0.015 

Caudal anterior cingulate 0.32 0.770 -0.05 0.957 

Caudal middle frontal -2.52 0.030 1.45 0.231 

Cuneus 0.64 0.613 -2.3 0.054 

Entorhinal -1.00 0.405 1.61 0.186 

Fusiform -2.36 0.037 2.13 0.073 

Inferior parietal -3.67 0.004 0.21 0.884 

Inferior temporal -1.00 0.405 3.2 0.010 

Isthmus cingulate -1.74 0.136 -3.45 0.006 

Lateral occipital -1.4 0.231 -2.91 0.015 

Lateral orbitofrontal -2.2 0.054 -0.13 0.921 

Lingual 0.61 0.613 -1.3 0.290 

Medial orbitofrontal -2.55 0.030 -1.52 0.213 

Middle temporal -1.89 0.102 2.31 0.054 

Parahippocampal -0.36 0.767 2.51 0.037 

Paracentral -0.59 0.613 0.31 0.831 

Pars opercularis -2.55 0.030 2.77 0.021 

Pars orbitalis -3.07 0.010 -0.97 0.420 

Pars triangularis -3.37 0.008 -0.86 0.474 

Pericalcarine -0.87 0.466 -3.17 0.010 

Postcentral -2.42 0.034 -0.4 0.782 

Posterior cingulate -3.06 0.010 -2.27 0.054 

Precentral -2.04 0.076 2.91 0.015 

Precuneus -2.79 0.020 0.98 0.420 

Rostral anterior cingulate -1.26 0.287 -2.62 0.029 

Rostral middle frontal -2.94 0.013 -1.61 0.186 

Superior frontal -3.25 0.009 -1.02 0.420 

Superior parietal -3.22 0.009 -1.24 0.307 

Superior temporal -2.63 0.028 4.63 <0.001 

Supramarginal -3.92 0.003 0.61 0.636 

Frontal pole -1.44 0.227 -5.57 <0.001 

Transverse temporal 0.01 0.995 1.72 0.167 

Insula -1.53 0.197 2.1 0.074 

Bold: q < .05 

  



 27 

Figures 

 

Fig. 1 

 

A. 

 
B. 

 
Interaction between neighborhood and individual socioeconomic status (SES) on 

hippocampus volume (A) and white matter hyperintensities (B). Individuals with low 

individual level SES had the smallest hippocampus volume and greatest WMH burden if they 

were living in high deprivation areas. These effects were attenuated if they were living in less 

deprived neighborhoods  
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Fig. 2 

 

 
 
Independent associations of higher neighbourhood deprivation beyond individual level SES 

measures on lower regional cortical thickness. The strongest negative associations were 

found in frontoparietal regions. All coloured regions survived correction for multiple 

comparisons at a false discovery rate (FDR) of q < .05 
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