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Income is associated 
with hippocampal/amygdala 
and education with cingulate 
cortex grey matter volume
M. Lotze1*, M. Domin1, C. O. Schmidt2, N. Hosten3, H. J. Grabe4 & N. Neumann1

Income and education are both elements of a person’s socioeconomic status, which is predictive of a 
broad range of life outcomes. The brain’s gray matter volume (GMV) is influenced by socioeconomic 
status and mediators related to an unhealthy life style. We here investigated two independent general 
population samples comprising 2838 participants (all investigated with the same MRI-scanner) with 
regard to the association of indicators of the socioeconomic status and gray matter volume. Voxel-
based morphometry without prior hypotheses revealed that years of education were positively 
associated with GMV in the anterior cingulate cortex and net-equivalent income with gray matter 
volume in the hippocampus/amygdala region. Analyses of possible mediators (alcohol, cigarettes, 
body mass index (BMI), stress) revealed that the relationship between income and GMV in the 
hippocampus/amygdala region was partly mediated by self-reported stressors, and the association of 
years of education with GMV in the anterior cingulate cortex by BMI. These results corrected for whole 
brain effects (and therefore not restricted to certain brain areas) do now offer possibilities for more 
detailed hypotheses-driven approaches.

During the last decades, income inequality has been increasing in nearly all regions of the world and the gap 
between the rich and the poor is  growing1. Both economic status (total household income or equivalent income) 
and education are elements of the sociologic term of socioeconomic status (SES). SES has a strong impact on 
physical and mental health, with higher SES going along with less chronic  diseases2 and a longer life  expectancy3. 
Thereby the brain plays an important role, because it serves as a mediator between SES and life outcomes, such 
as cognitive ability and emotional  wellbeing4. At the same time, brain structure and function are influenced by 
SES and factors that are associated with SES. The latter include health behaviors, such as smoking, alcohol abuse, 
unhealthy diets and physical inactivity leading to overweight and obesity, as well as exposure to chronic stress, 
which tends to occur more frequently in individuals with lower  SES5.

In a previous study, Butterworth et al.6 found smaller bilateral volumes of the hippocampus and amygdala in 
individuals who reported financial hardship during the last 12 months (n = 19) compared to those who reported 
no hardship (n = 384). In contrast, Gianaros et al.7 found that lower subjective social status, as indexed by a lower 
social ladder ranking, was associated with reduced gray matter volume in the perigenual area of the anterior 
cingulate cortex (n = 100; region of interest (ROI) analysis). Chan et al.8 reported a lower SES as assessed by a 
combination of estimated years of education and occupational socioeconomic index being associated with a 
reduced cortical thickness exclusively in the middle-aged, but not in the younger or elderly population. So while 
there is evidence of an association of SES with GMV, small sample sizes, different age groups as well as different 
measures for SES may have resulted in inconsistent results. Studies with a sufficiently large sample size in popu-
lation based cohorts over a broad range of age and parameters of interest allowing for non-hypotheses driven 
analysis and sufficient spatial resolution for identification of subunits within anatomical areas are lacking. We 
therefore investigated if associations of the brain’s GMV in cross-sectional population cohorts are modulated by 
income (net equivalent income) and education (years of education). Although these parameters are associated 
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(medium correlation of r = 0.38 in the current study), they are not interchangeable, since earnings can vary at 
similar educational levels. We here tested the association of equivalent income and education with GMV in 2838 
adult participants (aged 21 to 90 years) derived from two population-based cohorts (SHIP2 and SHIP Trend 0). 
We further tested if a possible association of SES or education with GMV was mediated by alcohol, cigarettes, 
body mass index (BMI) or stress (burdening life events), as suggested in previous  publications4,9.

The cohorts cover T1-weighted MRI-datasets of the whole head and questionnaires for the two parameters 
of interest (equivalent income, education) and possible mediators/ confounds (age, sex, alcohol and cigarette 
consumption, body mass index (BMI), stressors experienced over the last 12 months, total brain volume and 
quality of MRI). The SHIP2 cohort is a 10 years evaluation of a general population sample (SHIP0). The Trend 0 
cohort represents a general population sample, too, from which those who participated in the SHIP0 cohort were 
excluded. Since the SHIP data were investigated with the same MRI scanner and populations did not overlap, we 
evaluated these cohorts together. We used CAT12 (https ://www.neuro .uni-jena.de/cat/index .html#VBM) and 
SPM12 for VBM linear regression analyses with years of education and equivalent income as main regressors 
modulating GMV. For each of these analyses we inserted the following covariates: total intracranial volume (TIV), 
quality of images (derived from segmentation process), age, sex, body mass index, number of cigarettes (pack-
years), amount of alcohol (30 days). For statistical thresholding, we applied p < 0.05, family-wise error (FWE) 
correction for multiple comparisons for the whole brain. Additionally, we investigated possible interaction effects 
of education and equivalent income with age  group8 and  sex10. Mediation analyses were conducted with alcohol 
and cigarette consumption, body mass index, and self-reported stressors over the last 12 months as mediators.

Results
Associations of factors. When testing for associations of factors known to be associated with the brain’s 
GMV, we assumed a medium effect size as relevant (Cohen’s d > 0.5; for correlations r > 0.3). As expected, house-
hold income and equivalent income (household income divided by persons living in the household) were highly 
associated (r = 0.92; p < 0.001). Equivalent income and years of education were moderately associated (r = 0.38; 
p < 0.001) and therefore different linear regression analyses were performed for each. Age was weakly positively 
associated with equivalent income (r = 0.046, p = 0.013), but not with education (r = 0.01, p = 0.48). Women had a 
lower equivalent income  (F1,2836 = 32.87, p < 0.001) and less years of education than men  (F1,2836 = 35.95, p < 0.001) 
(Table 1).

Associations of equivalent income and years of education with GMV (CAT12/SPM analy-
ses). Equivalent income was associated with GMV in the left hippocampus-amygdala complex (t = 5.55; 
k = 233 voxel;  pFWE = 0.001; MNI coordinates: − 30, 2, − 27) and the right hippocampus (t = 4.69; k = 14 voxel; 
 pFWE = 0.02; MNI coordinates: 39, − 26, − 18; see Fig. 1).

Years of education were associated with GMV in the bilateral anterior cingulate cortex (ACC; t = 5.02; k = 296 
voxel,  pFWE = 0.005; MNI coordinates: 0, 30, 20; see Fig. 2).

Both effects were smaller, but still present when inserting education/equivalent income as additional regres-
sors in the respectively other regression model. The cluster in the right hippocampus associated with equivalent 
income, however, did not reach the threshold of 0.05 (FWE-corrected), but was significant when using small 
volume correction with the right hippocampus mask (MNI: 39, − 24, − 18;  pFWE = 0.009).

Additional analyses with age groups. In the following, we investigated if there were interactions of 
equivalent income and education with age groups (whole brain FWE corrected, see Methods). The interaction of 
equivalent income by age group on a whole brain level was significant for the older age group in the left anterior 
insula (t = 4.51; k = 2 voxel; MNI: − 38, 2, 3,  pFWE = 0.048). The interaction of education by age group was signifi-

Table 1.  Characteristics of the sample grouped by sex. Edu years of education, Income total total household 
income, Income equiv net-equivalent income, Cigarettes packyears, Alcohol pure alcohol in gram per day, BMI 
body mass index, TIV total intracranial volume, IQR image quality rating of the segmentation process (range: 
1: very good—6: unacceptable).

Men (mean, SD) Women (mean, SD)

N 1367 1471

Age [years] 52.30 (14.1) 52.43 (13.2) F1,2836 = 0.71, p = 0.79

Education [years] 12.98 (2.50) 12.44 (2.31) F1,2836 = 35.95, p < 0.001

Income total [€] 2334.81 (1188.33) 2084.22 (1097.62) F1,2836 = 34.10, p < 0.001

Income equiv [€] 1549.48 (754.70) 1396.34 (667.88) F1,2836 = 32.87, p < 0.001

Cigarettes [packyears] 10.78 (16.30) 4.60 (9.63) F1,2836 = 153.54, p < 0.001

Alcohol [g/d] 13.84 (15.72) 4.52 (6.23) F1,2836 = 441.82, p < 0.001

BMI 28.12 (3.73) 27.19 (4.96) F1,2836 = 31.61, p < 0.001

Stress 1.86 (0.68) 2.04 (0.77) F1,1795 = 26.76, p < 0.001

TIV[ccm] 1644.91 (123.44) 1448.02 (105.12) F1,2836 = 2102.2, p < 0.001

IQR 2.84 (0.34) 2.68 (0.28) F1,2836 = 196.83, p < 0.001

https://www.neuro.uni-jena.de/cat/index.html#VBM
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cant for the middle early age group in the left middle temporal gyrus (t = 5.15; k = 230 voxel; MNI: − 54, − 47, 3, 
 pFWE = 0.003) and the right superior temporal gyrus (t = 4.86; k = 125 voxel; MNI: 51, − 36, 8,  pFWE = 0.011).

Next, we investigated if the main effects of equivalent income and education were driven by specific age 
sectors (ROI analysis, see “Methods”).The respective interactions of age group by equivalent income revealed 
significant voxels only in the middle late (MNI: − 33, − 3, − 23, t = 3.46,  pFWE = 0.004, FWE-corrected for the 
left hippocampus-amygdala complex and right hippocampus mask derived from the previous analysis) and 
older (MNI: − 30, 5, − 23, t = 3.84, p = 0.001) age groups. In the younger and middle early age group, there were 
no significant effects, even when using a more liberal threshold. Interaction analyses of education by age group 
showed that the main effect was present in the middle early (MNI: 0; 29; 26, t = 4.34, p = 0.001, 12; 39; 24, t = 3.82, 
p = 0.001, FWE-corrected for the bilateral ACC mask) and middle late (MNI: − 2; 32; 18, t = 4.32, p = 0.001, 12; 

Figure 1.  Linear regression of the relative amount of GMV at MNI coordinates [− 30, 2, − 27], left amygdala 
(y-axis) on equivalent income (calculated in € as the median of the range provided in the questionnaire; x-axis). 
The GMV effect, color coded in red/orange, is overlayed on the segmented MNI-brain.

Figure 2.  Linear regression of the relative amount of gray matter at MNI [0, 30, 20], anterior cingulate cortex/
ACC (y-axis) on years of education (x-axis). Statistical map was thresholded with  pFWE < 0.05 and projected on a 
segmented T1-weighted MNI reference brain.
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35; 15, t = 3.17, p = 0.001) age groups. In the younger and older age groups, the effect was smaller, but significant 
when applying small volume correction with the ACC  mask11.

Additional interaction analyses with sex. The interaction of equivalent income by sex on GMV was 
not significant, neither for the t-contrast males > females, nor for the t-contrast females > males after FWE cor-
rection. Applying small volume correction with a mask derived from the previous analysis (main effect of the 
left hippocampus-amygdala complex and right hippocampus) did not show any significant result. The identical 
analysis of the interaction of education by sex was not significant, either (small volume correction with the mask 
of the bilateral ACC).

Mediation analyses. As depicted in Fig. 3, the relationship of equivalent income with the GMV cluster in 
the left hippocampus-amygdala complex and right hippocampus was partly mediated by self-reported stressors 
(burdening life events) in the last 12 months (indirect effect ab = 0.00000032, 95% CI 0.00000004–0.00000068), 
and the association of years of education with the GMV cluster in the anterior cingulate cortex was partly medi-
ated by BMI (indirect effect ab = 0.00016245, 95% CI 0.00004861–0.00029722).

Discussion
Overall, this study identified significant associations of equivalent income and education with GMV across large 
cohorts without prior assumptions on regions of interest. Equivalent income was associated with left amygdala 
and bilateral hippocampus GMV thereby corroborating previous ROI-based findings in a smaller adult  sample6. 
Hippocampal volume was also the only structure found to be associated with the individual-level socioeconomic 
position in a study investigating community socioeconomic  disadvantage12. These findings are usually interpreted 
in the framework of a model assuming that smaller hippocampal and amygdala GMV reflect the impact of 
chronic stress deriving from disadvantageous life  conditions9. Increased stress has been discussed to be a driver 
of increased risk for mental illness, but also circumscribed decrease of  GMV13. We therefore used mediation 
analyses to test for a possible mediation between equivalent income and gray matter volume with a stress score 
(burdening life events during the last 12 months) as well as alcohol consumption and BMI as mediator vari-
ables. This analysis revealed a small, but significant mediation of stress for the association of equivalent income 
and GMV. One reason for the small effect size may be that stress was exclusively operationalized as burdening 
life events without taking continuous stressors deriving from adverse life conditions into account. On the other 
hand, the interaction of stress and poverty on GMV is complex and dependent on numerous factors, such as the 
timing of stress exposure. Furthermore smaller hippocampal GMV can also represent a risk factor or a marker 
of vulnerability for stress-related diseases rather than its  consequence14. Further longitudinal studies in large 
samples are needed to disentangle these interactions, especially since stress-induced GMV decreases might 
diminish after  years15. In the current study, the association of equivalent income and GMV in the bilateral hip-
pocampal and left amygdala complex was only present in the middle late and older age groups (50–90 years). 
Additionally, the older age group showed an association between income and left anterior insula GMV. Possible 
interpretations include the protective effect of higher SES against age  decline16 or the delayed consequences of an 
unhealthy lifestyle. In the current study, there may also be a specific cohort effect, since the older cohorts were 
born and raised in the German Democratic Republic with massive changes including widespread unemployment 
after its breakdown in 1989.

In contrast to previous studies (e.g.8), in the current study we investigated the association of education and 
GMV separately from equivalent income. Our data of an association of the GMV of the anterior cingulate cor-
tex with education corroborate findings reported in a previous study in an elderly  sample17. GMV in the ACC 
mediates the association between family SES and a depression-related  trait18 underlining the role of this area for 
emotional control. The anterior cingulate cortex has also been linked to  learning19 and higher control of reward-
related regions—the ability to accept delayed but higher financial reward after longer education might well be 
related to that structural specification. Further, there was an additional association between education and GMV 
in the bilateral superior and middle temporal gyri (encompassing Wernicke’s area and its right-hemispheric 
analogue) only in the middle early age group (35–49 years), what may underline the importance of language 
processing in higher education. We here demonstrated that the duration of education and equivalent income 
should be considered separately in adults, because they are associated to the GMV of different structures. Further, 

Figure 3.  Significant mediators of the association between equivalent income and years of education (X) 
with the respective GMV clusters in the bilateral hippocampal/left amygdala region and the anterior cingulate 
cortex (Y). A/left: stressors of the last 12 months/right: body-mass index (BMI). All regression coefficients were 
significant as indicated with p-values.
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the association of education with GMV in the ACC was partly mediated by BMI what corroborates findings of 
age-independent influences of BMI on gray matter (as well as its reverse  effect20) in the ACC 21.

With respect to the meta-analysis of Yaple and  Yu22 differences in findings might be based on (A) the different 
evaluation methods applied (VBM-analysis of all data in our approach and effect size–seed-based d Mapping 
applied by Yaple and Yu); and (B) different age ranges of the samples investigated. However, smaller bilateral 
hippocampus GMV was also associated with low SES in their meta-analysis, which is underlined by our study.

In conclusion our cohort study supports previous assumptions on interactions of brain structure and SES 
raised by  Farah4. Associations of low SES with brain structure are especially important, because they might 
provide a basis of generation overlapping effects of prefrontal executive control function, reward dependency of 
behavior and resilience to the effects of external stressors increasing the risk for psychopathology.

Material and methods
Participants. We investigated two general-population samples from the Study of Health in Pomerania 
 (SHIP23). These comprised data from SHIP2 and Trend0 (data collection 2008–2012); together 2838 partici-
pants; 1367 men, mean age 52.37 ± 13.64 years (range 21–90). The study protocol was approved by the Ethics 
Committee of the University Medicine of Greifswald and written informed consent was obtained from each 
subject. In addition, all methods were performed in accordance with the relevant guidelines and regulations.

MRI assessments. All brain images were obtained with the same 1.5 T Siemens MRI scanner (Magnetom 
Avanto, Siemens Medical Systems, Erlangen, Germany) without software updates during the evaluation period. 
More specifically a T1-weighted magnetization prepared rapid acquisition gradient echo (MPRAGE) sequence 
was used with the following parameters: 176 slices, matrix = 256 × 176 pixels, voxel size = 1.0 mm isotropic, slice 
thickness = 1.0 mm, repetition time = 1900 ms, echo time = 3.37 ms, flip angle 15°. These details have also been 
provided in different other manuscripts on this cohort  before23.

Assessment of variables. Paper and pen questionnaires were provided to the participants for the follow-
ing variables: Total household equivalent income: equivalent income available per month (1: < 500, 2: 500–900, 3: 
900–1300, 4: 1300–1800, 5: 1800–2300, 6: 2300–2800, 7: 2800–3300; 8: 3300–3800). If no answer was provided, 
the participant was excluded. Questions: Persons living in the household (0, 1, 2, 3, 4, 5 etc.). Net equivalent 
income was calculated as the total household equivalent income divided by number of persons in household. 
Education was assessed in absolute years.

Quality control and exclusion of pathologies. All MRI head scans were visually inspected with regard 
to image artifacts and clinical abnormalities. Any brain images indicating stroke, multiple sclerosis, epilepsy, 
Parkinson’s disease, dementia, cerebral tumor, intracranial cyst or hydrocephalus were excluded, leaving 1081 
(SHIP-2) and 2046 (SHIP-Trend-0) images. Furthermore, subjects with recorded intake of anxiolytics or opioids, 
as well as with PHQ9 (Patient Health Questionnaire with 9 responses) depression  scores24 greater than 14 were 
excluded, leaving 1,037 (SHIP-2) and 1984 (SHIP-Trend-0) images. Finally, all subjects with incomplete datasets 
for possible confounds (i.e., age, years of education, nicotine intake, alcohol consumption, body mass index) 
were excluded. The final sample contained 2,838 subjects, with 967 subjects from SHIP-2 and 1,871 subjects 
from SHIP-Trend-0. The method used here has a high overlap with those described before in more  detail10.

Data analyses. T1-weighted images were preprocessed in MATLAB (The MathWorks, Natick, MA) using 
Statistical Parametric Mapping, version 12 (SPM12; Wellcome Department of Cognitive Neurology, University 
of London) and the Computation Anatomy Toolbox (CAT) for SPM (CAT 12; Christian Gaser; Department of 
Psychiatry, University of Jena) applying CAT12 default parameters. Images were corrected for magnetic field 
inhomogenities, spatially normalized using the DARTEL  algorithm25, and segmented into GM, white matter 
(WM), and cerebrospinal fluid (CSF). The segmentation process was further enhanced by accounting for partial 
volume effects and by using a hidden Markov Random Field (MRF) model. Finally, the resulting GM segments 
were smoothed using a Gaussian kernel of 8  mm full width at half maximum (FWHM). Quality of images 
was assessed by using the automated image quality rating (IQR) included in the CAT12 toolbox (https ://www.
neuro .uni-jena.de/cat/index .html#VBM). It constitutes a weighted average of the local (noise contrast ratio) and 
global (inhomogeneity contrast ratio) standard deviations within the optimized white matter segment scaled by 
the minimum tissue contrast, and the root mean square of the voxel size. The obtained quality ratings range from 
0.5 (100 rating points) to 10.5 (0 rating points) with values around 1 and 2 describing (very) good image qual-
ity (grad A and B) and values around 5 (grad E) and higher (grad F, < 50 rating points) indicating problematic 
images. However, excellent rating is defined for extraordinary good images that were measured on high field 
systems, whereas typical scientific (clinical) data is expected to get just good to satisfactory ratings. Our current 
sample had a mean IQR value of 2.76 (s = 0.32, range 2.19−4.71). Total brain volume (TBV) was calculated as 
sum of GM, WM, and CSF.

Statistical analyses. Linear regression analyses were conducted for the variables equivalent income and 
years of education. As covariates the following factors were inserted: total intracranial volume (TIV), IQR, age, 
sex, BMI, number of cigarettes (packyears), amount of alcohol (30d).

For statistical thresholding, we applied p < 0.05, family-wise error (FWE) corrected for multiple comparisons 
for the whole brain. Spatial assignment of effects was conducted with the SPM Anatomy Toolbox Version 2.2c 
(for the  amygdala26), for further subdivison of the hippocampus we used those suggested by Plachti et al.27. If 
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cytoarchitectural differentiation was not available, with the Automated Anatomical Labeling Toolbox (AAL; for 
the ACC 28). Brain areas were superimposed on the MNI render brain and on the T1-weighted Collins single-
participant brain.

Full-factorial model with age and sex. Age groups were defined according to Chan et al.8 (younger : 
21–34 years, n = 300; middle early: 35–49 years, n = 925; middle late: 50–64 years, n = 986; older: 65–90 years, 
n = 627). We calculated the respective interactions in a full-factorial model including age group (4 levels: see 
above) and sex (2 levels; male, female) as factors, and equivalent income or education as regressors. Nuisance 
variables were the same as before (cigarettes, alcohol, BMI, total intracranial volume, image quality rating). 
Interactions with age and sex were investigated in a whole brain analysis (FWE corrected) and with regard to 
the main effects of equivalent income and education on GMV from the previous analysis. For the latter, we used 
small volume correction (FWE-corrected) for the left hippocampus-amygdala complex/right hippocampus and 
ACC, respectively.

Mediation analysis. We performed a mediation analysis (PROCESS  macro29 v. 3.5, for SPSS, model 4, 
10,000 bootstrap samples) for the association of equivalent income and education with the correspondent gray-
matter clusters (relative amount of GMV averaged over the clusters of significance derived from the whole brain 
VBM). Mediators comprised the consumption of alcohol and cigarettes, BMI, and self-reported stressors of the 
last 12 months. The latter was only available for the T0 cohort of 1984 participants. Since equivalent income 
and years of education were differently associated with assumed mediators (Table 2), we tested alcohol, BMI, 
and stress as mediators in the income mediation analysis, and alcohol, cigarettes, and BMI as mediators for the 
education mediation analysis. Age, sex, TIV, and IQR were inserted as covariates. Stressors were assessed using a 
subscale of the Questionnaire for the Assessment of Health  Behaviour30 comprising eight questions: Were there 
stressing/burdening events in the following areas of life during the last 12 months: work/school/career; mar-
riage/partnership; family/children; friends; leisure time; financial situation; housing situation; health. Questions 
were answered on a Likert scale ranging from 1–5 (1: no events, 5: very incriminatory events) and were averaged 
to one parameter.

Received: 14 May 2020; Accepted: 13 October 2020

References
 1. Alvaredo, F., Chancel, L., Piketty, T., Saez, E., & Zucman, G. (Eds.). World inequality report 2018. Belknap Press. (2018).
 2. Feinstein, J. S. The relationship between socioeconomic status and health: A review of the literature. Milbank Quart. 71, 279–322 

(1993).
 3. Chetty, R. et al. The association between income and life expectancy in the United States, 2001–2014. JAMA J. Am. Med. Assoc. 

315(16), 1750–1766 (2016).
 4. Farah, M. J. The neuroscience of socioeconomic status: Correlates, causes, and consequences. Neuron 96(1), 56–71 (2017).
 5. Pampel, F. C., Krueger, P. M. & Denney, J. T. Socioeconomic disparities in health behaviors. Annu. Rev. Sociol. 36, 349–370 (2010).
 6. Butterworth, P., Cherbuin, N., Sachdev, P. & Anstey, K. J. The association between financial hardship and amygdala and hippocam-

pal volumes: Results from the PATH through life project. Soc. Cogn. Affect. Neurosci. 7(5), 548–556 (2012).
 7. Gianaros, P. J. et al. Perigenual anterior cingulate morphology covaries with perceived social standing. Soc. Cogn. Affect. Neurosci. 

2(3), 161–173 (2007).
 8. Chan, M. Y. et al. Socioeconomic status moderates age-related differences in the brain’s functional network organization and 

anatomy across the adult lifespan. Proc. Natl. Acad. Sci. U.S.A. 115(22), E5144–E5153 (2018).

Table 2.  Health behaviour in different age groups and correlations with equivalent income and years of 
education. Alcohol pure alcohol [g/d], Cigarettes [packyears]; BMI body mass index, Stress burdening events 
during the last 12 months, Income equiv net equivalent income; education in years; corr Pearson correlation; 
*p < 0.05, **p < 0.01.

All ages Younger (21–34 y) (mean, SD) Middle early (35–49 y) (mean, SD) Middle late (50–64 y) (mean, SD) Older (65–90 y) (mean, SD)

N 2832 300 925 986 627

Alcohol
Corr Income
Corr Education

9.01 (12.68)
r = 0.102**
r = 0.090**

7.51 (11.02)
r = − 0.046
r = − 0.016

9.71 (14.12)
r = 0.051
r = − 0.038

9.96 (13.08)
r = 0.141**
r = 0.122**

7.19 (10.02)
r = 0.131**
r = 0.262**

Cigarettes
Corr Income
Corr Education

7.58 (13.62)
r = − 0.019
r = − 0.064**

3.54 (5.65)
r = − 0.121*
r = − 0.248**

7.49 (11.24)
r = − 0.070*
r = − 0.204**

8.88 (15.60)
r = − 0.025
r = − 0.077*

7.59 (15.69)
r = 0.070
r = 0.033

BMI
Corr Income
Corr Education

27.63 (4.43)
r = − 0.052**
r = − 0.099**

25.32 (4.28)
r = 0.002
r = − 0.108

26.72 (4.17)
r = − 0.012
r = − 0.113**

28.60 (4.48)
r = − 0.120**
r = − 0.113**

28.57 (4.13)
r = − 0.031
r = − 0.119**

Stress: N = 1797
Corr Income
Corr Education

1.96 (0.73)
r = − 0.111**
r = − 0.043

2.17 (0.75)
r = − 0.101
r = − 0.078

2.08 (0.73)
r = − 0.103*
r = − 0.051

1.89 (0.72)
r = − 0.124**
r = − 0.006

1.69 (0.65)
r = − 0.197**
r = − 0.046

Income equiv 1470.11 (715.00) 1311.48 (721.0) 1551.43 (733.1) 1560.62 (789.2) 1283.69 (475,1)

Education 12.70 (2.42) 12.55 (1.91) 12.61 (2.17) 12.96 (2.50) 12.50 (2.80)



7

Vol.:(0123456789)

Scientific Reports |        (2020) 10:18786  | https://doi.org/10.1038/s41598-020-75809-9

www.nature.com/scientificreports/

 9. Mcewen, B. S. & Gianaros, P. J. Central role of the brain in stress and adaptation: Links to socioeconomic status, health, and disease. 
Ann. N. Y. Acad. Sci. 1186, 190 (2010).

 10. Lotze, M. et al. Novel findings from 2838 adult brains on sex differences in gray matter brain volume. Sci. Rep. 9, 1–7 (2019).
 11. Palomero-Gallagher, N. et al. Functional organization of human subgenual cortical areas: Relationship between architectonical 

segregation and connectional heterogeneity. Neuroimage 115, 177–190 (2015).
 12. Gianaros, P. J. et al. Community socioeconomic disadvantage in midlife relates to cortical morphology via neuroendocrine and 

cardiometabolic pathways. Cereb. Cortex 27(1), 460–473 (2017).
 13. Kronmüller, K. T. et al. Hippocampal volume in first episode and recurrent depression. Psychiatry Res. Neuroimaging 174(1), 62–66 

(2009).
 14. Lupien, S. J., Juster, R. P., Raymond, C. & Marin, M. F. The effects of chronic stress on the human brain: From neurotoxicity, to 

vulnerability, to opportunity. Front. Neuroendocrinol. 49, 91–105 (2018).
 15. Papagni, S. A. et al. Effects of stressful life events on human brain structure: A longitudinal voxel-based morphometry study. Stress 

14(2), 227–232 (2011).
 16. Liu, Y. et al. Education increases reserve against Alzheimer’s disease—Evidence from structural MRI analysis. Neuroradiology 

54(9), 929–938 (2012).
 17. Arenaza-Urquijo, E. M. et al. Relationships between years of education and gray matter volume, metabolism and functional con-

nectivity in healthy elders. Neuroimage 83, 450–457 (2013).
 18. Yang, J. et al. Regional gray matter volume mediates the relationship between family socioeconomic status and depression-related 

trait in a young healthy sample. Cogn. Affect. Behav. Neurosci. 16(1), 51–62 (2016).
 19. Heilbronner, S. R. & Hayden, B. Y. Dorsal anterior cingulate cortex: A bottom-up view. Annu. Rev. Neurosci. 39, 149–170 (2016).
 20. Opel, N. et al. Prefrontal gray matter volume mediates genetic risks for obesity. Mol. Psychiatry 22(5), 703–710 (2017).
 21. Kennedy, J. T., Collins, P. F. & Luciana, M. Higher adolescent body mass index is associated with lower regional gray and white 

matter volumes and lower levels of positive emotionality. Front. Neurosci. 10, 413 (2016).
 22. Yaple, Z. A. & Yu, R. Functional and structural brain correlates of socioeconomic status. Cereb Cortex. 30, 181–196 (2020).
 23. Völzke, H. et al. Cohort profile: The study of health in Pomerania. Int. J. Epidemiol. 40, 294–307 (2011).
 24. Löwe, B., Kroenke, K., Herzog, W. & Gräfe, K. Measuring depression outcome with a brief self-report instrument: Sensitivity to 

change of the Patient Health Questionnaire (PHQ-9). J. Affect. Disord. 81, 61–66 (2004).
 25. Ashburner, J. A fast diffeomorphic image registration algorithm. Neuroimage 38, 95–113 (2007).
 26. Eickhoff, S. B. et al. Assignment of functional activations to probabilistic cytoarchitectonic areas revisited. Neuroimage 36, 511–521 

(2007).
 27. Plachti, A. et al. Multimodal parcellations and extensive behavioral profiling tackling the hippocampus gradient. Cereb. Cortex 

29(11), 4595–4612 (2019).
 28. Tzourio-Mazoyer, N. et al. Automated anatomical labeling of activations in SPM using a macroscopic anatomical parcellation of 

the MNI MRI single-subject brain. Neuroimage 15, 273–289 (2002).
 29. Preacher, K. J. & Hayes, A. F. Asymptotic and resampling strategies for assessing and comparing indirect effects in multiple media-

tor models. Behav. Res. Methods 40(3), 879–891 (2008).
 30. Dlugosch, G.E., and K. W. Fragebogen zur Erfassung des Gesundheitsverhaltens. Pearson Assess. Inf. GmbH, Frankfurt (1995)

Acknowledgements
We would like to thank the radiologists and medical radiologic assistants for their tremendous work evaluat-
ing the brain images in terms of data quality and possible disease pathology. We would also like to thank Dr. 
Katharina Witttfeld for checking data quality. Florian Gerlach helped with data evaluation. The Study of Health 
in Pomerania (SHIP) is part of the Community Medicine Research net (CMR) (https ://www.mediz in.uni-greif 
swald .de/icm) of the University Medicine Greifswald, which is supported by the German Federal State of Meck-
lenburg- West Pomerania. MRI scans in SHIP and SHIP-TREND have been supported by a joint grant from 
Siemens Healthineers, Erlangen, Germany and the Federal State of Mecklenburg-West Pomerania.

Author contributions
M.L. planned and performed statistical analyses and wrote and edited the manuscript, M.D. performed data 
analysis and statistical analyses and contributed in writing the manuscript methods part, C.O.S., contributed to 
the cohort investigations and helped with statistical approaches, N.H. headed the radiologic investigations for 
the cohort study, H.J.G. added data on stress values for the cohort investigation, N.N. planned the study and 
wrote and edited the manuscript.

Funding
Open Access funding enabled and organized by Projekt DEAL.

Competing interests 
The authors M. Lotze, M. Domin, C.O. Schmidt, N. Hosten, and N. Neumann declare no competing interests. 
ML has received grants from the “Deutsche Forschungsgemeinschaft”, from the “Federal Ministry of Education 
and Research”, from local funding of the university of Greifswald, and private funding organizations. HJG has 
received travel grants and speakers honoraria from Fresenius Medical Care, Neuraxpharm and Janssen Cilag. 
HJG has received research funding from the German Research Foundation (DFG), the German Ministry of 
Education and Research (BMBF), the DAMP Foundation, Fresenius Medical Care, the EU "Joint Programme 
Neurodegenerative Disorders (JPND) and the European Social Fund (ESF)".

Additional information
Correspondence and requests for materials should be addressed to M.L.

Reprints and permissions information is available at www.nature.com/reprints.

Publisher’s note Springer Nature remains neutral with regard to jurisdictional claims in published maps and 
institutional affiliations.

https://www.medizin.uni-greifswald.de/icm
https://www.medizin.uni-greifswald.de/icm
www.nature.com/reprints


8

Vol:.(1234567890)

Scientific Reports |        (2020) 10:18786  | https://doi.org/10.1038/s41598-020-75809-9

www.nature.com/scientificreports/

Open Access  This article is licensed under a Creative Commons Attribution 4.0 International 
License, which permits use, sharing, adaptation, distribution and reproduction in any medium or 

format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the 
Creative Commons licence, and indicate if changes were made. The images or other third party material in this 
article are included in the article’s Creative Commons licence, unless indicated otherwise in a credit line to the 
material. If material is not included in the article’s Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from 
the copyright holder. To view a copy of this licence, visit http://creat iveco mmons .org/licen ses/by/4.0/.

© The Author(s) 2020

http://creativecommons.org/licenses/by/4.0/

	Income is associated with hippocampalamygdala and education with cingulate cortex grey matter volume
	Results
	Associations of factors. 
	Associations of equivalent income and years of education with GMV (CAT12SPM analyses). 
	Additional analyses with age groups. 
	Additional interaction analyses with sex. 
	Mediation analyses. 

	Discussion
	Material and methods
	Participants. 
	MRI assessments. 
	Assessment of variables. 
	Quality control and exclusion of pathologies. 
	Data analyses. 
	Statistical analyses. 
	Full-factorial model with age and sex. 
	Mediation analysis. 

	References
	Acknowledgements


