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Abstract 1 

Objective: To test whether elevated blood pressure (BP) relates to grey matter volume 2 

(GMV) changes in young adults who had not previously been diagnosed as hypertensive 3 

(systolic BP (SBP)/diastolic BP (DBP)≥140/90 mmHg). 4 

Methods: We associated BP with GMV from structural 3 Tesla T1-weighted MRI of 423 5 

healthy adults between 19-40 years (mean age=27.7±5.3 years, 177 women, 6 

SBP/DBP=123.2/73.4±12.2/8.5 mmHg). Data originated from four previously unpublished 7 

cross-sectional studies conducted in Leipzig, Germany. We performed voxel-based 8 

morphometry on each study separately and combined results in image-based meta-analyses 9 

(IBMA) to assess cumulative effects across studies. Resting BP was assigned to one of four 10 

categories: (1) SBP<120 and DBP<80 mmHg, (2) SBP 120-129 or DBP 80-84 mmHg, (3) 11 

SBP 130-139 or DBP 85-89 mmHg, (4) SBP≥140 or DBP≥90 mmHg. 12 

Results: IBMA yielded: (a) lower regional GMV was correlated with higher peripheral BP; (b) 13 

lower GMV with higher BP when comparing individuals in sub-hypertensive categories 3 and 14 

2, respectively, to those in category 1; (c) lower BP-related GMV was found in regions 15 

including hippocampus, amygdala, thalamus, frontal and parietal structures (e.g. precuneus). 16 

Conclusions: BP≥120/80 mmHg was associated with lower GMV in regions that have 17 

previously been related to GM decline in older individuals with manifest hypertension. Our 18 

study shows that BP-associated GM alterations emerge continuously across the range of BP 19 

and earlier in adulthood than previously assumed. This suggests that treating hypertension 20 

or maintaining lower BP in early adulthood might be essential for preventing the 21 

pathophysiological cascade of asymptomatic cerebrovascular disease to symptomatic end-22 

organ damage, such as stroke or dementia. 23 
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Introduction 1 

Hypertension (HTN) is highly prevalent and the leading single risk factor for global disease 2 

burden and overall health loss1,2. The risk for insidious brain damage and symptomatic 3 

cerebrovascular disease (CVD, e.g. stroke and vascular dementia) multiplies with 4 

manifestation of HTN3. Midlife HTN is a major risk factor for late-life cognitive decline and has 5 

been associated with risk for dementia, including late-onset Alzheimer’s disease (AD)3–5. 6 

Importantly, HTN is also related to sub-clinical functional6,7 and structural5–14 brain changes, 7 

or asymptomatic CVD, including brain volume reductions in the medial temporal and frontal 8 

lobes5,6,9–11,15. Hippocampal volumes, in particular, have been consistently associated with 9 

HTN-related reductions5,9,10,15. Furthermore, computational anatomy has been employed to 10 

detect subtle cerebral changes, such as microstructural white matter (WM) alterations 13 or 11 

reductions in regional grey matter5,11, in middle-aged and older adults with elevated blood 12 

pressure (BP).  13 

Recent statements suggest that symptomatic clinical disease, resulting from elevated BP, 14 

could be prevented by avoiding primary BP elevations and sub-clinical target organ damage 15 

(including brain damage) in early adulthood and middle-age3,16,17. However, effects of 16 

elevated BP on adult brains before the age of 40 are unclear. Preliminary evidence from 32 17 

young, normotensive adults, showed that BP-reactivity correlated with lower amygdala 18 

volume18. 19 

This study aimed to investigate if subtle structural brain changes occur in early adulthood 20 

(<40 years) at sub-hypertensive BP levels. We hypothesized that higher BP would relate to 21 

lower regional grey matter volume (GMV) and that this would predominantly affect frontal and 22 

medial temporal lobes, including amygdala and hippocampus. 23 
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Methods 1 

We applied voxel-based morphometry19,20 (VBM) to four previously unpublished independent 2 

datasets including young adults aged between 19-40 years without previous diagnosis of 3 

HTN or any other severe, chronic or acute disease. Results from each dataset were 4 

combined in image-based meta-analyses (IBMA) for well-powered, cumulative evaluation of 5 

findings across study differences (i.e. recruitment procedure, inclusion criteria and data 6 

acquisition, Figure 1, data available from bioRxiv (Supplementary Table 1) 7 

https://doi.org/10.1101/239160).  8 

Participants 9 

We included cross-sectional data of 423 young participants from four samples. The samples 10 

were drawn from larger studies that were conducted in Leipzig, Germany, between 2010-11 

2015: 1. Leipzig Study for Mind-Body-Emotion Interactions (Babayan et al., under review), 2. 12 

Neural Consequences of Stress Study (Reinelt et al., in preparation), 3. Neuroanatomy and 13 

Connectivity Protocol21, 4. Leipzig Research Centre for Civilization Diseases (LIFE)22.  14 

The objective of study 1 was to cross-sectionally investigate mind-brain-body-emotion 15 

interactions in a younger (20-35 years) and an older (59-77 years) group of 228 healthy 16 

volunteers. Study 2 aimed to investigate neural correlates of acute psychosocial s tress in 79 17 

young (18-35 years), healthy, non-smoking men. The study protocol for the baseline 18 

assessment of participants in study 2 was adapted from the protocol in study 1. In study 3, 19 

194 healthy volunteers between 20-75 years of age participated in one session of MRI and 20 

completed an extensive assessment of cognitive and personality measures. This dataset 21 

aimed to relate intrinsic functional brain connectivity with cognitive faculties, self-generated 22 

mental experience, and personality features. Together, studies 1-3 constitute the MPI-Leipzig 23 

Mind-Brain-Body database. Study 4 (LIFE-Study) is a population-based dataset in the city of 24 

Leipzig, Germany, with the objective to investigate the development of major modern 25 

diseases. Overall, 10000 participants were randomly drawn from the local population of 26 

whom 2667 underwent MRI and detailed screening. With dementia being one of the key 27 

scientific topics in this study, most participants in the MRI-subcohort were adults above the 28 
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age of 60 years. The exact inclusion procedure and numbers for the current investigation is 1 

depicted in Figure 1. Inclusion criteria for our study were age between 19-40 years, 2 

availability of high-resolution structural T1-weighted MRI and ≥1 BP measurements. 3 

Participants were excluded in case of previously diagnosed HTN, intake of antihypertensive 4 

drugs or severe diseases (data available from bioRxiv (Supplementary Table 1) 5 

https://doi.org/10.1101/239160).  6 

Standard Protocol Approvals, Registrations, and Patient Consents 7 

The studies were in agreement with the Declaration of Helsinki and approved by the ethics 8 

committee of the medical faculty at the University of Leipzig, Germany (ethics reference 9 

numbers study 1: 154/13-ff, study 2: 385/14-ff, study 3: 097/15-ff, study 4: 263-2009-10 

14122009). Before entering the studies, participants gave written informed consent. 11 

Blood pressure measurements 12 

Systolic (SBP) and diastolic blood pressure (DBP) were measured at varying times of day 13 

using an automatic oscillometric blood pressure monitor (OMRON M500 (samples 1-3), 14 

705IT (sample 4), OMRON Medizintechnik, Mannheim, Germany) after a seated resting 15 

period of 5 min. In sample 1, three measurements were taken from participants’ left arms on 16 

three separate occasions within two weeks. In sample 2, two measurements were taken from 17 

participants’ left arms on two separate occasions on the same day. In sample 3, blood 18 

pressure was measured once before participants underwent MRI. In sample 4, the procedure 19 

consisted of three consecutive blood pressure measurements, taken from the right arm in 20 

intervals of 3 minutes. In each sample, all available measurements per participant were 21 

averaged to one systolic and one diastolic blood pressure value. These averages were used 22 

for classification of BP.  23 

Neuroimaging 24 

MRI was performed at the same 3 Tesla MAGNETOM Verio Scanner (Siemens, Erlangen, 25 

Germany) for all studies with a 32-channel head coil. Whole-brain 3-dimensional T1-26 
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weighted volumes with a resolution of 1 mm isotropic were acquired for the assessment of 1 

brain structure. T1-weighted images in sample 4 were acquired with a standard MPRAGE 2 

protocol (inversion time TI=900 ms, repetition time TR=2300 ms, echo time TE=2.98 ms, flip 3 

angle FA=9°, field of view FOV=256x240x176 mm3, voxel size=1x1x1 mm3), while T1-4 

weighted images in samples 1-3 resulted from an MP2RAGE protocol (TI1=700 ms, 5 

TI2=2500 ms, TR=5000 ms, TE=2.92 ms, FA1=4°, FA2=5°, FOV=256x240x176 mm 3, voxel 6 

size=1x1x1 mm3). Grey and white matter contrast are comparable for the two sequence 7 

protocols1,2, but additional preprocessing steps were performed for MP2RAGE T1-weighted 8 

images (data available from bioRxiv (Additional Methods) https://doi.org/10.1101/239160). 9 

Fluid-attenuated inversion recovery (FLAIR) images were acquired in all samples for 10 

radiological examination for incidental findings and for Fazekas scale ratings for white matter 11 

hyperintensities (WMH, Tables 1 and 2). 12 

Data Processing and Statistical Analysis 13 

Details on all analysis methods can be found in Supplementary Methods (data available from 14 

bioRxiv (Additional Methods) https://doi.org/10.1101/239160). 15 

Blood pressure classification 16 

For statistical analyses, all available BP measurements per participant were averaged to one 17 

mean SBP and DBP, respectively. Based on these averages, we categorized BP according 18 

to the European guidelines for the management of arterial hypertension23: category 1 19 

(SBP<120 mmHg and DBP<80 mmHg), category 2 (SBP 120-129 mmHg or DBP 80-84 20 

mmHg), category 3 (SBP 130-139 mmHg or DBP 85-89 mmHg) and category 4 (SBP≥140 21 

mmHg or DBP≥90 mmHg).  22 

Voxel-based morphometry (VBM): association of regional GMV and BP within each sample  23 

For each of the four samples, 3 Tesla high-resolution T1-weighted 3-D whole-brain images 24 

were processed using VBM and the diffeomorphic anatomical registration using 25 

exponentiated lie algebra (DARTEL) method19,20 within SPM12. Voxel-wise general linear 26 
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models (GLM) were performed to relate BP and GMV within each sample: we tested for a 1 

continuous relationship between GMV and SBP or DBP, in separate models, with a multiple 2 

linear regression t-contrast. The overall effect of BP category on GMV was tested with an 3 

Analysis of Variance (ANOVA) F-contrast. To assess differences in GMV between BP 4 

categories, the following pairwise t-comparisons were tested: (a) category 4 vs. category 1, 5 

(b) category 3 vs. category 1, (c) category 2 vs. category 1. All analyses included total 6 

intracranial volume (TIV), sex and age as covariates. The influence of body mass index 7 

(BMI) did not significantly contribute to the models and was thus not included as covariate in 8 

the analyses. We considered a sample eligible for image-based meta-analysis if its F-9 

contrast effects exceeded an uncorrected peak-level threshold of p<0.001. Effects within 10 

each sample were explored at cluster-level p<0.05 with family-wise error correction for 11 

multiple comparisons.  12 

Image-based meta-analysis (IBMA): association of regional GMV and BP across samples 13 

To evaluate cumulative results from all samples while considering their heterogeneities, we 14 

combined the VBM outcome of each sample in IBMA. Meta-analyses were performed on the 15 

unthresholded t-maps with SDM software using default parameters24. Statistical significance 16 

of mean effect size maps was evaluated according to validated thresholds of high meta-17 

analytic sensitivity and specificity24: voxel threshold=p<0.005, peak height threshold=SDM-18 

Z>1.0 and cluster extent threshold=k≥10 voxels.  19 

Exploratory IBMA for positive associations were performed in analogy to negative 20 

associations as described above.   21 

IBMA of regions of interest (ROI): association of regional GMV and BP across samples in 22 

hippocampus and amygdala 23 

We performed IBMA within atlas-defined masks to test if regional bilateral hippocampal and 24 

amygdalar volumes related to SBP, DBP and BP categories, respectively. The statistical 25 

thresholds were defined as p<0.05, SDM-Z>1.0 and k≥1 voxels. 26 
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Volumetry: association of total brain volumes and BP within the pooled sample 1 

In addition to VBM and IBMA, we explored if total brain volumes (average volume over all 2 

voxels within a region) differed between BP categories. Specifically, we tested if estimated 3 

total intracranial volume, total grey matter volume, total white matter volume (WMV), total 4 

amount of white matter hyperintensities (WMH), total cerebrospinal fluid volume (CSFV), 5 

total left and right hippocampal and amygdalar volume differed between BP categories. 6 

WMH was assessed by Fazekas scale ratings from Fluid-attenuated inversion recovery 7 

(FLAIR) images25. For these comparisons within the total sample, we defined correlation 8 

models (for SBP and DBP as independent variable, respectively) and ANOVA models for BP 9 

category as independent variable. The models included the respective volume as dependent 10 

variable, as well as TIV (where applicable), sex, age, and sample (where applicable) as 11 

covariates. We considered p-values<0.05 as significant. The analyses were performed with 12 

R (3.2.3, R Core Team, 2015, Vienna, Austria; https://www.R-project.org/). 13 

Data Sharing 14 

Results (i.e. unthresholded whole-brain statistical maps) from VBM analyses of each sample 15 

and from all IBMAs can be found online in the public repository NeuroVault for detailed, 16 

interactive inspection (http://neurovault.org/collections/FDWHFSYZ/). Raw data of samples 17 

1-3 available from https://www.openfmri.org/dataset/ds000221/. 18 
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Results 1 

Sample characteristics 2 

The characteristics of the total sample by BP category are reported in Table 1. The total 3 

sample included 423 participants between 19-40 years of whom 177 were women (42%). 4 

Mean (SD) age was 27.7 (5.3) years. SBP, DBP, and BMI differed between BP categories 5 

(all p<0.001). An effect of sex yielded that men were more frequent in higher BP categories 6 

(all p<0.001). 7 

Table 2 shows differences in characteristics between the four included samples. The 8 

samples differed in almost all characteristic variables, specifically regarding sex, age, SBP, 9 

DBP, smoking status, and brain volumes (all p<0.001).    10 

VBM: association of regional GMV and BP within each sample 11 

Figure 2 shows differences in regional GMV between BP categories for each of the four 12 

samples tested with an ANOVA F-contrast. Results show significant clusters of various 13 

extents that were distributed heterogeneously between the samples. Exploration of sample-14 

specific effects showed a cluster in the left posterior insula for the F-contrast (peak MNI 15 

coordinates [-38,-24,24], F=11.35, cluster size k=1239) as well as clusters in left inferior 16 

frontal gyrus ([-42,34,0], T=4.99, k=2039) and in right anterior cingulate cortex ([14,34,14], 17 

T=4.44, k=2086) for the contrast BP category 4<1 in sample 1. In sample 2, the contrast BP 18 

category 4<1 yielded a cluster in left planum polare ([-44,-22,-3], T=10.70, k=1151) and the 19 

contrast BP category 2<1 yielded a trend for a cluster in left middle temporal gyrus 20 

(pFWE=0.059, [-54,-28,-9], T=5.41, k=683). Furthermore, higher DBP was associated with a 21 

cluster of lower GMV in left middle temporal gyrus in sample 2 ([-57,-45,6], T=6.03, k=1180). 22 

All other comparisons yielded no suprathreshold voxels (all pFWE>0.05). The statistical maps 23 

for sample-specific effects can be inspected on NeuroVault.   24 

IBMA: association of regional GMV and BP across samples  25 

Meta-analytic parametric relations between lower GMV and higher BP 26 
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As expected, increases in systolic and diastolic BP were associated with lower GMV. 1 

Specifically, higher SBP related to lower GMV in right paracentral/cingulate areas ([8,-30,56], 2 

SDM-Z=-3.859, k=288), bilateral inferior frontal gyrus (IFG, left: [-40,30,0], SDM-Z=-3.590, 3 

k=49; right: [-40,30,0], SDM-Z=-3.394, k=16), bilateral sensorimotor cortex (left: [-58,-20,24], 4 

SDM-Z=-3.290, k=146; right: [48,0,48], SDM-Z=-3.196, k=127), bilateral superior temporal 5 

gyrus (left: [-52,-10,6], SDM-Z=-3.268, k=78; right: [64,-42,12], SDM-Z=-3.192, k=42), 6 

bilateral cuneus cortex (left: [-8,-76,18], SDM-Z=-3.019, k=27; right: [10,-68,26], SDM-Z=-7 

2.937, k=18), and right thalamus ([8,-28,2], SDM-Z=-2.977, k=45; Figure 3A, Table 3). 8 

Increases in diastolic BP were related to lower GMV in bilateral anterior insula (left: [-9 

36,26,6], SDM-Z=-3.876, k=266; right: [34,10,8], SDM-Z=-3.139, k=100), frontal regions ([-10 

26,24,54], SDM-Z=-3.820, k=62), right midcingulate cortex ([4,-34,50], SDM-Z=-3.545, 11 

k=246), bilateral inferior parietal areas (left: [-46,-26,48], SDM-Z=-3.239, k=59; right: [44,-12 

44,50], SDM-Z=-3.188, k=18), and right superior temporal gyrus ([60,2,-12], SDM-Z=-2.991, 13 

k=35; Figure 3B, Table 3).    14 

Meta-analytic differences in regional GMV between BP categories 15 

Meta-analytic results for category 4 (highest BP) compared to category 1 (lowest BP) yielded 16 

lower regional GMV in frontal, cerebellar, parietal, occipital, and cingulate regions (Figure 17 

3C). Table 3 describes the specific regions with lower GMV, including bilateral IFG (left: [-52,-18 

28,12], SDM-Z=-3.473, k=107; right: [40,30,26], SDM-Z=-3.093, k=10), right midcingulate 19 

cortex ([12,-42,48], SDM-Z=-2.854, k=11), and right precuneus ([10,-52,18], SDM-Z=-2.836, 20 

k=21).   21 

We also compared GMV of individuals at sub-hypertensive levels (category 3 and 2, 22 

respectively) to GMV of individuals in category 1. Figure 3D shows meta-analysis results for 23 

the comparison between category 3 and category 1. Compared to category 1, category 3 24 

was associated with lower GMV in bilateral IFG (left: [-40,30,2], SDM-Z=-2.598, k=24; right: 25 

[36,6,34], SDM-Z=-3.474, k=179), sensorimotor cortices (left: [-60,-20,36], SDM-Z=-2.857, 26 

k=205; right: [6,-28,54], SDM-Z=-3.119, k=179), bilateral middle temporal gyrus (left: [-56,-27 
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64,16], SDM-Z=-2.222, k=28; right: [48,-50,20], SDM-Z=-3.119, k=179), right insula ([36,8,-1 

18], SDM-Z=-2.523, k=123), right occipital regions ([42,-74,12], SDM-Z=-2.454, k=25), left 2 

parietal ([-60,-20,36], SDM-Z=-2.857, k=205), bilateral thalamus (left: [-12,-32,0], SDM-Z=-3 

2.264, k=133; right: [20,-32,6], SDM-Z=-2.384, k=133), left anterior cingulate cortex ([-10,36,-4 

6], SDM-Z=-2.384, k=102), and left precuneus ([-12,-54,14], SDM-Z=-2.187, k=20; Table 3).  5 

Figure 3E illustrates brain regions that yielded lower meta-analytic GMV comparing category 6 

2 to category 1. These include left frontal regions ([-54,-10,14], SDM-Z=-3.407, k=230), right 7 

inferior occipital gyrus ([30,-96,-8], SDM-Z=-3.290, k=102), bilateral temporal regions (left: [-8 

34,-16,-30], SDM-Z=-3.164, k=133; right: [46,-74,12], SDM-Z=-2.734, k=26), left precuneus 9 

([-8,-54,22], SDM-Z=-3.084, k=433) and inferior parietal regions (supramarginal, [54,-24,32], 10 

SDM-Z=-2.968, k=31, and angular gyri, [-36,-64,42], SDM-Z=-2.827, k=30), as well as 11 

midcingulate cortex ([8,-18,46], SDM-Z=-2.647, k=32; Table 3). 12 

Meta-analytic differences in regional hippocampal and amygdalar volumes between BP 13 

categories 14 

In this IBMA ROI comparison, higher SBP was correlated with lower bilateral posterior medial 15 

hippocampal volume (Figure 4). Higher DBP was correlated with lower left hippocampal 16 

volume and lower right anterior hippocampal volume. Furthermore, all higher BP categories 17 

were associated with lower regional hippocampal volume when compared to the lowest BP 18 

category 1 (Figure 4). Compared to category 1, BP category 4 was predominantly associated 19 

with lower left medial posterior hippocampus volume and category 3 with lower bilateral 20 

posterior and left medial hippocampus volume across samples. Lower volume comparing 21 

categories 2 and 1 was predominantly located in left lateral anterior hippocampus. Category 22 

4 vs. category 1 and the associations with higher SBP and DBP also yielded significantly 23 

lower regional volume in bilateral amygdala, respectively. Effect sizes highly varied across 24 

samples (Figure 4). 25 
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Meta-analytic relations between higher GMV and higher BP 1 

Exploratory analyses also revealed associations between higher BP and higher GMV (data 2 

available from bioRxiv (Supplementary Figure 1, Supplementary Table 2) 3 

https://doi.org/10.1101/239160, and NeuroVault maps). However, the cumulative positive 4 

effects are comparably weaker than the cumulative negative results (Table 3, negative: 17 5 

out of 34 clusters from parametric analyses with SDM-Z>3.0; positive: 0 out of 28 clusters 6 

from parametric analyses with SDM-Z>3.0), they show greater heterogeneity across studies 7 

(negative: maximum I2=4.0; positive: maximum I2=56.3) and they seem to appear primarily in 8 

regions where standard preprocessing of brain tissue is suboptimal (e.g. in 9 

cerebellum/inferior occipital regions26). We therefore regard these findings as overall 10 

questionable. By also providing the results as statistical maps on NeuroVault, future 11 

investigations can use the data for reliability analyses of potential positive associations. 12 

Volumetry in pooled sample: association of total brain volumes and BP 13 

All associations of volumetric brain measures (TIV, total GMV, total, WMV, total CSFV, total 14 

hippocampal, total amygdalar volume and total WMH) with SBP or DBP in the correlation 15 

models, or with BP categories in the ANOVA models were below the statistical threshold (all 16 

p>0.05, Table 1). 17 
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Discussion 1 

In this image-based meta-analysis of four previously unpublished independent samples, we 2 

found that elevated, sub-hypertensive BP was correlated with lower GMV in several brain 3 

regions, including parietal, frontal, and subcortical structures in young adults (<40 years). 4 

These regions are consistent with the lower regional GMV observed in middle-aged and 5 

older individuals with HTN5,6,9–11,15. Our results show that BP-associated GM alterations 6 

emerge earlier in adulthood than previously assumed and continuously across the range of 7 

BP. 8 

Interestingly, we found that BP was associated with lower hippocampal volume. In older 9 

individuals, the hippocampal formation and surrounding structures are known to be affected 10 

by HTN5,8–10,15. In a meta-analytic evaluation of HTN-effects on total GMV and on 11 

hippocampal volume, lower volumes across studies were only consistently found for the 12 

hippocampus15. In analogy to those findings, our results showed that hippocampal volume 13 

was affected by higher BP in a considerably younger sample. It should be mentioned that the 14 

effects in hippocampus only exceeded statistical thresholds in ROI analyses, similar to 15 

previous reports of lower hippocampal volume in older samples with manifest HTN that were 16 

all ROI-based5,9,10,15. As potential pathophysiological explanations it has been proposed that 17 

medial temporal (and frontal regions) might be especially sensitive to effects of pulsation, 18 

hypoperfusion and ischemia, which often result from increasing pressure3,15.    19 

We furthermore observed correlations between lower amygdalar and thalamic volumes and 20 

higher BP, notably already below levels which are currently regarded as hypertensive. 21 

Amygdalar and thalamic nuclei are substantially involved in BP regulation as they receive 22 

baroreceptor afferent signals via the brainstem and mesencephalic nuclei, relaying these 23 

signals to primary cortical regions of viscerosensory integration, such as anterior cingulate 24 

cortex and insula27. It has been shown that lower amygdalar volume correlates with 25 

increased BP-reactivity during cognitive demand among young normotensive adults18. 26 

Previous studies have reported lower thalamic volume in HTN5, heart failure28, asymptomatic 27 

carotid stenosis29, and aging30. Higher systolic BP has also been related to higher mean 28 
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diffusivity of white matter thalamic radiations13. Our results are in line with accumulating 1 

evidence of amygdalar and thalamic involvement in cardiovascular (dys-) regulation but may 2 

also reflect early pathology in these regions. For example, occurrence of neurofibrillary 3 

tangles in thalamus has also been reported in the earliest stages of AD neuropathology34. 4 

Beyond subcortical structures, we found lower volumes in cortical regions: cingulate volume 5 

and insular volume were markedly lower with higher DBP in the meta-analysis results and in 6 

the individual analyses of sample 1. As noted above, these regions constitute primary cortical 7 

sites of afferent viscerosensory integration and modulate homeostasis via efferents to 8 

brainstem nuclei27. Lesions in cingulate cortex and insula result in altered cardiovascular 9 

regulation, increased sympathetic tone31,32 and myocardial injury33. Both regions are also 10 

critical for the appraisal and regulation of emotion and stress27. Thus, structural alterations in 11 

these regions may contribute to insidious BP elevations via sympathetic pathways.  12 

Frontal and parietal volumes were affected in all our statistical comparisons. The precuneus 13 

cortex, especially, was associated with lower GMV in BP categories 4, 3, and 2 compared to 14 

category 1. Our results of lower BP-related GMV in regions such as hippocampal, frontal and 15 

parietal areas highlight specific brain regions which are known to be vulnerable to putative 16 

vascular or neurodegenerative damage mechanisms5,6,8–11,15,35. Raised midlife BP is not only 17 

known to be a major risk factor for vascular dementia, but some reports suggest a link 18 

between HTN and AD-type pathophysiology3,4. For example in neuropathological studies, 19 

raised midlife BP has been associated with lower post-mortem brain weight, increased 20 

numbers of hippocampal neurofibrillary tangles, and higher numbers of hippocampal and 21 

cortical neuritic plaques8. Similarly, a potential pathophysiological link between HTN and AD 22 

has been supported by noninvasive MRI studies: regions referred to as AD-signature regions 23 

(including inferior parietal, precuneus cortices, and medial temporal structures) have been 24 

associated with cortical thinning years before clinical AD-symptoms arise35 and with brain 25 

volume reductions predicted by increasing BP from middle to older age5. In light of these 26 

previous results, our findings of lower BP-related GMV in AD-signature regions may be 27 
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indicative of a link to AD-pathology at an even earlier age; however, this cannot be causally 1 

inferred from our cross-sectional data. In the study by Power et al.5, BP also predicted 2 

volume loss in non-AD-typical brain regions, such as frontal lobe and subcortical gray matter, 3 

which may relate to other (than AD-related) pathophysiological mechanisms. A similar 4 

pattern seems to be reflected in our findings of lower GMV related to higher BP in non-AD-5 

typical regions.  6 

Some previous studies did not find relations between HTN and lower brain volumes, but 7 

associated HTN with other forms of structural or functional brain alterations, such as white 8 

matter injury36 or reduced cerebral perfusion37. A key aspect of diverging results is the 9 

heterogeneity of methods used to assess brain volumes. Earlier investigations of BP effects 10 

on brain tissues have applied manual or automated volumetric methods to quantify total brain 11 

volumes in pre-selected ROIs9,10,12. The focus of this study was to employ computational 12 

anatomy methods to assess regional GM differences across the whole brain. We found 13 

significant differences between BP groups using VBM but not in the analysis of total brain 14 

volumes. This supports the view that VBM is a sensitive measure to quantify regional 15 

morphological differences38 which might be undetected from the analysis of total brain 16 

volumes alone. In addition, we employed random-effects IBMA which results in effects that 17 

are consistent across studies and that may otherwise be neglected at sub-threshold. 18 

Investigating effects of BP on regional vs. total brain volumes at all stages of health and 19 

disease thus warrants further research with standardized methods to identify 20 

neuropathological mechanisms. 21 

Our data, however, do not allow inference on causality between lower brain volumes and 22 

HTN, which likely involves complex interactions of different pathophysiological mechanisms 23 

that still need to be fully elucidated. It is assumed that vascular stiffness, endothelial failure 24 

and a dysfunctional blood-brain barrier are precursors of cerebral small and large vessel 25 

disease that reduce cerebral blood flow, disturb autoregulatory adjustment and decrease 26 

vasomotor reactivity, which may impair perivascular central nervous waste clearance 27 
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systems3. These mechanisms have also been suggested to potentially underlie the 1 

epidemiological connection between vascular risk factors, such as HTN, and AD3. The 2 

similarities between our findings and AD-signature regions (see above) would also be 3 

consistent with this putative link. Consequently, demyelination, apoptosis and intoxication of 4 

neurons and glial cells, as well as grey and white matter necrosis accumulate and may be 5 

reflected in neuroimaging on a macroscopic scale. Lower GMV assessed by VBM, as 6 

reported in our study, can thus arise from neuronal loss, but also from alterations of glial cells 7 

or composition of microstructural or metabolic tissue properties39. Our findings point to an 8 

early effect of such mechanisms on GM integrity which is present in the absence of overt 9 

disease, such as HTN, and in young age. Indicators of early atherosclerosis in major 10 

peripheral arteries can already be detected in youth40. Recently, arterial stiffness has also 11 

been associated with WM and GM alterations among adults between 24 and 76 years of 12 

age41. Thus, already early and subtle vascular changes, deficient cerebral perfusion and 13 

impaired perivascular clearance systems may initiate and sustain neuropathology from early 14 

to late adulthood. 15 

The cross-sectional design of our four study samples limits the interpretation frame for the 16 

results presented. Causality between BP and potential brain damage cannot be assessed 17 

with these data but is crucial for implications of early signs of cerebrovascular disease. 18 

Furthermore, the study samples differed regarding recruitment, sex distribution, sample size, 19 

prevalence of high BP, and data acquisition methods (BP and MRI) which might not 20 

represent the general population or standard acquisition protocols: similar to German 21 

prevalence42, men had higher BP in our study. We thus included sex as covariate in all our 22 

analyses to adjust for sex effects. We did not perform separate analyses for men and women 23 

given that one of the four samples included only men. However, the topic of sex differences 24 

in brain structure related to BP is a very interesting open question for future investigations.  25 

In sample 3, only one BP measurement was recorded which could be biased due to white 26 

coat hypertension or BP variability. Practice guidelines recommend an average of ≥2 seated 27 

readings obtained on ≥2 occasions to provide a more accurate estimate of an individual’s BP 28 
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level23,43,44. By combining the samples in random-effects IBMA, we considered the limitations 1 

of each sample and accounted for within- and between-sample heterogeneity and evaluated 2 

effects cumulatively. Moreover, this approach enabled us to investigate the expected small 3 

effects of BP-related GM alterations in a well-powered total sample of over 400 young adults. 4 

To further ensure that the results are not substantially influenced by the heterogeneity of BP 5 

measurements across studies, we recalculated the parametric SBP analysis (Figure 3A) with 6 

only the first SBP reading in each study. The results of this additional analysis are strikingly 7 

similar to the results reported here (data available from bioRxiv (Supplementary Table 3, 8 

Supplementary Figure 2) https://doi.org/10.1101/239160). HTN is also the most important 9 

risk factor for WM damage3,12 and sub-clinical WM injury in relation to elevated BP levels has 10 

recently been reported in 19- to 63-year-old adults13. As our study included only GM 11 

measures, we cannot assess mediating effects of WM injury on GMV differences. We did not 12 

observe any significant differences in Fazekas scores for WMH between BP categories, 13 

likely due to their lower sensitivity and poorer specificity as a proxy for vascular disease in a 14 

sub-clinical sample of young adults with (mostly) normal BP.  15 

Our study shows that BP-related brain alterations may occur in early adulthood and at BP 16 

levels below current thresholds for manifest HTN. Contrary to assumptions that BP-related 17 

brain damage arises over years of manifest disease our data suggest that subtle pressure-18 

related GM alterations can be observed in young adults without previously diagnosed HTN. 19 

Considering our results, large-scale cohort studies should investigate whether sub-20 

hypertensive BP and related brain changes in early adulthood increase the risk for 21 

subsequent development of CVD later in life. Gaining insights whether and how the brain is 22 

globally affected by vascular changes or if these are specific to susceptible regions could 23 

help identifying neuroimaging biomarkers for the earliest stages of CVD. Such data would 24 

provide evidence for future guidelines to formulate informed recommendations for BP-25 

management in young adults, which are critical for the prevention of CVD. Lifestyle 26 

interventions and neurobehavioral therapy have recently been suggested to benefit CVD 27 
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prevention17. Our results highlight the importance of taking BP levels as a continuous 1 

measure into consideration which could help initiate such early preventive measures.  2 
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Table 1 – Characteristics by blood pressure category. 
Characteristics of the total sample by blood pressure categories. Column p specifies significant results of comparisons between blood pressure categories: empty cells = p>0.05. Column 
Pairwise comparisons specifies significant post-hoc comparisons for: 2=category 1 vs. 2, 3=category 1 vs. 3, 4=category 1 vs. 4. ***= p<0.001, **=p<0.01, *=p<0.05. Definition of blood pressure 
categories: category 1 (SBP<120 mmHg and DBP<80 mmHg), category 2 (SBP 120-129 mmHg or DBP 80-84 mmHg), category 3 (SBP 130-139 mmHg or DBP 85-89 mmHg) and category 4 

(SBP≥140 mmHg or DBP≥90 mmHg). 

 
  

Total 
   

Category 1 
   

Category 2 
   

Category 3 
   

Category 4 
   

p Pairwise comparisons 

n (%) 
  423 (100%)     175 (41%)     121 (29%)     80 (19%)     47 (11%)     

  

Women [n (%)]   177 (42%)     117 (67%)     40 (33%)     11 (14%)     9 (19%)     *** 2***, 3***, 4*** 

Age (mean years, SD) 
  27.66 5.27    27.61 5.53    27.30 4.95    28.01 5.24    28.21 5.23    

  

Range (min-max years)   19-40 
 

   19-40 
 

   20-40 
 

   20-40 
 

   20-39 
 

   
  

Systolic Blood Pressure (mean mmHg, SD) 
  123.2 12.19    111.91 5.44    123.99 3.62    134.57 3.48    143.56 7.76    *** 2***, 3***, 4*** 

Diastolic Blood Pressure (mean mmHg, SD)   73.38 8.49    67.67 5.81    73.64 5.77    78.79 6.46    84.75 8.26    *** 2***, 3***, 4*** 

Body Mass Index (mean kg/m², SD) 
  23.48 3.25    22.60 2.74    23.45 3.23    24.22 3.42    25.59 3.62    *** 2*, 3**, 4*** 

Missing values [n (%)] 
  13 (3%) 

 
   5 (3%) 

 
   4 (3%) 

 
   1 (1%) 

 
   3 (6%) 

 
   

  

Range (min-max kg/m²)   17.96-36.93 
 

   
  

   
  

   
  

   
  

   
  

Smoking status [n (%)] 
  

  
   

  
   

  
   

  
   

  
   

  

non-smoker 
  273 (65%) 

 
   113 (65%)     78 (64%)     53 (66%)     29 (62%)     

  

occasional smoker 
  57 (13%)     23 (13%)     17 (14%)     13 (16%)     4 (9%)     

  

smoker 
  73 (17%)     29 (17%)     21 (17%)     13 (16%)     10 (21%)     

  

missing values   20 (5%)     10 (6%)     5 (4%)     1 (1%)     4 (9%)     
  

Fazekas score [n (%)] 
  

  
   

  
   

  
   

  
   

  
   

  

0 
  303 (72%)     123 (70%)     85 (70%)     59 (74%)     36 (77%)     

  

1 
  72 (17%)     39 (22%)     16 (13%)     10 (13%)     7 (15%)     

  

2 
  0 (0%)     0 (0%)     0 (0%)     0 (0%)     0 (0%)     

  

3 
  0 (0%)     0 (0%)     0 (0%)     0 (0%)     0 (0%)     

  

Missing values   48 (11%)     13 (7%)     20 (17%)     11 (14%)     4 (9%)     
  

Total intracranial volume (mean ml, SD) 
  1450.05 137.39    1400.49 127.47    1457.43 142.07    1508.05 116.23    1516.90 126.29    

  

Grey matter volume (mean ml, SD) 
  777.41 88.69    748.55 79.50    784.29 90.41    809.72 87.36    812.16 86.47    

  

White matter volume (mean ml, SD) 
  449.79 55.74    435.84 53.56    452.75 55.93    464.19 53.34    469.58 55.52    

  

Cerebrospinal fluid volume (mean ml, SD) 
  222.86 56.60    216.09 54.57    220.40 59.53    234.14 54.14    235.16 57.34    

  

Hippocampal volume, left (mean ml, SD) 
  3.90 0.45    3.77 0.41    3.93 0.46    4.06 0.43    4.09 0.43    

  

Hippocampal volume, right (mean ml, SD) 
  3.97 0.43    3.83 0.40    4.00 0.44    4.12 0.40    4.14 0.39    

  

Amygdalar volume, left (ml) 
  1.68 0.19    1.62 0.18    1.68 0.19    1.75 0.18    1.75 0.18    

  

Amygdalar volume, right (ml) 
  1.50 0.16    1.45 0.15    1.51 0.17    1.56 0.16    1.57 0.15    
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Table 2 – Characteristics by sample. 
Characteristics of the study samples. Column p specifies significant results of comparisons between samples: empty cells = p>0.05. Column Pairwise comparisons specifies significant post-hoc 
comparisons between samples: ***= p<0.001, **=p<0.01, *=p<0.05. 
 

Total 
 

Sample 1 
 

Sample 2 
 

Sample 3 
 

Sample 4 
 

p Pairwise comparisons 

n 423   81   52   70   220   
  

Women [n (%)] 177 (42%)   37 (46%)   0 (0%)   43 (61%)   97 (44%)   *** 1 vs. 2***, 2 vs. 3***, 2 vs. 4***, 3 vs. 4* 

Age (mean years, SD) 27.66 5.27  24.36 3.07  25.77 2.44  26.54 4.82  29.69 5.65  *** 1 vs. 3*, 1 vs. 4***, 2 vs. 4***, 3 vs. 4*** 

Range (min-max years) 19-40 
 

 20-35 
 

 21-31 
 

 20-40 
 

 19-40 
 

 
  

Systolic Blood Pressure (mean mmHg, SD) 123.2 12.19  121.8 12.02  128.4 9.80  128.4 12.16  120.8 11.95  *** 1 vs. 2**, 1 vs. 3***, 2 vs. 4***, 3 vs. 4*** 

Diastolic Blood Pressure (mean mmHg, SD) 73.38 8.49  73.27 6.77  75.68 8.03  79.91 7.65  70.80 8.20  *** 1 vs. 3***, 1 vs. 4*, 2 vs. 3**, 2 vs. 4***, 3 vs. 4*** 

Blood Pressure Category [n (%)]                *** 1 vs. 2*, 1 vs. 3**, 2 vs. 4***, 3 vs. 4*** 

Category 1 (SBP < 120 mmHg and DBP < 80 mmHg) 175 (41%)   38 (47%)   10 (19%)   15 (21%)   112 (51%)     

Category 2 (SBP 120-129 mmHg or DBP  80-84 mmHg)  121 (29%)   23 (28%)   21 (40%)   19 (27%)   58 (26%)     

Category 3 (SBP 130-139 mmHg or DBP  85-89 mmHg) 80 (19%)   13 (16%)   12 (23%)   21 (30%)   34 (15%)     

Category 4 (SBP ≥ 140 mmHg or DBP ≥ 90 mmHg) 47 (11%)   7 (9%)   9 (17%)   15 (21%)   16 (7%)     

Body Mass Index (mean kg/m², SD) 23.48 3.25  23.14 3.06  23.02 2.47  23.17 3.58  23.79 3.38  
  

Missing values [n (%)] 13 (3%) 
 

 0 (0%) 
 

 0 (0%) 
 

 12 (17%) 
 

 1 (0%) 
 

 
  

Range (min-max kg/m²) 17.96-36.93 
 

 18.0-34.5 
 

 17.96-28.85 
 

 18.1-36.88 
 

 18.55-36.93 
 

 
  

Smoking status [n (%)] 
  

 
  

 
  

 
  

 
  

 *** 1 vs. 2***, 1 vs. 4***, 2 vs. 3***, 2 vs. 4***, 3 vs. 4* 

non-smoker 273 (65%) 
 

 57 (70%)   52 (100%)   40 (57%)   124 (56%)   
 

 

occasional smoker 57 (13%)   16 (20%)   0 (0%)   11 (16%)   30 (14%)   
  

smoker 73 (17%)   5 (6%)   0 (0%)   6 (9%)   62 (28%)   
  

missing values 20 (5%)   3 (4%)   0 (0%)   13 (19%)   4 (2%)   
  

Fazekas score [n (%)] 
  

 
  

 
  

 
  

 
  

 
  

0 303 (72%)   60 (74%)   15 (29%)   49 (70%)   179 (81%)   
  

1 72 (17%)   14 (17%)   4 (8%)   16 (23%)   38 (17%)   
  

2 0 (0%)   0 (0%)   0 (0%)   0 (0%)   0 (0%)   
  

3 0 (0%)   0 (0%)   0 (0%)   0 (0%)   0 (0%)   
  

Missing values 48 (11%)   7 (9%)   33 (63%)   5 (7%)   3 (1%)   
  

Total intracranial volume (mean ml, SD) 1450.05 137.39  1448.41 138.07  1553.45 100.05  1424.99 127.14  1434.19 137.82  *** 1 vs. 2***, 2 vs. 3***, 2 vs. 4*** 

Grey matter volume (mean ml, SD) 777.41 88.69  829.38 74.94  880.24 59.62  805.25 64.19  725.11 66.89  *** 1 vs. 2***, 1 vs. 3*, 1 vs.4***, 2 vs. 3***, 2 vs. 4***, 

3 vs. 4*** 

White matter volume (mean ml, SD) 449.79 55.74  430.85 49.28  467.25 40.38  420.51 46.23  461.95 58.48  *** 1 vs. 2***, 1 vs. 4***, 2 vs. 3***, 3 vs. 4*** 

Cerebrospinal fluid volume (mean ml, SD) 222.86 56.60  188.19 42.88  205.97 36.83  199.22 48.70  247.13 56.18  *** 1 vs. 4***, 2 vs. 4***, 3 vs. 4*** 
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Hippocampal volume, left (mean ml, SD) 3.90 0.45  4.17 0.39  4.42 0.33  4.03 0.35  3.65 0.32  *** 1 vs. 2***, 1 vs. 3*, 1 vs. 4***, 2 vs. 3***, 2 vs. 

4***, 3 vs. 4*** 

Hippocampal volume, right (mean ml, SD) 3.97 0.43  4.20 0.37  4.43 0.36  4.06 0.36  3.74 0.33  *** 1 vs. 2***, 1 vs. 3***, 1 vs. 4***, 2 vs. 3***, 2 vs. 
4***, 3 vs. 4*** 

Amygdalar volume, left (ml) 1.68 0.19  1.77 0.18  1.88 0.14  1.71 0.17  1.58 0.15  *** 1 vs. 2***, 1 vs. 3*, 1 vs. 4***, 2 vs. 3***, 2 vs. 

4***, 3 vs. 4*** 

Amygdalar volume, right (ml) 1.50 0.16  1.58 0.16  1.67 0.14  1.53 0.14  1.43 0.13  *** 1 vs. 2***, 1 vs. 3*, 1 vs. 4***, 2 vs. 3***, 2 vs. 

4***, 3 vs. 4*** 
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Table 3 – Image-based meta-analysis results of regional grey matter volume differences associated with 
blood pressure. 
Image-based meta-analysis results of significant clusters yielding lower grey matter volume for the respective contrast of interest. 
Columns indicate cluster-specific MNI coordinates of peak voxels, meta-analytic SDM-Z-value, meta-analytic p-value, number of 
voxels in cluster and anatomical label of the peak voxel. Anatomical labels were assigned using SPM’s Anatomy toolbox. Q and I2 
are measures of meta-analytic heterogeneity. Voxel threshold was set to p<0.005, peak height threshold was set to SDM-Z>1.0 
and cluster extent threshold was set to k≥10 voxels as recommended by 24. Final voxel size was 2 x 2 x 2 mm3. MNI: Montreal 
Neurological Institute. SDM: Seed-based d Mapping. SBP: Systolic blood pressure. DBP: Diastolic blood pressure. 

 MNI 

(x/y/z) 

SDM-

Z P k Peak Description Q I2 

Negative Correlation with Systolic Blood Pressure 8,-30,56 -3.859 0.000 288 Right paracentral lobule 
0.000 0.0 

 -40,30,0 -3.590 0.000 49 Left inferior frontal gyrus (p. triangularis) 0.053 0.0 

 36,6,34 -3.394 0.000 16 Right inferior frontal gyrus (p. opercularis) 0.000 0.0 

 10,2,40 -3.325 0.001 45 Right midcingulate cortex 0.000 0.0 

 -58,-20,24 -3.290 0.001 146 Left postcentral gyrus 0.000 0.0 

 -52,-10,6 -3.268 0.001 78 Left superior temporal gyrus 0.000 0.0 

 48,32,10 -3.204 0.001 27 Right inferior frontal gyrus (p. triangularis) 0.000 0.0 

 48,0,48 -3.196 0.001 127 Right precentral gyrus 0.000 0.0 

 64,-42,12 -3.192 0.001 42 Right superior temporal gyrus 0.000 0.0 

 6,8,-18 -3.110 0.001 40 Right subgenual cingulate cortex  0.000 0.0 

 50,8,28 -3.045 0.002 26 Right inferior frontal gyrus (p. opercularis) 0.000 0.0 

 -8,-76,18 -3.019 0.002 27 Left cuneus cortex 0.175 0.0 

 8,-28,2 -2.977 0.002 45 Right thalamus 0.000 0.0 

 10,-68,26 -2.937 0.002 18 Right cuneus cortex 0.000 0.0 

 58,4,-8 -2.934 0.002 32 Right temporal pole 0.000 0.0 

 -28,10,60 -2.896 0.003 19 Left middle frontal gyrus 0.000 0.0 

 -52,-12,42 -2.860 0.003 10 Left postcentral gyrus 0.116 0.0 

Negative Correlation with Diastolic Blood Pressure -36,26,6 -3.876 0.000 266 Left insula 
0.000 0.0 

 -26,24,54 -3.820 0.000 62 Left middle frontal gyrus 0.000 0.0 

 4,-34,50 -3.545 0.000 246 Right midcingulate cortex 0.000 0.0 

 -60,-24,14 -3.462 0.000 90 Left supramarginal gyrus 0.000 0.0 

 -46,-26,48 -3.239 0.001 59 Left inferior parietal lobule 0.000 0.0 

 44,-44,50 -3.188 0.001 18 Right inferior parietal lobule 0.257 0.0 

 36,8,32 -3.180 0.001 25 Right inferior frontal gyrus (p. opercularis) 0.000 0.0 

 34,10,8 -3.139 0.001 100 Right insula 0.000 0.0 

 28,14,60 -3.069 0.001 12 Right superior frontal gyrus 0.000 0.0 

 62,-44,16 -2.991 0.002 35 Right superior temporal gyrus 0.000 0.0 

 -38,14,-20 -2.983 0.002 30 Left temporal pole 0.000 0.0 

 60,2,-12 -2.862 0.003 13 Right superior temporal gyrus 0.189 0.0 

 -38,40,32 -2.845 0.003 14 Left middle frontal gyrus 0.000 0.0 

 30,28,0 -2.796 0.003 14 Right insula 0.000 0.0 

 -36,8,10 -2.788 0.003 24 Left insula 0.000 0.0 

 -58,-46,30 -2.750 0.004 11 Left supramarginal gyrus 0.000 0.0 

 -34,32,32 -2.734 0.004 11 Left middle frontal gyrus 0.201 0.0 

Category 4 (SBP≥140 mmHg or DBP≥90 mmHg) < Category 1 

(SBP<120 mmHg and DBP<80 mmHg) 
-52,28,12 -3.473 0.000 107 Left inferior frontal gyrus (p. triangularis) 

0.324 3.9 

 -48,-4,4 -3.322 0.000 93 Left rolandic operculum 0.297 1.8 

 18,-52,-48 -3.097 0.001 40 
Right cerebellum, hemispheric lobule 

VIIIb 0.000 0.0 

 40,30,26 -3.093 0.001 10 Right inferior frontal gyrus (p. triangularis) 0.000 0.0 

 48,32,10 -3.064 0.001 48 Right inferior frontal gyrus (p. triangularis) 0.000 0.0 
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 -38,48,-16 -3.014 0.001 40 Left inferior frontal gyrus (p. orbitalis) 0.000 0.0 

 -54,-12,42 -2.940 0.002 30 Left postcentral gyrus 0.000 0.0 

 -8,-76,18 -2.936 0.002 14 Left cuneus 0.000 0.0 

 -16,-36,-18 -2.872 0.002 24 Left cerebellum, hemispheric lobule V 0.000 0.0 

 12,-42,48 -2.854 0.002 11 Right midcingulate cortex 0.000 0.0 

 -12,-50,-56 -2.849 0.002 30 Left cerebellum, hemispheric lobule IX 0.325 4.0 

 10,-52,18 -2.836 0.002 21 Right precuneus 0.000 0.0 

 64,-44,14 -2.824 0.002 26 Right superior temporal gyrus 0.000 0.0 

 10,-66,28 -2.821 0.002 56 Right precuneus 0.000 0.0 

 6,-28,50 -2.792 0.003 16 Right midcingulate cortex 0.025 0.0 

 18,-54,22 -2.765 0.003 15 Right precuneus 0.000 0.0 

Category 3 (SBP 130-139 mmHg or DBP 85-89 mmHg) < Category 1 36,6,34 -3.474 0.000 179 Right inferior frontal gyrus (p. opercularis) 
0.000 0.0 

 6,-28,54 -3.119 0.000 179 Right posterior-medial frontal gyrus 0.127 0.0 

 48,-50,20 -2.917 0.000 74 Right middle temporal gyrus 0.000 0.0 

 -60,-20,36 -2.857 0.000 205 Left postcentral gyrus 0.000 0.0 

 -40,30,2 -2.598 0.000 24 Left inferior frontal gyrus (p. triangularis) 0.000 0.0 

 36,8,-18 -2.523 0.001 123 N/A (Right insula) 0.000 0.0 

 42,-74,12 -2.454 0.001 25 Right middle occipital gyrus 0.200 0.0 

 -62,-42,28 -2.433 0.001 41 Left supramarginal gyrus 0.000 0.0 

 20,-32,6 -2.384 0.001 133 Right thalamus 0.000 0.0 

 -10,36,-6 -2.384 0.001 102 Left anterior cingulate cortex 0.000 0.0 

 28,-94,-4 -2.373 0.001 14 Right inferior occipital gyrus 0.000 0.0 

 -12,-32,0 -2.264 0.002 133 Left thalamus 0.237 0.0 

 -56,-64,16 -2.222 0.002 28 Left middle temporal gyrus 0.050 0.0 

 -40,8,30 -2.197 0.002 82 Left precentral gyrus 0.000 0.0 

 -12,-54,14 -2.187 0.002 20 Left precuneus 0.000 0.0 

Category 2 (SBP 120-129 mmHg or DBP 80-84 mmHg) < Category 1 -54,-10,14 -3.407 0.000 230 Left rolandic operculum 
0.016 0.0 

 30,-96,-8 -3.290 0.000 102 Right inferior occipital gyrus 0.038 0.0 

 -34,-16,-30 -3.164 0.000 133 Left fusiform gyrus 0.000 0.0 

 -8,-54,22 -3.084 0.000 433 Left precuneus 0.000 0.0 

 54,-24,32 -2.968 0.000 31 Right supramarginal gyrus 0.019 0.0 

 -46,28,0 -2.942 0.000 41 Left inferior frontal gyrus (p. triangularis) 0.000 0.0 

 -64,-20,30 -2.939 0.000 227 Left postcentral gyrus 0.000 0.0 

 -62,-42,34 -2.876 0.000 68 Left supramarginal gyrus 0.000 0.0 

 -36,-64,42 -2.827 0.001 30 Left angular gyrus 0.000 0.0 

 18,-72,54 -2.804 0.001 40 Right superior parietal lobule 0.083 0.0 

 46,-74,12 -2.734 0.001 26 Right middle temporal gyrus 0.000 0.0 

 8,-18,46 -2.647 0.001 32 Right midcingulate cortex 0.000 0.0 

 56,-32,12 -2.470 0.002 52 Right superior temporal gyrus 0.000 0.0 

 28,-72,-38 -2.413 0.002 23 Right cerebellum, crus I 0.000 0.0 

 -62,-22,-30 -2.403 0.003 11 N/A (Left inferior temporal gyrus) 
0.000 0.0 
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Figures 

Figure 1 – Flow chart with inclusion procedure for the four samples.  

Sample 1: Leipzig Study for Mind-Body-Emotion Interactions. Sample 2: Neural Consequences of 

Stress Study. 3: Neuroanatomy and Connectivity Protocol. 4: Leipzig Research Centre for Civilization 

Diseases (MRI-subcohort).  
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Figure 2 – Associations between grey matter volume and blood pressure within each 

sample.  

Sagittal views of VBM F-contrast results showing the overall effect of BP category on GM volume per 

sample. Each sample is represented in one row (A-D). Slice order runs from left hemisphere (left-hand 

side of the plot) to right hemisphere (right-hand side of the plot). Color bars represent F-values 

(uncorrected). Sample sizes: sample 1 n = 81; sample 2 n = 52; sample 3 n = 70; sample 4 n = 220. 

3D-volumetric results of these analyses can be inspected in detail on 

http://neurovault.org/collections/FDWHFSYZ/. VBM: Voxel-based morphometry. BP: Blood Pressure. 

GM: Grey Matter. 
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Figure 3 – Meta-analytic differences in grey matter volume between blood pressure 

categories.  

Glass brain views of image-based meta-analysis results for the blood pressure category contrasts of 

interest with relevant slice views below (A-E). A and B depict associations between higher SBP/DBP, 

respectively, and lower gray matter volume, i.e. negative correlations. Blue clusters indicate meta-

analytic grey matter volume differences for the given contrast at a voxel threshold of p<0.005 with 

peak height threshold of SDM-Z<-1.0 and cluster extent threshold of k≥10 (validated for high meta-

analytic sensitivity and specificity24). Color bars represent SDM-Z-values. 3D-volumetric results of 

these analyses can be inspected in detail on http://neurovault.org/collections/FDWHFSYZ/.  SDM: 

Seed-based d Mapping. SBP: Systolic blood pressure. DBP: Diastolic blood pressure. L: Left 

hemisphere. R: Right hemisphere. 
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A   negative correlation with systolic blood pressure

t

B   negative correlation with diastolic blood pressure

t

C   category 4 (SBP≥140 mmHg or DBP≥90 mmHg) < category 1 (SBP<120 mmHg and DBP<80 mmHg)

t

D   category 3 (SBP 130-139 mmHg or DBP 85-89 mmHg) < category 1

t

E   category 2 (SBP 120-129 mmHg or DBP 80-84 mmHg) < category 1

t

.CC-BY-NC 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted September 10, 2018. ; https://doi.org/10.1101/239160doi: bioRxiv preprint 

https://doi.org/10.1101/239160
http://creativecommons.org/licenses/by-nc/4.0/


28 
 

Figure 4 – Meta-analytic differences in volumes of hippocampus and amygdala 

(Region-of-Interest analysis).  

Upper part of plot: Glass brain views of image-based meta-analysis ROI results for the blood pressure 

category contrasts of interest in bilateral hippocampus and amygdala masks. Voxel threshold was set 

to p<0.05 with a peak height threshold of SDM-Z<-1.0 and a cluster extent threshold of k≥1. Lower 

part of plot:  Exemplary forest plots of sample-specific peak voxels’ effect sizes for the negative 

correlation with SBP in the respective ROI. The box sizes are determined by each sample’s weight. 

Light blue boxes include ROI name and MNI coordinates of the peak voxel. Q and I2 are measures of 

meta-analytic heterogeneity. Definition of blood pressure categories: category 1 (SBP<120 mmHg and 

DBP<80 mmHg), category 2 (SBP 120-129 mmHg or DBP 80-84 mmHg), category 3 (SBP 130-139 

mmHg or DBP 85-89 mmHg) and category 4 (SBP≥140 mmHg or DBP≥90 mmHg). SBP-: negative 

correlation with SBP. ROI: Region of Interest. SDM: Seed-based d Mapping. MNI: Montreal 

Neurological Institute. SBP: Systolic blood pressure. DBP: Diastolic blood pressure. L: Left 

hemisphere. R: Right hemisphere. 
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Supplementary Data 

Additional Methods 

Supplementary analysis of first blood pressure reading 

References 

Supplementary Table 1: List of exclusion criteria for each study from which the samples were drawn 

Supplementary Table 2: Positive image-based meta-analysis results of regional grey matter volume 

differences associated with blood pressure. 

Supplementary Table 3 – Image-based meta-analysis results of regional grey matter volume 

differences associated with first systolic blood pressure. 

Supplementary Figure 1: Meta-analytic positive differences in grey matter volume between blood 

pressure categories. 

Supplementary Figure 2 – Associations between grey matter volume and first systolic BP reading 
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Methods 

Additional preprocessing steps for MP2RAGE images 

Before segmentation, T1-weighted images acquired with an MP2RAGE sequence were additionally masked to 

remove noise signal outside of the brain (following the procedure described in 2): a binarized brain mask was 

created from the second inversion-contrast volume by setting voxels with intensities of less than 10% of the 

maximum signal to zero. Any holes in the mask were filled. For the final image, the mask was multiplied with 

the T1-weighted volume which eliminated background noise but preserved signals from the brain and other 

tissues. All of these steps were performed with tools in FSL 5.03 (www.fmrib.ox.ac.uk/fsl). 

T1-weighted images from MP2RAGE are free of magnetic field inhomogeneity (they are also named uniform). 

Thus, a correction for this bias was omitted and only applied to MPRAGE images. Bias correction for MPRAGE 

images followed the default settings within SPM12’s segment batch. All other processing steps were identical for 

the pulse sequences.  

Voxel-based morphometry (VBM) and statistical analysis of regional GMV and BP within each sample 

T1-weighted images were processed by using voxel-based morphometry (VBM) and the diffeomorphic 

anatomical registration using exponentiated lie algebra (DARTEL) method 4,5 within SPM12 (12.6685, Wellcome 

Trust Centre for Neuroimaging, UCL, London, UK; http://www.fil.ion.ucl.ac.uk/spm12/) running under Matlab 

9.0.0 (R2016a, MathWorks, Natick, MA, USA). In short, processing of grey matter volume (GMV) probabilities 

included segmentation into tissue types, sample-specific DARTEL template creation, modulation of grey matter 

voxels to preserve tissue properties, normalization to MNI space, and 8 mm full-width-at-half-maximum 

Gaussian smoothing.  

Voxel-wise statistical tests were performed in SPM12 to relate BP and GMV within each sample. We first 

performed a whole-brain analysis, testing for a continuous relationship between GMV and SBP and DBP, 

respectively, with a linear regression t-contrast. Next we tested for differences in GMV between BP categories. 

The general linear model for this  whole-brain analysis included a factor for BP as variable of interest (levels: (1) 

category 4, (2) category 3, (3) category 2, (4) category 1). Within each sample, the overall effect of BP category 

on GMV was tested with an Analysis of Variance (ANOVA) F-contrast and the following t-contrasts tested 

pairwise comparisons of interest: (1) category 4 vs. category 1, (2) category 3 vs. category 1, (3) category 2 vs. 

category 1. All models included total intracranial volume (TIV), sex and age as covariates of no interest. Each t-

contrast was tested in negative and positive direction (i.e. category A<category B and category A>category B). 

Data on all effects can be found online in the public repository NeuroVault6 

(http://neurovault.org/collections/FDWHFSYZ/).  

Image-based meta-analysis (IBMA): association of regional GMV and BP across samples 

To evaluate cumulative results from all samples, we combined the results of each sample in an image-based 

meta-analysis. The meta-analysis was performed with Anisotropic Effect-Size Signed Differential Mapping 

(AES-SDM) implemented in the SDM software package using default parameters7 

(http://www.sdmproject.com/, http://www.sdmproject.com/software/tutorial.pdf). For each sample and t-

contrast, unthresholded whole-brain t-statistic maps were converted to Hedges’ g effect size maps and variance 

maps. To assess weighted mean differences in grey matter across all samples, a meta-analytic model was set up 

for each voxel. Within this random-effects model, samples are weighted by their sample size, within-study 

variance and between-study heterogeneity. The result is a mean map of z-values which are quotients of the mean 

effect-sizes and their standard errors. Since these z-values are not normally distributed, null distributions were 

estimated empirically by Monte Carlo randomizations. Voxels in the mean map were randomly permuted within 

a software-implemented grey matter mask to create null distributions for the assessment of critical z-values. We 

applied 50 permutations, while statistical stability has been shown from 20 permutations on 7. Statistical 

significance was evaluated according to validated thresholds of high meta-analytic sensitivity and specificity7: 

voxel threshold=p<0.005, peak height threshold=SDM-Z>1.0 and cluster extent threshold=k≥10 voxels. 

Anatomy toolbox8 (version 2.2 for SPM8) was used to automatically label significant clusters in all analyses. 

Nilearn9 (version 0.2.6, https://nilearn.github.io/index.html) was used to visualize statistical brain maps. 
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IBMA of regions of interest (ROI): association of regional GMV and BP across samples in hippocampus 

and amygdala 

With the meta-analysis approach, we also tested if specific regions of interest (ROI) that included bilateral 

hippocampus and bilateral amygdala differed in their volumes related to SBP, DBP and between BP categories. 

Separate IBMAs were calculated within binary atlas-defined masks for bilateral hippocampus and bilateral 

amygdala that were retrieved from the latest available version of the Anatomy toolbox8 (2.2 for SPM8). Peak 

voxels’ effect sizes were extracted with SDM software’s Extract option and plotted as forest plots (Figure 4) 

with R (3.2.3, R Core Team, 2015, Vienna, Austria; https://www.R-project.org/) and the package rmeta (2.16). 
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Supplementary analysis of first blood pressure reading 

As correctly pointed out by a reviewer, intra-individual blood pressure variation and white coat hypertension are 

important to consider when measuring blood pressure10. For the meta-analyses, we had reasoned that the most 

accurate and generalizable basis for estimation of individual BP is the inclusion of all available BP readings 

within each sample for each participant (i.e. following the intention of the BP measurement in each included 

study). Since BP measurement protocols differed between the study samples , this approach resulted in the 

inclusion of BP values from different numbers of BP measurements (see Methods for details): in samples 1, 2 

and 4, ≥2 BP readings were taken in varying time intervals and averaged for analyses (n=353). In sample 3, only 

one BP reading was available and used for analyses (n=70). We accounted for sample differences by employing 

random-effects models in image-based meta-analyses7,11.  

Alternatively, by analyzing the first BP reading only, an important difference between the studies would be 

eliminated, while a potential white coat effect would be possibly emphasized. Following the reviewer’s 

suggestion, we recalculated one crucial parametric analysis with only the first systolic BP reading in each study. 

We chose to reanalyze this contrast since it had the largest difference between the first and average BP readings 

(please note that even in this case the readings overall correlated strongly, Supplementary Figure 2C). 

The results of this analysis and the results of the previous analysis (with averaged SBP measurements, as 

reported in the main manuscript text) are presented in Supplementary Table 3 and Supplementary Figure 2A -B 

for comparison. The results are strikingly similar: for the analysis based on just the first BP reading, several 

clusters even showed stronger statistical results.  
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Supplementary Tables 

Supplementary Table (eTable) 1 – List of exclusion criteria for each study from which the samples were 

drawn. 

Study Exclusion criteria 

Leipzig Study for Mind-Body-Emotion 
Interactions (sample 1) (Babayan et al., under 
review) 

• Age <20 or 36-58 or >77 
• Self-reported diagnosis of hypertension without intake of antihypertensive 

medication   

• Any other cardiovascular disease (e.g. heart attack, congenital heart defect) 
• History of psychiatric diseases that required inpatient treatment for longer 

than 2 weeks within the last 10 years (e.g. psychosis, attempted suicide, 

post-traumatic stress disorder) 
• History of neurological disorders (incl. multiple sclerosis, stroke, epilepsy, 

brain tumor, meningoencephalitis, severe concussion) 
• History of malignant diseases  

• Intake of one of the following medications:  
• Any centrally active drugs (including Hypericum perforatum) 
• Beta- and alpha-blocker  

• Cortisol  
• Any chemotherapeutic or psychopharmacological medication  

• Positive drug anamnesis (extensive alcohol, MDMA, amphetamines, 

cocaine, opiates, benzodiazepine, cannabis) 
• Body Mass Index < 18 or > 30 
• Previous participation in any scientific study 
• Past or present student of Psychology 

• MRI exclusion criteria including: 
• Any metallic implants, braces, non-removable piercings  
• Tattoos  

• Pregnancy  
• Claustrophobia 
• Tinnitus  

• Surgical operation in the last 3 months  

Neural Consequences of Stress Study (sample 
2) (Reinelt et al., in preparation) 

• Female sex 
• Age < 20 or >35 
• Smoking 

• Past or present student of Psychology 
• Excessive alcohol or drug consumption 
• Regular medication intake 

• History of cardiovascular or neurological diseases 
• Body Mass Index > 27 
• Positive drug anamnesis (extensive alcohol, MDMA, amphetamines, 

cocaine, opiates, benzodiazepine, cannabis) 

• Positive diagnosis in psychiatric screening of axis I disorders 
• Abnormalities in analysis of blood screening 
• MRI exclusion criteria including: 

• Any metallic implants, braces, non-removable piercings  
• Tattoos  
• Pregnancy  

• Claustrophobia 
• Tinnitus  
• Surgical operation in the last 3 months  

Neuroanatomy and Connectivity Protocol
12

 
(sample 3) 

• Age < 20 or >75 

• History of psychiatric diseases that required inpatient treatment for longer 
than 2 weeks within the last 10 years (e.g. psychosis, attempted suicide, 
post-traumatic stress disorder) 

• History of neurological disorders (incl. multiple sclerosis, stroke, epilepsy, 

brain tumor, meningoencephalitis, severe concussion) 
• History of malignant diseases 
• Intake of one of the following medications:  

• Any centrally active drugs (including Hypericum perforatum) 
• Beta-and alpha-blocker  
• Cortisol  

• Any chemotherapeutic or psychopharmacological medication 
• Positive drug anamnesis (extensive alcohol, MDMA, amphetamines, 

cocaine, opiates, benzodiazepine, cannabis) 
• Body Mass Index <18 or >30 

• Extensive testing experience at the Max-Planck-Institute or other academic 
institution  

• Past or present student of Psychology  

• MRI exclusion criteria: 
• Any metallic implants, braces, non-removable piercings  
• Tattoos  

• Pregnancy  
• Claustrophobia 
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• Tinnitus  
• Surgical operation in the last 3 months  

Leipzig Research Centre for Civilization 

Diseases
13

 (sample 4) 

• History of neurological disorders (incl. multiple sclerosis, stroke, epilepsy, 

parkinson‘s disease, brain tumor) 
• History of malignant diseases 
• History of depression 

• History of cardiovascular disease (e.g. myoinfarction, coronary heart 
disease, heart surgery, bypass, catheter, stent) 

• Hypertension 

• Intake of anti-hypertensive drugs 
• Intake of centrally-active drugs 
• Diabetes (Type I or II) 
• MRI exclusion criteria: 

• Any metallic implants, braces, non-removable piercings  
• Tattoos  
• Pregnancy  

• Claustrophobia 
• Tinnitus  
• Surgical operation in the last 3 months  
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Supplementary Table 2 – Positive image-based meta-analysis results of regional grey matter volume 

differences associated with blood pressure. 
Image-based meta-analysis results of significant clusters yielding higher grey matter volume for the respective contrast of 

interest. Columns indicate cluster-specific MNI coordinates of peak voxels, meta-analytic SDM-Z-value, meta-analytic p-

value, number of voxels in cluster and anatomical label of the peak voxel. Anatomical labels were assigned using SPM’s 
Anatomy toolbox8. Q and I2 are measures of meta-analytic heterogeneity. Voxel threshold was set to p<0.005, peak height 

threshold was set to SDM -Z>1.0 and cluster extent threshold was set to k≥10 voxels as recommended by Radua et al. (2012)7. 

Final voxel size was 2 x 2 x 2 mm3. MNI: Montreal Neurological Institute. SDM: Seed-based d Mapping. SBP: Systolic 

blood pressure. DBP: Diastolic blood pressure. 

 

MNI 

(x/y/z) 

SDM-

Z P k Peak Description Q I2 

Positive Correlation with Systolic Blood Pressure 32,-74,-8 2.249 0.000 294 N/A (right occipital cortex) 0.000 0.0 

 

-50,-10,-18 1.922 0.001 79 Left middle temporal gyrus 0.230 0.0 

 

12,-74,-4 2.155 0.000 58 Right lingual gyrus 0.000 0.0 

 

-30,-94,-12 2.325 0.000 50 Left inferior occipital gyrus 0.000 0.0 

 

26,24,40 2.480 0.000 31 Right middle frontal gyrus 0.000 0.0 

 

-18,-100,-2 2.044 0.001 32 Left middle occipital gyrus 0.000 0.0 

 

-48,-72,-36 1.653 0.002 34 Left cerebellum, crus I 0.159 0.0 

 

56,-26,-18 2.478 0.000 27 Right inferior temporal gyrus 0.200 0.0 

 

52,-52,-6 1.882 0.001 29 Right inferior temporal gyrus 0.031 0.0 

 

-34,-82,-8 1.998 0.001 27 Left inferior occipital gyrus 0.374 7.8 

 

-26,-92,8 2.057 0.001 22 Left middle occipital gyrus 0.040 0.0 

 

48,0,-22 1.822 0.001 21 Right middle temporal gyrus 0.000 0.0 

 

-28,-36,-38 1.639 0.003 20 Left cerebellum, hemispheric lobule VI 0.000 0.0 

 

52,-20,40 1.616 0.003 18 Right postcentral gyrus 0.224 0.0 

 

48,-44,32 1.761 0.002 14 Right supramarginal gyrus 0.473 14.8 

 

-36,2,-36 1.763 0.002 13 Left inferior temporal gyrus 0.000 0.0 

 

40,-66,28 1.722 0.002 10 Right middle occipital gyrus 1.257 51.3 

  30,-58,42 1.656 0.002 10 Right angular gyrus 1.432 56.3 

Positive Correlation with Diastolic Blood Pressure 30,-88,-22 2.691 0.000 752 N/A (right cerebellum, crus I) 0.046 0.0 

 

-36,-84,-10 2.294 0.001 235 Left inferior occipital gyrus 0.000 0.0 

 

-14,-6,20 2.414 0.000 90 Left caudate nucleus 0.103 0.0 

 

2,-74,-24 1.921 0.002 82 Cerebellum, vermic lobule VII 0.086 0.0 

 

-26,-90,6 2.350 0.001 37 Left middle occipital gyrus 0.000 0.0 

 

-54,-46,-8 2.151 0.001 36 Left middle temporal gyrus 0.419 11.0 

 

18,-2,20 1.996 0.002 28 Right caudate nucleus 0.000 0.0 

 

42,-60,40 2.035 0.002 17 Right angular gyrus 0.000 0.0 

 

48,-48,-48 2.057 0.002 12 Right cerebellum, crus II 0.000 0.0 

  24,-96,-12 1.884 0.003 10 Right inferior occipital gyrus 0.558 20.3 

Category 4 (SBP≥140 mmHg or DBP≥90 mmHg) > 

Category 1 (SBP<120 mmHg and DBP<80 mmHg) 42,-66,26 2.320 0.000 87 Right middle occipital gyrus 0.000 0.0 

 

12,-2,16 1.927 0.001 71 Right caudate nucleus 0.000 0.0 
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48,-44,-12 2.142 0.000 48 Right inferior temporal gyrus 0.000 0.0 

 

30,-52,46 1.942 0.001 41 Right inferior parietal lobule 0.000 0.0 

 

28,-78,24 1.907 0.001 33 Right middle occipital gyrus 0.088 0.0 

 

34,-78,-24 1.716 0.002 35 Right cerebellum, crus I 0.195 0.0 

 

54,-28,-18 1.857 0.001 22 Right inferior temporal gyrus 0.000 0.0 

 

-30,-36,64 1.727 0.002 20 Left postcentral gyrus 0.313 3.1 

 

-56,-30,32 1.732 0.002 19 Left supramarginal gyrus 0.000 0.0 

 

-20,56,12 1.845 0.001 17 Left superior frontal gyrus 0.000 0.0 

 

32,-66,34 1.625 0.003 17 Right middle occipital gyrus 0.212 0.0 

 

24,24,40 1.869 0.001 16 Right middle frontal gyrus 0.000 0.0 

 

-52,-66,-36 1.807 0.001 14 Left cerebellum, crus I 0.000 0.0 

 

-36,0,-36 1.938 0.001 12 Left inferior temporal gyrus 0.114 0.0 

  -48,-46,20 1.884 0.001 10 Left superior temporal gyrus 0.000 0.0 

Category 3 (SBP 130-139 mmHg or DBP 85-89 

mmHg) > Category 1 12,-54,-6 3.439 0.000 537 Right lingual gyrus 0.018 0.0 

 

-8,-56,-42 2.728 0.001 172 Left cerebellum, hemispheric lobule IX 0.000 0.0 

 

6,-38,24 3.167 0.000 78 N/A (right midcingulate cortex) 0.000 0.0 

 

-14,-100,-2 2.800 0.001 57 Left calcarine gyrus 0.000 0.0 

 

-30,-12,56 2.902 0.000 46 Left precentral gyrus 0.000 0.0 

 

36,4,-38 3.477 0.000 35 Right medial temporal pole 0.000 0.0 

 

-8,-54,-8 2.378 0.003 41 Left cerebellum, hemispheric lobule IV-V 0.000 0.0 

 

-28,-46,-20 2.670 0.001 37 Left fusiform gyrus 0.265 0.0 

 

-54,-10,-4 2.937 0.000 26 Left superior temporal gyrus 0.000 0.0 

 

58,-54,-24 2.798 0.001 24 Right inferior temporal gyrus 0.000 0.0 

 

58,6,-22 2.345 0.003 23 Right medial temporal pole 0.000 0.0 

 

8,-90,30 2.573 0.002 15 Right cuneus 0.000 0.0 

  -28,-92,6 2.330 0.004 11 Left middle occipital gyrus 0.000 0.0 

Category 2 (SBP 120-129 mmHg or DBP 80-84 

mmHg) > Category 1 -46,-48,-36 3.501 0.000 565 Left cerebellum, crus I 0.241 0.0 

 

-10,-54,-8 2.382 0.001 173 Left cerebellum, hemispheric lobule IV-V 0.000 0.0 

 

-34,-32,62 2.972 0.000 106 Left postcentral gyrus 0.000 0.0 

 

-28,-10,56 2.619 0.000 80 Left precentral gyrus 0.000 0.0 

 

48,-52,-30 2.224 0.002 61 Right cerebellum, crus I 0.243 0.0 

 

8,-12,64 2.442 0.001 41 Right posterior-medial frontal 0.000 0.0 

 

8,-80,-46 2.040 0.003 41 Right cerebellum, hemispheric lobule VII 0.351 6.0 

 

38,-72,26 2.726 0.000 28 Right middle occipital gyrus 0.000 0.0 

 

-44,36,4 2.557 0.001 29 Left inferior frontal gyrus (p. triangularis) 0.000 0.0 

 

-24,-44,60 2.246 0.001 27 Left postcentral gyrus 0.000 0.0 

 

-36,-52,58 2.542 0.001 17 Left superior parietal lobule 0.000 0.0 

 

20,2,68 2.247 0.001 18 Right superior frontal gyrus 0.000 0.0 
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30,-72,-8 2.394 0.001 15 Right fusiform gyrus 0.232 0.0 

 

20,-66,34 2.122 0.002 15 Right cuneus 0.022 0.0 

 

6,30,14 2.281 0.001 12 Right anterior cingulate cortex 0.000 0.0 

  44,-58,0 2.179 0.002 11 N/A 0.180 0.0 
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Supplementary Table 3 – Image-based meta-analysis results of regional grey matter volume differences 

associated with first systolic blood pressure. 
Image-based meta-analysis results of significant clusters yielding lower grey matter volume for the respective contrast of 

interest (averaged SBP, first SBP). Columns indicate cluster-specific MNI coordinates of peak voxels, meta-analytic SDM-Z-

value, meta-analytic p-value, number of voxels in cluster and anatomical label of the peak voxel. Q- and I2-statistics are 
estimates of meta-analytic heterogeneity of effects across studies. Anatomical labels were assigned using SPM’s Anatomy 

toolbox8. Voxel threshold was set to p<0.005, peak height threshold was set to SDM -Z>1.0 and cluster extent threshold was 

set to k≥10 voxels. Final voxel size was 2 x 2 x 2 mm3. MNI: Montreal Neurological Institute. SDM: Seed-based d Mapping. 

 MNI (x/y/z) 

SDM-

Z P k Peak Description Q I2 

Negative Correlation with Systolic 

Blood Pressure 

8,-30,56 -3.859 0.000 288 Right paracentral lobule 

0.000 0.0 

 
-40,30,0 -3.590 0.000 49 Left inferior frontal gyrus (p. triangularis) 0.053 0.0 

 

36,6,34 -3.394 0.000 16 Right inferior frontal gyrus (p. opercularis) 0.000 0.0 

 

10,2,40 -3.325 0.001 45 Right midcingulate cortex 0.000 0.0 

 

-58,-20,24 -3.290 0.001 146 Left postcentral gyrus 0.000 0.0 

 

-52,-10,6 -3.268 0.001 78 Left superior temporal gyrus 0.000 0.0 

 

48,32,10 -3.204 0.001 27 Right inferior frontal gyrus (p. triangularis) 0.000 0.0 

 

48,0,48 -3.196 0.001 127 Right precentral gyrus 0.000 0.0 

 

64,-42,12 -3.192 0.001 42 Right superior temporal gyrus 0.000 0.0 

 

6,8,-18 -3.110 0.001 40 Right subgenual cingulate cortex  0.000 0.0 

 
50,8,28 -3.045 0.002 26 Right inferior frontal gyrus (p. opercularis) 0.000 0.0 

 
-8,-76,18 -3.019 0.002 27 Left cuneus cortex 0.175 0.0 

 
8,-28,2 -2.977 0.002 45 Right thalamus 0.000 0.0 

 
10,-68,26 -2.937 0.002 18 Right cuneus cortex 0.000 0.0 

 
58,4,-8 -2.934 0.002 32 Right temporal pole 0.000 0.0 

 
-28,10,60 -2.896 0.003 19 Left middle frontal gyrus 0.000 0.0 

 
-52,-12,42 -2.860 0.003 10 Left postcentral gyrus 0.116 0.0 

Negative Correlation with First 

Systolic Blood Pressure 8,-30,56 -4.137 0.000 307 Right paracentral lobule 0.000 0.0 

 48,0,44 -3.826 0.000 384 Right precentral gyrus 0.000 0.0 

 

-60,-20,24 -3.771 0.000 224 Left postcentral gyrus 0.000 0.0 

 

48,30,12 -3.587 0.000 110 Right inferior frontal gyrus (p. triangularis) 0.000 0.0 

 

14,-30,2 -3.462 0.000 176 Right thalamus 0.000 0.0 

 

10,2,40 -3.382 0.001 44 Right midcingulate cortex 0.000 0.0 

 

-26,24,54 -3.315 0.001 29 Left middle frontal gyrus 0.000 0.0 

 

-42,30,0 -3.308 0.001 28 Left inferior frontal gyrus (p. triangularis) 0.238 0.0 

 

30,-2,62 -3.233 0.001 10 Right superior frontal gyrus 0.000 0.0 
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64,-44,12 -3.216 0.001 33 Right superior temporal gyrus 0.000 0.0 

 

-54,26,14 -3.203 0.001 26 Left inferior frontal gyrus (p. triangularis) 0.232 0.0 

 

-50,-4,4 -3.196 0.001 60 Left rolandic operculum 0.000 0.0 

 

8,6,-18 -3.075 0.002 35 N/A (Right striatum) 0.000 0.0 

 

-4,34,24 -3.061 0.002 30 Left anterior cingulate cortex 0.000 0.0 

 

-42,4,30 -3.042 0.002 46 Left precentral gyrus 0.000 0.0 

 

58,4,-6 -3.019 0.002 28 Right temporal pole 0.000 0.0 

 

10,-68,26 -2.986 0.002 20 Right cuneus 0.000 0.0 

 

-36,-24,54 -2.974 0.002 14 Left postcentral gyrus 0.000 0.0 

 

-2,-68,18 -2.963 0.003 15 Left calcarine gyrus 0.277 0.1 

 

10,-58,12 -2.947 0.003 25 Right calcarine gyrus 0.000 0.0 

 

-6,-4,36 -2.874 0.004 18 Left midcingulate cortex 0.000 0.0 
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Supplementary Figures 

Supplementary Figure 1 – Meta-analytic positive differences in grey matter volume between blood 

pressure categories. 
Glass brain views of image-based meta-analysis results for the blood pressure category contrasts of interest with relevant 
slice views below (A-E). A and B depict positive correlations between SBP/DBP and gray matter volume, respectively. Red 

clusters indicate meta-analytic grey matter volume differences for the given contrast at a voxel threshold of p<0.005 with 

peak height threshold of SDM -Z>1.0 and cluster extent threshold of k≥10 (validated for high meta-analytic sensitivity and 

specificity (Radua et al., 2012)7). Color bars represent SDM -Z-values. 3D-volumetric results of these analyses can be 

inspected in detail on http://neurovault.org/collections/FDWHFSYZ/. SDM: Seed-based d Mapping. SBP: Systolic blood 
pressure. DBP: Diastolic blood pressure. L: Left hemisphere. R: Right hemisphere. 
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E   category 2 (SBP 120-129 mmHg or DBP 80-84 mmHg) > category 1

t

D   category 3 (SBP 130-139 mmHg or DBP 85-89 mmHg) > category 1

t

C   category 4 (SBP≥140 mmHg or DBP≥90 mmHg) > category 1 (SBP<120 mmHg and DBP<80 mmHg)

t

B   positive correlation with diastolic blood pressure

t

A   positive correlation with systolic blood pressure

t
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Supplementary Figure 2 – Associations between grey matter volume and first systolic BP reading 

A: Glass brain views of image-based meta-analysis results for the negative correlation between systolic blood pressure and 
gray matter volume in all four samples (n=423). B: Glass brain views of image-based meta-analysis results for the negative 

correlation between first measured systolic blood pressure and gray matter volume in all four samples. Blue clusters indicate 

meta-analytic gray matter volume differences at a voxel threshold of p<0.005 with peak height threshold of SDM -Z<-1.0 and 

cluster extent threshold of k≥10. Color bars represent SDM -Z-values. C: Boxplots of mean and first SBP or DBP, 

respectively, in study samples with ≥2 BP readings (samples 1, 2 and 4, n=353). Triangles represent the mean. SDM: Seed-

based d Mapping. SBP: Systolic blood pressure. DBP: Diastolic blood pressure. L: Left hemisphere. R: Right hemisphere. 
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