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Abstract 

Cerebral small vessel disease(s) (SVD) result from pathological changes of the small blood 

vessels in the brain and is common in older people. The diagnostic features by which SVD 

manifests in brain includes white matter hyperintensities, lacunes, dilated perivascular spaces, 

microbleeds, and atrophy. In the present study, we use in vivo MRI to characterize brain 

morphometry and longitudinal relaxation time (T1) of spontaneously hypertensive rats (SHR) to 

study the contribution of chronic hypertension to SVD relevant pathology. Male SHR and 

Wistar-Kyoto (WKY) rats underwent 3D variable flip angle spoiled gradient echo brain MRI at 

9.4T at early (7 weeks old) and established (19 weeks old) stages of hypertension. The derived 

proton density weighted and T1 images were utilized for morphometry and to characterize T1 

properties in grey matter, white matter (WM) and cerebrospinal fluid (CSF). Custom tissue 

probability maps were constructed for accurate computerized whole brain tissue 

segmentations and voxel-wise analyses. Characteristic morphological differences between the 

two strains included enlarged ventricles, smaller corpus callosum (CC) volumes and general 

‘thinning’ of CC in SHR compared to WKY rats at both age groups. While we did not observe 

parenchymal T1 differences, the T1 of CSF was elevated in SHR compared to controls. 

Collectively these findings indicate that SHR rats develop WM atrophy which is a clinically 

robust MRI biomarker associated with WM degeneration.  
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Introduction 

Cerebral small vessel disease(s) (SVD) are a group of disorders that result from 

pathological changes of the small blood vessels in the brain leading to cognitive dysfunction and 

dementia – referred to as “vascular contribution to cognitive impairment and dementia” or 

VCID (Gorelick PB et al., 2011;Greenberg SM, 2006;Iadecola C, 2013;Pantoni L, 2010;Wardlaw 

JM et al., 2013). SVD is the most common cause of vascular dementia in the elderly, affecting 

15-20 million people world-wide (Brown R et al., 2018;Kapasi A et al., 2017;Rosenberg GA et al., 

2016;Wardlaw JM, et al., 2013). The etiology of sporadic SVD is still not understood and 

effective pharmacological interventions are yet to be found (Iadecola C, 2013). A significant 

challenge for clinical studies focused on understanding the underlying cause(s) of SVD relates to 

the multitude of diagnostic features by which SVD manifests. Hallmark diagnostic criteria for 

SVD by magnetic resonance imaging (MRI) includes white matter hyperintensities 

(leukoaraiosis), lacunes, hemorrhages (‘microbleeds’), and dilated perivascular spaces. 

Leukoaraiosis, in particular, is a common feature of SVD and associated with corpus callosum 

atrophy and VCID in elderly subjects (Ryberg C et al., 2011;Ryberg C et al., 2008). 

While several risk factors for sporadic SVD and VCID have been identified including 

hypertension, smoking, and diabetes (Khan U et al., 2007), their relative importance and 

mechanistic impact have been difficult to dissect given the variable clinical phenotypes. Small 

rodent models have been developed to help address the relative impact of the clinically 

identified SVD risk factors on the disparate disease phenotypes. However, because of the 

significantly lower white matter (WM) to grey matter (GM) volume ratios in rodents’ brain 
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compared to human brain there are technical challenges in studying WM pathology in the small 

rodent brain by in vivo MRI. 

The spontaneously hypertensive (SHR) rat (Okamoto K and Aoki K, 1963;Smith TL and 

Hutchins PM, 1979) is a polygenetic inherited primary hypertension model of the equivalent 

clinical condition and it is a suitable model for studying the contribution of chronic 

hypertension to SVD pathology. The SHR rat is normotensive at birth and progressively 

develops hypertension starting around 5-6 weeks of life, reaching a chronic hypertensive state 

by 24 weeks of age (Pitiot A et al., 2007). The adverse effects of chronic hypertension on brain 

morphometry in SHR rats have been documented post-mortem by histology (Hong E et al., 

1992;Mori S et al., 1995;Sutterer JR et al., 1980;Wyss JM et al., 1992). For example, reduced 

striatal, cortical and corpus callosum volumes as well as enlarged cerebral ventricles were 

reported in adult SHRs compared to WKY rats (Amenta F et al., 2003;Huang SM et al., 

2016;Sabbatini M et al., 1999;Sabbatini M et al., 2001). A notable and consistent morphological 

feature of SHRs (but not Wistar-Kyoto (WKY), control rats) is the early onset of cerebral 

ventricular enlargement which develops spontaneously when they are still only mildly 

hypertensive and progresses over time (Bendel P and Eilam R, 1992;Pitiot A, et al., 2007;Tajima 

A et al., 1993). Although post-mortem studies of brain pathology in SHR versus WKY rats 

support certain clinical features of SVD observed in humans (e.g. brain atrophy) the previous 

studies in SHR are often limited to a single age group, and morphological changes during early 

phases of hypertension are rarely reported albeit strong correlations between hypertension, 

cerebral atrophy and VCID in human have been reported (Jokinen H et al., 2012;Jokinen H et al., 

2007;Ryberg C, et al., 2011;Ryberg C, et al., 2008;Salerno JA et al., 1992). MRI studies of SHR 
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and WKY rats documenting brain morphometric changes have been scarce. Instead, most MRI 

studies of SHR rats have focused on characterizing changes in cerebral diffusion and cerebral 

hemodynamics occurring during transition from the pre-hypertensive state to chronic 

hypertension. For example, a recent diffusion tensor imaging (DTI) study reported progressive 

diffusion coefficients changes in brain regions associated with executive function before onset 

of behavioral impairment (Lopez-Gil X et al., 2014). Further, cerebral blood flow (CBF) and 

blood volume were found to be reduced in young SHR rats, which progressively decrease with 

aging (Kim T et al., 2014;Li Y et al., 2015).  Of note, the diagnostic MRI hallmarks of clinical SVD 

including WM hyperintensities, progressive development of WM atrophy or enlarged peri-

vascular spaces (Dufouil C et al., 2001), which have not been reported in SHR rats. 

MR sequences for optimal morphometric characterization of the small rodent brain 

should be acquired in 3D at high spatial resolution (with adequate signal-to-noise ratios) and 

with decent tissue contrast-to-noise ratios to accurately discriminate GM, WM and CSF (Gaser C 

et al., 2012;Meyer CE et al., 2017;Sumiyoshi A et al., 2014). We recently developed a 3D 

variable flip angle spoiled gradient echo (VFA-SPGR) imaging technique for rodents that provide 

a whole brain 3D proton density weighted (PDW) image as well as a longitudinal relaxation time 

(T1) parametric map (Lee H et al., 2018). The 3D PDW image is ideally suited to study 

morphometry and the T1 parametric map can track pathological tissue degenerations such as 

white matter hyperintensities. Here we apply this new 3D acquisition paradigm to characterize 

whole brain morphological and T1 differences between WKY and SHR at two ages (7 and 19 

weeks old). The main objectives were to characterize morphometric changes in the pre-
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hypertensive period and in an intermediate stage of chronic hypertension with specific focus on 

white matter pathology given its importance for clinical SVD and VCID. 

 

Methods 

Animals 

All animal experiments were approved by the local animal welfare authority (Danish 

Animal Experiments Inspectorate). Seven-week-old (WKY, N=11 body weight: 234 ± 24g male; 

SHR, N=8 body weight: 218 ± 24g male) and 19-week old (WKY, N=7 body weight: 366 ± 9g 

male; SHR, N=8 body weight: 341 ± 31g male) old WKY and SHR rats were obtained from 

Charles River, Germany. Up to 5-6 weeks old, SHR rats are ‘pre-hypertensive’ and by 14 weeks 

they rapidly develop a systolic blood pressure increase of up to 200-220 mmHg, therefore the 

two age groups studied here represent early hypertension and an intermediate stage of chronic 

hypertension. Both SHR and WKY were fed with the same basic diet with a normal levels of salt 

content. 

 

MRI parameters 

All MRI acquisitions were performed on a Bruker 9.4T/30 magnet (Bruker BioSpin, 

Billerica MA) with a BGA-12SHP imaging gradient system interfaced to an Avance III console 

controlled by Paravision 5.1 software. A volume transmit radio frequency (RF) with an inner 

diameter of 11.2 cm and a 4-channel phase array RF receiver head coil were employed for 

signal generation and reception, respectively. All animals were anesthetized with 

dexmedetomidine (0.015-0.020 mg/kg/hr) delivered via a subcutaneous catheter placed in the 
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flank supplemented with 0.6-1.0 % isoflurane delivered in a 1:1 Air:O2 mixture and allowed to 

breathe spontaneously in the supine position. Physiological parameters including respiratory 

rate, oxygen saturation, body temperature, and heart rate were continuously monitored using 

MRI compatible monitors (SA Instruments, Inc., Stony Brook, NY) and maintained within normal 

physiological ranges during the scans as previously described (Benveniste H et al., 2017).  

The MR imaging protocol comprises a quantitative 3D T1 mapping technique using the 

VFA-SPGR 3D T1 mapping technique as described previously (Lee H, et al., 2018). By performing 

a set of spoiled gradient echo sequence at multiple flip angles, T1 can be calculated from a 

canonical linear relationship between detected signals and scanner parameters. However, VFA-

SPGR is known to yield erroneous T1 due to the spatial inhomogeneity profile of the RF transmit 

(B1+) coil which depends on the dielectric constant, electrical conductivity, and magnetic 

susceptibility. We have previously shown that VFA-SPGR sequence with the B1+ correction 

yields accurate and reliable T1 across the entire brain. Following an anatomical localizer scan, 

B1+ map was acquired using the double angle method and rapid acquisition with relaxation 

enhancement (RARE) sequence at two excitation flip angles (TR/TE/FA/NEX=10000 msec/22 

msec/70°,140°/1, 0.24x0.24x0.40 mm acquisition time=10 min 40 sec). Subsequently, 

acquisition of the VFA-SPGR scan was taken at 6 flip angles at fixed TR (TR/TE/FA/NEX=15 

msec/4 msec/2°~30°/1, 0.24x0.24x0.26 mm, acquisition time=24 min 30sec) and the VFA-SPGR 

signals were fitted with linear least square fit with B1+ correction to yield 3D PDW and 

quantitative T1 maps.  

 

MRI image analyses 
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 Morphometric differences between SHR and WKY rats were investigated using whole 

brain voxel-wise analysis to detect regional morphological differences and a semi-automated 

computerized method to estimate the corpus callosum volumes. 3D PDW images calculated 

from the parametric T1 maps were analyzed by voxel-wise deformation-based morphometry 

(DBM) using the SPM12 (http://www.fil.ion.ucl.ac.uk/spm) software package. Intensity 

inhomogeneity in PDWs caused by the RF receive array coil was corrected by the N4 algorithm 

(Tustison NJ et al., 2010) and then segmented into GM, WM and CSF compartments using the 

unified segmentation algorithm (Ashburner J and Friston KJ, 2005). Visual inspection of the 

PDW segmentation into the three tissue compartments using the publicly available Wistar rat 

template (Valdes-Hernandez PA et al., 2011) revealed gross underestimation of the CSF 

compartment, mostly in lateral ventricles where CSF was misclassified as GM or WM as shown 

in Fig. 1. Underestimation of CSF was consistently observed irrespective of age and strain and 

the error became more pronounced in aged SHR rats. Because the DARTEL spatial registration 

algorithm derives the deformation fields from these erroneously segmented images the 

accuracy of the registration and deformation fields in the ensuing analysis will be compromised. 

We therefore manually edited the population averaged GM, WM and CSF images to assign 

misclassified tissue to the proper tissue compartment, and the new custom-designed WKY-SHR 

tissue probability maps greatly improved the accuracy of the CSF segmentation as shown in Fig. 

1.  

The segmented images were then utilized to derive the voxel-wise deformation fields 

between individual scans and the population averaged template created by means of the 

DARTEL spatial registration algorithm (Ashburner J, 2007). The resulting deformation fields 
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were further processed to calculate the voxel-wise Jacobian determinant, which reveals 

volumetric expansions or contractions between the individual brain scans and the group 

averaged template (Chung MK et al., 2001;Thompson PM et al., 2000). The Jacobian maps were 

smoothed by isotropic 0.6mm full width half maximum Gaussian smoothing kernel. Regional 

morphological differences between WKY and SHR rats were statistically analyzed by a t-test in 

the framework of general linear modelling with the total intracranial volume (TIV) as a covariate.  

Calculations of the corpus callosum (CC) volumes from each animal were performed by 

a semi-automated computerized method. Following the GM, WM, and CSF segmentations as 

described in the voxel-wise analysis, the animals were divided into four groups, separated by 

strain and age, and spatially normalized to the corresponding groups only, to derive age and 

strain specific templates. CC was then manually delineated in each of the four group templates 

as binary masks and the total volume of CC of each animal was calculated by taking the sum of 

all Jacobian determinants within the masks multiplied by the volume of corresponding CC 

masks in the templates. The age and strain specific registration technique is a time-efficient 

strategy, because it bypasses the laborious manual delineation of the CC in each animal while at 

the same time reducing potential misregistrations between the groups (WKY vs SHR). Finally, 

the thickness of CC was estimated for the CC masks in the templates using the thickness 

measurement algorithm (Hildebrand T and Ruegsegger P, 1997) implemented in Amira 6.5 

visualization and quantitative analysis software (Thermo Fisher Scientific, Waltham, MA, USA). 

Strategies for achieving blinding among the MRI data among analysts were not practical 

because ventricular dilation in SHR rats was a highly robust phenotype when compared to WKY 

rats. 
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The T1 maps were also analyzed using the whole brain voxel-wise analysis approach to 

detect regional T1 differences and the semi-automated computerized method to estimate the 

T1 of CC as a whole. In the whole brain voxel-wise analysis, T1 maps were spatially normalized 

by applying the deformation fields derived from the morphological analysis onto the 

corresponding T1 maps followed by Gaussian smoothing kernel of 0.6mm and the t-test 

implemented in GLM without any covariate. To calculate T1 within CC, CC masks and 

deformation fields derived from the semi-computerized methods in the morphological study 

were applied onto corresponding T1 maps and subsequently, the mean and standard deviation 

(SD) of T1 in each animal were calculated.  

 

Results 

Following the image segmentation using the new WKY-SHR tissue probability maps, 

total GM, WM and CSF volumes were calculated for each animal as summarized in Table 1. 

Statistical analyses of the brain volumes were performed using a 2-way ANOVA with strain 

(WKY vs SHR) and age (7 vs 19 weeks) as main effects. In all of the three tissue compartments 

along with TIV, significant effects of the strain and age (F(1, 30)  p <0.002) were found. As 

shown, WKY rats’ tissue volumes increased by 3 % (GM), 16 % (WM), 10 % (CSF) and 8 % (TIV) 

with aging but none of the tissue compartments yielded significant interactions effect between 

strain and age. In SHR rats tissue volumes increased by 5 % (GM), 14 % (WM), 33 % (CSF) and 

10 % (TIV) with age; with no significant interaction effects. Normalizing GM, WM, and CSF 

volumes by TIV, as shown in Table 1, revealed significant effects of the strain on WM and CSF 

volumes (F(1, 30)  p <0.001) and the effect of age was significant with respect to GM and WM 
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but not CSF. Again, none of the tissue compartments yielded significant interaction effects. 

Pearson’s correlations between body weights and the TIVs were significant as shown in Fig. 2. 

and the linear regression lines indicated a constant offset in y-intercept between the two 

strains.  

 Voxel-wise DBM analyses were performed to characterize morphological differences 

between WKY and SHR rats in the 7 and 19 weeks old age groups. In Fig. 3, parametric maps (t-

values) calculated from the general linear model were converted into p-values, uncorrected for 

multiple comparisons, and overlaid onto a population averaged WKY-SHR PDW image to display 

areas of significant morphological differences. At both age groups, enlargement of the CSF 

compartment including the lateral ventricles and aqueduct was a characteristic phenotype of 

young SHR rats compared to WKY rats, and this trait became more pronounced at 19 weeks. 

Tissue areas with larger tissue volumes in WKY rats compared to SHR rats at 7 weeks included 

midbrain, thalamus and lateral preoptic area. At 19 weeks, tissue regions with larger volume in 

WKY compared to SHR rats included midbrain, thalamus, corpus callosum, preoptic and regions 

associated with the basal ganglia. Importantly, in 19 weeks old SHR rats, significant WM volume 

loss in the splenium of corpus callosum was observed, which was absent in young, 7 weeks old 

SHR rats. Morphological changes in SHR rats from 7 to 19 weeks old were also computed using 

DBM as shown in Fig. 4. Visual cortex volume was found to be significantly larger in 7-week-old 

rats compared to 19-week-old rats in both strains. In WKY rats, the midbrain, thalamus, and 

corpus callosum volumes were larger in 19-week-old rats when compared to 7-week-old. In SHR 

rats, midbrain and ventricles enlarged while cortical volumes were reduced from 7 to 19 weeks 

old. 
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Volumetric differences between WKY and SHR in the corpus callosum were further 

validated by the semi-automated computerized technique. Manually delineated CC binary 

masks were superimposed onto the strain and age specific population averaged PDW images as 

shown in Fig. 5. SHR templates exhibited progressively enlarged lateral ventricles and subtle 

enlargement of the frontal horn of the lateral ventricles compared to WKY rats. The CC volumes 

calculated from the semi-automated technique are summarized in Table 2 and statistical 

analyses on CC volume differences were performed using a 2-way ANOVA with strain (WKY vs 

SHR) and age (7 vs 19 weeks) as main effects. The main effects of strain and age were 

significantly different (F(1, 30), p <0.001) even after accounting for the TIV differences. No 

significant interaction with aging was found. To test whether the observed volumetric 

differences were due in part to differences in CC thickness, the thickness distributions and 

thickness maps were also calculated as shown in Fig. 6. In WKY rats, thickening of the CC as a 

function of aging was observed as a shift in the entire histogram profiles in the direction of 

thickening, which was also supported by the color-coded thickness maps. Between WKY and 

SHR rats, the percent relative frequency of CC thickness above 0.8 mm was consistently higher 

in WKY compared to SHR irrespective of the age and the percent frequency of thinner regions 

(less than 0.5 mm) was consistently higher in SHR rats.  

T1 map analyses comprised whole brain global analysis, voxel-wise comparisons to 

detect regional T1 differences, and T1s within the CC using the strain and age specific CC masks 

as shown in Fig. 5. In the global whole brain analysis, the mean and SD of T1s calculated within 

GM and WM tissue compartments are summarized in Table 3 and analyzed by a 2-way ANOVA 

with strains (WKY vs SHR) and age (7 vs 19 weeks) as main effects. No statistical differences 
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were found in T1 of GM and WM but T1 of CSF (F(1,30)=29.95, p<0.001) was significantly 

different (increased in SHR rats) between the two strains, and significant effect of aging was 

found in WM (F(1,30)=6.36, p=0.017) and CSF (F(1,30)=5.46, p=0.026). No interaction between 

the strains and age were found. In the voxel-wise analysis, individual T1maps were spatially 

normalized using the deformation fields derived from the morphological analyses and Fig. 7 

shows the population averaged T1 maps for each strain at the two age groups. Visual inspection 

of the T1 maps did not detect focal conspicuous lesions, indicative of WM hyperintensities. 

While the spatial registration steps substantially reduced the size of lateral ventricles in the SHR 

rats to match across the two strains, imperfect registrations were still discernable at the tissue-

CSF boundaries as shown Fig. 8. As seen from Fig. 7, the lateral ventricles were markedly larger 

in SHR compared to WKY rats even after the spatial normalization. Interestingly in the regions 

far from the boundaries where partial volume effect is absent (i.e. middle of ventricles), the CSF 

T1 was significantly different between the strains. In the direction of T1 being lower in WKY 

compared to SHR, no regional differences were found. In the ROI analyses, no statistical 

differences in aging or interaction but significant effect of strain (F(1,30)=6.08, p=0.020) was 

found where T1 of SHR was 3% higher than WKY as summarized in Table 3. Finally. we extracted 

T1 within the focal regions of the splenium of CC that was morphologically smaller (lower 

averaged Jacobian) in SHR compared to WKY rats as shown in Fig. 9. The average and SD of the 

Jacobian within the focal splenium regions were 1.046 ± 0.043 (WKY 7weeks), 1.129 ± 0.042 

(WKY 19weeks), 0.869 ± 0.060 (SHR 7weeks), and 0.929 ± 0.034 (SHR 19weeks) and the 2-way 

ANOVA yielded statistical differences in the main effect of strain (F(1,30)=145.8, p<0.0001) and 

age (F(1,30)=21.09, p<0.0001) but the interaction was not significant. Similarly, average and SD 
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of T1s within the focal splenium regions were 1950 ± 84 msec (WKY 7 weeks), 1885 ± 85 msec 

(WKY 19 weeks), 1940 ± 44 msec (SHR 7 weeks), and 1877 ± 95 msec (SHR 19 weeks) as shown 

in Fig. 9 and the statistical differences were found only for the main effect of age (F(1,30)=5.17, 

p<0.03). 

 

Discussion 

 The present study focused on the characterization of differences in brain morphometry 

and longitudinal relaxation time between WKY and SHR rats during the early and intermediate 

stages of (chronic) hypertension. Morphological characterization is of importance because it is 

proven to be a sensitive diagnostic marker for the staging of SVD in humans and it is therefore a 

reliable platform to assess the clinical relevance of any of the pertinent ‘SVD’ animal models 

such as the SHR rats. While studies have reported on morphological differences between the 

SHR and WKY rats in the past, most of these studies were performed ex-vivo with fixative 

preservatives which are known to collapse ventricles and shrink anatomical tissue volumes to 

varying degrees (Ma Y et al., 2008). To our knowledge only one other study (Pitiot A, et al., 

2007) which applied in-vivo morphological MRI compared 12 weeks old SHR and Brown Norway 

rats, however, Brown Norway rats are not of a same genetic origin as SHR and it is unclear if the 

observed differences were due to strain or blood pressure differences. Our study supplement 

and further validate the previous in vivo MRI data by comparing SHR rat’s brain morphometry 

to their parent strain, the WKY rats, in addition to investigating the cerebral effects of aging as 

well as hypertension.  
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The acquisition of high resolution 3D anatomical MR images in the small rodent brain in 

vivo poses technical challenges in regard to achieving both superior contrast-to-noise and 

signal-to-noise ratios to resolve tissue structures (Sawiak SJ et al., 2009), while also maintaining 

a reasonable scan time. The commonly applied T2W RARE sequence requires several hours of 

scan time and potential head and body movements during the scans may corrupt the data, 

adding RF induced heating, and prolonged anesthesia/sedation is not ideal for animals with 

significant morbidity such as chronic hypertension (Ma Y, et al., 2008;Valdes-Hernandez PA, et 

al., 2011). By using our new VFA-SPGR imaging technique, we were able to substantially reduce 

scan time to less than an hour while still attaining good tissue contrast as shown in the 3D PDW 

images which were used for morphometric analysis. We note that the scan time can be reduced 

even further by taking only a low flip angle SPGR image for the acquisition of the 3D PDW image 

(and skip the T1 map) for studies focused solely on morphometry.  

Morphometric analyses were performed by calculating total brain/tissue volumes, 

voxel-wise volumetric analysis, and CC volumes. Total brain/tissue volume analysis is used to 

detect gross volumetric differences between strains and proven to be a sensitive diagnostic 

imaging marker of aging and hypertension related structural change in humans (Good CD et al., 

2001;Salerno JA, et al., 1992;Verdelho A et al., 2010;Wiseman RM et al., 2004). We used 

computerized whole brain segmentation to create custom WKY-SHR tissue probability maps 

which greatly improved the accuracy of the tissue segmentation quality as other studies have 

also suggested (Dodero L et al., 2013;Meyer CE, et al., 2017;Tucci V et al., 2014). The custom 

WKY-SHR tissue probability maps were crucial to reveal that GM, WM, and CSF volumes were 

all significantly lower in SHR compared to WKY rats irrespective of age, extending the finding of 
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a previous study reporting smaller TIVs in SHR rats compared to WKY rats in much older rats (35 

weeks old) (Kaiser D et al., 2014). Further by normalizing the tissue compartment volumes to 

TIV we were able to document significant effects of the strain type on WM and CSF volumes 

and, in addition, we documented that GM and WM (but not CSF) volumes were age-dependent, 

and these results emphasize the importance of considering TIVs as a confounding factor when 

comparing morphological differences between the strains across multiple age groups.  

Since the body weights of the SHR were lower than age-matched WKY rats, we also 

evaluated the relationship between body weights and TIVs similar to the correlations found in 

humans with gender and TIVs (Gur RC et al., 1999;Luders E et al., 2005;Nopoulos P et al., 2000). 

Indeed, significant correlations between TIVs and body weights were documented, and linear 

regression analyses revealed that TIVs of SHR were consistently lower than WKYs across ages. 

Therefore, smaller TIV in SHR rats is a trait unrelated to the status of chronic hypertension.  

Voxel-wise volumetric analysis revealed that significant morphological differences 

between the two strains were evident as early as 7 weeks of age and became more extensive at 

19 weeks. In SHR rats a pre-hypertensive, early stage hypertensive stage and later-stage 

hypertension are present at 5-weeks, 10-weeks and 15 weeks, respectively (Hom S et al., 2007). 

At 7-weeks of age the SHR rats in our study are in the early stage of hypertension with a mean 

blood pressure in the range of 110-120mmHg which is higher when compared to age-matched 

WKY control rats. Thus, although the younger SHR rats have not yet reached an established 

chronic hypertensive stage we attribute the very early signs of WM atrophy observed in the 

SHR rats at 7-weeks to the elevated blood pressure. However, there is a gap in knowledge 

regarding very early brain morphometry changes during early pre-hypertensive stage in SHR 
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rats and more studies are needed to fully characterize the genetic trait of SHRs at both pre and 

post hypertensive stages. 

Anatomical regions where SHR rats exhibit smaller tissue volumes compared to WKY 

rats included midbrain, thalamus, corpus callosum, preoptic, and striatum and these results are 

consistent with previous studies performed histologically (Nelson DO and Boulant JA, 

1981;Ritter S et al., 1988;Tajima A, et al., 1993). In addition, we observed reduced tissue 

volumes in somatosensory, auditory and insular cortices at 19 weeks compared to 7 weeks old 

SHR rats. Studies have shown that these areas also exhibit reduced neuronal density in SHR 

compared to WKY rats (Nelson DO and Boulant JA, 1981). Smaller tissue volume together with 

reduced neuronal density infer that the total number of neurons is also lower in SHR than WKY 

rats. The mechanisms underlying brain atrophy in the SHR rats may be related to 

cerebrovascular changes, perivascular inflammation, dysfunctional cerebrospinal fluid transport 

and or blood brain barrier compromise (Kaiser D, et al., 2014;Mestre H et al., 2018;Rajani RM et 

al., 2018).     

Ventricular enlargement is a well-documented morphological feature of SHR rats and is 

an insignificant feature before 4 weeks of age but develops rather abruptly between 4 and 8 

weeks of age and thereafter progresses, though at a slower rate, throughout adult life while 

maintaining normal intraventricular pressure, intracranial pressure and CSF production rate, all 

of which are consistent with our observation in morphological differences in SHR at two groups 

(Griswold WR et al., 1981;Naessens DMP et al., 2018;Ritter S, et al., 1988). Cerebral ventricular 

enlargement is also independent of elevated blood pressure because anti-hypertensive 

treatment by captopril treatment still resulted in the ventriculomegaly despite improvement in 
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behavioral tests (Ritter S, et al., 1988;Wyss JM, et al., 1992). Involvement of glycoproteins of 

the Reissner’s fiber has been suggested as a molecular mechanism behind the progressive 

ventricular dilation but it is still unclear how it is related to aging and ventricular dilation 

(Martinez-Pena y Valenzuela I et al., 2006). Furthermore, a recent study showed that even 

normotensive WKY exhibits progressive ventricular dilation with aging (Bors L et al., 2018) and 

it is plausible that cerebral ventricle enlargement in SHR is accelerated with aging compared to 

WKY. 

Voxel-wise analysis revealed a significantly smaller volume of the splenium of the CC in 

SHR compared to WKY rats, which was also confirmed by the ROI analysis. Our results support 

previous histological evidence reporting smaller WM volumes in SHR compared to WKY 

including anterior commissure, corpus callosum and internal capsule among 3-9 months old 

SHR (Kaiser D, et al., 2014;Nelson DO and Boulant JA, 1981;Tajima A, et al., 1993). Reduced CC 

volumes in SHR attributed to the thinning of CC has not been reported previously. Unlike, 

volume measurement, thickness measures are a widely used diagnostic measure to assess 

morphometric differences in both clinical and pre-clinical studies because it is independent of 

confounding factors like TIV (Egaas B et al., 1995). We observed that the thickness and volume 

of the CC in both strains were age-dependent, and genu and splenium were visibly thinner in 

SHR compared to WKY rats at both ages. We speculate that the intermediate stage of 

hypertension hindered the normal growth of CC and the splenium appears to be especially 

vulnerable. Clinical studies previously reported that the splenium of the CC is indeed 

particularly vulnerable to hypertension, i.e. an elevated mean diffusivity (MD) and reduced 

fractional anisotropy (FA) were observed among hypertensive subjects compared to 
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normotensive controls and both variables were significantly correlated with the cognitive 

performance and modified by aging (Gons RA et al., 2012;Kennedy KM and Raz N, 2009). 

We used quantitative 3D T1 maps to examine T1 changes in the brains of SHR compared 

to WKY rats. Chronic arterial hypertension in SHR rats causes remodeling of the cerebral 

vasculature. Several studies have documented cerebral arterial hypertrophy and smooth 

muscle cell hyperplasia as well as reduction of the luminal diameter of small penetrating 

arteries, which are all well-described physiological strategies initiated to protect the brain from 

high perfusion pressures. However, the hypertension-induced vascular remodeling may limit 

the brain vessels’ capacity to dilate thereby increasing the risk of developing hypo-perfusion 

and ischemia (which can be severe in white matter due to oligodendrocyte death and 

degeneration of myelinated fibers) (Barry DI and Lassen NA, 1984;Heagerty AM et al., 1993;Jalal 

FY et al., 2012;Sabbatini M, et al., 2001). Studies have shown that WM pathology in SHR rats 

dominates and includes vacuolization, de-myelination, significant myelin loss in CC and 

disarrangement of nerve fibers, and in deep grey matter astrogliosis and microglial activation 

prevalent (Kaiser D, et al., 2014;Nelson DO and Boulant JA, 1981). These pathological features 

of untreated SHR rats can also be observed in WMH lesions in humans. In humans WMH lesions 

by MRI exhibit elevated MD, reduced FA, and elevated T1 (Firbank MJ et al., 2003;Maniega SM 

et al., 2015;Munoz Maniega S et al., 2017). The elevated T1 observed in WMH lesions in human 

SVD is interesting because it is suggestive of edema and it has been utilized to identify the 

pathophysiological changes within normal appearing white matter (NAWM) (Bastin ME et al., 

2002;Maniega SM, et al., 2015). We used quantitative T1 maps in the SHR rat study to test its 

potential utility in detecting similar observations in WM as is observed in SVD patients. 
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In our study T1 values in both GM and WM were highly consistent between animals with 

coefficients of variance of 2-3%. Aging from 7 to 19 weeks reduced the T1 which can be 

attributed to continued growth of WM structures through myelination as reported in humans 

(Yeatman JD et al., 2014). The comparison of T1 between WKY and SHR rats in GM and WM did 

not reach statistically significant differences in any of the analyses: global analysis, region of 

interest in CC and voxel-wise analysis. We were surprised by the lack of T1 changes in the CC 

since previous studies have reported changes in blood brain permeability (BBB) and diffusion 

changes in CC of SHR rats compared to controls (Kaiser D, et al., 2014;Lopez-Gil X, et al., 2014). 

Whole brain wide voxel-wise was also performed to reveal focal changes, and we detected 

significant differences between SHR and WKY at the tissue-CSF boundaries susceptible to 

misregistration. We, therefore, conclude that there were no differences in tissue T1’s between 

WKY and SHR at both age groups. However, future studies incorporating larger sample sizes 

should be explored for potential detection of small T1 differences. These results have 

implications in studying CBF between SHR and WKY rats when using the arterial spin labelling 

technique, which requires knowledge of tissue T1 because alterations of the T1 introduce bias 

in CBF quantification (Kim SG, 1995). Previous studies have assumed T1 of SHR rats to be within 

a normal value and our study confirms that this assumption is valid (Kim T, et al., 2014;Li Y, et 

al., 2015). A longitudinal DTI study in SHR and WKY reported significant reduction in FA and 

elevated MD in CC in SHR compared to WKY implying that the T1 would be elevated in the CC 

(Lopez-Gil X, et al., 2014) which is contrary to the results of our study. CC is a structure 

surrounding the lateral ventricles and prone to partial volume effects and may therefore 

artificially elevate diffusion coefficients at the boundaries and small inclusions of CSF may skew 
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FA and MD values. Alternatively, the diffusion sequence may be more sensitive in detecting 

WM changes (compared to T1 mapping) as was previously reported (Firbank MJ, et al., 

2003;Wardlaw JM et al., 2009) and more studies are needed to further validate and compare 

the sensitivity of diffusion and T1 imaging techniques for this purpose.  

We observed a significantly higher T1 of CSF (within the center of the lateral ventricles) 

in SHR rats compared to WKY rats which was intriguing. This observation might be attributed to 

differences in oxygen tension, temperature, and/or protein constituents within the CSF 

compartment or all three (Zaharchuk G et al., 2005). Oxygen tension in CSF is governed by the 

supply of freely diffusible oxygen across the blood-CSF barrier and lower oxygen tension results 

in higher T1 due to the paramagnetic property of oxygen. CSF oxygen tension is a reflection of 

the blood oxygenation level in brain parenchyma and if the elevated T1 in CSF in SHR rats was 

due to higher oxygen tension in CSF we would expect to observe alterations in parenchymal T1 

as well (Haddock B et al., 2013;Mehemed TM et al., 2014;Remmele S et al., 2013). Alternatively, 

CSF protein content might be different between the strains. There are few reports on varying 

protein CSF profiles between WKY and SHR rats. One study (Gonzalez-Marrero I et al., 2013) 

reported lower levels of proteins and related this with the (dys)function of blood-CSF barrier 

(Transthyretin) in SHR compared to WKY. The same study also reported higher levels of blood 

plasma proteins (IgG, albumin and haptoglobin) and the proteins related with inflammation as a 

consequence of a leaky blood-CSF barrier in SHR. Another study (Carmona-Calero EM et al., 

2013) reported higher levels of P73 protein, which is related to adult neurogenesis, in SHR 

compared to WKY rats. With increase in total protein concentrations, T1 is, however, expected 

to decrease which is in contrast with our observation of elevated T1 in SHR compared to WKY 
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(Yilmaz A et al., 2004). Therefore, it is unlikely that observed T1 differences are due to the 

differences in total protein concentrations. 

 

Limitations of our study 

Some limitations exist in our study. First, animals were not studied longitudinally, but 

cross-sectionally and the different ages of rats are separate groups. A longitudinal study design 

with multiple time points from pre-hypertensive till the advanced stage of chronic hypertension 

could potentially improve sensitivity of the MR parameters in detecting hypertension related 

morphological and pathological changes. Second, the present study only focused on MR 

imaging as a diagnostic technique and histology was not performed as it has been done 

extensively in the past. Third, we did not assess MRI defined morphometry and T1 changes at 

the ‘endstage’ of hypertension in old (12-18 month) SHR rats. Finally, although SHR and WKY 

rats had originated from the same outbred colony, genetic studies have shown substantial 

differences in the DNA profiles between the two strains (Nabika T et al., 1991;Zhang-James Y et 

al., 2013). WKY rats were used in this study as a control since it is still genetically the closest 

normotensive counterpart of SHR rats. 

 

Conclusions 

In conclusion, the current study presented a new MRI based methodological approach 

to analyze both morphometry and T1 using a single imaging method (VFA-SPGR) to characterize 

morphological differences between WKY and SHR at the two stages of hypertension, and at the 

same time evaluate T1 changes. Proton density weighted image derived from the 3D VFA-SPGR 
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sequence yielded sufficiently good signal and contrast to noise ratios to accurately segment GM, 

WM and CSF using the custom tissue probability maps. Morphometric analyses revealed 

enlarged ventricles in SHR rats, a well-known morphological trait, and more importantly smaller 

WM volumes even after considering TIV differences. Semi-computerized CC segmentation 

method further corroborated this finding and the progressive thinning of the CC in SHR was 

detected in the anatomical regions known to be vulnerable to damage among SVD patients. The 

T1 analyses did not reveal significant differences between the strains in brain parenchyma but 

interestingly a significant difference was found in CSF. To summarize the SHR rats develop WM 

atrophy which is a clinically robust MRI biomarker associated with WM abnormalities.  
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Figure legends 
Figure. 1 
Spatially normalized and population averaged CSF compartments were superimposed onto the 
population averaged proton density weighted image, separated by the strain (WKY vs SHR) and 
age groups (7 weeks old vs 19 weeks old). CSF compartments segmented by using the publicly 
available Wistar rat tissue probability maps are shown at top. CSF compartments segmented by 
the custom made WKY-SHR tissue probability maps are shown at bottom. Color maps indicate 
CSF probability density. 
 
Figure.2 
Total intracranial volumes (TIV) plotted as a function of body weights. Dotted lines represent 
fitted linear regression lines for WKY (red) and SHR (blue). 
 
Figure.3 
Voxel-wise deformation based morphometry analyses comparing WKY and SHR at 7 and 19 
weeks old. Statistical significance levels (uncorrected p-values) were superimposed onto the 
population averaged proton density weighted image. 
 
Figure.4 
Voxel-wise deformation based morphometry analyses comparing at 7 and 19 weeks old in WKY 
and SHR separately. Statistical significance levels (uncorrected p-values) were superimposed 
onto the population averaged proton density weighted image 
 
Figure.5  
Manually delineated corpus callosum masks (red) are superimposed onto strain and age specific 
population averaged proton density weighted images. 
 
Figure.6 
(Top) Thickness maps of corpus callosum for WKY and SHR at the two age groups. 
Corresponding thickness histograms for 7 weeks (bottom left) and 19 weeks old (bottom right) 
WKY (red) and SHR (blue). 
 
Figure.7 
Population averaged T1 maps for WKY and SHR at 7 and 19 weeks old. 
 
Figure.8 
Voxel-wise T1 analyses comparing WKY and SHR at 7 and 19 weeks old. Statistical significance 
levels (uncorrected p-values) are superimposed onto the population averaged proton density 
weighted image. 
 
Figure. 9 
Averaged and SD of Jacobian (left) and T1 (right) within the focal region of corpus callosum 
found to be significantly smaller (shown in red) in SHR compare to WKY at 19 weeks old as 
shown in Fig. 3. 
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 Tab
le 1. Total grey m

atter (GM
), w

hite m
atter (W

M
), and cerebral spinal fluid (CSF) volum

es w
ere calculated by the w

hole brain 
segm

entation m
ethod. Volum

e fractions (%
) in each com

partm
ent w

as calculated relative to the total intracranial volum
es (TIV). 

Data are expressed in m
ean ± SD. * P<0.01 (Tukey post-hoc analysis) com

pared w
ith the equivalent age group of W

KY. 
 Strain

 
N

 
A

ge (w
e

eks) 
V

o
lu

m
e (m

m
3) 

V
o

lu
m

e/TIV
 (%

) 

W
KY 

11 
7 

92.7 ± 3.6 
5.1 ± 0.2 

W
KY 

8 
19 

109 ± 3.5 
5.6 ± 0.2 

SHR 
7 

7 
76.2 ± 5.8* 

4.6 ± 0.2* 
SHR 

8 
19 

90 ± 3.2* 
5.0 ± 0.2* 

 Tab
le 2. The corpus callosum

 volum
es w

ere derived using a sem
i-autom

ated com
puterized m

ethod. Volum
e fractions (%

) w
ere 

calculated relative to the total intracranial volum
es (TIV). Data are expressed in m

ean ± SD. * P<0.01 (Tukey post-hoc analysis) 
com

pared w
ith the equivalent age group of W

KY. 
        

Tab
le 3. M

ean and SD of T1 w
ithin GM

, W
M

, CSF and corpus callosum
. Data are expressed in m

ean ± SD. * P<0.01 (Tukey post-hoc 
analysis) com

pared w
ith the equivalent age group of W

KY. 

Strain
 

N
 

A
ge (w

e
eks) 

G
M

 (m
m

3) 
W

M
 (m

m
3) 

C
SF (m

m
3) 

TIV
 (m

m
3) 

G
M

/TIV
 (%

) 
W

M
/TIV

 (%
) 

C
SF/TIV

 (%
) 

W
KY 

11 
7 

1112 ± 33 
582 ± 21 

111 ± 11 
1805 ± 36 

61.6 ± 1.2 
32.2 ± 1.1 

6.1 ± 0.6 
W

KY 
8 

19 
1150 ± 60 

675 ± 21 
122 ± 11 

1946 ± 48 
59.0 ± 1.9 

34.7 ± 1.4 
6.3 ± 0.6 

SHR 
7 

7 
1046 ± 35* 

473 ± 31* 
137 ± 16* 

1656 ± 58* 
63.2 ± 1.4 

28.5 ± 1.3* 
8.3 ± 0.9* 

SHR 
8 

19 
1094 ± 57* 

539 ± 32* 
182 ± 17* 

1815 ± 37* 
60.2 ± 2.3 

29.7 ± 2.0* 
10.0 ± 1.0* 

Strain
 

N
 

A
ge

 
G

M
 (m

se
c) 

W
M

 (m
se

c) 
C

SF (m
se

c) 
C

C
 (m

se
c) 

W
KY 

11 
7 

2095 ± 42 
1899 ± 43 

3274 ± 89 
1919 ± 55 

W
KY 

8 
19 

2078 ± 69 
1857 ± 53 

3298 ± 222 
1881 ± 70 

SHR 
7 

7 
2119 ± 52 

1898 ± 50 
3459 ± 161 

1981 ± 48 
SHR 

8 
19 

2069 ± 93 
1849 ± 63 

3676 ± 105* 
1934 ± 90 
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