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Ex Vivo Study Using Diffusion Tensor Imaging to 
Identify Biomarkers of Atherosclerotic Disease in 
Human Cadaveric Carotid Arteries
Brooke Tornifoglio , Alan J. Stone, Christian Kerskens, Caitríona Lally

BACKGROUND: This study aims to address the potential of ex vivo diffusion tensor imaging to provide insight into the 
microstructural composition and morphological arrangement of aged human atherosclerotic carotid arteries.

METHODS: In this study, whole human carotid arteries were investigated both anatomically and by comparing healthy and 
diseased regions. Nonrigid image registration was used with unsupervised segmentation to investigate the influence of 
elastin, collagen, cell density, glycosaminoglycans, and calcium on diffusion tensor imaging derived metrics (fractional 
anisotropy and mean diffusivity). Early stage atherosclerotic features were also investigated in terms of microstructural 
components and diffusion tensor imaging metrics.

RESULTS: All vessels displayed a dramatic decrease in fractional anisotropy compared with healthy animal arterial tissue, while 
the mean diffusivity was sensitive to regions of advanced disease. Elastin content strongly correlated with both fractional 
anisotropy (r>0.7, P<0.001) and mean diffusivity (r>−0.79, P<0.0002), and the thickened intima was also distinguishable 
from arterial media by these metrics.

CONCLUSIONS: These different investigations point to the potential of diffusion tensor imaging to identify characteristics of 
arterial disease progression, at early and late-stage lesion development.

GRAPHIC ABSTRACT: A graphic abstract is available for this article.
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Progression of atherosclerotic plaques is often silent 
but can lead to the acute event of thrombosis and 
stroke, with plaque rupture being the most common 

cause.1 Plaque rupture most commonly occurs where 
the plaque cap is the thinnest, and the highest density 
of macrophages have infiltrated.1,2 While changes in the 
mechanical environment may cause the physical rupture 
of the plaque,3 microstructural changes are responsible for 
the thinning and vulnerability of the plaque cap.1 Smooth 
muscle cells tend to be absent at the site of rupture on 
the cap,4 and the decreased collagen content coupled 
with infiltrating macrophages, which secrete proteolytic 
enzymes, facilitate an inflamed microenvironment which 
weakens the tissue’s integrity. It has previously been 

shown in atherosclerotic coronary arteries that inflam-
mation collocates with areas of increased wall stress.5 
Both high stress5 and high strain6,7 have been linked with 
plaque rupture. Even before advanced atherosclerotic 
lesion formation, however, earlier microstructural changes 
have been associated with stroke risk.8 For this reason, 
it is critical to identify early microstructural changes for 
diagnosis that might better capture the stage of disease 
rather than simply geometric features, such as the cur-
rently used metric of percent stenosis.9–11

Many studies have looked to ex vivo magnetic reso-
nance imaging (MRI) to obtain high-resolution images of 
atherosclerotic microstructure. Multi-contrast MRI pro-
tocols, such as proton-density weighted-, T1-, T2-, and 
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diffusion weighted imaging have been implemented with 
a view to characterising plaque components. While some 
studies show the promise of using all these sequences in 
combination to characterise morphological regions,12–14 
other studies point to the sensitivity of individual MR con-
trasts to specific atherosclerotic morphologies.13–18 Kar-
monik, et al. showed the promise of using multi-contrast 
MRI in conjunction with unsupervised segmentation to 
identify major plaque components such as lipid, calcifica-
tions, fibrotic tissue, thrombus, and normal vessel wall.19 
These morphologies are dictated by changes in micro-
structural components and their quantity and quality vary 
significantly throughout plaque progression.20–22 Quan-
titative susceptibility mapping has been explored with 
respect to specific microstructural components in arterial 
tissue and shown to be sensitive to changes in elastin and 
collagen content23 and also has demonstrated a strong 
correlation with erythrocytes24 in carotid plaques. Diffu-
sion tensor imaging (DTI) has shown a strong sensitivity 
to cell and elastin content in arterial tissue models25 and 
has recently been used to identify altered microstructural 
organisation in tissue models26,27 and plaque tissue28 
with a strong negative correlation found between frac-
tional anisotropy (FA), the degree of anisotropic diffusion, 
in the common carotid with age.29

This study focuses solely on DTI with the aim to 
investigate aged human carotid arteries thoroughly. DTI-
derived metrics signifying the overall diffusion (mean 
diffusivity [MD]) and the degree of anisotropic diffusion 
(FA) were used to gauge the feasibility of this imag-
ing technique to identify disease-driven microstructural 
changes. Multiple analyses were carried out in order to 
both investigate bulk changes in these noninvasive met-
rics as well as microstructure and morphological specific 
changes. Healthy and diseased areas of the carotids 
were identified from nondiffusion weighted images and 
confirmed by histology. Additionally, histology slices of 
the common carotid were registered to MRI slices to 
facilitate unsupervised segmentation based on the FA 
and MD metrics. Registered histology was also used to 
manually segment identifiable atherosclerotic morpholo-
gies and investigate the DTI-derived metrics and micro-
structural components in these regions. Together, these 
different approaches aimed to establish whether micro-
structurally sensitive DTI metrics are potentially suitable 

biomarkers of atherosclerosis progression and if so, what 
microstructural changes are driving measurable changes 
in the metrics.

METHODS
An overview of the methods used in this study are shown in 
Figure 1. The data that support the findings of the study are 
available from the corresponding author upon reasonable 
request.

Human Carotid Arteries
Carotid arteries (n=8) were excised from 6 embalmed cadavers. 
Carotids were excised to include the common carotid, bifurca-
tion, and both internal and external carotid arteries, see Figure 1A. 
All human cadaveric tissue was provided by The Royal College 
of Surgeons in Ireland and was used with approval from the 
Department of Anatomy, Royal College of Surgeons in Ireland 
institutional review board. Out of the 8 arteries from the 6 cadav-
ers, 4 left carotids were excised from 4 different cadavers and the 
remaining 4 from 2 cadavers (both left and right carotids). The 
subjects (3 females and 3 males) ranged from 70 to 103 years in 
age (mean 78.25±11.2 years). Table 1 details the subjects used 
in this study. All 8 carotids were considered independent enti-
ties in this study as the focus was on identifying changes in arte-
rial microstructure by DTI, not subject-specific trends. While the 
cause of death for all subjects was unrelated to cardiovascular 
disease, no additional information on risk factors, past medical 
history, or other cardiovascular diseases was available. The arter-
ies were cleaned of connective tissue after excision and stored in 
phosphate-buffered saline (PBS) until imaging.

MR Imaging
The common carotid of the arteries was secured to a 3D 
printed holder, which was secured in a horizontal 50 ml fal-
con tube with fresh PBS for image acquisition, see Figure 1B. 
Due to the fixation of the carotids, their stiffness prevented any 
drooping or movement during scanning. Carotids were imaged 
individually in a small-bore horizontal 7 Tesla Bruker BioSpec 
70/30 USR system. Details of the MR imaging performed can 
be found in Supplemental Material.23,25,30–35 Of note are the 2 

Nonstandard Abbreviations and Acronyms

DTI diffusion tensor imaging
FA fractional anisotropy
MD mean diffusivity
MRI magnetic resonance imaging
PLM polarized light microscopy
SMC smooth muscle cell

Highlights

• Decreased fractional anisotropy seen in aged 
human carotid arteries highlights potential for 
assessing vessel integrity prior to atherosclerotic 
lesion development.

• Mean diffusivity showed a sensitivity to unspecific 
advanced regions of disease.

• Elastin content showed a strong correlation with 
fractional anisotropy and mean diffusivity when 
using unsupervised automatic segmentation regard-
less of clustering input.

• Early atherosclerotic features are distinguishable 
from the vessel wall by both fractional anisotropy 
and mean diffusivity.
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Figure 1. Brief overview of methods.
A, Excised cadaveric carotid arteries; scale bars are 5 mm. B, Example of carotid prior to ex vivo imaging, held in place by a 3D printed holder. 
C, Sectioning of a carotid for histological processing, 3 sections were taken for each subject; scale bar is 10 mm. D, Five histological stains 
were used for all carotids; left to right: Haematoxylin & Eosin, Verhoeff’s elastin, Picrosirius red and polarized light microscopy of picrosirius 
red, Alcian blue, and Alizarin red. Scale bar is 2 mm. E, Magnetic resonance imaging data processing flow. F, Carotids were investigated as a 
whole, by anatomical region and by healthy (H) and diseased (D) regions non-specifically with histology visually used to confirm. G, Histology 
slices were registered to common carotids. K-means clustering with different inputs was investigated as well as specific morphological 
features. Scale bar is 0.5 mm.



BASIC SCIENCES - AL
Tornifoglio et al Ex Vivo DTI for Atherosclerotic Biomarkers

Arterioscler Thromb Vasc Biol. 2022;42:1398–1412. DOI: 10.1161/ATVBAHA.122.318112 November 2022  1401

main DTI-derived metrics which are used in this study—FA and 
MD. The FA characterizes how diffusion in a voxel deviates 
from isotropic—signifying how anisotropic, or aligned in one 
predominant direction, the diffusion is.36 The MD is the average 
of the 3 eigenvalues in the diffusion tensor and represents the 
average diffusion occurring in voxel, independent of orienta-
tion.36 For example, in background PBS, you would expect a 
low FA value due to no preferred diffusion direction and a high 
MD value from isotropic diffusion in all directions. Tractography 
was also performed to visualize the tissue microstructure using 
the following parameters: seed point resolution and step size: 
0.3125 μm, seed FA threshold: 0.075, tracking FA range: 0.075 
to 1, fiber length: 1 to 50 mm, and angular threshold: 90°.

Histological Analysis
Histology Processing
For histological processing, 2 to 3 mm sections from the com-
mon carotid, bifurcation, and internal and external carotids were 
sectioned from whole arteries for all subjects, see Figure 1C. 
Samples were processed for histological staining as previously 
described.25 Briefly, all sections were stepwise dehydrated and 
embedded in paraffin wax and sectioned in 7 μm thick slices 
prior to staining. All sections were stained with the following 
stains and their purpose is stated in parentheses: Haematoxylin 
& Eosin (H&E) (cell content), Verhoeff’s elastin (elastin con-
tent), Picrosirius red (PLM; collagen content) with polarized light 
microscopy (collagen content), Alcian blue (glycosaminoglycan 
(GAG) content), and Alizarin red (calcium content), Figure 1D. 
The PLM for the Picrosirius red stained samples was conducted 
using an Olympus BX41 microscope with Ocular V2.0 software 
(Teledyne Photometrics, Tuscon, Arizona). All other stains had 
brightfield imaging done on an Aperio CS2 microscope with 
ImageScope software V12.3 (Leica Biosystems Imaging, Inc, 
Vista, CA).

Quantification of Histology
Quantification of histology measures were measured using 
QuPath37 (version 0.2.3). Digital whole histology slides were 
imported into QuPath software where the following procedure 
was followed for Verhoeff’s elastin, Alcian blue and Alizarin red: 
(1) the stain vector was set38 for each histological stain, (2) 
the whole tissue region was delineated by thresholding the tis-
sue slice from the background, and (3) the stained area frac-
tion was then identified using further thresholding. Thresholds 
were kept consistent for each stain between all subjects. After 
this, both the images of the tissue region and the stained area 

fraction were exported and brought into MATLAB where the 
percent content was calculated. Picrosirius red and the respec-
tive PLM images were analyzed similarly using an in-house built 
script described previously.7 For cell density analysis, specific 
regions of interest were identified and exported from MATLAB, 
and subsequently manually drawn on the H&E image in QuPath 
where cell detection analysis was performed to yield 2D cell 
density measures. Quantitative measures were performed in 
regions of interest either determined by k-means clustering, 
see section k-Means Clustering, or by morphology, see section 
Morphological Regions of Interest.

Data Processing
Regions of Interest
Whole carotid arteries (n=8) were analyzed with visual confir-
mation of tissue integrity from histology, see Figure 1F. Regions 
with low signal-to-noise ratios and high residuals from the tensor 
model fitting were excluded from any of the following analyses to 
avoid any biasing the DTI metrics.39 Specifically, pixels with signal 
below the 50% percentile in the non-diffusion weighted images 
were excluded as well as any pixels with a mean residual above 
the 99th percentile. Last, the mean MD of background PBS was 
used to remove PBS and yield the final tissue mask. Together, 
these criteria removed calcifications and air bubbles from all data 
(Figure S1). Mean FA and MD values were compared across the 
8 vessels as well as mean values within individual anatomical 
regions of interest which were manually segmented. One mean 
value per vessel was compared when looking at entire subjects 
(mean across full field of view, 96 slices). When looking ana-
tomically, the regions of interest were the common carotid (n=7), 
bifurcation (n=8), internal carotid (n=8), and external carotid 
(n=8). Similarly, 1 mean value per anatomical region (mean 
across all slices in each anatomical ROI; anatomical ROI size 
varied per subject but on average was 25 slices in the common, 
22 in the bifurcation, and 30 in the branches) per subject was 
compared. The bifurcation was defined as the area where the 
common carotid transitioned from circular to oblique up to the 
apex of the bifurcation where the internal and external carotids 
split into individual branches. These anatomical regions where 
further separated into healthy and diseased regions of interest 
throughout the entire carotid. These delineations were manually 
drawn, with diseased regions classified as vessel wall regions 
that showed any deviation at all from the standard aged vessel 
wall as confirmed by histology (Figure 3; Figure S2). The mean 
metric of healthy and the mean metric of diseased ROIs within 
each anatomical ROI were compared (mean across all slices 

Table 1. Details of the Cadaver Carotids Used in This Study

 Sex Age COD Side AHA classification 

1 F 103 Aspiration pneumonia and Alzheimer L V

2 F 70 Chronic obstructive airway disease L IV and V

3 M 80 Pneumonia R VI

4 M 75 Metastatic prostate cancer L IV and V

5 F 80 Cerebellar syndrome R VI

6    L V

7 M 69 Hospital acquired pneumonia R VI

8    L VI

AHA classifications made based off morphological criteria.65 AHA indicates American Heart Association; and COD, cause of death.
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within each anatomical ROI). Figure 3 presents 2 representative 
MRI cross-sections with corresponding histology: (Figure 3A) 
one representative healthy and (Figure 3B) one with both healthy 
and diseased ROIs. Figure S3 and Table 1 contain more detail 
on the relative size of the healthy and diseased regions within 
each vessel. Diseased regions were then normalized by their 
respective anatomical healthy region within the same subject to 
account for anatomical differences. For all regions, 1 mean value 
across the slices within the ROI and the standard deviation of FA 
and MD are reported.

Image Registration
For quantitative histological measures, common carotid (n=4 
subjects, 1 MR slice per subject) histological slices (1 slice 
per stain, 5 stains) were registered to MRI. Registration was 
only performed on common carotid sections of 4 different 
subjects due to deformations in histological slices in more 
diseased regions of the carotids. Specifically, from Table 1, 
subjects 2, 3, 4, and 5 (left common carotid) were used for 
this part of the study (Figure S3 columns 2–5) yielding the 
inclusion of carotids which had type IV to type VI lesions. 
Anatomical landmarks (the apex of the bifurcation, the base 
of the common carotid at the 3D printed holder and notable 
anatomical features) allowed for manual matching of histology 
slices (0.495×0.495 μm) to a specific slice in high-resolution 
MR images. The tissue area of the identified MRI slice was 
then manually masked.40 The corresponding brightfield histol-
ogy image was then manually aligned to the identified high 

resolution MRI slice by rotating and scaling providing an initial 
alignment for further calculated transformations. The manual 
alignment of histology to the high-resolution MRI was visually 
confirmed with reference to the anatomical landmarks prior to 
using Elastix41,42 (version 5.0.1) to perform nonrigid registra-
tion based on BSpline deformation. Details of the registration 
can be found in Supplemental Material.

k-Means Clustering
A k-means clustering algorithm was used as an unsupervised 
segmentation tool on the common carotids which had histol-
ogy registered to the MRI data (n=4 subjects, 1 MR slice per 
subject). The registered histology images mentioned above 
were imported into MATLAB alongside the parametric FA 
and MD maps for the specific slice. The elbow method was 
used to determine the appropriate number of clusters,43 with 
k=5 proving to be sufficient for this data (Figure S4). Three 
different clustering inputs were investigated—FA, MD, and 
the combination of both FA and MD (Figure S5). Once the 
cluster regions were determined, mean FA and MD values 
were extracted for each region, along with the percent con-
tent of each of the 5 microstructural components for correla-
tion analyses. It is worth noting that the background medium, 
in our case—PBS, was classified as a cluster so 4 regions 
are presented per sample. Quantitative histology, outlined 
above, was performed on the registered histology slices in 
the determined clusters in order to correlate microstructural 
components to DTI-derived metrics.

Figure 2. DTI metrics of n=8 cadaveric carotids.
A, 3D representations of the 8 individual carotid arteries. B, Fractional anisotropy (FA) and (C) mean diffusivity (MD) across the entire carotid 
for each subject. Each point represents the mean across the entire vessel (mean across entire field of view, 96 slices) with error bars showing 
the standard deviation. C, 3D representations of each carotid with the anatomical regions of interest color coded: common carotid in purple, 
bifurcation in red, internal carotid in orange, and external carotid in green. D, 3D representations of the 8 individual carotid arteries segmented 
by anatomical location. E, FA and (F) MD of separate anatomical regions of interest (C—common, B—bifurcation, I—internal carotid, E—external 
carotid). Each point represents the mean value across the slices in each specified anatomical region for individual vessels, n=8 for B, I, and E 
and n=7 for C. Significance tested by Kruskal-Wallis test, *P=0.0310.
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Morphological Regions of Interest
The thickened intima (n=3) and the media (n=4) were identified 
and manually drawn on relevant DTI-registered H&E histology 
images (n=4 slices), Figure 1G. These morphological regions 
were then used to investigate DTI metrics and microstructural 
content between the registered histology and MR data in these 
2 morphologies present in the common carotid.

Statistical Methods
Statistical analysis was performed using GraphPad Prism 
(Version 8). All data were tested for normality using D’Agostino-
Pearson normality tests and equality of group variances with 
Brown-Forsythe ANOVAs. If the data did not pass normality 
(alpha=0.05) or had too small a sample size (n<8), nonpara-
metric tests were used. All normal data passed equal vari-
ances tests. For mean FA and MD in the different anatomical 
locations, the nonparametric Kruskal-Wallis test was used. 
Comparing healthy and diseased ROIs across the 8 vessels, 
unpaired t-tests were used as the data passed normality and 
equal variance tests. A 2-way ANOVA was used for investi-
gating differences between healthy and diseased ROIs with 
respect to anatomical location. Pearson correlations were used 

to determine the relationship between microstructural compo-
nents and DTI metrics. Correlation coefficients (r) below 0.3 
were considered a weak correlation, up to 0.7 a moderate 
correlation and above 0.7 a strong correlation.44 Last, non-
parametric Mann-Whitney tests were used when investigat-
ing morphological ROIs in the common carotids due to limited 
sample numbers (n=3 and 4). Statistical significance was con-
sidered when P<0.05.

RESULTS
DTI Metrics of Cadaver Carotids
Figure 2A shows 3D representations of the n=8 carot-
ids used in this study alongside the mean (Figure 2B) 
FA, and (Figure 2C) MD in each carotid for the whole 
sample (1 mean value per vessel). The mean FA 
between all vessels was 0.105±0.0511 and the mean 
MD was 0.00117±0.000292 mm2/s (both marked 
by dotted lines). Anatomical delineations of the com-
mon carotid, bifurcation, internal carotid, and exter-
nal carotid can be seen in 3D renders in Figure 2D. 

Figure 3. Representative healthy and diseased regions of interest.
A, One representative slice of common carotid with a blue mask conveying the healthy ROI. The dashed line in the 3D render shows the 
location of the slice. Representative H&E, Verhoeff’s and picrosirius red (brightfield and PLM) of healthy common carotid. Scale bars are 200 
μm. B, One representative slice of common carotid with a blue mask over the healthy ROI and the white mask over the diseased ROI. Similarly, 
representative histology of the various disease morphologies is shown. The asterisk marks where a calcification was. Scale bars are 1 mm. In 
the 3D renders, anatomical regions which are coloured (blue—common, red—bifurcation, yellow—internal, and green—external) are healthy ROIs, 
whereas grayed out regions are diseased. MR images are the non-diffusion weighted images.
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The mean FA and MD for all subjects (1 mean value 
per vessel, n=8 for the bifurcation, internal and exter-
nal, n=7 for the common) are presented in Figure 2E 
and 2F. The common (0.115±0.0499) had the highest 
anisotropy and was significantly higher (*P=0.0310) 
than that in the external carotid (0.0914±0.0392). The 
mean FA at the bifurcation was 0.104±0.0528 and 
0.106±0.0529 in the internal carotid. For MD no signifi-
cant differences were seen between anatomical regions 
(common: 0.00115±0.00006 mm2/s, bifurcation: 
0.00115±0.00005 mm2/s, internal: 0.00117±0.00003 
mm2/s, and external: 0.00125±0.00006 mm2/s).

All subjects included in this study showed varying 
signs of atherosclerosis despite the fact that cardio-
vascular disease was not implicated as a cause of 
death for any subject, see Figure S3. Histology was 
used to confirm healthy and diseased delineated 
regions for examination; however, it is important to 
remember this healthy tissue is aged. Figure 3 shows 
representative 3D renders of a vessel with both ana-
tomical and healthy and diseased regions shown. 
Figure 3A shows examples of healthy vessel wall his-
tology from the dashed line location in the 3D render. 
Figure 3B shows histology with various diseased mor-
phologies present.

Diseased regions, confirmed by histology as seen in 
Figure 3, were compared against healthy tissue. Fig-
ure 4A and 4D presents the mean healthy and diseased 
FA and MD values for each subject (n=8). The mean FA 
measured within healthy regions was 0.0996±0.0154 
while the mean FA diseased regions was slightly higher 
at 0.109±0.0123. The MD measured in healthy regions, 
0.00123±0.00009 mm2/s, was significantly higher 
(*P=0.0406) than that measured in diseased regions, 
0.00112±0.00008 mm2/s. When investigating healthy 
and diseased regions of interest based on anatomical 
location, there was a significance difference in (Fig-
ure 4B) FA based on anatomical location (*P=0.0136) 
and a significant difference between healthy and dis-
eased regions for (Figure 4E) MD (###P=0.0005). 
Different morphologies included in this diseased group-
ing can be seen in Figure S9 alongside representative 
MRI slices. Diseased regions were normalized by their 
respective healthy anatomical region per subject and 
normalized FA and MD values are presented in Fig-
ure 4C and 4F. Deviation from a value of 1 signifies how 
much the diseased tissue differs from healthy tissue in 
that specific region. For example, when looking at subject 
7 in Figure 4C all anatomical regions show a value > 
1—indicating that the FA was higher in diseased regions 
than healthy. The opposite is seen in subject 4. The nor-
malized MD values presented in Figure 4F are all below 
1, indicating that all diseased tissue, regardless of sub-
ject or anatomical location, had a lower MD value than 
the healthy tissue. Some subjects have < 4 anatomi-
cal regions presented in Figure 4C and 4F—indicating 

that the missing anatomical regions were either entirely 
healthy or diseased. Details can be seen in Table S1.

Quantitative Histology and DTI Metrics
DTI Metrics and Microstructural Components
DTI metrics and quantitative histology were investigated 
within the common carotids of 4 subjects. Figure 5 pres-
ents the strong and moderate correlations for FA in the 
first column (Figure 5A, 5C, 5E) and MD (Figure 5B, 
5D, 5F) in the second column against different micro-
structural components. Different rows correspond to 
the different clustering inputs: FA input is presented on 
the top row (Figure 5A and 5B), MD input in the middle 
(Figure 5C and 5D) and both FA and MD on the third 
row (Figure 5E and 5F). Detailed summaries of the Pear-
son’s correlations are presented in Tables 2 and 3 for 
FA and MD, respectively. Elastin content had a signifi-
cant and strong positive correlation with FA regardless 
of clustering input, rFA=0.7197 (P=0.0017), rMD=0.7970 
(P=0.0002), rFA+MD=0.7140 (P=0.0010). Similarly, elastin 
had a significant and strong negative correlation with MD 
with all inputs, rFA=−0.7996 (P=0.0002), rMD=−0.8266 
(P<0.0001), rFA+MD=−0.8030 (P=0.0002). Collagen 
content had a moderate correlation with both FA and 
MD regardless of input. GAG content had a moderate 
negative correlation with FA when FA and FA+MD were 
clustering inputs, rFA=−0.5551 and rFA+MD=−0.4649, 
respectively. Cell density was found to have a moder-
ate negative correlation with FA when FA and MD were 
clustering inputs, rFA=−0.4836 and rMD=−0.4453. Cell 
density had moderate positive correlations with MD for 
all inputs, rFA=0.3035, rMD=0.4823, and rFA+MD=0.4475. 
Weak to no correlations can be seen in Figure S6 and 
are detailed in Tables 1 and 2. Additionally, correlations 
between microstructural components can be found in 
Figures S7 and S8 and details of their Pearson’s correla-
tions in Tables S2 through S5.

DTI Metrics and Atherosclerotic Morphologies
DTI metrics between specific atherosclerotic morpholo-
gies were investigated using the registered histology. 
In 4 subjects, thickened intima was present in common 
carotids (n=3) and compared with the media (n=4). Fig-
ure 6A presents the media and thickened intima in a 
H&E cross section and the mean (Figure 6B) FA and 
(Figure 6C) MD for both regions as well as the (Fig-
ure 6D) cell density, (Figure 6E) elastin, (Figure 6F) 
collagen, (Figure 6G) GAG, and (Figure 6H) calcium 
content. While not significant, FA, cell density and elastin 
content were all higher in the vessel media than in the 
thickened intima and the MD was lower in the vessel 
media. Figure 6I shows the differences in total micro-
structural content between the 2 regions for elastin 
(black), collagen (red), GAG (blue), and calcium (beige). 
Cell density was excluded from total content in Figure 6I 
as it is a density unlike the other components which are 
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represented by a stained area fraction. The total stained 
area fraction of all components for thickened intima was 
94.59% and 98.26% stained for the media.

Tractography of Cadaveric Carotids
Tractography revealed varying degrees of microstructural 
alignment within each subject, shown in Figure 7. All sub-
jects showed some degree of circumferential alignment; 
however, some showed significant axial alignment and 
disorganisation, Figure 7G and 7H. Regions of advanced 
disease, such as calcifications, were colocalized with 
incoherent and non-continuous tracts in some subjects.

DISCUSSION
DTI Metrics of Cadaver Carotids
DTI has been used to investigate arterial tissue in both 
ex vivo25,26,28,45–47 and in vivo29 studies. Studies specifi-
cally investigating DTI metrics in human atherosclerotic 
tissue are limited. When investigating the potential of in 
vivo DTI, Opriessnig et al29 found a strong negative cor-
relation between FA and patient age, with a mean age of 
the 12 subjects being 38 years old. All subjects in the 
current study were above 70 years old and low anisot-
ropy was apparent across all carotids. The FA is sig-
nificantly lower in these aged samples than in previous 
studies investigating healthy porcine arterial tissue.25–27 
No subjects in this study died of cardiovascular disease; 

however, there were varying signs of atherosclerosis 
present for all subjects. While it is not possible to know 
for sure these subjects were asymptomatic, the signs of 
advanced disease present in most subjects combined 
with noncardiovascular-related CODs suggests it was in 
fact the silent progression of atherosclerosis. Based on 
percent stenosis alone, it is likely some of these subjects 
would have been recommended for an intervention; how-
ever, we know atherosclerosis was not the COD for any of 
the subjects. Vascular aging is characterized by the loss 
of arterial elasticity and reduced arterial compliance,48 
which may be an early cardiovascular risk indicator.49 The 
imbalance of microstructural components in the vessel 
wall, governed by elastin fragmentation, immune cell infil-
tration, cytokine accumulation and collagen deposition, 
coupled with chronic inflammation, dysregulation of cel-
lular homeostatic systems and senescence inhibits arte-
rial relaxation, changing the mechanical environment and 
ultimately allowing for atherosclerotic lesion progres-
sion.50 Therefore, it is possible that the significant drop 
in FA present in all subjects, regardless of anatomical 
location or healthy or diseased ranking, could be an early 
indicator for early vessel wall degradation.

When looking at the samples without considering the 
health of the tissue, a significant difference was found 
between the FA of the common carotid and external 
carotid. However, when healthy and diseased regions 
were delineated, the MD was significantly lower in dis-
eased areas. It is important to note that these diseased 
regions were nonspecific and included many different 

Figure 4. Diffusion tensor imaging metrics in healthy and diseased ROIs.
A, fractional anisotropy (FA) and (D) mean diffusivity (MD) in healthy (solid bars) and diseased (checkered bars) ROIs of each vessel, n=8, 
regardless of anatomical location. Significance tested by unpaired t-tests, in D. *P=0.0406. B, FA and (E) MD in healthy and diseased ROIs 
within specific anatomical locations. Significance was determined by a 2-way ANOVA, *P=0.0136 between anatomical locations for FA and 
###P=0.0005 between healthy and diseased regions for MD (n=7 healthy ROIs in the common, bifurcation and internal and n=8 in the 
external carotid; n=7 diseased ROIs in the common and internal carotid, n=8 in the bifurcation, and n=6 in the external carotid). Pairwise 
comparisons are non-significant. C, Normalized FA and (F) MD (diseased by healthy) for n=8 subjects. Missing bars mean the anatomical 
region was either completely healthy or diseased. Insert in F shows visual representation of the different anatomical ROIs in 1 vessel.
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morphologies, as evidenced in Figure 3 and Figure S3. 
While some atherosclerotic morphologies might show 
disorganization in the changing vessel wall, highly 
aligned fiber patterns either encircling, attached to and/
or pushed around calcifications have been seen.51 As 
seen in the normalized FA values (Figure 4C), there is 
no clear trend suggesting either specific microstructural 
changes or disease morphologies are present across all 
subjects. It is important to note this could be due to the 
averaging of opposing trends, hiding any healthy versus 
diseased specific effects. While outside the scope of the 
current study, it is possible that further identifying and 
classifying these diseased regions could highlight clearer 

trends between DTI metrics and specific morphologies. 
Figure S9 shows these qualitative differences. Ultimately, 
in the future‚ registration with histology including multiple 
disease morphologies would help answer this remaining 
question. Additionally, the MD was significantly lower in 
diseased compared with healthy regions. While previous 
work in arterial tissue has suggested that increased cell 
content contributes to a decreased MD,25 lipid has been 
shown to reduce diffusivity and is lower when compared 
with fibrous plaque tissue and vessel wall in vivo.52,53 The 
MD of healthy arterial tissue found in this study agrees 
well with previously reported values of normal carotid 
wall52 and the diseased MD falls between reported 

Figure 5. Correlation of microstructural components, determined by quantitative histology, and diffusion tensor imaging (DTI) 
metrics based on clustering input,
namely (A and B) fractional anisotropy (FA), (C and D) mean diffusivity (MD), and (E and F) FA and MD. DTI metrics and elastin content 
displayed strong correlations via Pearson correlations regardless of clustering input. Collagen, GAGs, and cell content showed moderate 
correlations with DTI metrics depending on clustering input. Weak correlations can be seen in Figure S6.
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values for lipid core and fibrous plaque.52 Histologi-
cal deformation prevented the registration of histology 
past the common carotid in this study; however, lipid rich 
cores can be seen in H&E-stained slices from diseased 
regions (Figure S9).

DTI Metrics and Microstructural Components
Following image registration and the use of an unsuper-
vised segmentation algorithm, a strong correlation was 
found between both FA and MD and elastin. Regardless 
of clustering input, there was a strong correlation with 

elastin. Elastin fragmentation is not only evident in vascu-
lar aging but also present in the earliest signs of athero-
sclerosis. Its complete depletion has previously shown a 
drastic impact on DTI metrics25; however, it was not fully 
understood the impact elastin had within physiological 
tissue conditions. From initial endothelial dysfunction 
to formation of atherosclerotic lesions, the extracellu-
lar matrix is drastically modified—of particular interest 
here are the elastic fibers.54 Elastin chains rarely turn-
over due to their stability and longevity, so any damage, 
such as proteolytic degradation from lipid and calcium 
deposits, tends to be irreversible. The quality and quantity 

Table 2. Summary of Pearson’s Correlations Between FA and Microstructural Components

 Input r 95% CI R2 P Value 

Elastin FA 0.7197 0.3482–0.8958 0.5179 0.0017*

MD 0.7970 0.4980–0.9266 0.6351 0.0002†

FA+MD 0.7410 0.3876–0.9045 0.5490 0.0010*

Collagen FA 0.3380 −0.1894–0.7141 0.1142 0.2004

MD 0.3829 −0.1393–0.7384 0.1466 0.1433

FA+MD 0.4339 −0.07875–0.7650 0.1883 0.0931

GAG FA −0.5551 −0.8240 to −0.08191 0.3081 0.0256‡

MD −0.2004 −0.6332–0.3279 0.04017 0.4567

FA+MD −0.4649 −0.7807–0.04008 0.2161 0.0696

Calcium FA −0.1628 −0.6093–0.3622 0.02649 0.5470

MD 0.06397 −0.4459–0.5425 0.004092 0.8139

FA+MD −0.08352 −0.5562–0.4300 0.006975 0.7585

Cell density FA −0.4836 −0.7899–0.01593 0.2339 0.0577

MD −0.4453 −0.7709–0.06467 0.1983 0.0839

FA+MD −0.2060 −0.6367–0.0.3227 0.04243 0.4441

FA indicates fractional anisotropy; and MD, mean diffusivity.
Significance: *P <0.01; †P <0.001; ‡P <0.05.

Table 3. Summary of Pearson’s Correlations Between MD and Microstructural Components

 Input r 95% CI R2 P Value 

Elastin FA −0.7996 −0.9276 to −0.5034 0.6394 0.0002*

MD −0.8266 −0.9380 to −0.5606 0.6832 <0.0001†

FA+MD −0.8030 −0.9289 to −0.5104 0.6448 0.0002†

Collagen FA −0.3216 −0.7049–0.2071 0.1034 0.2245

MD −0.3894 −0.7419–0.1371 0.1516 0.1360

FA+MD −0.4159 −0.7558–0.1006 0.1729 0.1091

GAG FA 0.2783 −0.2522–0.6802 0.07744 0.2956

MD −0.01048 −0.5036–0.4878 0.0001099 0.9693

FA+MD 0.1772 −0.3491–0.6186 0.03141 0.5114

Calcium FA 0.03007 −0.4727–0.5181 0.0009043 0.9120

MD −0.1261 −0.5852–0.3943 0.01589 0.6418

FA+MD −0.04391 −0.5281–0.4618 0.001928 0.8717

Cell density FA 0.3035 −0.2262–0.6947 0.09214 0.2531

MD 0.4823 −0.01759–0.7893 0.2326 0.0585

FA+MD 0.4475 −0.06189–0.7720 0.2003 0.0822

FA indicates fractional anisotropy; and MD, mean diffusivity.
Significance: *P <0.001; †P <0.0001.
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of elastin is a good indicator of vessel wall health, and 
therefore the strong correlation it has with DTI metrics is 
very promising. Furthermore, any pathologies associated 
with the focal loss of elastin, elastin synthesis, or altered 
turnover—such as Williams Syndrome,55 cutis laxa,56 or 
anuerysms54—may be promising, advantageous avenues 
for the application of DTI beyond carotid atherosclerosis.

Outside of the strong correlation with elastin content, 
moderate correlations were found between FA and col-
lagen, GAG content, and cell density when FA was used 
as a clustering input. As the elastin and collagen content 
decrease and GAG and cell content increase, the FA 
decreases (Figure 5A). While it seems clear that elastin 
content showed the most dominate correlation with DTI 
metrics when using k-means clustering segmentation, it 
did not identify known morphologies with decreased elas-
tin content—such as the thickened intima or lipid core. 
However, the combination of multiple microstructural 
components influenced measurable anisotropy. Collagen 
content and cell density both showed moderate correla-
tions with MD regardless of clustering input and were cor-
related with each other for all inputs. As the MD increased, 
collagen content decreased, and cell density increased. 
Additionally, while calcium showed no correlation with DTI 
metrics it did maintain a moderate negative correlation 

with collagen content. It has been shown that collagen 
type II content is significantly higher around calcifica-
tions57; however, the calcium content in this study signified 
calcium deposits, potentially preceding microcalcifications, 
rather than calcifications themselves. It appears that the 
unsupervised segmentation of DTI metrics for common 
carotids does not yield morphological regions and was 
instead highly correlated to elastin specifically. For exam-
ple, no regions identified the thickened intima (present in 
3 subjects)—with decreased cell and elastin content but 
increased GAG content. The relationships between the 
other microstructural components in these automatically 
segmented regions showed moderate correlations at best, 
furthering the conclusion that the clusters were driven by 
the strong relationship between FA, MD, and elastin.

DTI Metrics and Atherosclerotic Morphologies
After looking for fundamental microstructurally driven 
changes in FA and MD, distinct atherosclerotic mor-
phologies were investigated. In the aged common 
carotids, the only atherosclerotic morphology pres-
ent within the vessel wall was the thickened intima—
classified as an intermediate lesion, type III, in plaque 
development.58 While DTI metrics were not found to 

Figure 6. Morphological assessment 
of diffusion tensor imaging (DTI) 
metrics.
A, Registered histology informed the 
presence of the thickened intima (TI) 
and media (M) within the common 
carotids. Scale bar 300 um. B, Fractional 
anisotropy (FA) and (C) mean diffusivity 
(MD) in the media and thickened intima. 
D through H, Microstructural differences 
between the media and thickened intima. 
I, Collagen (red), elastin (black), GAGs 
(blue), and calcium (beige) parts of a 
whole for both thickened intima and 
media. Cell content was not included as 
it is a density rather than stained area 
fraction. Total area for thickened intima 
was 94.59% and 98.26% stained for the 
media. No significant differences were 
found (B–H) using Mann-Whitney tests; 
n=4 media and n=3 for thickened intima.
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be sensitive to individual microstructural changes out-
side of elastin (Figure 5; Tables 2 and 3), they seem 
to be sensitive to bulk microstructural changes in 
atherosclerotic morphologies, as evidenced in Fig-
ure 6. The decreased FA and increased MD in the 
thickened intima corroborates the strong correlation 
observed between elastin and these metrics and pre-
vious knowledge on the importance of cell content.25 
The decreased cell and elastin content characterize 
the thickened intima and are distinguishable from 
the vessel media. Cell content in this study was not 
investigated with respect to specific cell types, smooth 
muscle cells or macrophages, but the cell density in 
the thickened intima is comparable to that seen in type 
II lesions.20 There was an increase in GAG content that 
suggests that it’s possible these morphologies are an 
intermediate step between GAG rich fatty streaks,59 
type II, and type III lesions. While previous studies have 
used diffusion weighted imaging to identify advanced 
lipid necrotic cores,52,53,60 to the authors’ knowledge, 

this is the first to use DTI to identify early-stage ath-
erosclerosis in human carotid arteries.

Limitations
While the results of this study are promising, there are 
limitations to be considered. Most notably, the number 
of diffusion directions is at the lower limit and outside 
the optimal ratio of unweighted to weighted diffusion 
scans.61 Given the unexpected diseased nature of the 
subjects used in this study, it is possible the limited num-
ber of directions did not allow for an adequate repre-
sentation of the microstructural organization in areas of 
advanced disease. However, tractography results were 
able to show overall representations of organization, 
or lack thereof, for individual subjects. While the fixed 
nature of the carotids was ideal for the long scan times 
that come with 3D sequences and facilitated an in-depth 
look at the microstructure, it is worth commenting on 
the embalming process and possible variations in the 

Figure 7. Tractography of cadaveric carotid arteries.
Top row of A–H shows an axial view of the carotids, looking from the base of the common into the lumen towards the bifurcation and branches. 
Green-red tracts represent in-plane alignment (circumferential) while blue tracts are indicative of axial alignment.
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embalming of different subjects. The time from embalm-
ing to excising could not be controlled for; however, after 
excision all carotids were stored in PBS. Additionally, the 
extreme scan times in this study are not clinically fea-
sible; however, other studies have identified different DTI 
acquisition techniques which speed up acquisition.26,27,29 
While there is still work to be done on the clinical transla-
tion of this work, the authors think this study highlights 
the potential of this imaging technique for clinical use. 
Future work will focus on bringing this imaging method 
to more clinically relevant fresh tissue. It is also worth 
mentioning that dimensions of different plaque compo-
nents may change during embalming, freezing, and thaw-
ing. While the samples were never frozen, it is important 
to note that the phase properties of some cholesterol 
esters may alter between liquid and crystalline phases 
near body temperature.62 Specifically, for the liquid phase 
the melting point is 44 °C; however, typically in plaque 
tissue the presence of multiple different lipids lowers this 
melting temperature.63 All samples were stored at 4 °C 
and allowed to equilibrate to room temperature prior to 
scanning at room temperature (approx. 25 °C). All quan-
titative microstructural measures were taken from 2D 
histological slices and compared with 3D MRI volumes, 
but this was kept consistent across all samples. Lastly, 
between the registration of MR images and histology, 
there are distortions that occur in histological process-
ing, which could affect how accurately and precisely the 
histological slice can be registered to the MRI slice.64 
Additionally, this study did not look at inflammation his-
tologically; however, inflammation has been shown to be 
indicative of increased stress in coronary plaques5 and 
should be investigated in carotid plaques in the future.

CONCLUSIONS
In this work, human carotid arteries were imaged by 
ex vivo DTI and investigated as whole carotids, micro-
structurally and morphologically. An across-the-board 
low anisotropy was seen in all aged subjects highlight-
ing the potential for assessing vessel integrity prior to 
atherosclerotic lesion development. The MD showed a 
sensitivity to unspecific advanced regions of disease. 
Microstructurally, elastin content showed a strong cor-
relation with FA and MD when using unsupervised 
automatic segmentation regardless of clustering input. 
Lastly, early atherosclerotic features are distinguish-
able from the vessel wall by both FA and MD. Together, 
these different investigations point to the potential of 
DTI metrics as non-invasive biomarkers to identify ath-
erosclerotic characteristics in carotid arteries, at early 
onset and late-stage lesion development.
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