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ARTICLE INFO ABSTRACT
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The association between cerebral blood supply and cognition has been widely discussed in the recent literature.
One focus of this discussion has been the anatomical variability of the circle of Willis, with morphological dif-
ferences being present in more than half of the general population. While previous studies have attempted to

Hippocampus . classify these differences and explore their contribution to hippocampal blood supply and cognition, results have
Cerebral small vessel disease . . . . . . . . . .
cognition been controversial. To disentangle these previously inconsistent findings, we introduce Vessel Distance Mapping

(VDM) as a novel methodology for evaluating blood supply, which allows for obtaining vessel pattern metrics with
respect to the surrounding structures, extending the previously established binary classification into a continu-
ous spectrum. To accomplish this, we manually segmented hippocampal vessels obtained from high-resolution 7T
time-of-flight MR angiographic imaging in older adults with and without cerebral small vessel disease, generating
vessel distance maps by computing the distances of each voxel to its nearest vessel. Greater values of VDM-metrics,
which reflected higher vessel distances, were associated with poorer cognitive outcomes in subjects affected by
vascular pathology, while this relation was not observed in healthy controls. Therefore, a mixed contribution
of vessel pattern and vessel density is proposed to confer cognitive resilience, consistent with previous research
findings. In conclusion, VDM provides a novel platform, based on a statistically robust and quantitative method
of vascular mapping, for addressing a variety of clinical research questions.

1. Introduction (Schreiber et al., 2020). Consistent observations over time have ac-

knowledged blood supply abnormalities as a contributor to cognitive

The association between cerebral blood supply and cognition has
gained increasing interest in recent years. Given that the brain has lit-
tle to no energy reserve, a finely regulated blood supply is needed to
allow the brain to meet its metabolic demands, promote local neuro-
plasticity (Diizel et al., 2016), and clear metabolites such as p-amyloid

decline and dementia (Binnewijzend et al., 2016; Gorelick et al., 2017;
Leeuwis et al., 2018; Fouda et al., 2019).

Although the circle of Willis is the main cranial pathway of
collateral arterial circulation, in more than 50% of the popula-
tion, variations of the classical closed ring-like contour are present

Abbreviations: AChA, anterior choroidal artery; ADAScog, Alzheimer’s Disease Assessment Scale, cognitive subscale; aHC, anterior hippocampus; CAA, cerebral
amyloid angiopathy; CSVD, cerebral small vessel disease; PCA, posterior cerebral artery; PComA, posterior communicating artery; pHC, posterior hippocampus;
CoMD, center of mass distance; root-mean-squares, (RMS); ToF, time-of-flight; uB, uncal branch (AChA-independent); VDM, vessel distance mapping; VS-VDM,

vessel-specific VDM; wHC, whole hippocampus.
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(Krabbe-Hartkamp et al., 1998; Kapoor et al., 2008; Shubhangi, 2018).
Moreover, it has been also reported that 80% of dysfunctional brains
show variants in the circle of Willis, such as at least one missing or
underdeveloped artery (Devault et al., 2008). These findings are consis-
tent with research showing that these anatomical variations may affect
brain hemodynamics, thus impeding the ability to maintain cerebral per-
fusion, which in turn represents a potential cerebrovascular risk factor
with cognitive implications (Zhu et al., 2015; Pascalau et al., 2019).

As a core component of the medial temporal lobe, and with a critical
role in cognition, hippocampal perfusion, in particular, has been corre-
lated with structural integrity (Maass et al., 2015). Differences in arterial
supply have also been considered to be involved in the particular hip-
pocampal vulnerability to anoxia and degeneration (Uchimura, 1928;
Marinkovic et al., 1992; Davolio et al., 1995; Michaelis et al., 2012).
These findings have led to renewed interest in classifying vascular pat-
terns by using ex-vivo (Erdem et al., 1993) and in-vivo (Spallazzi et al.,
2019) techniques. While in-vivo assessment prevents potential bias due
to post mortem changes in arterial calibers (Hyodoh et al., 2012), for
a fully non-invasive depiction of the small vessels supplying the hip-
pocampus, the high-resolution capabilities of ultra-high field magnetic
resonance imaging (MR) are required (Spallazzi et al., 2019). Congru-
ent results between both ex- and in-vivo techniques have been obtained
according to the different involvement of two main vessels to nurture
the hippocampus: the posterior cerebral artery (PCA) and the anterior
choroidal artery (AChA).

Based on MR data obtained by high-resolution 7 Tesla (T) Time-of-
Flight (ToF) angiography (MRA), it has been shown that the previously
mentioned involvement of PCA and AChA presents different and subject-
specific qualitative vascular patterns in vivo (Spallazzi et al., 2019).
Moreover, it has been proposed that the presence of a mixed blood sup-
ply in the hippocampus (receiving branches from both PCA and AChA)
in comparison with a single supply (PCA only) is an advantage in several
cognitive domains when coexisting with cerebral small vessel disease
(CSVD). Furthermore, voxel-based morphometry showed higher ante-
rior hippocampal gray matter volumes in mixed supplied hippocampi
(Perosa et al., 2020). More recently, this binary classification (single
vs. mixed supply, also called “single vs. dual supply”) has been hypoth-
esized to exert diverse effects in brain structure. For example, differ-
ences in gray matter volume have been observed in the anterior hip-
pocampus and entorhinal cortex in relation related to these varied arte-
rial patterns, and further data show that total gray matter volumes are
greater in subjects having at least one mixed-supplied hemisphere. These
results indicate that different blood supply patterns could have struc-
tural implications even beyond the medial temporal lobe (Vockert et al.,
2021). Despite this however, no association between CSVD and hip-
pocampal vascularization patterns on gray matter volumes was iden-
tified (Vockert et al., 2021). Further complicating this question is the
possibility of pattern misclassification. Previous studies, for example,
have shown that common methodological constraints, such as motion
during scanning, can cause some arterial branches to fall below the de-
tection threshold, which is particularly problematic given the assump-
tion that variations in the contribution of different arteries do not nec-
essarily translate into an increased perfusion (Wiesmann et al., 2020).
Moreover, the heterogeneous configuration of the circle of Willis has
been described as going beyond merely that of the AChA and PCA (e.g.
fetal-like posterior communicating artery), a concern that should also be
taken into account (Gutiérrez, 2020). As a result, evidence to support
the hypothesis of whether a mixed hippocampal vascularization pattern
(accumulative involvement of AChA and PCA) conveys resistance nor
resilience against microvascular pathology, remains incomplete.

Given this controversial yet promising state of the art, Vessel Dis-
tance Mapping (VDM), with its data-driven approach to vessel patterns
and vessel density, provides a novel approach to assess vascularization
as a continuous metric instead of an expert decision-based binary clas-
sification. In this study, we have applied a novel VDM approach to com-
pare vascular density between (and assess the relationship to cognitive
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performance in) healthy controls and CSVD patients. We additionally
considered supplementary aspects of the circle of Willis, such as ves-
sel diameter and additional arteries, in order to develop a complemen-
tary, robust quantitative tool. Building on previous studies (Perosa et al.,
2020; Vockert et al., 2021), we applied this method to perform an in-
depth analysis of the vascular supply in the hippocampus and its relation
to cognition in healthy controls and CSVD subjects. For this purpose,
a comparison between VDM and vascular density was performed. Fur-
thermore, the internal correlation among the different VDM-metrics, as
well as their association with cognition will be described. Finally, the
question of whether this potential interdependence between VDM and
cognition varies between healthy subjects and subjects with cerebral
microvascular pathology (CSVD) will be addressed.

2. Materials and methods
2.1. Study population

All subjects provided written informed consent according to the Dec-
laration of Helsinki, and the study was approved by the local Ethics
Committee (93/17; 28/16). The study was performed using the same
cohort as the previously mentioned study of Perosa et al., which in-
cluded a total of 51 adults. Exclusion criteria included depression, as as-
sessed by the Geriatric Depression Scale (GDS), contraindications for 7T
MRI according to the current recommendations of the German Ultrahigh
Field Imaging Network (GUFI; https://mr-gufi.de), as well as unrelated
neurological pathologies demonstrable by performing physical exami-
nations and cerebrospinal fluid (CSF) analysis. The participants, aged
71 + 8.5 years (35% females), underwent a 3T MRI (MAGNETOM Verio
3T, Siemens Healthineers, Erlangen, Germany) in the context of a longi-
tudinal study led by the German Center for Neurodegenerative Diseases
in Magdeburg (Ethical Approval 28/16), in order to investigate CSVD
pathophysiology and its relation to cognition. Presence of CSVD was as-
sessed by a neurologist according to the STRIVE criteria (Wardlaw et al.,
2013), and patient inclusion was based on the identification of cerebral
microbleeds (CMBs) in lobar or deep or both locations. Of those, 20 par-
ticipants were diagnosed with CSVD, 8 fulfilled the modified Boston cri-
teria for a possible (n = 1) or probable (n = 7) cerebral amyloid angiopa-
thy (CAA), while the remaining subjects presented deep or mixed CMBs
and were classified as having hyperintensive arteriopathy (Linn et al.,
2010; Caetano et al., 2018; Scheumann et al., 2020). Most of the CAA
participants underwent a lumbar puncture and presented Alzheimer’s
disease (AD) CSF biomarkers available, to which we applied the ATN
classification scheme (Jack et al., 2016) according to locally established
thresholds: amyloid positivity (A) was analyzed by assessing CSF Af_4,
levels, tau positivity (T) with CSF phosphorylated-tau levels, and neu-
rodegeneration (N) with total-tau levels. While none of the participants
surpassed the thresholds for CSF tau- and neurodegeneration positivity,
there were 2 who scored A*(1 CAA and 1 non-CAA). Therefore, these 2
subjects presented probable AD pathological changes as a part of the AD
continuum. Conversely, we recruited healthy control participants from
an existing sample of cognitively normal old adults from the DZNE with
MRI scans providing iron-sensitive sequences. Those whose imaging did
not demonstrate CMBs/cortical superficial siderosis, nor a score above
1 on the Fazekas visual rating scale with respect to white matter hyper-
intensities, were classified as non-CSVD.

We applied a battery of cognitive tests, including Mini-Mental State
Examination (MMSE), Montreal Cognitive Assessment (MoCA), Clini-
cal Dementia Rating (CDR), California Verbal Learning Test II-German
version (CVLT-II), and Alzheimer’s Disease Assessment Scale-cognitive
subscale (ADAS-cog) to all participants. According to both CDR and
MMSE, all control participants and 10 CSVD subjects were classified
as cognitively normal, 9 CSVD as mild cognitively impaired (0 < CDR
< 1; 22<MMSE < 26), and 1 fulfilled the criteria for mild dementia
(CDR = 0.5, MMSE = 18). No severe dementia was found in any of the
subjects (CDR > 1, MMSE < 18).
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Furthermore, we acquired 7T arteriographic images (ToF MRA) data
from each participant. We analyzed the configuration of the circle
of Willis in each hemisphere and participant, in order to determine
the number of variants found in the posterior communicating artery
(PComA), AChA, and PCA. Participants exhibiting variance in these ar-
teries that could potentially lead to hemodynamic changes large enough
to alter the comparability within the sample were excluded (n = 7). The
number of these variants and their respective types are detailed in the
results section, as well as in the supplementary material. A further par-
ticipant was excluded due to a high incidence of severe head motion
during scanning, as were two participants with incomplete cognitive
data (n = 2). As a result, the final sample size was 41 subjects, aged
70.4+ 8.6 years (41.5% females). Among them, 15 participants aged
69.3 + 9.4 years (40% females) were classified as CSVD. Further infor-
mation regarding study population and scanning protocols can be found
in Perosa et al. (2020).

2.2. Arterial segmentation

We scanned all participants with a 7 T MR scanner (Siemens 7 T Clas-
sic, Siemens Healthineers, Erlangen, Germany). The protocol included
a ToF angiography with 0.28 mm isotropic resolution and sparse ve-
nous saturation (Mattern et al., 2018). In brief, the ToF protocol was:
echo time/repetition time: 4.59/22 ms; 23° flip angle, bandwidth of
130 Hz/pixel; FoV of 200 x 175x mm with 5 slabs, each 13.44 mm
thick and 25% overlap; GRAPPA factor 3, 32 reference lines; acquisition
time 18:38 min. The origin of the slab was set at the bottom of the hip-
pocampus and extended approx. 5 cm in the dorsal direction, allowing
depiction of the circle of Willis and the hippocampal arteries. Further-
more, structural data were acquired to enable hippocampal segmenta-
tion by using FreeSurfer 6.0 (https://surfer.nmr.mgh.harvard.edu) and
Automatic Segmentation of Hippocampal Subfields software (ASHS,
https://sites.google.com/site/hipposubfields/). While for FreeSurfer,

Neurolmage 274 (2023) 120094

Fig. 1. Three-dimensional rendering of the segmented arteries
and hippocampus. In the presented depictions, arteries change
color as they enter the hippocampal mask.

A: Hemispheric segmentation of a subject including the hip-
pocampal mask (red), AChA (orange), PCA (green), and
PComA (blue). Of note, hippocampal blood supply would be
classified as mixed. B: Segmentation of a single supplied hip-
pocampus: AChA remains without penetrating the hippocam-
pal mask. C: Segmentation of a subject in which an AChA-
independent uncal branch (uB, violet, next to AChA and aris-
ing from the middle cerebral artery) was found, besides the
aforementioned vessels. D: Hemispheric segmentation result-
ing from a fetal-type PComA variant: hypoplastic P1 seg-
ment (PCA) with comparatively larger and more predominant
PComA.

AChA= Anterior Choroidal Artery; PCA= Posterior Cerebral
Artery; PComA= Posterior Communicating Artery, uB= AChA-
independent uncal branch.

whole hippocampal masks were used, ASHS sub-parcellation into ante-
rior and posterior hippocampus was applied, in order to compare both
sets of masks. Per participant, we transformed all masks into ToF space
after co-registration of the structural data to the ToF images, and visual
inspection ensured proper alignment between the masks and the ToF
images.

Subsequently, we used the Multi-Image Analysis GUI software
(Mango, http://ric.uthscsa.edu/mango/) to overlay the hippocampal
masks onto their respective ToF-images, and we performed manual ar-
terial segmentation in each hemisphere. If depicted in the images, the
following four arteries were delineated and labeled per hemisphere in-
dividually (Fig. 1):

- Anterior Choroidal Artery (AChA): Segmentation included the
AChA’s origin at the internal carotid artery and its course within
the parahippocampal gyrus to its entry into the choroidal plexus, as
well as any of its branches (see Fig. 1, orange label).

Posterior Cerebral Artery (PCA): Segmentation began in the PCA’s
origin as the terminal branch of the basilar artery, and included the
main trunk in its course from basilar towards occiput, as well as all its
branches supplying the temporal lobe. Segmentation was performed
along P1 (pre-communicating segment), P2 (post-communicating
segment), and P3 (quadrigeminal segment) until P4 (cortical seg-
ment), at the division of the medial occipital artery into the occipito-
temporal and calcarine branches (see Fig. 1, green label).

Posterior Communicating Artery (PComA): Segmentation along its
entire length from the internal carotid artery to the PCA, including
any lateral branch (see Fig. 1, blue label).

AChA-independent uncal branches (uB): Segmentation along their
entire length (see Fig. 1, violet label), as long as they did not consti-
tute any penetrating branch, which has been described to be not re-
lated to the medial temporal lobe (Fernandez-Miranda et al., 2010).
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Fig. 2. VDM workflow. Simplified pipeline and metrics overview. Hippocam-
pal single (PCA, purple) and mixed (AChA, blue + PCA) supply patterns are
illustrated.

AChA= Anterior Choroidal Artery; CoMD= Center of Mass; PCA= Posterior Cere-
bral Artery; VDM= Vessel Distance Mapping; VS-VDM= vessel-specific VDM.

Each segmented artery (main trunk and branches) was assigned a
distinct numerical label, in order to guarantee subsequent identification
during VDM processing. Finally, the areas within and surrounding the
hippocampal masks were inspected a posteriori to ensure that no arteries
in or around the hippocampus remained unsegmented, as much as the
aforementioned 7T ToF spatial resolution permitted. Further informa-
tion regarding the mentioned manual segmentation can be found in Fig.
S2.

2.3. Vascular assessment and vessel distance mapping (VDM)

Inspired by previous studies assessing vasculature with respect to its
surrounding anatomy by using distances (Haast et al., 2021; Bause et al.,
2020; Huck et al., 2019; Bernier et al., 2018), we termed our approach
as Vessel Distance Mapping (VDM) (Mattern et al., ESMRMB 2020;
Mattern, ESMRMB 2021, ISMRM 2021). Based on vessel segmentation,
VDM computes for each voxel the distance to the closest vessel using
the Euclidian distance transform. Hence, the binary, sparse vessel seg-
mentation is effectively interpolated, providing a local estimate of the
distance to the next surrounding vessel. In contrast, conventional vessel
density is computed as the ratio of segmented vessel volume within a
region-of-interest (ROI) to the ROI volume itself. Hence, vessel density
inherently compresses the regional vascular information into a single
number and only considers the relative vessel volume, but not the vas-
cular pattern. With VDM, patterns are approximated by vessel distances,
and the following VDM metrics were assessed in this study (Fig. 2):

- Global VDM calculates for each voxel how close the nearest vessel is
in millimeters. Therefore, global VDM is a proxy for vessel density
but also considers vascular spatial patterns. To find the nearest ves-
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sel, global VDM considers all segmented vessels. Hence, the nearest
vessel is found regardless of its origin (i.e. AChA or PCA).
Vessel-specific VDM (VS-VDM) computes VDM considering each ves-
sel’s origin (e.g. AChA) individually. Similar to global VDM, VS-VDM
calculates, for each hippocampal voxel, how close the nearest vessel
is in millimeters, taking into account that nearest vessel is specific to
the AChA or PCA. Therefore, VS-VDM provides more sensitivity with
regards to vascular patterns, as distance maps regarding AChA and
PCA are computed individually. To combine both maps into a single
map, the root-mean-square (RMS) is computed per voxel. Instead of
a pure average, RMS is used to penalize long distances. Thus, instead
of a binary classification into “single” or “mixed” hippocampal sup-
ply, VS-VDM summarizes the closeness and density of both supplying
vessels with respect to the hippocampus, into a single, real-valued
number:

VS — VDM = \/ VDM pcpa” + VDMpcy?
2

Center of mass distance (CoMD) was calculated individually for PCA,
AChA, and hippocampus. The position of each structure is described
by a single point in 3D space, defined by each structure’s center
of mass, which is in this study equivalent to the center of vol-
ume (homogeneous density). For combining these points into a sin-
gle number, the distances between AChA-hippocampus (d,) and
PCA-hippocampus (d,) are computed in millimeters and combined
by RMS:

d\? +d,?
CoMD = _—
2
- CoMD represents the computed distances between the hippocam-
pus and AChA’s and PCA’s respective main trunks. To reduce an ex-
cessive sensitivity towards small vessels, the PCA segmentation is
pruned before computing the CoMD, to permit that the computed
number represents the position of PCA’s main trunk, since most of
the PCAs were much more highly branched compared to AChA. As
a consequence of pruning, sensitivity to vascular density is attenu-
ated, and CoMD estimates the proximity of AChA and PCA to the
hippocampus.

The VDM workflow is shown in Fig. 2. Further, the metrics’ sensitiv-
ity towards the detected vessel volume and the present supply pattern
(single or mixed) is illustrated. Global VDM is designed to be sensitive
to overall detected vasculature irrespective of its supply origin, while
CoMD should be insensitive to the vascular density and only reflect the
proximity of the AChA and PCA to the hippocampus. VS-VDM values are
sensitive to the proximity and density of AChA and PCA, respectively.

In addition to these three VDM metrics, we computed, per hemi-
sphere, conventional vessel densities and the average PComA and AChA
radii. For the vessel radii, the centerline of the vessel segmentation was
estimated (skeletonization). Subsequently, for each centerline voxel the
shortest distance to the vessel boundary was computed using the Eu-
clidian distance transform. Finally, the radius estimates of all centerline
voxels were averaged.

2.4. Statistical analysis

2.4.1. Correlation of vessel density and VDM metrics within the
hippocampus for ASHS vs. FreeSurfer masks

Hippocampal segmentation is subject to imperfections. To minimize
bias that hippocampal masks may introduce, we estimated the average
vessel densities, global VDM, VS-VDM, and CoMD for both the ASHS and
FreeSurfer-derived masks. Using Pearson’s correlation coefficient, the
intra-metric correlations for both mask sets were computed, assuming
that if the bias induced by the mask used is low, the metric estimates
for ASHS and FreeSurfer-derived masks should correlate.
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2.4.2. Relationship between metrics and cognition

We assessed the hypothesized relationship between vessel metrics
and cognition with linear regression models. Each metric of interest
refers to the mean value of that metric for the bilateral hippocampus.
Sex, age, CSVD status, and years of education were included as covari-
ates in the model. For each cognitive test-vessel metric combination, the
interaction term of vessel metric and CSVD status, p-value, and R? are re-
ported. Additionally, p-values were Bonferroni-corrected to account for
multiple testing (N = 6; 3 VDM-metrics for each cognitive test: MoCA
and ADAS-cog).

This study focused on the results of ADAScog and MoCA. With re-
spect to these, MoCA results presented considerable ceiling effects. As
a result, regression quality (represented by R%) was lower than regres-
sion with ADAScog. Hence, the focus of our subsequent analyses lies on
ADAScog score as a cognitive measure. Results and plots correspond-
ing to MoCA test outcomes, as well as the results considering addi-
tional measures of cognition, are shown in the supplementary mate-
rial (Fig S1). Furthermore, to supplement understanding of the asso-
ciation among different variables used in the analysis, we calculated
correlations for all possible pairs of variables. These included the four
covariates, the 17 assessed vessel metrics and the hippocampal vascu-
larization pattern (HVP), which distinguishes participants in which both
hippocampi are solely supplied by the PCA from participants with addi-
tional hippocampal blood supply via the AChA, as assessed previously
(for details see Perosa et al., 2020) resulting in 231 correlation pairs.
However, it is important to note that for 4 of the 41 subjects an HVP
rating was not available, since a reliable classification of the HVP had
not been possible due to vessel pulsation and/or head motion. In details,
for these 4 subjects, it was not possible to identify if hyperintense voxels
inside the hippocampus and in close proximity to the AChA represented
true uncal branch of the artery or image artifacts. Hence, no reliable
classification of the HVP (i.e. presence of AChA uncal branch reaching
the hippocampus) was possible (Perosa et al., 2020). Nevertheless, the
main trunk of the AChA as well as the PCA and its branching was visible
and VDM-metrics were computed to increase the sample size. Pairwise
correlation coefficients were always calculated on the full available sam-
ple, i.e. 37 subjects for all correlations involving the HVP and 41 subjects
for all other pairs.

2.4.3. Models: importance of VDM-metrics for cognition

To evaluate the relation of the vessel metrics and cognition and es-
timate which metric is most strongly related to cognitive outcomes, we
compared multiple linear regression models, of the same format as de-
scribed above. To that end, the previous analysis was extended using
additional metrics and hippocampal sub-regions (e.g. anterior vs. pos-
terior masks). ADAScog scores were used as the outcome variable. For
each model, one of the following metrics and their interaction term with
the CSVD status was considered to predict the test score: vessel densi-
ties, global VDM, VS-VDM, CoMD for whole, anterior, and posterior hip-
pocampus, respectively; AChA and PComA radii, respectively; as well
as anterior and posterior hippocampal volumes and whole hippocampal
volume. The main effect of CSVD was also considered. As in the pre-
vious assessment, each metric was averaged bilaterally, and age, sex,
CSVD status, and years of education were used as covariates. As shown
previously in cross-sectional studies (Perosa et al., 2020; Vockert et al.,
2021), if for a participant one or both hemispheres showed a mixed
hippocampus supply, i.e. both AChA and PCA contribute, better cog-
nitive performance across several cognitive domains as well as greater
total gray matter volumes were observed compared to participants with
both hippocampi supplied by the PCA only (single supply). Hence, given
the significant correlation across hemispheres, bilateral estimates were
averaged (see supplementary material). Further, by bilaterally averag-
ing the VDM metrics per subject, correlation with cognition scores (ob-
tained per subject) was enabled. The explained variance above a base-
line model with only covariates allowed a ranking of the aforementioned
metrics, and this ranking was used to achieve an approximate compari-
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son of relevance of each metric for cognition. To enable an assessment
of the VDM metrics together with the HVP, the supplementary material
also includes a section with the same interaction models (plus one for
the HVP) in the sample of the 37 participants with HVP. Further, we
present an additional approach in the supplementary that takes into ac-
count all variables at the same time while enforcing sparsity based on
automatic relevance determination.

2.4.4. Data availability
The data that support the findings of this study are available from
the corresponding author upon reasonable request.

3. Results

3.1. Hippocampal-focused variations in the configuration of the circle of
Willis

A flow chart of the enrolled study population with variations consid-
ered in the configuration of the circle of Willis, as well as participants
included in the statistical analysis can be found in Fig. 3. Additional
information is included in Table S1.

From a total of 51 7T-MRI-ToF scanned participants, PComA was
found to be absent/severely hypoplastic in 30 participants (n = 9 bi-
laterally, n = 21 unilaterally), among whom 10 were diagnosed with
CSVD. Among the latter, 60% (n = 6) corresponded to participants with
bilateral absence/severe hypoplasia of PComA. In turn, 78% of partici-
pants with absence/severe hypoplasia of PComA (n = 7) were classified
as having CSVD. Conversely, 21 participants showed the classical con-
figuration: a closed ring-like circle of Willis (PComA present in both
hemispheres).

Additional observed variants were fetal-like PComA (n = 5), PCA’s
unilateral absence without PComA’s compensation (n = 1), and the ap-
parent involvement of the superior cerebellar artery in the region of
interest (n = 1), all of which were excluded from the statistical analysis
due to their potential confounding influence in our relatively small sam-
ple. Participants whose images presented intense motion artifacts that
reduced the confidence of the arterial segmentation (n = 1) or with-
out available cognitive results (n = 2) were excluded as well. There-
fore, 10 participants were excluded from the subsequent data analysis.
As a result, 41 participants were included for the statistical analyses,
considering cognition, covariates, vessel radii, and VDM-metrics as pro-
vided by the segmentation of PCA, AChA, and PComA. Unilateral AChA-
independent uncal branches (uB) close to the hippocampus were found
only in 5 participants, all of them arising from the internal carotid. No
bilateral supply through these vessels was found. Due to its reduced
sample size, uB was not considered in the VDM evaluations.

3.2. Intra-metric correlations: ASHS vs. FreeSurfer hippocampal masks

To assess possible effects of hippocampal mask bias on vessel met-
rics, for each metric individually, vessel densities and the three pre-
viously described VDM metrics obtained for ASHS masks were corre-
lated with those obtained with the FreeSurfer masks. For vessel den-
sities, we observed a Pearson’s correlation coefficient of 0.34 (pgyns-
value = 0.0024). Hence, vessel density estimates computed for differ-
ent hippocampus masks correlate only slightly with each other. There-
fore, over- or underestimation of the hippocampal volume, depending
on the mask used, could induce considerable bias in the computed vessel
densities, reducing the metrics’ robustness. Conversely, the intra-metric
correlation showed strong (Pearson’s correlation coefficient r>0.9) and
significant (pg,,s<0.001) values for the global VDM (r = 0.90), VS-VDM
(r = 0.94), and CoMD (r = 0.92).
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Fig. 3. Simplified flowchart of the enrolled
study population regarding variants and ex-
cluded subjects.
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3.3. Correlation among metrics

An overview of all correlations is shown in Fig. 4 and the exact r
values of all 210 metric pairs can be found in the supplementary along
with their p-values.

When correlating different metrics within the same region of inter-
est (ROI), estimates for VS-VDM and CoMD correlated with each other
for the whole (r = 0.8499), anterior (r = 0.7790), and posterior hip-
pocampus (r = 0.8184), respectively. Furthermore, VS-VDM correlated
notably with global VDM values for the whole hippocampus (r = 0.7092)
and anterior hippocampus (r = 0.5268), while correlations for CoMD vs.
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Fig. 5. Correlation between cognitive status (ADAScog scores) and VDM metrics (cognitive status vs. mean global VDM; cognitive status vs. mean VS-VDM; cognitive

status vs. CO MD).

The sample was divided between controls (blue) and CSVD (red). The p value refers to the (Bonferroni-adjusted) p value of the interaction term between CSVD and
the respective VDM metric in the corresponding linear regression model, R? values to the whole model.
ADAScog= Alzheimer’s Disease Assessment Scale-Cognitive Subscale; CoMD= Center of Mass Distance; VDM= Vessel Distance Mapping; VS-VDM= vessel-specific

VDM.

global VDM only exceeded 0.5 for the anterior hippocampal estimates
(r = 0.6378). When considering the same region of interest (e.g. whole,
anterior, or posterior hippocampus), correlation of vessel densities with
other metrics never exceeded 0.5. Therefore, the observed correlations
were strongest for intra-metric (same VDM-metric across different ROIs)
comparisons, while inter-metric correlation was strongest for VS-VDM
vs. CoMD. The volumes of the anterior (aHC) and posterior hippocam-
pus (pHC) were also correlated in this cohort (r = 0.6853). In turn,
the volume of the whole hippocampus (WHC) showed high correlations
with aHC volume (r = 0.9455) and pHC volume (r = 0.8851). Regarding
VDM-metrics, CoMD in the wHC was also highly correlated with CoMD
in the pHC (r = 0.8851). Correlation of a reported metric and the co-
variates (age, sex, education, and CSVD status) exceeded 0.5 only for
the pair of HVP and years of education (r = 0.5026; see Fig. 4). Further
information about the correlations can be found in the supplementary
material.

3.4. Association of VDM-metrics with cognition

In order to assess the relationship between three VDM-metrics and
cognitive performance cognition, the previously described linear regres-
sion models were applied. Due to the aforementioned bias towards the
hippocampal mask, vessel densities were omitted.

Fig. 5 suggests that the observed increased values of CoMD, global,
and VS-VDM for the whole hippocampus were related to higher
ADAScog scores (worse cognitive outcomes) for CSVD subjects, while
no such association can be observed in healthy controls. As a surro-
gate for resilience, we assessed the interaction term of CSVD status and
the metric of interest, resulting in a significant interaction with CoMD
(R2=0.7429; ppone-value = 0.0026). The R? value indicates that the
model explained 74.29% of the ADAScog score’s variance. The explained
variance for the global VDM was slightly lower, but retained statistical
significance (R?=0.7248; interaction effect: pp,,¢-value = 0.0106). For
the VS-VDM, the interaction term did not meet a statistically significant
threshold (pg.ne-value=0.118), while still, however, yielding a consid-
erable R2-value (0.6656).

The same analysis was performed for the MoCA score (Supplemen-
tary Material). The overall explained variance was lower (52-58%) and
only the interaction of CSVD status with CoMD showed a strong trend
after correcting for multiple testing (pg,ne-value = 0.0701). Arguably,
the observed ceiling effects in the MoCA score may have contributed to
this reduction in the explained variance, suggesting the ADAScog as a
more suitable test for the regression model comparison.

To provide the reader with a more complete picture, the same scatter
plots for the MMSE and CVLT can be found in the Supplementary Mate-
rial. However, please note that the scores of all four cognitive tests are
highly correlated (r > 0.75 or r < —0.75). We further conducted a sup-
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Fig. 6. Importance ranking of vessel- and VDM-metrics. The metrics are ranked by the amount of additional variance in ADAS-cog scores they explain above the
baseline model. Baseline model contained age, sex, education years, and CSVD status as covariates. Full models each contained an additional term for the metric and

for the interaction of the metric with CSVD.

AChA= Anterior Choroidal Artery; aHC= anterior hippocampus; CoMD= Center of Mass Distance; PComA= Posterior Communicating Artery; pHC= posterior hip-
pocampus; VDM= Vessel Distance Mapping; VS-VDM= Vessel-Specific VDM; wHC= whole hippocampus.

plementary analysis for the ADAScog and MoCA excluding participants
more than 3*SD from the mean of a given metric (see also Supplemen-
tary Material).

3.5. Ranking of vessel- and VDM-metrics

With the aim of addressing the specific importance of the esti-
mated vessel- and VDM-metrics, we performed regression models with
ADAScog as the outcome variable, including the vessel metrics, their
respective interaction with the CSVD score, and the other aforemen-
tioned covariates. Thus, the cognitive score was predicted with a model
including the covariates (fixed term), the variable of interest (chang-
ing term) and its interaction with CSVD. Results obtained from these
models, which changed according to the variable of interest, allowed
us to estimate the differing impact of each variable on cognition, when
compared with a baseline model (which merely included the four co-
variates). Therefore, models were ranked by the amount of explained
variance to estimate their relevance for predicting the cognitive out-
come. The results are shown in Fig. 6.

The R2 for the baseline model was 0.5881, while the full model in-
cluding the bilaterally averaged CoMD in the whole hippocampus re-
turned the highest R? with 74.29% of the ADAScog’s variance explained
(considering covariates, CoMD, and the interaction of CoMD and CSVD
status). Comparing the percentages obtained according to the R? val-
ues only for vessel metrics per region of interest (anterior, posterior,
and whole hippocampus, respectively) provided the following ranking:
1. CoMD (73.08%, 68.58%, 74.29%), 2. global VDM (69.01%, 67.63%,
72.48%), 3. VS-VDM (66.17%, 64.48%, 66.56%), and 4. vessel density
(64.70%, 59.95%, 64.37%).

Whole hippocampal scores explained more variance in cognition
than anterior hippocampal scores. Moreover, anterior hippocampal es-
timates explained more variance than the posterior ones. In addition,
the anterior hippocampal volume returned higher percentages than the
posterior volume (62.05% vs. 60.47%) while only three other metrics
returned a lower R?: wHC volume, PComA radius, and posterior ves-
sel density. In contrast, bilateral AChA radius also returned one of the

o

highest R? with 72.63%, compared to its counterpart (59.72% for the
bilateral PComA radius, second lowest R2).

The distance between the center of mass for the two supplying
branches (AChA and PCA’s main trunk) to the hippocampus was the
metric explaining the highest variance in cognition, followed by the
AChA radii and the global hippocampal VDM, respectively. In contrast,
posterior-specific measures returned lower R? values relative to their
anterior or whole hippocampal counterparts. Interestingly, hippocam-
pal volumes explained less variance than the VDM-metrics, showing a
predominance of vessel-metrics over structural MR measures.

Additional comparisons of interaction models including HVP as well
as an automatic relevance determination to jointly model all metrics are
presented in the supplementary material. Overall, all model approaches
showed similar trends and agreed on the high relevance of CoMD to pre-
dict cognition. Differences in the ranking of the metrics are likely caused
by model-specific selection criteria (i.e. sparsity enforced by the auto-
matic relevance determination) and different sample sizes (i.e. n = 37 for
the models with HVP). Comparisons in the supplementary material in-
dicate the previously introduced expert-based HVP rating provides com-
plementary information to the here presented VDM approach, requiring
follow-up investigations. Detailed discussion of the results and ranking
obtained for all modeling approaches is provided in the supplementary
material.

4. Discussion

In this study, we investigated different arterial parameters involved
in hippocampal blood supply and their potential correlation with cog-
nition in a cohort of older adults using a novel vessel distance map-
ping (VDM) approach. To our knowledge, this work is the first in which
hippocampal vascularization patterns were assessed in vivo with con-
tinuous metrics instead of binary classifications previously described in
the literature. To that end, this VDM framework provides an in-depth
analysis of the vasculature detected in high resolution imaging, and ad-
ditionally considers previously overlooked vessels (initially PCom and
AChA-independent uncal branches) and hippocampal subregions. With
the proposed analysis, we addressed the question of whether different
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vessel metrics are related to cognition and which of these metrics is the
most relevant for explaining variance in cognition. Thus, we assessed the
relevance of vascular patterns, vessel density, and vessel radii for poten-
tial cognitive resilience mechanism. As a result, our approach of using
both structural MR images and VDM allows the non-invasive investiga-
tion of the interdependency between brain vasculature and cognition.
Further, by combining VDM-derived metrics with multi-label vessel seg-
mentation (Dumais et al., 2022) a fully automatic vessel pattern assess-
ment could be realized in the future.

4.1. Vascular patterns, VDM, and cognition

The hippocampus as a critical and highly interconnected hub that
contributes to fundamental cognitive domains such as perception, nav-
igation, and episodic memory (Zeidman et al., 2016; Lisman et al.,
2017; McDonald et al., 2017). It is also positioned as an interface
between the anterior (originating from the carotid artery) and poste-
rior (vertebrobasilar) circulation systems deploying the circle of Willis
(Erdem et al., 1993; Tatu et al., 2014). We hypothesized, given recent
findings (Perosa et al., 2020; Vockert et al., 2021) that arterial variations
in this area, which transcend sex and ethnicity (Eftekhar et al., 2006;
Hashemi et al., 2013; Hindenes et al., 2020) and are present in over half
of the general population (Fisher, 1965; Kapoor et al., 2008; Jones et al.,
2021) would result in variation in cognitive outcomes. Furthermore,
these variations have been associated with numerous cerebrovascular
diseases (Chuang et al., 2008; Silva Neto et al., 2012; Henry et al.,
2015), as the symmetric anastomotic arterial network of a closed ring-
like circle of Willis has been proposed to provide a collateral circula-
tion that assists in the prevention of brain transient ischemia and stroke
(Hoksbergen et al., 2000a, 2003; Karatas et al., 2015; Pascalau et al.,
2019). In this context, findings show that most anatomical variation
occurs in the posterior part of the circle of Willis, specifically in the
PComA, where hypoplasia is the most common finding (Kapoor et al.,
2008; Karatas et al., 2015). Since standard and bilateral conservation of
the posterior circulation in the circle of Willis has been linked to mem-
ory function (Barba et al., 1997; Zijlmans et al., 2012; Altinbas et al.,
2014), arterial radii were included in this work. Accordingly, in order to
ascertain the role that PComA radius might play as a key collateral path-
way between the two possible sources (AChA and PCA) of hippocampal
blood supply in our sample, its average values were included. However,
this resulted in the second lowest amount of explained variance for pre-
dicting cognition, according to ADAScog outcomes. Moreover, there was
no observed correlation with the hippocampal volumes, nor with VDM
metrics. In contrast, AChA radius was one of the variables that explained
the greatest amount of variance in cognition, and showed higher cor-
relations with VDM metrics. This phenomenon reaches a maximum for
global VDM, which, in turn, shows significant correlations with VS-VDM
and with CoMD in the hippocampus, with the latter being the most rel-
evant factor for explaining variance in ADAScog results. Furthermore,
interaction model comparison (full sample, n = 41)and automatic rel-
evance determination showed that VDM metrics in more posterior re-
gions of the hippocampus were less relevant for predicting cognitive
outcomes, which is consistent with observations that higher anatomi-
cal variability in the hippocampal vascularization is more anterior, as
AChA’s contribution is greater than the PCA’s (Spallazzi et al., 2019).
The overall trend across all model approaches indicated CoMD of the
whole and anterior hippocampus as the most relevant metric. Only the
interaction models with HVP (n = 37) assigned slightly higher relevance
to the whole and posterior global VDM (less than 2% increase com-
pared to CoMD), likely caused by the subsample used. The tendency of
a lower cognitive association when considering the posterior hippocam-
pus (dominantly supplied by PCA), combined with the relevance of met-
rics sensitive to the AChA (e.g. CoMD and AChA radius), suggests that
arterial supply patterns are relevant for cognitive function only when
coexisting with CSVD. Hence, a pattern-based resilience mechanism ap-
pears to be plausible.
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Global VDM computes the minimal distance between a voxel and
its closest vessel, which quantifies the overall detected vasculature in
and surrounding the hippocampus. This VDM-metric seems to be of rel-
evance as well (relevance rank compared to other metrics depends on
the modeling approach and sample size used). In addition to the clas-
sical concept of vessel density, global VDM is highly sensitive to the
number of detected vessels. However, and unlike classical vessel densi-
ties, an AChA close to, but not entering the hippocampus, will decrease
global VDM estimates in the anterior hippocampus. Hence, global VDM
(vessel density surrogate), VS-VDM (arterial AChA-PCA-dependent sup-
ply patterns), and CoMD (revealing distances among the hippocampus
and AChA’s and PCA’s respective main trunks) have varying sensitivity
in different aspects of the detected vessel trajectories. In this cohort, we
report that a mixed contribution of vascular supply pattern and vessel
density is suspected to contribute to resilience (Montine et al., 2019;
Stern et al., 2019) in CSVD, particularly as we observed that increased
values of CoMD, global-VDM, and VS-VDM (reflecting longer distances
among the arteries) correlated with higher ADAS-cog scores for CSVD
(poorer cognition). In contrast, we did not observe such an association
in our healthy controls. These findings raise the question of whether the
presence of PComA would also play an essential role in the presence of
vascular pathology in specific locations, e.g. the internal carotid (spe-
cially at segments that are more proximal than C4) or the proximal PCA.
In this context, the finding that a majority of participants who presented
bilateral absence or hypoplasia of PComA also had CSVD (n = 7 out of 9)
should not be considered trivial. Unfortunately, however, our compara-
tively small sample size limited further sub-analysis focusing on CSVD’s
regional distribution.

Anatomical variations in terms of the presence or absence of cer-
tain vessels has also offered controversial results with respect to their
involvement in brain ischemia and poorer cognitive outcomes in stroke
patients (Oumer et al., 2021; Westphal et al., 2021). In this sense, addi-
tional metrics provided by VDM could be useful in predicting cognitive
outcomes in relation to baseline vascular risk, irrespective of which ves-
sels are involved. Global VDM and VS-VDM also provide the additional
advantage of interpolating the inherently sparse vessel information, as
an alternative to mere vessel densities.

4.2. Study limitations, clinical translation, and future work

There are, however, some limitations which should be considered
when interpreting these findings. Firstly, the sample size of this study
was relatively constrained, requiring further studies to replicate these
findings in larger samples. Secondly, MRI-related partial volume aver-
aging (Gonzalez Ballester et al., 2002; Peh, 2014) and resolution limits
could have introduced a bias in the depiction, segmentation, and quan-
tification of very thin and small arteries. It should also be noted that
VDM and vessel densities are both limited to the segmented vessels,
also known as resolution dependency. Hippocampal arteries have been
described to measure 0.28 to 0.8 mm (Marinkovi¢ et al., 1992) with
mean values of 0.48 mm (hippocampal head), 0.59 mm (hippocampal
body), and 0.43 mm (hippocampal tail). Therefore, most of these ves-
sels are expected to exceed the spatial resolution employed in our study.
Resolution dependency may be of particular relevance with regard to
the AChA, since its diameter gets progressively reduced in an anterior-
posterior direction along its longitudinal axis. This might drive some
of the observed differences in anterior vs. posterior VDM metrics be-
cause the posterior part of the AChA might be not visible in all images.
However, as the AChA progresses posterior in direction its trajectory di-
verges from the hippocampus, while the PCA’s branches enter the hip-
pocampus more towards the posterior part of the hippocampus. Hence,
differences in anterior vs. posterior VDM estimates are expected to be
driven by vessel anatomy. Additionally, no correlation between AChA
radii and centerline length was found (Fig. S6). Nevertheless, the reso-
lution, manual segmentation (performed on a voxel-by-voxel basis; see
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Fig. S2) and the variable inflow enhancement represent residual sources
of bias in this study.

As mentioned above, we segmented the anterior and posterior un-
cal branches from the AChA as well as the AChA-independent uncal
branches. However, the sample size containing the latter was not large
enough to provide statistical confidence. The same is true for fetal-
like PComA variants (observed as a predominance of PComA over PCA,
whose P1 segment showed aplasia or hypoplasia): they were found in
approximately 10% of our scanned population (n = 5), in a manner
consistent with the 7-30% range described in the literature (Krabbe-
Hartkamp et al., 1998; Hoksbergen et al., 2000b; Jongen et al., 2004;
de Caro et al., 2021). We also consider them worthy of further assess-
ments, given that they have been suggested to increase the severity of
stroke (Shaban et al., 2013; Di Pietro et al., 2021), as well as their
correlation with lower cognitive performance when interventional pro-
cedures at the internal carotid are performed (Zijlmans et al., 2012).
However, research has shown contradictory results regarding the asso-
ciation between these variants and an increased risk of brain infarction
(Capone et al., 2019). In our study, the vast majority of participants
presenting this variant were affected by CSVD (4:1), possibly reflecting
an increased risk of fetal-like PComA towards vascular insult. Whether
fetal-like PComAs should be considered as a mixed pattern of hippocam-
pal supply or a single pattern of supply, as well as if there are hemo-
dynamic implications reflected by specific VDM-metrics in these cases
should be addressed in future studies.

Moreover, there were 2 participants whose CSF-makers surpassed
the thresholds for A 1-42, hence scoring as A+ to the ATN classifica-
tion proposed by Jack et al. (2016). Therefore, we cannot rule out the
possibility of AD pathological changes in these participants. Given the
limitations of our sample size, the complex association among VDM,
CSVD, cognition, and senile plaques under both standard and special
configurations of the circle of Willis, is still to be investigated in a specif-
ically designed study. We also acknowledge that in the present work, as
a cross-sectional study, causality from the mentioned arterial metrics
towards cognition cannot be determined, and reverse causality cannot
be excluded. However, it is not the purpose of this paper to highlight
the quantity of arterial blood supply as an isolated element promot-
ing cognition, but VDM-metrics as a tool reflecting additional vascular
aspects (e.g. arterial patterns). These aspects could provide further evi-
dence of resilience being a confluent circumstance, which requires the
involvement of several conditions rather than exclusive reliance on a
single factor. Importantly, vascularization patterns exhibiting more and
closer vessels do not necessarily lead to additional perfusion, but could
instead represent a way for guaranteeing blood flow in spite of vascular
pathology.

The relationship between vascular patterns, VDM, and perfusion are
topics to be assessed in future studies. Previously introduced hippocam-
pal vascularization patterns (binary classification) seem to provide com-
plementary information to the here presented VDM approach (contin-
uous metrics) with similar levels of relevance to explain variance ob-
served in cognition scores (see supplementary material). While in par-
ticular CoMD was inspired by the expert-based pattern rating, it is no
one-to-one translation, i.e. CoMD considers the PCA and AChA distance
to the hippocampus while the HVP is an expert rating of the expected
AChA contribution to the hippocampal blood supply and does not con-
sider the PCA. Future investigations are required to understand the com-
plementary nature of both approaches comprehensively to enable more
precise predictions and, in combination with deep learning-based multil-
abel vessel segmentation, a fully automatic hippocampal vascularization
assessment. Further, given that VDM allows for the evaluation of the ves-
sel structure from high resolution ToF angiography, this could be com-
bined with ASL-based perfusion data to study the structure and function
of the hippocampal vascularization at the mesoscopic scale (Haast et al.,
2021). Additionally, VDM uses the distance between a voxel and a ves-
sel to estimate the vessel’s relevance in the blood supply, without mea-
suring vessel territories directly. The pure structure-driven approach in
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VDM is motivated by the fact that with decreasing vessel size, the ves-
sel territory becomes smaller and more spatially specific, until it can be
approximated by an ellipsoid (Feekes et al., 2006). Validation through
non-invasive vessel territory imaging should be a focus of future studies
(Hartkamp et al., 2013; Zhang et al., 2021).

In addition, besides vascular distances, densities, and (resting) per-
fusion, vascular reactivity is an essential for the functional integrity
of the brain. Vascular reactivity defines wall tension, resistance, tone,
blood flow, and ultimately vascular response to metabolic demand
(Nurkiewicz et al., 2010; Losordo et al., 2016). Maintaining the deli-
cate balance of these factors impacts on neurological recovery in the
event of a stroke (Zheng et al., 2022), and it is also known to be dis-
rupted in CSVD and in cognitive impairment (Cannistraro et al., 2019;
Bér et al., 2007; Xu et al., 2022). Potentially, in coexistence with dis-
ease, hippocampal perfusion might be mediated by vascular patterns
and vascular reactivity. Thus, future studies are required to understand
the interdependence of vascular structure, perfusion, vascular reactiv-
ity, and ultimately cognition.

Regarding the reproducibility and potential implications of our find-
ings, neuroimaging at 7T would provide greater signal-to-noise ratio at
similar faster scan times compared with 1.5T and 3T scans, thus allowing
for a more fine-grained investigation with VDM (Jones, 2021). It is also
worth noting the clinical utility of using 3T scanners as field strengths
range from 1.5. to 3 T in clinical settings (Wardlaw et al., 2012). Since
CoMD (based on the AChA’s and PCA’s main trunks) was the VDM-
metric with the highest relation to cognition, any imaging modality with
the capability to depict the arteries of interest could be used. Therefore,
7T is not necessarily required to reproduce the results obtained from
this study. Given that the AChA and PCA can be detected at clinically
available field strengths, considerable translational potential for the ap-
proach presented here exists and should be further assessed in future
studies.

5. Conclusions

VDM provides continuous metrics to characterize vascular patterns
on a spectrum instead of traditional binary classifications and extends
beyond ROI-wise density estimates, allowing for greater investigation of
hippocampal vascularization with promising clinical applications. Fur-
thermore, VDM is useful for establishing vessel-specific metrics with re-
duced bias towards hippocampal mask generation compared to vessel
densities. Our results show that VDM-metrics applied to the hippocam-
pus considering general and specific vessels and their patterns can offer a
way to depict vascular resilience. Notably, VDM-metrics were correlated
with higher amounts of explained variance in the cognitive outcomes
of subjects suffering from CSVD, with several potential implications in
clinical applications and research, providing a much needed platform
for planning future studies.
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