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Chapter 8

Cardiac vessel architecture imaging using
heartbeat-to-heartbeat GESE-EPI

Abstract

This chapter continues further with the gradient-echo spin-echo echo-planar-
imaging (GESE-EPI) sequence from Part III by introducing its utilization for
cardiac vessel architectural imaging (VAI). Both techniques try to enable identi-
fication of the presence of microvascular dysfunction which would enable diag-
nosis and potentially treatment prior to irreversible tissue alteration. Where the
BOLD application of the GESE-EPI focuses on changes in oxygenation due to
vascular dysfunction, VAI might give direct insights into the vascular architec-
ture itself. This chapter shows the evaluation of VAI in healthy volunteers and
also includes a preliminary immunofluorescence (IF) histological comparison in
a healthy swine. Different vasculature architectures of either predominantly ar-
terial or venular could be identified in both human and animal using VAI, and
these last results were also confirmed by histology. Furthermore, each healthy
volunteer showed a similar vascular structure in the septum, containing either
capillary or a relatively even mixture of arteriole and venule. Such vasculature
was also seen in the septum of the animal based on both VAI magnetic reso-
nance (MR) and IF histology. Other measures that VAI can provide are indices
of vascular volume, caliber and density. Indices from three different regions of
interest (ROIs) in the myocardium correlated with the number of vessels, per-
centage endothelial cells and percentage arterial vasculature based on IF histol-
ogy from those same area. Further validation studies including cardiovascular
disease models and histological evaluation will be key in determining the even-
tual clinical applicability of VAI.
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8.1 Introduction

Microvascular dysfunction is an increasing problem in cardiovascular risk pop-
ulation resulting in unexpected heart failure (HF), with or without preserved

ejection fraction (Petersen and Pepine 2015). The ability to identify the presence of
microvascular dysfunction would enable diagnosis and treatment prior to occur-
rence of irreversible tissue alteration leading to HF (Gonzalez et al. 2018). Women
in particular are more likely to present non-specific cardiac related symptoms in the
absent of a coronary occlusion (Ahmed and Creager 2017). In these patients vascu-
lar structure abnormalities and microvascular dysfunction could be the underlying
causes of HF. While noninvasive cardiac imaging is already widely used for evalu-
ation of patients with cardiac disease, the ability to assess microvascular function or
architecture remains limited (Petersen and Pepine 2015).

The major coronary vasculature structure can be reliably imaged using computed
tomography (CT) with contrast (Sun et al. 2012) but has the disadvantage of involv-
ing radiation, especially problematic for longitudinal studies. Furthermore, the vas-
culature can be imaged using positron emission tomography (PET) in combination
with specific intravascular radioisotope tracers such as 13N-ammonia, 82Rubidium
and 15O-water (Nakazato et al. 2013). However, in addition to the radiation, the tem-
poral and spatial resolution of PET are limited and only give an indication of how
well the tissue is perfused without information about the vascular structure itself.
MRI is the most appropriate tool for longitudinal follow up studies, but only first-
pass perfusion imaging (Nagel et al. 2019) and late gadolinium enhancement (LGE)
(Doltra et al. 2013) are used clinically, which provide readouts for cardiac scarring
and major coronary artery blockages. Furthermore, a stress perfusion state is of-
ten compared with a rest perfusion state to determine the perfusion reserves, which
can give an indication of microvascular dysfunction (Coelho-Filho et al. 2013). Such
stress is typically induced with an endogenous stressor (Nagel et al. 2019), which
sometimes causes unbearable side effects for the patients and lengthening of the
MR protocol.

For brain applications, an magnetic resonance imaging (MRI) based vessel archi-
tectural imaging (VAI) approach has previously been demonstrated, allowing for
the estimation of vascular volume, density and caliber (Emblem et al. 2013, Emblem
et al. 2014, Tropres et al. 2001, Kiselev et al. 2005, Prinster et al. 1997). This tech-
nique is based on following the almost simultaneous dynamic T2- and T2

*-changes
upon injection of a contrast agent (Tropres et al. 2001, Kiselev et al. 2005, Dennie
et al. 1998). Specifically, a combined gradient-echo spin-echo (GESE) sequence with
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an echo-planar-imaging (EPI) readout can provide these T2- and T2
*-changes during

a dynamic acquisition (Manhard et al. 2018, Schmiedeskamp et al. 2012a). When a
contrast agent passes through the vasculature, a peak change in T2 and T2

* can be
detected and based on a combination of the timing, height and ratio of those two
readouts the indices for vascular type, volume, density and caliber can be deter-
mined (Emblem et al. 2013). These VAI based indices have been evaluated in several
cerebrovascular involved diseases, such as stroke (Xu et al. 2013) and glioblastoma
(Emblem et al. 2013, Kalpathy-Cramer et al. 2017), and showed to correlate well with
histology (Farrar et al. 2010).

Cardiovascular research suggests that the role of microvascular dysfunction in
several cardiovascular diseases could significantly benefit from the specific readouts
that VAI provides. Especially now common cardiovascular risk factors and cardio-
myopathies have shown to affect the coronary flow reserve (Camici and Crea 2007),
which could be caused or induce by vascular architectural changes. Recently, it has
been shown that a cardiac version of the GESE-EPI sequence gives stable heartbeat-
to-heartbeat T2- and T2

*-readouts that have the potential to assess blood oxygena-
tion level dependent (BOLD) changes due to a breath-hold perturbation (van den
Boomen et al. 2020). With the introduction of this dynamic and quantitative car-
diac GESE-EPI sequence a first time evaluation of the feasibility of cardiac VAI
can be performed. Therefore, in this work the GESE-EPI sequence was evalu-
ated in healthy volunteers to provide cardiac VAI readouts by acquiring during a
gadolinium-chelate injection. Furthermore, the same acquisition is performed in an
animal model to enable immunofluorescence (IF) based histological validation of
the VAI based vascular volume, density and caliber indices.

8.2 Methods

Human MRI

This study was institutional review board (IRB) approved at a HIPAA compliant
site and written informed consent was obtained from all participants. MRI was
performed in 13 healthy volunteers on a 3T-Skyra (Siemens Healthcare, VE11C, Er-
langen, Germany) with a Body-18/Spine-32 coil. In addition to the standard cardiac
planning and functional scans, two acquisitions with the cardiac GESE-EPI sequence
were performed in all volunteers. Both acquisitions were performed in the dias-
tolic phase in a short axis (SAX) slice during a maximal achievable end-expiration
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Figure 8.1: The GESE-EPI sequence includes five echoes of which two GE acqui-
sitions are place before (TE1=9.8ms and TE2=23.6ms) and three mixed-SE acquisi-
tions (TE3=37.8ms, TE4=51.9ms and TE5=66.1ms) are placed after the 180 RF pulse.
The trigger delay (t-delay) starts at the R-peak and delays the acquisition until the
mid-diastolic phase. TE=echo time, GE=gradient echo, mixed-SE=mixed gradient-echo-
spin-echo, t-delay=trigger delay, GESE-EPI=gradient-echo-spin-echo echo planar imaging,
RF pulse= radio frequency pulse

breath-hold, resulting in a maximum of 30 readouts following four dummy and
two parallel training readouts. The first acquisition was used to obtain the base-
line heartbeat-to-heartbeat T2- and T2

*-maps, which were used to normalize the
contrast enhanced acquisition. The second acquisition used identical parameters to
the first, but included the injection of 0.2mmol/kg gadolinium diethylenetriamine-
pentacetate (GdDTPA) at 4ml/s via an intravenous (IV). The sequence parameters
were previously described (van den Boomen et al. 2020), but in short included two
GE(TE) = 9.8ms and 23.6ms and three mixed SE(TE) = 38.8ms, 51.9ms and 66.1ms,
with a readout time=120ms, TR=RR-interval, voxel sizes 2.8x2.8x7mm, slicethick-
ness=7mm, and cardiac triggering (Figure 8.1).

Animal MRI

This study was approved by the institutional animal care and use committee
(IACUC) and MRI was performed in a healthy Yorkshire pig. In addition to the
standard cardiac planning and function acquisitions, two acquisitions with the car-
diac GESE-EPI sequence were performed on a 3T-mMR (Siemens Healthcare, VE11P,
Erlangen, Germany) with a Body-6/Spine´18 coil. The animal was pre-anesthetized
with Telazol (4mg/kg) and Atropine (0.04mg/kg) prior to endotracheal intubation.
After endotracheal intubation, the animal was maintained in a surgical plane of
anesthesia using inhaled anesthetic Isoflurane (1-3%). Positive-pressure mechanical
ventilation at a rate of 12 breathes/min, and a tidal volume of 400 mL (10mL/kg)
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were employed. An IV was placed in the ear of the animal for GdDTPA con-
trast agent injection. After clinical standard cardiac functional MRI acquisitions,
the GESE-EPI acquisitions were performed in the diastolic phase during an end-
expiration breath-hold of 50 heartbeats. To induce a breath-hold the animal was
sedated using 0.1mg/kg IV injection of vecuronium with a maintenance dose of
0.03 mg/kg/hour and the ventilator was suspended from breathing during the ac-
quisition after which the animal was allowed to recover with mechanical controlled
ventilation. As in the human study, the first acquisition was used to obtain the base-
line heartbeat-to-heartbeat T2- and T2

*-maps, and the second acquisition included
the injection of 0.2mmol/kg GdDTPA at 4ml/s at the start of the acquisition.

VAI Post-Processing

The per heartbeat T2- and T2
*-maps for both the human and animal acquisitions

were created using an iterative multiparameter fitting technique using all five
echoes (Schmiedeskamp et al. 2012a). The first TE of each heartbeat was used for
segmentation and a region of interest (ROI) close to the LAD (ROII ), in the sep-
tum (ROIII ) and close to the RCA (ROIIII ) were manually drawn and extrapo-
lated to the following TEs within the same heartbeat (Heiberg et al. 2010). The
contrast enhanced GESE-EPI maps per heartbeat were normalized with the mean
T2- and T2

*-values of the first five measures of the non-contrast enhanced GESE-
EPI acquisition. A dual-Gaussian membership function was semi-automatically fit
to the dynamic R2=1/T2 and R˚2=1/T2

* time-plots from the septal ROI using non-
linear least-squares estimates. These estimated R2- and R˚2 -curves were combined
in a time-parameterized scatter plot, referred to as a “vessel vortex curve” in pre-
vious brain studies (Emblem et al. 2013, Kiselev et al. 2005, Zhang et al. 2019, Xu
et al. 2013). According to previously published Monte Carlo simulations (Emblem
et al. 2013, Tropres et al. 2001, Kiselev et al. 2005), the direction of the vortex indi-
cates the predominant vessel type, which is either arterioles-dominated (clockwise),
venule-dominated (counter-clockwise), or a mixture and/or capillaries (straight).
Furthermore, the long axes of the vortex (Vindex) is shown to be proportional to
the fractional blood volume (fBV) and was calculated using equation 8.1 (Emblem
et al. 2013, Emblem et al. 2014):

Vindex “

b

∆R˚2
2
`∆R2

2 (8.1)

The long axis was defined by the longest axis between the start and the peak of
the contrast enhancement. Also, the slope of this maximum axis of the vortex was
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used to determine the relative vessel caliber index (Cindex) and was calculated using
equation 8.2 (Dennie et al. 1998, Farrar et al. 2010):

Cindex “
∆R˚2
∆R2

(8.2)

Lastly, the relative vascular density index (Qindex) was calculated using equation
8.3 (Wu et al. 2004):

Qindex “
∆R˚2

∆R2
2
3

(8.3)

Ex-vivo MRI

After the MRI study, the animal was euthanized with Euthasol prior to harvesting
and fixation of the heart in 10% formalin for histological work. The heart was placed
in a whole-body 7T scanner (Magnetom, Siemens Healthineers, Germany) 23 days
after harvesting, using a custom-built 32-channel receive coil (Mareyam et al. 2020)
and scanned using a standard gradient-echo (GE) sequence with the following pa-
rameters: TR=15ms, TE=7.1ms, FA=25˝, FOV=130x130x100mm3, matrix=320x320,
voxel size=0.3x0.3x0.5mm, BW=130Hz, 3 averages. A minimum intensity projec-
tion (minIP) of a stack of SAX GE images at the same position as the in-vivo GESE-
EPI acquisition was used to determine the distribution of the macro-vasculature that
still contained blood.

Histology

Three mid-ventricular tissue sections with a thickness of „1cm and spanning from
the endocardium to the epicardium were collected from the septal, LAD, and RCA
region and trimmed to a 5mm thickness. These tissue parts were dehydrated (Ser-
viceBio Technology Co. Ltd., Wuhan, Wu Bei, China) and embedded in an embedding
mold, filled with melted paraffin (REF. B1002490, Thermo Fisher Scientific, Waltham,
Massachusetts, USA), and sectioned (4{mum thickness). After this, the slides were
placed in 1% citric acid buffer (Thermo Fisher Scientific, Waltham, Massachusetts, USA)
and heated to 100˝C up to three times. After cooling down back to room tempera-
ture the slides were washed with 0.1% Phosphate Buffer Saline (PBS, Thermo Fisher
Scientific, Waltham, Massachusetts, USA), and incubated in 3% Bovine Serum Albu-
min (BSA, Thermo Fisher Scientific, Waltham, Massachusetts, USA) for 20 minutes at
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room temperature. For the detection of endothelial cells in the vasculature, a CD31
primary antibody (ab182981, Abcam, Cambridge, Massachusetts, USA) 1:200 diluted in
PBS was used and for the detection of smooth muscle cells in arterial vasculature a
α-SMA primary antibody (GB13044, ServiceBio Technology Co. Ltd., Wuhan, Wu Bei,
China) 1:100 diluted in PBS was used (Pratumvinit et al. 2013). The secondary an-
tibodies were SpGreen (Alexa Fluor 488 Donkey anti-rabbit, Invitrogen, Carlsbad, Cal-
ifornia, USA) for CD31, 1:400 diluted in PBS, and SpOrange (Alexa Fluor 555 Goat
anti-mouse, Invitrogen, Carlsbad, California, USA) for α-SMA, 1:300 diluted in PBS.

For the fluorescence staining, first the tissue slices were incubated with the pri-
mary antibodies overnight 4˝C temperature. Then, the tissue was washed two
times with PBS and a third time with 0.05%Tween 20 (PBST, Thermo Fisher Scien-
tific, Waltham, Massachusetts, USA), for five minutes each. After this, the secondary
antibodies were applied and incubated for 50 minutes under room temperature,
after which the tissue was washed again for three times. Then 4’,6-Diamidino-2-
phenylindole dihydrochloride (DAPI, ab228549, Abcam, Cambridge, Massachusetts,
USA) was applied for 10 minutes and slides were washed again with PBS three
times for five minutes each time. Lastly, 0.1% Sudan Black (Sudan Black B in 70%
Alcohol, Alfa Aeser, Tewksbury, Massachusetts, USA) was applied for five minutes and
rinsed of with running water for twenty minutes.

Fluorescence microscopy imaging

A Pannoramic MIDI fluorescence microscope (3DHistech, Budapest, Hungary)was
used with exposure times of 5ms, 10ms and 10ms for DAPI, SpGreen and SpOr-
ange respectively, and an excitation intensity of 100%. The number of vessels were
automatically counted by an inhouse Matlab script (R2018a, MathWorks Inc., Nat-
ick, MA, USA) that counted the number of separate areas of endothelial cells with a
threshold of 9% from the total signal intensity for SpGreen fluorescence. In addition,
the percentage of arterial vessels was determined by the ratio of those endothelial
defined vessels that also contained α-SMA cells with a threshold of 16% from the
total signal intensity for SpOrange fluorescence. Furthermore, the ratio of the space
occupied by endothelial cells from the total area of the slice was determined by di-
viding the number of pixels containing green fluorescence by the number of pixels
of the whole tissue slice (Tonino and Abreu 2011).
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Statistics

The mean and standard deviation of the healthy human septal VAI indices were cal-
culated, as well as the ratio of the SD with the mean. Correlation between the VAI
based indices and IF histology-based measures of the three different areas from the
animal heart was performed using Pearson correlation and a R2 was given as indi-
cation of this correlation. All statistical analyses were performed using GraphPad
Prism (version 8).

8.3 Results

The T2- and T2
*-change due to passing of the IV injected GdDTPA in the myocar-

dium could be visualized for all 13 healthy volunteers. However, three volunteers
were unable to hold their breath long enough to include the peak change from the
GdDTPA in T2 and T2

* and were eliminated from further analysis. For the remain-
ing ten healthy volunteers, signal intensity (SI) changes could be seen in both the GE
and mixed-SE images (Figure 8.2a,b). In the heartbeat-to-heartbeat T2 and T2

* maps
the passing of the GdDTPA could also be seen (Figure 8.2c,d). Assessment of two
ROIs in the myocardium showed the dynamic R2- and R2

*-changes can result into a
clockwise and counter-clockwise vessel vortex indicating either arterial or venulare
predominant tissue, respectively (Figure 8.2e-h) (Emblem et al. 2013). This vortex
directional sensitivity results from the fact that temporal T2- and T2

*-changes from
GdDTPA are slightly shifted in time, depending on fast supplying artery or slow
draining venules (Emblem et al. 2013, Kiselev et al. 2005) (Figure 8.2e,g).

The example in Figure 8.3 shows that the R2 and R2
* changes are not completely

homogeneous over the whole left ventricular (LV), partly due to the different tim-
ing of GdDTPA arrival in the myocardium and partly due to the different vascular
volume, density and type in those areas. The ROI in the septum (ROIII , Figure
8.3c) showed a straight vortex without any curving direction (Figure 8.3d), which
indicates predominately presence of capillaries or a relatively even mixture of arte-
rial and venular vasculature (Emblem et al. 2013). The ROIs more outwards from
the septal region, closer to the left anterior descending (LAD) and right coronary
artery (RCA) (ROII , ROIIII , respectively, Figure 8.3c), show clockwise and coun-
terclockwise vortex directions (Figure 8.3d), which indicated predominant arteriole
and venule vessel types in those ROIs, respectively (Emblem et al. 2013). Also, the
resulting Vindex (58.0s´1, 45.2s´1, and 37.6s´1), Cindex (2.8, 2.4, and 2.6), and Qindex
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Figure 8.2: The acquisition of two GE and three mixed-SE per heartbeat enabled
dynamic acquisition of a a) GE and b) SE series of a first pass of GdDTPA. The dy-
namic T2 and T2

* maps resulting from these five readouts per heartbeat resulted in a
visual c) T2

* and d) T2 decrease between the pre-contrast and post-contrast acquisi-
tions. VAI analysis of the T2 and T2

* maps shows that at the red arrow, e) where the
peak ∆R2

* occurs earlier than the peak ∆R2 f) the time-parameterized vortex shows
a clockwise direction (arterioles-dominated ROI). At the blue arrow g) where the
peak ∆R2occurs earlier than the peak ∆R2

* h) the time-parameterized vortex shows
a counter-clockwise direction (venule-dominated ROI). TE=echo time, GE=gradient
echo, mixed-SE=mixed gradient-echo-spin-echo, GdDTPA=gadolinium diethylenetriamine-
pentacetate, VAI=vessel architectural imaging, ROI=region of interest, R2=1/T2, R2

*=1/T2
*

(1.4s´1{3,1.4s´1{3, and 1.2s´1{3) from the vortices of the ROII , ROIII and ROIIII ,
respectively, from this volunteer indicate the different vasculature contents. Inter-
pretation of the indices for this healthy volunteer shows that the ROII contained the
highest vascular volume with the biggest vascular caliber of the three ROIs, but with
a similar density as the ROIII , which still contained a higher volume and vascular
density compared to the ROIIII , but with a smaller vascular caliber.
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Figure 8.3: The a) ∆R2=1/T2 and b) ∆R2
*=1/T2

* between the first and the time
of arrival of the GdDTPA in the myocardium is not completely homogeneous
over the whole LV because of the timing of GdDTPA arrival in different parts
the spatial difference in vascular volume and density in the myocardium. Three
myocardial locations are defined on c) the first acquired TE with ROII close to
the LAD, ROIII in the septum, and ROIIII near the RCA. d) The correspond-
ing vortices of these ROIs show a clockwise, straight and counterclockwise vor-
tex, respectively, indicating the predominant vessel type, clockwise=arterioles-
dominated, straight=mixture of arterioles and venules and/or capillaries, and
counter-clockwise=venule-dominated, with the red line defining the long axis of the
vortex. TE=echo time, GdDTPA=gadolinium diethylenetriaminepentacetate, VAI=vessel
architectural imaging, ROI=region of interest, LV=left ventricle, LAD=left anterior de-
scending artery, RCA=right coronary artery, R2=1/T2, R2

*=1/T2
*

The presence of spatial variation in the location of clockwise and counterclock-
wise vortices between subjects due to the inter-subject difference in vascular archi-
tecture, makes it difficult to compare the different ROIs between subjects. However,
ROIII in the septum is expected to contain mainly microvasculature and no predom-
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Figure 8.4: The septal ROI vortices of 10 healthy volunteers all show a similar
straight vortex (pre-dominant capillary and/or a mixture of arterial and venular
vessels). In volunteer 1, 4 and 8, a small counterclockwise direction indicating
that some macro venular vasculature is presence in the ROI in addition to the mi-
crovasculature (Emblem et al. 2013). The red line defines the long axis of the vortex.
ROI=region of interest, R2=1/T2, R2

*=1/T2
*

inance of either arteriolar or venular vessels. Focusing at this septal ROIII , similarly
straight vortices were seen for all ten healthy volunteers (Figure 8.4), which indi-
cate the predominate vessel type as capillary vasculature or a mixture of arterial
and venular vasculature (Emblem et al. 2013). Calculation of the indices for vascu-
lar volume, caliber and density of these septal ROIs resulted in a mean Vindex of
36.7˘3.9s´1, Cindex of 2.7˘0.4 and Qindex of 1.2˘0.2s´1{3 (Figure 8.5), with the SD’s
being 10.6%, 14.8% and 16.7% from the mean, respectively.

The analysis of the VAI acquisition from the healthy swine included the same
ROIs as in healthy human example (Figure 8.3c) with an ROI placed near the LAD,
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Figure 8.5: The VAI analysis based mean vascular volume index (Vindex) of
36.7˘3.9s´1, mean vessel caliber index (Cindex) of 2.7˘0.4 and mean vascular den-
sity index (Qindex) of 1.2˘0.2s´1{3 from the septal vortices of the 10 healthy volun-
teers of Figure 8.4.

in the septum, and near the RCA (ROII , ROIII , ROIIII , respectively, Figure 8.6a).
Analysis of these ROIs resulted in slightly curving vortex in ROIII and a clockwise
and counterclockwise vortex directions in ROII and ROIIII , respectively (Figure
8.6b). Since it was possible to control the length of the breath-hold of the animal,
only the leakage of GdDTPA from the vasculature was limiting the full looping of
the vortex. Also, the resulting Vindex (53.8s´1, 57.7s´1, and 67.2s´1), Cindex (2.4, 2.6,
and 2.7), and Qindex (1.5s´1{3, 1.4s´1{3, and 1.5s´1{3) from the vortices of the ROII ,
ROIII and ROIIII , respectively, also showed differences in vasculature content (Ap-
pendix 8.A a). Interpretation of the indices includes that for this animal, the ROIIII
contained the highest vascular volume with the biggest vascular caliber of the three
ROIs, while the density was similar in all ROIs. Furthermore, the ROII had the
smallest volume and vessel caliber, while on the ex vivo minIP major vasculature
seems to be present in each of the ROIs (Figure 8.6c).

IF histology of three slices from the same area as the VAI based ROII , ROIII ,
and ROIIII (Figure 8.7a,b) confirmed a difference in vascular architecture (Figure
8.7c,d). Analysis of these slices provided the vascular density (676 vessels/mm2,
2660 vessels/mm2, and 1449 vessels/mm2), the percentage arterial vasculature
(84%, 57% and 42%) and the space occupied by endothelial cells (2.0%, 5.1%, and
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7.6%) (Appendix 8.A b). The Vindex from the MR based VAI data in particular
shows strong correlation with the endothelial cell space (R2=0.99) and an inverse
correlation with the percentage arterial vessels (R2=0.96), but no correlation with
the number of vessels was seen (R2=0.12) (Figure 8.8a). Furthermore, the Cindex
was similarly with the endothelial cell space and percentage arterial vasculature
(R2=0.83 and R2=0.89, respectively), and the number of vessels showed moderate
correlation (R2=0.59) (Figure 8.8b). However, the Qindex did correlate strongly with
the number of vessels (R2=0.87) and moderately with the endothelial cell space and
percentage arterial vasculature (R2=0.53 and R2=0.62, respectively). Lastly, the ROII
with predominantly arterial vasculature according to the VAI vortex was confirmed
with the highest percentage arterial vasculature based on IF histology, while the pre-
dominantly venular vasculature (ROIIII ) according to the VAI cortex was shown to
have the lowest arterial vasculature based on the histology (Figure 8.8c).

8.4 Discussion

VAI has been applied in human and a swine for the first time using a dynamic
heartbeat-to-heartbeat multi-echo GESE acquisition that enabled the assessment of
the myocardial perfusion of a gadolinium chelate. The T2- and T2

*-maps resulting
from this multi-echo acquisition enables quantitative assessment of the first pass,
which can be used for VAI. The time-parameterized vessel vortices from the sep-
tum of ten healthy volunteers all showed the same straight vortex, associated with
a pre-dominance of capillary that is expected in the septal myocardium (Emblem
et al. 2013, Kato et al. 2018). ROIs closer to the LAD and RCA showed vortex shapes
that were either a clockwise- or counterclockwise loop, which is associated with a
predominance of arterial and venular vasculature, respectively (Emblem et al. 2013).
The vascular volume, caliber and density indices extracted from the VAI vortices
from these three different ROIs in a swine corresponded with the IF histological
based vasculature density, endothelial cell space, and arterial percentages. How-
ever, these histological values from the swine were slightly different than expected
in the human heart (Kaneko et al. 2011). Nevertheless, these first results indicate
that this initial brain based VAI method is potentially applicable to the heart, even
while using a contrast agent with a high vascular leakage rate (Wang et al. 2006).

In the brain, the vascular volume, caliber and density indices from VAI have been
shown to be highly accurate when used in the form of a ratio between healthy and
diseased tissue (Dennie et al. 1998, Farrar et al. 2010). Studies have compared a
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Figure 8.6: a) Three myocardial locations defined on the first acquired TE in-
cluding an ROI near the LAD (ROII ), in the septum (ROIII ), and near the RCA
(ROIIII ). b) The vortices from these ROIs show a clockwise, almost straight and
counterclockwise vortex, respectively. Indicating the predominant vessel type,
clockwise=arterioles-dominated, straight=mixture of arterioles and venules and/or
capillaries, and counter-clockwise=venule-dominated, with the red line defining the
long axis of the vortex. c) The ex-vivo minIP of a 3cm slice from a GE acquisition
shows the distribution of the major vasculature in a similar slice as the GESE-EPI
acquisition. Macro-vasculature is present in each of the ROIs on the GESE-EPI
acquisition, but the majority seems present in the ROIIII , also if the cloth in the
right ventricle (RV) is excluded. TE=echo time, ROI=region of interest, LAD=left ante-
rior descending artery, RCA=right coronary artery, minIP=minimum intensity projection,
GE=gradient-echo, GESE-EPI=gradient-echo spin-echo echo-planar-imaging

stroke or glioblastoma ROI with a corresponding ROI on the other healthy side of
the brain (Xu et al. 2013, Emblem et al. 2013, Kalpathy-Cramer et al. 2017). The ra-
tio of the VAI based indices from these ROIs correlated directly with histological
findings, even while sometimes direct comparison of the indices was less accurate
(Farrar et al. 2010). This emphasizes the need of a clinical study including patients
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Figure 8.7: An a) axial slice corresponding with the slice used for GESE-EPI acquisi-
tion in figure 8.6a is shown with the positions of the three areas used for IF based his-
tology assessment with a slice from near the LAD (ROII ), from the septum (ROIII ),
and near the RCA (ROIIII ). b) Haematoxylon and Eosin (HE) stained slices from
corresponding locations from epicardium to endocardium awith the boxes indicat-
ing the location of c) the examples of the immunofluorescence staining at zoom 20x
from the three different location with CD31 staining for endothelial cells is shown
in green, α-SMA staining for smooth-muscle cells in red and DAPI in blue. d) The
same example slices shown without the DAPI, depicting major arteries in location I,
mainly capillaries and an even ratio vascular with and without smooth muscle cells
enclosure in II, and a highest number of vessels which are mainly capillaries and
venules in III.

such as those with myocardial infarction (MI), or a histological study including a
cardiovascular disease animal model for the assessment of the histological based
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Figure 8.8: Correlations between the immunofluorescence based histology based
measures of the number of vessels, percentage of arterial vessels and the percent-
age of the tissue occupied with endothelial cells and a) the vascular volume index
(Vindex) with R2=0.12, R2=0.96 and R2=0.99, respectively b) the vessel caliber index
(Cindex) with R2=0.59, R2=0.89, and R2=0.83, respectively, and c) the vascular den-
sity index (Qindex) with R2=0.87, R2=0.62 and R2=0.53, respectively

vascular density and types. Nevertheless, in this study the IF histology based vas-
cular density, vascular volume and arterial percentage of a healthy swine correlate
well with the MR VAI based indices. However, since these areas of interest all con-
tained healthy tissue, no ratio with disease tissue could be determined. Further
evaluation in a cardiovascular disease animal model can provide these indices ra-
tios in a similar fashion as in brain VAI.
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A main difference in the vortices from myocardial tissue compared to those from
brain tissue is the presence of an incomplete vortex loop (Emblem et al. 2013, Kiselev
et al. 2005, Xu et al. 2013). Where a gadolinium chelate in healthy brain tissue gen-
erally passes without leaking from the vasculature due to the blood-brain-barrier
(Wang et al. 2006), in myocardial tissue this is not the case (Ishida et al. 2011). In
the myocardium, small gadolinium chelates leak from the capillaries, which causes
an incomplete vortex, as shown in this study. Furthermore, the full acquisition
of the GdDTPA passing depends on the capability of a subject to perform an ad-
equate breath-hold during the contrast agent injection. Unfortunately, in three of
the healthy volunteers the breath-hold was not sufficient to capture the peak pass-
ing of the contrast agent in the myocardium. Both the vascular leakage and the lung
capacity limit the analysis of the VAI vortices to the vascular volume, caliber and
density indices, while in the brain they are also able to extract an oxygen extraction
index from a full looping vortex (Emblem et al. 2013). Here a fully looped vortex
provide the area of the vortex, which in the brain correlates with BOLD (Emblem
et al. 2013). However, it has been shown that using the same sequence without the
injection of a contrast agent can already provide a BOLD change readout (van den
Boomen et al. 2020). This indicates that the acquisition of two GESE-EPI acquisitions
can facilitate the extraction of all indices, which might make the achievement of a
full vortex loop less important. Current contrast agent research is progressing and
future intravascular options might be able to address the leakage problem in the
myocardium (Gale et al. 2018, Vandoorne et al. 2010). Additionally, free breathing
acquisitions would diminish the lung capacity limitation, and may be important for
future work on the sequence. These continuing improvements will help to make
cardiac VAI applicable to any patients receiving an MRI examination.

In addition to the VAI indices, either of the first two GE’s can also be used for
regular first pass perfusion assessments (Kellman and Arai 2007), and together with
both GE’s could enable artifact assessment (Gerber et al. 2008). However, the use of
the GE images for first pass analysis requires sufficient spatial and temporal resolu-
tion. The GESE-EPI acquisition per heartbeat sufficiently meets the temporal reso-
lution conditions, but the spatial resolution could be improved. A spatial resolution
of 2.8x2.8x7mm has been considered as sufficient in the past but is not optimal (Fair
et al. 2015), and also a spatial coverage of at least SAX slices is desirable (Kellman
and Arai 2007). Incorporation of simultaneous multi-slice (SMS) into the GESE-EPI
sequence could enable an extension of the acquisition to two slices within the same
readout-time (van den Boomen et al. 2020a, Mekkaoui et al. 2017), which could be
further extended by sequential acquisition of multiple additional SAX slices. How-
ever, the acquisition of up to six slices within the diastolic phase would require a



238 8. Cardiac vessel architectural imaging

readout time of 360ms, which will introduce some motion between the separate slice
acquisitions. This increased spatial coverage is also an significant improvement for
the VAI analysis, since the exact location of an MI is often unknown prior to imag-
ing. Future studies with this contrast enhanced GESE-EPI sequence should include
first pass analysis, in combination with the calculations of the VAI based vascular
volume, caliber and density indices, which could result in a minimal impact on cur-
rent clinical cardiac MRI protocols.

Aside from these first promising results, improvements and further research is
needed to determine the diagnostic applicability of this VAI technique. Firstly, the
voxel size of 2.8x2.8x7mm leads to averaging of the vasculature type over almost
the whole myocardium within one voxel. This is mainly a disadvantage because
the vasculature density and types are known to change from a lower density of
microvasculature at the endocardium to a higher density microvascular in the epi-
cardium (Stoker et al. 1982). Higher spatial resolution should be achieved to distin-
guish this difference in vasculature architecture. In addition, faster acquisition that
enables VAI analysis in the systolic phase could also offer an outcome, since the left
ventricular wall would then be 70% thicker which increases the number of voxels
across the myocardium (Prakash 1978). Secondly, this study only included histol-
ogy of one animal, which was able to show the sensitivity of MR VAI to the spatial
variation of the myocardial vasculature. For future studies, a grouped analysis of
a cardiovascular disease animal model would be appropriate, with MI as preferred
disease. With such an animal model, the ratio between the VAI indices in remote
and infarct areas can be determined, in a same way as VAI is used as best practice
in the brain (Farrar et al. 2010). Lastly, positioning of the major coronaries can result
in manually adjusting the location of a ROI on the myocardium, also because the
major arteriols are often closely paired with venules The use of an initial quantita-
tive first pass perfusion from the dynamic GE images could help to determine these
exact locations, which improves the workflow for VAI analysis.

Since VAI is shown to be applicable in the heart and is able to identify differ-
ent vascular structures in carefully placed ROIs in healthy myocardium, new op-
portunities emerge for the assessment of microvascular dysfunction. Longitudinal
evaluation and follow-up studies in populations with increased cardiovascular risk
would of primary interest as VAI application since risk factors such as diabetes,
hypertension and obesity could decrease the vascular volume, caliber and eventu-
ally even the density (Camici and Crea 2007). However, first evaluation in a car-
diovascular animal models would be recommended, because additional histology
assessments can provide information on the accuracy and coherency of VAI with
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expressed vascular alterations. Animal models presenting local ischemia with an
opposite remote area, such as MI, would also allow for the assessment of using
the ratio between diseased and healthy tissue, as recommended from previous VAI
studies in the brain (Farrar et al. 2010). These validation studies providing histo-
logical confirmation will be key in determining the clinical applicability of cardiac
VAI.

Conclusion

In this work, vessel architectural imaging (VAI) was successfully performed in
the heart for the first time using a gradient-echo spin-echo echo-planar-imaging
(GESE-EPI) sequence providing dynamic contrast enhanced myocardial T2 and
T2

* maps per heartbeat over the time of a single breath-hold. The obtained infor-
mation on the dominant vascular type, volume, caliber and density were propor-
tional to the vascular density and arterial measures from immunofluorescence
(IF) based histology. However, this VAI technique still needs further histological
and clinical validation in cardiac diseases to determine the clinical applicability
of these VAI extracted indices.
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8.A VAI and histology based vascular measures

Figure 8.9: MR based VAI indices from the swine in a) show the vascular vol-
ume index (Vindex), mean vessel caliber index (Cindex), and mean vascular density
(Qindex) of the three different ROIs (depictured in Figure 8.6 a). With the Vindex be-
ing 46.4s´1, 56.2s´1, and 67.3s´1, the Cindex being 2.1 to 2.8 to 2.9 and Qindex being
1.7s´1{3, 1.3s´1{3, an 1.4s´1{3, for ROI I, II and II respectively. Furthermore, based
on the vortex direction (Figure 8.6 b) ROII contained predominantly arterial vascu-
lature, ROIII a mixture or mainly capillary vasculature, and ROIIII predominantly
venules. The histology-based readouts in b) included measures for the number of
vessels, the percentages of those being arterial vessels and the space the endothelial
cells occupy for the three different regions (depicted in Figure 7a). With the number
of vessels being 676, 2660 and 1449 per mm2, the percentage of arteries being 84%,
57% and 42%, and the space hold by endothelial cells being 2.0%, 5.1%, and 7.6%,
for ROII , ROIII , ROIIII , respectively. MR=magnetic resonance, VAI=vessel architec-
tural imaging, ROI=region of interest
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