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Background:  Current clinical imaging modalities such as CT and MRI provide resolution adequate to diagnose cardiovascular diseases
but cannot depict detailed structural features in the heart across length scales. Hierarchical phase-contrast tomography (HiP-CT) uses
fourth-generation synchrotron sources with improved x-ray brilliance and high energies to provide micron-resolution imaging of intact
adult organs with unprecedented detail.

Purpose:  To evaluate the capability of HiP-CT to depict the macro- to microanatomy of structurally normal and abnormal adult
human hearts ex vivo.

Materials and Methods: Between February 2021 and September 2023, two adult human donor hearts were obtained, fixed in formalin,
and prepared using a mixture of crushed agar in a 70% ethanol solution. One heart was from a 63-year-old White male without
known cardiac disease, and the other was from an 87-year-old White female with a history of multiple known cardiovascular
pathologies including ischemic heart disease, hypertension, and atrial fibrillation. Nondestructive ex vivo imaging of these hearts
without exogenous contrast agent was performed using HiP-CT at the European Synchrotron Radiation Facility.

Results: HiP-CT demonstrated the capacity for high-spatial-resolution, multiscale cardiac imaging ex vivo, revealing histologic-level
detail of the myocardium, valves, coronary arteries, and cardiac conduction system across length scales. Virtual sectioning of the cardiac
conduction system provided information on fatty infiltration, vascular supply, and pathways between the cardiac nodes and adjacent
structures. HiP-CT achieved resolutions ranging from gross (isotropic voxels of approximately 20 pm) to microscopic (approximately
6.4-pm voxel size) to cellular (approximately 2.3-um voxel size) in scale. The potential for quantitative assessment of features in health
and disease was demonstrated.

Condusion: HiP-CT provided high-spatial-resolution, three-dimensional images of structurally normal and diseased ex vivo adult
human hearts. Whole-heart image volumes were obtained with isotropic voxels of approximately 20 um, and local regions of interest
were obtained with resolution down to 2.3-6.4 pum without the need for sectioning, destructive techniques, or exogenous contrast
agents.
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comprehensive understanding of the structurally nor-
Amal and diseased human heart is crucial to improve
understanding of pathophysiologic processes and therefore
diagnosis and treatment of cardiovascular diseases.

Synchrotron x-ray phase-contrast imaging has been
used to image whole hearts but is limited in size to hu-
man fetal and small animal hearts. For these tiny hearts,
image resolution down to 5.2 um (1) has been achieved
using x-ray phase-contrast imaging, with regions of inter-
est depicted with resolution down to 0.65 pum (2). This is

orders of magnitude better than current clinical imaging
techniques such as CT (3-5) and does not require invasive
dissection (6) but has been limited in size to a few centime-
ters. Other techniques—such as light-sheet fluorescence
microscopy (7,8), laboratory micro-CT, and nanotomog-
raphy (9-12)—require exogeneous contrast agents or
are limited in field of view and to small sample. Three-
dimensional (3D) diffusion-tensor MRI has promise for
allowing inference of myocardial architecture, providing
500-um voxel resolution in adult atria, but is unable to
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Abbreviations

3D = three-dimensional, AV = atrioventricular, HiP-CT = hierarchical
phase-contrast tomography

Summary

Hierarchical phase-contrast tomography (HiP-CT) enables ex vivo
virtual autopsy cardiac imaging with high spatial resolution, providing
nondestructive, three-dimensional, multiscale analysis of intact healthy
and diseased adult human hearts without contrast agents.

Key Results

m Hierarchical phase-contrast tomography (HiP-CT) enabled
nondestructive, microstructural, whole-heart imaging of two adult
human hearts (one control and one pathologic) with isotropic
voxels of approximately 20 pm without contrast agents.

m HiP-CT allowed zoomed-in high-spatial-resolution imaging with
microscopic (approximately 6.5-pum voxel size) to cellular-level
(approximately 2.3-pm voxel size) detail, anywhere within the
heart—including the myocardium, valves, and coronary arteries—
without tissue sectioning.

m Virtual multiplanar sectioning via HiP-CT of the cardiac
conduction system revealed insights into the nodal areas, vascular
supply, and surrounding structures.

depict structure directly due to limited resolution (13). All of
these limitations can potentially be addressed using x-ray phase-
contrast imaging, as the brightness (x-ray intensity) of synchro-
tron sources eliminates the need for contrast agents and provides
sufficient resolution to resolve cardiac microstructure directly
(12). Nonetheless, imaging larger adult human hearts at high
spatial resolution, while overcoming field-of-view and resolution
limitations, has been challenging.

Recently, an x-ray phase-contrast imaging technique, hier-
archical phase-contrast tomography (HiP-CT), was developed
that is capable of imaging intact adult human organs with cel-
lular resolution (14) using a synchrotron source at the European
Synchrotron Radiation Facility, the Extremely Brilliant Source.

This latest fourth-generation synchrotron advancement offers
substantial improvements over previous machines in x-ray bril-
liance and high energies, enabling large organs to be rapidly
scanned with high contrast and high spatial resolution (15).

Phase-contrast imaging differs from conventional x-ray imag-
ing, which relies on x-ray absorption, in exploiting the phase
shift (or refraction) of x-rays passing through tissues, rather than
relying solely on x-ray absorption. It results in images with dra-
matically higher contrast and resolution, which is particularly
beneficial for visualizing soft tissues and fine structures, as found
in the heart, without the need for exogenous contrast agent. This
study aimed to evaluate the capability of HiP-CT to depict the
macro- to microanatomy of structurally normal and abnormal
adult human hearts ex vivo.

Materials and Methods

Sample Preparation

In this exploratory study, between February 2021 and Septem-
ber 2023, two hearts were obtained from bodies donated to the
Laboratoire d’Anatomie des Alpes Francaises, following French
legislation for body donation. Transport and imaging protocols
were approved by the United Kingdom Health Research Au-
thority and Integrated Research Application System (200429)
and the French Ministry of Health.

The first heart, from a 63-year-old White male, served as
the control. No clinically significant cardiovascular disease had
been recorded. The second heart was from an 87-year-old White
female with a history of multiple cardiac and extracardiac co-
morbidities including ischemic heart disease, hypertension, and

atrial fibrillation (Table).

HiP-CT Imaging Procedure
Nondestructive ex vivo imaging without exogenous contrast
agentswasperformedusingHiP-CTattheEuropeanSynchrotron

Characteristics of the Two Heart Donors

Contrast-to-noise ratio*

Aorta 14.6 £ 0.3
Left ventricular wall 7.9 + 0.5
Epicardial fat 2.4+0.5

Characteristic Control Donor  Donor with Cardiovascular Disease

Year of death 2021 2022

Age at death (y) 63 87

Sex Male Female

Height (cm) 178 156

Weight (kg) 60 65

Ethnicity White White

Cause of death Pancreatic cancer Renal failure (stage 3b)

Comorbidities None of note Ischemic heart disease and hypertension; inferior myocardial infarction; right coronary artery,

circumflex coronary artery, and right carotid artery occlusion (stented); atrial fibrillation;
mitral regurgitation; tricuspid regurgitation; chronic obstructive pulmonary disease and
pulmonary hamartoma; peptic ulcer disease

10.1 £ 0.9
4.6 +0.7
22+03

as means + SDs.

* For the contrast-to-noise ratio of different regions of the heart, five measurements were performed for each area. The values are presented
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Radiation Facility. Hearts were prepared and imaged usingbeam-
line BM18 essentially as described in detail by Walsh et al (14)
(Appendix S1). Scanning was performed using a polychromatic
parallel beam tuned using a combination of molybdenum at-
tenuators, with an average energy range of 94-126 keV (see
Fig S1 for schematic). A hierarchical approach to imaging was
employed, starting with HiP-CT of the complete heart (iso-
tropic voxel size of approximately 20 pm), followed by local
“zoom” scans in regions of interest (isotropic voxel size of ap-
proximately 6.4 pm and approximately 2.3 um; see Appendix
S1). Comprehensive details regarding the scan parameters for
the three distinct voxel sizes, including the scan time, number
of projections, x-ray beam energy, and dose rate, are provided

in Table S1.

Data Processing and Analysis
Scans were reconstructed using a filtered back-projection al-
gorithm coupled with single-distance phase retrieval (16) and
a two-dimensional unsharp mask using the software pack-
age PyHST2 version 2022¢ (European Synchrotron Radia-
tion Facility), a hybrid distributed reconstruction code (17)
(https://software. pan-data.eu/software/ 74/pyhst2).

vertical concatenation of scans, ring artifact correction was

Following

performed on the reconstructed sections using an updated
Lyckegaard algorithm (18). An overview and details of the
reconstruction pipeline, adapted from Xian et al (19), can be
found in Figure S2. Data size ranged from 150 to 915 GB per
reconstructed volume and required ultra-high-performance
computing to process and visualize as described by Brunet
et al (20) (Appendix S1). The data from this study are pub-
licly accessible through the web interface Neuroglancer (21)
(Appendix S1, Fig S3).

Volumes were manually registered for visualization and semi-
automatically segmented using a bounded region growing al-
gorithm in VGSTUDIO MAX 3.5.1 (Volume Graphics). For
demonstration of normal heart anatomy and comparison with
diseased heart anatomy, data sets were virtually sectioned and
reviewed in multiple orthogonal planes. The 3D anatomic ren-
derings were created using Cinematic Anatomy version VB11A
(Siemens Healthineers) (22).

Quantitative Analysis

To show the feasibility of quantitative measurements relevant
to clinical cardiology, the thickness of the atrial walls (endocar-
dium, myocardium, and epicardium), orientation of myocyte
aggregates in the ventricles, and degree of mitral annular disjunc-
tion were calculated. Contrast-to-noise ratio was assessed in dif-
ferent tissue types: aorta, left ventricular wall, and epicardial fat.

Measurement of Atrial Wall Thickness

Voxel size was predetermined and calibrated during the beam-
line setup prior to imaging. The thickness of the atrial wall
and its constituent sublayers (endocardium, myocardium,
and epicardium) were manually determined at 15 evenly dis-
tributed locations on calibrated data sets using the measure-
ment function of Fiji software (23). Thickness measurements
in the control and diseased hearts, and in the right versus left
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atrium, were compared. For more information see the Statis-
tical Analysis section.

Calculation of Myocyte Orientation

The local orientation of myocyte aggregates was determined
using the structure tensor method (1). Briefly, intensity gra-
dients were calculated for each voxel, using the Gaussian de-
rivative method, along the three spatial orthogonal directions.
Subsequently, the structure tensor was subjected to eigende-
composition, resulting in three eigenvalues and corresponding
eigenvectors for each voxel. To identify the primary direction
of the myocyte aggregates, the eigenvector associated with the
smallest eigenvalue was selected, given that changes in image
intensity are not expected to occur along the longitudinal axis
of the cardiomyocytes. Finally, the helical angle was computed
for each voxel. This angle represents the deviation between the
transverse plane and the vector’s projection onto the local tan-
gential plane within the cylindrical coordinate system of the
heart. The centerline of the left ventricle was chosen as the cen-
ter of the cylindrical system.

Mitral Annular Disjunction Quantification

After finding the centerline of the left ventricle, the degree of dis-
placement of the mitral valve hinge from the adjacent ventricular
myocardium was measured in 5° steps around the mural leaflet
of the mitral valve in the control heart and the diseased heart.

Contrast-To-Noise Ratio Quantification
Contrast-to-noise ratio (CNR) was quantified on the full-field
images with Fiji using the following formula:

Mean, ., —Mean
signal background
CNR = .
SD background

To measure the variation of the CNR in different tissues, quan-
tification was performed in the aorta, left ventricular wall, and
epicardial fat. Five measurements were performed for each
region. The agar gel was taken as the background. The CNR
could not be quantified in zoom scans because no background
could be defined. The results are displayed in the Table. These
measurements are provided as quick indicators and should be
interpreted with caution when comparing them with other im-
aging techniques, such as clinical CT (24).

Statistical Analysis

Thickness measurements in the control and diseased hearts and
in the right versus left atrium were compared using unpaired
multiple # tests with multiple comparison correction applied via
the Holm-Sidak method and a set a threshold of .05. Analyses
were performed using Prism 10.1.2 software (GraphPad).

Results

HiP-CT captured the microanatomy of both the control and
diseased hearts at high spatial resolution (see Table S2, Figs 1-6),
demonstrating the feasibility of quantitative measurement

(Figs 2, 3, S4).
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Figure 1: Three-dimensional cinematic renderings of the (A) control and (B) diseased hearts in anatomic orientation. Epicardial fat has
been removed digitally to show the course of the major coronary arteries plus details of smaller arteries penetrating into the myocardium that

are not typically seen on clinical CT scans. In the control heart, the coronary arteries remain close to the epicardial surface, while in the diseased

heart, they are lifted away by epicardial fat, increasing the perfusion distance between the major coronary arteries and the myocardium. Seg-

mentations and high-spatial-resolution details of coronary arteries in the diseased heart are also shown in Figure 5.

Structural Anatomy of the Control Heart with Approximately
20-pum Voxel Size

In the control heart, HiP-CT was able to depict subtle differences
in density in all important tissue types with approximately 20-um
voxel size (Table S2), with excellent contrast-to-noise ratio
(Table). Anatomic boundaries were clear and distinct, facilitating
straightforward 3D rendering, segmentation, and quantification
(Figs 1, 2, S4; Movie 2). As an example of multiplanar quantifica-
tion at this resolution, both the presence and degree of mitral annu-
lar disjunction (displacement of the mural leaflet of the mitral valve
from the ventricular myocardium) and its distribution around the
mural aspect of the left atrioventricular (AV) junction were mea-
sured and mapped (Fig S4A-S4D). The feasibility of mapping the
orientation of myocytic aggregates within the compact myocardium
using structure tensor analysis (myomapping) was confirmed, and
myocyte orientation demonstrated the expected gradual transition
in helical angle from epicardium to endocardium (Fig 3).

High-Spatial-Resolution Zoom Scans with Approximately
2.3-6.4-pum Voxel Size

In regions of interest viewed with higher spatial resolution,
clinically relevant components could be traced in 3D and
quantified. Measurement of the transmural thickness of the
endo-, myo-, and epicardial layers of the left acrium—relevant
to cryoablation for atrial fibrillation—highlighted significant
differences in endo- and epicardial thickness of the left and
right atria. Specifically, endocardial thickness was significantly
greater (P < .001) in the left atrium than the right atrium in
both hearts. Meanwhile, epicardial thickness was significantly
greater (P < .001) in the diseased heart than the control heart
for both the left and right atria (Fig 2).

HiP-CT was able to demonstrate details of the cardiac con-
duction system and its interconnectivity with surrounding struc-
tures. The sinus node was identified in cross-section as a distinct
condensation of tightly packed cells containing small, dense,

fibrous elements, surrounding the sinus nodal artery (Fig 4A).
Multiple connections between the node and the tightly adjacent
atrial myocardium and paranodal area could be traced through-
out its length. The compact AV node was located by tracking its
artery within the inferior pyramidal space until its first branch
point (Fig 4B). Again, the compact node was tightly adjacent to
the (vestibular) myocardium of the right atrium. Connections
between the AV node and the atrial septum (potential fast path-
way) and to the right and left vestibules on either side of the
inferior pyramidal space could be traced through virtual multd-
planar sectioning (Fig 4B, 4C). Likewise, multiple connections
between the AV node and the underlying crest of the ventricular
septum could be determined (potential nodoventricular path-
ways). Of interest, each pathway followed the course of micro-
vasculature, which was accompanied by tissue of an AV nodal
phenotype as the microvasculature broke through the fibrous AV
insulating tissue (Fig 4C). The course of the penetrating bundle
of His, and the proximal left and right bundle branches, could
also be traced (Fig S5).

Structural Anatomy of the Diseased Heart

In the diseased heart, multiple abnormalities in microstruc-
ture were visible with approximately 20-pm voxel resolution,
with confirmation in high-resolution zoom scans (Table S2).
These abnormalities included an increased distance of cor-
onary vasculature from the epicardial surface (Figs 1, 5A),
coronary stent with associated calcification (Fig 5B), athero-
sclerotic plaque with associated calcification (Fig 5C, 5D),
lipomatous hypertrophy of the atrial septum and a thrombus
in transit through a patent foramen ovale (Fig S6), calcifica-
tion of the mitral annulus and aortic valvar leaflets (Figs 6,
S4), and changes in myocyte structure related to myocardial
infarction (Fig 6). Quantitatively, the epicardium of both
atria was thicker (Fig 2C) and there was a greater degree and
extent of mitral annular disjunction (Fig S4B, S4D) in the

radiology.rsna.org = Radiology: Volume 312: Number 1—July 2024
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Figure 2: (A) Three-dimensional (3D) cinematic rendering from hierarchical phase-contrast tomography (HiP-CT) of the control heart, viewed from the left posterior
aspect, with epicardial fat digitally removed using thresholding, shows the left atrium and the left afrial appendage (LAA), which can be seen running over the circumflex
coronary arfery (CX). This anatomic relationship is a key landmark for inferventional closure of the left atrial appendage with devices. Ao = corta, CS = coronary sinus, LAD
= left anterior descending coronary artery, LPV = left pulmonary vein, LV = left ventricle, PT = pulmonary trunk. (B) High-spatial-resolution local HiP-CT scan of the wall of the
left atrial oppendage in the control heart (view plane is given by the dashed line in A shows histologic spatial resolution of endocardial, myocardial, and epicardial layers,
allowing measurement of thickness (lines). (€) Box and whiskers plots show the thickness of the endocardium (Endo), myocardium (Myo), and epicardium (Epi) in the left and
right afria in the control heart and the diseased heart. Circles indicate individual measurements, the boundaries of boxes indicate the lower and upper quartiles, the red lines
indicate medians, and the whiskers indicate ranges. Measurements were obtained manually at 15 distinct locations along the left and right atrial walls. Thickness measurements
in the control and diseased hearts, and in right versus left atrium, were compared using unpaired multiple  tests with multiple comparison correction applied via the Holm-Sidak
method and a set a threshold of .05. Statistical analysis revealed significant differences (P<.001) in the thickness of the left and right atrial endocardium within the control heart
and within the diseased heart and in the thickness of the left and right atrial epicardium between the control heart and the diseased heart.

and atrial vestibules (potential disruption of both fast and

slow pathways) (Fig 4E, 4F).

Discussion

In this study, we showed the utility of hierarchical phase-
contrast tomography (HiP-CT) for high-spatial-resolution im-
aging of intact structurally normal and diseased adult human
hearts without the need for destructive methodology, section-
ing, or exogenous contrast agents. HiP-CT provided multi-
dimensional and histologic-level detail of the myocardium,
valves, coronary arteries, and components of the cardiac con-
duction system across length scales. It provided resolutions
ranging from gross (isotropic voxels of approximately 20-pm)
to microscopic (approximately 6.4-pm voxel size) to cellular

(approximately 2.3-pm voxel size) in scale. It adds to the grow-
ing set of x-ray phase-contrast imaging techniques and analyses
being applied to biologic systems (25,26).

Multiple challenges and controversies still exist in the field
of cardiovascular science and anatomy that HiP-CT has the
potential to help resolve. Of note, we have shown that compre-

Figure 3: Mid-ventricular short-axis secfion of the ventricles in the control heart

shows the feasibility of myomapping the orientation of myocyte aggregates on hi-
erarchical phase-contrast tomography images at low spatial resolution. Myocyte
orientation was calculated by means of structure tensor analysis with an in-house
code based on the Python library structure-tensor (5,6). Colors represent the helical
angle of aggregates of myocytes, which show a gradual transition in the thicker left

hensive analysis of the cardiac conduction system is technically
ventricle from epicardium to endocardium.

feasible using HiP-CT, thus paving the way for more accurate
interpretation of the anatomy underlying arrhythmia as well

diseased heart compared with the control heart. The structure
of the sinus node and the AV node was disrupted by fatty in-
filtration (Fig 4D—4F); the connections between a more stel-
late sinus node and the surrounding atrial myocardium plus
paranodal area were attenuated (Fig 4D), as were the connec-
tions between the AV node and the adjacent atrial septum

Radiology: Volume 312: Number 1—July 2024 = radiology.rsna.org

as strategies for treatment via ablation (27), while also keeping
the conduction system in the context of whole-heart anatomy.
For example, while indicators of atrial myocyte orientation—
relevant to conduction between the sinus and AV nodes—can
be visualized using other techniques (13), tracing normal and
abnormal pathways between the nodes and underlying working
myocardium at the histologic level has proven to be a difficult
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Hierarchical phase-contrast tomography images show the feasibility of identifying and tracing the conduction system with virtual multiplanar secfioning in (A=C)

confrol and (D=F) diseased heart. In the control heart, the sinus and atrioventricular nodes are tightly adjacent to the surrounding atrial myocardium, paranodal area (PN),
and terminal crest (TC), with multiple potential sites of connection. Multiplanar sectioning allows vascular connections from the atrioventricular node to be followed (red
arrowheads in B, €, E, F). These connections can be seen breaking up the bright fibrous fissue between atrial and ventricular myocardium and represent potential sites of
normal nodoventricular connection. In the diseased heart, there is fatty infiliration in the region of the sinus and atrioventricular nodes, separating the respective nodal fissue
from surrounding right afrial (RA) myocardium (yellow arrowheads in B, €, E, F) and from the paranodal area. This fatty infiliration elongates the connections between nodal
tissue and surrounding atrial myocardium (* in D). In particular, the connection befween the atrioventricular node and the atrial septum (% in B, C, E, F), a potential fast
pathway, is diminished in the diseased heart compared with the control heart. An attenuated connection with the vestibule of the right atrium (potential slow pathway) can also
be seen in a more inferior section of the diseased heart, made across the inferior pyramidal space (* in F). ISR = inferoseptal recess (within the left ventricle), LA = left atrium.

task, and is usually performed using destructive tissue section-
ing (28). As a starting point, our analysis shows the potential to
track such pathways in 3D using high-spatial-resolution HiP-
CT data and shows that the connections surrounding the si-
nus node are likely multiple and are present, but attenuated, in
the setting of lipomatous hypertrophy. Likewise, we were able
to track the course of the AV node in our data sets and show
its close proximity to the adjacent myocardium in the control
heart. This feature, along with potential connections to the
atrial septum (potential fast pathway), was disrupted by facty
infiltration in the diseased heart. Given the well-known asso-
ciation between obesity and arrhythmia (29), these findings are
relevant not only for understanding the onset of cardiac rhythm
abnormalities but also for the efficacy of ablation strategies to
cure them (30). Furthermore, connections between the AV
node and ventricular myocardium (potential nodoventricular
connections) or between the nonbranching bundle of His or
bundle branches and the ventricular septum (fasciculoventricu-
lar connections) are notoriously challenging to document his-
tologically, not least because sections are often lost or omitted,

even with expert serial sectioning. Again, we were able to trace
these potential connections in an uninterrupted manner in our
data sets. Of note, we demonstrated the presence of nodoven-
tricular connections in both the healthy and diseased heart.
Besides anatomy related to the cardiac conduction system,
we identified three further anatomic features with the potential
to be investigated through quantitative analysis of HiP-CT data.
First, we showed the feasibility of measuring atrial wall thick-
ness (Fig 2), including the thickness of epicardial fat, which
may be relevant to transmural cryoablation for atrial fibrilla-
tion. Second, measurement of the orientation of aggregates of
myocytes was possible within an intact ventricular mass (Fig 3).
Continuing controversies exist in understanding the mural
architecture of the compact myocardium; myomapping with
the high spatial resolution of HiP-CT could not only aid in
more accurate mathematical modeling of myocardial structure
in health and disease but also help validate clinically relevant
advanced imaging techniques, such as diffusion-tensor MRI.
Third, we showed the feasibility of using HiP-CT to investigate
mitral annular disjunction (Fig S4), another clinically relevant

radiology.rsna.org = Radiology: Volume 312: Number 1—July 2024
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(A, B) Three-dimensional cinematic renderings and (€, D) images from hierarchical phase-contrast fomography (HiP-CT)

show segmentation of the coronary arterial and venous free in the diseased heart. (A) The heart is viewed on its apex to show the course of
the major coronary arteries and veins as well as smaller vessels such as the sinoatrial nodal artery (SNA). The coronary vasculature is lifred
away from the epicardial surface by lipomatous hypertrophy, lengthening the penetrating arteries (see also Fig 1). Box indicates the location
of the stent shown in B; line indicates the cross-section shown in €. (B) Cinematic rendering of one of the coronary stents, along with sur-
rounding calcification (purple), shows feasibility of imaging both soft and hard fissue with minimal artifacts. (€) High-spatial-resolution local
tomography of the left descending coronary artery shows atherosclerotic plaque including calcification (box). (D) Digital zoom scan of box in
C shows details of the atherosclerotic plaque and calcification within the intima. Adip = adipose tissue, Adv = tunica adventitia, Ao = aorta, Ath
= atherosclerosis, C = calcification, LAD = left anterior descending coronary artery, Lum = lumen, Med = tunica media, RCA = right coronary

artery, VV = vasa vasorum.

yet controversial feature of anatomy. Of interest, mitral annular
disjunction was demonstrated to be present in both the control
and the diseased hearts but was more prominent in the diseased
heart, which was from a patient who had both mitral regurgita-
tion and atrial fibrillation.

We propose that HiP-CT, in bridging the gap between the
whole-organ and cellular scales, represents a step change in ra-
diologic techniques for ex vivo investigation of the heart. The
potential to resolve broad-based anatomic questions relevant
to the understanding and treatment of cardiovascular diseases
makes HiP-CT a potentially powerful, nondestructive research
tool. It could be useful not only for understanding acquired
heart disease but also for prospective application in Biobanks of
rare and complex congenital heart malformations.

Our study has several limitations. First, HiP-CT requires
specialized equipment and expertise. Access to synchrotron

Radiology: Volume 312: Number 1—July 2024 = radiology.rsna.org

radiation facilities worldwide is limited and expensive, which
may hinder imaging the larger number of samples required
for robust statistical comparison in preclinical series. Sec-
ond, imaging was performed ex vivo and may not fully re-
flect the dynamic and muscular behavior of hearts in vivo. In
vivo scanning using HiP-CT is currently limited by the high
radiation dose associated with synchrotron imaging. Third,
sample preservation and preparation, if not optimized, may
induce morphologic deformations. In particular, maintaining
full patency of vessels and chambers during standard whole-
organ anatomic embalming, as used in our study, is challeng-
ing and can make segmentation and 3D reconstruction more
difficult. Fourth, we did not have histopathologic evaluation
to use as a reference standard, and the conclusions reached by
studying only two hearts are inherently limited and may not
be generalizable.



Analysis of the Heart Using Hierarchical Phase-Contrast Tomography
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Figure 6:
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Hierarchical phase-contrast tomography scans of ventricular myocardium in (A=C) control and (D=F) diseased heart. (A, D) Long-axis views show the extent

of myocardial infarction (MI) in the diseased heart, together with lipomatous hypertrophy, bright areas of calcification in the aortic valve and mitral annulus [yellow arrowheads
in D), and stent in the right coronary artery (red arrowhead in D). (B, E) Zoom scans of boxes in A and D show the high spatial resolution obtained even at this voxel size and

the extensive nature of the myocardial infarcfion that lies immediately beneath the trabecular myocardium (T). (€, F) High-spatial-resolution scans of the boxed areas in B and
E show differences in myocardial aggregates, which are separated by replacement fibrosis in the diseased heart (yellow arrowheads in F) but tightly packed in the control
heart. Ao = aorta, C = compact myocardium, LA = left atrium, LV = left ventricle, RV = right ventricle.

In conclusion, for ex vivo and virtual autopsy cardiac imag-
ing, this study demonstrates the potential of hierarchical phase-
contrast tomography (HiP-CT) to provide high-spatial-resolution,
three-dimensional images of structurally normal and diseased
adult human hearts. HiP-CT was used to obtain whole-heart
image volumes with isotropic voxels of approximately 20 pm
and local regions of interest with voxel size down to 2.3-6.4 um
without the need for tissue sectioning, destructive techniques,
or exogenous contrast agents. The multiscale approach enables
insights into cardiac macro- and microstructure. Because of its
potential to provide a comprehensive view of cardiac anatomy
and its alterations in disease, HiP-CT represents a promising
tool for developing innovative diagnostic and treatment strate-
gies for cardiovascular disease.

Deputy Editor: Rozemarijn Vliegenthart
Scientific Editor: Sarah Atzen

Acknowledgments: We thank Sam Bayat (INSERM) for help during the test
phase, Philippe Masson (LADAF) for dissections of donors’ bodies, Hector De-
jea (ESREF) for help during the fiber orientation algorithm development, Harald
Reichert (ESRF) for general support of the project, and Elodie Boller, Clémence

Muzelle, Roberto Homs, Christophe Jarnias, Filippo Cianciosi, Philippe Carceller,
Philip Cook, Luca Capasso and Alessandro Mirone for their help in setup devel-
opments and improvements. We also thank Christina Petzold-Miigge and Nicole
Kroenke for help with histology and autopsies.

Author contributions: Guarantors of integrity of entire study, J.B., A.C.C.,
C.L.W., PT.,, K.E., P.D.L.; study concepts/study design or data acquisition or data
analysis/interpretation, all authors; manuscript drafting or manuscript revision for
important intellectual content, all authors; approval of final version of submitted
manuscript, all authors; agree to ensure any questions related to the work are appro-
priately resolved, all authors; literature research, J.B., A.C.C., C.L.W,, K.E., R.T,,
D.D.J., M.A;; clinical studies, J.B., O.A., M.A.; experimental studies, all authors;
statistical analysis, J.B.; and manuscript editing, J.B., A.C.C., C.L.W., P.T., K.E.,
0.A, R.T., CW,, D.D.J., M.A,, PD.L.

Disclosures of conflicts of interest: J.B. Support for the present study from the
Chan Zuckerberg Initiative (grant DAF2020-225394), the European Synchrotron
Radiation Facility (funding proposals md1252 and md1290), the Royal Academy of
Engineering (CiET1819/10), and the Medical Research Council (MR/R025673/1).
A.C.C. Research is enabled through the Noé Heart Centre Laboratories which are
gratefully supported by the Rachel Charitable Trust via Great Ormond Street Hos-
pital Children’s Charity (GOSH Charity). The Noé Heart Centre Laboratories are
based in The Zayed Centre for Research into Rare Disease in Children, which was
made possible thanks to Her Highness Sheikha Fatima bint Mubarak, wife of the
late Sheikh Zayed bin Sultan Al Nahyan, founding father of the United Arab Emir-
ates, as well as other generous funders. C.L.W. Support for the present study from the
Chan Zuckerberg Initiative (grant DAF2020-225394), the European Synchrotron

radiology.rsna.org = Radiology: Volume 312: Number 1—July 2024



Radiation Facility (funding proposals md1252 and md1290), a Medical Research
Council Skill Development Fellowship (MR/S007687/1), and an honorarium from
Diamond Light Source for participation on a peer review panel. J.C. Support for
the present study from a Wellcome Trust PhD Training Fellowship for Clinicians
(360G-Wellcome-222918_7_21_7). PT. Support for the present study from the
Chan Zuckerberg Initiative (grant DAF2020-225394) and the European Synchro-
tron Radiation Facility (funding proposals md1252 and md1290). K.E. Employee
and stockholder of Siemens Healthineers; support from the European Synchrotron
Radiation Facility to attend a workshop at the facility; cinematic rendering is a tech-
nology patented by Siemens Healthineers. O.A. No relevant relationships. C.B. No
relevant relationships. E.B.O.L. No relevant relationships. A.B. Grants for research
projects from Université Genoble Alpes and Grenoble Alpes University Hospital and
payment for presentations from AbbVie. R.T. No relevant relationships. C.W. Speaker
fees from Boehringer Ingelheim. D.D.J. Support for the present study from the Chan
Zuckerberg Initiative (grant DAF2020-225394). M.A. Support for the present study
from the National Institutes of Health (grants HL94567 and HL134229). K.D. No
relevant relationships. D.L. Support for the present study from the Chan Zucker-
berg Initiative (grant DAF2020-225394), the European Synchrotron Radiation Facil-
ity (funding proposals md1252 and md1290), the Royal Academy of Engineering
(CiET1819/10), the Medical Research Council (MR/R025673/1), and the CIFAR
MacMillan Multiscale Human Program.

References

1. Garcia-Canadilla P, Dejea H, Bonnin A, et al. Complex congenital heart
disease associated with disordered myocardial architecture in a midtrimes-
ter human fetus. Circ Cardiovasc Imaging 2018;11(10):e007753.

2. Dejea H, Garcia-Canadilla P, Cook AC, et al. Comprehensive analysis of
animal models of cardiovascular disease using multiscale x-ray phase
contrast tomography. Sci Rep 2019;9(1):6996. [Published correction ap-
pears in Sci Rep 2019;9(1):18278.]

3. Gilbert SH, Benoist D, Benson AP et al. Visualization and quanti-
fication of whole rat heart laminar structure using high-spatial reso-
lution contrast-enhanced MRI. Am ] Physiol Heart Circ Physiol
2012;302(1):H287-H298.

4. Lee L, Genge CE, Cua M, et al. Functional assessment of cardiac responses
of adult zebrafish (Danio rerio) to acute and chronic temperature change us-
ing high-resolution echocardiography. PLoS One 2016;11(1):e0145163.
[Published correction appears in PLoS One 2016;11(2):¢0149741.]

5. LeeL, Cui]Z, Cua M, etal. Aortic and cardiac structure and function using
high-resolution echocardiography and optical coherence tomography in a
mouse model of Marfan syndrome. PLoS One 2016;11(11):e0164778.

6. Pichat J, Iglesias JE, Yousry T, Ourselin S, Modat M. A survey of methods
for 3D histology reconstruction. Med Image Anal 2018;46:73-105.

7. Mai H, Rong Z, Zhao S, et al. Scalable tissue labeling and clearing of
intact human organs. Nat Protoc 2022;17(10):2188-2215.

8. Zhao S, Todorov MI, Cai R, et al. Cellular and molecular probing of
intact human organs. Cell 2020;180(4):796-812.¢19.

9. Lombardi CM, Zambelli V, Botta G, et al. Postmortem microcomputed
tomography (micro-CT) of small fetuses and hearts. Ultrasound Obstet
Gynecol 2014;44(5):600-609.

10. Reichardt M, Tépperwien M, Khan A, Alves F, Salditt T. Fiber orientation
in a whole mouse heart reconstructed by laboratory phase-contrast micro-
CT. ] Med Imaging (Bellingham) 2020;7(2):023501.

11. Walton LA, Bradley RS, Withers PJ, et al. Morphological characterisa-
tion of unstained and intact tissue micro-architecture by x-ray computed
micro- and nano-tomography. Sci Rep 2015;5(1):10074.

Radiology: Volume 312: Number 1—July 2024 = radiology.rsna.org

17.

18.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

Brunet et al

. Dejea H, Bonnin A, Cook AC, Garcia-Canadilla P. Cardiac multi-scale

investigation of the right and left ventricle ex vivo: a review. Cardiovasc

Diagn Ther 2020;10(5):1701-1717.

. Pashakhanloo F, Herzka DA, Ashikaga H, et al. Myofiber architecture of

the human atria as revealed by submillimeter diffusion tensor imaging.

Circ Arrhythm Electrophysiol 2016;9(4):e004133.

. Walsh CL, Tafforeau P, Wagner WL, et al. Imaging intact human organs

with local resolution of cellular structures using hierarchical phase-con-
trast tomography. Nat Methods 2021;18(12):1532-1541.

. Chapman HN. Fourth-generation light sources. TUCr] 2023;10(Pt

3):246-247.

. Paganin D, Mayo SC, Gureyev TE, Miller PR, Wilkins SW. Simultaneous

phase and amplitude extraction from a single defocused image of a homo-
geneous object. ] Microsc 2002;206(Pt 1):33—40.

Mirone A, Brun E, Gouillart E, Tafforeau P, Kieffer J. The PyHST2
hybrid distributed code for high speed tomographic reconstruction
with iterative reconstruction and a priori knowledge capabilities. Nucl
Instrum Methods Phys Res B 2014;324:41-48.

Lyckegaard A, Johnson G, Tafforeau P. Correction of ring artifacts in X-ray
tomographic images. Int ] Tomogr Stat 2011;18(F11):1-9.

. Xian RP, Walsh CL, Verleden SE, et al. A multiscale X-ray phase-contrast

tomography dataset of a whole human left lung. Sci Data 2022;9(1):264.
Brunet J, Walsh CL, Wagner WL, et al. Preparation of large biologi-
cal samples for high-resolution, hierarchical, synchrotron phase-con-
trast tomography with multimodal imaging compatibility. Nat Protoc
2023;18(5):1441-1461.

Maitin-Shepard J, Baden A. Neuroglancer. GitHub. https://github.com/
google/neuroglancer. Published 2021. Accessed May 15, 2024.

Engel K. Real-time Monte-Carlo path tracing of medical volume data.
Presented at the 2016 GPU Technology Conference, San Jose, Calif, April
4-7,2016.

Schindelin J, Arganda-Carreras I, Frise E, et al. Fiji: an open-source plat-
form for biological-image analysis. Nat Methods 2012;9(7):676-682.
Chatzaraki V, Kubik-Huch RA, Thali M, Niemann T. Quantifying im-
age quality in chest computed tomography angiography: evaluation of
different contrast-to-noise ratio measurement methods. Acta Radiol
2022;63(10):1353-1362.

Barbone GE, Bravin A, Mittone A, et al. High-spatial-resolution three-di-
mensional imaging of human spinal cord and column anatomy with post-
mortem x-ray phase-contrast micro-CT. Radiology 2021;298(1):135-146.
Lv WJ, Zhao XY, Hu DD, Xin XH, Qin LL, Hu CH. Insight into bile
duct reaction to obstruction from a three-dimensional perspective using
ex vivo phase-contrast CT. Radiology 2021;299(3):597-610.

Anderson RH, Sanchez-Quintana D, Mori S, Cabrera JA, Back Ster-
nick E. Re-evaluation of the structure of the atrioventricular node and its
connections with the atrium. Europace 2020;22(5):821-830.
Kalyanasundaram A, Li N, Augostini RS, Weiss R, Hummel JD, Fe-
dorov VV. Three-dimensional functional anatomy of the human si-
noatrial node for epicardial and endocardial mapping and ablation.
Heart Rhythm 2023;20(1):122-133.

Wang TJ, Parise H, Levy D, et al. Obesity and the risk of new-onset atrial
fibrillation. JAMA 2004;292(20):2471-2477.

Pambrun T, Duchateau ], Delgove A, et al. Epicardial course of the sep-
topulmonary bundle: anatomical considerations and clinical implications

for roof line completion. Heart Rhythm 2021;18(3):349-357.



