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Abstract

Purpose—Approximately 5.7 million people in the US are
affected by congestive heart failure. This study aimed to
quantitatively evaluate cardiothoracic morphology and vari-
ability within a cohort of heart failure patients for the
purpose of optimally engineering cardiac devices for a variety
of heart failure patients.

Methods—Co-registered cardiac-gated and non-gated chest
computed tomography (CT) scans were analyzed from 20
heart failure patients (12 males; 8 females) who were
primarily older adults (79.5 £ 8.8 years). Twelve cardiotho-
racic measurements were collected and compared to study
sex and left ventricular (LV) ejection fraction (EF) type
differences in cardiothoracic morphology.

Results—Four measures were significantly greater in males
compared to females: LV long-axis length, LV end diastolic
diameter (LVEDD) at 50% length of the LV long-axis, the
minimal distance between the sternum and heart, and the
angle between the LV long-axis and coronal plane. Four
measures were significantly greater in patients with reduced
EF compared to preserved LV: LV long-axis length, LVEDD
at 50% length of the LV long-axis, left ventricular volume
normalized by body surface area, and the angle between the
mitral valve plane and LV long-axis.

Conclusions—These cardiothoracic morphology measure-
ments are important to consider in the design of cardiac
devices for heart failure management (e.g. cardiac pacemak-
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ers, ventricular assist devices, and implantable defibrillators),
since morphology differs by sex and ejection fraction.

Keywords—Cardiac device, Computational models, Com-
puted tomography, Ejection fraction, Electrocardiogram
gated computed tomography, Heart failure.

INTRODUCTION

Approximately 5.7 million people in the US are
affected by congestive heart failure (CHF) which re-
mains the only cardiovascular disease with an
increasing healthcare cost burden.” CHF is a well-
recognized condition in which left ventricular (LV)
dysfunction produces symptoms including fatigue and
exercise intolerance.® The LV ejection fraction (EF) is
the standard clinical measure of systolic function. HF
occurs across the entire range of LV EF, not just re-
duced EF."® Nearly half or more of HF patients have a
preserved EF > 50%.'° A preserved EF indicates that
the end-diastolic volume is appropriate for the stroke
volume, and a reduced EF indicates that the end-
diastolic volume is increased relative to stroke vol-
ume.'* In addition, there are many differences in car-
diac structure and function between these two
groups.”’

Most structural studies of the heart use magnetic
resonance imaging or echocardiography for LV mass
and volume measurements.*'>?** Cardiovascular
magnetic resonance is costly, time-consuming, and
unsuitable for patients with metallic devices or claus-
trophobia. Transthoracic echocardiography is an
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inexpensive, routine method for ventricular function
assessment, but is limited by poor acoustic windows in
patients with obesity, prior cardiothoracic surgery,
chronic obstructive pulmonary disease, or narrow rib
intercostal spaces.>’"®

Computed tomography (CT) is a recommended
imaging modality for evaluation of ventricular function
and morphology for HF patients.”' CT is routinely col-
lected for surgical pre-planning, and can be rapidly
acquired with good spatial and temporal resolution and a
large field of view.!*!” Electrocardiogram (ECG) gated
CT minimizes artifacts from cardiac motion and offers
improved temporal resolution to characterize morphol-
ogy of the heart valves and great vessels.'? By co-regis-
tering cardiac-gated heart CT images with non-gated
chest CT images, precise morphological characterization
of the heart and surrounding anatomy can be achieved by
taking advantage of reduced heart motion artifacts in the
gated CT and the larger field of view in the non-gated CT.
Although magnetic resonance imaging is the gold stan-
dard and echocardiography is the most commonly used
technique for HF image analysis, cardiac CT brings its
own advantages in specific HF population studies since it
is feasible for a broader range of patients. For example,
shorter acquisition time of cardiac CT images leading to
shorter breath-hold time makes it more feasible for HF
patients with respiratory problems. Also, the increasing
use of implantable cardioverter defibrillator/cardiac
resynchronization therapy devices in HF patients, limits
the possibilities of performing cardiac magnetic reso-
nance imaging; thus CT emerges as a valid alternative to
assess LV volumes and function.

The heart size, location, and orientation in the tho-
racic cavity likely varies among HF patients. Quantita-
tive data on cardiothoracic morphology variations can
directly inform the design of cardiac devices such as
pacemakers,  ventricular  assist  devices, and
implantable defibrillators, as engineers must develop
devices with widespread applicability to the HF popu-
lation. Thus, the objective of this study was to generate
3D models of cardiothoracic organs from co-registered
ECG-gated and non-gated chest CT scans of 20 HF
patients. This data aimed to (1) improve the
understanding of cardiothoracic morphology of HF
patients, and (2) quantify variability of cardiothoracic
morphology by sex and EF classification for the purpose
of informing cardiac device design for HF patients.

MATERIALS AND METHODS

Model Development

Paired cardiac-gated CT and non-gated chest CT
scans from 12 males and 8 females with HF were re-
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trieved from the clinical radiology database at Wake
Forest Baptist Medical Center (Table 1). The study
complied with Institutional Review Board policies
approved by Wake Forest University. The 20 patients
were primarily older adults (79.5 4 8.8 years) with a
mean body mass index (BMI) of 26.9 + 6.1 kg/m? and
a mean body surface area (BSA) of1.8 + 0.2 m?, which
is commonly used to eliminate confounding effects of
body size on cardiac dimensions’ (Eq. 1).

v/ Weight (kg) x Height (cm)

BSA = 3600 m

Patients selected had a contrast-enhanced cardiac-
gated CT scan of the heart and a contrast-enhanced
full chest CT scan performed during the same hospital
admission. HF classified in these patients according to
the New York Heart Association (NYHA) Functional
Classification®® included class II (n = 1), class III
(n = 16), class IV (n = 2), and unspecified (n = 1).
EF measured using transthoracic echocardiogram was
stratified based on the maximum EF measured in each
patient: preserved EF (EF = 50%) (n = 13) vs. re-
duced EF (EF < 50%) (n = 7).

Cardiac-gated CT (0.625 mm slice thickness; 0.59
mm pixel size) and non-gated chest CT (0.625 mm slice
thickness; 0.95 mm pixel size) scans were collected on a
64-slice General Electric CT scanner (GE Healthcare,
Chicago, IL). To minimize motion artifacts in the
cardiothoracic measurements collected, cardiac-gated
scans were collected at end diastole at 75% of the R—R
interval during the cardiac cycle using retrospective
gating.”?

The following heart structures were semi-automati-
cally segmented from the cardiac-gated CT scan using
the CT Heart tool within Mimics software (v./9.01,
Materialise, Ann Arbor, MI): right and left atria, right
and left ventricles, aorta, pulmonary arteries, pul-
monary veins, coronary arteries, coronary sinus,
superior vena cava, and myocardium. The following
bone and soft tissue structures were semi-automatically
segmented from the non-gated chest CT scans using
Mimics: clavicles, sternum, ribs, costal cartilage, lungs,
liver, diaphragm, esophagus, trachea, inferior vena
cava, skeletal muscle, skin, and subcutaneous fat.
Bones were segmented by thresholding for Hounsfield
units (HU) ranging from 226 to 3071 HU, followed by
manual refinement. Soft tissue structures in the non-
gated CT were segmented using a combination of
thresholding and manual contouring. 3D stere-
olithography models of each anatomical structure were
created using optimal settings in Mimics and then
smoothed in Geomagic Studio (v.2014, Geomagic Inc.,
Morrisville, NC).
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TABLE 1. Demographic summary for 20 HF patients.
NYHA
ID Sex Age (years) Weight (kg) Height (cm) BMI (kg/m?) BSA (m2, Eq. 1) class Ejection fraction BP (mmHg)
1 F 88 70.8 149.9 31.5 1.7 I} 70% (preserved) 144/50
2 M 89 76.7 169.4 27.3 1.9 1] 65% (preserved) 134/54
3 F 93 54.0 148.7 24.9 1.5 1 64% (preserved) 165/72
4 F 87 100.2 151.3 43.9 2.1 ] 60% (preserved) 182/77
5 M 80 71.4 166.7 26.2 1.8 1 60% (preserved) 136/63
6 F 78 57.7 156.7 241 1.6 I 45% (reduced) 109/50
7 F 86 46.3 159.3 18.7 1.4 I} 70% (preserved) 138/47
8 M 83 68.5 166.9 25.2 1.8 N/R 50% (preserved) 142/70
9 F 87 58.0 154.2 25.0 1.6 v 59% (preserved) 138/42
10 M 80 85.3 174.5 28.7 2.0 1 45% (reduced) 150/60
11 M 65 79.4 179.6 25.1 2.0 I} 30% (reduced) 93/42
12 M 58 44.9 156.7 18.6 1.4 1 43% (reduced) 115/65
13 M 81 87.1 174.5 291 2.1 I} 65% (preserved) 148/79
14 M 79 75.8 179.6 24.0 1.9 1 55% (preserved) 122/61
15 M 82 76.2 169.4 27.2 1.9 Il 55% (preserved) 130/69
16 F 71 51.7 146.2 27.4 1.4 I 19% (reduced) 128/58
17 M 80 69.4 1771 22.5 1.8 I} 45% (reduced) 112/64
18 M 83 721 179.6 22.8 1.9 -1V 30% (reduced) 104/77
19 F 68 99.8 159.3 40.4 21 1] 65% (preserved) 101/46
20 M 72 74.8 174.5 25.1 1.9 1] 55% (preserved) 153/67
Mean + SD 795+88 71.0+15.6 164.7+11.4 26.9 +6.1 1.8 +£0.2 50.8 + 13.5

BMI body mass index, BSA body surface area, NYHA New York Heart Association, BP blood pressure, N/R not reported.

The cardiac-gated CT had a smaller field of view
that did not capture the entire torso. Thus, the heart
model from the cardiac-gated CT was rigidly co-reg-
istered to the non-gated full chest CT using a similar
approach to Hayes ez al.'" This produced 3D models of
all torso structures in the full chest CT coordinate
system, complete with a heart segmentation derived
from cardiac-gated CT (Fig. 1).

Cardiothoracic Measurements

For each patient, six cardiac and six cardiothoracic
measurements were collected from 2D CT images
using Aquarius iNtuition (v.4.4.11, TeraRecon, Foster
City, CA, USA) and from the 3D models (Fig. 1) using
Geomagic Studio (v.2014, Geomagic Inc., Morrisville,

NO).

Cardiac Measures

The following cardiac measures relating to cardiac
function were collected: (1) LV long-axis length, (2) left
ventricular end diastolic diameter (LVEDD) at 50% of
LV long-axis length, (3) LV short-axis length, (4) LV
sphericity (defined as LV long-axis length divided by
LV short-axis length), (5) four chamber volumes, and
(6) LV myocardial wall volume divided by BSA
(Figs. 2 and 3).

LV long-axis length was measured on the four-
chamber view, from the LV apex to the central mitral

FIGURE 1. 3D models of (a) the heart and great vessels, (b)
the cardiothoracic structures including bones and soft
tissues.

valve (Fig. 2a). LVEDD at 50% of LV long-axis
length was measured on the four-chamber view by
crossing a line perpendicular to the LV long-axis at
50% of its length'” (Fig. 2b). LV short-axis length was
measured on the apical two-chamber view (Fig. 2c)."?
LV sphericity was calculated by dividing the LV long-
axis length by the LV short- axis length. Four chamber
volumes (LV volume, left atrial volume, right ventric-
ular volume, and right atrial volume) were measured
from 3D models (Fig. 3a). LV myocardial wall volume
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FIGURE 2. Cardiac 2D measures: (a) measure 1: LV long-axis length shown by the red arrow on the four- chamber view; the green
line is aligned with the LV long-axis plane, (b) measure 2: LVEDD at 50% of LV long- axis length shown by the red arrow, (c)
measure 3: LV short-axis length shown by the red arrow on the two- chamber view.

FIGURE 3. Cardiac 3D measures: (a) measure 5: Four chamber volumes: right atrium (RA), left atrium (LA), right ventricle (RV),

and left ventricle (LV), (b) measure 6: LV myocardial wall volume.

was measured from a 3D model and normalized to the
patient’s BSA (Eq. I; Fig. 3b).

Cardiothoracic Measures

The following cardiothoracic measures relating the
location of the heart to other structures in the thoracic
cavity were collected: (7) heart centroid to xipho-ster-
nal junction distance, (8) closest path from the LV
apex to intercostal space, (9) angle between the LV
apex and intercostal space, (10) minimal distance
between the sternum and heart, (11) angle between the
mitral valve plane and LV long-axis, (12) angle
between the LV long-axis and coronal plane (Figs. 4
and 5).

The heart centroid of all four chambers including
the myocardium was calculated to measure the dis-
tance to the xipho-sternal junction (Fig. 4a). The
resultant of two distance vectors from the LV apex to
the nearest superior and inferior intercostal cartilage
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defined the closest path from the LV apex to the
intercostal space (Fig. 4b). The angle between this
resultant vector and the anterior-posterior axis defined
the angle between the LV apex and intercostal space
(Fig. 4c).

The minimal distance between the sternum and
heart was measured by placing a landmark on the xi-
pho- sternal junction on the coronal view (Fig. 5a) and
finding the closest path connecting the sternum to the
myocardium on the sagittal view (Fig. 5b). The angle
between the mitral valve plane and LV long-axis and
the angle between the LV long-axis and coronal plane
were measured on the four-chamber view (Fig. 5c¢).

Statistical Analysis

The mean, standard deviation, and range of the
cardiothoracic measures were calculated, and student’s
t-tests were used to compare differences between sexes
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(a)

FIGRE 4. Cardiothoracic 3D measures: (a) measure 7: heart centroid to xipho-sternal junction distance, (b) measure 8: closest
path from the LV apex to intercostal space, (c) measure 9: angle between the LV apex and intercostal space (angle between the
anterior-posterior axis and the resultant vector from measure 8).

FIGURE 5. Cardiothoracic 2D measures: (a) xipho-sternal junction landmark on a coronal view, (b) measure 10: minimal distance
between the sternum (pink) and heart (myocardium, cyan) shown by the white arrow on the sagittal view at the level of the xipho-
sternal junction landmark; (c) measure 11: angle between the mitral valve plane and LV long-axis; measure 12: angle between the

LV long-axis and coronal plane on the four-chamber view.

and between patients with reduced vs. preserved EF.
Associations between each cardiothoracic measure-
ment with another measurement, the patients’ BSA,
height, weight, and EF were examined using Pearson
correlation coefficients. Using Bonferroni correction to
adjust for multiple comparisons, an adjusted alpha
level of 0.049 designated statistical significance in the t-
tests and Pearson correlations. Statistical analysis was
performed in JMP Pro 13 (SAS Institute Inc., Cary,
NC).

RESULTS

Summary statistics for the 12 cardiothoracic mea-
surements are provided in Table 2. Significant sex
differences were observed in four cardiothoracic mea-
sures. LV long-axis length was significantly greater in
males, and remained significant when normalized to

BSA (p < 0.049). LVEDD at 50% length of the long-
axis was significantly greater in males, but was not
significant when normalized to BSA. The minimal
distance between the sternum and heart, and the angle
between the LV long-axis and coronal plane, were also
significantly greater in males.

EF was not significantly different between sexes, but
four cardiothoracic measures differed between reduced
vs. preserved EF patients. LV long-axis length and
LVEDD were significantly greater in patients with re-
duced EF, and remained significant when normalized
to BSA (p < 0.049). LV volume normalized to BSA
was significantly greater in reduced EF patients. The
angle between the mitral valve and LV long-axis was
significantly greater in reduced EF patients, but did
not remain significant when normalized to BSA.

Patients were categorized by the rib level of the
intercostal space that generated the closest path to the
LV apex (Fig. 6). The LV apex was nearest to the 5th
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FIGURE 6. (a) Patients grouped by the closest path from the LV apex to the nearest intercostal space. (b) Intercostal space

numbering in the 3D.

and 6th intercostal spaces in most of the patients, with
approximately equal distribution between sexes.
EF was significantly correlated with LV long-axis

length (r = — 0.52; p = 0.01), LV volume/BSA
(r = —0.70; p < 0.01), right ventricular volume/BSA
(r = —0.56; p = 0.04), right atrial volume/BSA
(r = —0.62; p = 0.01), and angle between the mitral
valve and LV long-axis (r = — 0.52; p = 0.01). LV

short-axis length was significantly correlated with
LVEDD (r = 0.64; p < 0.01), and LV volume/BSA
(r = 0.71; p < 0.01). Minimal distance between the
sternum and heart was correlated with BSA (r = 0.46,
p = 0.04). LV volume/BSA was correlated with
weight (r = — 0.53, p = 0.01), BSA (r = — 0.48,
p = 0.02) and right ventricular volume/BSA
(r = 0.65, p = 0.02). Left atrial volume/BSA was
correlated with height (r = — 0.30, p = 0.03). LV
myocardial wall volume was correlated with weight
(r=-0.37,p =0.01), BSA (r = — 044, p = 0.01)
and LV volume/BSA (r = 049, p < 0.01). Angle
between the LV apex and intercostal space was corre-
lated with height (r = — 0.26, p = 0.04). LVEDD
was correlated with LV volume/BSA (r = 0.56,
p = 0.03) and angle between the LV long-axis and
coronal plane (r = 0.39, p = 0.03). LV sphericity was
correlated with LV short axis length (r = — 0.73,
p = 0.01). BSA was correlated with weight (r = 0.96,
p < 0.01) and height (r = 0.62, p < 0.01). All other
correlations were not significant. Correlation coeffi-
cients and p-values from all correlation analyses are
reported in supplementary material.

DISCUSSION

Cardiac Measures

In accordance with literature, LV long-axis length
and LVEDD were significantly greater in males, while
LV sphericity was not associated with sex.” LV volume
showed no correlation with sex in contrast to larger
studies.” Reduced EF patients had significantly greater
LV long-axis length, LVEDD, and LV volume, even
when normalized to body size. As all the reduced EF
patients in this study were diagnosed with systolic
dysfunction, the LV enlargement could be due to im-
paired emptying of the LV and reduced ability of the
heart muscles to contract normally, producing an en-
larged end-diastolic volume relative to stroke vol-
ume.'*

Cardiothoracic Measures

The minimal distance between the sternum and
heart averaged 4.7 + 3.0 mm, and was 2.15 mm larger
on average in males. Across the 20 patients, this dis-
tance ranged from 1.4 to 12.3 mm. Bypass grafts are
recommended to be located > 10 mm from the ster-
num in patients for re-operative cardiothoracic surg-
eries.'” Our data provides an estimate of the gap
between the heart and sternum for placing cardiovas-
cular devices in this space which can prevent sternal
adhesion and fatal arterial injuries® and bypass graft
replacement.'? The greater angle between the LV long-
axis and coronal plane in males shows the heart is
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more tilted anteriorly in the transverse plane in fe-
males.

The greater angle between the mitral valve and LV
long-axis in reduced EF patients is possibly a result of
a change in LV shape, which also increases the LV
long-axis, LVEDD and LV volume.?' For these latter
measures, reduced EF appears to affect LV morphol-
ogy even when controlling for body size. The correla-
tions of EF with LV long-axis length, LV volume, right
ventricular volume, right atrial volume, and angle
between the mitral valve and LV long-axis suggest an
association with ventricular and atrial remodeling
which are signs of HF progression.

Limitations

While the study provides exploratory data on the
relationship between cardiothoracic morphology, sex,
and ejection fraction in a cohort of HF patients, the
small sample size limits generalizability of the results and
may not capture the full range and variability of the HF
patient population. Although likely underpowered, the
study identified some significant differences in cardio-
thoracic morphology by sex and EF, and fills an
important void in the literature by providing detailed
cardiothoracic morphology data of prime relevance to
cardiac device design. Although the non-gated chest CT
scans had a lower resolution than the gated CT scans, co-
registration compensated for lower resolution in the
non-gated scans and a smaller field-of-view in the gated
scans. The segmented models from chest scans were
confirmed by two reviewers and the heart segmentations
were reviewed by a medical imaging expert to reduce
intra- and inter-observer variability.

Applications

Highly detailed anatomical models generated in this
study can outperform 2D conventional cardiac mea-
surements as structural complexities are captured in
the 3D models. Although the patient sample is small
due to the time-consuming image analysis that was
performed, the morphological measures offer high
resolution CT-derived data on HF patient variability
which is of value to surgeons and device engineers. The
pilot data reported in this study can be used to power
studies in larger populations to validate results and
inform clinical applications.

These cardiothoracic measurements and models
could assist with surgical planning and the design of
cardiac grafts, cardiac pacemakers, ventricular assist
devices, and implantable defibrillators for HF manage-
ment. To our knowledge, the cardiothoracic measures
reported in this study have not been reported in any
cardiac morphology study in this much detail. Appli-
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cations of the study methodology could be used to de-
velop real-time high resolution 3D models for surgical
planning or patient-specific device development. The
model development pipeline used in this study could be
replicated by device design and surgical simulation
engineers to optimize design specifications and improve
surgical outcomes. For example, the closest path from
the LV apex to intercostal space could help surgeons in
point-of-entry identification during pre-surgical plan-
ning. This helps surgeons reduce time and improve effi-
ciency in the operating room for complex surgeries. As
another example, due to extreme variation in patient size
in pediatric surgeries, the multi-modality image con-
solidation method could be used by surgical simulation
engineers to provide morphological measures that help
surgeons with anatomical demarcation and age-mat-
ched contour identification before surgery. In addition,
in multi-stage surgeries for complex cases, the mor-
phological data collected from the patient at each stage
of the surgery can be consolidated into a single digital
model to improve quality of patient and family educa-
tion for better health outcomes.

Devices that are not patient-specific must be de-
signed using inputs that characterize the range of
anatomical conditions they must perform under in the
population of their intended use. The morphological
variability measures from this cohort can be used to
test whether cardiac devices are appropriately sized
and optimally engineered to be used in a broad array
of HF patients. Quantitative evaluation of cardiotho-
racic morphology can inform design specifications for
implants that must fit within a specific the cardiotho-
racic region. Ventricular assist devices are one example
of a device with size requirements that can have a
significant impact on the ease of implant and ultimate
performance. Delivery tools used to access specific
regions in and around the heart should have appro-
priate geometry and mechanical properties to ensure
reliable performance across a wide range of anatomies.
In addition, procedures used in conjunction with these
delivery tools are crucial to patient outcomes. As
procedures become less invasive, more detailed
understanding of anatomical use conditions is required
due to less flexibility in the approach.

Two applications commonly used during device
development are computational modeling and bench
testing. Information collected in this study informs
both of these applications to ensure they are clinically
relevant and provide useful feedback on device per-
formance. If this information is not collected and used
to inform these crucial tools, devices and associated
implanted procedures run the risk of being designed in
a way that does not meet the requirements of intended
use. This results in poor patient outcomes and more
cost to the health care system.
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