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Objective: This study investigated the occurrence of
cardiotoxicity-related left-ventricular (LV) contractile
dysfunction in breast cancer patients following treat-
ment with antineoplastic chemotherapy agents.
Methods: A validated and automated MRI-based LV
contractility analysis tool consisting of quantization-
based boundary detection, unwrapping of image phases
and the meshfree Radial Point Interpolation Method
was used toward measuring LV chamber quantifica-
tions (LVCQ), three-dimensional strains and torsions in
patients and healthy subjects. Data were acquired with
the Displacement Encoding with Stimulated Echoes
(DENSE) sequence on 21 female patients and 21 age-
matched healthy females. Estimates of patient LVCQs
from DENSE acquisitions were validated in comparison
to similar steady-state free precession measurements
and their strain results validated via Bland-Altman
interobserver agreements. The occurrence of LV abnor-
malities was investigated via significant differences in
contractility measurements (LVCQs, strains and torsions)
between patients and healthy subjects.

INTRODUCTION

Administration of the anthracycline and trastuzumab types
of antineoplastic chemotherapy agents (CTA) in breast cancer
patients often lead to the development of cardiotoxicity, which
may counter the gains in survivorship achieved with treat-
ment."™ The epidemiological extent of left-ventricular (LV)
dysfunctions and their recurrence caused by CTA cardio-
toxicity range from arrhythmias to irreversible heart failure
that ultimately requires managed care and guideline-directed
medical therapy (GDMT).”” To reduce the burden of this
epidemiology, CTA treatment plans must incorporate routine
cardiotoxicity surveillance.””"'* The close monitoring of LV

Results: Repeated measures analysis showed similarities
between LVCQ measurements from DENSE and steady-
state free precession, including cardiac output (4.7 + 0.4
L,46+0.4L,p=0.8),and LV ejection fractions (59+£6%,
58+5%, p = 0.2). Differences found between patients and
healthy subjects included enlarged basal diameter (5.0
+ 0.5cmvs 4.4 + 0.5cm, p < 0.01), apical torsion (6.0
11° vs 9.7 £ 1.4°, p < 0.001) and global longitudinal strain
(=0.15 £ 0.02 vs. -0.21 £ 0.04, p < 0.001), but not LV ejec-
tion fraction (59+6% vs. 63+6%, p = O.1).

Conclusion: The results from the statistical analysis
reveal the possibility of LV abnormalities in the post-
chemotherapy patients via enlarged basal diameter and
reduced longitudinal strain and torsion, in comparison to
healthy subjects.

Advances in knowledge: This study shows that subclin-
ical LV abnormalities in post-chemotherapy breast
cancer patients can be detected with an automated
technique for the comprehensive analysis of contractile
parameters.

contractility during the surveillance period can target early,
subclinical detections of myocardial dysfunction and lead to
preventive interventions with drugs like enalapril and carve-
dilol."*'*1> However, a decline in echocardiographic quantifi-
cation of LV ejection fraction (LVEF) is the standard accepted
measure of cardiotoxicity, which may not always provide
optimal information toward subclinical detection.>>*!?
Furthermore, scientific evidence now shows that subclinical
LV contractile abnormalities can be effectively monitored by
computations of three-dimensional (3D) myocardial strains,
which recently were found to be more sensitive biomarkers
than LVEF-related measurements.”!>'6-%*
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Hence, the medical community is now focused on more robust
surveillance techniques via imaging modalities that incorpo-
rate both LVEF and LV strain analysis toward early, subclinical
detections of cardiotoxicity-related dysfunction,'®!*!71821-22 5
conduct this surveillance effectively, an ideal contractility anal-
ysis tool is required that provides comprehensive details on LV
chamber quantifications (LVCQ) and 3D strains while being a
time-saving and least interventional procedure.

This study investigated the feasibility of a validated and auto-
mated, single-scan, MRI-based methodology for contractility
analysis toward detecting any LV structural abnormalities or
dysfunction that may have occurred in breast cancer survivors
who underwent CTA-based chemotherapy.?® In the context of
contractility analysis, structural abnormalities refer to the signif-
icant differences found in LV chamber dimensions and quanti-
ties and dysfunction (functional abnormalities) refers to similar
differences found in LV strains and torsions, in comparison to
healthy subjects. Computations of LVCQs were conducted using
the contractility analysis tool created for the above method-
ology from data acquired via the MRI sequence of Displacement
Encoding with Stimulated Echoes (DENSE).?*%7 3D LV strains
were analyzed with the strain analysis component of the tool,
following which estimates of both LVCQ and 3D strains were
compared to age-matched healthy subjects.

METHODS AND MATERIALS

Scope of the study

As mentioned above, this study investigated CTA treatment-
related cardiotoxicity with a validated and automated, single-
scan MRI-based contractility analysis tool developed for clinical
applications.”*™*’ The entire algorithm includes code and user-
interface for LVCQ, 3D strain and torsional analysis that is imple-
mented in Matlab (Mathworks Inc., Natick, MA). To conduct
the analysis the algorithms main modules perform unwrap-
ping of phase images and quantization of magnitude images
that are obtained with the navigator-gated, spiral, 3D DENSE
sequence.”’** The patient subpopulation investigated for this
study were female post-chemotherapy breast cancer patients
who had undergone CTA-based treatment. The main validation
for this study was repeated measures ANOVA analysis between
LVCQs estimated from DENSE and steady-state free precession
(SSFP) acquisitions in patients. This validation was conducted
to demonstrate the LVCQ algorithm’s consistency in generating
results from DENSE that were similar to results from a gold-
standard sequence, SSFP. This validation approach in patients is
similar to previous studies where it was shown that 3D strains
evaluated with DENSE were comparable to evaluations with the
gold-standard of tagged-MRL*>*® All contractile parameters
measured in the patient subpopulation were compared to similar
measurements in an equal number of age-matched healthy
females.

Human subject recruitments

The possible occurrence of LV structural and functional abnor-
malities was tested on DENSE data acquired from N = 21
adult, post-chemotherapy breast cancer survivors. The patients
had undergone CTA-based (anthracyclines and trastuzumab)
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chemotherapy and were under continued surveillance and some
under a regimen of managed care for non-acute cardiac compli-
cations related to cardiotoxicity (rated at NYHA class = Ilor
less). To rule out the effects of acute comorbidity influencing the
results of LV strains from cardiotoxicity, the exclusion criteria
for patients included LVEF less than 50%, valvular heart disease,
ischemic heart disease and acute infarction, severe hyperten-
sion and a terminal life expectancy of fewer than 3 months.
Overall, a preserved, TTE-measured LVEF higher than 50% at
the inception of chemotherapy was the most important criteria
for recruitment. Due to the likelihood of developing common
cardiac side-effects following chemotherapy, patients were not
excluded if they had developed non-acute conditions that often
follow CTA-based chemotherapy, such as arrhythmias without
atrial or ventricular fibrillation and hypertension."”® Hence,
patients who had developed post-chemotherapy comorbid-
ities rated above NYHA Class II were not included. Radiation
therapy is an integral component of the management of breast
cancer that effectively reduces local recurrence and like other
studies the patients who underwent radiation therapy were not
excluded.”'*!® The timeline for recruiting patients was within
12 months from the end of their chemotherapy such that strain
analysis was conducted when the most clinically relevant form of
cardiotoxicity occurs.'®* It is noted that confining recruitment
within this timeframe was too early for radiotherapy effects to
manifest, where aggregate incidence reports show that cardiac
complications due to radiation occur after 5-10 years of treat-
ment.** The MRI study in each patient was scheduled within
a 3 days window following a post-chemotherapy TTE exam to
ensure their DENSE and TTE-based LVEFs were comparable.
They were consecutively recruited following their cardiologists
referral, given they met the above cardiac risk criteria and had
completed their post-chemotherapy TTE. The CTA treatment
each patient underwent was either one of the following regi-
mens with individual patient-based modifications, including 1.
60 mg/m? of doxorubicin (anthracycline) for four cycles, cyclo-
phosphamide and taxol or, 2. 8 mg/kg loading +6 mg/kg trastu-
zumab, taxol, carboplatin with/without pertuzumab. Additional
full LV short-axis data with SSFP were acquired in the patients
to validate their LVEF measurements. Informed consent was
signed by patients and healthy subjects based on Institutional
Review Board guidelines and patients volunteered access to
their medical histories. DENSE acquisitions in N = 21 healthy
female subjects contributed to the 1:1 age-matched comparison
of contractile parameters, with subjects either newly recruited or
their data taken from an existing database.?*”

DENSE acquisition and protocols

Navigator-gated, spiral 3D DENSE data were acquired ona 1.5 T
MAGNETOM Espree (Siemens Healthcare, Erlangen, Germany)
scanner with displacement encoding applied in two orthogonal
in-plane directions and one through-plane direction 2%
A flexible, anterior 8-channel body matrix RF coil (Siemens
Healthcare, Erlanger, Germany) and the table-mounted spine
matrix RF coil were used for receiving signals. Typical imaging
parameters included field of view (FOV) of 380 x 380 mm?, echo
time (TE) of 1.04 ms, repetition time (TR) of 15 ms, flip angle
(FA) of 20°, matrix size of 128 x 128x19, 2.97 x 2.97x5 mm voxel
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Table 1. Demographics, comorbidities and chemotherapy doses in patients and healthy subjects

Parameter Patients Age-matched HS p-value
Demographics
Count (females) 21 21 -
Age (years) 55+ 8.8 54.5 + 6.6 0.9
DBP (mmHg) 73.8+11.7 69.5+7.8 0.2
SBP (mmHg) 124.7 £ 14.1 123.8 £10.7 0.9
HR (bpm) 735+ 11 712+ 83 0.5
Body Mass (kg) 725+ 14.6 72.7 £12.9 1.0
BMI (kg/m?) 27.0 + 4.5 272 +4.4 0.9
BSA (m?) 1.8+0.2 1.8+0.2 1.0
Comorbidities
Hypertension 5 0 0.02*
Hypercholesterolemia 4 0 0.04*
Diabetes mellitus 5 0 0.02*
Chemotherapy dose
Doxorubicin 240 mg/m* 14 - -
Trastuzumab 8 mg/kg loading + 6 mg/kg/cycle 7 - -
Radiotherapy 8 - -

HS, healthy subjects; DBP, diastolic blood pressure; SBP, systolic blood pressure; HR, heart rate; BMI, body mass index; BSA, body surface area.

dindicates significant differences between patients and healthy subjects.

size, 21 cardiac phases, encoding frequency of 0.06 cycles/mm,
simple 4-point encoding and 3-point phase cycling for artefact
suppression.”*> The number of navigator-accepted heartbeats
to complete a single partition in 3D is 36 heartbeats given that
three are needed to acquire a complete set of spirals for a single
displacement encoding direction and a single phase cycling
point.** SSFP acquisition consisted of a FOV of 340 x 276 mm,

Table 2. Repeated measures analysis between DENSE and
SSFP acquisition-based chamber quantifications in patients
(N = 21), estimated using the automated algorithm

Parameter DENSE? SSFP? p-value®

Chamber

quantifications
Dia basal (D) (cm) 50+0.5 49+0.5 0.9
Dia basal (S) (cm) 33+04 32403 0.8
LV EDV (cm®) 108 + 17 107 19 1.0
LV ESV (cm?) 44+8 45+9 0.8
LV SV (cm?) 64 + 14 62+ 15 0.8
LV EF (%) 59 +6 58 +5 0.2
CO (L/min) 4.7+04 4.6+04 0.8
LVM (gm) 123+9 121 12 0.4

CO, cardiac output; D, diastolic;Dia, diameter; EDV, end diastolic
volume; EF, ejection fraction; ESV, end systolic volume; LVM, LV mass;
S: systolic, SV: stroke volume.

9Estimated with the new automated algorithm in N = 21 patients.
bFrom repeated measures analysis.

TE of 1.48 ms, TR of 51.15 ms, FA of 80°, matrix size of 192 x 156
x 12, 1.77 x 1.77 mm pixel size, slice thickness of 7mm and 25
cardiac phases. Heart rates (HR) and blood pressures (BP) were
continuously monitored during the scans.

Automated boundary detection

As outlined in our previous study, this automated process
consists of first identifying the LV boundary contours in the most
basal short-axis slice at end-diastole with the operator selecting
an ellipsoidal region of interest (ROI). The above is followed
by propagating the boundaries to all end-diastolic short-axis
slice positions from base to apex, after which boundary detec-
tion occurs incrementally until reaching end-systole.”” The LV
boundaries and intramural tissue are identified using Otsu’s
Method which is a non-uniform quantization scheme based on
image histogram bins that yields a threshold-based image with a
distinct profile of the short-axis.*>*® Otsu’s algorithm can sepa-
rate two or more classes of pixels based on a bimodal (multi-
modal) histogram distribution once it calculates the optimum
thresholds for maximizing interclass variances.”>*® The strategy
for detecting the location of each boundary point consists of
computing image gradients based on the quantized pixel inten-
sities. Points on the initial bounding ellipse can then be moved
radially across the LV myocardium to detect peaks via the abrupt
changes in intensities. To accurately relocate a boundary point at
each timeframe the positioning based on the quantized profile
was additionally guided by DENSE phase-based displacements
at pixels nearest to that point.*>****>3 The raw displacement
data were refined using temporal fitting of each pixel’s trajectory
with a fifth-order Fourier basis functions.”>?%**** Following the
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Table 3. Comparisons of chamber quantifications and strains estimated with the automated algorithm between patients and

healthy subjects

Parameter Patients Age-matched HS p-value
Count (females) 21 21 --
Chamber quantifications
Dia basal (D) (cm) 50+0.5 4.4 +0.5 0.0*
Dia basal (S) (cm) 33+04 2.7+04 0.0*
LV EDV (cm?) 108 £ 17 111+ 18 0.7
LV ESV (cm®) 44+38 2+11 0.5
LV SV (cm?) 64 14 69+ 13 0.3
LV EF (%) 59+6 63+6 0.1
LVM (gm) 123+9 126 £ 10 0.1
LVM/BSA (gm/m?) 68+8 71£9 0.4
Strains and torsion
E.. Basal —-0.18 £ 0.03 —-0.20 £ 0.02 0.2
E.. Mid —-0.20 £ 0.03 -0.21 £ 0.03 0.3
E.. Apical -0.22 £ 0.03 —-0.24 £ 0.04 0.2
E.. Global —-0.20 £ 0.03 -0.21 £ 0.03 0.2
Ej Basal —-0.14 £ 0.02 —-0.19 £ 0.05 0.0**
E; Mid —-0.15 £ 0.02 —-0.21 £ 0.04 0.0**
Ey Apical —-0.16 £ 0.03 —-0.23 £ 0.04 0.0**
Ej Global —-0.15+0.02 —-0.21 £ 0.04 0.0**
E,; Basal 0.38 £ 0.05 0.38 + 0.05 0.9
E, Mid 0.32 + 0.04 0.34 +£ 0.04 0.2
E,; Apical 0.26 + 0.04 0.27 £ 0.03 0.1
E,; Global 0.32 +0.04 0.33 +£0.04 0.4
Rotation basal (°) -1.50 £ 1.10 -4.50 +2.10 0.0%*
Rotation mid (0) 5.50 £ 1.50 8.30 £ 1.90 0.0**
Rotation apex ©) 8.30 £ 2.10 11.70 + 2.50 0.0%*
Torsion basal (°) 0.00 + 0.00 0.00 + 0.00 -
Torsion mid (°) 4.80 +0.98 7.70 £ 1.30 0.0%*
Torsion apical (O) 6.00 £ 1.10 9.70 £ 1.40 0.0**

Dia, diameter; HS, healthy subjects; D, diastolic; S, systolic; EDV, end diastolic volume; ESV, end systolic volume; SV, stroke volume; EF, ejection

fraction; LVM, LV mass; BSA, body surface area; rr, radial; cc; circumferential.

%Indicates significant differences between patients and healthy subjects at p < 0.01.

bIndicates significant differences at p < 0.001.

generation of boundaries and 3D LV reconstruction, LVCQs
estimated from DENSE and SSFP images included measuring
the end-diastolic diameter (EDD), end-systolic diameter (ESD),
end-diastolic volume (EDV), end-systolic volume (ESV), stroke
volume (SV), LVEF and LV mass (LVM).?’

Meshfree strain analysis

3D strain tensors were computed using the radial point interpo-
lation method (RPIM) at each voxel in the patient’s reconstructed
3D geometries. RPIM is a numerical analysis technique based
on the Galerkin weak form, details on which methodology for
computing 3D LV strains, via incorporating Multiquadrics (MQ)

shape functions for radial basis function (RBF) evaluations, are
given in previous literature.”>****~%" The raw displacement data
for computing 3D strains were from the unwrapping of phase
images acquired with the DENSE sequence. Another important
target was to determine LV torsion that characteristically defines
the contraction-relaxation behavior of the spiraling myofibers.
The definition of LV torsion used was the relative angle of twist
between basal and apical rotations multiplied by the ratio of the
mean segmental radius to the intersegment distance, given by,*!

ar = (S"base_@upez)D(pbase"'pupex) (1)
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Figure 1.
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(a) The superposition of stacks of DENSE (green rim) and SSFP (red rim) LV short-axis frames that were acquired at

similar planar orientations for comparing chamber quantifications. (b) Bland-Altman agreement between LVEF estimated from
DENSE and SSFP acquisitions with the automated contractility analysis tool in N = 21 patients. (c) Diastolic and systolic short-axis
slices acquired with DENSE and SSFP from a similar mid-ventricular orientation. DENSE, DisplacementEncoding with Stimulated

Echoes; SSFP, steady-state free precession.
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where ¢ is the angle of twist, p is the radius, and D is the
inter segment distance. It is a definition of torsion that requires
only the displacement vectors and computations of myocardial
boundaries or Lagrangian strains are not necessary.

Statistical analysis

Means and standard deviations were computed for demographic
data, LVCQs, strains and torsions. To validate the LVCQ anal-
ysis, repeated measures analysis was conducted between patient
LVCQs estimated with it from DENSE and SSFP same-day acqui-
sitions. Additionally, repeated measures analysis was conducted
between the DENSE, SSFP and TTE exam-based LVEF measure-
ments in patients following chemotherapy. All repeated measures
ANOVA were estimated with SPSS, v. 26 (IBM Corp., Armonk,
NY) which included a Mauchly’s test for sphericity and any
significant differences from the results of within-subjects effects
reported. Agreements were assessed between the DENSE- and
SSFP-based regional epicardial and endocardial bounded areas
to estimate geometric variances arising from the displacement-
guided boundary searches. Bland-Altman interobserver agree-
ments were assessed for patient strains measured within the
detected boundaries, with random segmentation and strain

o SSFP Systolic Slice

0 DENSE Systolic Slice

x (mm)

analysis conducted by two independent users (a radiology
researcher and a graduate engineer). Comparisons of contractile
parameters between patients and age-matched healthy subjects
were conducted with unpaired two-sample t-tests and significant
differences due to LV structural abnormalities and dysfunction
observed.*>*

RESULTS

The demographic information on age-matched patients and
healthy subjects are given in Table 1, which also details existing
comorbidities in patients and their chemotherapy treatment
plans. The MRI scans were scheduled within 3 days of a routine
post-chemotherapy TTE to ensure accuracy of comparisons
between DENSE, SSFP and TTE LVEF results. The time to
recruiting patients from the end of chemotherapy was 5.7 + 3.8
months. Table 2 shows the results of repeated measures anal-
ysis between LVCQs estimated from DENSE and SSFP acquisi-
tions in patients with significant differences not found between
these measurements, which was an important finding related
to the newly validated automated segmentation technique.”’
The Fisher statistics from repeated measures analysis between
results of patient LVEFs from DENSE (59+6%), SSFP (58+5%)
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Figure 2. The 3D displacement vectors computed from
phase-unwrapping and fitted with fifth-order Fourier basis
function in the full LV of (a) a patient and (b) a healthy sub-
ject. 3D,three-dimensional; LV, left-ventricular.
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T
e AR S
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(a) Patient (b) Healthy Subject

and post-chemotherapy TTE (58+7%) was F(2, 40)=1.8, p = 0.2
without sphericity assumption violated, showing that a signifi-
cant difference was not there between the measurements. Esti-
mates of contractile parameters consisting of LVCQs, strains and
torsions in patients and healthy subjects are given in Table 3.

Figure 1(a) shows overlapped stacks of DENSE and SSFP short-
axis slices such that LVCQ comparisons, including areas, cavity
volumes and LVEE were conducted within similarly located
boundaries from the two protocols. Figure 1(b) shows the
agreement between LVEFs estimated in patients with the two
protocols. The similarities in short-axis profiles and myocardial
boundaries detected from nearly overlapped slices are shown
in Figure 1(c). Agreements between the regional systolic areas
obtained with the two protocols for the epicardium and endo-
cardium are given in Supplementary Material 1, which did not
differ significantly in a similar way to their diameters (Table 2).
Figure 2 shows the trend in DENSE-based 3D displacement
differences that emerged between patients and healthy subjects.
The interobserver agreements on the normal strains and torsions
in patients, with the newly validated segmentation approach
integrated into the contractility analysis tool, are shown in
Figure 3(a)-(d).*! This agreement found with several hundred
systolic frames followed the displacement-guided segmentation
process that was conducted in approximately 11,500 DENSE
short-axis slices (patients and healthy subjects combined),
comprising of spatiotemporal frames and apex to base for the
duration of systole. With the above total number of frames
processed, the automated algorithm failed in approximately 400
frames amounting to a segmentation success rate of ~97%. The
processing time per segmentation was less than 2s with a 3.4
GHz Intel Core processor and 16 GB RAM in a 64-bit operating
system and therefore approximately 8.5min were required for
analyzing each LV. The majority of this computational expense
involved time spent in phase-unwrapping, conducting the
Fourier fitting and image rendering tasks. Figure 4 shows trajec-
tories of fitted contractile parameters including the three normal
strains, LVEF and apical torsion in both patients and healthy
subjects. Temporal fitting for trajectories in Figure 4 was with
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Figure 3. Interobserver agreements established with
Bland-Altman analysis for basal, mid-ventricular and api-
cal radial, circumferential and longitudinal strains and mid-
ventricular and apical torsions in the LV, computed with the
3D automated strain analysis algorithm in N = 21 patients.
3D,three-dimensional; LV, left-ventricular.
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fifth-order Fourier basis functions in the same way as displace-
ment vectors were fitted. Data were extrapolated beyond the
number of cardiac phases acquired to show at least one period
for each contractile parameter. It is seen from Figure 4 that the
peak longitudinal strain and torsion in patients are significantly
different from healthy subjects, but not peak LVEF and radial
and circumferential strains, as also given in Table 3. Further-
more, Table 3 shows the significantly different rotations between
groups with it being a fundamental parameter for computing
torsion. Figure 5 shows 3D surface maps of the full LV for
circumferential and longitudinal strains and torsion in a patient
and healthy subject at systole. The patient LV basal diameter is
slightly enlarged which is representative of the patient subpopu-
lation. Furthermore, Figure 5 shows reduced longitudinal strain
and torsion in the patient when compared to the healthy subject
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Figure 4. Systolic trajectories of global circumferential, longitudinal and radial strains (mm/mm), apical torsion (°) and LVEF (%)
estimated in the patient subpopulation (N = 21) and healthy subjects (N = 21). LVEF, LV ejection fraction.
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but the circumferential strain ranges are closer between the two
representatives.

Discussion

This study applied a validated and automated methodology for
determining LV contractile parameters in a subpopulation of
breast cancer patients (with profiles given in Table 1) who have
enhanced risks of developing cardiotoxicity. Systolic contractile
parameters of the LV were computed with displacement-guided
motion tracking for LVCQs and meshfree RPIM strain analysis,
which are both validated components of this tool.>*"*” Given
in Table 2 are the results of LVCQ analysis and validation in
the patient subpopulation with between-protocols repeated
measures analysis, which is also visually represented in Figure 1
via the similarities in acquisitions. This was indeed an important
outcome that showed the DENSE-based results validated in
comparison to the gold-standard protocol of SSFP. Also noted

is that these similarities were achieved with several thousand
short-axis slices successfully undergoing the contractility anal-
ysis steps. It was proven yet again by the Fisher statistical result
from the next repeated measures analysis showing that a signif-
icant difference between DENSE, SSFP and TTE-based LVEFs
did not exist. However, while automating segmentations in
~97% of the images indicates a high success rate, there is poten-
tial for failure under certain circumstances. Such failed attempts
generally occurred due to a lack of contrast (or quality) in the
magnitude images in the timeframes following the systolic phase
or similarly from unwrapping errors. Differences in segmented
areas between SSFP and DENSE were non-significant, for both
epicardium and endocardium, and the low biases and narrow
limits from assessing their agreements are shown in Supplemen-
tary Material 1. Similar to the repeated measures analyses, it is yet
another validation of the DENSE displacement-guided LVCQ
results. It also shows that an LVCQ tool that saves valuable time
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Figure 5. Three-dimensional circumferential and longitudinal strain and torsional surface maps generated with the automated
strain analysis algorithm in the full LV of (a) a patient and (b) a healthy subject. A, anterior; AS, anteroseptal; PS, posteroseptal; P,

posterior; PL, posterolateral; AL, anterolateral; LV, left-ventricular.
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and manual effort can be designed with accurate quantization
levels, phase-unwrapping and smoothing techniques. Figure 2
is a visual indicator of LV dysfunction in the patient subpopula-
tion where the disarrangement of displacement vectors show the
dyssynchrony in wall-motion and septal dilation that is char-
acteristic to non-ischemic cardiomyopathy.** This morphology
into cardiomyopathic abnormalities commonly occurs in CTA-
induced cardiotoxicity as also reported in numerous previous
studies. 114154445 Figure 3(a)-(d) show the low biases found
with interobserver agreements on the contractile parameters
estimated in patients, where the limits did not surpass ~0.06
in strain magnitude and remained less than 1.5° in torsional

agreement. The extent of these agreements indicates the sound-
ness of the strain analysis approach and supports the findings
of subclinical myocardial abnormalities detected via some of
these parameters. Determining these LV contractile parame-
ters that significantly differed between CTA treated patients
and age-matched healthy subjects was an important goal of this
study, which was found to be in longitudinal strain, torsion and
the basal diameter distortion as detailed in Table 3 and visu-
ally seen in Figures 4-5. The above key findings are inclusive of
not finding significant differences in LVEF and circumferential
and radial strain measurements between patients and healthy
subjects.

8 of 11 birpublications.org/bjr

Br J Radiol;93:20190289


http://birpublications.org/bjr

Left-ventricular Cardiotoxicity after Breast Cancer Chemotherapy

Background research on the consistencies of results between
this study and previous ones were conducted.'"'** Primarily,
the similarities found with other studies were the LV structural
and functional abnormalities that occur when CTA doses of
anthracyclines and trastuzumab are administered either sepa-
rately or in combination.'®* Additionally found were simi-
larities to studies that show myocardial dysfunction related to
subclinical cardiotoxicity can be detected with altered global
and regional strains, either independently or earlier to signifi-
cant reductions in LVEE>!M3161847 Analogous results found
in these studies include reductions in peak systolic strains with
longitudinal strain dropping by 15-20% and torsional reductions
of 50% without seeing any LVEF reductions (Figures 4 and 5,
Table 3).>'"*7 This study also showed that strain-based anal-
ysis can detect impaired LV functionality within a short period
following chemotherapy, like the studies by Sawaya et al, Motoki
et al and others.!*!>!316!7 The enlargement in basal diameter
with preserved LVEF has been seen in previous studies such as
the recent Carvedilol for Prevention of Chemotherapy-Related
Cardiotoxicity (CECCY) trial which randomized 200 patients
with breast cancer tumors receiving anthracyclines and who
received a placebo or carvedilol until chemotherapy comple-
tion.'® The explanation for this enlargement lies in cardiomyop-
athy developing in some patients, which generally arise within
a few weeks of concluding chemotherapy and may last several
months as reported by the CECCY trial and other studies.”'*'®
Similarities not found with existing studies include not finding
a reduction in peak systolic radial strain which studies have
reported dropping by ~25% or in peak systolic circumferential
strain dropping by ~15%.”*'!7 In summary, the results of
this study were similar to results from several previous studies
that investigated cardiotoxicity-related contractile parameters in
post-chemotherapy breast cancer patients.

The first limitation is that this study is not a longitudinal
study where the appearance and extent of LV abnormalities
in the patients were tracked with time. While the pathophysi-
ology related to the development of cardiotoxicity cannot be
provided, evidence related to the abnormalities in LV struc-
ture and function that developed in patients was found in
comparison to ground-truth references in age-matched healthy
subjects. The second limitation was that the influence of existing

BJR

comorbidities (or other cardiac complications) on strain results
cannot be quantified and isolated from the contractility analysis
on cardiotoxicity. The compounding effects of LV abnormalities
due to hypertension, diabetes and others (Table 1) have been
reported as non-separable with biomarker analysis in previous
studies and currently, a statistical model for separately consid-
ering each comorbidity does not exist.""'*14164648 However, the
recruitment criteria for this study were designed for the least
impact of comorbidities on strain parameters by ensuring that
patients had pre-chemotherapy LVEF higher than 50% and
comorbidities rated NYHA Class II or less. The third limitation
was not investigating the effect of manually contouring the LV
boundaries, which can be an extremely tedious process for the
full LV. While the possibility exists for improved accuracy with
a human perspective on contouring, the prospect of individually
contouring more than 10,000 image frames by hand was beyond
practical consideration for this study.

CONCLUSION

This study showed the potential of a validated, myocardial
displacement-guided contractility analysis tool based on DENSE
acquisitions toward investigating cardiac abnormalities that
arise from CTA treatment in post-chemotherapy breast cancer
patients. The study findings show LV structural abnormalities
(enlarged basal diameter) and dysfunction (reduced longitudinal
strain and torsion) in the patient subpopulation with completion
of treatment, in comparison to similar measurements conducted
in age-matched healthy subjects. A final note on the findings is
that cardiac complications unrelated to cardiotoxicity or from
the existing comorbidities may have influenced the results of
strain analysis.
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