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Seguro de Carvalho, MD?, Jing Liu, PhD?, David Naeger, MD?, Teresa De Marco, MDP, and
Karen Ordovas, MD, MAS2

aDepartment of Radiology and Biomedical Imaging, University of California, San Francisco San
Francisco, CA 94143

bDivision of Cardiology, University of California, San Francisco San Francisco, CA 94143

Structured Abstract

Rationale and Objectives—We investigated the feasibility of detecting left ventricular (LV)
cardiac magnetic resonance (CMR) strain abnormalities using feature-tracking in patients with
pulmonary hypertension (PH).

Materials and Methods—CMR was performed in 16 patients with all groups of PH and in 13
controls. Global and regional peak circumferential strain (%) (which have been shown to be robust
by CMR), peak diastolic strain rate (%/s), and dyssynchrony index (ms) were quantified with
feature-tracking software. Ventricular function and volumes were calculated from CMR, and right
heart pressures measured with catheterization.

Results—LV EF (ejection fraction) was similar in patients (60.2+11.0%) and controls
(61.9+4.5%), p=0.150. Global LV peak circumferential strain was significantly different in
patients compared to controls, —16.7+2.8% versus —19.9+1.8% respectively (p=0.001). The
greatest difference in strain was seen in the LV septum, —11.6+4.3% in patients versus
-16.7+4.0% in controls (p<0.001). There was a significant association between septal strain and
RV end-diastolic volume index (RVEDVI) (p=0.047) in patients with PH, however no associations
with pulmonary artery pressures or RV ejection fraction.

Conclusions—Feature-tracking CMR can detect LV strain abnormalities in patients with PH
and preserved or mildly depressed LVEF, with greatest abnormality in the septum. The association
between septal strain and RVEDVI suggests that ventricular interdependence may be a mechanism
of LV dysfunction in PH. Feature-tracking CMR may be useful for identification of LV
dysfunction before LVEF significantly declines in PH patients. The feasibility of detecting LV
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strain abnormalities in patients with PH shown by this study paves the way for a variety of future
investigations into the applications of LV strain in this patient population.

Keywords

cardiac magnetic resonance; feature-tracking; pulmonary hypertension; strain; left ventricular
dysfunction

Introduction

Pulmonary hypertension (PH) is a progressive, chronic disease characterized by sustained
elevation of resting mean pulmonary artery pressure of 25 mmHg or greater. The World
Health Organization (WHO) classifies pulmonary hypertension into five major groups:
pulmonary arterial hypertension (PAH), PH due to left heart disease, due to lung disease
and/or hypoxia, chronic thromboembolic PH, and PH with unclear multifactorial
mechanisms 1. Despite significant progress in medical management of pulmonary arterial
hypertension, overall prognosis remains poor, as shown in an analysis of patients with
pulmonary arterial hypertension that demonstrated 1-, 3-, 5-, and 7-year survival rates of
85%, 68%, 57%, and 49% 2.

A major limitation of the current management of patients with PH is the requirement for
invasive cardiac catheterization to evaluate pulmonary artery pressures in order to risk-
stratify patients and evaluate treatment response. The invasive tests performed in patients
with PH expose the patients to procedural risks and radiation.

Cardiac magnetic resonance (CMR) imaging allows noninvasive evaluation of cardiac
structure and function. A number of clinical studies have established CMR as useful for
diagnosis and prognosis in both ischemic and non-ischemic cardiomyopathy as well as in
PH 34, CMR strain imaging techniques can identify early myocardial dysfunction in patients
with preserved ejection fraction, and therefore may be a useful noninvasive tool for
evaluation of preclinical myocardial dysfunction >-8.

Left ventricular dysfunction is known to occur in primary pulmonary hypertension, and is
associated with more severe disease and poorer prognosis %19, Furthermore,
echocardiographic studies have shown abnormal strain in the ventricular septum in children
with PH 11, Feature-tracking is a CMR method of myocardial motion quantification that
utilizes cine imaging, sequences routinely obtained in most CMR examinations, to follow
motion along the myocardial tissue/ventricular cavity border!2. Feature-tracking CMR has
been validated against CMR tagging and speckle-tracking echocardiography techniques for
evaluation of myocardial strain, with good agreement3.14, The ability to obtain strain data
from clinically acquired sequences allows application of feature-tracking to patients
undergoing CMR for a variety of indications. While recent studies have demonstrated a
relationship between disease severity/patient outcomes and right ventricular strain using
feature-tracking CMR1®, evaluation of left ventricular CMR strain abnormalities in patients
with PH is limited. The purpose of this study is to investigate the feasibility of detecting left
ventricular CMR strain abnormalities in patients with PH with preserved/mildly depressed
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left ventricular (LV) function using feature-tracking and to interrogate whether LV strain
abnormalities are associated with right ventricular abnormalities and with severity of PH.

Materials and Methods

This analysis included retrospective identification of adult patients with pulmonary
hypertension who underwent clinical CMR with short axis cine sequences. Only a small
subset of the pulmonary hypertension patients at our institution had clinically performed
CMR examinations during the study period, and as such, the etiologies of PH included in
our study were heterogeneous. Specifically, sixteen patients with PH confirmed by prior
cardiac catheterization who underwent clinical CMR performed at our institution between
2009 and 2014 were retrospectively identified. Patients with all World Health Organization
(WHO) groups of PH were included in the study (Table 1). As this was a retrospective pilot
study, healthy patients with normal CMRs available from our database were included as the
control group. Specifically, thirteen controls including healthy, non-athlete volunteers (n=7)
and asymptomatic patients with normal CMR (n=6) referred for imaging due to family
history of arrhythmia were also retrospectively identified. The institutional review board
approved this study, which is Health Insurance Portability and Accountability Act (HIPAA)
compliant. The institutional review board waived the requirement for informed consent.

Image Acquisition

CMR studies were performed with a 1.5 Tesla unit (Achieva, Philips Medical Systems, Best,
The Netherlands). The CMR protocols differed according to the clinical scenario leading to
the scan but all included steady-state free precession (SSFP) short-axis cine images during
breath hold for assessment of ventricular function. Long axis cine and delayed enhancement
imaging are not performed for all CMR examinations at our institution, and therefore these
sequences were not available for all patients. Controls referred due to family history of
arrhythmia as well as healthy volunteers also underwent short axis SSFP cine images.
Imaging parameters for the SSFP sequences were: repetition time = 3.0-3.2 milliseconds
(ms), echo time = 1.4 ms, flip angle = 70°, field of view (FOV) = 340 mm, number of
excitations = 1, slice thickness = 8 mm with no gap and acquisition matrix = 256x144.

Image Analysis

Volumetric analysis was performed on a dedicated workstation (Medis, Sectra, Sweden) by
manually outlining the endocardial contour of the left and right ventricles. Left and right
ventricular volumes were indexed to body surface area. Left and right ventricular ejection
fractions were also calculated. Table 1 shows the demographic characteristics, ventricular
ejection fractions, and ventricular volume indices of patients and controls.

Left ventricular strain was quantified on short-axis cine images using feature-tracking/tissue
tracking software (CV142, Circle Cardiovascular Imaging®, Calgary, Canada). The
reproducibility of feature tracking CMR analysis with Circle® software has been evaluated
in several studies. Schuster et al demonstrated acceptable intra-vendor reproducibility when
comparing TomTec Imaging Systems Gmbh® (Unterschleissheim, Germany) and Circle®,
with the least inter-vendor variability in global circumferential strain measures®, Morton et
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al also demonstrated good reproducibility of global and segmental circumferential strain
measures using Circle® 17, Global circumferential strain by CMR has been shown to have
high agreement with speckle-tracking echocardiography in the literature18.19,

For strain analyses, endocardial and epicardial contours were generated semi-automatically,
with subsequent manual correction by a single investigator. Contiguous short axis cine
images were evaluated, with the number of cine slices averaging from 8 to 9 depending on
patient and cardiac size. Global and regional peak circumferential strains (%) were analyzed,
with regional strain measurements obtained from the ventricular septum (American Heart
Association segments 2, 3, 8, 9, 14) and lateral wall (American Heart Association segments
5,6, 11, 12, 16) 20. Circumferential strain measures were selected as they have been shown
to have less intra-subject variability compared to longitudinal strain measures using CMR 21,
Peak diastolic strain rate in percent per second (%/s) was also calculated. An index of
dyssynchrony was calculated consisting of the standard deviation of time to peak
circumferential strain, in milliseconds, as previously described 22,

Clinical Parameters

Medical records were reviewed for documentation of WHO group, age, gender, race,
electrocardiogram (ECG) abnormalities, echocardiography, and cardiac catheterization
parameters. ECG and catheterization records were available for all patients with PH. Median
time between CMR and right heart catheterization was 53 days (IQR 7 to 309 days).
Echocardiography results were available in 13 patients with PH. ECG and catheterization
data were not available for controls.

Statistical Analysis

Results

Continuous parameters were compared between patients with PH and controls using an
unpaired Student’s t-test for normally distributed variables, including age, left ventricular
ejection fraction, right ventricular ejection fraction, left ventricular end-diastolic volume
index, and right ventricular end-diastolic volume index. Proportion of gender and race
(white versus non-white) were compared using Chi-square test. Student’s t-test was also
used for comparison of global and regional peak circumferential strain, peak diastolic strain
rate, and dyssynchrony index between patients and controls. Unadjusted and age-adjusted p-
values were reported. Linear regression was performed to evaluate the relationship of global
and regional strain to ventricular volume indices and right heart pressures. Logistic
regression was performed to evaluate the relationship between the presence of PH and
regional strain, controlling for age and gender. Statistical significance was set at p < 0.05.

Demographics

Patients (age 52.9+16.5 years) were significantly older than controls (age 35.6+12.0 years),
p=0.004. As a result, other demographic factors and strain analyses were adjusted for patient
age. There was no significant difference in the race or gender distribution of patients
compared to controls in both adjusted and unadjusted analyses. All groups of PH were
represented, with the majority of patients in WHO group 1 (8/16, 50%), WHO group 2
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(2/16, 12.5%), or WHO group 5 (4/16, 25%). There was one patient each in WHO groups 3
and 4.

CMR Function and Volumetrics

Normal left ventricular function was defined as those with an LVEF greater than or equal to
50%, mildly depressed LVEF was defined as those with an LVEF from 40-49%, and
moderately depressed LVEF was defined as those with an LVEF from 30-39%. LVEF was
normal or mildly depressed in the majority of patients with PH (range 43% to 76%), with
one PH patient demonstrating a moderately depressed LVEF of 38%. There was no
significant difference in LVEF between patients with PH and controls, (60.2+11.0% versus
61.9+4.5% respectively, unadjusted p=0.634 and age-adjusted p=0.150). RVEF was
significantly decreased in patients with PH in unadjusted analysis (41.0+£15.4% compared to
53.3+5.6%, p=0.019), however not significantly different when adjusted for patient age, p =
0.085. There was no significant difference in left or right ventricular volume indices between
the groups in unadjusted and adjusted analyses (Table 1), even though 56% of patients had
enlarged right ventricles with a right ventricular end-diastolic volume index (RVEDVI)> 95
ml/m?2 23,

Echocardiography

LVEF by echocardiography was ranged from 53% to 75% in patients with PH, mean
66.2+6.5%. Peak pulmonary artery pressure was elevated at echocardiography in patients at
66.1+30.1 mmHg.

Cardiac catheterization

Average mean pulmonary artery and peak pulmonary artery pressures at catheterization were
also elevated, 40.8£10.0 mmHg and 64.1+15.7 mmHg respectively, compatible with known
diagnoses of PH.

Electrocardiography

Right bundle branch block was present in 5 patients (31.3%) with PH. No controls had a
known history of right bundle branch block.

CMR Strain

Strain analysis results are summarized in Table 2. Global left ventricular peak
circumferential strain was significantly different in patients with PH compared to controls
-16.7+2.8% and —19.9+1.8% respectively, in both unadjusted and age-adjusted analyses
(p=0.002 and 0.001). (Figure 1, Figure 2A, Table 2). The difference in circumferential strain
was greatest in the septal region, mean peak circumferential strain in the septum of
-11.6+4.3% in patients versus —16.7+4.0% in controls, which was statistically significant in
both unadjusted and age-adjusted analyses, age-adjusted p<0.001 (Figure 2B, Table 2). In
contrast, mean peak circumferential strain in the lateral wall was not significantly different
between the groups. Dyssynchrony index was significantly increased in patients compared to
controls, however this result did not persist following adjustment for patient age. Regarding
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diastolic function, there was no significant difference in left ventricular peak diastolic strain
rate in controls versus patients with PH (Table 2).

Among patients with pulmonary hypertension, there was a statistically significant
association between RVEDVI and septal peak circumferential strain (R? =0.27; p=0.047),
with less negative (negative numbers closer to zero) strain associated with larger right
ventricular volumes (Figure 3). There was no statistically significant association of septal
strain with mean or peak pulmonary artery pressures, left ventricular end-diastolic volume
index, or with right ventricular ejection fraction in patients with PH (all p>0.05). Neither
global nor lateral wall peak circumferential strains were significantly associated with
RVEDVI or the other variables in patients with PH.

Regression Analyses

Age and gender adjusted regression analyses were performed in patients with PH. A logistic
regression model demonstrated a significant association between the presence of PH and
septal strain as well as global peak circumferential strain, which remained significant after
adjusting for patient age and gender (odds ratio = 2.61, p= 0.013). Although a separate
regression model with index of dyssynchrony showed a significant association with the
presence of PH, the association did not remain significant following adjustment for age and
gender.

Discussion

Our analysis of left ventricular strain in patients with pulmonary hypertension compared to
controls demonstrates the feasibility of using feature-tracking/tissue-tracking CMR to detect
left ventricular dysfunction in patients with known PH before LVEF significantly declines,
as demonstrated by the significantly different global peak circumferential strain in these
patients compared to controls. The association between PH and CMR strain values remained
significant after adjustment for patient age and gender. The strain abnormality in PH patients
was not evenly distributed through the left ventricle, but rather was greatest in the ventricular
septum. In addition, this septal strain showed a significant linear association with increased
right ventricular volume within this cohort of PH patients with mildly increased RV
volumes.

The predominant strain impairment of the ventricular septum in PH has also been described
using echocardiography 1. Burkett DA et al showed that longitudinal and circumferential
strain were abnormal in the septal region of pediatric patients with PH measured by speckle-
tracking echocardiography. This preferential septal dysfunction suggests that ventricular
interdependence may be a potential etiology for abnormal left ventricular function in
patients with PH, as has been suggested by echocardiographic dyssynchrony analyses 4.
Similar mechanisms have also been postulated in other diseases primarily involving the right
ventricle, such as in patients with pulmonary regurgitation after repair of tetralogy of Fallot
and in patients with tricuspid valve disease 82526,

Our study suggests that LV septal strain abnormalities are greater as right ventricular volume
increases, but are not influenced by right ventricular ejection fraction or severity of PH in
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this cohort of patients with preserved/mildly depressed LV function and mildly depressed
RV function. The deformity of the septum in the presence of larger right ventricular volumes
may be responsible for the early contractile dysfunction not yet leading to a significant
decline in LVEF 27-29, Similarly, in patients with tetralogy of Fallot the presence of
abnormal septal excursion due to right ventricular volume and pressure overload has been
associated with worse LV radial strain at the septum 30,

Our analysis also identified that there was increased dyssynchrony in our PH patient cohort,
as indicated by more variability in regional time to peak circumferential strain. However, the
patient population was significantly older than our control group, and this relationship did
not persist following correction for patient age, suggesting that age alone is the main
variable determining dyssynchrony in our patient group. Although right bundle branch block
could explain the dyssynchronous contractility, only a minority of the patients presented this
ECG abnormality.

The main limitations of this feasibility study are the small sample size, retrospective design,
and resultant heterogeneous patient population. Given the small sample size, larger studies
will be needed to further investigate our findings. Retrospective review of CMR
examinations for various clinical indications was performed in patients with all groups of PH
(a benefit of the feature-tracking technique), and therefore patient clinical characteristics
were heterogeneous. As patients with all groups of PH were included, it is possible that a
subset could display left ventricle strain abnormalities related to primary left ventricular
dysfunction rather than due to sequela of pulmonary hypertension. However, we believe that
this effect is unlikely to contribute significantly to our results as Group 2 PH patients made
up only 2/16 of our cohort. Additionally, left ventricular ejection fraction was preserved or
mildly depressed in our cohort, and moderately depressed in only one individual. Because
our PH cohort included patients with mild cardiac dysfunction (overall preserved or mildly
depressed LVEF, mildly depressed RVEF, and mildly increased RVEDVI compared to
normal standards), future analyses are needed to evaluate whether findings are similar in
patients with greater impairment of cardiac function. In addition, our patient group was
significantly older than controls as a result of our retrospective selection of healthy
individuals from our database as the control population, however the global and septal strain
differences between patients and controls as well as the relationship between abnormal
septal strain and RVEDVI in patients with PH persisted despite adjustment for age. Future
investigations could include comparison with age-matched controls.

The feasibility of detecting LV strain abnormalities in patients with PH shown by this study
paves the way for a variety of future investigations into the applications of LV strain in PH
patients. Subsequent investigations will be needed to evaluate whether LV strain
abnormalities are related to PH patient functional decline or outcome in long-term studies.
While specific PH treatment medications or treatment duration were not included in this
pilot study, these factors could also be evaluated in future analyses to investigate whether
treatment type or duration impacts LV strain in PH. Relationship of LV strain to cardiac
biomarkers would also be an area of interest to illustrate the impact of strain abnormalities
on the myocardium.
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Conclusions

In summary, feature-tracking/tissue tracking CMR can detect abnormal left ventricular
myocardial strain in patients with pulmonary hypertension and preserved or mildly
depressed left ventricular ejection fraction, with greatest involvement of the ventricular
septum. Our results show a relationship between septal strain and RVEDVI in patients with
PH, suggesting that ventricular interdependence may be a mechanism of abnormal septal
strain and LV dysfunction in this patient population. Awareness of these results is important,
as quantification of myocardial strain with feature-tracking CMR could be useful for
identification of LV systolic dysfunction in patients with known PH before LVEF
significantly declines. In the future, further investigation is needed into the relationship
between abnormal left ventricular strain by feature-tracking CMR and outcomes in patients
with PH, the impact of PH treatment on LV strain, and the biochemical effects of abnormal
LV strain in the PH population.
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Abbreviations

CMR cardiac magnetic resonance
ECG electrocardiogram

EF ejection fraction

FOV field of view

HIPAA Health Insurance Portability and Accountability Act

IQR interquartile range

LV left ventricle

LVEDVI left ventricular end diastolic volume index
LVEF left ventricular ejection fraction

m meter

ml milliliters

ms millisecond

PAH pulmonary arterial hypertension

PH pulmonary hypertension
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RBBB right bundle branch block
RV right ventricle

RVEDVI right ventricular end diastolic volume index

RVEF right ventricular ejection fraction
S second

SSPS steady-state free precession
WHO World Health Organization
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Fig. 1.
A) Feature-tracking strain analysis software using cardiac magnetic resonance, with

representative short axis Steady State Free Precession (SSFP) image demonstrating
myocardial tracking

B) Software output demonstrating abnormal peak circumferential strain (light blue/green
indicate abnormal strain as indicated by negative numbers closer to zero) in the ventricular
septum in a patient with pulmonary hypertension

Acad Radiol. Author manuscript; available in PMC 2019 January 01.



Page 13

Kallianos et al.

5
o]
o
2]
® m L
3
T T T T T T T T T T
G- ol- Si- 0z- Ge- -3 ol- Si- 02- Se-
(56) UIBIIS [enuaiajwnol)) Yead [eqojD (%) urens [enuasejwnong yead [e1dag

Patients

Controls

Acad Radiol. Author manuscript; available in PMC 2019 January 01.

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuepy Joyiny

1duosnuely Joyiny

Kallianos et al.

Page 14

u:: -
&
5 &
3" |
®
E 1]
8
Og-
8
®
>0
E "
-]
-

.
Controls Patients

Fig. 2.
Peak left ventricular circumferential strain (%) in controls compared to patients with

pulmonary hypertension, including measures of A) global, B) septal, C) lateral wall strain
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Fig. 3.
Relationship of ventricular septal peak circumferential strain (%) and right ventricular end-
diastolic volume index (RVEDVI) in patients with pulmonary hypertension
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Table 1

Demographics, volumetric, and functional parameters in patients with pulmonary hypertension versus
controls. Continuous variables expressed as mean + standard deviation.

Controls n=13

Patients n= 16

Unadjusted P-value  Age-Adjusted P-value

Age — years
Male (%)
White (%)
LVEF (%)
RVEF (%)
LVEDVI ml/m?
RVEDVI ml/m?
RBBB

35.6£12.0
6/13 (46%)
6/13 (46%)
61.9%:+4.5
53.3%5.6
97.0+36.3

96.6+42.0

52.9+16.5
5/16 (31%)
10/16 (63%)
60.2%211.0
41.0%z15.4
73.0£24.9
111.7+42.55
5/16 (31%)

0.004
0.429
0.397
0.634
0.019
0.057
0.377

0.989
0.173
0.150
0.085
0.571
0.177

LVEF denotes left ventricular ejection fraction; RVEF, right ventricular ejection fraction; LVEDVI, left ventricular end-diastolic volume index,
RVEDVI, right ventricular end-diastolic volume index; RBBB denotes right bundle branch block.
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Table 2

Strain analyses in patients with pulmonary hypertension versus controls.

Controls n=13

Patients n= 16

Unadjusted P-value

Age-Adjusted P-value

Global strain (%) -19.9+1.8%
Septal Strain (%0) -16.7+4.0%
Lateral Wall Strain (%0) —22.9+2.2
Dyssynchrony index (ms)  61.5+7.9
Diastolic strain rate (%/s) 121.0+27.2

-16.7+2.8%
-11.6+4.3%
-20.5+4.7
744212
115.1+42.4

0.002
0.003
0.096
0.047
0.667

0.001
<0.001
0.273
0.198
0.988

Ms denotes milliseconds; s denotes seconds.
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