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Background: The alteration of myocardial strain in patients with Takayasu arteritis (TAK) remains unclear.
This study aimed to evaluate left ventricular (LV) stain in patents with TAK and preserved left ventricular
ejection fraction (pLVEF) using cardiac magnetic resonance imaging feature tracking (CMR-FT) to analyze
risk factors for impaired LV strain and to compare the baseline difference of LV strain between patients with
reduced and nonreduced LVEF at 6-month follow-up.

Methods: In all, 51 patients with TAK and 30 healthy controls were prospectively enrolled. All participants
underwent multiple short- and long-axis cine scans with true fast imaging with steady-state precession
sequence. In this observational study, LV global and regional longitudinal, circumferential, and radial strain
and their strain rates were analyzed with FT on cine images. The relationship between LV strain and clinical
data was explored. The baseline LV strain between patients with TAK and reduced and nonreduced LVEF
was compared using transthoracic echocardiography (T'TE) at the 6-month follow-up.

Results: Patients with TAK with pLVEF showed a decline in baseline global longitudinal peak strain
(GLS) [TAK (-13.35%=3.11%) vs. controls (-14.77%=1.74%), P=0.021] and circumferential peak strain
(GCS) [TAK (-21.46%+2.66%) vs. controls (-22.75%=2.57%), P=0.027] in comparison with normal
controls. The longitudinal peak strain (LPS) in the apical (P=0.003) and midventricular regions (P=0.027)
and the circumferential peak strain (CPS) in the basal (P=0.021) and midventricular regions (P=0.008) also
decreased in patients with TAK. Patients with pulmonary hypertension (PH) or myocardial late gadolinium
enhancement (LGE) showed a greater reduction in strain compared with those without PH or LGE. GLS
showed a negative association with erythrocyte sedimentation rate (ESR), while GCS showed a positive
association with disease duration. In the 30 patients who were followed up, the baseline global and apical
circumferential diastolic peak strain rates (DPSR) in patients with reduced LVEF were higher than those in
patients without reduced LVEF.
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Conclusions: In patients with TAK and pLVEF, CMR-FT indicated that both global and segmental

myocardial strain decreased. PH, male gender, long disease duration, elevated ESR, and myocardial LGE

were associated with declined LV strain. Baseline increased circumferential DPSR may be associated with the
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decline in LVEF during follow-up.
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Introduction

Takayasu arteritis (TAK), a chronic granulomatous arteritis
which mainly affects the aorta and its major branches,
sometimes involves the pulmonary artery. The major cause
of death in patients with TAK is cardiovascular disease,
especially heart failure (1). The most common causes include
ischemic coronary artery disease, aortic regurgitation,
hypertension (HTN), and pulmonary hypertension (PH)
(2-4). The inflammatory etiology is concerned for left
ventricular (LV) dysfunction in patients with TAK (5),
and endomyocardial biopsy indicates a high incidence of
subclinical myocarditis in patients with TAK (6,7). However,
myocardial abnormalities in patients with TAK have
received little attention, especially in patients with normal
left ventricular ejection fraction (LVEF) (8,9). Zhang er al.
reported that myocardial deformation impairment was
present in the majority of patients with TAK (10); however,
whether the decline of regional myocardial deformation
occurs in patients with TAK and preserved LVEF (pLVEF)
as well as the risk factors for impairment of LV strain and
their prognostic value remains unclear.

The cardiac magnetic resonance imaging feature
tracking (CMR-FT) technique provides useful information
to quantitatively evaluate subclinical cardiac dysfunction in
many diseases (11). Myocardial strain and strain rate have
been measured by conventional cine images with excellent
intra- and interobserver agreement and high interstudy
reproducibility (12,13). However, subtle alterations of LV
function evaluated with CMR-FT have not been reported
in patients with TAK.

Thus, the aims of this study were the following: (I) to
explore the global and regional strain abnormalities of LV
using CMR-FT in patients with TAK and pLVEE, (II) to
analyze the risk factors for the altered LV strain in patients
with TAK, (III) and to use transthoracic echocardiography
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(TTE) as a reference during the 6-month follow up to
compare the baseline deference of LV strain between
patients with TAK with reduced and nonreduced LVEF.
We present the following article in accordance with the
STROBE reporting checklist (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-82/rc).

Methods
Study population

The study was conducted in accordance with the Declaration
of Helsinki (as revised in 2013). This study was approved
by our hospital ethics committee (approval No. 2017-K-
127), and all participants provided signed informed consent.
Sixty patients who were diagnosed with TAK and underwent
CMR in our hospital between October 2017 and December
2019 were prospectively enrolled in this case-control study.
Inclusion criteria were the diagnostic criteria of the modified
Ishikawa’s diagnostic criteria for TAK by Sharma et 4/. (14).
Exclusion criteria were the following: (I) poor image quality
of CMR; (II) a baseline LVEF on CMR less than 50%; or
(IIT) proven or suspected ongoing infection, congenital heart
disease, or malignant tumor. A detailed flow diagram of
eligible patients is shown in Figure 1. The 1994 International
TAK Conference in Tokyo angiographic classification
criteria were used to classify TAK types (15). Patients were
divided into 2 groups, the active and inactive patient groups,
based on TAK activity criteria at the time of the CMR scan
according to the National Institutes of Health (NIH) (16).
Erythrocyte sedimentation rate (ESR) was measured using
the Westergren method (17) at first admission. Other clinical
data, including gender, age, disease duration, disease activity,
TAK classification, and drug treatment, were collected.
Thirty age- and gender-matched health volunteers were
included as controls.
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Patients diagnosed with TAK
2017-2019 (n=60)

1 patient combined with massive pneumonia
1 patient combined with congenital heart disease

Y

TAK with CMR
(n=58)

Y

1 patient with poor quality CMR

Y

TAK with high quality CMR
(n=57)

>| 6 patients with LVEF <50% on CMR

Y

TAK with LVEF =50% on CMR
(n=51)

Figure 1 Flow diagram of study recruitment. TAK, Takayasu arteritis; CMR, cardiac magnetic resonance imaging; LVEF, left ventricular

ejection fraction.

CMR imaging

All participants underwent CMR using a 3.0-T scanner
(Prisma, Siemens Healthcare, Erlangen, Germany) with
a body-flex receiver coil following an electrocardiogram
(ECQG) examination and employing the breath-hold
technique. After scout imaging, 8-12 continuous CMR cine
images with a true fast imaging with steady-state precession
sequence were acquired based on the short-axis plane to
cover the whole ventricle [repetition time (TR) 3.0-3.2 ms,
echo time (TE) 1.4 ms, flip angle 70°, field of view 320 mm
x 360 mm, matrix size 256 mm x 256 mm, slice thickness
8 mm, phases per cardiac cycle 25]. In addition, images of
2-, 3-, and 4-chamber views were acquired based on the LV
long-axis plane.

Late gadolinium enhancement (LGE) was scanned with
a phase-sensitive inversion recovery sequence under the
following parameters: TE 1.94 ms, TR 684 ms, flip angle
20°, and spatial resolution 1.4 mm x 1.4 mm x 8 mm. A stack
of images was obtained with the same slice position as cine
imaging after 15 minutes of intravenous administration of
gadopentetate dimeglumine (Bayer, Leverkusen, Germany)
with a dose of 0.1 mmol/kg body weight. The injection was
performed at a rate of 3 mL/s and was followed by a 20-mL
saline flush at a rate of 2 mL/s.
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CMR data analysis

Image analysis was performed offline by 2 observers with
5 and 10 years’ experience using the commercial software
CVI42 (version 5.11, Circle Cardiovascular Imaging Inc.,
Calgary, AB, Canada). Endocardial and epicardial traces
were processed automatically based on the serial short-
axis plane images at the end-diastolic and end-systolic
phases. The majority results from the automatic software
analysis were used, which were derived from excluding
the papillary muscles and moderator bands. LV functional
metrics, including end-diastolic volume (EDV), end-
systolic volume (ESV), and LVEF, were calculated using
the cardiac function analysis model, and then myocardial
strain was analyzed using the tissue-tracking model
by importing all short-axis and long 4-chamber plane
images. Global and regional (apical, midventricular,
and basal) feature-tracking parameters were performed
automatically, including myocardial longitudinal peak strain
(LPS), circumferential peak strain (CPS), and radial peak
strain (RPS), systolic peak strain rate (SPSR), and diastolic
peak strain rate (DPSR). Circumferential strain (CS) and
radial strain (RS) were analyzed in short-axis images, and
longitudinal strain (LS) analysis used long-axis 4-chamber
images. Peak strain (PS) was defined as the maximum
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absolute value of the strain in the entire cardiac cycle;
SPSR was defined as the maximum absolute value of the
systolic strain rate in 1 cardiac cycle; DPSR was defined as
the maximum absolute value of the diastolic strain rate in 1
cardiac cycle.

LGE was assessed by XJ Guo, who has 10 years’
experience in imaging diagnosis of cardiovascular diseases
and who was blinded to all clinical information. The expert
provided a visual judgement, including positive LGE vs.
negative LGE, position, and LGE patterns. When the high
signal in the myocardium was detected in 2 orthogonal
planes, it was defined as positive LGE.

Reproducibility

Interobserver variability was evaluated by 2 independent
double-blinded observers based on a comparison of
measurements of myocardial deformation parameters of 20
randomly selected cases.

Follow-up

Patients were followed up after 6 months using TTE
performed at our hospital as a reference. During this period,
they received the appropriate treatment as recommended
by the clinician. Based on the baseline and follow-up TTE,
patients were grouped as either those with reduced LVEF
or those with nonreduced LVEF.

Statistics analysis

All statistical data were analyzed using SPSS 19.0 software
(IBM Corp., Armonk, NY, USA). Quantitative data are
expressed as mean = standard deviation or median with
a range based on the distribution of data. Values for
qualitative variables are expressed as a percentage. The
Shapiro-Wilk test was performed to determine normality.
An unpaired Student #-test or Mann-Whitney test was used
to compare myocardial deformation parameters between
patients with TAK and normal controls. The receiver
operating curve (ROC) analysis was performed to assess the
suitable diagnostic thresholds for the area under the curve
(AUCQ) for deformation parameters. Patients with TAK
were divided into 3 groups based on comorbidities, and a
1-way analysis of variance (ANOVA) was used to determine
subgroup differences and followed by multiple comparisons
using the least significant difference #-test. Pearson »
or Spearman rho correlation analysis, as appropriate,
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was performed to assess the correlations between strain
parameters and clinical indicators. Bland-Altman plots were
used to assess reproducibility. A 2-tailed P value <0.05 was
considered to indicate a statistically significant difference.

Results
Patient characteristics

Fifty-one patients with TAK were enrolled in this study.
Table 1 shows the baseline clinical and CMR data of all
patients with TAK and normal controls. Ultimately, 30
patients were followed up after 6 months with TTE, while
the other 21 patients were lost to follow-up. Moreover,
the baseline LVEF measured with TTE at admission was
significantly larger than that measured with CMR (0.68+0.06
and 0.62x0.06, respectively; t=4.897; P<0.001), and values
were positively correlated (r=0.626; P<0.001).

Table S1 shows the clinical information of patients with
TAK who were followed up and lost to follow-up. There
were no significant differences in age (t=—1.46; P=0.15);
gender (x’=0.06; P=0.81); disease duration (Z=—1.81;
P=0.07); disease status (x’=0.77; P=0.38); or cardiovascular
complications of PH, HTN (x’=0.005, P=0.943; P>0.99),
and ESR (Z=-0.71; P=0.48) between the 2 groups. Although
the BMI of the patients who were followed up was lower
than that of those who were lost to follow-up, baseline LV
function parameters (EDV index: t=1.25, P=0.217; ESV
index: t=—0.47, P=0.640) and diastolic myocadiac mass
index (t=0.983; P=0.331) between the 2 groups were similar.
Furthermore, the baseline LVEF based on TTE (t=0.62;
P=0.53) and LVEF based on CMR (t=—1.62; P=0.11)
between the 2 groups were comparable. LGEs based on
CMR for the 2 groups were also similar (x’=5.28; P=0.26).

LV global and regional strain metrics in patients and
beathy controls

Table 2 indicates that LV global longitudinal PS (GLS:
t=2.36; P=0.021) and global circumferential PS (GCS:
t=2.25; P=0.027) in patients with TAK were significantly
lower than those in controls. Moreover, GLS had an AUC
of 0.64 (95% CI: 0.52-0.76) for distinguishing patients
with TAK and pLVEF from healthy controls. The best
diagnostic threshold was —14.74% with a sensitivity of
66.70% and a specificity of 50.00%. GCS had an AUC of
0.63 (95% CI: 0.51-0.76), showing a sensitivity of 66.70%
and a specificity of 56.70% (Figure 2), corresponding to a
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Table 1 Characteristics, cardiovascular complications, and cardiac magnetic resonance imaging of enrolled patients and healthy controls

Variable Patients with TAK Normal controls (n=30) P

Clinical characteristics (n=51)

Female 33 (64.71) 13 (43.33) 0.06
Age (years) 38+12 42+16 0.05
BMI (kg/m?) 22.88+3.60 23.48+3.05 0.45
Heart rate (beats/min) 69+12 72+13 0.29
Disease duration (months) 11 [1-432]
Active disease at admission time (NIH criteria) 28 (54.90)

Cardiovascular complications (n=51)

HTN 10 (19.60) 3 (10.00) <0.001
PH 10 (19.60) 0

Aortic regurgitation 6 (11.74)

HTN and PH 4 (7.84) 0

TAK type (n=51)

Pulmonary artery type 35 (68.62)

Other type with pulmonary artery involvement 16 (31.38)
lb 7 (13.72)
lla 4 (7.85)
I 1(1.96)
v 1(1.96)
Vv 1(1.96)

Other type without pulmonary artery involvement

I 2(3.93)
Treatment at admission time (n=51)
Steroid therapy 14 (27.45)
Steroid and immunosuppressive therapy 11 (21.57)
ESR (mm/h) 10 [2-96]
CMR (n=51)
LVEF (%) 0.59+0.10 0.64+0.05 0.39
LVEDV (mL) 117.59+20.71 124.25+30.47 0.55
LVESV (mL) 48.14+19.01 47.64+11.37 0.82
Cardiac output (L/min) 4.94+1.68 5.10+1.73 0.94
Diastolic myocadiac mass (g) 74.91+22.40 85.32+32.37 <0.05
LGE pattern on CMR 24 (47.05)
1 16 (32.37)
2 6 (11.76)
3 1(1.96)
4 1(1.96)

Table 1 (continued)
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Table 1 (continued)
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Variable

Patients with TAK

Normal controls (n=30) P

LVEF change at 6-month follow-up using TTE (n=30, EF decline >5% as reduced LVEF)

LVEF in admission (%)

LVEF in a follow-up (%)
Reduced LVEF (%) (n=10)
Nonreduced LVEF (%) (n=20)

0.68+0.06

0.65 (0.35-0.76)
0.72 (0.46-0.83)
0.69 (0.60-0.72)

Data with skewed distribution are represented by median, maximum, and minimum values, others presented as number (percentage) or
mean + standard deviation. 1, the pattern of LGE located on ventricular insert point; 2, the pattern of LGE located on ventricular insert
point and septum; 3, the pattern of LGE located on ventricular insert point and septum, right ventricular free wall; 4, the pattern of LGE
located on ventricular insert point and septum, left ventricular. TAK, Takayasu arteritis; BMI, body mass index; NIH, National Institutes
of Health; HTN, hypertension; PH, pulmonary hypertension; ESR, erythrocyte sedimentation rate; CMR, cardiac magnetic resonance
imaging; LV, left ventricular; EF, ejection fraction; EDV, end-diastolic volume; ESV, end-systolic volume; LGE, late gadolinium enhancement;

TTE, transthoracic echocardiography.

Table 2 Comparison of global strain metrics in patients with TAK
with preserved left ventricular ejection fraction and the normal
controls

Normal controls Patients with TAK

Global strain metrics

(n=30) with pLVEF (n=51)

Longitudinal

PS (%) -14.77+£1.74 -13.35+£3.11*

SPSR (1/s) -0.71+0.45 -0.81+0.19

DPSR (1/s) 0.94+0.24 0.86+0.38
Circumferential

PS (%) -22.75+2.57 -21.46+2.66*

SPSR (1/s) -1.13+0.18 -1.12+0.20

DPSR (1/s) 1.41£0.35 1.34+0.36
Radial

PS (%) 40.70+8.84 38.24+8.64

SPSR (1/s) 2.32+0.58 2.15+0.61

DPSR (1/s) -2.92+0.98 -2.51+1.03

The values are the mean + SD. *, P<0.05. TAK, Takayasu
arteritis; pLVEF, preserved left ventricular ejection fraction; PS,
peak strain; SPSR, systolic peak strain rate; DPSR, diastolic
peak strain rate.

diagnostic threshold of -22.38%.

As is shown in Table 3, the LPS apical (t=-3.11; P=0.003)
and midventricular regions (t=-2.25; P=0.027) in the TAK
group decreased in comparison with controls, and the CPS
in basal (t=-2.36; P=0.021) and midventricular regions
(t=-2.71; P=0.008) were significantly lower in the TAK

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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Figure 2 Receiver operating curves of GLS and GCS to predict
patients with TAK with pLVEF (AUC =0.64 and AUC =0.63).
GLS, global longitudinal peak strain; GCS, global circumferential
peak strain; TAK, Takayasu arteritis; pLVEF, preserved left
ventricular ejection fraction; AUC, area under the receiver

operating curve.

group compared with normal controls.

Based on the subgroup analysis shown in Table 4, LV
global strain and strain rate of patients with TAK showed
significant differences among patients without comorbidities,
patients with HTN, and patients with PH, in addition to
global longitudinal SPSR. According to 1-way ANOVA of the
comorbidities, there was a significant difference between the
PH group and the no-comorbidities group for GLS (t=-2.47;
P=0.01; Figure 3A). Statistically significant differences were
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Table 3 Comparison of left ventricular regional strain between patients with TAK and healthy controls

Basal Midventricular Apical
Variable Normal controls  Patients with TAK  Normal controls  Patients with TAK ~ Normal controls ~ Patients with TAK
(n=30) and pLVEF (n=51) (n=30) and pLVEF (n=51) (n=30) and pLVEF (n=51)
Longitudinal
PS (%) -12.05+2.99 -10.66+3.53 -14.20+1.98 -12.34+3.43" -17.82+1.91 -16.45+3.71*
SPSR (1/s) —-0.58+0.42 -0.67+0.40 -0.78+0.37 -0.82+0.25 -0.85+0.43 -0.92+0.17
DPSR (1/s) 0.88+0.31 0.85+0.39 0.95+0.24 0.87+0.45 1.11+0.25 1.06+0.37
Circumferential
PS (%) -19.25+1.88 —-17.07+3.45* -23.27+2.88 -21.50+3.07* -26.86+3.64 —-26.17+4.05
SPSR (1/s) -1.02+0.14 -0.94+0.22 -1.18+0.21 1.04+0.21 -1.44+0.25 -1.37+0.32
DPSR (1/s) 1.27+0.30 1.11+0.29* 1.48+0.40 1.19+0.38 1.84+0.59 1.75+0.60
Radial
PS (%) 47.18+10.07 43.86+12.24 37.35+8.06 35.61+9.41 43.22+13.79 40.45+£13.74
SPSR (1/s) 2.17+0.54 2.14+0.66 2.02+0.51 2.03+0.69 3.24+1.51 2.72+1.06
DPSR (1/s) -3.61+£0.94 -3.47+1.38 —2.67+0.86 —2.58+0.87 -3.24+2.48 -3.22+1.34

Values presented are mean + SD. *, P<0.05. TAK, Takayasu arteritis; pLVEF, preserved left ventricular ejection fraction; PS, peak strain;

SPSR, systolic peak strain rate; DPSR, diastolic peak strain rate.

Table 4 Subgroup analysis of LV strain metrics among patients with TAK without comorbidities and with HTN and PH

Subgroup in Longitudinal (%) Circumferential (%) Radial (%) Longitudinal (1/s) Circumferential (1/s) Radial (1/s)
patients with TAK PS PS PS SPSR  DPSR SPSR DPSR SPSR DPSR
No-comorbidities -14.27+2.16 —22.35+2.06 40.06+8.15 -0.80+0.05 0.98+0.05 -1.19+0.03 1.43+0.28 2.35+0.10 -2.86+0.13
group (n=27)

HTN group (n=10) -14.06+1.20 —22.86+2.63 38.31+2.52 -0.78+0.08 0.58+0.13 -1.06+0.06 1.15+0.23 2.09+0.16 -2.13+0.43
PH group (n=10) -11.81+£1.07 -19.14+1.01 31.54+2.63 -0.66+0.05 0.62+0.17 -0.99+0.05 1.16+0.10 1.70+0.14 -2.08+0.26
F 3.55 7.75 4.407 1.22 7.04 6.16 7.29 5.47 4.50

P 0.035 0.001 0.016 0.302 0.002 0.004 0.001 0.006 0.015

The values are the mean + SD. Four patients with PH and HTN were excluded in subgroup analysis. LV, left ventricular; TAK, Takayasu
arteritis; HTN, hypertension; PH, pulmonary hypertension; PS, peak strain; SPSR, systolic peak strain rate; DPSR, diastolic peak strain rate.

observed between the HT'N and PH group (t=-3.11; P=0.007)
and the PH and no-comorbidities groups for GCS (t=-3.44;
P<0.001; Figures 3B,4,5). Furthermore, longitudinal and
circumferential strain parameters were decreased in patients
with TAK and LGE compared with patients without LGE
(Figure 6). The differences in strain between the groups was
greatest for the following values: basal LPS (t=-2.62; P=0.011)
and CPS (t=-2.05; P=0.04), midventricular LPS (Z=-2.60;
P=0.009) and CPS (t=-2.78; P=0.008), apical LPS (t=-3.43;
P=0.001) and CPS (t=-2.32; P=0.025), and GLS (t=-3.30;

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

P=0.002) and GCS (t=—3.02; P=0.004).
Moreover, interobserver agreement showed good
reproducibility based on the Bland-Altman plots (Figure 7).

Correlation of LV strain and clinical data in patients with
TAK

As shown in Figure 8, both GLS and GCS were significantly
different between male and female patients. GCS showed
a significant positive association with disease duration
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Figure 3 (A,B) Comparison of global strain between the no-comorbidities, HTN, and PH groups. GLS in the PH group decreased in
comparison with the no-comorbidities group (A). GCS in the PH group decreased in comparison with the no-comorbidities and HTN
groups (B). HTN, hypertension; PH, pulmonary hypertension; GLS, global longitudinal peak strain; GCS, global circumferential peak

strain.

Figure 4 (A-F) LV strain analysis obtained from short-axis and 4-chamber views of a 49-year-old, female TAK patient with PH. The
MRA shows right pulmonary artery stenosis (right red arrow) and left pulmonary artery occlusion (left red arrow) (A). Artificial color
map of longitudinal peak strain (B) and circumferential peak strain (C). Lines of regional circumferential peak strain (D). Line of global
circumferential peak strain (E). Line of global longitudinal peak strain (F). LV, left ventricular; TAK, Takayasu arteritis; PH, pulmonary

hypertension; MRA, magnetic resonance angiography.

(r=0.37; P=0.008), and GLS showed a significant negative Relationship between baseline myocardial strain and
association with ESR (r=—0.30; P=0.03). There were no reduced LVEF at follow-up

statistically significant associations between GLS and

GCS with age, disease activity, TAK classification, or drug In total, 30 patients were followed up with TTE after
treatment in patients with TAK (all P values >0.05). 6 months. Among them, 21 (70%) showed a decline in LVEF
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Figure 5 (A-F) LV strain analysis obtained from short-axis and 4-chamber views of a 23-year-old, male patient with TAK and hypertension.

The MRA showed right pulmonary artery stenosis (left red arrow) and occlusion of the right lower lobe artery (right red arrow) (A).

Artificial color map of longitudinal peak strain (B) and circumferential peak strain (C). Lines of regional circumferential peak strain (D).

Line of global circumferential peak strain (E). Line of global longitudinal peak strain (F). LV, left ventricular; TAK, Takayasu arteritis; MRA,

magnetic resonance angiography.
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Figure 6 (A,B) Comparison of LPS (A) and CPS (B) between patients with myocardial LGE and those without LGE. LPS, longitudinal

peak strain; CPS, circumferential peak strain; LGE, late gadolinium enhancement.

(range, 1-12%); 1 patient exhibited no change of LVEF, and
8 patients showed increased LVEF (range, 1-7%). According
to a comparison to the baseline LVEE 33% (10/30) patients
with a decline in LVEF >5% during follow-up were classified

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

into the group with reduced LVEE. The baseline LV EDV
index (50.21£9.69 mL/m’) was larger in patients with
reduced LVEF compared with those (43.84+9.37 mL/m’)
with nonreduced LVEE, this difference was not statistically
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Figure 7 (A-L) Bland-Altman plots of the interobserver reproducibility for apical, midventricular, basal, and global CPS (A-D); apical,
midventricular, basal, and global RPS (E-H); and apical, midventricular, basal, and global LPS (I-L) measured using CMR-FT. Bland-

Altman plots include the lines of mean difference and the 95% limits of agreement. SD, standard deviation; CPS, circumferential peak

strain; RPS, radial peak strain; LPS, longitudinal peak strain; CMR-FT, cardiac magnetic resonance imaging feature tracking.

significant (t=—1.74; P=0.093).

The baseline global circumferential DPSR {TAK with
reduced LVEF [1.45+0.39 (1/s)] vs. TAK without reduced
LVEF [1.18+0.25 (1/s)]; Z=-2.25; P=0.03} and the baseline
apical circumferential DPSR {TAK with reduced LVEF
[2.20+0.80 (1/s)] vs. TAK without reduced LVEF [1.61+0.39
(1/s)]; Z=-2.74; P=0.01} were significantly different. The
baseline global and apical circumferential DPSR in patients
with reduced LVEF were higher than those in patients
without a reduced LVEF at the 6-month follow-up (Figure 9).

Discussion

In the current study, we first analyzed impaired LV strain
and risk factors in patients with TAK and pLVEF using
CMR-FT, and there were several findings: (I) reduced
global and segmental LPS and CPS were found in patients

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

with TAK and pLVEF; (II) patients with PH had a
decreased LV strain compared with patients with HTN;
(III) patients with LGE had significant reduction of LV
strain metrics compared with those without LGE; and (IV)
male gender, long disease duration, and elevated ESR were
risk factors of reduced GLS and GCS. (V) LVEF during
the follow-up might decrease in patients who have elevated
circumferential DPSR at baseline.

Mpyocardial involvement is one of the important causes
of a long-term poor outcomes in patients with TAK (18).
Although the possible underlying mechanism of LV
dysfunction in TAK is not completely clarified, identification
of the subtle changes of myocardial strain in patients with
TAK is important. Grotenhuis ez 4/. reported that pediatric
patients with TAK demonstrated altered LV mechanics,
LV hypertrophy, and impaired diastolic function (19).
Moreover, Yurdakul ez 4/. used velocity vector imaging and
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strain rates between patients with reduced LVEF and those
with nonreduced LVEF at the 6-month follow-up. LVEF, left

ventricular ejection fraction.

reported that LV longitudinal peak systolic strain and strain
rate were reduced in patients with TAK (20).

CMR can simultaneously visualize the morphology,
function, flow, and tissue characteristics of the heart. CMR-
FT studies have been widely used to measure altered
myocardial strain in cardiovascular diseases (21-23). Our
study found that GLS and GCS decreased in patients with
TAK and pLVEF in comparison with healthy volunteers.
In contrast, Yurdakul et a/. reported that LV longitudinal
peak systolic strain and strain rate were reduced in patients

with TAK (20). GLS and GCS showed similar AUCs when

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

discriminating patients with TAK and pLVEF from healthy
controls, and both GLS and GCS showed higher sensitivity
and lower specificity. This suggests that FT-derived strain
metrics is a sensitive method to detect subtle myocardial
dysfunction in patients with TAK and pLVEFE.

Regional strain analysis indicated that the reduction
of LPS and CPS was mainly in the midventricular
myocardium. One possible reason might be that greater
stress is present in the lateral myocardium compared with
that in other regions (24). Meanwhile, spiral fibers in the
middle layer and longitudinal fibers in the subendocardium
determine myocardial circumferential and longitudinal
deformation stress, respectively (22).

Our study suggests that both GLS and GCS in patients
with PH was more reduced than that in controls and patients
with HTN. Further analysis showed that almost all LV strain
and strain rate metrics decreased in patients with PH. The
main reason for this might be that ventricular interdependence
in PH patients aggravates abnormal LV function (25). Keenan
et al. suggested that inflammatory involvement of
myocardium in patients with TAK can be confirmed by
mid-wall fibrosis derived from CMR, which results in
the reduction of myocardial deformation (5). Our results
indicate that patients with LGE have significantly decreased
myocardial strain metrics.

ESR is one of the best predictors for long-term follow-
up results of patients with TAK, and preclinical reduction of
GLS was found to be independently related to a worse clinical
prognosis (26). The negative correlation between ESR and
GLS enhances the prognostic value of both in patients with
TAK. A possible explanation is that ESR accompanying
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arteritis and myocardial inflammation reduces the deformation
of LV. This is consistent with Eleftheriou’s findings (27). In
our study, LV strain in female patients was slightly reduced
compared to that of male patients. Previous studies have
reported that females are better able to maintain normal
EF due to a greater magnitude of deformation in females
compared with males in a healthy population (28,29). A
long disease duration often leads to ventricle remodeling
characterized by myocardial fibrosis (9), which in turn
affects myocardia distortion, especially CPS.

A decrease in LVEF >10% was used as a threshold to
indicate reduced LVEF. However, only 2 patients had
reduced LVEF >10%, and the small number of cases
prevented further analysis. When we used a decrease of
>5% according to Seidman ez /. (30) as the threshold, 33%
patients with TAK showed reductions in LVEF during the
follow-up. Thus, we used the decline in LVEF of at least
5% to group patients with reduced EF and patients with
nonreduced EF at the 6-month follow-up. These patients
had higher baseline circumferential DPSR compared with
those with nonreduced LVEF during the follow-up. The
population differences among our young patients and
older obese patients with LV diastolic dysfunction (31)
and pediatric patients with TAK (19) make explaining the
possible mechanisms difficult. Nonetheless, we speculate
that the possible reasons may be following: (I) the increase
in preload due to ventricular dilatation led to an increase in
LV diastolic strain rate (32), for the baseline LV EDV index
in our study was larger in patients with reduced LVEF
than that in patients with nonreduced LVEF; and (II) there
was an early adaptive mechanism in response to increased
LV afterload due to the large artery stiffness of TAK (19)
in patients with reduced LVEF. However, the details of
mechanism remain unknown.

Limitations

Our study has several limitations. (I) This was a single-
center study with a relatively small number of patients with
TAK. (II) Although we did not find significant differences
of baseline variables between the follow-up and lost-to-
follow-up groups, the small number of the follow-up
patients might have led to selection bias. Future research
should include long-term follow-up data involving larger
sample sizes. (III) Most of our participants received
different immunosuppressive drugs; however, the effect
of the treatments was not evaluated. (IV) There are other
possible important confounders such as aortic regurgitation,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.
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which have not been assessed thus far. (V) Myocardial
strain analysis has excellent reproducibility, and thus only
interobserver agreement was assessed. (VI) We used a
decline in LVEF of at least 5% as the threshold of the
reduced LVEF. This might have affected the accuracy of
patient categorization and led to an increased probability of
type II statistical errors. Future work should seek to confirm
and extend our findings in larger patient samples.

Conclusions

In patients with TAK with pLVEEF, both global and
segmental myocardial strain decreased. Patients with TAK
and PH have greater reduction of LV strain than do those
without PH. Male gender, long disease duration, elevated
ESR, and myocardial LGE are associated with reduction of
LV strain. A baseline increase of circumferential DPSR may
be associated with the decline in LVEF during the follow-
up. CMR-FT assists with the detection of subtle alterations
of myocardial strain in patients with TAK and pLVEF.
Identification of early myocardial abnormal deformation
and risk factors will assist physicians with optimizing the
management of patients with TAK.
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Supplementary

Table S1 The baseline clinical information and CMR, TTE of TAK patients with follow-up and with lost follow-up

Patients with follow-up

Patients with lost

(n=30) follow-up (n=21) Statistical parameters P
Clinical characteristics(n=51)
Female 19 (63.33%) 14 (66.66%) 0.06 0.81*
Age (years) 36+12 41+12 -1.46 0.15*
BMI (kg/m?) 21.89+3.67 24.30 +3.06 2.46 0.017*
Heart rate (beats/min) 7112 73+14 0.294 0.77*
Disease duration (months) 10 (1-432) 24 (1-240) -1.81 0.07%
Active disease at admission time (NIH criteria) 18 (60%) 10 (47.62%) 0.77 0.38*
Cardiovascular complications (n=47)
HTN 6 (27, 22.22%) 4 (20, 20.00%) >0.99%
PH 7 (27, 25.93%) 5 (20, 25.00%) 0.005 0.943*
ESR (mm/h) 13 (2-96) 9 (2-36) -0.71 0.48*
CMR(n=51)
LVEF (%) 0.61 + 0.06 0.64 + 0.07 -1.62 0.11*
LVEDVI (mL/m?) 45.96 + 9.78 49.74 +11.68 1.25 0.217*
LVESVI (mL/m?) 17.94 £ 5.77 17.22 + 4.86 -0.47 0.640*
Cl (L/min/m? 3.30 + 0.69 3.67 +£1.02 1.54 0.130**
Diastolic myocadiac mass index(g/m?) 26.33 +8.14 28.39 + 6.03 0.983 0.331*
LGE on CMR 16 (53.33%) 8 (38.10%) 5.28 0.26*
LVEF on TTE 0.69 + 0.06 0.67 +0.08 0.62 0.53*

Notes: Cl, cardiac output index; CMR, cardiac magnetic resonance imaging; EDVI, end-diastolic volume index; EF, ejection fraction;
ESVI, end-systolic volume index; ESR, erythrocyte sedimentation rate; HTN, hypertension; LGE, late gadolinium enhancement; LV, left
ventricular; PH, pulmonary hypertension; TAK, Takayasu’s arteritis; TTE, transthoracic echocardiography. Data with skewed distribution
represented by median, maximum and minimum values. Four patients with PH and HTN were excluded in cardiovascular complications
analysis. *, o test; **, t-test; ¢, Mann-Whitney U test; **, Fisher’s exact test.
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