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Abstract

Background: As a noninvasive tool, myocardial deformation imaging may facilitate the early detection of cardiac
dysfunction. However, normal reference ranges of myocardial strain and strain rate (SR) based on large-scale East
Asian populations are still lacking. This study aimed to provide reference values of left ventricular (LV) and right ven-
tricular (RV) strain and SR based on a large cohort of healthy Chinese adults using cardiovascular magnetic resonance
(CMR) feature tracking (FT).

Methods: Five hundred and sixty-six healthy Chinese adults (55.1% men) free of hypertension, diabetes, and obesity
were included. On cine CMR, biventricular global radial, circumferential, and longitudinal strain (GRS, GCS, and GLS),
and the peak radial, circumferential, and longitudinal systolic, and diastolic SRs (PSSRR, PSSRC, PSSRL, PDSRR, PDSRC,
and PDSRL), and regional radial and circumferential strain at the basal, mid-cavity, and apical levels were measured.
Associations of global and regional biventricular deformation indices with age and sex were investigated.

Results: Women demonstrated greater magnitudes of LV GRS (37.6+6.1% vs. 32.1 4-5.3%), GCS (— 20.7 £ 1.9%

vs. — 188+ 1.9%), GLS (—17.84+1.8% vs. — 156 £ 1.8%), RV GRS (25.1 £7.8% vs. 22.1 £6.7%), GCS (— 144 £3.6%

vs. —13.243.2%), GLS (— 224 4+5.2% vs. — 20.2 +4.6%), and biventricular peak systolic and diastolic SR in all three
coordinate directions (all P<0.05). For the LV, aging was associated with increasing amplitudes of GRS, GCS, and
decreasing amplitudes of PDSRR, PDSRC, PDSRL (all P < 0.05). For the RV, aging was associated with an increase in the
magnitudes of GRS, GCS, GLS, PSSRR, PSSRC, PSSRL, and a decrease in the magnitude of PDSRR, PDSRC (all P < 0.05).
Biventricular radial and circumferential strain measurements at the basal, mid-cavity, and apical levels were all signifi-
cantly related to age and sex in both sexes (all P<0.05).
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Conclusions: We provide age- and sex-specific normal values of biventricular strain and SR based on a large sample
of healthy Chinese adults with a broad age range. These results may be served as a reference standard for cardiac

function assessment, especially for the Chinese population.

Keywords: Cardiovascular magnetic resonance feature tracking, Reference value, Chinese adults, Left ventricle, Right

ventricle

Introduction

Cardiovascular disease has long been the leading cause of
morbidity and mortality in both developed and develop-
ing countries and has triggered a substantial amount of
medical expenditure [1]. At present, the objective assess-
ment of cardiac function is still one of the most critical
routine tasks in cardiology. Compared with ejection frac-
tion (EF), the most commonly used index for measuring
cardiac systolic performance, myocardial deformation
parameters such as strain and strain rate (SR) allow the
assessment of both global and regional myocardial func-
tion and have been increasingly recognized as more sen-
sitive indicators of cardiac insufficiency [2, 3]. In recent
years, there is growing evidence that assessing cardiac
function via myocardial deformation imaging is of great
importance in distinguishing among various cardiac dis-
eases and can provide important prognostic information
[4-8]. Although echocardiography has long been consid-
ered the first choice for quantifying myocardial deforma-
tion, it has some inherent limitations, including a narrow
acoustic window, low image spatial resolution, operator
dependence, etc. [9, 10]. Cardiovascular magnetic reso-
nance (CMR) feature tracking (FT), a promising tool for
assessing myocardial mechanics, does not require addi-
tional sequences or complex postprocessing and has been
well validated against the gold standard tagged CMR
[11-13].

Determining cardiac reference values is essential for
distinguishing normal and abnormal conditions, risk
stratification, and prognosis evaluation in clinical prac-
tice. It has been well established that there are signifi-
cant racial differences in the myocardial deformation
measurements derived from various imaging modalities
[14-16], highlighting the considerable need to establish
reference values of cardiac deformation based on differ-
ent ethnicities. Unfortunately, to our knowledge, there
are few data on CMR-FT reference ranges for myocar-
dial strain and SR in East Asian populations, and they
are usually based on small or modest sample sizes (no
more than 150 individuals) [17-19]. In addition, although
many studies have explored the associations of myocar-
dial deformation metrics with common demographic fac-
tors such as age and sex, the conclusions remain highly
controversial. Therefore, the purpose of this study was
to systematically provide age- and sex-specific reference

values of left ventricular (LV) and right ventricular (RV)
strain and SR based on a large sample of healthy Chinese
adults and to further explore the correlation of these
measurements with age and sex.

Methods

Study population

Our study population has been described previously
[20]. All the subjects came from the local medical imag-
ing and health screening institution, which provides
high-end screening services for eligible community resi-
dents, with cardiovascular imaging as one of the key
programs. From January 1, 2013, to June 1, 2020, a total
of 1164 consecutive Chinese adults at this institution
completed the dedicated screening package, including
baseline characteristics, comprehensive physical exami-
nation, electrocardiogram (ECG), customized laboratory
and biochemical tests (including fasting glucose and lipid
tests, thyroid, liver, and kidney function tests, etc.), and
whole-body imaging examinations (including echocar-
diography, chest X-ray or computed tomography scan,
CMR, and magnetic resonance scan of the brain, spine,
and abdomen). Subjects in this population, who met the
following criteria were excluded: (i) a known history or
overt symptoms of cardiovascular diseases; (ii) an abnor-
mal ECG (defined as ST-T abnormalities), or abnormal
findings of cardiovascular diseases such as ischemic heart
diseases (e.g., wall motion abnormalities), hypertrophic
cardiomyopathy (defined as end-diastolic LV wall thick-
ness > 15 mm in any segment [21]), congenital heart dis-
eases, valvular heart diseases (defined as observed signal
void jet), and cardiac tumor, etc; (iii) known diseases
that may affect cardiac morphology and function, such
as anemia, hyperthyroidism, stroke, and major lung, liver,
and kidney diseases; (iv) hypertension (defined as resting
measured systolic blood pressure [SBP]/diastolic blood
pressure [DBP]>140/90 mmHg or use of antihyperten-
sive medication according to the seventh Joint National
Committee recommendation [22]), diabetes (defined as
fasting blood glucose [FBG] > 7.0 mmol/L or a history of
hypoglycemic medication use [23]), or obesity (defined
as body mass index [BMI]>28 kg/m? for the Chinese
population [24]); and (v) subjects with images that were
ineligible for FT analysis, such as those with artifacts or
suboptimal presentation of ventricular contours. The
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present study was approved by the local institutional
review board, and the requirement for subject consent
was waived by the Chinese Ethics Committee (Unique
identifier: ChiECRCT20190198).

CMR image acquisition

CMR images were acquired with 1.5T CMR scan-
ners (Signa HDxt, General Electric Healthcare, Chi-
cago, Illinois, USA and Magnetom Essenza, Siemens
Healthineers, Erlangen, Germany) using 16-channel
phased-array surface coil. The subjects were placed in
a supine position, and ECG gated balanced steady-state
free precession (bSSFP) sequences were used to acquire
cine images in held end-expiration. ECG-gated con-
tiguous parallel short-axis planes (10-15 slices) were
acquired throughout the LV and RV, covering the base
(atrioventricular valve plane) to the apex. Long axis cine
images of two-chamber, three-chamber, and four-cham-
ber views were also acquired.

The parameters of the sequence for the Signa HDxt
(General Electric Healthcare) were as follows: repetition
time =4 ms, echo time=1.75 ms, flip angle = 60", field of
view =310 x 310 mm, matrix size =224 x 224, slice thick-
ness=8 mm, slice gap=1 mm, and 30 phases per car-
diac cycle. The scanning parameters for the Magnetom
Essenza (Siemens Healthineers) were as follows: repeti-
tion time =4.38 ms, echo time=1.37 ms, flip angle =60°,
field of view=275x 340 mm, matrix size =224 x 256,
slice thickness =8 mm, slice gap=0 mm, and 30 phases
per cardiac cycle.

CMR-FT analysis

Image analysis was performed by an experienced
researcher (GX. L, with more than 3 years of CMR expe-
rience using commercial software (cvi*?® version 5.12.1,
Circle Cardiovascular Imaging, Calgary, Canada). The
two-chamber, three-chamber, four-chamber, and short-
axis cine images were uploaded to the software pack-
age. Datasets were anonymized to ensure that operators
were blinded to all protected health information. The
phase with the largest blood pool area in the middle of
the LV or RV was defined as the end-diastolic phase in
the short-axis images. The threshold-based segmenta-
tion method was used to depict the endocardium of the
LV and RV, and then the contours of the epicardium of
the LV and RV were manually drawn. The RV excluded
the septum. The trabeculae and papillary muscles were
included in the blood pool. The reference points were
drawn manually at the insertion sites of the LV and RV
superior and inferior septum for regional and global
strain analysis and polar map generation. Next, guided
by homogeneity or characteristic anatomical signals, the
software automatically outlined the contour by tracking
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myocardial voxel points for the rest of the cardiac cycle.
The performance of CMR-FT was visually reviewed to
ensure accurate tracking. In the event of insufficient or
erroneous tracking, the software allows boundary editing
of the end-diastolic phase. Finally, the software automati-
cally generated the biventricular global radial, circum-
ferential, longitudinal strain (GRS, GCS, and GLS), peak
systolic SR (PSSR) for the radial, circumferential, and
longitudinal directions (PSSRR, PSSRC, PSSRL), and
peak diastolic SR (PDSR) for the radial, circumferential,
and longitudinal directions (PDSRR, PDSRC, PDSRL).
In addition, radial and circumferential strain at the basal,
mid-cavity, and apical levels of both the LV and RV were
obtained (Fig. 1).

To explore the effect of analysis software on the meas-
urements and further validate the associations of age and
sex with biventricular strain values, we randomly selected
10 samples from each male and female age group (21-30,
31-40, 41-50, 51-60, and 61-70 years) using stratified
sampling (100 cases in total), and analyzed the data using
another widely recognized software (version 4.0.38.4,
Medis Medical Imaging, Leiden, the Netherlands). Biven-
tricular global strain metrics were assessed by the first
author (GXL). The frames with the smallest blood pool
in the middle of the LV or RV cavity were defined as the
end-systolic phase and the largest as the end-diastolic
phase. On the two-chamber, three-chamber, four-cham-
ber, and short-axis cine imaging, LV endocardial borders,
and the epicardial borders were manually traced using
the point-and-click method. RV endocardial border was
traced in the four-chamber view. Parameters of LV GRS,
GCS, GLS and RV GLS of the free wall (RVFW-GLS)
were obtained automatically (Additional file 1: Fig. S1).

Reproducibility
Sixty subjects were randomly selected from the study
populations, and interobserver reproducibility of biven-
tricular strain metrics assessed by both CMR-FT soft-
ware packages (cvi*?, Circle Cardiovascular Imaging and
Medis Medical Imaging) was evaluated by two independ-
ent experienced researchers (GXL and YYG, with more
than 3 and 5 years of experience in CMR, respectively).
To assess intraobserver reproducibility, the datasets were
measured by a researcher (GXL) for the second time
using the same method with a time interval of more than
a month. In addition, we further examined the repro-
ducibility of biventricular global strain measurements
assessed by the manual contouring method used in the
present study and the automatic contouring method pro-
vided by cvi*? software.

To assess the inter-scanner reproducibility of strain
measurements, we re-recruited 20 healthy individuals to
determine whether the obtained reference values were
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Fig. 1 Example of biventricular myocardial deformation analysis by cvi*

view (c), and two-chamber view (d)

2 (Circle Cardiovascular Imaging, Calgary, Canada). Contours are illustrated
in left ventricular (LV) and right ventricular (RV) endocardial and epicardial borders in short-axis view (a), and four-chamber view (b), three-chamber

dependent on CMR scanner. Written informed consent
was provided by all subjects. Each of the subjects under-
went CMR examinations on the same day with the two
CMR scanners using the same protocols as described.
GRS, GCS, and GLS of both ventricles were measured
by the first author (G.X. L) using cvi** software (Cir-
cle Cardiovascular Imaging) based on the same method
described above.

Statistical analysis

All statistical analyses were performed with SPSS (ver-
sion 26.0, Statistical Package for the Social Sciences,
International Business Machines, Inc., Armonk, New
York, USA) and GraphPad Prism (version 8.0, Graph-Pad
Software, La Jolla, California, USA). The Shapiro—Wilk

test was employed to assess the distribution of continu-
ous variables. All normally distributed continuous varia-
bles are presented as the mean + standard deviation (SD),
and nonnormally distributed variables are expressed as
the median (interquartile range). The enrolled subjects
were stratified by sex (men and women) and 10-year age
groups (21-30, 31-40, 41-50, 51-60, and 61-70 years).
Sex differences in demographic characteristics and biven-
tricular deformation parameters were analyzed using
Student’s ¢ test or the Mann—-Whitney U test. Linear
regression analysis was performed to assess the associa-
tions of biventricular global strain and SR with age. One-
way analysis of variance (ANOVA) was performed to
evaluate whether regional strain differed according to age
groups. Differences in the basal, mid-cavity, and apical
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biventricular strain measurements were evaluated using
ANOVA followed by Tukey’s post hoc test. Intra- and
interobserver reproducibility was assessed by the intra-
class correlation coefficient (ICC). A paired sample ¢ test
was used to examine the difference in strain parameters
obtained by the two software packages (cvi** Circle Car-
dioivascular Imaging and Medis Medical Imaging) and
the two CMR scanners. Differences were regarded as sta-
tistically significant at P<0.05.

Results

Baseline demographics

A total of 1164 CMR examinations underwent image
analysis. According to the exclusion criteria, 598 sub-
jects were excluded, leaving 566 healthy adults (312 men)
(Fig. 2). Of the 566 subjects, 306 subjects underwent
CMR imaging with General Electric scanner and 260
subjects with Siemens Healthineers scanner. The demo-
graphic characteristics of the entire cohort are shown in
Table 1. Men had higher height, BMI, body surface area
(BSA), SBP, DBP, and serum levels of FBG, triglycerides,
and low-density lipoprotein cholesterol than women
(all <0.001). Compared with men, women had higher
high-density lipoprotein cholesterol levels and heart rate
(both P<0.004). There was no significant sex difference
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in age or total cholesterol (P=0.833 and P=0.280,
respectively).

Sex difference in biventricular deformation parameters

LV and RV global strain and the SRs for men and women
assessed by cvi*? are shown in Table 2. For the LV,
women showed greater magnitudes of GRS (37.6 +6.1%
vs. 32.1+5.3%), GCS (—20.74+1.9% vs. —18.8+1.9%),
and GLS (—17.8+1.8% vs. —15.6+1.8%) (all P<0.001).
Similarly, for the RV, women had greater magnitudes of
GRS (25.1+7.8% vs. 22.1£6.7%), GCS (— 14.4+3.6% vs.
—13.243.2%), and GLS (—22.44+5.2% vs. —20.2 +4.6%)
(all P<0.001). The magnitudes of biventricular PSSR in
women were all significantly (all P<0.05). Specifically,
the LV PSSR for men and women was 2.20+0.67 s™1 vs.
2.56+0.75 s! for the radial direction, —1.1240.22 s™*
vs. —1.2540.25 s7! for the circumferential direction,
and —0.90+0.17 s7 vs. —1.03+0.19 s™* for the lon-
gitudinal direction. The RV PSSR for men and women
was 1.464+0.64 s7' vs. 1.60+£0.73 s7! for the radial
direction, —0.78+0.26 s' vs. —0.82+0.28 s~ for
the circumferential direction, and —1.164-0.33 s~ vs.
—1.3140.30 s7! for the longitudinal direction, respec-
tively. In addition, the magnitudes of biventricular
PDSR in women were all greater (all P<0.001). The LV
PDSR for men and women was —1.774£0.40 s~ ! vs.

(1) Baseline characteristics assessment
(2) Comprehensive physical examination
(3) Electrocardiogram

thyroid, liver, and kidney function tests

f 1164 consecutive Chinese adults completed the following health screening items \

(4) Customized laboratory and biochemical tests including fasting glucose and lipid tests,

(5) Whole-body imaging examinations including echocardiography, chest X-ray or computed
K tomography scan, magnetic resonance scan of heart, brain, spine, and abdomen

J

-

Excluded subjects (n = 598)

(1) Subjects with a known history or overt symptoms of cardiovascular disease (n = 65)

(2) Subjects with abnormal electrocardiogram or findings of cardiovascular diseases
including ischemic heart diseases, hypertrophic cardiomyopathy, congenital heart
diseases, valvular heart diseases, and cardiac tumor (n = 134)

(3) Subjects with known diseases that may affect cardiac morphology and function such as
anemia, hyperthyroidism, stroke, and major lung, liver, and kidney diseases (n = 75)

(4) Subjects with hypertension, diabetes, or obesity (n = 314)

w) Subjects with unqualified image quality (n = 10)

J

[ Total subjects included in this study (n = 566) ]

Fig. 2 Case selection flowchart
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Table 1 Demographic characteristics of the study population
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Variables All (n=566) Men (n=312) Women (n=254) P value (gender)
Age (years) 427+10.7 427+104 428+11.1 0.833
Height (cm) 166.3+£83 171.5+£6.1 160.0£6.0 <0.001
BMI (kg/m?) 229430 237+26 219430 <0.001
BSA (m?) 1.71£0.18 1.83+£0.14 158+£0.12 <0.001
HR (bpm) 67+9 66+9 68+9 0.004
SBP (mm Hag) 114+13 117+11 109+ 14 <0.001
DBP (mm Hg) 705495 729486 674496 <0.001
FBG (mmol/L) 5194046 5254045 513+£046 0.001
TC (mmol/L) 5.00+0.91 5.04+£094 496+£0.88 0.280
TG (mmol/L) 1.13(0.81-1.65) 1.36 (0.97-1.94) 0.91(0.73-1.25) <0.001
HDL-C (mmol/L) 137 (1.17-1.65) 1.25(1.06-1.45) 1.56 (1.32-1.90) <0.001
LDL-C (mmol/L) 2.84+£0.90 296+£091 2694084 <0.001

Normally distributed continuous variables are presented as mean = standard deviation (SD) and non-normally distributed variables are expressed as median

(interquartile range). P value is for Student’s t-test between genders

BMI, body mass index; BSA, body surface area; HR, heart rate; SBP, systolic blood pressure DBP, diastolic blood pressure; FBG, fasting blood glucose; TC, total
cholesterol; TG, triglycerides; HDL-C, high-density lipoprotein cholesterol; LDL-C, low-density lipoprotein cholesterol

Table 2 Normal values of biventricular global strain and strain rates for men and women

Variables All (n=566) Men (n=312) Women (n=254) P value (gender)

Left ventricle
GRS (%) 345463 321453 376£6.1 <0.001
GCS (%) —19642.1 —188+19 —207+19 <0.001
GLS (%) —166£2.1 —156+18 —178+£18 <0.001
PSSRR (s7") 237+073 220+£067 256+0.75 <0.001
PSSRC (s™") —1.18+£024 —1.12£022 —125+£025 <0.001
PSSRL (s~ —096+£0.19 —090+£0.17 —1.03+£0.19 <0.001
PDSRR (s7") —1.98+0.50 —1.77+£040 —2234+050 <0.001
PDSRC (s 1.01+£0.21 09440.18 1.094+0.21 <0.001
PDSRL (s 0.82+0.19 0.75+0.16 091+£0.19 <0.001

Right ventricle
GRS (%) 234474 221+6.7 251478 <0.001
GCS (%) —138+34 —132+32 —1444+36 <0.001
GLS (%) —212+£50 —202+£46 —224+£52 <0.001
PSSRR (s7") 1.524+0.68 146 £0.64 1.60+0.73 0012
PSSRC (s™") —0.80+£0.27 —0.78£0.26 —0.82+£0.28 0.042
PSSRL (s~ —1234+033 —1.16+0.33 —1.314+030 <0.001
PDSRR (s™") —1.14£042 —1.01£033 —130+£045 <0.001
PDSRC (s7") 0.6240.19 05840.18 0674019 <0.001
PDSRL (s7") 0.994+0.30 094+0.27 1.06+£0.33 <0.001

Measurements of biventricular global strain and strain rates were assessed by cvi*Z. Data are presented as means = standard deviation. P value is for Student’s t-test

between genders

GRS, global peak radial strain; GCS, global peak circumferential strain; GLS, global peak longitudinal strain; PSSRR, peak systolic strain rate radial; PSSRC, peak systolic
strain rate circumferential; PSSRL, peak systolic strain rate longitudinal; PDSRR, peak diastolic strain rate radial; PDSRC, peak diastolic strain rate circumferential; PDSRL,
peak diastolic strain rate longitudinal

—2.2340.50 s™! for the radial direction, 0.9440.18 s™!
vs. 1.0940.21 s™! for the circumferential direction, and
0.754+0.16 s! vs. 0.914+0.19 57! for the longitudinal
direction, respectively. The RV PDSR between men and

women was —1.014+0.33 s™! vs. —1.30+0.45 s~ ! for
the radial direction, 0.58+0.18 s~ vs. 0.67+£0.19 s}
for the circumferential direction, and 0.9440.27 s~ ! vs.
1.06 +0.33 s~ ! for the longitudinal direction, respectively.
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Table 3 Normal values of biventricular regional strain for men and women

Variables All (n=566) Men (n=312) Women (n=254) P value (gender)
LV radial strain (%)
Basal 321461 295450 354456 <0.001
Mid-cavity 329467 308+5.7% 354469 <0.001
Apical 5064 11.1% 4824106 5364+11.1% <0.001
LV circumferential strain (%)
Basal —187£23 — 178421 —199419 <0.001
Mid-cavity —193424% —186+22* —202+24 <0.001
Apical —241428" — 235427 — 249426 <0.001
RV radial strain (%)
Basal 187464 175459 202+68 <0.001
Mid-cavity 26049.0% 244481% 2784+97% <0.001
Apical 353413.1* 3374+122% 37.3413.9% 0.001
RV circumferential strain (%)
Basal —11.1435 —106+33 —118+35 <0.001
Mid-cavity —154440% —149+£38* —160+4.1% 0.001
Apical — 186449 —1804+49* —194448* 0.001

Measurements of biventricular regional strain were assessed by cvi*2. Data are presented as means = standard deviation. P value is for Student’s t-test between
genders. One-way analysis of variance is used to test the differences between basal, mid-cavity, and apical biventricular strain measurements

LV, left ventricular; RV, right ventricular
"P<0.01 vs. basal level. TP<0.01 vs. mid-cavity level

The measurements for biventricular regional strain for
both sexes are presented in Table 3. The absolute val-
ues of basal, mid-cavity and apical biventricular strain
in women were all significantly greater (all 2<0.001).
In general, the magnitudes of biventricular circumfer-
ential and radial strain decreased from apex to base (all
P<0.01).

The sex difference in biventricular global strain
assessed by Medis are presented in Additional file 3:
Table S1. Specifically, except for LV GRS (P=0.808), the
magnitudes of all strain metrics, including LV GCS, GLS,
and RVFW-GLS, were greater in women (all P<0.001),
which was generally consistent with the results measured
by cvi*2,

Correlation between age and biventricular deformation
parameters

The sex-specific normal values for global myocar-
dial strain and SR according to age decades measured
by cvi** are shown in Tables 4 and 5. For the LV, with
advancing age, there was a linear increase in the mag-
nitudes of GRS and GCS, whereas the magnitudes of
PDSRR, PDSRC, and PDSRL showed a decrease with
age (all P<0.01). There was no significant association of
GLS or PSSR with age (Fig. 3). Regarding the RV, aging
was associated with an increase in the magnitudes
of GRS, GCS, GLS, PSSRR, PSSRC, and PSRSRL and
a decrease in the magnitudes of PDSRR and PDSRC

(all P<0.05). Age showed no significant correlation
with PDSRL (Fig. 4). The sex-specific measurements
of biventricular regional strain by 10-year age groups
are shown in Tables 6 and 7. All the measurements of
biventricular strain at the basal, mid-cavity, and api-
cal levels were significantly associated with age in both
sexes (all P<0.05).

The association of biventricular strain with age assessed
by Medis was in line with that assessed by cvi*?, confirm-
ing that aging was related to greater magnitudes of LV
GRS, GCS, and RVFW-GLS (all P<0.01), but had no sig-
nificant correlation with LV GLS (P=0.859) (Additional
file 2: Fig. S2). The sex-specific biventricular global strain
parameters stratified by 10-year age groups are presented
in Additional file 3: Tables S2, S3.

Effects of analysis software and CMR scanner vendor

on strain measurements

A paired sample ¢ test showed that compared with
those assessed by cvi*’, the magnitudes of LV global
strain evaluated by Medis were significantly larger (all
P<0.01), especially for GRS and GLS. Specifically, LV
GRS, GCS, and GLS evaluated by the two software pack-
ages were 35.5+7.0% vs. 51.4+17.3%, —19.9+2.3%
vs. —22.2+£34%, and —16.8£2.2% vs. —22.6+3.7%,
respectively (Additional file 3: Table S4). In addition, we
confirmed that there was no significant difference in the
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Table 4 Normal values of biventricular global strain and strain rates by age decades for men
Variables 21-30 years (n=44) 31-40 years (n=100) 41-50 years (n=92) 51-60 years (n=48) 61-70

years (n=28)

Left ventricle

GRS (%) 298447 321450
GCS (%) —179+18 —188+18
GLS (%) —153+18 —158+18
PSSRR (s™) 1974056 2314069
PSSRC (s™") —1.0440.18 —1.154025
PSSRL (s™") —087+022 —09240.17
PDSRR (s™") —1.80£035 —1.81£039
PDSRC (s™) 0.9940.14 09740.18
PDSRL (s™") 08140.15 0.7840.16

Right ventricle
GRS (%) 201459 216467
GCS (%) — 124431 —13.0£3.1
GLS (%) —182450 —201+47
PSSRR (s7) 1234045 1434069
PSSRC (s™") —0.704021 —0.76+027
PSSRL (s~ —1.064038 —1.13£036
PDSRR (s™") —1.07+039 —1.04+034
PDSRC (s™) 0.6240.19 06040.19
PDSRL (s~ 0914025 0944025

326=£5.1 31.8£5.1 346£74
—190+18 —188+19 —196£25
—155+17 —154+19 —156420
2.27+£0.68 2024061 2314076
—1.154+0.25 —1.0640.21 —1.134+022
—091+£0.17 —088+0.17 —091£0.16
—1.774£035 —1.644+040 —1.75+0.59
0.96£0.18 0.87£0.15 0.84£0.20
0.74%£0.15 069+0.15 0674014
22067 235465 246+80
—132432 —140+29 — 142435
—21.1£40 —202%45 —209+46
149+063 1.57+0.60 1.64+£0.74
—0.78+0.29 —084+024 —085%0.26
—1.194£030 —121£026 —1254£037
—09940.27 —09440.27 —0.964+041
0.55%+0.15 0574018 0.57£0.21
0.96+0.28 0914026 0974033

Measurements of biventricular global strain and strain rates were assessed by cvi*2. Data are presented as means = standard deviation

GRS, global peak radial strain; GCS, global peak circumferential strain; GLS, global peak longitudinal strain; PSSRR, peak systolic strain rate radial; PSSRC, peak systolic
strain rate circumferential; PSSRL, peak systolic strain rate longitudinal; PDSRR, peak diastolic strain rate radial; PDSRC, peak diastolic strain rate circumferential; PDSRL,

peak diastolic strain rate longitudinal

strain measurements derived from the two CMR scan-
ners using a paired sample ¢ test (all P>0.05) (Additional
file 3: Table S5).

Reproducibility

The intra- and interobserver reproducibility values of
the strain metrics assessed by cvi*? (Circle Cardiovascu-
lar Imaging) are shown in Table 8 and the reproducibil-
ity of biventricular deformation parameters obtained by
manual and automatic contouring methods are shown
in Additional file 3: Table S6. All the measurements of
biventricular strain showed good to excellent repro-
ducibility, with ICCs ranging from 0.86 to 0.97. In gen-
eral, the strain measurements for the LV demonstrated
slightly higher intra- and interobserver reproducibility
than those for the RV. In addition, biventricular strain
measurements, including LV GRS, GCS, GLS, and
RVFW-GLS assessed by Medis, had acceptable intra- and
interobserver reproducibility, with ICCs ranging from
0.79 to 0.97 (Additional file 3: Table S7). We further con-
firmed that measurements of biventricular GRS, GCS,
and GLS obtained by the two CMR scanners were of
good to excellent reproducibility, with ICCs ranging from
0.82 to 0.92 (Additional file 3: Table S8).

Discussion

Several CMR techniques, including tissue tagging, phase
velocity mapping, displacement encoding with stimu-
lated echoes (DENSE), and strain encoding (SENC), have
been developed to assess myocardial deformation. How-
ever, all these methods have certain limitations, such as
the need for additional acquisitions, low signal-to-noise
ratio, and time-consuming postprocessing. CMR-FT, a
well-established and continuously evolving technique
based on conventional cine sequences, enables compre-
hensive cardiac performance quantification of all cardiac
chambers, including the relatively thin-walled RV. In
this CMR-FT study, we systematically obtained age- and
sex-specific normal ranges of biventricular deformation
parameters for all three linear components, derived from
a large cohort of validated healthy Chinese adults across
a broad age spectrum. In addition, we further confirmed
that myocardial deformation metrics are influenced by
both age and sex, as there were significant differences in
the analyzed strata. Our findings may be used as a ref-
erence standard for the early detection of cardiovascular
dysfunction using CMR-FT to inform the diagnosis, risk
stratification, and therapeutic effect monitoring of car-
diovascular diseases.
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Table 5 Normal values of biventricular global strain and strain rates by age decades for women
Variables 21-30years (n=40) 31-40 years(n=178) 41-50 years (n=71) 51-60 years (n=34) 61-70

years (n=31)

Left ventricle

GRS (%) 355454 373457
GCS (%) —200+18 —206+18
GLS (%) —180420 —182+18
PSSRR (s™) 2404078 2674078
PSSRC (s™") —1.194026 —1324027
PSSRL (s™") —1.0040.19 —1.05+0.20
PDSRR (s™") —2284047 —237+050
PDSRC (s™) 1.18+0.21 1154020
PDSRL (s™") 1.0540.20 09740.18

Right ventricle
GRS (%) 241477 243476
GCS (%) — 142433 —139+36
GLS (%) — 217444 —22545.
PSSRR (s7") 1404064 1574077
PSSRC (s™") —0.724025 —0.81+030
PSSRL (s~ —1304029 —1294031
PDSRR (s™") —1414042 —137+046
PDSRC (s™) 0.7540.20 0.7040.18
PDSRL (s™) 1124033 1114032

37.0£6.3 383+£58 412%6.2
—2054+20 —209+138 —21.7+19
—176+19 —172+£15 —178+138

261£0.71 2514068 2434077
—1.254+021 —122+£022 —1.194+0.25
—1.05%£0.18 —0.99£0.21 —1.01£0.17
—2154+049 —2.18+044 —2.08+0.55

1.04£0.18 1.02£0.20 0.99+£0.22

0.8440.17 0.82+0.17 08540.15

242+£76 257%84 296466
— 140434 —140+38 —164+29
—218£56 —224£55 —243%46

1.58+0.70 1.75£0.72 1.85+£0.74
—081+£0.26 —0.88£0.25 —0.96£031
—132£031 —127£031 —137%£030
—1.204+044 —120+£044 —1354+049

0624018 065+£0.22 0654022

1.03+0.31 1.06+£043 0.964+0.29

Measurements of biventricular global strain and strain rates were assessed by cvi*2. Data are presented as means = standard deviation

GRS, global peak radial strain; GCS, global peak circumferential strain; GLS, global peak longitudinal strain; PSSRR, peak systolic strain rate radial; PSSRC, peak systolic
strain rate circumferential; PSSRL, peak systolic strain rate longitudinal; PDSRR, peak diastolic strain rate radial; PDSRC, peak diastolic strain rate circumferential; PDSRL,

peak diastolic strain rate longitudinal

Although several studies have contributed to establish-
ing normal reference values of biventricular strain and
SR for Chinese populations, this study presents several
advantages. First, as one of the most important factors
affecting the validity of normal reference ranges, the sam-
ple size of this study is significantly larger than those of
similar previous studies, e.g., Peng et al. [17] (n=150),
Liu et al. [18] (n=120), and Qu et al. [19] (n=150), and
the larger sample size may strengthen the associations of
myocardial deformation measurements with common
demographic factors such as age and sex. Second, our
selection criteria for “healthy” samples were more strin-
gent than those used in previous studies. Specifically,
all the enrolled subjects were asymptomatic and had no
known cardiovascular disease or common comorbidities
that may affect myocardial function, including hyperten-
sion, diabetes, and obesity. In addition, the included sub-
jects were further confirmed to be healthy by a dedicated
health screening visit, including comprehensive physical
examinations, ECG, laboratory and biochemical exami-
nations, and whole-body imaging examinations. Thus,
the obtained normal reference values in this study should
be more reliable. Finally, we included more compre-
hensive myocardial deformation metrics than previous

studies, as biventricular strain and systolic and diastolic
SR were systematically provided and further stratified
by both sex and 10-year age groups. Currently, there is a
growing body of literature showing that in some clinical
scenarios, regional assessment of myocardial deforma-
tion may provide additional prognostic information over
global measurements alone [25, 26]. In addition to global
deformation parameters, we presented normal values of
sex- and age-related regional biventricular radial and cir-
cumferential strain and confirmed that the magnitudes of
these strain indices showed an overall increasing pattern
from base to apex in both sexes. Therefore, this study can
be used as an effective supplement to previous studies,
thereby further promoting the extensive application of
the CMR-FT technique in clinical practice and research.

Correlation between sex and biventricular strain and SR

Multiple studies have explored the associations of biven-
tricular deformation parameters with sex. For the LV,
most studies confirmed that women have larger magni-
tudes of GLS and GCS [17, 27, 28], which was consist-
ent with our findings. However, there are discrepant data
regarding the relationship between GRS and sex, leading
to controversy in the field. Specifically, Andre et al. [28]
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Fig. 3 Correlation between left ventricular global strain and systolic, diastolic strain rate and age. Linear regressions with 95% prediction band for
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peak systolic strain rate circumferential (PSSRC) (e), peak systolic strain rate longitudinal (PSSRL) (f), peak diastolic strain rate radial (PDSRR) (g), peak
diastolic strain rate circumferential (PDSRC) (h), and peak diastolic strain rate longitudinal (PDSRL) (i)

showed a higher GRS in men, while Peng et al. [17] did
not observe noticeable sex differences. In contrast, we
confirmed that women had a higher GRS on a large sam-
ple basis, which was in line with a very recent CMR-FT
study [29]. The authors hypothesized that variability in
demographic factors and sample sizes might be the main
reasons for these inconsistencies. Regarding the RV, we
demonstrated that the magnitude of GLS was greater in
women, which is consistent with most previous studies
[19, 30, 31]. Additionally, we found that the amplitudes
of both the RV GCS and GRS were greater in women,
which is in line with some prior CMR-FT studies [18,
32]. Of note, we also confirmed significant sex differences
in regional myocardial deformation parameters, which
manifested as women having larger absolute biventricu-
lar radial and circumferential strain measurements at the
basal, mid-cavity, and apical levels than men.

At present, little data are available regarding the asso-
ciations of biventricular SR with sex. For the LV, we first

confirmed that the magnitudes of radial, circumferen-
tial, and longitudinal PSSR and PDSR were all greater in
women. For the RV, most previous studies merely focused
on the association of sex and longitudinal SR, and the
conclusions were not always consistent. For example, Liu
et al. found that there were no sex-related differences in
PSSRL or PDSRL [33], while Qu et al. [19] reported that
sex was correlated only with PDSRL and had no signifi-
cant correlation with PSSRL. With this study, we have
added to the body of literature with data derived from a
large sample showing greater amplitudes of PSSRL and
PDSRL in women.

Correlation between age and biventricular strain and SR

Many studies have investigated the correlation between
myocardial strain and age. For the LV, most studies agree
that there is an age-related increase in GRS, while there is
no age-dependent variation in GLS [17, 28, 34], which is
in agreement with our findings. The relationship between
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GCS scores and age is widely variable in the recent lit-
erature. For example, some studies confirmed that GCS
became less negative [17] or remained unchanged [28]
with advancing age. In contrast, we observed that aging
was associated with an increased amplitude of GCS,
which concurred with the findings of some previous
studies [34—36]. For the RV, some recent studies have
shown that age is significantly associated with GLS only
in women [18, 31]. In the present study, we observed a
linear correlation between age and GLS in both sexes,
showing that aging was associated with an increase in
the absolute value of GLS. Furthermore, we confirmed
an increase in the magnitude of RV GRS and GCS those
with aging, which is in accordance with the study by
Liu et al. [18]. To date, the correlation between age and
biventricular regional deformation indices has not been
well explored. We observed larger magnitudes of both
LV and RV radial and circumferential strain at the basal,

mid-cavity, and apical levels with aging, which paral-
leled the global measurements in their corresponding
directions.

The relationship between aging and biventricular SR
has not been well clarified. The present study demon-
strated that aging was not significantly correlated with
LV PSSR, while it was related to an increase in RV
PSSR. Concerning the relationship between aging and
myocardial PDSR, Andre et al. [28] showed an age-
dependency for the PDSRR, PDSRC, and PDSRL of
the LV, which was consistent with our results. For the
RV, consistent with the study by Liu et al. [18], we have
also shown that aging was associated with PDSRR and
PDSRC but not with PDSRL.
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Table 6 Normal values of biventricular regional strain by age decades for men
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Variables 21-30 years (n=44) 31-40 years (n=100)

41-50 years (n =92)

51-60 years (n =48)

61-70 years (n=28) P value

LV radial strain (%)

Basal 262451

Mid-cavity 285453

Apical 454+£97
LV circumferential strain (%)

Basal —163+£24

Mid-cavity —176+22

Apical —226+29
RV radial strain (%)

Basal 155+59

Mid-cavity 221475

Apical 308+94
RV circumferential strain (%)

Basal —96+33

Mid-cavity —139+£36

Apical —169+58

294444
309+£55
48.1+£108

—178%£17
—185+21
—234£27

170+56
23.6£7.7
3324126

—10.1£3.1
— 145436
—17.8+45

300443
309£52
5044105

—180%17
—186+19
—241%£27

174+56
241£84
327127

—104£3.0
— 147438
—175%52

294£55
30.5+£52
457£96

—177%£22
—184+19
—230%25

184+58
261£76
360+123

—11.1£30
— 156432
—187£4.1

333£55
347+£738
493£123

—194£23
—204£29
—244£29

21.0£63
296484
3924109

—136%41
—181+40
—212+40

<0.001
<0.001
0.043

<0.001
<0.001
0.009

0.002
0.001
0.030

<0.001
<0.001
0.002

Measurements of biventricular regional strain were assessed by cvi*?

Data are presented as means =+ standard deviation. P value are from analysis of variance test with regression

LV, left ventricular; RV, right ventricular

Table 7 Normal values of biventricular regional strain by age decades for women

Variables 21-30 years (n=40)

31-40 years (n=78)

41-50 years (n=71)

51-60 years (n=34)

61-70 years (n=31) Pvalue

LV radial strain (%)

Basal 334+54

Mid-cavity 33.04+58

Apical 51.0+13.0
LV circumferential strain (%)

Basal —19.242.1

Mid-cavity —193+21

Apical —242431
RV radial strain (%)

Basal 209+7.0

Mid-cavity 257486

Apical 339+£15.1
RV circumferential strain (%)

Basal —120£35

Mid-cavity —1524+39

Apical —182£50

346%53
34646.1
540486

—-197£19
—1994£20
—252422

20.1+6.2
258£9.2
3684148

—11.8£3.1
— 152439
—192£51

352455
347475
5304125

—198+£19
—198+27
—246+29

186+7.2
27.0£10.0
3674132

—11.0£38
—157+42
—190+48

373%£54
36.1+63
522£97

—205£1.6
—204+21
—245422

199+6.8
31.0£8.7
379£119

—11.7£39
—176%37
—196%42

388%54
418+£56
58.9+£10.0

—210£17
—226+£17
—259+26

23657
340£9.7
440+118

— 138428
—184+38
—221£37

<0.001
<0.001
0.036

<0.001
<0.001
0.028

0.013
<0.001
0.040

0.006
<0.001
0.011

Measurements of biventricular regional strain were assessed by cvi*?

Data are presented as means =+ standard deviation. P value from analysis of variance test with regression

LV, left ventricular; RV, right ventricular

Reproducibility

Reproducible assessment of cardiac function is essen-
tial in clinical routine. In agreement with previous pub-
lications [18, 29], the present study demonstrated good
to excellent intra- and interobserver reproducibility in

the measurements of biventricular strain. In addition,

we found that the measurements for the LV had slightly
higher reproducibility than those for the RV, which
might be due to the relatively thin wall and complex
structure of the RV.
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Table 8 Intra- and inter-observer reproducibility of LV and RV global strain parameters

Variables Variability Mean absolute bias Limits of agreement 1CC (95% Cl)
LV GRS (%) Intraobserver 12415 —26t047 0.97 (0.94, 0.98)
Interobserver 16+17 —20to58 0.95(0.92,0.97)
LV GCS (%) Intraobserver —04£05 —15t0038 0.97 (0.95,0.98)
Interobserver —054+04 —18t00.7 0.96 (0.93,0.98)
LV GLS (%) Intraobserver 0.1£09 —271t034 91 (0.85,0.94)
Interobserver —03+1.0 —33t023 0.89 (0.83,0.94)
RV GRS (%) Intraobserver 04+19 —56t080 0.96 (0.94, 0.98)
Interobserver 1.1£23 —661t08.1 0.95(0.92,0.97)
RV GCS (%) Intraobserver —014+12 —34t035 0.94 (0.90, 0.96)
Interobserver —06+£14 —461036 0.93(0.88,0.95)
RV GLS (%) Intraobserver 03+23 —85t046 0.88 (0.81,0.93)
Interobserver —07+27 —58t06.7 0.86(0.77,0.91)

Measurements of biventricular global strain were assessed by cvi*?

LV, left ventricular; RV, right ventricular; GRS, global peak radial strain; GLS, global peak longitudinal strain; GCS, global peak circumferential strain; SD, standard

deviation; ICC, intra-class correlation coefficient; Cl, confidence interval

Limitations

This study has several limitations. First, normative val-
ues for adults over 70 years old were not obtained due
to the limited number of elderly individuals who met
our strict inclusion criteria. However, the healthy sub-
jects in this study were selected following strict crite-
ria and the sample size was large enough to represent
a reasonable sample, so our findings are worthy of gen-
eralization. Second, our results cannot be extended to
ethnic groups other than Asians peoples because dif-
ferent ethnic groups have different values of myocardial
deformation. For the same reasons, this may be one of
the biggest advantages of our research because the vari-
ability related to race is greatly reduced. Finally, there
may be a socioeconomic bias in the sample selection
as the subjects included were those able to afford the
extensive health screening.

Conclusions

We provide age- and sex-specific reference values of
biventricular strain and SR measured by CMR-FT in a
large sample of healthy Chinese adults with a broad age
range. In addition, we showed that biventricular defor-
mation parameters are significantly affected by age and
sex, adding to the body of knowledge in the field. The
present findings may be used as a reference standard
for CMR evaluation of cardiac function, especially for
the Chinese population.
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and age assessed by Medis. Linear regressions with the 95% prediction
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(b), global longitudinal strain (GLS) (c), and RV free wall- global longitudi-
nal strain (RVFW-GLS) (d).
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