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Background: The identification of anthracycline-induced cardiotoxicity holds significant importance 
in guiding subsequent treatment strategies, and recent research has demonstrated the efficacy of cardiac 
magnetic resonance (CMR) global strain analysis for its diagnosis. On the other hand, it is noteworthy that 
abnormal global myocardial strain may exhibit a temporal delay due to different cardiac movement in each 
segment of the left ventricle. To address this concern, this study aims to assess the diagnostic utility of CMR 
segmental strain analysis as an early detection method for cardiotoxicity.
Methods: A serials of CMR scans were performed in 18 adult males New Zealand rabbits at baseline time 
(n=15), followed by scans at week 2 (n=15), week 4 (n=9), week 6 (n=6), and week 8 (n=5) after each week’s 
anthracycline injection. Additionally, following each CMR scan, two to three rabbits were euthanized for 
pathological comparison. Cardiac functional parameters, global peak strain parameters, segmental peak strain 
parameters of the left ventricle, and the presence of myocardial cells damage were obtained. A mixed linear 
model was employed to obtain the earliest CMR diagnostic time. Receiver operating characteristic (ROC) 
analysis was performed to get the parameter threshold indicative of cardiotoxicity.
Results: The left ventricular ejection fraction decreased at week 8 (P=0.002). There were no statistical 
differences in global strain throughout the experiment period (P>0.05). Regarding segmental strain analysis, 
the peak segmental radial strain of the apical lateral wall exhibited a decrease starting from week 2 and 
reached its lowest point at this week (P=0.011). Conversely, peak segmental circumferential strain of the 
apical anterior wall showed an increase at week 2 and reached its peak at week 6 (P=0.026). The cutoff strain 
value by ROC analysis for these two walls were 46.285 and −16.920, with the respective areas under the 
curve (AUC) 0.593 [specificity =0.267, sensitivity =1.000, 95% confidence interval (CI): 0.471–0.777] and 
0.764 (specificity =0.733, sensitivity =0.784, 95% CI: 0.511–0.816). Peak segmental longitudinal strain of the 
apical anterior and apical lateral wall showed relatively delayed changes, occurring in the 4th week (P=0.030 
and P=0.048), the cutoff values for these strains were −12.415 and −15.960, with corresponding AUCs of 0.645 
(specificity =0.333, sensitivity =0.955, 95% CI: 0.495–0.795) and 0.717 (specificity =0.433, sensitivity =0.955, 
95% CI: 0.566–0.902), respectively. Notably, the myocardial injury was also observed at the corresponding 
periods.
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Introduction

A s  o n e  o f  t h e  m o s t  e f f e c t i v e  a n d  w i d e l y  u s e d 
chemotherapeutic drug groups, anthracycline antibiotics 
are essentially cytotoxic drugs. While targeting cancer 
cells, such as these drugs also induce various adverse 
effects, including serious cardiotoxicity, ultimately 
resulting in heart failure (1-3). The 5-year survival rate 
of anthracycline-induced cardiomyopathy is less than  
50% (4). As cardiotoxicity symptoms often manifest at 
a later stage, many patients undergoing chemotherapy 
experience difficulties in tolerating its relevant myocardial 
injury or cardiac dysfunction, thereby hindering their ability 
to complete the whole course of chemotherapy, which 
necessitates early monitor and timely intervention (5,6).

The assessment of left ventricular ejection fraction 
(LVEF) is often used to evaluate the potential or existing 
cardiotoxicity of in patients receiving chemotherapy 
for malignant tumors. However, assessment of LVEF 
is influenced by hemodynamic conditions and may not 
adequately capture early subtle alterations in left ventricular 
systolic function. Studies have reported myocardial injury 
can occur even in the presence of preserved ejection fraction 
(EF) (7,8). Strain assessment, whether through ultrasonic 
or magnetic resonance strain, may be a promising method 
to evaluate subclinical myocardial dysfunction and could 
monitor the acute, early, and late stages of cardiotoxicity  
(9-13). Specifically, the tissue tracking technology of cardiac 
magnetic resonance (CMR) has the potential to evaluate 
local or global myocardial dysfunction based on routine 
cine CMR images, offering better repeatability compared to 
ultrasonic strain, which is more convenient for monitoring 
and following up cardiotoxicity (14-16).

The focus of a study of cardiotoxicity with tissue 
tracking was the assessment of global peak myocardial 
strain, particularly global peak longitudinal strain (GPLS), 
as it has demonstrated predictive value in determining 
the occurrence of clinical events such as heart failure, 

hospitalization, and death (16,17). However, it is important 
to acknowledge that cardiac movement differs among each 
segment of the left ventricle (LV), potentially resulting in 
a lag of global myocardial strain change. Consequently, 
segmental strain is expected to offer greater sensitivity 
than global strain, thus becoming an early method for 
cardiotoxicity detection. Moreover, several studies have 
found that patient prognosis does not improve based solely 
on global strain measurements (10), possibly due to the 
relatively delayed detection cardiac injury indicated by 
global strain analysis.

Therefore, the purpose of this study was to evaluate 
the value of segmental strain in the assessment of 
myocardial injury at various stages of anthracycline-induced 
cardiotoxicity in the rabbit model, which closely resembles 
the anatomical structure of humans (18), and to obtain 
the earliest sensitive CMR time and strain threshold for 
detecting cardiotoxicity, which may provide an effective and 
convenient monitoring method for chemotherapy patients. 
We present this article in accordance with the STARD and 
ARRIVE reporting checklists (available at https://qims.
amegroups.com/article/view/10.21037/qims-22-1374/rc).
 

Methods

Animal model preparation

Experiments were performed under a project license (No. 
SWMU20210384) granted by Experimental Animal Ethics 
Committee of Southwest Medical University, in compliance 
with Southwest Medical University guidelines for the 
care and use of animals. A total of 18 rabbits (Adult male 
New Zealand white, weight: 2–3 kg, obtained from the 
professional animal center) were included, according to 
estimation of the smallest sample size and the unexpected 
losses. All rabbits were fed for 2 weeks to acclimatize 
to the environment in our dedicated animal laboratory 
(one rabbit in one cage, temperature 19–26 ℃, humidity 

Conclusions: Based on experimental evidence, the peak segmental strain of the apical lateral and anterior 
wall, as determined by CMR, demonstrated an earlier detection of anthracycline-induced cardiotoxicity 
compared to peak global strain and cardiac function.
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40–70%, regular feeding). Three rabbits were randomly 
selected and euthanized for baseline histological evaluation. 
The remaining fifteen rabbits underwent baseline CMR 
examinations before receiving weekly injections of 
adriamycin (60 mg/m2) in the marginal ear vein until they 
were sacrificed for histological study at the corresponding 
time points.

Based on the human dose of doxorubicin recommended 
by the Chinese Society of Clinical Oncology, the rabbit 
dose was calculated by converting the human body surface 
area (BSA) formula to the animal formula (19). In addition, 
CMR scans were performed 2 weeks after the first injection 
of adriamycin and were subsequently performed every  
2 weeks until the completion of week 10. Following each 

CMR scan, two to three rabbits were randomly selected and 
killed to serve as pathological reference at the corresponding 
time points. All rabbits were assigned unique identification 
numbers, and random number software was employed for 
the selection process. In cases where a selected rabbit had 
already died, another random number was generated until 
an available and viable rabbit number was obtained.

Inclusion criteria: CMR cine sequence should be 
completed. Exclusion criteria: (I) poor image quality 
resulting in unclear delineation and analysis of endocardial 
and epicardial contours of LV; (II) presence of pneumonia; 
(III) pre-existing heart disease or myocardial injury 
detecting during the baseline scan. Finally, 15 rabbits were 
included in this study (Figure 1).

Figure 1 A flowchart of this study. The rabbits were injected each week with adriamycin and scanned every 2 weeks until they were 
sacrificed for histological study at the corresponding time points. The inclusion and exclusion criteria were applied to select rabbits with 
suitable CMR images for analysis, as indicated by the “n=” notation. Among the selected rabbits, three rabbits succumbed to anemia (n=1) 
and pulmonary infection (n=2) after completing the full CMR scan at the second week and were immediately subjected to pathological 
evaluation. This resulted in a total of 5 rabbits with pathological results, and one additional rabbit was excluded from the analysis due to 
inappropriate image quality. At the 6th week, 7 rabbits survived, out of which 6 rabbits had appropriate CMR image available for analysis, 
while 2 rabbits underwent pathological examination at this time point. CMR, cardiac magnetic resonance.
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Serial CMR scans

Preparation procedures before the CMR scan included 
soothing, heart rate reduction (using atenolol 1 mg/kg), 
continuous anesthesia (a mixture of oxygen and isoflurane), 
and electrocardiogram gating. Serial CMR scans were 
performed on a 1.5-T CMR scanner (Achieva, Philips 
Medical System, Netherlands). The standard segmented 
steady-state free-precession (SSFP) cine images were 
acquired at short-axis, two-, three-, and four-chamber 
long-axis views covering the whole LV to analyze cardiac 
function and strain. The following cine CMR parameters 
were used: echo time (TE) =1.84 ms, repetition time 
(TR) =3.7 ms, field of view =180 mm × 180 mm, matrix 
=144×144 pixels, slice thickness =5 mm, acquisition voxel  
size =1.67×1.67 mm2, and recon voxel size =1.25×1.25 mm2. 
Finally, 20–30 cardiac phases were acquired in a cardiac 
cycle for the rabbits.

Image analysis

Image analysis was conducted with special CMR post-
processing software (Cvi42, version 5.12.4, circle 
cardiovascular imaging Inc., Calgary, Canada) by two 
experienced radiologists, each with over 3 years of 
expertise in CMR diagnosis. To assess the strain of the LV, 
a 16-segment model consistent with the American Heart 
Association model was used (20).

Myocardial cells consist of circular and longitudinal 
muscle fibers, each playing a distinct role in cardiac motion. 
Circular muscle fibers play a significant role in short-
axis and circumferential motion, whereas longitudinal 
muscle fibers primarily drive movement in the long-
axis direction (21). Thus, myocardial strain can occur in 
three spatial directions: longitudinal, circumferential, and 
radial. Longitudinal strain refers to the shortening of the 
myocardium along the long-axis, extending from the base 
to the apex. Radial strain is radially-directed myocardial 
deformation toward the center of the left ventricular cavity 
and indicates left ventricular thickening and thinning 
motion during the cardiac cycle. And circumferential strain 
denotes shortening of myocardial fiber along the circular 
perimeter of LV, as observed in a short-axis view (11).

Endocardial and epicardial contours were drawn 
manually at both end-diastole and end-systole in both 
short- and long-axis images (Figure 2). Subsequently, CVI 
software automatically outlined the contours throughout 
the whole cardiac cycle, allowing for editing and correction 

of any inaccuracies. From the extracted contours, the 
strain parameters were automatically calculated from the 
corresponding strain curves. The global strain parameters 
primarily included global peak radial strain (GPRS), global 
peak circumferential strain (GPCS), and GPLS. The 
software also determined the segmental strain parameters 
of LV, dividing it into six zones at the basal level, six zones 
at the middle level, and four zones at the apical level. These 
segment parameters included segmental peak radial strain 
(SPRS), segmental peak circumferential strain (SPCS), and 
segmental peak longitudinal strain (SPLS). In addition, 
polar maps and curve graphs depicting the different strains 
were generated to provide a visual representation of the 
obtained data.

The left ventricular outflow tract was included in image 
acquisition to enable cardiac functional analysis of the LV. 
The assessment of left ventricular function encompassed 
various parameters, including end-diastolic volume (EDV), 
end-systolic volume (ESV), stroke volume (SV), cardiac 
output (CO), LVEF, left ventricular myocardial mass 
(LVMM), and their respective values corrected by BSA/
body mass index (BMI).

The measurements were performed by the same 
observers after a 2-week interval to assess intra-observer 
variability. To ensure unbiased assessments, the observers 
were blinded to the rabbits’ relevant information during the 
measurement process.

Histology analysis

Following euthanasia, each rabbit’s whole heart was 
immediately removed. The heart was then cross-sectioned 
along the short axis at the middle ventricular level and fixed 
using 10% formalin. After appropriate processing, including 
dehydration and implantation, the resulting slice thickness 
was 5 μm. Then, hematoxylin and eosin (HE) staining and 
Sirius red staining were performed. Quantitative evaluation 
was performed using a digital histology slide scanner 
(Pannoramic 250, 3D Histech, Budapest, Hungary). Two 
experienced pathologists, each with 5 years of experience, 
analyzed the histological data. Myocardial injury was 
assessed based on the observation of vacuolation of the 
myocardial cells, the disorder of the myocardial tissue 
structure, and the changes in the myocardial cell shape 
using micrographs of the left ventricular septum and 
ventricular free wall corresponding to the same site on 
the CMR image. The criteria of myocardial injury were 
recorded according to previous studies (18,22). Additionally, 
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collagen volume fractions (CVFs) were obtained by Sirius 
red staining. Regions of interest (ROIs) were manually 
drawn to calculate the CVFs in a Masson-stained slice 
corresponding to the CMR ROI areas in the midventricular 
LV septum myocardium. 

Statistical analysis

All statistics were conducted using R software (R Core 
Team 2021, Version 4.1.2, Vienna, Austria). Normally 
distributed data were expressed as means ± standard 
deviation, whereas continuous variables with a non-normal 
distribution were expressed as medians. To compare body 
weights between groups with different weeks, one-way 
analysis of variance (ANOVA) was used. For the comparison 

of the cardiac function and strain parameters among 
different weeks, the linear mixed model was used to obtain 
the early sensitive CMR time for detecting cardiotoxicity. 
Additionally, receiver operating characteristic (ROC) 
curves were constructed based on the obtained time points 
and corresponding pathological results, the cutoff strain 
value with the best Youden’s index, as well as sensitivity 
and specificity, were determined from the ROC analysis. 
And the area under the curve (AUC) was calculated to 
evaluate the diagnostic accuracy of the strain parameters for 
cardiotoxicity. A P<0.05 was considered to be statistically 
significant. To assess intra- and inter-observer repeatability 
of measurements, intraclass correlation coefficients 
(ICCs) were used. ICCs greater than 0.8 indicated good  
consistency (23). 

Figure 2 Schematic diagram illustrating the measurement of left ventricular strain. (A) Short-axis images of the left ventricle during systole. 
(B) Long-axis image of the left ventricle during systole. (C-E) Bull’s-eye plot depicting the left ventricular strain at peak radial strain, peak 
circumferential strain, and peak longitudinal strain. AHA, American Heart Association.
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Results

Animal clinical and pathological characteristics

Figure 3 lists the basic baseline and experimental modeling 
group information. The weights of rabbits showed a 
slight increase over time in the model group (P=0.023). 
Unfortunately, three rabbits died after completing the whole 
CMR scan, with one rabbit experiencing anemia and two 
rabbits developing pulmonary infections in the 2nd week. 
These rabbits were immediately dissected for pathological 
examination. Two additional rabbits were excluded from the 
analysis due to poor image quality at the 4th and 6th weeks, 
respectively. Only two rabbits survived for 10 weeks and 

were not included in the statistical analysis.
The changing characteristics of the myocardial injury 

score and CVFs during the model period are shown 
in Figure 4. In the baseline group, the mean value of 
the myocardial injury score was 0 points, indicating no 
observable injury, and the mean CVF was 4.4%. The 
myocardial injury score reached its lowest value at week 2 
(1 point), indicating mild injury, and increased gradually 
over time, reaching its highest value at week 10 (3 points), 
indicating more severe injury. Similarly, CVF exhibited the 
lowest value at week 2 (4.9%), and increased progressively, 
reaching its highest value at week 10 (23.4%), indicating 
increased deposition of collagen in the myocardium.

Figure 3 Summary of demographics of the heart rate and body weight. (A) Heart rate fluctuated within the range of 150 to 200 bpm. 
(B) The diagram indicates a slight increase in rabbit’s weight as the model time points progress. Statistical analysis reveals a significant 
association between the increase in model time points and rabbit weight (*, P=0.023), suggesting a gradual weight gain over the course of the 
study. bpm, beats per minute.
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LV function during different mode times

Left ventricular end-diastolic volume (LVEDV) and left 
ventricular end-systolic volume (LVESV) increased as early 
as week 4 (P=0.034 and P=0.022) and LVEF decreased at 
week 8 (P=0.002). Left ventricular cardiac output (LVCO) 
and left ventricle cardiac index (LVCI) increased at weeks 4 
and 6 (P=0.017 and P=0.009), whereas LVSV increased at 
week 6 (P=0.023). LVMM increased at week 8 (P=0.004). 
No significant differences were observed in other cardiac 
function parameters at baseline, 2, 4, 6, or 8 weeks (P>0.05) 
(Table 1).

Left ventricular strain during different mode times 

There were no significant differences in the LV global peak 
strain parameters at weeks 2, 4, 6, and 8 (P>0.05, Table 1). 
However, the segmental strain changed over the entire 
experimental period (Tables 2-4). The radial segmental strain 

of the apical lateral wall for LV initially decreased at week 
2 and reached the minimum at this time point (P=0.011,  
Table 2). Using ROC analysis, the cutoff value for radial 
segmental strain of the apical lateral wall to indicate 
cardiotoxicity was determined to be 46.285, with an AUC 
of 0.593 at week 2 [specificity =0.267, sensitivity =1.000, 
95% confidence interval (CI): 0.471–0.777] based on the 
confirmation of the pathological results (Figure 5). The 
radial segmental strain of the mid-anterior wall was different 
at week 8 (P=0.039). The circumferential segmental strain 
of the apical anterior wall initially increased at week 2 and 
reached its maximum at week 6 (P=0.026, Table 3); its cutoff 
value for revealing cardiotoxicity at this point was −16.920, 
with an AUC of 0.764 (specificity =0.733, sensitivity 
=0.784, 95% CI: 0.511–0.816) (Figure 5). The longitudinal 
segmental strain of the apical anterior and apical lateral 
walls increased at week 4 (P=0.030 and P=0.048, Table 4). 
The cutoff values for revealing cardiotoxicity were −12.415 
and −15.960, respectively. the corresponding areas under the 

Figure 4 Histological findings of myocardial injury. (A) Normal myocardium from a control subject. HE staining; magnification ×200. (B) 
Slight myocardial injury is visible in the LV septal wall of a 2-week model (myocardial injury score =1). HE staining; magnification ×200. (C) 
Diffuse interstitial edema observed in the LV septal wall of a 10-week model (myocardial injury score =3). HE staining; magnification ×200. 
(D) Box-plot illustrating the myocardial injury scores in different modeling time points. If the number of pathology was 2, the mean value 
was shown. If the number of pathology was more than 2, the median value was shown. The myocardial injury score was the lowest at week 2 
(1 point) and the highest at week 10 (3 points). (E) Minimal collagen fibers observed in the interstitium of a baseline subject (measured CVF 
=4.4%). Picrosirius red staining; original magnification ×200. (F) No significant increase in collagen fibers was observed in a 2-week model 
(CVF =4.9%). Picrosirius red staining; original magnification ×200. (G) Abundant collagen deposition is visible in a 10-week model (CVF 
=19.3%). Picrosirius red staining; original magnification ×200. (H) Box-plot illustrating CVFs in different modeling time. If the number of 
pathology was 2, the mean value was shown. If the number of pathology was larger than 2, the median value was shown. The CVF was the 
lowest at week 2 (4.9%) and the highest at week 10 (23.4%). HE, hematoxylin and eosin; LV, left ventricular; w, week; CVF, collagen volume 
fraction.
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Table 1 Cardiac function and global peak strain parameters

Parameters
Baseline  
(n=15)

Week 2  
(n=15)

Week 4  
(n=9)

Week 6  
(n=6)

Week 8  
(n=5)

P value

Baseline vs. 
week 2

Baseline vs. 
week 4

Baseline vs. 
week 6

Baseline vs. 
week 8

EDV 3.77±0.53 3.69±0.80 4.41±0.75 4.89±0.79 5.04±0.98 0.844 0.034 0.003 0.003

ESV 1.86±0.30 1.89±048 2.30±0.38 2.59±0.45 2.90±0.57 0.659 0.022 0.002 <0.001

SV 1.90±0.31 1.80±0.39 2.11±0.43 2.30±0.36 2.14±0.50 0.826 0.128 0.023 0.216

EF 0.51±0.05 0.49±0.05 0.48±0.04 0.47±0.17 0.42±0.05 0.392 0.178 0.133 0.002

CO 0.31±0.08 0.35±0.10 0.40±0.04 0.45±0.05 0.37±0.07 0.194 0.017 0.002 0.216

CI 2.07±0.62 2.42±0.68 2.75±0.30 3.08±0.31 2.50±0.47 0.104 0.009 0.001 0.152

MM 1.49±0.33 1.44±0.23 1.48±0.35 1.60±0.31 1.95±0.31 0.930 0.814 0.262 0.004

HR 160.0±36.6 194.0±29.8 193.0±25.2 200.0±36.0 173.0±19.5 0.021 0.066 0.060 0.782

LV-GPRS 36.10±20.30 31.50±9.29 31.50±8.33 27.40±1.99 26.20±5.33 0.206 0.423 0.306 0.255

LV-GPCS −16.00±3.57 −17.33±3.59 −16.56±3.66 −17.00±1.20 −16.36±3.45 0.247 0.795 0.342 0.515

LV-GPLS −12.75±4.09 −11.96±2.97 −13.28±4.42 −11.53±1.75 −12.99±1.28 0.265 0.861 0.343 0.938

Values are means ± SD. EDV, end-diastolic volume; ESV, end-systolic volume; SV, stroke volume; EF, ejection fraction; CO, cardiac 
output; CI, cardiac index; MM, myocardial mass; HR, heart rate; LV, left ventricle; GPRS, global peak radial strain; GPCS, global peak 
circumferential strain; GPLS, global peak longitudinal strain; SD, standard deviation.

Table 2 Peak segmental radial strain parameters

Parameters
Baseline  
(n=15)

Week 2  
(n=15)

Week 4  
(n=9)

Week 6  
(n=6)

Week 8  
(n=5)

P value

Baseline vs. 
week 2

Baseline vs. 
week 4

Baseline vs. 
week 6

Baseline vs. 
week 8

AHA1 49.8±27.9 40.4±17.2 58.5±33.1 40.3±15.1 31.4±15.8 0.301 0.388 0.430 0.155

AHA2 35.9±21.5 33.7±16.1 37.4±23.4 34.8±14.4 24.0±8.7 0.780 0.780 0.964 0.240

AHA3 31.1±15.5 26.5±13.7 34.7±18.1 24.0±7.8 27.6±17.8 0.418 0.557 0.350 0.667

AHA4 36.3±16.0 24.3±26.5 41.3±18.7 22.7±8.9 37.4±20.5 0.503 0.559 0.180 0.913

AHA5 65.7±36.6 63.3±33.0 66.4±62.0 41.3±14.3 65.8±17.4 0.891 0.835 0.517 0.152

AHA6 61.5±45.9 58.2±26.7 58.1±50.0 50.7±12.1 48.6±24.2 0.902 0.829 0.870 0.956

AHA7 40.5±16.1 40.6±18.5 33.6±7.04 35.6±10.7 21.6±12.1 0.927 0.303 0.710 0.039

AHA8 34.2±16.5 36.5±13.0 26.9±10.0 31.6±7.4 27.9±7.7 0.484 0.214 0.788 0.634

AHA9 36.8±21.4 35.6±11.9 27.5±11.6 28.9±6.6 25.7±4.9 0.999 0.095 0.535 0.284

AHA10 38.8±37.3 32.6±16.1 35.2±15.5 26.2±6.8 36.4±15.5 0.916 0.682 0.507 0.451

AHA11 46.6±39.2 38.8±17.1 50.9±22.7 32.4±8.8 54.6±34.7 0.451 0.722 0.30 0.588

AHA12 57.7±44.3 44.0±17.0 54.5±15.9 43.0±25.1 25.0±19.4 0.196 0.966 0.492 0.082

AHA13 35.7±27.6 25.6±15.3 30.3±15.7 19.5±8.5 13.9±4.6 0.152 0.283 0.451 0.203

AHA14 33.0±21.3 26.7±15.6 23.7±13.4 25.3±13.8 18.6±8.1 0.063 0.226 0.314 0.055

AHA15 36.3±32.6 26.7±19.7 28.2±9.0 24.9±8.8 25.6±11.7 0.180 0.450 0.250 0.411

AHA16 40.1±31.3 25.6±18.9 27.9±9.9 26.0±8.7 27.7±10.9 0.011 0.557 0.302 0.540

Values are means ± SD. AHA1, basal anterior; AHA2, basal anteroseptal; AHA3, basal inferoseptal; AHA4, basal inferior; AHA5, basal 
inferolateral; AHA6, basal anterolateral; AHA7, mid anterior; AHA8, mid anteroseptal; AHA9, mid anteroseptal; AHA10, mid inferior; AHA11, 
mid inferolateral; AHA12, mid anterolateral; AHA13, apical anterior; AHA14, apical septal; AHA15, apical inferior; AHA16, apical lateral. 
AHA, American Heart Association; SD, standard deviation.
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Table 3 Peak segmental circumferential strain parameters

Parameters
Baseline  
(n=15)

Week 2  
(n=15)

Week 4  
(n=9)

Week 6  
(n=6)

Week 8  
(n=5)

P value

Baseline vs. 
week 2

Baseline vs. 
week 4

Baseline vs. 
week 6

Baseline vs. 
week 8

AHA1 −16.50±4.77 −16.06±8.20 −11.45±9.48 −17.89±5.73 −10.96±7.25 0.868 0.114 0.696 0.154

AHA2 −15.65±11.50 −14.95±6.66 −10.37±9.93 −16.28±3.40 −14.04±4.10 0.865 0.169 0.848 0.753

AHA3 −17.10±6.59 −16.94±4.83 −14.53±9.34 −15.55±2.46 −17.58±2.85 0.798 0.341 0.470 0.998

AHA4 −12.02±9.84 −14.79±5.65 −8.51±16.10 −7.55±2.85 −13.73±2.80 0.371 0.369 0.301 0.695

AHA5 −19.50±6.64 −17.70±6.25 −13.36±8.12 −7.83±5.72 −14.68±4.88 0.668 0.051 0.003 0.540

AHA6 −18.19±11.90 −20.23±6.94 −15.53±8.30 −13.93±12.50 −14.65±4.98 0.561 0.502 0.412 0.542

AHA7 −19.40±3.76 −20.90±4.12 −21.46±3.47 −21.34±1.45 −18.15±6.39 0.312 0.232 0.321 0.550

AHA8 −17.29±10.00 −19.97±4.17 −19.51±4.55 −20.96±2.68 −17.63±3.11 0.526 0.587 0.160 0.882

AHA9 −13.58±11.80 −18.98±4.37 −15.90±5.11 −18.30±2.59 −17.37±2.31 0.127 0.690 0.135 0.219

AHA10 −11.24±11.40 −14.52±4.98 −15.37±6.12 −13.39±4.04 −13.99±3.77 0.179 0.536 0.622 0.339

AHA11 −17.10±4.86 −15.38±4.47 −17.45±3.95 −15.32±3.82 −16.21±3.61 0.223 0.951 0.532 0.903

AHA12 −19.93±4.32 −19.43±5.10 −21.49±2.79 −20.22±2.98 −19.63±3.91 0.747 0.388 0.889 0.889

AHA13 −12.41±12.40 −19.56±3.75 −20.76±3.60 −21.03±1.44 −16.98±5.13 0.026 0.008 0.094 0.221

AHA14 −11.60±16.80 −19.20±4.73 −15.77±5.65 −19.23±3.00 −16.29±4.23 0.023 0.543 0.080 0.512

AHA15 −16.24±6.04 −15.62±5.86 −16.29±11.10 −16.64±3.71 −19.44±4.87 0.807 0.987 0.907 0.381

AHA16 −19.47±4.99 −20.94±7.02 −24.06±1.78 −22.42±4.26 −25.10±4.99 0.457 0.053 0.261 0.053

Values are means ± SD. AHA1, basal anterior; AHA2, basal anteroseptal; AHA3, basal inferoseptal; AHA4, basal inferior; AHA5, basal 
inferolateral; AHA6, basal anterolateral; AHA7, mid anterior; AHA8, mid anteroseptal; AHA9, mid anteroseptal; AHA10, mid inferior; AHA11, 
mid inferolateral; AHA12, mid anterolateral; AHA13, apical anterior; AHA14, apical septal; AHA15, apical inferior; AHA16, apical lateral. 
AHA, American Heart Association; SD, standard deviation.

curve were 0.645 (specificity =0.333, sensitivity =0.955, 95% 
CI: 0.495–0.795) and 0.717 (specificity =0.433, sensitivity 
=0.955, 95% CI: 0.566–0.902), respectively (Figure 5).

Repeatability measurement

The inter-observer ICCs of GPRS/GPCS/GPLS for LV were 
0.863, 0.886, and 0.906, respectively. And the intra-observer 
ICCs of GPRS/GPCS/GPLS for LV were 0.843, 0.844, 
and 0.876, respectively. Moreover, the inter-observer ICCs 
of SPRS/SPCS/SPLS for LV were 0.828, 0.837, and 0.843, 
respectively. And the intra-observer ICCs of SPRS/SPCS/
SPLS for LV were 0.807, 0.815, and 0.823, respectively.

Discussion

The findings of this study based on New Zealand rabbits 
indicated that left ventricular segmental strain was more 

sensitive than LVEF and left ventricular global strain for 
detecting early myocardial toxicity at the 2nd week of 
chemotherapy, which is earlier than the 16th week reported 
in another study (17). The apical lateral and apical anterior 
walls were identified as the most sensitive regions for 
assessing toxicity, suggesting that these segments can be 
focused on during screening for early cardiac toxicity. In 
addition, the study also identified the threshold parameters 
of segmental strain that can be used for the diagnosis of 
cardiotoxicity. Therefore, the CMR tissue tracking sequence 
with segmental strain, which has excellent repeatability 
and a convenient advantage, could be used as a potentially 
useful tool for the screening and follow-up of chemotherapy 
patients receiving anthracycline treatment.

Early detection of cardiotoxicity by segmental strain

The statement highlighted the limitation of relying solely 
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on LVEF as a diagnostic parameter for myocardial injury 
of cardiotoxicity. A decrease in EF of more than 10% is 
considered indicative of myocardial injury, but usually 
progresses to an irreversible degree (24). And clinic 
symptom and time to presentation of cardiotoxicity are 
heterogeneous (8). Therefore, this parameter cannot be 
met by relying only on successive monitoring to judge 
myocardial injury (25). Consistent with our study, the 
cardiac function reaction time was too slow to respond to 
cardiotoxicity at week 8. This delay in detecting myocardial 
injury using EF alone may not effectively meet the clinical 
needs of chemotherapy patients, as irreversible damage 
may have already occurred by the time EF decreases 
significantly.

Left ventricular myocardial strain has been shown to 
be an earlier and more sensitive marker of contractile 

dysfunction than LVEF alone (26). And the magnetic 
resonance strain based on tissue tracking technology, 
assuming that the measured deformation originates 
from the myocardium and that blood movement will not 
interfere with the process (11), had been reported to detect 
the occurrence and development of cardiotoxicity with 
GPLS as an independent predictor of a later reduction in  
LVEF (27). Moreover, the complex construction of left 
ventricular myocardium, with uninterrupted myocardial 
fibers emitting from the base and reflecting at the apex 
of the heart, and forming a closed “figure of eight” and 
eventually forming the endocardium and epicardium (28), 
contributes to the heterogeneous response of different 
myocardial segment to cardiotoxicity (29). The response 
of each segment may vary, with some segments exhibiting 
changes in strain earlier than others. This heterogeneity 

Table 4 Peak segmental longitudinal strain parameters

Parameters
Baseline 
(n=15)

Week 2  
(n=15)

Week 4  
(n=9)

Week 6  
(n=6)

Week 8  
(n=5)

P value

Baseline vs. 
week 2

Baseline vs. 
week 4

Baseline vs. 
week 6

Baseline vs. 
week 8

AHA1 −11.03±8.37 −11.30±3.61 −6.63±13.60 −6.98±8.39 −12.99±3.08 0.956 0.213 0.309 0.650

AHA2 −12.61±8.62 −11.95±3.35 −8.09±16.00 −8.49±4.27 −14.68±1.45 0.833 0.226 0.337 0.641

AHA3 −10.72±9.20 −11.42±6.32 −12.28±11.50 −10.29±1.72 −16.26±3.43 0.813 0.654 0.911 0.194

AHA4 −11.00±12.40 −13.28±7.02 −10.77±12.10 −13.24±2.99 −16.14±4.40 0.429 0.999 0.632 0.288

AHA5 −8.76±12.10 −10.86±6.10 −8.41±17.30 −11.91±3.86 −12.95±3.92 0.564 0.713 0.633 0.436

AHA6 −9.23±10.90 −8.32±8.81 −9.83±13.50 −9.31±3.62 −12.95±3.74 0.063 0.640 0.193 0.845

AHA7 −13.71±5.44 −9.56±9.62 −11.91±5.06 −10.33±2.20 −11.13±1.62 0.100 0.525 0.300 0.458

AHA8 −9.97±8.95 −10.09±8.69 −13.86±4.34 −12.65±1.65 −11.40±1.73 0.990 0.209 0.383 0.604

AHA9 −6.05±12.30 −10.20±5.21 −13.46±4.34 −11.36±2.33 −12.58±1.68 0.697 0.325 0.748 0.418

AHA10 −9.82±9.20 −10.57±6.50 −10.69±11.70 −10.31±2.54 −14.46±2.41 0.591 0.832 0.771 0.304

AHA11 −9.87±11.80 −11.43±5.38 −8.65±14.90 −9.61±3.65 −9.09±3.15 0.262 0.681 0.518 0.417

AHA12 −13.52±4.80 −10.58±5.39 −10.59±4.12 −9.00±2.75 −8.59±3.54 0.096 0.161 0.066 0.058

AHA13 −10.69±9.75 −14.65±3.36 −16.85±4.24 −16.41±1.42 −14.64±0.99 0.309 0.030 0.064 0.245

AHA14 −9.03±8.19 −9.50±3.01 −11.39±1.93 −10.85±2.59 −8.70±1.40 0.346 0.387 0.641 0.061

AHA15 −14.68±4.66 −14.18±3.56 −17.48±3.34 −13.79±2.04 −16.75±1.08 0.711 0.084 0.621 0.284

AHA16 −16.86±5.04 −16.11±4.43 −20.36±3.39 −18.25±1.71 −18.90±1.15 0.566 0.048 0.425 0.287

Values are means ± SD. AHA1, basal anterior; AHA2, basal anteroseptal; AHA3, basal inferoseptal; AHA4, basal inferior; AHA5, basal 
inferolateral; AHA6, basal anterolateral; AHA7, mid anterior; AHA8, mid anteroseptal; AHA9, mid anteroseptal; AHA10, mid inferior; AHA11, 
mid inferolateral; AHA12, mid anterolateral; AHA13, apical anterior; AHA14, apical septal; AHA15, apical inferior; AHA16, apical lateral. 
AHA, American Heart Association; SD, standard deviation.
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in the development of cardiotoxicity can result in delayed 
changes in global strain parameters, such as GPLS, which 
may not be significant until later stages of myocardial injury, 
like the results in our study.

Importantly,  the study f indings suggested that 
myocardial segmental strain, particularly in the apical 
anterior and apical lateral walls, can detect the occurrence 
of myocardial toxicity earlier in the 2nd week, aligning with 
the speculation regarding global strain. This observation 
is in line with the work of Anqi et al., who proposed that 
the myocardium supplied by the left anterior descending 
artery may be more sensitive to the cardiac toxicity of 
anthracycline (30). Notably, the blood supply to the 
myocardium is primarily supplied by the coronary artery in 
diastole phase, and its power source is the diastolic pressure 

of the aorta. It is known that distal blood vessels have 
lower pressure and slower blood flow velocity compared to 
proximal blood vessels. This characteristic may contribute 
to the accelerated absorption of anthracyclines in the 
myocardium. The apical anterior and apical lateral walls, 
which are supplied by the left anterior descending and 
left circumflex coronary arteries, respectively (20), may be 
particularly susceptible to anthracycline-induced myocardial 
injury. These two segments receive blood supply from 
locations farthest from the bend in the coronary artery's 
blood supply route. This anatomical arrangement may 
explain why myocardial injury due to anthracycline initially 
occurs in these specific myocardial segments, which can 
provide early detection and monitoring of cardiotoxicity in 
these vulnerable segments.

Figure 5 ROC curves for diagnosis. The AUC for AHA16 at week 2 in peak segmental radial strain was 0.593 (A). AUC for AHA13 at 
week 2 in peak segmental Circumferential Strain was 0.764 (B). AUC for AHA16 at week 4 in peak segmental longitudinal strain was 0.717 
(C). AUC for AHA13 at week 4 in peak segmental longitudinal strain was 0.645 (D). AHA13, apical anterior; AHA16, apical lateral. ROC, 
receiver operating characteristic; AUC, area under the ROC curves; AHA, American Heart Association. 
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Diagnostic efficiency of the strain values with ROC analysis

The identification of an optimal screening time for early 
detection of cardiotoxicity using CMR has been achieved, 
but the onset of cardiotoxicity can vary among individuals. 
Consequently, the establishment of CMR parameter 
thresholds are necessary to effectively detect cardiotoxicity. 
Several studies have contributed to this area of research. 
Notably, Kammerlander et al. (7) found that tumor patients 
undergoing anthracycline chemotherapy were more prone 
to cardiac events when GPLS exceeded −8.5%. Similarly, 
Buss et al. (31) also proposed a comparable concept in 
the strain study of dilated cardiomyopathy. These studies 
support the importance of identifying specific CMR 
parameter thresholds to enhance the early detection of 
cardiotoxicity, thereby enabling timely intervention and 
management strategies.

While global strain in our study was not related to 
the results, segmental strain exhibited an early response 
to cardiotoxicity. To assess the diagnostic potential of 
segmental strain, we constructed the ROC curves and 
determined the cutoff values for different wall segments. 
Notably, SPCS of the apical anterior wall demonstrated 
excellent performance at week 2 of model time. When the 
cutoff value of −16.920 was reached, the corresponding 
AUC was 0.764, indicating a high level of specificity and 
sensitivity. Furthermore, the radial segmental strain of 
the apical lateral wall exhibited extremely high sensitivity, 
albeit with lower specificity, suggesting its potential as a 
promising marker for early screening of cardiotoxicity. It is 
important to note that these findings are based on an animal 
experiment and serve as a reference for future diagnostic and 
follow-up studies in clinical patients to detect cardiotoxicity 
in the early stage. And the application of these results to 
human subjects requires further investigation. In addition, 
the non-invasive and radiation-free nature of CMR makes 
it a valuable tool for long-term monitoring and follow-
up of cardiotoxicity. By focusing on the apical anterior and 
the apical lateral walls, clinicians may be able to detect the 
occurrence of cardiotoxicity at an earlier stage, facilitating 
timely intervention and management in patients receiving 
anthracycline therapy.

This study had several limitations. Firstly, the sample 
size was relatively small, consisting of only 15 rabbits, which 
may limit the generalizability of the results. Conducting 
larger studies with a more substantial number of subjects 
would be beneficial to validate and further investigate the 
accuracy and reliability of this proposed approach. Secondly, 

it is important to acknowledge that only male rabbits 
were used in this study, which was a deliberate choice to 
minimize potential confounding effects of female rabbit 
hormones. However, it is crucial to recognize the potential 
influence of gender-related factors in cardiotoxicity and 
consider their implications in future investigations. Lastly, 
the current work does not encompass risk stratification 
or differentiation between reversible and irreversible 
myocardial injury. Future studies should aim to incorporate 
pathological tissues analysis to enable comprehensive risk 
stratification using CMR and provide robust support for its 
clinical utility in this context.

Segmental strain analysis of CMR has demonstrated its 
potential in early screening and follow-up of anthracycline-
induced cardiotoxicity, with detectability as early as the 
2nd week of chemotherapy, Particularly, the assessment of 
peak segmental strain of the apical lateral and anterior walls 
appears to be promising. By utilizing CMR tissue tracking 
applied to conventional cine images, the severity of local 
LV myocardial deformation can be evaluated in patients. 
This approach offers high repeatability and stability, 
making it valuable for following up and early detection 
of cardiotoxicity in cancer patients receiving adriamycin 
treatment.
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