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Background. Over the past few decades, many studies have focused on anthracyclines effect on the heart (car-
diotoxicity), but only a few have focused on sarcoma. In this study, we harness the capabilities of advanced cardiac 
magnetic resonance imaging (MRI) for characterizing anthracyclines-induced cardiotoxicity in sarcoma and com-
pare the results to those from breast cancer patients. 
Patients and methods. The patients receive an MRI exam at three timepoints: baseline (pre-treatment), post-
treatment, and at 6-months follow-up. 
Results. The results demonstrated a differential response in sarcoma, characterized by increasing left-ventricular (LV) 
mass and decreasing right ventricular ejection fraction (RVEF). In all patients, left ventricular ejection fraction (LVEF) 
remained > 50% at all timepoints. Myocardial strain was always lower than the normal threshold values and showed 
small changes between different timepoints. Myocardial T2 and extracellular volume (ECV) showed increasing and 
decreasing patterns, respectively, in sarcoma, which were the opposite patterns of those in breast cancer. While myo-
cardium T1 showed increasing values in breast cancer, T1 in sarcoma increased post-treatment and then decreased 
at the 6-months follow-up. The results showed inverse correlation between dose and different strain components in sar-
coma, which was not the case in breast cancer. Certain myocardial segments showed high correlation coefficients 
with dose, which may reflect their increased sensitivity to cardiotoxicity. 
Conclusions. Cardiac MRI proved to be a valuable technique for determining anthracycline-induced changes in 
cardiac function and myocardial tissue composition in sarcoma and differentiating it against breast cancer. It also 
provides a comprehensive assessment of heart health at baseline, which is important for risk stratification. 
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Introduction

Despite being rare in the general population, sarco-
ma is the second most common cancer among chil-
dren and young adults. Sarcoma tumors originate 
from mesenchymal cells in different body areas.1 
The number of cancer survivors has significantly 
increased over the past few decades due to treat-

ment improvements.2 Despite the development of 
advanced cancer therapies, anthracyclines remain 
a commonly used treatment for cancer, including 
sarcomas and breast cancer.3 In particular, doxoru-
bicin is considered a standard, first-line treatment 
of sarcoma.4 Nevertheless, treatment with doxoru-
bicin has the side effect of cardiotoxicity with po-
tential development of heart failure if not prompt-
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ly treated.5 Sarcoma patients are more likely than 
other cancer patients to develop cardiotoxicity af-
ter receiving anthracyclines.6 In pediatric sarcoma 
patients enrolled in the prospective Late Effects 
Surveillance System study, which included 265 
patients, the cardiotoxicity incidence was 7.5%.7 
Another registry showed a 14% incidence of car-
diotoxicity in 43 adult patients.8

Early onset cardiotoxicity is a major challenge 
in clinical practice due to the reliance on anthra-
cyclines and relative lack of other systemic ther-
apy options for treatment of advanced sarcomas.3 
Cardiotoxicity is defined by the development of 
heart failure symptoms or by asymptomatic de-
crease in baseline left ventricular ejection fraction 
(LVEF) ≥ 10% to a level < 50%.1,9,10 Cardiotoxicity 
can cause cardiovascular complications, includ-
ing ventricular dysfunction, myocardial ischemia, 
hypertension, arrhythmias, and heart failure.1-14 
A potential mechanism of cardiotoxicity devel-
opment is myocyte free radical damage, which 
is emphasized by repetitive damage to myocyte 
mitochondria and high peak levels of plasma.15,16 
Cardiotoxicity has been well studied among pa-
tients with breast cancer8,17; however, there is 
limited data regarding cardiotoxicity and mortal-
ity rates in sarcoma patients.18 The treatment and 
prognosis of sarcoma and breast cancer are differ-
ent, and using results from breast cancer studies to 
interpret those from sarcomas may not be appro-
priate. Anthracyclines induced cardiotoxicity can 
occur after both high- and low-dose doxorubicin 
therapy19 due to wide variation in individual vul-
nerability20 with no clear threshold regarding safe 
doses of anthracyclines.21,22 Actually, the cumula-
tive dosage of anthracyclines used in sarcoma is 
higher than that in many other cancers23 as using 
doxorubicin beyond the recommended cumulative 
dose is a promising option to improve survival in 
patients with advanced sarcomas.24 Although long-
term surveillance guidelines of cancer patients re-
ceiving anthracyclines are addressed in the litera-
ture, there is no clear guidelines regarding surveil-
lance during and shortly after treatment.25

In clinical practice, a decrease in LVEF is the 
most common form of cardiotoxicity.5,26 However, 
a large reduction in LVEF occurs late in the pro-
cess of cancer therapy induced cardiotoxicity.27 
Therefore, it is important to stratify patients early 
on such that cardiac protection can be initiated as 
early as possible in those with increased risk of 
cardiotoxicity. It has been shown that MRI global 
longitudinal strain (GLS) is more sensitive than 
LVEF for detecting early signs of systolic myocar-

dial dysfunction.22,28 GLS may also identify pa-
tients at risk of cardiotoxicity, possibly through de-
tection of baseline subclinical cardiac dysfunction, 
which may advance to heart failure.29 Either a low 
absolute GLS value early during chemotherapy or 
a threshold relative reduction in GLS compared 
with baseline can be used to identify individuals 
at high risk of developing heart failure.29 GLS less 
than 17% (in absolute value) or relative reduction 
in GLS by >15% from baseline has been used as a 
threshold for patients at risk.27,30 Changes in oth-
er strain components, e.g., global circumferential 
strain (GCS), have been also reported in sarcoma.31 

It has been reported that patients with subse-
quent cardiotoxicity may have low myocardial T1 
times and decreased LV mass; but patients do not 
typically develop myocardial scars or focused fi-
brosis from anthracyclines.32 Nevertheless, anthra-
cyclines can induce diffuse myocardial fibrosis 
later, which can be confirmed by elevated MRI T1 
times.33 However, it has been reported that myo-
cardial MRI T2 times and serum biomarkers were 
not able to stratify patients and identify those at 
risk of developing cardiotoxicity.32 Therefore, it 
is obvious that there is an ongoing myocardial 
remodeling process following treatment with an-
thracyclines. While there may be T1 reduction 
shortly post anthracyclines, on the long run myo-
cardial remodeling may lead to elevated T1 times 
and ECV values because of diffuse interstitial fi-
brosis in the myocardium.34

We conducted a single-center, observational, 
prospective study to evaluate the value of cardiac 
MRI parameters for revealing and characterizing 
cardiac dysfunction associated with anthracy-
clines in sarcoma and breast cancer patients. 

Patients and methods

All work has been conducted in accordance with 
the Declaration of Helsinki (1964). The study was 
approved by our institutional review board (IRB) 
and informed consent forms were collected from 
all subjects. Eighteen patients (5 males and 13 fe-
males; 8 sarcoma and 10 breast cancer) scheduled 
for doxorubicin chemotherapy were included in 
the study. The patients underwent a baseline (pre-
treatment (18 patients)) and two follow-up (post-
treatment completion (14 patients) and 6-months 
after treatment completion (10 patients)) visits. The 
treatment duration was 143 ± 65 days. Each visit in-
cluded an optimized cardiac MRI exam and blood 
analysis. A questionnaire about risk factors and 
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comorbidities was collected from the patients at 
the first visit. The MRI exams were conducted on 
a 3T GE MRI scanner (GE Healthcare, Waukesha, 
WI, USA)) and included the following sequences: 
cine, tagging, modified Look-Locker (MOLLI) T1 
mapping (both pre and post gadolinium (Gd) in-
jection), T2 mapping, perfusion, and late gadolini-
um enhancement (LGE). 

The acquired cine images included a stack 
of parallel short-axis slices (SAX) covering the 
heart from base to apex in addition to 2-chamber, 
3-chamber, and 4-chamber long-axis slices. The 
optimized cine imaging parameters were as fol-
lows: fast imaging employing steady-state acqui-
sition (FIESTA) acquisition, repetition time (TR) = 
3.6 ms, echo time (TE) = 1.3 ms, flip angle = 55°, 
views per segment = 14, # averages = 1, matrix = 256 
× 256, slice thickness = 8 mm, and readout band-
width = 488 Hz/pixel. The acquired tagged images 
included a 3 equidistant short-axis slices (basal, 
mid-ventricular, and apical) in addition to 2-cham-
ber, 3-chamber, and 4-chamber long-axis slices. 
Optimized tagging imaging parameters different 
from cine imaging were as follows: TR = 5.7 ms, 
TE = 3.1 ms, flip angle = 8°, views per segment = 14, 
readout bandwidth = 391 Hz/pixel, tag spacing = 
7mm, and number of heart phases = 25.

The MOLLI images were acquired at the same 3 
SAX tagged slices (basal, mid-ventricular, and api-
cal). Optimized MOLLI imaging parameters dif-
ferent from cine imaging were as follows: 8 images 
acquired using the 5(3 s)3 acquisition pattern, TR 
= 2.9 ms, TE = 1.3 ms, flip angle = 35°, and readout 
bandwidth = 977 Hz/pixel. The T2 mapping im-
ages were acquired at the same 3 SAX tagged slices 
(basal, mid-ventricular, and apical). Optimized T2 
mapping imaging parameters different from cine 
imaging were as follows: multi-echo fast spin echo 
sequence, TR = 895 ms, TE = 11 − 77 ms (4 echoes 
with 22 ms increments), echo train length (ETL) = 
16, flip angle = 90°, and readout bandwidth = 651 
Hz/pixel.

The perfusion images were acquired at the 
same 3 SAX tagged slices (basal, mid-ventricular, 
and apical). Optimized perfusion imaging param-
eters different from cine imaging were as follows: 
Fast gradient echo (FGRE) acquisition, TR = 2.5 ms, 
TE = 1.7 ms, flip angle = 20°, inversion time (TI) = 
173 ms, ETL = 1, # averages = 0.75, number of multi-
phase images = 60, and readout bandwidth = 326 
Hz/pixel. The LGE images were acquired at the 
same SAX and LAX cine slices. Optimized LGE 
imaging parameters different from cine imaging 
were as follows: TR = 5.1 ms, TE = 2.3 ms, flip angle 

= 25°, TI = 275 − 325 ms based on Look-Locker im-
ages, and readout bandwidth = 139 Hz/pixel.

Image analysis was conducted by a MRI physi-
cist with 18 years of experience in cardiac MRI 
(E.I.) and independently reviewed by a cardiotho-
racic radiologist with 13 years of experience (A.S.). 
The cine images were analyzed using the cvi42 
software (Circle, Calgary, Canada) function mod-
ule to measure EF and myocardial mass. The T1 
and T2 images were analyzed using the cvi42 soft-
ware T1 and T2 mapping modules, respectively, to 
generate T1, T2, and ECV maps. The SinMod meth-
od (InTag, Leon, France) (35) was used to analyze 
the tagged images to measure myocardial global 
longitudinal (GLS), circumferential (GCS), and 
radial (GRS) strains. Finally, the cvi42 software 
perfusion and tissue characterization modules 
were used to determine the existence of ischemic 
perfusion defects and myocardial infarction/scars, 
respectively. Inter- and intra-observer variabilities 
of strain analysis using this technique have been 
previously demonstrated.35

The blood samples drawn at each timepoint 
were analyzed to measure the following biomark-
ers: N-terminal pro b-type natriuretic peptide 
(NT-proBNP), Troponin I (TnI), Troponin T (TnT), 
Interleukin 6 (IL-6), Tumor necrosis factor alpha 
(TNFα), C-reactive protein (CRP), and Galectin 
3 (gal-3), as parameters associated with cardiac 
damage and heart failure.

Statistical analysis was conducted using 
Excel (Microsoft, Redmond, Washington, USA) 
and Python (Python Software Foundation, 
Wilmington, Delaware, USA) to compare measure-
ments pre- and post-treatment or between patient 
subgroups and to assess correlation between dif-
ferent MRI parameters and dose. When examin-
ing serial longitudinal measurements, a one-way 
analysis of variance (ANOVA) was used. Three 
groups were formed depending on timepoints: 
baseline, post-treatment, and 6-months follow-up. 
The Shapiro-Wilk test and the Levene’s test were 
performed for normality and homogeneity of vari-
ances, respectively. If either of these tests has a 
p-value less than or equal to 0.05, non-parametric 
alternatives such as the Kruskal-Wallis H-test was 
performed. Correlation maps between dose and 
different post-treatment strain components indi-
cated a need for regional analysis at the LV base, 
mid-ventricle, and apex levels. Correlation coef-
ficients greater than 0.7 were considered high, in-
dicating high dose-response or segment-response 
relationships. p values < 0.05 was considered sig-
nificant.
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Results

The demographic data of all patients as well as of 
the sarcoma and breast cancer subgroups is shown 
in Table 1. 

Figure 1 and Figure 2 show tissue characteris-
tics and myocardial strains, respectively, in both 
sarcoma and breast cancer patients at different 
study timepoints. The MRI measurements for all 
patients as well as for the sarcoma and breast can-
cer subgroups at the three timepoints: (A) baseline, 
(B) post-treatment, and (C) 6-months follow-up 
are shown in Table 2. One-way ANOVA showed 
insignificant differences in most MRI parameters 
between the three timepoints (baseline, post-treat-
ment, and 6-months follow-up). However, it should 
be noted that all strain values at baseline (pre-
treatment) were lower than normal strain thresh-
old of 17%, which emphasizes the importance of 
baseline strain measurements as they reflect un-
derlying risk factors.

Different strain measurements (GLS, GCS, and 
GRS) at the three study timepoints in sarcoma and 
breast cancer patients are shown in Figure 3. GLS 
and GCS are presented in absolute value (origi-
nal numbers are negative) for clearer presentation 

along with the positive GRS. In general, in both pa-
tient subgroups, GRS was lower than GCS, which 
in turn was lower than GLS. In both patient sub-
groups, the 6-months follow-up strain were slight-
ly higher than the post-treatment strain, especially 
for GCS and GRS (p > 0.05 for both groups).

Global measures of cardiac function (LV EF, RV 
EF, and LV mass) in both sarcoma and breast can-
cer patients at the three timepoints are shown in 
Figure 4. LVEF decreased at post-treatment, then 

TABLE 1. Patients’ demographic parameters

Parameter All Sarcoma Breast

Number of patients (m/f) 5/13 4/4 1/9

Number of patients – 
visit A (baseline) 18 8 10

Number of patients – visit 
B (post treatment) 14 6 8

Number of patients – visit C 
(6 months post follow-up) 10 4 6

Age (years) 56 ± 13 56 ± 15 55 ± 12

Body mass index (BMI) (kg/m2) 29 ± 6 27 ± 8 31 ± 4

White/Black race (n) 17/1 8/0 9/1

Non-Hispanic / Hispanic (n) 18/0 8/0 10/0

Patients with cardiovascular 
risk factors (n) 3 1 2

Patients with comorbidities (n) 7 5 2

Patients with cardiovascular 
disease (n) 1 1 0

Smoker patients (n) 7 3 4

Alcohol consumer patients (n) 8 3 5

Patients receiving cardiac 
medications (n) 4 3 1

Accumulative Dox dose (mg) 514 ± 190 564 ± 277 469±42

Dox = doxorubicin; f = female; m = male

FIGURE 1. MRI tissue characterization maps in (A) sarcoma 
and (B) breast cancer. The figure shows myocardial T1, 
extracellular volume (ECV), and T2 maps. Note changes in 
the maps between sarcoma and breast cancer patients as 
well as between different study timepoints (baseline, post-
treatment, 6-months follow-up).

A

B
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FIGURE 2. MRI strain curves in (A) sarcoma and (B) breast cancer patients. The figure shows circumferential (GCS), radial (GRS), 
and longitudinal (GLS) strain curves in both patient groups at different study timepoints. Myocardial strain for each case is 
represented by 6 segmental strain curves, color-coded based on the regional location as shown by the lower-right 6-segment 
illustration based on AHA standard LV model. Note changes in the strain curves between sarcoma and breast cancer 
patients as well as between different study timepoints (baseline, post-treatment, 6-months follow-up). Note also differences in 
segmental strain values within the same slice.

A

B



Radiol Oncol 2025; 59(1): 79-90.

Ibrahim ESH et al. / Differentiating chemotherapy-induced cardiotoxicity by MRI84

increased back at the 6-months follow-up time-
point. LVEF was larger in the sarcoma patients, 
compared to the breast cancer patients, at both 
baseline and post-treatment timepoints. However, 
it was smaller at the 6-months follow-up. RV EF 
showed slight decrease with time in the sarcoma 
patients. However, in the breast cancer patients, 
RV EF showed large decrease at post-treatment be-
fore it increased back at the 6-months timepoint. 
LV mass increased with time in the sarcoma pa-
tients, while in the breast cancer patients, it de-
creased at post-treatment, then increased back at 
6-months follow-up. Nevertheless, the changes 
were not statistically significant (p > 0.05).  

Myocardium tissue characterization (T1, T2, and 
ECV) measurements in sarcoma and breast cancer 
patients are shown in Figure 5. The patterns were 
different between the two patient subgroups. For 
T1 in sarcoma patients, it slightly increased at post-
treatment, then decreased at 6-months follow-up; 
however, T1 continuously increased with time in 
the breast cancer patients. For T2 in sarcoma pa-

tients, it slightly increased with time; however, it 
showed larger increase with time in the breast can-
cer patients. For ECV, it continuously decreased 
and increased with time in the sarcoma and breast 
cancer patients, respectively. Perfusion analysis 
revealed ischemic defects in eleven subjects (5 
sarcoma and 6 breast cancer patients), mostly in 
the basal septal region. LGE revealed scars in five 
subjects (2 sarcoma and 3 breast cancer patients). 
There were no significant differences (p > 0.05) in 
MRI parameters between patients with perfusion 
defects or scars and those without them.

AA

B
B

CFIGURE 3. Global longitudinal (GLS), circumferential (GCS), 
and radial (GRS) strains at baseline, post-treatment, and 
6-months follow-up in (A) sarcoma and (B) breast cancer 
patients. Note different patterns of change in strain between 
the two patient groups. In general, GRS is lower than GCS, 
which is lower than GLS. GCS and GLS are represented by 
absolute value (original values are negative) for clearer 
presentation along with positive GRS.

FIGURE 4. Global cardiac function parameters: (A) left 
ventricular ejection fraction (RVEF), (B) right ventricular 
ejection fraction (RVEF), and (C) LV mass at baseline, post-
treatment, and 6-months follow-up timepoints in sarcoma 
and breast cancer patients. LVEF is normal in both groups 
at all timepoints. RV EF is lower in breast cancer compared 
to sarcoma. LV mass shows continuous increase with time in 
sarcoma.
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The patterns of change in the serum biomarkers 
are different in the two patient groups (Figure 6). 
In sarcoma patients, both TnT and NT-proBNP 
showed increase with time, TnI showed similar 
values at the three timepoints. CRP increased 
post-treatment then decreased at 6-months fol-
low-up, while IL-6 showed the opposite pattern. 
Changes in Gal3 and TNFα showed small differ-
ences between the three timepoints. In breast can-
cer patients, both CRP and TNFα increased with 
time. NT-proBNP and Gal3 showed similar values 
at the three timepoints, while TnI, TnT, and IL-

6 increased at post-treatment then decreased at 
6-months follow-up. TnI and IL-6 are presented in 
fluorescence intensity (FI) units as the observed 
values were too small (out-of-range) to report. 
Differences in serum biomarker measurements 
were not statistically significant.

Correlation maps between dose and different 
strain components at the post-treatment timepoint 
are shown in Figure 7. The patterns are different 
for the two patient groups. In sarcoma (Figure 7), 
as shown in the left-most column, dose is positive-

TABLE 2. Cardiac MRI parameters

Parameter All Sarcoma Breast p

LVEF (%) - A 59 ± 11 62 ± 10 57 ± 12 0.398

LVEF (%) - B 55 ± 11 57 ± 8 53 ± 14 0.547

LVEF (%) - C 60 ± 5 58 ± 8 61 ± 2 0.489

LV mass (g/m2) - A 48 ± 10 48 ± 11 47 ± 9 0.849

LV mass (g/m2) - B 46 ± 8 51 ± 9 42 ± 5 0.049*

LV mass (g/m2) - C 49 ± 8 53 ± 9 47 ± 7 0.300

RVEF (%) - A 50 ± 10 53 ± 8 48 ± 11 0.256

RVEF (%) - B 45 ± 15 51 ± 11 40 ± 17 0.196

RVEF (%) - C 48 ± 6 50 ± 5 47 ± 7 0.468

GLS (%) - A -14 ± 2 -14 ± 2 -14 ± 2 0.849

GLS (%) - B -13 ± 2 -13 ± 2 -14 ± 2 0.272

GLS (%) - C -14 ± 1 -14 ± 1 -13 ± 1 0.468

GCS (%) - A -11 ± 2 -11 ± 3 -11 ± 1 0.880

GCS (%) - B -11 ± 3 -11 ± 3 -11 ± 2 0.733

GCS (%) - C -12 ± 2 -12 ± 2 -11 ± 2 0.546

GRS (%) - A 11 ± 3 9 ± 3 12 ± 3 0.042*

GRS (%) - B 10 ± 3 9 ± 3 10 ± 2 0.705

GRS (%) - C 10 ± 3 10 ± 3 11 ± 3 0.555

T1 (ms) - A 1264 ± 53 1275 ± 58 1255 ± 50 0.444

T1 (ms) - B 1309 ± 72 1296 ± 48 1319 ± 87 0.543

T1 (ms) - C 1289 ± 97 1213 ± 71 1339 ± 80 0.034*

T2 (ms) - A 49 ± 5 48 ± 5 49 ± 4 0.529

T2 (ms) - B 49 ± 3 48 ± 3 50 ± 3 0.204

T2 (ms) - C 50 ± 3 49 ± 2 52 ± 4 0.136

ECV (%) - A 36 ± 7 37 ± 8 35 ± 6 0.433

ECV (%) - B 35 ± 5 34 ± 6 36 ± 4 0.591

ECV (%) - C 37 ± 4 33 ± 4 39 ± 3 0.031*

A, B, and C refer to the three study timepoints (baseline, post-treatment, and 6-months follow-
up), respectively. 

p values are shown for all measurements. p < 0.05 is considered significant and marked by an 
asterisk (*).

ECV = extracellular volume; EF = ejection fraction; GLS, GCS, GRS = global longitudinal, 
circumferential, and radial strains, respectively; LV = left ventricle; RV = right ventricle

A

B

C

FIGURE 5. Myocardial (A) T1, (B) T2, and (C) extracellular volume 
(ECV) measurements in sarcoma and breast cancer groups 
at different study timepoints. All parameters show continuous 
increase with time in breast cancer. Sarcoma shows different 
patterns of change, e.g., continuous decrease of ECV with 
time. Post-treatment and 6-months follow-up T1 values in 
sarcoma are lower than those in in breast cancer. T2 shows 
minimal increase with time in sarcoma.
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ly correlated with longitudinal (Ell) and circum-
ferential (Ecc) strains, while it is negatively corre-
lated with radial (Err) strain. This behavior is con-
sistent for global strain as well as regional values 
at the base, mid-ventricular, and apical levels. The 
correlation coefficient values were moderate for all 
regions except for apical radial strain (last com-
ponent in the column). These relationships dem-
onstrate that strain gets worse (higher Ell and Ecc 
and lower Err) with dose, which is expected in can-
cer patients. However, in the breast cancer patients 
(Figure 7), the correlation pattern was not consist-
ent and there existed small positive and negative 
correlations between dose and each of the strain 
components (Ell, Ecc, Err). The only (negative) high 

correlation existed between dose and apical radial 
strain, the opposite case of sarcoma patients. No 
correlations were statistically significant (p > 0.05).

At 6-months follow-up, the correlation pat-
terns changed as shown in Figure 8. In sarcoma 
patients, the positive correlations between dose 
and Ecc was maintained, even with higher corre-
lation coefficient compared to the post-treatment 
timepoint (Figure 7). Significant correlation coeffi-
cients existed between dose and both global Ecc (p 
= 0.017) and mid-ventricle Ecc (0.028), respectively. 
However, in the breast cancer patients, only basal 
Ell (p = 0.015) and mid-ventricular Ell (p = 0.107) 
showed high positive correlations with dose. 

In the myocardial segmental level, using AHA 
16-segment model (segments 1-6, 7-12, and 13-16 
represent basal, mid-ventricular, and apical re-
gions, respectively, in the longitudinal (Ell), cir-
cumferential (Ecc), and radial (Err) directions. By 
taking 0.7 as a threshold for correlation coefficients, 
the following myocardium segments showed high 
correlation coefficients (negative for Ell and Ecc 
and positive for Err) with dose in sarcoma patients 
at post-treatment: Ell8 (R = 0.71, p = 0.114), Ell9 (R 
= 0.86, p = 0.028), Ecc1 (R = 0.78, p = 0.067), Ecc7 
(R = 0.84, p = 0.036), Ecc9 (R = 0.73, p = 0.099). At 
6-months follow-up, the following segments had 
correlation coefficients above the 0.7 threshold: 
Ell2 (R = 0.84, p = 0.036), Ell8 (R = 0.82, p = 0.46), 
Ecc1 (R = 0.74, p = 0.093), Ecc4 (R = 0.79, p = 0.062), 
Ecc5 (R = 0.75, p = 0.086), Ecc8 (R = 0.9, p = 0.015), 
Ecc9 (R = 0.75, p = 0.085), Ecc11 (R = 0.70, p = 0.122), 
Ecc12 (R = 0.85, p = 0.032). In the breast cancer pa-
tients, only Err13 (R = -0.89, p = 0.017) and Err14 (R = 
-0.74, p=0.093) showed high correlation coefficients 
post treatment. At 6-months, the following seg-
ments showed high correlation coefficients: Ell2  
(R = 0.95, p = 0.004), Ell5 (R = 0.99, p <0.001), Ell7  
(R = 0.98, p <0.001), Ell9 (R = 0.8, p = 0.056), Ell11  
(R = 0.75, p = 0.086), Ell14 (R = 0.92, p = 0.009), Ecc8 
(R = 0.92, p = 0.009), Err2 (R = -0.92, p = 0.009), Err9 
(R = -0.8, p = 0.06), Err14 (R = -0.8, p = 0.06). 

Discussion

The study demonstrates important points about 
anthracycline-induced cardiotoxicity. The first 
point is that MRI strain parameters are sensitive bi-
omarkers of cardiac dysfunction (Figure 2). While 
LVEF was always > 50% in both patient groups and 
at different study timepoints, strain parameters 
showed underlying subclinical dysfunction, even 
at baseline as all strain (absolute) values were less 

A

B

FIGURE 6. Changes in serum biomarkers at different timepoints in (A) sarcoma 
and (B) breast cancer. 

CRP = C-reactive protein (µg/mL); Gal3 = Galectin 3 (ng/mL); IL-6 = Interleukin 6 (fluorescence 
intensity units); NT-proBNP = N-terminal pro b-type natriuretic peptide (pg/mL); TNFα = tumor 
necrosis factor alpha (pg/mL); TnI = cardiac troponin I (florescence intensity units), TnT = 
cardiac troponin T (pg/mL). 

The figure shows different patterns of change in the biomarkers between sarcoma and breast 
cancer. Not all biomarkers increased post-treatment. Different parameters reflect different 
aspects of cardiac injury.
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than strain threshold of 17% for normal contrac-
tility. Baseline strain parameters inform about un-
derlying risk factors, which should be taken into 
consideration for patient stratification and progno-
sis. RVEF (Table 2) in sarcoma was always higher 
than that in breast cancer, which may be related 
to the difference in tumor locations and sizes be-
tween the two patient groups. 

Although previous reports pointed to de-
creased LV mass post treatment with anthracy-
clines32, this was only demonstrated in the breast 
cancer patients (Table 2). The opposite pattern oc-
curred in the sarcoma patients where myocardial 
mass continuously increased post-treatment and 
at 6-months follow-up. This may represent an un-
dergoing LV remodeling. 

The contractility pattern and changes in car-
diac MRI parameters were different in sarcoma 
and breast cancer patients (Figure 3, Table 2). 
For example, while myocardial strain decreased 
post-treatment in breast cancer patients, this was 
not the case in sarcoma. This may imply differ-
ent mechanisms in response to anthracyclines in 
breast cancer and sarcoma, especially that sarco-

mas can have large tumors more often than those 
in breast cancers, where removing a large tumor 
would actually result in the body being healthier 
after treatment. 

The changes in myocardial function post-treat-
ment were accompanied by changes in myocardial 
tissue characterization based on MRI relaxometry 
maps (Figure 5, Table 2). In breast cancer patients, 
all T1, T2, and ECV parameters showed continu-
ous increase from baseline to post-treatment to 
6-months follow-up, which was not the case in 
sarcoma. The increases in T1, T2, and ECV reflect 
increased diffuse fibrosis, edema, and collagen 
formation, respectively. These results show that 
breast cancer patients are more affected by chang-
es in tissue composition compared to sarcoma pa-
tients. 

Changes in serum biomarkers showed incon-
sistent patterns between different parameters and 
between the sarcoma and breast cancer patients 
(Figure 6). For example, only TnT (biomarkers of 
damage to heart muscle) and NT-proBNP (bio-
marker of heart failure) showed continuous in-
crease post-treatment in sarcoma patients versus 

A

B

FIGURE 7. Correlation maps between dose and different post-treatment strain components in the (A) sarcoma and (B) breast 
cancer patients at the global level (G) and regional levels (base (B), mid-ventricular (M), and apical (A). 

Ell, Ecc, and Err represent longitudinal, circumferential, and radial strains, respectively. 

There is a clear inverse correlation between strain and dose in sarcoma, which is positive for Ell and Ecc and negative for Err, as shown in the left-
most column. Such correlation pattern is not shown in the breast cancer correlation map.
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CRP (biomarker for inflammation) and TNFα (bio-
marker for heart failure) in breast cancer patients. 
This may reflect different mechanisms in response 
to anthracyclines in the two patient groups. 

Post-treatment myocardial strain (Figure 7) 
showed good correlation with anthracycline dose 
in the sarcoma patients (positive correlations with 
GLS and GCS and negative correlation with GRS), 
which means deteriorated strain value is associ-
ated with higher dose. However, this pattern was 
not observed in breast cancer patients. At 6-months 
follow-up (Figure 8), only GCS in sarcoma patients 
showed an inverse correlation with dose, while ba-
sal and mid-ventricular GLS showed inverse cor-
relations in the breast cancer patients. This dem-
onstrates the importance of regional myocardial 
strain as early marker of cardiac dysfunction that 
is correlated with dose, especially in sarcoma. 

On the segmental level (based on American 
Heart Association (AHA) 16-segment model of 
the LV), only few segments showed high correla-
tion coefficients (> 0.7) with dose post-treatment. 
In sarcoma, these segments are septal mid-ven-
tricular longitudinal strain, anterior circumfer-

ential strain, and basal anteroseptal radial strain. 
In breast cancer patients, only apical anterior and 
septal segmental strains had correlation coefficient 
values above the threshold. These results may im-
ply different regional myocardial sensitivity to an-
thracyclines, a subject that is worth investigation 
in a separate study by itself. 

A few points to be considered about this study. 
First, one limitation of the study is the small sam-
ple size and patients who did not complete the 
post-treatment or 6-months follow-up timepoints, 
which did not allow for statistically significant 
results. The small sample size also reduced the 
biological variability of our patient population. 
Although our study was underpowered to be able 
to detect large deteriorations in cardiac function, 
the clear trends in the results and differences be-
tween the two patient groups warrant a follow-up 
larger study to confirm these results. Secondly, 
we used MRI in our study, which is more pow-
erful than CT for examining cardiac function. In 
our study we used standard 8-mm slice thickness 
as slice thickness of 8-10 mm is typically used in 
MRI for functional and tissue characterization 

A

B

FIGURE 8. Correlation maps between dose and different 6-months follow-up strain components in the (A) sarcoma and (B) 
breast cancer patients at the global level (G) and regional level (base (B), mid-ventricular (M), and apical (A).

Ell, Ecc, and Err represent longitudinal, circumferential, and radial strains, respectively.

There is inverse correlation only between circumferential strain and dose in sarcoma, which is positive for Ecc. There is inverse correlation only 
between longitudinal base and mid-ventricular strains and dose in breast cancer, which is positive for Ell-B and Ell-M. 
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analyses of the heart in humans, which does not 
compromise the in-plane resolution ~ 1-2 mm. It 
should be noted that reduction in slice thickness 
is associated with reduced signal-to-noise ratio 
(SNR), which compromises the results accuracy. 
However, we use thinner slices (1-mm slice thick-
ness) in our small-animal preclinical work on rats36 
to avoid partial volume effects in the small heart 
of the rat and we compensate for small SNR by ac-
quiring multiple averages at the cost of increased 
scan time. Thirdly, unfortunately, histological 
analysis was not conducted in the patients in this 
study as neither biopsy nor surgery was conducted 
on the patients. However, we have conducted his-
tological analysis on our recent preclinical work37, 
in which we conducted hematoxylin and eosin 
(H&E), Masson’s trichrome, and toluidine blue 
staining on a rat model of thoracic cancer. The his-
topathological results confirmed the findings by 
the imaging biomarkers, which was demonstrated 
in the samples by increased fibrosis or collagen 
(Masson trichrome), hemorrhage, cellular vacuoli-
zation, and/or cellular necrosis (H&E), and mast 
cells (toluidine) in the rat model compared to con-
trol. Finally, we used the standard American Heart 
Association (AHA) 16-segment model on all stud-
ied subjects and study timepoints. The model rep-
resents segmental distribution of the left ventricle 
myocardium at three levels (base, mid-ventricle, 
and apex) and different regions (anterior, infe-
rior, septal, and lateral). This model is extensively 
used for standard cardiac functional analysis as 
reported in the literature.38 We used the model to 
represent all strain components (circumferential, 
longitudinal, and radial) for each segment at base-
line, post-treatment, and follow-up timepoints. We 
used correlation analysis between dose and strain 
parameters to examine the predictive value of dif-
ferent myocardial segments in response to chemo-
therapy. The results with high correlation (|R| ≥ 
0.7) and especially those with significant measure-
ment (p < 0.05) were considered of more influence 
and predictivity on the dose-response effect. The 
results showed different segments for sarcoma vs. 
breast cancer at both post-treatment and 6-months 
follow-up timepoints.

In conclusion, cardiac MRI provides valuable 
information about heart function and changes in 
tissue composition in sarcoma receiving anthra-
cyclines. Especially, myocardial strain is an early 
marker of cardiac dysfunction when EF > 50%. The 
generated MRI parameters may reflect a specific 
contractility and remodeling pattern in sarcoma 
that is differentiated from breast cancer.
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