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Computed tomography‑derived myocardial 
extracellular volume: an early biomarker 
of cardiotoxicity in esophageal cancer patients 
undergoing radiation therapy
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Abstract 

Objectives:  We aimed to assess extracellular volume (ECV) through non-gated, contrast-enhanced computed 
tomography (CT) before and after radiation therapy (RT) in patients with esophageal cancer (EC).

Materials and methods:  EC patients who had undergone CT before and after RT were retrospectively assessed. 
Patients with preexisting cardiovascular disease or with heavily artifacted CT were excluded. ECV was calculated using 
density values for the myocardial septum and blood pool. Data were reported as mean and standard deviation or 
median and interquartile range according to their distribution; t test or Wilcoxon and Pearson r or Spearman ρ were 
subsequently used.

Results:  Twenty-one patients with stage ≥ IB EC, aged 64 ± 18 years, were included. Mean and maximum RT doses 
were 21.2 Gy (16.9–24.1) and 42.5 Gy (41.8–49.2), respectively. At baseline (n = 21), hematocrit was 39% ± 4%, ECV 
27.9% ± 3.5%; 35 days (30–38) after RT (n = 20), hematocrit was 36% ± 4%, lower than at baseline (p = 0.002), ECV 
30.3% ± 8.3%, higher than at baseline (p = 0.081); at follow-up 420 days (244–624) after RT (n = 13), hematocrit was 
36% ± 5%, lower than at baseline (p = 0.030), ECV 31.4% ± 4.5%, higher than at baseline (p = 0.011). No patients 
showed signs of overt cardiotoxicity. ECV early after RT was moderately positively correlated with maximum RT dose 
(ρ = 0.50, p = 0.036).

Conclusions:  In EC patients, CT-derived myocardial ECV was increased after RT and may thus appear as a potential 
early biomarker of cardiotoxicity.
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Key points

•	 Non-gated CT-derived ECV increased after radio-
therapy in esophageal cancer patients.

•	 CT-derived ECV may help detect early changes in 
myocardial tissue from cardiotoxicity.

•	 Further studies need to define the role of CT-derived 
ECV in cardiotoxicity.
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Introduction
Esophageal cancer (EC), with 572,000 estimated new 
cases [1], and 509,000 estimated deaths in 2018 [2], 
ranks seventh in terms of incidence and sixth in terms 
of mortality worldwide [3]. In locally advanced disease, 
the combination of chemotherapy and radiotherapy pro-
vides beneficial effects to patients, increasing the overall 
survival [4]. Nevertheless, this treatment scheme is bur-
dened by the risk of side effects, cardiotoxicity being one 
of the major concerns as it poses a serious threat to long-
term survival [5]. In particular, high doses of radiation 
therapy appear to play the biggest role in cardiotoxicity. 
Radiation damage to the heart is characterized by acute 
and chronic modifications in cardiac tissue, ultimately 
leading to cardiac dysfunction due to myocardial fibro-
sis [6]. As recently described by Xu et  al. [7], radiation 
dose to the heart is an independent predictor of overall 
survival for EC patients, and a cardiac volume receiving 
30 Gy > 45% is associated with worse survival.

Early detection of asymptomatic cardiac damage dur-
ing treatment could drive subsequent clinical decisions, 
including starting cardioprotective therapy, evaluating 
different treatment protocols, or implementing a closer 
follow-up strategy [8]. Recent statements by the Euro-
pean Society of Cardiology highlight the need for greater 
acknowledgement and serial monitoring of heart failure 
in cancer survivors [8, 9]. In fact, novel evidence showed 
that cancer patients who develop subclinical left ventric-
ular dysfunction or heart failure during or after therapy 
could benefit from treatment with angiotensin-convert-
ing enzyme inhibitors, angiotensin II receptor blockers, 
or beta blockers [8]. However, the timely detection of 
cardiotoxicity is hindered by the vast functional reserve 
of the myocardium, and overt functional loss is only evi-
dent from a decrease in ejection fraction after a substan-
tial amount of damage has occurred [10]. Thus, more 
sensitive diagnostic tools are needed to assess the earlier 
stages of cardiac damage.

In this light, extracellular volume (ECV) is emerging 
as a sensitive biomarker of myocardial fibrosis [11]. The 
assessment of ECV allows the estimation of the myocar-
dial volume fraction that is not composed by myocytes. 
ECV measured with dedicated magnetic resonance (MR) 
pulsed sequences has demonstrated a strong, positive 
correlation with histological collagen volume fraction 
[12]. Calculating ECV from dedicated computed tomog-
raphy (CT) scans was proven to be feasible by recent 
works, which highlighted a strong, positive correlation 
between CT-derived ECV and MR-derived ECV or his-
tological findings [13]. An increase in ECV thus may offer 
valuable information for heart failure or cardiac-related 
death [14].

For staging and follow-up purposes, EC patients cur-
rently undergo non-cardiac dedicated and thus not elec-
trocardiographically gated, contrast-enhanced CT scans 
of the chest, according to current guidelines [4]. These 
scans, however, allow a sufficiently good visualization of 
the heart both on unenhanced and contrast-enhanced 
scans, allowing ECV estimation, potentially provid-
ing additional information concerning patients’ cardiac 
condition.

Hence, our study aimed to assess ECV through non-
gated, contrast-enhanced CT in EC patients and to 
ascertain whether an increase in CT-derived ECV after 
radiation therapy can be observed.

Materials and methods
Ethics committee
This study was approved by the local ethics committee 
(Ethics Committee of San Raffaele Clinical Research Hos-
pital; protocol code “CardioRetro,” number 122/int/2017; 
approved on September 14, 2017, and amended July 18, 
2019). Specific informed consent was waived due to the 
retrospective nature of this study. This study was partially 
supported by Ricerca Corrente funding from Italian Min-
istry of Health to IRCCS Policlinico San Donato.

Study population
Patients with a history of thoracic EC, who had one 
contrast-enhanced CT examinations before radiation 
therapy and one or two contrast-enhanced CT exami-
nations after radiation therapy performed at our institu-
tion between November 2011 and February 2019, were 
retrieved from the picture archiving and communication 
system of our institution. Exclusion criteria were: (1) not 
having undergone radiation therapy; (2) cardiac comor-
bidities such as arrhythmias, coronary artery disease, or 
any cardiac pathology that may imply underlining fibro-
sis represented by low ejection fraction (≤ 45%), to avoid 
any possible confounding factor altering the attenuation 
measurement of the myocardial tissue; (3) no hemato-
crit values measured between four weeks prior and four 
weeks after the CT examination needed for enrolment.

Esophageal cancer treatment
All patients received radiation therapy, and some patients 
also underwent chemotherapy. Concerning radia-
tion therapy, most patients were treated with volumet-
ric modulated arc therapy, receiving a median dose of 
41.4 Gy in 23 fractions (1.8 Gy per fraction) [15]. Chem-
otherapy protocols included combinations of either cis-
platin and 5-fluorouracil or carboplatin and taxanes in 
variable doses, according to patient fitness and body sur-
face area.
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Image acquisition
Patients were imaged using a 64-row CT scan 
(Somatom Definition, Siemens, Healthineers, Erlangen, 
Germany) with 120 kVp, tube current ranging from 157 
to 236 mAs depending on automatic exposure control 
system (CARE Dose 4D, Siemens, Healthineers, Erlan-
gen, Germany), 0.5  s of rotation speed, pitch 1, B30f 
medium smooth for kernel recon technique and abdo-
men window, or a 16-row CT scan (Emotion 16, Sie-
mens, Healthineers, Erlangen, Germany) with 130 kVp, 
tube current ranging from 55 to 234 mAs depending on 
automatic exposure control system (CARE Dose 4D, 
Siemens, Healthineers, Erlangen, Germany), 0.5  s of 
rotation speed, pitch 1, B30f medium smooth for kernel 
recon technique. Iopamidol (Iopamiro 370; 370  mg  I/
mL; Bracco Imaging, Milan, Italy) was administered 
based on patient total body weight. The contrast agent 
was administered intravenously through a 20-gauge 
needle using an automatic power injector (Empow-
erCTA Contrast Injection System, Bracco Imaging, 
Milan, Italy) at the rate of 3 mL/s, followed by 50 mL of 
saline solution at the same rate. Scan delay was deter-
mined using an automated triggering hardware and a 
dedicated software (Bolus Tracking, Siemens, Health-
ineers, Erlangen, Germany). Specifically, low-dose 
monitor images were obtained in a single axial slice of 
the aorta after contrast agent injection. Approximately 

80 s after the descending aorta reached 100 Hounsfield 
units, a portal venous phase scan was acquired.

Image analysis
All images were reviewed by two readers with one and 
two years of experience in cardiac CT, respectively. 
First, the reader chose the axial slice which best allowed 
the visualization of the left ventricle. A round region 
of interest (ROI) with a minimum area of 25 mm2 was 
placed in the ventricular septum, to obtain its attenu-
ation measurement. Since these CT scans were not 
electrocardiographically gated, the effects of cardiac 
movement were taken into consideration when plac-
ing the ROIs in the middle of the septum, excluding the 
eternal portions closer to the intraventricular right and 
left blood pool, prone to be more blurred as a conse-
quence of cardiac movement. Similarly, a second ROI, 
with a minimum area of 130 mm2, was placed in the 
intraventricular left blood pool on the same image, 
avoiding papillary muscles, as shown in Fig. 1. This was 
first done on the contrast-enhanced scans, as myocar-
dium and blood pool were clearly recognizable, and 
then, ROIs were placed in the same positions on unen-
hanced scans.

ECV was calculated using the formula as proposed by 
Bandula et al. [13]:

Fig. 1  Region of interest placement for extracellular volume calculation in computed tomography of a 65-year-old male patient with 
adenocarcinoma of lower esophagus. a Contrast-enhanced scan, where papillary muscles are visible and thus avoided. The septum is clearly 
distinguishable from the intraventricular blood pool, and a certain degree of blurring is noticeable toward the borders (white arrows). b 
Unenhanced scan. Myocardial tissue is almost unrecognizable from the intraventricular blood pool, and regions of interest are placed in roughly the 
same position of a and then adjusted following local attenuation measurement
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where myo = myocardium; pre = pre-contrast; 
post = post-contrast.

Statistical analysis
Shapiro–Wilk tests were conducted to assess data dis-
tribution. Normally distributed data were reported as 
mean ± standard deviation. Non-normally distributed 
data were reported as median and interquartile range 
(IQR). Measurements were compared using two-sided 
Student’s t test for paired data for normal distributions or 
Wilcoxon test for non-normal distributions. Pearson and 
Spearman correlation tests were used according to data 
distribution. Correlation coefficients were interpreted 
according to Evans [16]. Bland–Altman analysis was con-
ducted to assess intra- and inter-reader reproducibility, 
which was reported as bias, coefficient of repeatability 
and reproducibility index, namely the complement to one 
of the ratio between bias and mean measure. We defined 
a reproducibility index as the complement to 1 of the 
ratio between the double of the coefficient of repeatabil-
ity and the mean of all measures. Statistical analysis was 
performed with R v3.5.3. P values < 0.05 were considered 
as significant [17].

Results
Study population
One hundred and eleven patients were initially identi-
fied for our study. Seventy-three patients had not under-
gone radiation therapy and were then excluded. Thirteen 
more patients were excluded because they did not have 
either a staging or a follow-up CT examination either 
before or after radiation therapy. Eventually, four patients 
were excluded due to preexisting cardiac comorbidities 
(ejection fraction ≤ 45%, n = 4). Hence, 21 patients were 
included in the study. Patients selection is illustrated in 
Fig. 2.

Four patients were females and 17 males. The age at 
baseline was 64 ± 18  years. Mean body mass index was 
23.6 ± 3.7; 10/21 patients (48%) were smokers, 7/21 (33%) 
were habitual drinkers, and 2/21 (10%) suffered from 
type 2 diabetes. Tumor histological type and location are 
reported in Table  1. All patients had stage IB or higher 
disease. Ejection fraction was deemed above 45% in all 
patients and remained so at all time points. No pericar-
dial effusion was observed [18].

Radiation therapy
All but one patient received RapidArc radiation therapy, 
with a median dose of 41.4  Gy (range 32.4–61.6  Gy). 
Median heart dose was 21.2  Gy (IQR 16.9–24.1  Gy). 

ECV = (1−Hematocrit)×

[

HUmyopost −HUmyopre

HUbloodpost −HUbloodpre

]

Median maximum heart dose was 42.5  Gy (IQR 41.8–
49.2  Gy). The median percentage of cardiac volume 
receiving a radiation dose of 20 Gy (V20) was 46.6% (IQR 
25.2–61.0%), V30 was 16.2% (IQR 6.9–24.0%), and V40 
was 1.8% (IQR 0.4–9.6%).

Chemotherapy
Fifteen patients received chemotherapy with dosages 
adjusted according to patients’ fitness and body sur-
face area. Eleven patients received a combination of 

Fig. 2  Inclusion flowchart. PACS: picture archiving and 
communication system; CT: computed tomography

Table 1  Patients characteristics

Continuous data are presented as mean ± standard deviation

Number of patients 21

Age at diagnosis (years) 64 ± 18

Females (n, %) 4 (19)

Body mass index (kg/m2) 23.7 ± 3.7

Smokers (n, %) 10 (48)

Alcohol (n, %) 7 (33)

Diabetes (n, %) 2 (10)

Location of tumor (n, %)

 Upper thoracic esophagus 1 (5)

 Middle thoracic esophagus 5 (24)

 Lower thoracic esophagus 14 (66)

 Unknown 1 (5)

Tumor type (n, %)

 Squamous cell carcinoma 13 (62)

 Adenocarcinoma 6 (28)

 Unknown 2 (10)
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carboplatin (doses ranging from 160 to 230 mg/m2) and 
paclitaxel (from 70 to 125 mg/m2) for 4–10 cycles. Four 
patients received a combination of cisplatin (from  25 
to 75 mg/m2) and 5-fluorouracil (from 685 to 750 mg/m2) 
for 4–5 cycles. One patient received both schemes, one 
patient received oxaliplatin 100  mg and 5-fluorouracil 
685 mg/m2 in addition to the carboplatin and paclitaxel 
scheme, and one patient received docetaxel 75 mg/m2 in 
addition to cisplatin and 5-fluorouracil scheme.

Extracellular volume variations with radiation therapy
Mean hematocrit at baseline was 39% ± 4%. Before radia-
tion therapy, CT-derived ECV was 27.9% ± 3.5%.

Twenty-one patients underwent CT early after radia-
tion therapy, with a median interval from the end of radi-
ation therapy of 35  days (IQR 30–38  days). Hematocrit 
was 36% ± 4%, significantly lower than pre-treatment val-
ues (p = 0.002). Average ECV was 30.3% ± 8.3%, with an 
increase versus prior to radiation therapy, although not 
significant (p = 0.081).

Thirteen patients had an available follow-up, with 
a median interval from the end of radiation therapy 
of 420  days (IQR 244–624  days). Hematocrit was 
36% ± 5%, significantly lower than pre-treatment val-
ues (p = 0.030). At follow-up, we found a mean value of 
ECV of 31.4% ± 4.5%, significantly higher than baseline 
(p = 0.011). No patients showed signs of cardiotoxicity 
from baseline to follow-up.

A boxplot depicting ECV at different time points is 
reported in Fig.  3. Data regarding hematocrit and ECV 
are reported in Table 2.

Concerning correlations between ECV and radiation 
therapy data, ECV early after radiation therapy exhib-
ited a moderate positive correlation with the maximum 
myocardial dose (ρ = 0.50, p = 0.036) and trended toward 
a moderate positive correlation with V40 (ρ = 0.46, 
p = 0.058). None of the other parameters showed signifi-
cant correlations with ECV early after radiation therapy 
(p ≥ 0.467). ECV at follow-up did not correlate with any 
radiation therapy parameter (p ≥ 0.196).

Reproducibility
Bland–Altman analysis for inter-reader reproducibility 
showed a bias of − 1.26% and a coefficient of repeatability 
of 7.25% with a reproducibility index of 76%.

Discussion
Our study assessed changes in myocardial ECV after 
radiation therapy on CT scans in a population of 21 
patients with thoracic EC. We compared baseline CT-
derived ECV to post-treatment and follow-up ECV, find-
ing a trend toward an increased ECV at 1  month after 
therapy that was confirmed by a significant ECV increase 
versus the baseline value at a median follow-up of around 
14 months.

The baseline myocardial ECV found in this study is 
compatible with that reported by Takagi et al. [19] using 
cardiac MR T1 mapping, albeit with a trend toward 
higher values. Considering that our patients did not have 
any history or signs of cardiac disease, this plays in favor 
of the hypothesis that non-gated, contrast-enhanced CT-
derived ECV estimates, obtained in the portal phase, 
are consistent with those obtained by cardiac MR at 
equilibrium. Moreover, a higher CT-derived ECV value 
compared to that MR derived may be expected, as this 
difference is already known from previous studies [13]. 
Our results concerning baseline ECV were also compati-
ble with those reported by Nacif et al. [20] in healthy sub-
jects, suggesting the possibility of estimating ECV from 
non-gated CT, which means not being obligated to use 
electrocardiographically gated cardiac CT for this clini-
cal aim, possibly sparing further radiation exposition to 
patients [21].

Fig. 3  Paired boxplot of extracellular volume (ECV) measurements 
at different time points: baseline before radiation therapy, early after 
radiation therapy, and at follow-up. Lines mark ECV evolution for each 
patient

Table 2  Hematocrit and  extracellular volume (ECV) 
at  different time points: baseline, early after  radiation 
therapy, and follow-up

Data are presented as mean ± standard deviation

Baseline Early 
after radiation 
therapy

Follow-up

Hematocrit (%) 39 ± 4 36 ± 4 36 ± 5

ECV (%) 27.9 ± 3.5 30.3 ± 5.4 31.4 ± 4.5
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Patients were treated with radiation therapy accord-
ing to current guidelines [15]. Heart irradiation may 
cause microvascular damage, leading to an early phase 
of inflammation followed by the onset of fibrosis, both 
processes causing an increase in ECV. However, the 
expected increase in ECV was not statistically significant 
early after radiation therapy. This could be explained by 
the high heterogeneity of response to cardiac damage 
stemming from radiation therapy in different patients. In 
fact, ECV estimates obtained early after radiation therapy 
showed a wide standard deviation, and we observed dif-
ferent responses from patient to patient. Some patients 
displayed a rise in ECV, while others maintained the same 
ECV or even showed a decrease in ECV. This heteroge-
neity might be related to individual sensitivity to acute 
radiation damage and to differences in radiation dose to 
the heart. This hypothesis is also supported by the mod-
est correlation between maximum myocardial dose or 
V40 and ECV values early after radiation therapy. Moreo-
ver, it has been reported that radiation-related myocar-
dial injury is mostly a late occurring event [22]. Thus, 
substantial changes in myocardial tissue are expected to 
appear in a time span longer than a month. In fact, we 
found a significant ECV increase at a median time of 
420 days, most likely due to the delayed onset of myocar-
dial fibrosis. As no patients displayed signs attributable to 
cardiac toxicity, this finding suggests CT-derived ECV as 
a biomarker of radiation therapy-induced cardiac dam-
age. Individual variability of baseline and post-treatment 
ECT estimates deserves careful analysis in future pro-
spective studies, also assessing the role of different chem-
otherapy regimens.

EC patients face the threat of cardiac pathology, aris-
ing as a consequence of combined chemoradiotherapy 
[23], causing myocardial fibrosis and subsequent heart 
failure. With the improvements in survival rates [24], this 
is likely to become a primary concern. In this context, 
MR-derived ECV can be proposed as a good biomarker 
for myocardial fibrosis, allowing its early detection, and 
it has been validated against histological findings [19]. 
However, cardiac MR is not part of the routine workflow 
of EC patients, whereas thoracic contrast-enhanced, non-
gated CT is. Hence, deriving ECV values from routine 
CT would allow a prompt detection of cardiac fibrosis, 
without adding further investigations to patients. This 
is a non-negligible advantage of our study and opens to 
the perspective of a clinical routine use of this parameter 
in the emerging world of cardio-oncology. Furthermore, 
ECV values in our study showed substantial reproduc-
ibility, prompting the reliability of this measure.

A few notable limitations must be mentioned. First, 
ECV is usually assessed at equilibrium that would be 
reached at least 5  min after the injection of contrast 

[20]. Although this might be ideal, most oncologic 
follow-up CT protocols do not include delayed phase 
scans after the portal venous phase, in order to spare 
radiation exposure to the patient. A previous work [25] 
showed good correlations between myocardial ECV 
values obtained at 1, 3, and 7 min after contrast injec-
tion in breast cancer patients who underwent thoracic 
CT; hence, we can speculate that the portal venous 
phase we considered in the current work (approxi-
mately 80 s after contrast injection) allowed to measure 
values of relative enhancement readable as CT-derived 
ECV values. Secondly, most of our patients underwent 
combined chemoradiotherapy, making it impossible 
to discern the individual impact of either radiation 
or drug therapies. Nonetheless, it seems unlikely for 
the chemotherapeutic drugs used in the present study 
(5-fluorouracil, cisplatin, carboplatin, and paclitaxel) to 
impact the ECV at follow-up, as they tend to be asso-
ciated with acute cardiotoxicity, that none of the sub-
jects of the study experienced, but not with long-term 
cardiac damage [26, 27]. Third, two different CT scan-
ners were used (16 or 64 slices), with slightly different 
tube voltages (130 kVp and 120 kVp, respectively) and 
automatic exposure (157–236  mAs and 55–234  mAs, 
respectively). Nevertheless, Hounsfield units are stand-
ardized; therefore, the only practical issue should have 
been the cardiac movement, which was accounted for 
by ROI placement in the myocardial septum. Further-
more, we did not assess the impact of image noise or 
beam-hardening artifacts, which could impact the 
accuracy of ECV measures [28]. Future studies assess-
ing the impact of noise and beam-hardening artifacts 
on non-gated CT-derived ECV values are needed, and, 
in this aspect, different iterative reconstruction algo-
rithms showed promising results in improving image 
quality [29] and accuracy of ECV measures [28]. Finally, 
given the retrospective and monocentric nature of the 
study we were able to include only a small number of 
patients, reducing the statistical power of the study. 
Despite these limitations, our ECV values showed to be 
compatible to that found in other studies [19, 20], sug-
gesting the reliability of our method.

In conclusion, our study showed an increase in ECV 
obtained from non-gated CT after treatment in EC 
patients after radiation therapy in the absence of overt 
cardiac pathology, suggesting the ability of this bio-
marker to detect early changes in myocardial tissue in 
this setting. Further perspective, multicenter studies 
are warranted to define a normal range for non-cardiac 
CT-derived ECV and to establish its prognostic value in 
predicting long-term cardiac events in EC patients after 
radiation therapy.



Page 7 of 8Capra et al. Insights Imaging          (2020) 11:120 	

Abbreviations
CT: Computed tomography; EC: Esophageal cancer; ECV: Extracellular volume; 
IQR: Interquartile range; MR: Magnetic resonance; ROI: Region of interest.

Acknowledgements
We thank all the personnel of IRCCS Policlinico San Donato for their support.

Authors’ contributions
DC, CBM, AGL, FL, CG, AS, ELGA, LB, FSe, and FSa participated in the data 
collection, analysis, and interpretation of patient data and prepared the manu-
script draft. All authors read and approved the final manuscript.

Funding
This study was partially supported by Ricerca Corrente funding from Italian 
Ministry of Health to IRCCS Policlinico San Donato.

Availability of data and materials
The datasets used and/or analyzed during the current study are available from 
the corresponding author on reasonable request.

Ethics approval and consent to participate
This study was approved by the local ethics committee (Ethics Committee of 
San Raffaele Clinical Research Hospital; protocol code “CardioRetro,” number 
122/int/2017; approved on September 14, 2017, and amended July 18, 2019). 
Specific informed consent was waived due to the retrospective nature of this 
study.

Consent for publication
Not applicable.

Competing interests
Francesco Sardanelli has received research grants from and is member of 
speakers’ bureau and of advisory group for General Electric, Bayer, and Bracco. 
All the remaining authors declare that they have no known competing finan-
cial interests or personal relationships that could have appeared to influence 
the work reported in this paper.

Author details
1 Department of Biomedical Sciences for Health, Università Degli Studi Di 
Milano, Via Mangiagalli 31, 20133 Milano, Italy. 2 Unit of Medical Oncology, 
IRCCS Policlinico San Donato, Via Morandi 30, 20097 San Donato Milanese, 
Italy. 3 Unit of Radiation Oncology, IRCCS Policlinico San Donato, Via Morandi 
30, 20097 San Donato Milanese, Italy. 4 Division of General and Foregut 
Surgery, IRCCS Policlinico San Donato, Via Morandi 30, 20097 San Donato 
Milanese, Italy. 5 Unit of Radiology, IRCCS Policlinico San Donato, Via Morandi 
30, 20097 San Donato Milanese, Italy. 

Received: 20 July 2020   Accepted: 8 October 2020

References
	1.	 Arnold M, Soerjomataram I, Ferlay J, Forman D (2015) Global incidence 

of oesophageal cancer by histological subtype in 2012. Gut 64:381–387. 
https​://doi.org/10.1136/gutjn​l-2014-30812​4

	2.	 Bray F, Ferlay J, Soerjomataram I, Siegel RL, Torre LA, Jemal A (2018) Global 
cancer statistics 2018: GLOBOCAN estimates of incidence and mortality 
worldwide for 36 cancers in 185 countries. CA Cancer J Clin 68:394–424. 
https​://doi.org/10.3322/caac.21492​

	3.	 Morgan E, Soerjomataram I, Gavin AT et al (2020) International trends in 
oesophageal cancer survival by histological subtype between 1995 and 
2014. Gut. https​://doi.org/10.1136/gutjn​l-2020-32108​9

	4.	 Lordick F, Mariette C, Haustermans K, Obermannová R, Arnold D (2016) 
Oesophageal cancer: ESMO Clinical Practice Guidelines for diagnosis, 
treatment and follow-up. Ann Oncol 27:v50–v57. https​://doi.org/10.1093/
annon​c/mdw32​9

	5.	 Ewer MS, Ewer SM (2015) Cardiotoxicity of anticancer treatments. Nat Rev 
Cardiol 12:547–558. https​://doi.org/10.1038/nrcar​dio.2015.65

	6.	 Taunk NK, Haffty BG, Kostis JB, Goyal S (2015) Radiation-induced heart 
disease: pathologic abnormalities and putative mechanisms. Front Oncol 
5:1–8. https​://doi.org/10.3389/fonc.2015.00039​

	7.	 Xu C, Guo L, Liao Z et al (2019) Heart and lung doses are independent 
predictors of overall survival in esophageal cancer after chemoradio-
therapy. Clin Transl Radiat Oncol 17:17–23. https​://doi.org/10.1016/j.
ctro.2019.04.016

	8.	 Zamorano JL, Lancellotti P, Rodriguez Muñoz D et al (2016) 2016 ESC 
Position Paper on cancer treatments and cardiovascular toxicity devel-
oped under the auspices of the ESC Committee for Practice Guidelines. 
Eur Heart J 37:2768–2801. https​://doi.org/10.1093/eurhe​artj/ehw21​1

	9.	 Eschenhagen T, Force T, Ewer MS et al (2011) Cardiovascular side effects 
of cancer therapies: a position statement from the Heart Failure Associa-
tion of the European Society of Cardiology. Eur J Heart Fail 13:1–10. https​
://doi.org/10.1093/eurjh​f/hfq21​3

	10.	 Cardinale D, Sandri MT, Colombo A et al (2004) Prognostic value of 
troponin I in cardiac risk stratification of cancer patients undergo-
ing high-dose chemotherapy. Circulation 109:2749–2754. https​://doi.
org/10.1161/01.CIR.00001​30926​.51766​.CC

	11.	 Cannaò PM, Altabella L, Petrini M, Alì M, Secchi F, Sardanelli F (2016) Novel 
cardiac magnetic resonance biomarkers: native T1 and extracellular 
volume myocardial mapping. Eur Heart J Suppl 18:E64–E71. https​://doi.
org/10.1093/eurhe​artj/suw02​2

	12.	 Flett AS, Hayward MP, Ashworth MT et al (2010) Equilibrium contrast car-
diovascular magnetic resonance for the measurement of diffuse myocar-
dial fibrosis: preliminary validation in humans. Circulation 122:138–144. 
https​://doi.org/10.1161/CIRCU​LATIO​NAHA.109.93063​6

	13.	 Bandula S, White SK, Flett AS et al (2013) Measurement of myocardial 
extracellular volume fraction by using equilibrium contrast-enhanced CT: 
validation against histologic findings. Radiology 269:396–403. https​://doi.
org/10.1148/radio​l.13130​130

	14.	 Schelbert EB, Piehler KM, Zareba KM et al (2015) Myocardial fibrosis quan-
tified by extracellular volume is associated with subsequent hospitaliza-
tion for heart failure, death, or both across the spectrum of ejection frac-
tion and heart failure stage. J Am Heart Assoc. https​://doi.org/10.1161/
JAHA.115.00261​3

	15.	 Luporini AGL, Asti E, Bidoli P et al (2018) Linee Guida dell’Oncologia Itali-
ana (AIOM 2018): Tumori dell’Esofago. In: Associazione Italiana di Onco-
logia Medica. https​://www.aiom.it/wp-conte​nt/uploa​ds/2018/11/2018_
LG_AIOM_Esofa​go.pdf

	16.	 Evans J (1996) Straightforward statistics for behavioral sciences. Brooks/
Cole Publishing, Pacific Grove, California

	17.	 Di Leo G, Sardanelli F (2020) Statistical significance: p value, 0.05 thresh-
old, and applications to radiomics—reasons for a conservative approach. 
Eur Radiol Exp 4:18. https​://doi.org/10.1186/s4174​7-020-0145-y

	18.	 Razek AAKA, Samir S (2019) Differentiation malignant from benign peri-
cardial effusion with diffusion-weighted MRI. Clin Radiol 74:325. https​://
doi.org/10.1016/j.crad.2019.01.005

	19.	 Takagi H, Ota H, Umezawa R et al (2018) Left ventricular T1 mapping 
during chemotherapy-radiation therapy: serial assessment of participants 
with esophageal cancer. Radiology 289:347–354. https​://doi.org/10.1148/
radio​l.20181​72076​

	20.	 Nacif MS, Kawel N, Lee JJ et al (2012) Interstitial myocardial fibrosis 
assessed as extracellular volume fraction with low-radiation-dose cardiac 
CT. Radiology 264:876–883. https​://doi.org/10.1148/radio​l.12112​458

	21.	 Ector J, Heidbuchel H (2010) Saving the patient the radiation: no need for 
ECG-gating during cardiac computed tomography. Europace 12:1053–
1054. https​://doi.org/10.1093/europ​ace/euq18​6

	22.	 Menezes KM, Wang H, Hada M, Saganti PB (2018) Radiation matters 
of the heart: a mini review. Front Cardiovasc Med 5:1–10. https​://doi.
org/10.3389/fcvm.2018.00083​

	23.	 Hayashi Y, Iijima H, Isohashi F et al (2019) The heart’s exposure to radiation 
increases the risk of cardiac toxicity after chemoradiotherapy for superfi-
cial esophageal cancer: a retrospective cohort study. BMC Cancer 19:1–7. 
https​://doi.org/10.1186/s1288​5-019-5421-y

	24.	 Allemani C, Matsuda T, Di Carlo V et al (2018) Global surveillance of trends 
in cancer survival 2000–14 (CONCORD-3): analysis of individual records 
for 37 513 025 patients diagnosed with one of 18 cancers from 322 
population-based registries in 71 countries. Lancet 391:1023–1075. https​
://doi.org/10.1016/S0140​-6736(17)33326​-3

https://doi.org/10.1136/gutjnl-2014-308124
https://doi.org/10.3322/caac.21492
https://doi.org/10.1136/gutjnl-2020-321089
https://doi.org/10.1093/annonc/mdw329
https://doi.org/10.1093/annonc/mdw329
https://doi.org/10.1038/nrcardio.2015.65
https://doi.org/10.3389/fonc.2015.00039
https://doi.org/10.1016/j.ctro.2019.04.016
https://doi.org/10.1016/j.ctro.2019.04.016
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1093/eurjhf/hfq213
https://doi.org/10.1093/eurjhf/hfq213
https://doi.org/10.1161/01.CIR.0000130926.51766.CC
https://doi.org/10.1161/01.CIR.0000130926.51766.CC
https://doi.org/10.1093/eurheartj/suw022
https://doi.org/10.1093/eurheartj/suw022
https://doi.org/10.1161/CIRCULATIONAHA.109.930636
https://doi.org/10.1148/radiol.13130130
https://doi.org/10.1148/radiol.13130130
https://doi.org/10.1161/JAHA.115.002613
https://doi.org/10.1161/JAHA.115.002613
https://www.aiom.it/wp-content/uploads/2018/11/2018_LG_AIOM_Esofago.pdf
https://www.aiom.it/wp-content/uploads/2018/11/2018_LG_AIOM_Esofago.pdf
https://doi.org/10.1186/s41747-020-0145-y
https://doi.org/10.1016/j.crad.2019.01.005
https://doi.org/10.1016/j.crad.2019.01.005
https://doi.org/10.1148/radiol.2018172076
https://doi.org/10.1148/radiol.2018172076
https://doi.org/10.1148/radiol.12112458
https://doi.org/10.1093/europace/euq186
https://doi.org/10.3389/fcvm.2018.00083
https://doi.org/10.3389/fcvm.2018.00083
https://doi.org/10.1186/s12885-019-5421-y
https://doi.org/10.1016/S0140-6736(17)33326-3
https://doi.org/10.1016/S0140-6736(17)33326-3


Page 8 of 8Capra et al. Insights Imaging          (2020) 11:120 

	25.	 Monti CB, Zanardo M, Bosetti T et al (2020) Assessment of myocar-
dial extracellular volume on body computed tomography in breast 
cancer patients treated with anthracyclines. Quant Imaging Med Surg 
10:934–944. https​://doi.org/10.21037​/qims.2020.04.05

	26.	 Chang HM, Moudgil R, Scarabelli T, Okwuosa TM, Yeh ETH (2017) Cardio-
vascular complications of cancer therapy: best practices in diagnosis, 
prevention, and management: part 1. J Am Coll Cardiol 70:2536–2551. 
https​://doi.org/10.1016/j.jacc.2017.09.1096

	27.	 Chang H-M, Okwuosa TM, Scarabelli T, Moudgil R, Yeh ETH (2017) Cardio-
vascular complications of cancer therapy. J Am Coll Cardiol 70:2552–
2565. https​://doi.org/10.1016/j.jacc.2017.09.1095

	28.	 Emoto T, Kidoh M, Oda S et al (2020) Myocardial extracellular volume 
quantification in cardiac CT: comparison of the effects of two different 

iterative reconstruction algorithms with MRI as a reference standard. Eur 
Radiol 30:691–701. https​://doi.org/10.1007/s0033​0-019-06418​-y

	29.	 Elmokadem AH, Ibrahim EA, Gouda WA, Khalek Abdel Razek AA (2019) 
Whole-body computed tomography using low-dose biphasic injection 
protocol with adaptive statistical iterative reconstruction V: assessment 
of dose reduction and image quality in trauma patients. J Comput Assist 
Tomogr 43:870–876. https​://doi.org/10.1097/RCT.00000​00000​00090​7

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://doi.org/10.21037/qims.2020.04.05
https://doi.org/10.1016/j.jacc.2017.09.1096
https://doi.org/10.1016/j.jacc.2017.09.1095
https://doi.org/10.1007/s00330-019-06418-y
https://doi.org/10.1097/RCT.0000000000000907

	Computed tomography-derived myocardial extracellular volume: an early biomarker of cardiotoxicity in esophageal cancer patients undergoing radiation therapy
	Abstract 
	Objectives: 
	Materials and methods: 
	Results: 
	Conclusions: 

	Key points
	Introduction
	Materials and methods
	Ethics committee
	Study population
	Esophageal cancer treatment
	Image acquisition
	Image analysis
	Statistical analysis

	Results
	Study population
	Radiation therapy
	Chemotherapy
	Extracellular volume variations with radiation therapy
	Reproducibility

	Discussion
	Acknowledgements
	References


