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Short title: Extracellular volume for cardiotoxicity

Abstract: PURPOSE: To evaluate whether myocardial extracellular volume (ECV) could be measured
from whole-body CT examinations without electrocardiographic gating in cancer patients before and
after the chemotherapy, with the goal to detect early-stage myocardial alterations heralding
chemotherapy-induced cardiotoxicity. MATERIAL AND METHODS: Consecutive patients receiving
chemotherapy with a high (High-risk group) or low (Low-risk group) risk of cardiotoxicity were
retrospectively enrolled. Patients underwent a whole-body CT examination for cancer staging before
(CT-1) and after the first chemotherapy cycle (CT-II). Precontrast, arterial phase, and late post-contrast
CT-Iand CT-Il images were analysed using in-house software. Myocardial ECV maps were generated
from the combined analysis of precontrast and late post-contrast images, whereas the increase of
myocardial and blood densities in arterial phase from basal values were compared to calculate
arterial myocardial A (arterial increase of myocardial density/increase of blood density). RESULTS:
The population included 89 patients (mean age 63+14 years): 58 High-Risk and 31 Low-Risk. High-
risk patients showed a significant increase of ECV of the interventricular septum, from 32% (31-35%)
to 37% (35-39%) (p = 0.0002) and lateral wall, from 30% (27-31) to 32% (29-34) (p = 0.028). In contrast,
Low-risk patients showed no significant variation of septal (p = 0.16) and LV lateral wall ECV (p =
0.93). Arterial myocardial A at CT-II was reduced compared to CT-I in 31% of High-risk patients vs
10% of Low-risk patients (p=0.036). CONCLUSION: This preliminary study demonstrated that
myocardial ECV can be effectively measured in ECG-ungated whole-body CT examinations for
cancer staging in patients undergoing chemotherapy. Potentially cardiotoxic chemotherapy can be
associated with alterations of ECV and arterial myocardial A.
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1. Introduction
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Over the last three decades, global cancer incidence rates have steadily increased in most
industrialized countries [1]. Simultaneously, new therapeutic strategies have improved the survival
rates for many types of tumors. Alongside the rise in cancer survival, the significance of adverse
effects from cancer therapies, particularly cardiotoxicity, has become increasingly relevant [2].

Cancer therapy-related cardiovascular toxicity (CTR-CVT) encompasses a broad spectrum of
cardiovascular complications that may arise during or after cancer therapy (chemotherapy or
radiotherapy). These complications include direct effects on the heart muscle (e.g., cancer therapy-
related cardiac dysfunction), vascular complications, and arrhythmias [3]. The ultimate outcome of
cardiotoxicity is often an irreversible impairment of cardiac function, leading to the development of
heart failure. However, in the early stages, most patients are asymptomatic, and cardiotoxicity is
typically diagnosed through imaging. Biomarkers such as troponin and NT-pro-BNP may also play
a role in evaluating cardiotoxicity, but their utility requires serial assessment. Additionally, these
biomarkers generally show increased levels only after irreversible left ventricular impairment has
occurred [4,5].

Echocardiography is the first-line imaging technique, providing an assessment of left and right
ventricular ejection fractions, diastolic function, and longitudinal strain analysis [6]. However,
echocardiography falls short of the ideal goal of detecting cardiotoxic damage at early preclinical
stages, prior to the onset of systolic dysfunction [7].

Cardiac magnetic resonance (CMR) is considered the gold standard for evaluating cardiac
function and detecting early myocardial tissue abnormalities without functional impairment [8].
CMR with pre- and post-contrast T1 mapping enables the measurement of extracellular volume
(ECV) in the myocardium, which increases in the presence of diffuse myocardial fibrosis due to
cardiotoxicity [9-12]. Several studies have demonstrated that ECV increases following anthracycline
therapy in both animal models [13,14] and human patients [15,16]. However, the main limitations of
CMR include limited availability, high costs, and the need for dedicated examinations, which restrict
its routine use for screening oncological patients.

Cardiac computed tomography (CT) has recently emerged as a potential alternative to CMR for
measuring myocardial ECV. This is due to the similar intravascular and interstitial distribution of
gadolinium- and iodine-based contrast agents [18-20]. Moreover, contrast-enhanced whole-body CT
scans are routinely performed for staging and follow-up in patients with various types of cancer.
Despite differences in CT image acquisition protocols—primarily the absence of electrocardiographic
(ECG) gating—these scans could allow myocardial ECV quantification based on variations in
myocardial iodine content, reflecting the biodistribution of contrast material at different time points.

Our purpose was to evaluate whether myocardial ECV could be measured from whole-body CT
examinations without electrocardiographic gating in cancer patients before and after the
chemotherapy. The goal was to detect early-stage myocardial alterations heralding chemotherapy-
induced cardiotoxicity. To this purpose, we developed a novel method for generating ECV maps
from whole-body CT images performed for pre- and post-chemotherapy monitoring.

2. Methods
2.1. Patient Enrollment

Multislice CT datasets of 100 patients with malignant tumours undergoing chemotherapy were
retrospectively evaluated. Patients were selected based on the following inclusion criteria: a) having
undergone at least one whole-body CT examination for cancer staging prior to the beginning of
chemotherapy (CT-I), and at least one whole-body follow-up CT examination after the first cycle of
chemotherapy (CT-II), no later than 6 months after its completion; b) whole-body CT examinations
should include precontrast and postcontrast arterial and late phase images spanning the heart as part
of the scan volume; c) hematocrit sampling should not have been performed more than 21 days apart
from each CT scan. Exclusion criteria were the following: a) no available information regarding the
chemotherapy regimen used, b) CT images with artefacts hindering the evaluation of the heart region,
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c¢) known pre-existing cardiac disease (including ischemic heart disease, cardiomyopathies,
inflammatory myocarditis, and pericarditis), d) family history of genetically transmitted
cardiomyopathies, e) patients with a risk of ischemic heart disease higher than 10% (the risk of
ischemic heart disease was calculated using the Systematic Coronary Risk Evaluation 2, SCORE2, or
SCORE2-OP in patients aged >70 years); f) previous or ongoing thoracic or mediastinal radiation
therapy, g) history of multiple malignancies previously treated with chemotherapy.

After the initial selection, 11 patients were excluded for the following reasons: thoracic
radiotherapy in 3, family history of cardiac disease in 5, reported previous pericarditis in 1,
myocardial anomalies found at CT-I (fat metaplasia) in 2 patients.

2.2. CT Image Acquisition Protocol

All CT examinations were conducted based on clinical indications for primary staging and
follow-up after chemotherapy. Images were acquired using a 64-row CT scanner (CT Revolution
Evo™, General Electric, Milwaukee, WI) using the following parameters: detector configuration
64x0.625mm, slice thickness 2.5mm, reconstruction interval 2.5mm, tube voltage 120kV, automated
tube current modulation (noise index 20), Standard reconstruction kernel, iterative reconstruction
(ASIR-V™, depth 40%). ECG-gating was not performed due to the whole-body cancer staging
purpose of CT examinations at the time of scanning.

Following a precontrast scan, in all CT examinations multiphase post-contrast images were
acquired, including an arterial phase (obtained 35-40 seconds after the beginning of contrast medium
injection), a portal venous phase (75-80 seconds post-contrast injection), and a late phase (3 minutes
post-contrast injection). An iodine dose of 1.3-1.5mL/kg of nonionic contrast material (iodine
concentration 370-400mgl/mL) was administered at 3-3.5mL/s flow rate via a power injector
(Medrad™, Bayer Healthcare, Leverkusen, Germany), followed by 40mL saline flush injected at the
same flow rate.

2.3. Image Processing

A simplified method to generate ECV maps was used. Briefly, maps were generated by
voxelwise measurement of ECV considering the density of each voxel of late phase post contrast
images (expressed in Hounsfield units, HU) and the average density measured in regions of interest
(ROI) placed in blood pool and interventricular septum in pre-contrast images and in the blood pool
of post-contrast image, as follows. In all patients, precontrast and postcontrast late phase thoracic
images of CT-I and CT-II examinations were analysed using home-made software developed at our
institution (ECV-tool). Analysis was performed by 2 radiologists with >20 years of experience in
cardiac imaging placed a manually traced region of interest (ROI) inside the left ventricular cavity
(blood pool) in the precontrast and postcontrast late phase CT images at the same scan levels, taking
care to keep ROI contours at a distance of at least 2mm from intraventricular structures (e.g., papillary
muscles) and the endocardial surface. Another manually traced ROI was placed by the same
radiologist inside the interventricular septal myocardium on precontrast images.

Average CT attenuation values in HU inside precontrast myocardial ROI, precontrast blood pool
ROY, and postcontrast late-phase blood-pool ROI were used to calculate ECV for each image voxel,
based on the following formula:

ECV = (1 — Hct) * [LPMY"V‘”‘”_PCMV”ROI ] (Equation 1)

LPB1oodROI~PCBloodROI
Where: Hct is the haematocrit estimated using the synthetic haematocrit method (as described

in the following section); LPumyovers was the HU of the respective voxel in the postcontrast late-phase
image; PCwmyoror was the average HU in ROI in the interventricular septum in pre-contrast image;
LPsioodror was the average HU of the blood-pool ROI in late phase images; PCsioodror was the average
HU of blood-pool ROl in pre-contrast image.

Colour-scale ECV maps were generated to highlight clinically significant ECV thresholds. The
following five thresholds were: a) lower than 15%, b) between 15% and 34.9%, c) between 35% and

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1034.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2025 d0i:10.20944/preprints202506.1034.v1

44.9%, d) between 45% and 59.9%, and e) equal to or higher than 60% (Figure 1). ECV was measured
in the interventricular septum and in lateral wall of left ventricle.

Pre-Contrast Late-Contrast ECV-mapping

ECV(%)

<15

<36

236
<45

Figure 1. Image analysis in a breast cancer patient treated with doxorubicin. Images of CT-I are shown in upper
panels, whereas images of CT-II are shown in lower panels. Left-hand panels include the pre-contrast image,
middle panels the late postcontrast image, and the right-hand panels the relative ECV map, respectively. As

evident by the comparison of maps, a diffuse increase of ECV was found by the analysis of CT-IL

The arterial-phase myocardial A is the arterial phase enhancement of myocardium relative to the
enhancement of the blood pool. The arterial-phase myocardial A maps were generated, in a similar
manner of ECV, by measuring the density in HU of each voxel in the arterial-phase post-contrast
image, and the average density of the ROIs placed respectively in blood-pool of the arterial-phase
post-contrast image, in the interventricular septum and in the blood-pool of pre-contrast image.
Arterial-phase myocardial A was measured for each voxel of arterial-phase images using the

following formula [21]:
APMyoVoxel_PCMyoROI

Arterial — phase A = [ ] (Equation 2)

APBloodROI~PCBloodROI
Where: APwmyovoxa was the HU of the respective voxel in the post-contrast arterial-phase image;

PCuwyoror was the average HU in ROI in the interventricular septum in pre-contrast image; APBsioodror
was the average HU of the blood-pool ROI in arterial phase images; PCsioodror was the average HU of
blood-pool ROI in pre-contrast image.

Colour-scale Arterial-phase A maps were generated to highlight clinically significant thresholds
as for ECV maps.

2.4. Estimation of Synthetic Haematocrit

As shown by Equation 1, ECV depends on haematocrit among other factors. However, obtaining
haematocrit from a blood sample taken the same day of the CT examination can be challenging in
real world practice. Moreover, in our retrospective study there was a variable gap (median 8 days,
range 18 days) between the times of blood sampling and CT imaging, which could have influenced
ECV estimation. To address this issue, we used the so-called ‘synthetic haematocrit’” based on the
following linear equation [22]:

Hct = 0.51 % HUpjpoq +17.4 (Equation 3)
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To adjust for deviations of CT numbers due to differences in local CT equipment and image
acquisition protocols, we calibred the linear model for synthetic haematocrit using data from our
institution. To this purpose, we measured blood-pool CT attenuation in another cohort of 100
randomly-selected patients with recent haematocrit values (from a blood sample taken no more than
3 days prior), and obtained the following linear regression equation:

Hct * = 0.188 * HUpp0q + 29 (Equation 4)

Compared to Equation 2, Equation 3 provided a closer estimation of the true haematocrit (mean
difference 2.3 + 0.3% vs 3.3 + 0.3% p = 0.003), and was then used to estimate the synthetic haematocrit
in both High-risk and Low-risk groups.

2.5. Statistical Analysis

Categorical variables were expressed as values and percentages. For continuous variables, a
preliminary analysis for normality was conducted using the Kolmogorov-Smirnov test. Variables
with a normal distribution were expressed as mean + standard deviation (SD), whereas variables with
a non-normal distribution were expressed as median (25th-75th percentile). Chi-square or Fisher’s
test (when appropriate) were performed to compare categorical variables, whereas ANOVA with
Bonferroni correction for normally distributed variables was performed to compare continuous
variables between High-risk and Low-risk groups. The Kruskal-Wallis test was employed for
variables with a non-normal distribution.

To assess the association between CT attenuation parameters, ECV, myocardial A (defined as the
ratio between the increase in myocardial density during the arterial phase compared to the baseline,
and the respective increase of blood density), and High-risk condition, a univariate logistic regression
analysis was carried out to seek significantly different parameters between High- and Low-risk
groups at ANOVA or Kruskal-Wallis tests. To identify independent predictors of High-risk
condition, a multivariate stepwise logistic regression analysis was performed by including
parameters with statistically significant associations on univariate analysis.

To assess interobserver agreement, ECV measurements were repeated on a subset of 58 patients
by two blinded investigators. The intraclass correlation coefficient (ICC) was calculated, and Bland-
Altman plots were generated.

3. Results

The final population included 89 patients (72% females) with a mean age of 63+14 years. Based
on the type of chemotherapy regimen, the population was divided into 2 groups: 1) patients
undergoing chemotherapy with drugs associated with known cardiotoxicity risk (High-risk group);
2) patients undergoing chemotherapy with drugs for which no significant cardiotoxicity risk has been
demonstrated (Low-risk group). Table 1 shows the main characteristics of the population, including
cardiovascular risk factors. Overall, 51 patients underwent potentially cardiotoxic chemotherapy
(High-Risk group). Of them, 41 had breast cancer, 9 had non-Hodgkin lymphoma, and 1 had
Hodgkin lymphoma. The remaining 38 patients were treated with drugs with a demonstrated absent
or lower cardiotoxic effect (Low-Risk group). Patients in this group were treated with carboplatin or
oxaliplatin (lung, colon, rectal, gastric, ovarian and pancreatic) and/or taxane based agents ( anal,
ovarian, lung, aesophageal and vulvar cancer) and/or gemcitabine based (pancreatic, ovarian, lung,
urothelial cancer).

Table 1. characteristics of population.

Variable Value
Number of patients 89

Female n(%) 64(72)
Age Mean+SD 63+14
Systemic Hypertension n(%) 31(35)
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Dislipidemia n(%) 22(25)
Diabete Mellitus n(%) 7(8)
Smoke n(%) 13(15)
Family history of CAD n(%) 9(10)
Family history of CMP n(%) 0

Breast Cancer:

- Number of patients n(%) 50(56)
- Potentially cardiotoxic therapy: n(%) 41(46)
Trastuzumab n 15
Anthracyclines (Doxorubicin) n 25
- Non-Cardiotoxic therapy: n(%) 9(10)
Anastrozole n 2
Palbociclib-Letrozole n 2
Aromasin LHRHa n 1
Exemestane n 1
Abemaciclib n 1
Letrozole n 1
fulvestrant abemaciclib n 1
Non Hodgkin Lymphoma:

- Number of patients n(%) 12

- Potentially cardiotoxic therapy: n(%) 9(10)
R-MACOP-B n 2
R-CHOP n 4
Brentuximab-CHP n 1
R-PVMYBEC n 1
R-Endoxan n 1

- Non-Cardiotoxic therapy n(%) 2(2)
R-Bendamustine n 1
Obinutuzimab-Bendamustine n

Hodgkin Lymphoma:

- Number of patients n(%) 1(1)
- Potentially cardiotoxic therapy n(%) 1(1)
Bv-AVD n 1

Other tumours (low risk treatement):
- Number of patients n(%) 27(30)
Chronic Lymphatic Leucemy

Bendamustine Rituximab n(%) 30)
Waldenstrom disease

Bendamustine, Rituximab n(%) 1M
Anal cancer n(%) 1(1)
Colon cancer n(%) 3(2)
Esophagous cancer n(%) 1(1)
Stomach cancer n(%) 2(2)
Ovarian cancer n(%) 2(2)
Pancreatic cancer n(%) 2(2)
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Lung cancer n(%) 8(9)
Rectal cancer n(%) 2(2)
Urethelial cancer n(%) 1(1)
Vulvar cancer n(%) 1(1)
- Non-Cardiotoxic therapy n(%) 27(30)

As shownin Table 2, the High-Risk group were more frequently females (88% vs 50%, p =0.0001)
and showed significantly younger mean age (51+13 vs. 67+12, p < 0.001), probably because tumour

types predominantly represented in the High-risk group (breast cancer and lymphomas) have an
incidence peak at a younger age compared to those included in the Low-Risk group. All patients
underwent a whole-body CT examination with intravenous administration of iodinated contrast
material before the start of chemotherapy (CT-I) and the first follow-up exam after the cycle (CT-II).
Although the time interval between CT-I and CT-II examinations varied widely in the population
(median 317 days, range 185-524 days), the temporal gap between CT-I and CT-II was not
significantly different between the High-Risk and Low-Risk groups (p = 0.32).

Table 2. Characteristics of High-Risk and Low-Risk of cardiotoxicity.

High-Risk of Low-Risk of
. . . . . . P. value

Cardiotoxicity cardiotoxicity
n 51 (57%) 38 (43%)
Age (years) 51+13 67+12 <0.001
Females 45 (88%) 19 (50%) 0.0001
Systemic Hypertension 16(31%) 15(39%) 0.50
Dislipidemia 11(225) 11(29%) 0.46
Diabete Mellitus 4(8%) 3(8%) 0.99
Smoke 8(16%) 5(13%) 0.17
Family history of CAD 7(14%) 2(5%) 0.29
Family history of CMP 0 0
GFR 76120 69+18 0.09
Hematocrit CT-1 3743 38+4 0.28
Hematocrit CT-1I 36+2 355 0.07
Synthetic Hematocrit CT-I 37£1 38+£1 0.45
Synthetic Hematocrit CT-II 36+4 36+1 0.89

GFR, glomerular filtration rate; CT, computed tomography.

3.1. ECV at CT-I and CT-1I

As shown in Table 3, at CT-I myocardial ECV measured in the interventricular septum and in

the LV lateral wall was not significantly between High-risk and Low-risk groups, despite age and
gender differences between them. Similarly, ECV of both the septum and LV lateral wall was not
significantly different between the groups at CT-II. Examples of ECV maps are shown in Figures 1-3.

Table 3. Extracellular volume (ECV) and arterial phase A at CT-I and -II.

High-Risk of Low-Risk

Cardiotoxicity  Cardiotoxicity P value
n 51 (57%) 38 (43%)
CT-I:
Septal ECV at CT-I 32(31-35) 35(32-38) 0.23
Lateral wall ECV at CT-I 30(27-31) 32(29-35) 0.08
Arterial phase septal A at CT-1 30+12 27+11 0.16
Arterial phase lateral wall A at CT-I 26£15 24+12 0.36
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CT-1I:

Septal ECV at CT-1I 37(35-39)
Lateral wall ECV at CT-II 32(29-34)
Arterial phase septal A at CT-II 28+9
Arterial phase lateral wall A at CT-II 26+10
Variation from CT-I to CT-II:

A Septal ECV 3(1-7)
A Lateral Wall ECV 2(0-7)
A Arterial phase septal A -1(-2-4)
A Arterial phase lateral wall A -4(-9-7)

35(32-39)
32(30-34)
27+11
24+11

2(-1-4)
1(-3-4)
2(0-8)
0(-9-9)

d0i:10.20944/preprints202506.1034.v1

0.10
0.89
0.63
0.37

0.028

0.047

0.022
0.38

CT, computed tomography; ECV, extracellular volume; A, see methods; A, difference of values between CT-II

and CT-I (positive value means increase in CT-II).

Pre-Contrast Late-Contrast

ECV-mapping

ECV(%)
<15

215
<35

235
<45

245
<60

>60

Figure 2. ECV mapping in a patient undergoing a Low-risk chemotherapy protocol. ECV maps of CT-I (right

upper panel) and CT-II (right lower panel) are comparable.
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Figure 3. ECV mapping in a patient undergoing a High-risk chemotherapy protocol. A diffuse increase of ECV
can be seen at CT-II (right upper panel) compared to CT-I (right lower panel).

High-risk patients showed a significant increase of both septal ECV [going from 32% (31-35%)
at CT-I to 37% (35-39%) at CT-II (p = 0.0002)] and of lateral wall ECV [from 30% (27-31) to 32% (29-
34) (p = 0.028)]. In contrast, the ECV change was not significant in the Low-risk group [septal ECV:
from 35% (32-38) to 35% (32-39) (p = 0.16); lateral wall ECV: from 32% (29-35) to 32% (30-34) (p =0.93)]
(Figure 4). Overall, ECV increased by at least 1 percentile in 35 out of 51 (69%) High-risk patients.
Among them, 15 (43%) had a diffuse myocardial increase of ECV and 20 (67%) a focal increase of ECV
within the interventricular septum and/or the lateral wall.
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Septal ECV in High-risk Lateral wall ECV in High-risk

0.40
0.40 | P=0.0002 P=0.028
0.35-
3
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0.30| ‘ 0.251 I
CT CT-l cT cT-I
Septal ECV in Low-risk 0.40f Lateral wall ECV in Low-risk
0.40
P=0.16 P=0.93
2 0.35] 035"
0.30[ I 0.30L
CT- CT-ll CT-l CT-ll

Figure 4. Variation of ECV of septal wall and LV lateral wall from CT-I to CT-II in High-Risk (upper panels) and
Low-Risk (lower panels) patients. ECV of both interventricular septum and lateral wall increased significantly

in High-risk patients and remained unchanged in Low-Risk patients.

3.2. Arterial Phase Analysis

Arterial-phase myocardial A measured at CT-II was lower compared to the CT-I in 31% of High-
Risk patients, whereas it decreased in only 10% of Low-Risk patients (p = 0.036) (Table 3, and
examples in Figure 5). A significant difference in the change of arterial phase myocardial A measured

in the interventricular septum between the two groups was observed, with A arterial phase
myocardial A of septum being -1 (-8, - 3) in the High-risk group vs 2 (-1, - 8) in the Low-risk group (p
=0.022).
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Figure 5. Example of Arterial phase A-maps. The upper panels show to a patients treated with low-risk
chemotherapy agents, whereas in the lower panels images are from a patents with high-risk treatment. In this
latter case, a decrease of myocardial A (blue colour in map) was seen in lateral wall and focally in the
interventricular septum.

3.3. Predictors of Potential Cardiotoxicity Risk

Univariate logistic analysis was performed to identify parameters significantly associated with
the High-Risk group (Table 4). This analysis included all parameters showing a significant difference
between the two patient groups in Table 3. Only the following two parameters showed a significant
association with High-Risk: Aseptal ECV (OR 6.4, 95% CI 1.6-25.4, p = 0.008) and Aarterial phase
myocardial A of septum (OR 0.02, 95% CI 0.005-0.82, p = 0.039).

Table 4. Univariate and Multivariable logistic analysis for predicting High-risk of cardiotoxicity.

Variables Univariate Multivariable
OR 95% C.I P. value OR 95% C.I  P.value
A Septal ECV 6.4 1.6-25.4 0.008 5.8 1.43-234 0.04
A lateral wall ECV 24 0.62-9.3 0.20
A arterial-phase

0.02  0.005-0.82 0.039 0.05 0.001-2.3  0.015
septal A

ECV, extracellular volume; A, see methods; A, difference of values between CT-II and CT-I.

The aforementioned two variables were included in the multivariate logistic regression analysis,
which revealed that Aseptal ECV was the only independent predictor of High-Risk group (OR 5.8,
95% CI1.43-23.4, p=0.013)..

3.4. Reproducibility Assessment

Inter-observer reproducibility analysis was conducted by repeating the analysis and
measurement of myocardial ECV. Myocardial ECV was calculated in 58 cases by both observers. The
intraclass correlation coefficient (ICC) was 0.94 (95% CI 0.91-0.97), as confirmed by the Bland-Altman
plot illustrated in Figure 6, showed excellent inter-observer reproducibility achieved with the help of
automatically generated ECV maps.
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Figure 6. Bland-Altman plot of reproducibility for ECV measurements.

4. Discussion

The main findings of the study can be summarized as follows:

a) In cancer patients treated with potentially cardiotoxic drugs (High-Risk group), the ECV value
of the left ventricular myocardium was significantly increased in CT-II compared to CT-I. In contrast,
no significant myocardial ECV changes were observed in the Low-Risk group.

b) At CT-II, High-Risk patients more frequently exhibited a decrease in post-contrast myocardial
enhancement during the arterial phase (measured as arterial phase myocardial A) in the
interventricular septum compared to CT-1.

¢) Multivariate analysis identified the change in ECV between CT-I and CT-II (AECV) in the
interventricular septum as the only independent predictor of High-Risk status.

ECV represents the percentage of myocardial volume occupied by interstitial space and vessels,
with interstitial space typically constituting 20-25% of the myocardium. An increase in ECV can occur
due to interstitial expansion caused by cardiomyocyte necrosis and replacement with collagen fibers,
leading to fibrous tissue formation. Other conditions, such as interstitial edema or proteinaceous
material accumulation, as in cardiac amyloidosis [23], myocarditis [24], or myocardial toxic damage
from cardiotoxic chemotherapy or substance abuse [25,26], may also enlarge interstitial spaces.

One possible mechanism of chemotherapy-induced myocardial damage involves impaired
perfusion of small myocardial vessels. Measuring myocardial A during the arterial phase enables
indexing of myocardial density changes relative to blood density during this phase. In our study,
arterial phase myocardial A of the septum and lateral wall decreased in the High-Risk group
following chemotherapy. This finding supports the hypothesis that chemotherapeutic agents
influence myocardial perfusion, even subclinically, and suggests that CT can detect these changes
early. The observed reduction in arterial phase enhancement in High-Risk patients indicates that ECV
increase may reflect interstitial expansion rather than transient hyperemia or vascular congestion,
suggesting actual myocardial damage.

One of the possible mechanisms of chemotherapy-induced myocardial damage involves
alterations in myocardial perfusion related to impairment of small vessels. The measurement of
myocardial A during the arterial phase allows indexing of the increase in myocardial density during
this phase in relation to blood density. In our study, the arterial phase myocardial A of the septum
and lateral wall decreased in the High-Risk group after chemotherapy. This finding seems to confirm
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that chemotherapeutic agents can influence myocardial perfusion even subclinically and suggests
that this phenomenon can be assessed early using CT. The observation of a reduction in arterial phase
enhancement in High-Risk patients suggests that the increase in ECV may not reflect transient
hyperemia or vascular congestion, but rather an increase in interstitial volume, more readily
correlated with actual myocardial damage.

Our findings align with cardiac CT-based studies reporting increased myocardial ECV following
chemotherapy, particularly in breast cancer patients receiving anthracycline-based regimens [27]. For
instance, Zhou et al. demonstrated doxorubicin-induced interstitial myocardial fibrosis in beagle
models, as measured by ECV on CMR [28]. Cardiac CT-derived ECV correlates strongly with CMR,
histology, and serum fibrosis indices, highlighting CT’s potential for myocardial tissue
characterization [19]. To our knowledge, this is the first study comparing myocardial ECV derived
from ungated whole-body CT scans in cancer patients undergoing chemotherapy regimens with high
versus low cardiotoxicity risks.

Our proposed approach does not require ECG gating or advanced cardiac imaging expertise
from the technologist or radiologist. CT imaging offers significant advantages, including faster scan
times, fewer risks (e.g., claustrophobia), and broader availability compared to CMR. In this study, all
CT scans were conducted using 64-row equipment, which is widely available in radiology
departments.

For ECV assessment using CMR (the current gold standard), pre- and post-contrast T1 mapping
is required to create ECV maps, followed by careful co-registration of these maps. This process is
susceptible to errors caused by artifacts (e.g., ECG triggering, respiratory motion, extrasystoles,
magnetic susceptibility) and differences in signal/time curve algorithms or image registration. CMR
also demands specific expertise in cardiac imaging to mitigate these challenges. In contrast, CT
simplifies ECV calculation by relying on straightforward pre- and post-contrast myocardial
attenuation values.

Despite these advantages, CT has limitations, such as exposure to ionizing radiation, which may
reduce its suitability for exclusive cardiotoxicity assessment. Additionally, CT images acquired
without ECG gating may capture the heart in different cardiac cycle phases, potentially affecting ECV
estimation. For example, interstitial spaces and vessels may appear collapsed during end-systole,
leading to lower ECV measurements compared to end-diastole. Motion artifacts due to cardiac
movement, particularly in patients with elevated heart rates, can also occur with 64-row CT scanners.
Such issues can be mitigated with advanced CT equipment, such as 256-detector-row or dual-source
CT scanners with higher temporal resolution.

Envisioning potential future implementations of artificial intelligence (Al), machine learning
and deep learning could facilitate the automatic recognition of myocardial walls and the generation
of ECV color maps. Automated ECV map generation could simplify myocardial damage detection,
even for radiologists with limited expertise in cardiac imaging. Given the high prevalence of
cardiovascular diseases in industrialized countries, such Al applications could significantly impact
clinical practice.

5. Limitations

Limitations of our study include its retrospective nature, variable timing of CT scans, and
diverse chemotherapy protocols. Additionally, the population size was relatively small and
heterogeneous. This study did not include long-term cardiovascular prognosis assessment or
information on potential cardiovascular manifestations of cardiotoxicity. Future studies are needed
to explore the predictive role of ECV increase in actual cardiotoxicity and to investigate the
implementation of artificial intelligence (particularly deep learning), for automated myocardial wall
recognition and ECV map generation.

Another limitation of the present study is that ECV was calculated using CT images without
ECG gating. In the absence of ECG gating, the images are acquired in random phases of the cardiac

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.


https://doi.org/10.20944/preprints202506.1034.v1
http://creativecommons.org/licenses/by/4.0/

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 12 June 2025 d0i:10.20944/preprints202506.1034.v1

14

cycle and carry a higher risk of motion artifacts. However, the ability to calculate ECV even without
ECG gating is one strength of our study, as it allows for the screening of potential left ventricular
myocardial lesions even on body CT scans without ECG gating.

Finally, we proposed a simplified method to estimate ECV from non-gated CT but future study
are necessary to validate this novel approach with CMR that remains the gold-standard for ECV
measurement.

Despite the limitations, CT emerges as an appealing alternative to CMR, offering advantages
such as broader availability, quicker scan times, and potentially lower risk. Nonetheless, CT’s
ionising radiation warrants careful consideration, and further research is needed to establish its role
in myocardial assessment. The study emphasises the significance of accurate hematocrit
measurement for ECV calculation and highlights the potential for synthetic hematocrit approaches.

6. Conclusions

Quantifying myocardial ECV from contrast-enhanced, ungated whole-body CT scans
performed for cancer staging before and after chemotherapy is feasible and reproducible. This
approach may help identify early myocardial abnormalities in patients undergoing potentially
cardiotoxic treatments. Prospective studies are needed to validate its diagnostic and prognostic roles
in clinical practice.
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