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Abstract

Objectives MRI-derived extracellular volume (ECV) allows characterization of myocardial changes before the onset

of overt pathology, which may be caused by cancer therapy cardiotoxicity. Our purpose was to review studies explor-

ing the role of MRI-derived ECV as an early cardiotoxicity biomarker to guide timely intervention.

Materials and methods In April 2022, we performed a systematic search on EMBASE and PubMed for articles

on MRI-derived ECV as a biomarker of cancer therapy cardiotoxicity. Two blinded researchers screened the retrieved

articles, including those reporting ECV values at least 3 months from cardiotoxic treatment. Data extraction was per-

formed for each article, including clinical and technical data, and ECV values. Pooled ECV was calculated using the ran-

dom effects model and compared among different treatment regimens and among those who did or did not expe-

rience overt cardiac dysfunction. Meta-regression analyses were conducted to appraise which clinical or technical

variables yielded a significant impact on ECV.

Results Overall, 19 studies were included. Study populations ranged from 9 to 236 patients, for a total of 1123

individuals, with an average age ranging from 12.5 to 74 years. Most studies included patients with breast or esopha-

geal cancer, treated with anthracyclines and chest radiotherapy. Pooled ECV was 28.44% (95% confidence interval, Cl,

26.85—30.03%) among subjects who had undergone cardiotoxic cancer therapy, versus 25.23% (95%C| 23.31-27.14%)

among those who had not (p=.003).

Conclusion A higher ECV in patients who underwent cardiotoxic treatment could imply subclinical changes

in the myocardium, present even before overt cardiac pathology is detectable.

Clinical relevance statement The ability to detect subclinical changes in the myocardium displayed by ECV sug-

gests its use as an early biomarker of cancer therapy-related cardiotoxicity.

Key Points

- Cardiotoxicity is a common adverse effect of cancer therapy; therefore, its prompt detection could improve patient
outcomes.

- Pooled MRI-derived myocardial extracellular volume was higher in patients who underwent cardiotoxic cancer therapy
than in those who did not (28.44% versus 25.23%, p = .003).

- MRI-derived myocardial extracellular volume represents a potential early biomarker of cancer therapy cardiotoxicity.
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Introduction

Mortality from most types of cancer has decreased con-
siderably in recent years, as a result of the improvements
in screening programs and treatment efficacy [1]. How-
ever, cancer therapy still carries a significant burden of
side effects, among which cardiovascular complications
arising from non-reversible cardiotoxicity present a major
concern due to their high morbidity and mortality [2].
The main treatments associated with cardiotoxicity are
conventional chemotherapeutic agents such as anthracy-
clines, chest radiotherapy, and targeted therapies such as
monoclonal antibodies and small molecule inhibitors [3].

Cancer therapy-related cardiac dysfunction is defined
as a decline of at least 10% in left ventricular ejection
fraction (LVEF) [4]. The 2022 European Society of Car-
diology (ESC) guidelines on Cardiooncology recommend
assessment of LVEF and myocardial strain at echocar-
diography for the detection of cancer therapy-related
toxicity, along with monitoring of relevant serum bio-
markers [5]. However, as the heart presents a significant
functional reserve, substantial damage to cardiomyo-
cytes may occur before an overt reduction in LVEF [6].
Over the years, several potential biomarkers have been
proposed, but none so far has yielded high accuracy for
detection of subtle myocardial changes before overt heart
failure in clinical practice [7].

In recent years, parametric mapping techniques from
cardiac MRI have emerged as tools to assess myocardial tis-
sue composition [8]. In particular, T1 mapping techniques
can provide T1 relaxation times for the myocardium before
and after the intravenous administration of extracellular
gadolinium-based contrast agents, allowing to estimate
cardiac extracellular volume (ECV) on a voxel-by-voxel
basis [9]. Increases in T1 relaxation times are expected in
case of myocardial edema or fibrosis [10], which are the
macroscopic signs of cellular death following apoptosis and
necrosis. Similarly, as the ECV reflects the percentage of
the heart that is not composed by cells, it is also expected to
increase in the presence of edema or extracellular protein
deposition also in absence of cellular death [11].

The T1 mapping—derived estimation of ECV may thus
represent an emerging biomarker that allows charac-
terization of myocardial composition, its value rising in
conditions of myocardial inflammation or fibrosis [12], in
good correlation with histopathological findings [13]. As
cardiotoxicity from cancer therapy is represented by car-
diomyocyte death that ultimately leads to tissue fibrosis,
ECV may warrant an early, accurate detection of subtle
changes in the myocardial tissue, allowing physicians to
undertake preventive measures to avoid overt cardiotox-
icity. For instance, detecting subclinical cardiotoxicity in
patients undergoing anthracycline-based chemotherapy
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regimens may lead to the initiation of therapeutical
adjustments while continuing anthracycline chemother-
apy, such as pre-treatment with dexrazoxane before each
therapy cycle, and personalized follow-up schemes.

Therefore, the purpose of this systematic review and
meta-analysis was to investigate the studies exploring the
role of ECV as a biomarker of cardiotoxicity from cancer
therapy, to better understand its potential in this clinical
setting.

Materials and methods
Search strategy and eligibility criteria

Ethics committee approval was not required for this sys-
tematic review and meta-analysis. We registered our
systematic review and meta-analysis on ResearchGate
(https://www.researchgate.net/project/Extracellular-vol-
ume-fraction-as-an-MRI-biomarker-of-chemotherapy-
cardiotoxicity-a-systematic-review), and it was reported
according to the Preferred Reporting Items for Systematic
reviews and Meta-Analyses (PRISMA) statement [14].

In April 2022, we performed a systematic search on
EMBASE (Excerpta Medica dataBASE, embase.com) and
PubMed (US National Library of Medicine, pubmed.ncbi.
nlm.nih.gov) for articles reporting the use of MRI-derived
ECV as a cancer therapy-related cardiotoxicity biomarker.

The adopted search string included MeSH terms, and
was built using the following strategy, based on the PICO
model:

Problem: ‘extracellular space’/exp + synonyms
Intervention: ‘cardiovascular magnetic resonance’/
exp + synonyms

Comparison condition (exposure, risk/prognos-
tic factor) ‘chemotherapy’/exp OR ‘radiotherapy’/
exp + synonyms

Outcome: ‘cardiotoxicity’/exp + synonyms

Full search strings are reported in Supplementary
Material 1. The search was limited to original studies
written in English with an available abstract, performed
on human subjects, and published either on paper or
online on peer-reviewed journals. No limits were applied
to publication date. Identical duplicate records which had
already been retrieved from EMBASE were not included
among those retrieved via PubMed.

Data extraction

Two blinded researchers (G.F. and E.Si.), both with 2 years
of experience in cardiovascular imaging, performed an
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initial screening of the retrieved articles, based on title
and abstract only. All selected articles, including those
with abstracts lacking complete information to deter-
mine inclusion/exclusion criteria, were then downloaded
and, after a blinded full-text screening by each researcher,
only those reporting MRI-derived ECV values at least
3 months after cardiotoxic cancer therapy were included.
Disagreements were discussed by the two researchers in
consensus and, whenever no agreement was reached, a
third reader (C.B.M.) acted as arbiter. Lastly, references
from the included articles that could potentially meet the
inclusion criteria were subsequently manually screened.

The same researchers who performed the literature
search independently extracted all data using a stand-
ardized datasheet, and disagreements were resolved by
consensus. Studies with overlapping patient cohorts
were excluded. For each included article, when avail-
able, the following data were extracted: year of publica-
tion and country of origin, study design (prospective or
retrospective), population demographics and clinical
data (e.g., gender and LVEF), type of malignancy, treat-
ment regimen, MRI acquisition time from treatment,
MRI protocol, and ECV values. Study parts were labeled
as referring to cases or controls when patients had or
had not undergone cardiotoxic cancer therapy regimens,
respectively. Study parts including patients with previous
cardiac comorbidities (e.g., hypertrophic cardiomyopa-
thy) were not considered, to avoid a confounding effect
on ECV values; moreover, we excluded study parts for
which complete treatment regimen was not clearly speci-
fied, as their cardiotoxic potential could not be correctly
assessed.

Quality assessment

Two researchers (M.Z. and C.B.M.), with 5 and 4 years of
experience in cardiovascular imaging, assessed the qual-
ity of the included articles in consensus, using the Stand-
ard Quality Assessment Criteria (QualSyst tool) [15].

Statistical analysis

Statistical analysis was performed using R (version 4.2.1,
R Foundation for Statistical Computing) on RStudio (ver-
sion 1.1.456, RStudio PBC). The R package “readx!” [16]
was used to import extracted data, whereas the package
“meta” [17] was used to perform the meta-analysis. Due
to significant heterogeneity of ECV values reported by
different studies, pooled ECV was calculated using the
random effects model, the DerSimonian-Laird estima-
tor [18], with the Knapp-Hartung-Sidik-Jonkman adjust-
ment [19], in subjects who had or had not undergone
cardiotoxic cancer therapy, respectively. Pooled ECV was
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also compared among different treatment regimens, and
among those who did or did not experience overt cardiac
dysfunction, via post hoc analyses. Meta-regression anal-
yses were conducted to appraise which clinical or tech-
nical variables yielded a significant impact on ECV, and
differences among those who had or had not undergone
cardiotoxic cancer therapy were appraised for those vari-
ables that did, via post hoc analyses. Moreover, for those
studies including both a case and control group, stand-
ardized mean differences were calculated and meta-ana-
lyzed as previously described. The risk of publication bias
was evaluated via both funnel plots and the Egger test
[20]. The threshold for statistical significance was set at
p<.05[21].

Results
Study selection

The flowchart depicting study selection is shown in Fig. 1.
From 439 initially retrieved individual articles, 52 were
included after the first selection based on article title
and abstract. Out of all the excluded articles, 215 did not
include MRI-derived parameters after cardiotoxic treat-
ment, 134 were case reports, and 38 were reviews. Out
of the 52 articles included at the first selection, 33 did not
report post-treatment ECV values in the full text, lead-
ing to a final number of 19 included papers. A total of 29
study parts, including both cancer survivors and healthy
controls, were eligible for meta-analysis.

Data extraction

Included works (22-40) were published between 2013
[22, 23] and 2022 [24, 25], and all but 2 [26, 27] had a pro-
spective design. Six studies were conducted in the USA
[22, 25, 28-31], 4 in Canada [23, 32-34], 4 in Germany
[27, 35-37], 2 in the Netherlands [24, 38], 1 in the UK
[26], 1 in Norway [39], and 1 in Japan [40].

Study population for each study part ranged from 9
[37] to 236 [31] patients, for a total of 1123 enrolled indi-
viduals. The average age of patients in each study part
ranged from 12.5 [29] to 74 [24] years.

Six studies included only patients with breast cancer
[28, 30, 32, 34, 35, 39], 3 studied patients with esophageal
cancer [24, 38, 40], and 1 included patients with sarcoma
[37], while the others included patients with mixed types
of neoplasms, most frequently breast, lung, and hemato-
logical malignancies.

Concerning cancer therapy, 13 study parts analyzed
the cardiotoxic effects of anthracyclines [22, 23, 26,
27,29-31, 33, 37, 39], and 3 study parts focused on the
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combination of anthracyclines and antibodies [32, 34],
3 on the combination of chest radiotherapy and anthra-
cyclines [25, 28, 35], and 3 on chest radiotherapy cou-
pled to non-cardiotoxic regimens [24, 38, 40], while 1
study part focused solely on the effects of chest radio-
therapy [35] and 1 on the effects of antibodies [36].
Scans were performed on 1.5-T (22 study parts) and
3-T (7 study parts) systems. Clinical and technical data
for each study part, including time from treatment and
MRI protocol, are reported in Tables 1 and 2, respectively.

Extracellular volume

Pooled ECV was 28.44% (95% confidence interval, CI,
26.85 — 30.03%) among subjects who had undergone car-
diotoxic cancer therapy, whereas it was 25.23% (95%Cl
23.31-27.14%) among those who had not, the former
being significantly higher (p=.003) than the latter. Forest
plots for both groups are shown in Figs. 2 and 3.

Overall, only 7 studies included both cases and matched
controls [22, 24, 26, 31, 33, 34, 38], leading to a pooled
standardized difference of 1.16% (95%CI 0.64—1.69%).

Among clinical and technical variables, only magnetic
field strength (p=.006) and the sequence used for T1 map-
ping (p=.02) yielded a significant impact on ECV values,
whereas sex (p=.87), patients’ age (p=.19), type of cancer
(p=.10), MRI unit (p=.08), contrast agent type (p=.64) or
dose (p=.21), and contrast timing (p=.77) did not. In addi-
tion, there was no significant correlation between ECV and
MRI-derived LVEF (p=.32). There were no differences in
magnetic field strength (p=.64), or sequence used for T1
mapping (p=.99) between those who underwent cardio-
toxic cancer therapy and those who did not.

Among patients who underwent cardiotoxic treat-
ments, pooled ECV was similar (p=.70) in subjects who
displayed overt cardiac dysfunction (29.05%, 95%CI
10.42—-47.67%), and those who did not (28.40%, 95%CI
26.61—-30.19%).

Concerning different cardiotoxic treatment regimens,
pooled ECV was 28.50% (95%CI 26.44—30.56%) for chest
radiotherapy combined with non-cardiotoxic chemo-
therapy, 29.00% (95%CI 25.08—32.92%) for chest radio-
therapy combined with anthracyclines, 30.00% (95%CI
24.12—-35.88%) for chest radiotherapy alone, 28.92%
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Study ECV (%) SD ECV (%) 95%-Cl Weight
Beukema et al. 2022 28.40 0.3000 [+ 2840 [27.81;2899]) 139%
Canada et al. 2022 28.00 . 28.00 0.0%
de Groot et al. 2021 28.40 1.0000 = 28.40 [26.44;30.36) 10.5%
Tahir et al. 2021 29.00 2.0000 —E— 29.00 [25.08;3292] 58%
Tahir etal. 2021 30.00 3.0000 s 30.00 [24.12;3588) 34%
Harries et al. 2021 29.50 4.5000 —_— 2950 [20.68;3832] 1.7%
Kirkham et al. 2021 22.40 3.5000 ——t: 2240 [15.54;29.26) 26%
Faron et al. 2021 26.00 3.8000 —_— 26.00 [18.55;33.45) 23%
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Heck etal. 2017 28.60 2.9000 —— 28.60 [2292;3428) 35%
Jordan et al. 2016 30.40 0.7000 - 30.40 [29.03;31.77) 122%
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Fig. 2 Forest plot for pooled myocardial extracellular volume (ECV) in subjects who underwent cardiotoxic cancer therapy among included works.
SD, standard deviation; 95%-Cl, 95% confidence interval

Heterogeneity: 1> = 59%, p < 0.01

(95%CI 25.55—32.30%) for anthracyclines alone, 25.72%  Quality assessment

(95%CI 22.23—-29.20%) for anthracyclines combined

with antibodies, and 26.00% (95%CI 18.55—-33.45%) for =~ Methodological quality of the studies according to the
antibodies alone, with the difference among treatment QualSyst tool showed low risk of bias and is summarized

schemes leaning towards statistical significance (p =.06). in Supplementary Material 2.
Study ECV (%) SDECV (%) 95%-Cl Weight
Beukema et al. 2022 24.00 0.3000 k] 2400 [23.41;2459] 222%
de Groot et al. 2021 24.00 0.9000 = 2400 [2224;25.76] 18.7%
Harries et al. 2021 27.40 2.3000 —+F— 2740 [2289;3191] 94%
Mawad et al. 2021b 21.70 2.6000 —=— 21.70 [16.60;26.80] 8.1%
Altaha et al. 2020 24.00 2.6000 —=— 24.00 [18.90;29.10] 8.1%
Jordanetal. 2016 26.90 0.2000 2 26.90 [26.51;27.29] 225%
Neilan et al. 2013 28.00 2.0000 = 28.00 [24.08;3192] 11.0%
Random effects model < 25.23 [23.31; 27.14] 100.0%
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Fig. 3 Forest plot for pooled myocardial extracellular volume (ECV) in controls who did not undergo any cardiotoxic cancer therapy
among included works. SD, standard deviation; 95%-Cl, 95% confidence interval

Heterogeneity: 12 = 92%, p < 0.01
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Fig. 4 Funnel plot outlining the risk of publication bias

Publication bias

The Egger test did not indicate any risk of publication
bias among included studies (p =.54), and neither did the
funnel plot displayed in Fig. 4.

Discussion

We observed an increase in ECV consistent across all
meta-analyzed studies assessing patients who under-
went cardiotoxic cancer therapy, most studies relating
increases directly to treatment doses [23, 29, 38, 39].
In fact, pooled ECV among patients subject to cardio-
toxic treatment regimens was found to be significantly
higher (28.44%, 95%CI 26.85—30.03%) than pooled ECV
among those who had not (25.23%, 95%CI 23.31—-27.14%,
p=.003), on the higher end of normal reference val-
ues [41]. Similarly, the standardized mean difference
observed in studies presenting a case-control design was
not negligible (1.16%, 95%CI 0.64—1.69%), and such a dif-
ference was expected, as the primary mechanism of dose-
related cardiotoxicity, such as that of anthracyclines and
chest radiotherapy, is cardiomyocyte death via necrosis
or apoptosis, leading to myocardial fibrosis [42].
Moreover, post-chemotherapy ECV values were ele-
vated both in patients with normal LVEF [26, 37, 39] and
in those with decreased LVEF [22, 30, 31], with no sta-
tistically significant correlation between ECV and MRI-
derived LVEF (p=.32). This important finding supports a
potential application of ECV for the detection of not only
overt, but also subtle and early changes in myocardial

ECV (%)

composition, which may not be functionally evident
through LVEF monitoring, due to cardiac compensation
mechanisms.

Regarding technical variables, magnetic field strength
(p=.006) and the sequence used for T1 mapping (p=.02)
yielded a significant impact on ECV values, with most stud-
ies using modified look-locker inversion recovery (MOLLI)
sequences on 1.5-T MRI units from varying manufactur-
ers. As ECV is calculated by considering the change in T1
relaxivity before and after contrast administration, rather
than T1 absolute values, it is more reproducible, as long
as consecutive measurements are performed on the same
MRI unit [43]. Regarding different treatment regimens,
pooled ECV values did not vary significantly according
to treatment scheme albeit leaning towards significance
(p=.06), supporting the fact that both chest radiotherapy
and anthracyclines ultimately lead to myocardial fibrosis,
while the stochastic cardiotoxicity of antibodies may yield a
lesser impact on ECV values [23, 38].

In prior literature, ECV has also shown correlations
with patient prognosis [44] and may therefore provide
additional clinical information. Moreover, in addi-
tion to MRI, recent works proposed that the evalua-
tion of ECV could also be performed on CT scans [45].
This approach may prove advantageous, as chest CT is
already included in the diagnostic algorithm and in the
follow-up of many different neoplasms [46]. CT-derived
ECV has shown strong correlations to MRI-derived
ECV [47]; thus, findings related to the role of ECV in
monitoring cancer therapy-related cardiotoxicity may
potentially translate from MRI to CT, and the two
modalities could also be used interchangeably according
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to clinical needs. For instance, previous studies have
shown that myocardial ECV, assessed at non-gated
contrast-enhanced CT, rises significantly in breast can-
cer patients undergoing anthracycline-based regimens
[48] and in patients with esophagus cancer treated with
chest radiotherapy [49]. In this sense, while it might
not be realistic to screen each patient undergoing can-
cer treatment for cardiotoxicity using MRI, MRI could
be reserved to high-risk patients, such as those with
previous comorbidities, undergoing therapies such as
anthracyclines or radiation therapy, which are known
to yield a dose-dependent effect [50]. Conversely, once
the potential role of ECV as an early biomarker of car-
diotoxicity is established, patients who already undergo
CT as a part of their clinical pathway, regardless of their
treatment regimen, could be screened for cardiotoxicity
via CT-derived ECV.

Our study presents some limitations. First, the works
included in our meta-analysis displayed some degree
of heterogeneity concerning clinical characteristics
and technical aspects of ECV analysis. In fact, despite
anthracyclines representing most of the treatment regi-
mens studied in association to cardiotoxicity, the study
groups included in the review underwent cancer therapy
for different neoplasms and thus received slightly differ-
ent regimens. Moreover, even though most studies were
carried out using MOLLI sequences on 1.5-T units,
ECV was assessed with different MRI units and different
contrast agents. Follow-up timings were also heteroge-
neous; nevertheless, we only included follow-up tim-
ings longer than 3 months from cardiotoxic treatment,
to ensure that rises in ECV were due to fibrosis instead
of residual inflammation. Additionally, not all the stud-
ies performed a longitudinal assessment of ECV, lack-
ing data regarding clinical outcomes and pre-treatment
ECV values. Furthermore, data reporting treatment
doses and regimens was somewhat heterogeneous, and
did not allow the performance of meta-regression anal-
yses to review whether cardiotoxicity was dose-depend-
ent. Nevertheless, we know from previous literature
that anthracyclines, along with radiotherapy, present
with type 1 cardiotoxicity according to Ewer, which is
dose-dependent and irreversible, whereas antibod-
ies present with type 2, which is stochastic and may be
reversible to a certain extent [50]. Last, while our analy-
sis did include a mixture of retrospective and prospec-
tive studies, only two included works actually presented
a retrospective design, accounting for 124/1123 patients
(11%). As such, even considering the inherent source of
bias delivered by retrospective study designs, we do not
expect such issue to yield a considerable impact on the
results from our meta-analysis.
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Future prospective studies may be conducted to deter-
mine to what extent ECV monitoring may help prevent,
identify, and treat cancer therapy—induced cardiotoxicity.
Cardiac MRI might be performed before starting cancer
therapy to obtain baseline reference values for each patient,
and then at predetermined intervals during and after treat-
ment, and at follow-up. More so, clinical events should be
registered, so to potentially find a minimum ECV varia-
tion related to clinical adverse outcomes. Expanding on
the research of Heck et al [39], integration of ECV moni-
toring in clinical trials assessing the effects of cardioprotec-
tive agents, such as angiotensin-II-receptor antagonists and
beta blockers, could shed light on potential ECV thresholds
for prevention of cardiotoxicity at a very early stage.

In conclusion, the higher pooled ECV in patients who
underwent cardiotoxic treatment could reflect subclini-
cal changes in myocardial structure associated to cancer
therapy, suggesting a role for ECV as an early biomarker
of cardiotoxicity. Further studies with larger samples,
more standardized clinical/technical parameters, and
follow-up timings are warranted to identify specific ref-
erence values that indicate the occurrence of cardiac
changes related to cardiotoxicity, while a patient-centered
approach (with cardiac MRI before, during, and after
therapy) could support a step forward in personalizing
type and regimens of anticancer therapy. An ECV-based
detection of high-risk patients could allow the implemen-
tation of measures to prevent overt cardiac pathology.

Abbreviations

cT Computed tomography

CTRCD Cancer therapy-related cardiac dysfunction
ECV Extracellular volume

EMBASE  Excerpta Medica dataBASE

ESC European Society of Cardiology

LVEF Left ventricular ejection fraction

MeSH Medical Subject Headings

MOLLI Modified look-locker inversion recovery

MRI Magnetic resonance imaging

PICO Problem, Intervention, Comparison, Outcome

PRISMA  Preferred Reporting Items for Systematic reviews and
Meta-Analyses

RT Radiation therapy

SASHA Saturation recovery single-shot acquisition

SD Standard deviation

Supplementary Information

The online version contains supplementary material available at https://doi.
0rg/10.1007/s00330-023-10260-8.

Below is the link to the electronic supplementary material. Supplementary
file1 (PDF 164 KB)

Funding

Open access funding provided by Universita degli Studi di Milano within the
CRUI-CARE Agreement. This research did not receive any specific grant from
funding agencies in the public, commercial, or not-for-profit sectors. This
study was partially supported by funding from the Italian Ministry of Health to
IRCCS Policlinico San Donato.


https://doi.org/10.1007/s00330-023-10260-8
https://doi.org/10.1007/s00330-023-10260-8

Folco et al. European Radiology _###############A####H_

Declarations

Guarantor

The scientific guarantor of this publication is Francesco Sardanelli.

Conflict of interest

Francesco Sardanelli has received research grants from and is member of
speakers’bureau and of advisory group for General Electric, Bayer, and Bracco.
Caterina B. Monti has received travel support from Bracco. The other authors
have no conflict of interest to disclose.

Statistics and biometry
One of the authors has significant statistical expertise.

Informed consent
Written informed consent was not required for this study as it is a meta-analy-
sis of previously published works.

Ethical approval
Institutional Review Board approval was not required as this study is a meta-
analysis of previously published works.

Study subjects or cohorts overlap

To the best of our knowledge, there is no overlap between subjects reported
in the included works, and measures were taken to minimize the chance of
this occurrence.

Methodology

+ Meta-analysis
+ Multicentre study

Author details

'Postgraduation School in Radiodiagnostics, University of Milan, Milan, Italy.
’Department of Biomedical Sciences for Health, University of Milan, Milan, Italy.
3Unit of Radiology, IRCCS Policlinico San Donato, San Donato Milanese, ltaly.

Received: 21 June 2023 Revised: 23 July 2023 Accepted: 4 August 2023

Published online: 12 October 2023

References

1. Allemani C, Weir HK, Carreira H et al (2015) Global surveillance of cancer
survival 1995-2009: analysis of individual data for 25 676 887 patients
from 279 population-based registries in 67 countries (CONCORD-2).
Lancet 385:977-1010. https://doi.org/10.1016/50140-6736(14)62038-9

2. Chang H-M, Okwuosa TM, Scarabelli T et al (2017) Cardiovascular com-
plications of cancer therapy. J Am Coll Cardiol 70:2552-2565. https://doi.
0rg/10.1016/jjacc.2017.09.1095

3. Herrmann J (2020) Adverse cardiac effects of cancer therapies: cardio-
toxicity and arrhythmia. Nat Rev Cardiol 17:474-502. https://doi.org/10.
1038/541569-020-0348-1

4. Bloom MW, Hamo CE, Cardinale D et al (2016) Cancer therapy-related
cardiac dysfunction and heart failure. Circ Heart Fail 9:e002661. https://
doi.org/10.1161/CIRCHEARTFAILURE.115.002661

5. Lyon AR, Lépez-Ferndndez T, Couch LS et al (2022) 2022 ESC Guidelines on
Cardiooncology developed in collaboration with the European Hematol-
ogy Association (EHA), the European Society for Therapeutic Radiology and
Oncology (ESTRO) and the International Cardiooncology Society (IC-OS).
Eur Heart J 43:4229-4361. https://doi.org/10.1093/eurheartj/ehac244

6. Plana JC, Galderisi M, Barac A et al (2014) Expert consensus for multi-
modality imaging evaluation of adult patients during and after cancer
therapy: a report from the American Society of Echocardiography and
the European Association of Cardiovascular Imaging. J Am Soc Echocardi-
ogr 27:911-939. https://doi.org/10.1016/j.echo.2014.07.012

20.

21.

22.

23.

24.

25.

26.

27.

Page 11 of 12

Tan L-L, Lyon AR (2018) Role of biomarkers in prediction of cardiotoxic-
ity during cancer treatment. Curr Treat Options Cardiovasc Med 20:55.
https://doi.org/10.1007/511936-018-0641-z

Treibel TA, White SK, Moon JC (2014) Myocardial tissue characterization:
histological and pathophysiological correlation. Curr Cardiovasc Imaging
Rep 7:9254. https://doi.org/10.1007/512410-013-9254-9

Robinson AA, Chow K, Salerno M (2019) Myocardial T1 and ECV measure-
ment. JACC Cardiovasc Imaging 12:2332-2344. https://doi.org/10.1016/j.
jcmg.2019.06.031

. Messroghli DR, Walters K, Plein S et al (2007) Myocardial T 1 mapping:

application to patients with acute and chronic myocardial infarction.
Magn Reson Med 58:34-40. https://doi.org/10.1002/mrm.21272

Pucci A, Aimo A, MusettiV et al (2021) Amyloid deposits and fibrosis on left
ventricular endomyocardial biopsy correlate with extracellular volume in cardiac
amyloidosis. J Am Heart Assoc 10:020358. https://doi.org/10.1161/JAHA120.
020358

. Haaf P, Garg P, Messroghli DR et al (2016) Cardiac T1 mapping and extra-

cellular volume (ECV) in clinical practice: a comprehensive review. J Car-
diovasc Magn Reson 18:89. https://doi.org/10.1186/512968-016-0308-4

. Diao K, Yang Z, Xu H et al (2017) Histologic validation of myocardial

fibrosis measured by T1 mapping: a systematic review and meta-
analysis. J Cardiovasc Magn Reson 18:92. https://doi.org/10.1186/
$12968-016-0313-7

. Page MJ, McKenzie JE, Bossuyt PM et al (2021) The PRISMA 2020 state-

ment: an updated guideline for reporting systematic reviews. BMJ
372:n71. https://doi.org/10.1136/bmj.n71

. Kmet LM, Lee RC, Cook LS (2004) Standard quality assessment criteria

for evaluating primary research papers. Alberta Heritage Foundation for
Medical Research 13:1-22. https://doi.org/10.7939/R37M04F 16

. CRAN - Package readxl. https://cran.r-project.org/package=readxl.

Accessed 14 Sep 2022

. Balduzzi S, Ruicker G, Schwarzer G (2019) How to perform a meta-analysis

with R: a practical tutorial. Evid Based Ment Health 22:153-160. https://
doi.org/10.1136/ebmental-2019-300117

. DerSimonian R, Laird N (1986) Meta-analysis in clinical trials. Control Clin

Trials 7:177-188. https://doi.org/10.1016/0197-2456(86)90046-2

. IntHout J, loannidis JP, Borm GF (2014) The Hartung-Knapp-Sidik-Jonk-

man method for random effects meta-analysis is straightforward and
considerably outperforms the standard DerSimonian-Laird method. BMC
Med Res Methodol 14:25. https://doi.org/10.1186/1471-2288-14-25
Egger M, Davey Smith G, Schneider M, Minder C (1997) Bias in meta-
analysis detected by a simple, graphical test. BMJ 315:629-634

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/10.1186/541747-020-0145-y

Neilan TG, Coelho-Filho OR, Shah RV et al (2013) Myocardial extracellular
volume by cardiac magnetic resonance imaging in patients treated with
anthracycline-based chemotherapy. Am J Cardiol 111:717-722. https://
doi.org/10.1016/j.amjcard.2012.11.022

Tham EB, Haykowsky MJ, Chow K et al (2013) Diffuse myocardial fibrosis
by T1-mapping in children with subclinical anthracycline cardiotoxicity:
relationship to exercise capacity, cumulative dose and remodeling. J Car-
diovasc Magn Reson 15:1-11. https://doi.org/10.1186/1532-429X-15-48
Beukema JC, de Groot C, Plukker JTM et al (2022) Late cardiac toxicity of
neo-adjuvant chemoradiation in esophageal cancer survivors: a prospec-
tive cross-sectional pilot study. Radiother Oncol 167:72-77. https://doi.
org/10.1016/j.radonc.2021.11.029

Canada JM, Weiss E, Grizzard JD et al (2022) Influence of extracellular vol-
ume fraction on peak exercise oxygen pulse following thoracic radiother-
apy. Cardiooncology 8:1. https://doi.org/10.1186/540959-021-00127-6
Harries |, Berlot B, Ffrench-Constant N et al (2021) Cardiovascular magnetic
resonance characterisation of anthracycline cardiotoxicity in adults with
normal left ventricular ejection fraction. Int J Cardiol 343:180-186. https://
doi.org/10.1016/j.ijcard.2021.08.037

Wolf CM, Reiner B, Kiihn A et al (2020) Subclinical cardiac dysfunction

in childhood cancer survivors on 10-years follow-up correlates with
cumulative anthracycline dose and is best detected by cardiopulmonary
exercise testing, circulating serum biomarker, speckle tracking echocardi-
ography, and tissue doppler imaging. Front Pediatr 8:123. https://doi.org/
10.3389/fped.2020.00123


https://doi.org/10.1016/S0140-6736(14)62038-9
https://doi.org/10.1016/j.jacc.2017.09.1095
https://doi.org/10.1016/j.jacc.2017.09.1095
https://doi.org/10.1038/s41569-020-0348-1
https://doi.org/10.1038/s41569-020-0348-1
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002661
https://doi.org/10.1161/CIRCHEARTFAILURE.115.002661
https://doi.org/10.1093/eurheartj/ehac244
https://doi.org/10.1016/j.echo.2014.07.012
https://doi.org/10.1007/s11936-018-0641-z
https://doi.org/10.1007/s12410-013-9254-9
https://doi.org/10.1016/j.jcmg.2019.06.031
https://doi.org/10.1016/j.jcmg.2019.06.031
https://doi.org/10.1002/mrm.21272
https://doi.org/10.1161/JAHA.120.020358
https://doi.org/10.1161/JAHA.120.020358
https://doi.org/10.1186/s12968-016-0308-4
https://doi.org/10.1186/s12968-016-0313-7
https://doi.org/10.1186/s12968-016-0313-7
https://doi.org/10.1136/bmj.n71
https://doi.org/10.7939/R37M04F16
https://cran.r-project.org/package=readxl
https://doi.org/10.1136/ebmental-2019-300117
https://doi.org/10.1136/ebmental-2019-300117
https://doi.org/10.1016/0197-2456(86)90046-2
https://doi.org/10.1186/1471-2288-14-25
https://doi.org/10.1186/s41747-020-0145-y
https://doi.org/10.1016/j.amjcard.2012.11.022
https://doi.org/10.1016/j.amjcard.2012.11.022
https://doi.org/10.1186/1532-429X-15-48
https://doi.org/10.1016/j.radonc.2021.11.029
https://doi.org/10.1016/j.radonc.2021.11.029
https://doi.org/10.1186/s40959-021-00127-6
https://doi.org/10.1016/j.ijcard.2021.08.037
https://doi.org/10.1016/j.ijcard.2021.08.037
https://doi.org/10.3389/fped.2020.00123
https://doi.org/10.3389/fped.2020.00123

Folco et al. European Radiology _##############RAH###H_

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

Bergom C, Rubenstein J, Wilson JF et al (2020) A pilot study of cardiac MRI in breast
cancer survivors after cardiotoxic chemotherapy and three-dimensional conformal
radiotherapy. Front Oncol 10:506739. https.//doi.org/10.3389/fonc.2020.506739
Mokshagundam D, Olivieri LJ, McCarter R et al (2020) Cardiac changes in
pediatric cancer survivors. J Investig Med 68:1364-1369. https://doi.org/
10.1136/jim-2020-001373

Ferreira de Souza T, Quinaglia AC Silva T, Osorio Costa F et al (2018)
Anthracycline therapy is associated with cardiomyocyte atrophy and
preclinical manifestations of heart disease. JACC Cardiovasc Imaging
11:1045-1055. https://doi.org/10.1016/jjcmg.2018.05.012

Jordan JH, Vasu S, Morgan TM et al (2016) Anthracycline-associated T1
mapping characteristics are elevated independent of the presence of
cardiovascular comorbidities in cancer survivors. Circ Cardiovasc Imaging
9:¢004325. https://doi.org/10.1161/CIRCIMAGING.115.004325

Kirkham AA, Pituskin E, Thompson RB et al (2021) Cardiac and cardiomet-
abolic phenotyping of trastuzumab-mediated cardiotoxicity: a secondary
analysis of the MANTICORE trial. Eur Heart J Cardiovasc Pharmacother
8:130-139. https://doi.org/10.1093/ehjcvp/pvab016

Mawad W, Mertens L, Pagano JJ et al (2021) Effect of anthracycline
therapy on myocardial function and markers of fibrotic remodelling in
childhood cancer survivors. Eur Heart J Cardiovasc Imaging 22:435-442.
https://doi.org/10.1093/ehjci/jeaa093

Altaha MA, Nolan M, Marwick TH et al (2020) Can quantitative CMR tissue
characterization adequately identify cardiotoxicity during chemotherapy? JACC
Cardiovasc Imaging 13:951-962. https://doi.org/10.1016/}jcmg.2019.10.016
Tahir E, Azar M, Shihada S et al (2021) Myocardial injury detected by T1
and T2 mapping on CMR predicts subsequent cancer therapy-related
cardiac dysfunction in patients with breast cancer treated by epirubicin-
based chemotherapy or left-sided RT. Eur Radiol 32:1853-1865. https://
doi.org/10.1007/500330-021-08260-7

Faron A, Isaak A, Mesropyan N et al (2021) Cardiac MRI depicts immune
checkpoint inhibitor-induced myocarditis: a prospective study. Radiol-
ogy 301:602-609. https://doi.org/10.1148/radiol.2021210814

Muehlberg F, Funk S, Zange L et al (2018) Native myocardial T1 time can
predict development of subsequent anthracycline-induced cardiomyo-
pathy. ESC Heart Fail 5:620-629. https://doi.org/10.1002/ehf2.12277

de Groot C, Beukema JC, Langendijk JA et al (2021) Radiation-induced
myocardial fibrosis in long-term esophageal cancer survivors. Int J Radiat
Oncol Biol Phys 110:1013-1021. https://doi.org/10.1016/j.ijrobp.2021.02.
007

Heck SL, Gulati G, Hoffmann P et al (2018) Effect of candesartan and
metoprolol on myocardial tissue composition during anthracycline
treatment: The PRADA trial. Eur Heart J Cardiovasc Imaging 19:544-552.
https://doi.org/10.1093/ehjci/jex159

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/
radiol.2018172076

Sardanelli F, Schiaffino S, Zanardo M et al (2019) Point estimate and refer-
ence normality interval of MRI-derived myocardial extracellular volume
in healthy subjects: a systematic review and meta-analysis. Eur Radiol
29:6620-6633. https://doi.org/10.1007/500330-019-06185-w

Henriksen PA (2018) Anthracycline cardiotoxicity: an update on mecha-
nisms, monitoring and prevention. Heart 104:971-977. https://doi.org/10.
1136/heartjnl-2017-312103

Roujol S, Weingértner S, Foppa M et al (2014) Accuracy, precision, and
reproducibility of four T1 mapping sequences: a head-to-head compari-
son of MOLLI, ShMOLLI, SASHA, and SAPPHIRE. Radiology 272:683-689.
https://doi.org/10.1148/radiol.14140296

Martinez-Naharro A, Kotecha T, Norrington K et al (2019) Native T1 and
extracellular volume in transthyretin amyloidosis. JACC Cardiovasc Imag-
ing 12:810-819. https://doi.org/10.1016/j,jcmg.2018.02.006

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.
0rg/10.1148/radiol.13130130

Goetz MP, Gradishar WJ, Anderson BO et al (2019) Breast cancer, Version
3.2018.J Natl Compr Canc Netw 17:118-126. https://doi.org/10.6004/
jncen.2019.0009

47.

48.

49.

50.

Page 12 of 12

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/radiol.12112458
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

Capra D, Monti CB, Luporini AG et al (2020) Computed tomography-
derived myocardial extracellular volume: an early biomarker of
cardiotoxicity in esophageal cancer patients undergoing radia-

tion therapy. Insights Imaging 11:120. https://doi.org/10.1186/
$13244-020-00922-2

Ewer MS, Ewer SM (2015) Cardiotoxicity of anticancer treatments. Nat Rev
Cardiol 12:547-558. https://doi.org/10.1038/nrcardio.2015.65

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


https://doi.org/10.3389/fonc.2020.506739
https://doi.org/10.1136/jim-2020-001373
https://doi.org/10.1136/jim-2020-001373
https://doi.org/10.1016/j.jcmg.2018.05.012
https://doi.org/10.1161/CIRCIMAGING.115.004325
https://doi.org/10.1093/ehjcvp/pvab016
https://doi.org/10.1093/ehjci/jeaa093
https://doi.org/10.1016/j.jcmg.2019.10.016
https://doi.org/10.1007/s00330-021-08260-7
https://doi.org/10.1007/s00330-021-08260-7
https://doi.org/10.1148/radiol.2021210814
https://doi.org/10.1002/ehf2.12277
https://doi.org/10.1016/j.ijrobp.2021.02.007
https://doi.org/10.1016/j.ijrobp.2021.02.007
https://doi.org/10.1093/ehjci/jex159
https://doi.org/10.1148/radiol.2018172076
https://doi.org/10.1148/radiol.2018172076
https://doi.org/10.1007/s00330-019-06185-w
https://doi.org/10.1136/heartjnl-2017-312103
https://doi.org/10.1136/heartjnl-2017-312103
https://doi.org/10.1148/radiol.14140296
https://doi.org/10.1016/j.jcmg.2018.02.006
https://doi.org/10.1148/radiol.13130130
https://doi.org/10.1148/radiol.13130130
https://doi.org/10.6004/jnccn.2019.0009
https://doi.org/10.6004/jnccn.2019.0009
https://doi.org/10.1148/radiol.12112458
https://doi.org/10.21037/qims.2020.04.05
https://doi.org/10.1186/s13244-020-00922-2
https://doi.org/10.1186/s13244-020-00922-2
https://doi.org/10.1038/nrcardio.2015.65

	MRI-derived extracellular volume as a biomarker of cancer therapy cardiotoxicity: systematic review and meta-analysis
	Abstract 
	Objectives 
	Materials and methods 
	Results 
	Conclusion 
	Clinical relevance statement 
	Key Points 

	Introduction
	Materials and methods
	Search strategy and eligibility criteria
	Data extraction
	Quality assessment
	Statistical analysis

	Results
	Study selection
	Data extraction
	Extracellular volume
	Quality assessment
	Publication bias

	Discussion
	Anchor 22
	References


