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Background and Aims: Anthracycline-based chemotherapy (ANTH-BC) has been
proposed to increase arterial stiffness, however, the time-dependency of these effects
remain unclear. This systematic review and meta-analysis aimed to investigate the time-
dependent effect of ANTH-BC on markers of central aortic stiffness, namely aortic
distensibility (AD) and pulse-wave-velocity (PWV) in cancer patients.

Methods: An extensive literature search without language restrictions was performed
to identify all studies presenting longitudinal data on the effect of ANTH-BC on either AD
and/or central PWV in cancer patients of all ages. An inverse-variance weighted random-
effect model was performed with differences from before to after chemotherapy, as well
as for short vs. mid-term effects.

Results: Of 2,130 articles identified, 9 observational studies with a total of 535 patients
(mean age 52 ± 11; 73% women) were included, of which four studies measured AD
and seven PWV. Short-term (2–4 months), there was a clinically meaningful increase
in arterial stiffness, namely an increase in PWV of 2.05 m/s (95% CI 0.68–3.43) and a
decrease in AD (albeit non-significant) of −1.49 mmHg-1 (−3.25 to 0.27) but a smaller
effect was observed mid-term (6–12 months) for PWV of 0.88 m/s (−0.25 to 2.02)
and AD of −0.37 mmHg-1 (−1.13 to 0.39). There was considerable heterogeneity
among the studies.

Conclusions: Results from this analysis suggest that in the short-term, ANTH-BC
increases arterial stiffness, but that these changes may partly be reversible after
therapy termination. Future studies need to elucidate the long-term consequences of
ANTH-BC on arterial stiffness, by performing repeated follow-up measurements after
ANTH-BC termination.

Systematic Review Registration: [www.crd.york.ac.uk/prospero/], identifier
[CRD42019141837].

Keywords: vasculotoxicity, aortic distensibility, pulse-wave-velocity, breast cancer, lymphoma

Abbreviations: AD, aortic distensibility, ANTH-BC, anthracycline-based chemotherapy, CFPWV, carotid-femoral pulse-
wave velocity, CI, confidence interval, CMR, cardiac magnetic resonance, PR, phase- contrast, PWV, pulse-wave-velocity,
CVD, cardiovascular disease, CV, cardiovascular.
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HIGHLIGHTS

– Besides myocardial dysfunction, vascular toxicity has been
recognized as a potential side effect of ANTH-BC that can
be quantified by measurement of arterial stiffness, a robust
surrogate marker of cardiovascular disease.

– Results from this analysis suggest that in the short-term,
ANTH-BC increases arterial stiffness, but that these changes
may (partly) be reversible after therapy termination.

– This is a novel finding and different from the permanent
negative effects of ANTH-BC on myocardial function.

– However, given the high heterogeneity among studies
included in this meta-analysis, additional studies will
have to address the limitations, including measurement of
confounders, and performing repeated and standardized
follow-up measurements of arterial stiffness after
ANTH-BC termination.

– Assessment of arterial stiffness may have the potential to
contribute to risk prediction and clinical decision making in
patients with ANTH-BC.

INTRODUCTION

Heart disease and cancer are the leading causes of mortality
worldwide (1). Due to remarkable improvements in screening,
diagnosis, and treatment of many cancers, the number of cancer
survivors is steadily increasing (2). However, cancer survivors
have an increased risk for cardiovascular disease (CVD), either as
a result from shared cardiovascular risk factors and suboptimal
lifestyle choices or from toxicities of cancer treatment (3–5).
A retrospective cohort study has shown that 10 years after cancer
diagnosis the risk for death from CVD exceeds the risk of death
from cancer (3).

Anthracyclines are very effective chemotherapeutic agents
used for treatment of solid tumors and hematologic malignancies.
However, due to their dose-dependent cardiotoxic effects, such
as systolic and/or diastolic left ventricular (LV) dysfunction and
heart failure (6–10), their repetitive administration is limited.
Hence, monitoring of LV function by echocardiography before
and after treatment is recommended (11, 12). Additionally,
many anticancer drugs also have adverse effects on the vascular
endothelium (13, 14), It has been proposed that anthracycline-
based chemotherapy (ANTH-BC) may increase arterial stiffness
(15) via generating reactive oxygen species and promoting
oxidative stress (16, 17). This in turn leads to structural changes
within the vascular matrix and thus interferes with the regulation
of vascular smooth muscle tone (14). Both, in vitro and in vivo
studies found that ANTH-BC also causes apoptosis of vascular
endothelial cells, which may impair vasodilatory and contractile
responses and lead to endothelial dysfunction (18, 19).

The most established non-invasive methods to assess central
arterial stiffness are central pulse wave velocity (PWV) (20) and
aortic distensibility (AD) by cardiac magnetic resonance (CMR)
or echocardiography (20, 21). Both methods have been shown
to predict CV events and CV mortality in various populations
(22, 23).

Previous studies on the vasculotoxic effects of chemotherapies
have mainly focused on anti-angiogenic drugs and some of the
newer anticancer signaling inhibitors (24, 25). A recent review
and meta-analysis has summarized effects of various vasculotoxic
chemotherapies, including anthracyclines, on arterial stiffness
from longitudinal and cross-sectional studies (26). Due to
often various successive treatments in cancer patients, these
cross-sectional studies do not allow the identification of the
vasculotoxic effect of isolated ANTH-BC. ANTH-BC–induced
vasculotoxicity may further be aggravated by the individual CV
risk factor profile (i.e., current smoking, obesity, etc.), which are
difficult to fully control for in cross-sectional studies. To date,
several small longitudinal studies have assessed arterial stiffness
before and after ANTH-BC, but the vascular effects of ANTH-
BC over time remain unclear. An evidence synthesis is important
because long-term vascular dysfunction may increase the risk
for cardiovascular events and mortality (22, 27–29). Therefore,
we have conducted a systematic review to appraise the literature
regarding the time-dependent effect of ANTH-BC on markers of
central aortic stiffness, namely PWV and AD measured before
and after ANTH-BC in cancer patients.

METHODS

Study Design
The search was conducted according to the preferred reporting
items for systematic reviews and meta-analyses (PRISMA)
recommendations. The original study protocol was registered
prospectively in PROSPERO (CRD42019141837).

Study Eligibility
Studies were eligible if they met all of the following criteria:
(a) experimental or observational studies (prospective or
retrospective); (b) reporting on the effect of ANTH-BC on either
AD and/or central [carotid-femoral (cf)/aortic arch/carotid
artery] PWV in cancer patients of all ages; (c) longitudinal
assessment with baseline measurement before administration of
anthracyclines and at least one measurement during or after
ANTH-BC; (d) based on human data. We did not include studies
which provided PWV from peripheral arteries or derived from
pulse wave analysis, due to the fact that PWV is not directly
measured in pulse wave analysis but calculated based on the
estimated distance of assumed reflection sites (30).

Database Search
The MEDLINE, Embase, Web of Science and the Cochrane
Library databases were searched for eligible studies from database
inception to February 18, 2021. The search strategy was built
based on the PICO strategy. A combination of free textwords and
MeSH subheadings were used, including the terms cardiotoxicity,
aortic distensibility, central pulse wave velocity, anthracycline,
doxorubicin, daunorubicin, adriamycin, idarubicin, epirubicin,
appropriately linked with the Boolean operators AND or OR.
Case reports, comments, and editorials were excluded. No
language restrictions were applied. The full search algorithm for
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each database can be found in the Supplementary Appendix
(Supplementary Table 1).

Study Selection and Data Extraction
Upon removal of duplicate publications, the title and abstract of
the selected studies were screened by 3 independent reviewers
(C.S., P.E. N.G.). For each potentially eligible study, two reviewers
(C.S., P.E.) independently assessed the full manuscripts. In cases
of disagreement, a decision was made by consensus or the
third reviewer was consulted. The reference lists of selected
publications were also manually searched to identify additional
eligible studies. For data extraction, a template was used including
information on study size and design, baseline population,
location, age at baseline, anthracycline-dose, duration of follow-
up, type of outcome assessment, type and numbers of outcomes,
concomitant treatment, comorbidities of population and the
reported degree of adjustment.

Risk of Bias Assessment
Risk of bias was assessed using the validated National Institute of
Health (NIH) assessment tool for Before-After (Pre-Post) studies
without control group (31). Cut-offs were used to judge overall
risk of bias with 8–12 points indicating low risk, 5–7 points
indicating moderate and 1–4 indicating high risk of bias. In
addition, we used the Grading of Recommendations Assessment,
Development and Evaluation (GRADE) method to assess the
quality of evidence in the current systematic review (32). The
GRADE method evaluates each outcome separately based on
the quality of evidence (including the risk of bias, study design,
consistency and directness of findings) and further considers the
magnitude of effect. The evidence is categorized as either high,
moderate, low or very low.

Statistical Analysis
Mean differences were calculated from the differences between
group means at different time points. Standard deviations (SD)
of the mean differences (MD) were derived by using reported
p-values from repeated measure analyses using the following
formula SD = MD ×

√
(n)/t (33), with n being the number

of patients, and t the t-value for the given p-value and degrees
of freedom according to the table on critical values of the
Student’s t distribution.

Measurement units were converted where appropriate. An
inverse variance weighted random-effect model was used to
obtain the pooled mean difference with 95% CI for the change
in outcome from before to after ANTH-BC treatment, separated
by time-point of assessment into short-term (2–4 months) and
mid-term effects (6–12 months).

We constructed forest plots, and assessed heterogeneity using
the I2 statistic, with I2

≤ 25% considered low, 25% < I2 < 75%
moderate, and I2

≥ 75% high (34).
Sensitivity analyses were performed to assess the impact of age

(< /≥ 50 years), cumulative ANTH-BC dose (< /≥ 200 mg/m2),
and assessment method (CMR vs. echocardiography for AD
and CMR vs. Doppler echography for PWV) on vasculotoxicity.
Results of all studies (AD and PWV data) were collated by

expressing the mean change relative to mean baseline. Dose-
response relationship was assessed by linear regression between
arterial stiffness ratio relative to baseline and cumulative mean
dose (if only range of dose was indicated, the central value was
used). Statistical analyses were performed using Rev Manager
[Version 5.3, The Cochrane Collaboration] and R [Version 4.1.2,
R Core Team].

RESULTS

Study Selection and Characteristics
Of the 2,130 studies identified, 9 studies met the inclusion criteria
for this review (Figure 1), with clinical characteristics shown in
Table 1.

All studies were published between 2010 and 2021 and
included patients with solid tumors, such as breast cancer
or sarcoma (35–40), or hematologic malignancies, such as
lymphoma and leukemia (35, 36, 39, 41–43), or a combination
thereof (35, 36, 39). All studies were prospective with data
provided from before treatment as well as after a follow-up
period between 1 and 14 months (Figure 2). Three studies
included a control group consisting of healthy, age-matched
volunteers (35, 38), or a cancer group without ANTH-BC (39).
Studies were based on 10–133 patients, with mean age 52 (SD
11) years, and 73% women. Two of the studies included in
this analysis excluded patients with CV comorbidities (37, 41).
Concomitant treatments mostly included cyclophosphamide,
trastuzumab, taxanes and/or radiotherapy. Based on available
data, we decided to perform meta-analyses on short-term effects
at 2–4 months, which coincided with conclusion of ANTH-BC in
breast cancer and some lymphoma patients, and at 6–12 months,
at which time point also all lymphoma patients had concluded
their treatment (44, 45), while some patients were likely to
have terminated ANTH-BC several months previously. Mean
cumulative dose of Doxorubicin delivered was 310 mg/m2 (range
215–436 mg/m2, range for individual patients 50–436 mg/m2).
Dose-response relationship showed a non-significant regression
between arterial stiffness ratio and administered ANTH-BC-
dose (r = 0.06, p = 0.594). Other anthracyclines included were
Daunorubicin and Epirubicin, which have comparable or lower
cardiotoxic effects compared to Doxorubicin (12, 46).

Four studies provided data on AD and seven on PWV
(AD and PWV were concomitantly reported in two studies,
Figure 2). Three studies measured AD by cardiovascular
magnetic resonance imaging (CMR) (35, 38, 39) and one by
echocardiography (37, 41). PWV was assessed using CMR (35,
36, 38), echocardiography (37, 42), SphygmoCor (43) or carotid
artery ultrasound (40) and was reported in m/s by all studies.

Risk of Bias Analysis and Quality of
Evidence
Risk of bias was moderate in most included studies (5–8 points,
Table 2). Only four studies provided sufficient information on
eligibility criteria (37, 38, 41). None of the nine included studies
provided a study flow. Results of PVW and AD were of very low
certainty. The evidence is based solely on observational studies
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FIGURE 1 | Flowchart for study inclusion, adapted from the PRISMA statement. Flow chart illustrating the study search, screening and selection processes.

and despite good generalizability regarding the study population
and each outcome, we found some unexplained heterogeneity.
Due to the small number of studies, publication bias was not
assessed. Imprecision, inconsistency and risk of bias were a
serious concern for both outcomes. Supplementary Table 1
summarizes the assessment of evidence quality.

Aortic Distensibility
Meta-analyses for short- and mid-term reporting on AD are
summarized in Figure 3. AD was reported in mmHg−1

in all except one study (41), which we converted as 1
dyne/cm2 = 0.00075 mmHg.

Short-term analysis of studies assessing AD after 3 or
4 months, coinciding with termination of ANTH-BC in breast
cancer and lymphoma patients who had 4 and 6 chemotherapy
cycles, showed an effect of −1.49 mmHg−1 (95%CI −3.25;
0.27). There was considerable heterogeneity amongst these
studies (Chi2 = 29.03, df = 2, p < 0.00001, I2 = 93%,
Figure 3A). In the subgroup analysis for measuring method,

heterogeneity disappeared in the CMR studies where AD was
reduced significantly by −2.28 mmHg−1 (95%CI −3.06; −1.49,
I2 = 0%) (Supplementary Figure 1A). This sub-group analysis
corresponded to the sensitivity analysis for age and anthracycline
dose since the study which used echocardiography was also
the study with younger mean age (44 ± 19 years) and lower
anthracycline dose (< 200 mg/m2) (41).

The mean weighted change in AD for the studies with follow-
up at 6–12 months was −0.37 mmHg−1 (95% CI −1.13; 0.39,
I2 = 82%, Figure 3B). Heterogeneity persisted in the subgroup
analysis for assessment method in CMR studies (−0.95 mmHg−1;
95%CI−3.59; 1.69, I2 = 91%, Supplementary Figure 1B).

Pulse Wave Velocity
Four studies reporting on PWV presented means with standard
deviations (SD) at each time point, whereas two studies presented
the median (40, 43). Since the study by Turan et al. (43) reported
the median (range) it was included in the systematic review only
(43). In the study by Novo and colleagues, PWV was indicated

Frontiers in Cardiovascular Medicine | www.frontiersin.org 4 July 2022 | Volume 9 | Article 873898

https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm
-09-873898

June
29,2022

Tim
e:14:31

#
5

S
chneider

etal.
A

nthracycline-Induced
C

entralA
rterialS

tiffness

TABLE 1 | Description of the included studies.

Source Cancer type
(%)

Age Cumulative dose
(mg/m2)

Sample size n
(% female)

Outcome
assessment

Baseline
PWV
[m/s]

Follow-up
PWV
[m/s]

Baseline
AD

[mmHg−1]

Follow-up
AD

[mmHg−1]

CV risk factors

Novo et al. (43) Breast cancer 56 ± 12 NA
4 cycles of

Anthracycline
treatment (every

21 days)

133 (100%) Carotid
arteries

ultrasound

Median
(IQR):
5.5

(5.15–6.4)

Median
(IQR):

3 months:
6.7 (5.6–7.2)
(p > 0.004)
6 months:

5.75
(5.2–6.7)

(p > 0.05)
12 months:

5.7
(5.15–6.6)
(p > 0.05)

Diabetes (13.5%)
Hypertension (22%)
Dyslipidemia (22%)
Smoking (13.5%)

Family history of CVD (18%)
Inclusion criteria:

LVEF > 50%
Absence of:

Coronary artery disease
Hemodynamically relevant valvular heart disease

Carotid atherosclerotic plaque
Exclusion criteria: Pre-existing LV dysfunction

before start of chemotherapy
Severe liver or renal dysfunction

Mihalcea et al.
(42)

Lymphoma
(non-Hodgkin)

58 ± 11 8 ± 2 cycles of
Doxorubicin at
50 mg/m2 =

429 ± 61
after 3rd cycle:
∼150

110 (54%) Echo right
common

carotid artery,

6.7 ± 1.1 3rd cycle
7.2 ± 1.2
(p < 0.05)

Final
7.8 ± 1.5
(p < 0.05)

Diabetes (4%)
Hypertension (17%)
Dyslipidemia (8%)

Smoking (9%)
Exclusion criteria:

History of CV disease
History of radiotherapy

Turan et al. (43) Lymphoma
(non-Hodgkin)

52
(36–68)

6 cycles of
Doxorubicin
436 ± 94

10 (80%) SphygmoCor
system (AtCor

Medical,
Sydney,
Australia)

Median
(min-max):

9.08
(8.12–9.76)

First cycle:
Median

(min-max)
10.31

(8.22–12.62)
Sixth cycle

9.64
(8.22–12.62)

Hypertension (20%) Dyslipidemia, (20%)
Smoking (10%)

Exclusion criteria:
History of coronary artery disease and heart failure

Chaosuwannakit
et al. (35)

Breast cancer
(48%)

Lymphoma
(28%)

Leukemia
(25%)

52 ± 11
(24–65)

Doxorubicin
215; 60–320
Daunorubicin
265; 100–600

Cancer: 40
(70%)

Healthy controls:
13

CMR
PC-CMR

6.9 ± 2.3 3.6 months:
13.5 ± 4.7

(p < 0.0001)

4.1 ± 1.6 3.6 months:
1.9 ± 1.2

(p < 0.0001)

Diabetes (13%)
Hypertension (33%)

Hyperlipidemia (23%)

Grover et al. (38) Breast cancer
(100%)

54 ± 11 3–6 cycles of
Epirubicin at

100 mg/m2 = 300–
600

3–6 cycles of
Doxorubicin at

50 mg/m2 = 150–
300

27 (100%)
ANTH-BC: 15

TZM: 12
Healthy: 12

CMR
PC-CMR

6.8 ± 3.2 1 month:
7.8 ± 4.3
(p > 0.05)
4 months:
8.9 ± 6.4
(p < 0.05)

12 months:
8.2 ± 4.2
(p < 0.05)

Anth-group
only:

9.2 ± 2.8
All patients
8.1 ± 3.6

All patients,
4 months:
5.7 ± 3.2

(p < 0.001)
12 months:
6.9 ± 2.3
(p > 0.05)
Anth-group

only,
12 months:
6.8 ± 2.5

(p = 0.009)

Diabetes (15%)
Hypertension (19%)

Hypercholesterolemia (37%)
Smokers: current (7%)

Smokers: ex/41%)
Family history of CAD (26%)

(Continued)
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TABLE 1 | (Continued)

Source Cancer type
(%)

Age Cumulative
dose

(mg/m2)

Sample
size n (%
female)

Outcome
assessment

Baseline
PWV
[m/s]

Follow-up
PWV
[m/s]

Baseline
AD

[mmHg−1]

Follow-up
AD

[mmHg−1]

CV risk factors

Drafts et al.
(36)

Breast cancer
(42%)

Lymphoma
(32%)

Leukemia
(24%)

Myelodysplastic
syndrome (2%)

50 ± 2
(19- 80)

Doxorubicin
in 37

patients: 240;
50- 375

Daunorubicin
in 16

patients: 180;
26–500

53 (58%) PC-CMR 6.7 ± 0.5 6 months:
10.1 ± 1

(p = 0.0006)

Diabetes (13%)
Hypertension (40%)

Hyperlipidemia (25%)
Smoking (45%)

Coronary artery disease (8%)

Mizia- Stec
et al. (37)

Breast cancer
(100%)

50 ± 9
(35–68)

Doxorubicin:
278 ± 55;
100–300

Epirubicin:
414;

150–630

31 (100%) Echo 16.7± 11.8 9–
12 months:
14.9 ± 8.4
(p > 0.05)

Controlled hypertension: 52%
Exclusion criteria:

-Heart failure
-Uncontrolled hypertension

-Diabetes
-CAD

-Left side chest wall radiation
-Currently smoking

Daskalaki
et al. (41)

Lymphoma
Non-Hodgkin

45 (62%)
Hodgkin

25 (386%)

44 ± 19
Non-

Hodgkin
52 ± 17
Hodgkin
28 ± 9

Doxorubicin
3 months:
150–200
End of

treatment:
300–400

70 (47%) Echo 3.31 ± 0.27
(2.48 ± 0.2

10−6
× dyn−1

× cm2)

3 months:
3.21 ± 0.24
(p = 0.059)

(2.41 ± 0.18†

10−6
× dyn−1

× cm2)
End of treatment:

3.15 ± 0.31
(p < 0.0001)
(2.36 ± 0.23‡

10−6
× dyn−1

× cm2

Currently smoking: 11%
Exclusion criteria:

-History of myocardial
infarction

-Heart failure
-Diabetes mellitus

-Renal failure
-Treatment with beta blockers,

ARBs or ACE inhibitors

Jordan
et al.* (39)

ANTH-BC:
Breast cancer

(44%)
Leukemia

(18%)
Lymphoma

(31%)
Sarcoma (7%)

51 ± 12 Doxorubicin:
232 ± 103

ANTH-BC:
61 (69%)

Non-
ANTH-
BC*:15

Healthy: 24

PC-CMR 1.68 ± 1.31 6 months:
1.98 ± 1.70 (p = 0.28)

ANTH-BC patients:
Diabetes: 18%

Hypertension: 38%
Hyperlipidemia 26%

Known CAD: 5%

*Non ANTH-BC group: breast cancer patients treated with trastuzumab regimen with either Docetaxel or Taxol (n=13) and patients treated for a hematologic malignancy with either all Transretinoic acid (n=1) or
Bendamustine/Rituxan therapy (n=1) ACE, angiotensin-converting–enzyme; AD, aortic distensibility; ANTH-BC, anthracycline-based chemotherapy; ARBs, angiotensin-receptor blockers; CAD, coronary artery disease;
CV, cardiovascular PC-CMR, phase-contrast cardiovascular magnetic resonance; PWV, pulse- wave- velocity; TZM, trastuzumab.
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FIGURE 2 | Graphical illustration of time-dependent adverse effects on arterial stiffness with ANTH-BC relative to baseline values; AD, aortic distensibility; PWV,
pulse-wave-velocity.

as median (interquartile range) (40). Due to the relatively large
sample size of this study (n = 133), we included it into our meta-
analysis by using the median as mean and approximated the
standard deviation according to the following Cochrane formula:
width of the interquartile range = 1.35 standard deviations (33).
Two studies did not provide an exact p-value for PWV change
but only indicated that it was non-significant (37, 40). Since the
SD of the change could not be calculated for these studies, it
was approximated by taking the mean SD of the other three
studies who provided exact p-values. Another study stated that
p was < 0.05. Using a conservative estimation, we calculate the
SD of the mean change based on p = 0.049 (42). In a third study,
PWV data at 4 months was only provided in a graph from which
data was estimated visually (36).

Meta-analysis of the five studies who provided data at 2–
4 months showed an increase in PWV of 2.05 m/s (95%CI
0.0.68; 3.43) from before to after ANTH-BC (Figure 4A) with
considerable heterogeneity among the studies (Chi2 = 21.89,
df = 3, p < 0.0001, I2 = 82%). Subgroup analysis for CMR-
studies only showed an increase in PWV of 3.34 m/s (95%CI 1.10;
5.58, Supplementary Figure 2A) with considerable heterogeneity
amongst the studies (Chi2 = 7.22, df = 2, p = 0.03, I2 = 72%).

For studies with follow-up at 6–12 months, mean
weighted change in PWV was 0.88 m/s (95% CI −0.25;
2.02, I2 = 64%, Figure 4B). Subgroup analysis for assessment
method showed a significant effect of 2.16 m/s (95% CI 0.26;
4.07) in CMR studies with reduced heterogeneity (I2 = 53%,
Supplementary Figure 2B).

DISCUSSION

This systematic review summarized the current evidence of the
time-dependent effect of ANTH-BC on central aortic stiffness,
assessed as AD or central PWV. Results from this meta-analysis
suggest that in the short term (at termination of ANTH-BC),
moderate dose ANTH-BC has a clinically meaningful effect on
increasing arterial stiffness, presenting as an increase in PWV
and a decrease in AD, albeit non-significant for AD. Findings
from this study are in line with the results of a recent meta-
analysis on this topic (26). However, as a novel finding, we
observed smaller effects when measurements were performed
at 6–12 months (Figure 2), suggesting at least partial recovery,
which was supported by two out of the three studies who
provided repeat measurements at short- and mid-term time
points. This suggest that ANTH-BC vascular toxicity may at least
in part be reversible, in contrast to myocardial toxicity. The risk
of bias of the included studies was moderate. The quality of the
studies included in this review was limited mainly by study design
and methodology.

Comparison With Other Studies
Over the past 10–15 years, an extensive body of literature
has been published identifying increased arterial stiffness as a
predictor of cardiovascular events and mortality.(22, 23, 47)
AD has been found a sensitive parameter of arterial stiffness in
patients younger than 50 years, while PWV is the more sensitive
parameter after the age of 50.(21) According to a meta-analysis
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of general population studies, a 1 m/s increase in PWV, as
found in our study in the long-term, corresponds to an age-,
sex-, and risk factor-adjusted risk increase of approximately 14%

in total CV events, CV mortality, and all-cause mortality,(48)
underlining the clinical importance of this finding. According to
a study by Redheuil et al. who assessed the predictive value of AD

TABLE 2 | Quality assessment of included studies using the NIH.

Criteria Chaosu-
wannakit

Drafts Grover Jordan Daska-laki Mizia-Stec Mihalcea Novo

1. Was the study question or
objective clearly stated?

Yes Yes Yes Yes Yes Yes Yes Yes

2. Were eligibility/selection criteria
for the study population
prespecified and clearly described?

No No Yes No Yes Yes Yes Yes

3. Were the participants in the
study representative of those who
would be eligible for the
test/service/intervention in the
general or clinical population of
interest?

Yes Yes Yes Yes No No Yes Yes

4. Were all eligible participants that
met the prespecified entry criteria
enrolled?

n.r. n.r. n.r. n.r. n.r. n.r. n.r. n.r.

5. Was the sample size sufficiently
large to provide confidence in the
findings?

Yes Yes Yes Yes Yes Yes Yes Yes

6. Was the intervention (ANTH-BC)
clearly described and delivered
consistently across the study
population?

Yes Yes Yes Yes n.r. Yes Yes n.r.

7. Were the outcome measures
prespecified, clearly defined, valid,
reliable, and assessed consistently
across all study participants?

Yes Yes Yes Yes Yes Yes Yes Yes

8. Were the people assessing the
outcomes blinded to the
participants’
exposures/interventions?

Yes Yes n.r. Yes Yes n.r. n.r. n.r.

9. Was the loss to follow-up after
baseline 20% or less? Were those
lost to follow-up accounted for in
the analysis?

n.r. n.r. Yes n.r. Yes Yes No (loss more
than 20%,

baseline: 147,
final

assessment
110)

n.r.

10. Did the statistical methods
examine changes in outcome
measures from before to after the
intervention? Were statistical tests
done that provided p values for the
pre-to-post changes?

Yes, but
method n.r.

Yes Yes Yes Yes Yes Yes Yes

11. Were outcome measures of
interest taken multiple times before
the intervention and multiple times
after the intervention (i.e., did they
use an interrupted time-series
design)?

No No No No No No No (once
before

intervention, but
twice after (3rd
and last cycle)

No

12. If the intervention was
conducted at a group level (e.g., a
whole hospital, a community, etc.)
did the statistical analysis take into
account the use of individual-level
data to determine effects at the
group level?

NA NA NA NA NA NA NA NA

Overall rating 7/12 7/12 8/12 7/12 7/12 7/12 7/12 6/12

Quality assessment tool for before-after (pre-post) studies with no control group.
The colours represent the quality of the studies included in this meta-analysis with red for high risk, yellow for uncertain and green for low risk of bias.
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FIGURE 3 | Effect of ANTH-BC on AD. Forest plots illustrating the effect of ANTH-BC on AD divided by time-point of assessment into (A) short-term (3–4 months)
and (B) mid-term (6–12 months) effects.

FIGURE 4 | Effect of ANTH-BC on PWV. Forest plot illustrating the effect of ANTH-BC on PWV divided by time-point of assessment into (A) short-term (2–4 months,
corresponding to subgroup analysis for CMR) and (B) mid-term (6–12 months) effects.

for mortality, hard CV events and HF events in 3,675 patients
without clinical CVD (mean age 61 ± 10 years) (23), patients
included in our meta-analysis had either a not elevated (35, 39)
to twofold increased risk (38, 41) for CV events.

Our meta-analysis suggests that adverse effects of ANTH-BC
on arterial stiffness may partially be reversible after ANTH-BC
termination. Of the five studies that performed two follow-
up measurements, one at 3 months and one at 6 months
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(36, 40–42) or 12 months (38, 40), three studies found a
further worsening (36, 41, 42), while the study by Grover
and Novo and colleagues found a recovery toward baseline
values (Figure 2). Even though arterial stiffness parameters
may partially recover from acute ANTH-BC exposure, this
may not mean that long-term vasculotoxic effects will not
be present. Nevertheless, at 5 or 10 years after treatment
termination it will be difficult to ascribe increased arterial
stiffness to certain chemotherapies, as other treatments, advanced
age, cancer itself, or cardiovascular risk factors are known
to also play a role. The largest study that was included in
this meta-analysis showed a clear recovery of arterial stiffness
after the initial decline at 3 months (40). Since both follow-
up measurements at 6 and 12 months showed values equal to
pre-anthracycline measurements despite further treatment with
other chemo- or radiotherapies, this study added considerably to
the conclusion that the adverse effect of ANTH-BC to arterial
stiffness may be reversible. The hypothesis of partial recovery
of adverse effects over time will need to be confirmed in
longitudinal studies which measure before, at completion of
ANTH-BC and at a later follow-up time. Further, it is clinically
important to assess whether partial recovery may be due to
cardioprotective treatment of diagnosed cardiotoxic side-effects
following cancer therapy.

In our meta-analysis, baseline AD values of three studies were
within the range of 1.7 ± 1.3 to 4.1 ± 1.6 mmHg−1 (35, 39, 41),
and in the range of reference values in the literature for age-
matched, healthy individuals (3.1 ± 1.8 to 4.0 ± 1.6 mmHg−1)
(49). However, baseline AD in the study by Grover et al. was
markedly higher (8.1 ± 3.6 mmHg−1). Similarly, values for
baseline PWV from the study by Mizia-Stec and colleagues,
who measured cfPWV by Doppler echography were noticeably
higher (16.7 ± 11.8 m/s) compared to those assessed in the
other studies (6.7 ± 0.5 to 6.9 ± 2.3 m/s), which measured
aortic arch PWV by CMR (35, 36, 38). Surface cfPWV has been
found to overestimate true aortic PWV by 2–3 m/s (21), however,
this methodological difference cannot explain the almost 10 m/s
higher values. However, the unusually high SD of 11 m/s in the
study by Mizia-Stec and colleagues raises some doubt about the
reliability of their PWV data.

Sources of Heterogeneity
Overall, we found high heterogeneity amongst the studies
included in the random-effect analyses for AD and PWV that
persisted when performing sensitivity and subgroup analyses.
Possible reason for the observed heterogeneity could be the
clinical diversity of the study populations with various degrees
of cardiovascular risk, bias from patient drop-out, or lack
of blinding. None of the studies could be found in a trial
registry for verification of reported results with study protocol,
and none presented a patient flow. In addition, publication
bias may be present.

Potential Modulators of Vasculotoxicity
Vasculotoxicity is likely to be modulated by age, the effect
of cumulative ANTH-BC dose, the individual cardiovascular
risk factor profile, additional chemo- and radiotherapies,

and cardioprotective medication. It is well established that
cumulative ANTH-BC dose plays an important role in the
development of cardiotoxicity (12). While Chaosuwannakit
et al. found an association between cumulative ANTH-BC
dose and worsening of AD (r = 0.34, p = 0.02), Drafts
et al. could not confirm these findings (p = 0.6). In this
meta-analysis, studies with moderate ANTH-BC-dose (between
200 and 450 mg/m2) show either a much (ratio of 2.2) or
somewhat increased arterial stiffness (ratio of 1.1–1.4) or a
decrease (ratio of 0.8–1.0, see Figure 2) leading to non-significant
regression (r = 0.06, p = 0.594). However, this may not be
interpreted as a non-existing dose-response relationship but
rather be a consequence of the large heterogeneity between the
included studies.

Most of our studies investigated the relation between blood
pressure and vascular injury (35–38, 41). Grover et al. found a
higher increase in arterial stiffness in patients with higher systolic
BP. A higher PWV at baseline and greater increase over time
with higher systolic BP was also found by Drafts et al., and
Daskalaki et al. found decreased AD to be associated with higher
systolic BP. Contrarily, Mizia-Stec and colleagues did not find
any relationship between the diagnosis of systemic hypertension
and ANTH-BC induced changes in PWV. However, none of
the studies adjusted changes in arterial stiffness for changes in
BP, which has a direct impact on PWV (50). As blood pressure
tends to be decreased with ANTH-BC (51), the increase in
arterial stiffness measured by PWV found in this and the previous
meta-analysis (26) may be underestimated (50).

None of our studies found a significant effect of additional
chemotherapies (35, 36), however, the small sample sizes may
have precluded the detection of such associations. Future studies
are warranted to gain more insight into the effect of age,
cumulative ANTH-BC dose, the presence of cardiovascular risk
factors and the addition of co-medication on vascular function.

Strengths and Limitations
Subgroup analyses of different time points has allowed the
detection of a potential (partial) reversibility of adverse effects
by ANTH-BC on arterial stiffness. Another strength of this
meta-analysis is the inclusion of studies assessing central arterial
stiffness only. This is important since central (i.e., aorta and
carotid arteries) and peripheral (i.e., brachial or femoral) arteries
differ in their passive and active contractile properties (52). In
contrast to a recent meta-analysis on the same topic, using
p-values of repeat measure analyses provided us with a higher
power to detect significant results due to a more efficient
adjustment for confounders. GRADE assessment allowed an in-
depth rating of the evidence for each outcome.

A limitation of our study was that all included studies were
observational and expectedly did not include a truly comparable
control group of cancer patients. This greatly limits the value
of a meta-analysis (33). Therefore, the effect of cancer itself,
presence of CV risk factors or other confounding treatments
and comorbidities could not be identified. Secondly, except for
two studies (40, 42), they were based on small numbers of
participants, which explains the large CIs of some of the studies.
Another limitation of this meta-analysis is that the assumption
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of a normal distribution has been made for PWV in the study by
Novo et al., (40) even though data was indicated as median (IQR).
Studies did not report ANTH-BC duration, making it difficult to
estimate the follow-up time after ANTH-BC termination for the
various cancer patients. Unfortunately, none of included studies
were able to provide individual patient data.

Conclusions and Clinical Implications
Results from this analysis suggest that in the short-term, ANTH-
BC increases arterial stiffness, but that these changes may
(partly) be reversible after therapy termination. Future studies
need to elucidate the long-term consequences of ANTH-BC
on arterial stiffness, by performing repeated and standardized
follow-up measurements after ANTH-BC termination to confirm
or challenge the findings of reversibility of arterial stiffness put
forward by the study of Novo and colleagues. Reporting of data
needs to be improved and availability of individual patient data
in repositories is highly desirable. The adverse effect of ANTH-
BC on arterial stiffness likely applies to the whole vasculature and
expands beyond the myocardium. Several reviews highlighted
the importance of arterial stiffness in the prediction of all-cause
cardiovascular outcomes (22, 27–29). Therefore, non-invasive
assessment of arterial stiffness may be used for detection of early
cardiovascular injury in asymptomatic patients at risk during
treatment and effects of cardio-/vasculo-protective treatments.

DATA AVAILABILITY STATEMENT

The original contributions presented in this study are included
in the article/Supplementary Material, further inquiries can be
directed to the corresponding author.

AUTHOR CONTRIBUTIONS

CS, PE, and MW were involved in the conception and design.
CS, TM, and PE performed the analysis and interpretation of
this meta-analysis and drafted the manuscript. NG-J assisted
with screening of potential studies and was further involved
in the design of this analysis. AB was involved in the analysis
and interpretation of data and revised the manuscript. KC
and TS revised the manuscript critically to provide intellectual
content. All authors contributed to the article and approved the
submitted version.

SUPPLEMENTARY MATERIAL

The Supplementary Material for this article can be found
online at: https://www.frontiersin.org/articles/10.3389/fcvm.
2022.873898/full#supplementary-material

REFERENCES
1. Roth GA, Abate D, Abate KH, Abay SM, Abbafati C, Abbasi N, et al. Global,

regional, and national age-sex-specific mortality for 282 causes of death in
195 countries and territories, 1980–2017: a systematic analysis for the global
burden of disease study 2017. Lancet. (2018) 392:1736–88. doi: 10.1016/S0140-
6736(18)32203-7

2. Siegel RL, Miller KD, Jemal A. Cancer statistics, 2020. CA Cancer J Clin. (2020)
70:7–30. doi: 10.3322/caac.21590

3. Patnaik JL, Byers T, DiGuiseppi C, Dabelea D, Denberg TD. Cardiovascular
disease competes with breast cancer as the leading cause of death for older
females diagnosed with breast cancer: a retrospective cohort study. Breast
Cancer Res. (2011) 13:R64. doi: 10.1186/bcr2901

4. Mehta LS, Watson KE, Barac A, Beckie TM, Bittner V, Cruz-Flores S, et al.
Cardiovascular disease and breast cancer: where these entities intersect: a
scientific statement from the American heart association. Circulation. (2018)
137:e30–66. doi: 10.1161/CIR.0000000000000556

5. Nathan PC, Amir E, Abdel-Qadir H. Cardiac outcomes in survivors of
pediatric and adult cancers. Can J Cardiol. (2016) 32:871–80. doi: 10.1016/j.
cjca.2016.02.065

6. Ewer MS, Ewer SM. Cardiotoxicity of anticancer treatments. Nat Rev Cardiol.
(2015) 12:547–58. doi: 10.1038/nrcardio.2015.65

7. Yeh ETH, Tong AT, Lenihan DJ, Yusuf SW, Swafford J, Champion C, et al.
Cardiovascular complications of cancer therapy: diagnosis, pathogenesis,
and management. Circulation. (2004) 109:3122–31. doi: 10.1161/01.CIR.
0000133187.74800.B9

8. Henriksen PA. Anthracycline cardiotoxicity: an update on mechanisms,
monitoring and prevention. Heart. (2018) 104:971–7. doi: 10.1136/heartjnl-
2017-312103

9. Cardinale D, Biasillo G, Salvatici M, Sandri MT, Cipolla CM. Using biomarkers
to predict and to prevent cardiotoxicity of cancer therapy. Expert Rev Mol
Diagn. (2017) 17:245–56. doi: 10.1080/14737159.2017.1283219

10. Oikonomou EK, Kokkinidis DG, Kampaktsis PN, Amir EA, Marwick
TH, Gupta D, et al. Assessment of prognostic value of left ventricular
global longitudinal strain for early prediction of chemotherapy-induced

cardiotoxicity: a systematic review and meta-analysis. JAMA Cardiol. (2019)
4:1007–18. doi: 10.1001/jamacardio.2019.2952

11. Curigliano G, Cardinale D, Suter T, Plataniotis G, de Azambuja E, Sandri MT,
et al. Cardiovascular toxicity induced by chemotherapy, targeted agents and
radiotherapy: ESMO clinical practice guidelines. Ann Oncol. (2012) 23:vii155–
66. doi: 10.1093/annonc/mds293

12. Zamorano JL, Lancellotti P, Rodriguez Munoz D, Aboyans V, Asteggiano
R, Galderisi M, et al. 2016 ESC position paper on cancer treatments and
cardiovascular toxicity developed under the auspices of the ESC committee
for practice guidelines: the task force for cancer treatments and cardiovascular
toxicity of the European society of cardiology (ESC). Eur Heart J. (2016)
37:2768–801. doi: 10.1093/eurheartj/ehw211

13. Soultati A, Mountzios G, Avgerinou C, Papaxoinis G, Pectasides D,
Dimopoulos MA, et al. Endothelial vascular toxicity from chemotherapeutic
agents: preclinical evidence and clinical implications. Cancer Treat Rev. (2012)
38:473–83. doi: 10.1016/j.ctrv.2011.09.002

14. Chow AY, Chin C, Dahl G, Rosenthal DN. Anthracyclines cause endothelial
injury in pediatric cancer patients: a pilot study. J Clin Oncol. (2006) 24:925–8.
doi: 10.1200/JCO.2005.03.5956

15. Jenei Z, Bárdi E, Magyar MT, Horváth Á, Paragh G, Kiss C. Anthracycline
causes impaired vascular endothelial function and aortic stiffness in long
term survivors of childhood cancer. Pathol Oncol Res. (2013) 19:375–83. doi:
10.1007/s12253-012-9589-6

16. Sawyer DB, Peng X, Chen B, Pentassuglia L, Lim CC. Mechanisms of
anthracycline cardiac injury: can we identify strategies for cardioprotection?
Prog Cardiovasc Dis. (2010) 53:105–13. doi: 10.1016/j.pcad.2010.06.007

17. Vejpongsa P, Yeh ET. Prevention of anthracycline-induced cardiotoxicity:
challenges and opportunities. J Am Coll Cardiol. (2014) 64:938–45. doi: 10.
1016/j.jacc.2014.06.1167

18. Wu S, Ko Y-S, Teng M-S, Ko Y-L, Hsu L-A, Hsueh C, et al. Adriamycin-
induced cardiomyocyte and endothelial cell apoptosis: in vitro and in vivo
studies. J Mol Cell Cardiol. (2002) 34:1595–607. doi: 10.1006/jmcc.2002.2110

19. Murata T, Yamawaki H, Yoshimoto R, Hori M, Sato K, Ozaki H, et al. Chronic
effect of doxorubicin on vascular endothelium assessed by organ culture study.
Life Sci. (2001) 69:2685–95. doi: 10.1016/s0024-3205(01)01352-2

Frontiers in Cardiovascular Medicine | www.frontiersin.org 11 July 2022 | Volume 9 | Article 873898

https://www.frontiersin.org/articles/10.3389/fcvm.2022.873898/full#supplementary-material
https://www.frontiersin.org/articles/10.3389/fcvm.2022.873898/full#supplementary-material
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.1016/S0140-6736(18)32203-7
https://doi.org/10.3322/caac.21590
https://doi.org/10.1186/bcr2901
https://doi.org/10.1161/CIR.0000000000000556
https://doi.org/10.1016/j.cjca.2016.02.065
https://doi.org/10.1016/j.cjca.2016.02.065
https://doi.org/10.1038/nrcardio.2015.65
https://doi.org/10.1161/01.CIR.0000133187.74800.B9
https://doi.org/10.1161/01.CIR.0000133187.74800.B9
https://doi.org/10.1136/heartjnl-2017-312103
https://doi.org/10.1136/heartjnl-2017-312103
https://doi.org/10.1080/14737159.2017.1283219
https://doi.org/10.1001/jamacardio.2019.2952
https://doi.org/10.1093/annonc/mds293
https://doi.org/10.1093/eurheartj/ehw211
https://doi.org/10.1016/j.ctrv.2011.09.002
https://doi.org/10.1200/JCO.2005.03.5956
https://doi.org/10.1007/s12253-012-9589-6
https://doi.org/10.1007/s12253-012-9589-6
https://doi.org/10.1016/j.pcad.2010.06.007
https://doi.org/10.1016/j.jacc.2014.06.1167
https://doi.org/10.1016/j.jacc.2014.06.1167
https://doi.org/10.1006/jmcc.2002.2110
https://doi.org/10.1016/s0024-3205(01)01352-2
https://www.frontiersin.org/journals/cardiovascular-medicine
https://www.frontiersin.org/
https://www.frontiersin.org/journals/cardiovascular-medicine#articles


fcvm-09-873898 June 29, 2022 Time: 14:31 # 12

Schneider et al. Anthracycline-Induced Central Arterial Stiffness

20. Segers P, Rietzschel ER, Chirinos JA. How to measure arterial stiffness in
humans. Arterioscler Thromb Vasc Biol. (2020) 40:1034–43.

21. Redheuil A, Yu WC, Wu CO, Mousseaux E, de Cesare A, Yan R, et al.
Reduced ascending aortic strain and distensibility: earliest manifestations
of vascular aging in humans. Hypertension. (2010) 55:319–26. doi: 10.1161/
HYPERTENSIONAHA.109.141275

22. Vlachopoulos C, Aznaouridis K, O’Rourke MF, Safar ME, Baou K, Stefanadis
C. Prediction of cardiovascular events and all-cause mortality with central
haemodynamics: a systematic review and meta-analysis. Eur Heart J. (2010)
31:1865–71.

23. Redheuil A, Wu CO, Kachenoura N, Ohyama Y, Yan RT, Bertoni AG,
et al. Proximal aortic distensibility is an independent predictor of all-cause
mortality and incident CV events: the MESA study. J Am Coll Cardiol. (2014)
64:2619–29. doi: 10.1016/j.jacc.2014.09.060

24. Solomou E, Aznaouridis K, Masoura C, Cutajar I, Toutouzas K, Vlachopoulos
C, et al. Aortic wall stiffness as a side-effect of anti-cancer medication. Expert
Rev Cardiovasc Ther. (2019) 17:791–9. doi: 10.1080/14779072.2019.1691528

25. Cameron AC, Touyz RM, Lang NN. Vascular complications of cancer
chemotherapy. Can J Cardiol. (2015) 32:852–62. doi: 10.1016/j.cjca.2015.12.
023

26. Parr SK, Liang J, Schadler KL, Gilchrist SC, Steele CC, Ade CJ. Anticancer
therapy-related increases in arterial stiffness: a systematic review and meta-
analysis. J Am Heart Assoc. (2020) 9:e015598. doi: 10.1161/JAHA.119.015598

27. Kullo IJ, Malik AR. Arterial ultrasonography and tonometry as adjuncts to
cardiovascular risk stratification. J Am Coll Cardiol. (2007) 49:1413–26. doi:
10.1016/j.jacc.2006.11.039

28. Boutouyrie P, Tropeano AI, Asmar R, Gautier I, Benetos A, Lacolley P, et al.
Aortic stiffness is an independent predictor of primary coronary events in
hypertensive patients. Hypertension. (2002) 39:10–5.

29. Oliver JJ, Webb DJ. Noninvasive assessment of arterial stiffness and risk of
atherosclerotic events. Arterioscler Thromb Vasc Biol. (2003) 23:554–66.

30. Salvi P. Pulse Waves: How Vascular Hemodynamics Affects Blood Pressure.
Berlin: Springer International Publishing (2017).

31. National Heart, Lung and Blood Institute. Quality Assessment Tool for Before-
After (Pre-Post) Studies With No Control Group. (2014). Available online
at: https://www.nhlbi.nih.gov/health-topics/study-quality-assessmenttools
(accessed March 30, 2020).
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