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Our aim was to evaluate the temporal changes in left ventricular (LV) diastolic filling in
relation to other LV parameters using cardiac MRI (CMR) in patients with HER2 positive
breast cancer receiving trastuzumab therapy. Fourty-one women with early stage HER2+
breast cancer underwent serial CMR (baseline, 6, 12, and 18 months) after initiation of
trastuzumab therapy. A single, blinded observer measured LV parameters on de-identi-
fied CMRs in random order. Linear mixed models were used to investigate temporal
changes. Compared to baseline, there were significant decreases in systolic function as
measured by both left ventricular ejection fraction (LVEF) (p < 0.001 at 6 and 12 months)
and peak ejection rate corrected for end-diastolic volume (PER/LVEDV) (p = 0.008 at
6 months, p = 0.01 at 12 months). However, these differences were no longer significant at
18 months. In contrast, significant reductions in diastolic function as measured by LV
peak filling rate corrected for end-diastolic volume (PFR/LVEDV) were observed at
6 months (p = 0.012), 12 months (p = 0.031), and up to 18 months (p = 0.034). There were
no significant temporal changes in the time to peak filling rate corrected for cardiac cycle
(TPF/RR). The reduction in PFR/LVEDV at 18 months was no longer significant when
corrected for heart rate. In conclusion, there were significant subclinical deleterious
effects on both LV systolic and diastolic function among patients receiving trastuzumab.
While there was recovery in LV systolic function after therapy cessation at 18 months,
reduction in PFR/LVEDV appeared to persist. Thus, diastolic dysfunction may serve as a
marker of trastuzumab-induced cardiotoxicity that needs to be confirmed in a larger
study. © 2019 Elsevier Inc. All rights reserved. (Am J Cardiol 2019;123:1173−1179)
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Treatment of HER2 positive breast cancers using trastu-
zumab has demonstrated dramatic improvements in out-
come in both the adjuvant and metastatic settings.1,2

However, its use is associated with a risk of trastuzumab-
induced cardiotoxicity (TIC), which may lead to symptom-
atic heart failure, but is subclinical in the vast majority of
cases.3 This is a type II chemotherapy related cardiac dys-
function, in contrast to anthracycline induced toxicity
(Type I), as it is idiosyncratic and not dose-related.4,5 It is
thought to be reversible but continued use of the offending
agent despite decline in heart function may result in severe
and irreversible cardiac injury.6 Thus, early detection of
TIC is of paramount importance. There is emerging evi-
dence that subclinical diastolic dysfunction may precede
systolic dysfunction in TIC,7 although the temporal
changes between the two have yet to be confirmed using a
reliable imaging modality. Cardiac magnetic resonance
imaging (CMR) is the current gold standard for assess-
ment of ventricular volumes and function, with very good
temporal resolution.8,9 Using CMR, LV systolic function
can be measured using LVEF and peak ejection rate
(PER), whereas LV diastolic function is assessed by peak
filling rate (PFR) and time to peak filling (TPF).10 The
aim of our study was to utilize CMR as a novel imaging
modality to evaluate the temporal relationship between
LV diastolic function, systolic function and volumetric
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parameters, in breast cancer patients treated with adjuvant
trastuzumab.
Figure 1. CMR image postprocessing using CVi42 software. Endocardial

borders of the LV were contoured on successive short-axis cine images

during the entire cardiac cycle. Volume to time curves was generated to

yield LV volume and functional parameters.
Methods

This was a prospective observational longitudinal study
conducted in two tertiary care centres in Toronto, Canada.11

In total, 41 women who were newly diagnosed with HER2
positive early breast cancer in January 2010 to December
2013 were enrolled after obtaining written consent. Inclu-
sion criteria were age older than 18 years, histologically
confirmed HER2 positive invasive breast cancer, planned
treatment with adjuvant trastuzumab, a normal baseline
LVEF (≥50%) as measured by radionuclide ventriculogra-
phy (RNV), and Eastern Cooperative Oncology Group
(ECOG) performance status of 0 to 2. Exclusion criteria
were pre-existing symptomatic heart failure (NYHA Class
III or IV), recent acute coronary syndrome or coronary
revascularization within 6 months, permanent atrial fibrilla-
tion, previous exposure to trastuzumab or other anti-HER2
agents (e.g., lapatinib, pertuzumab), contraindications to
CMR, and pregnancy or nursing. Baseline characteristics
including demographics, tumor staging, planned surgical,
chemotherapy, and radiation treatment regimen, cardiovas-
cular risk factors, vital signs, and cardiac biomarkers (NT-
proBNP and high-sensitivity troponin I) were collected
prior to initiation of trastuzumab.

After surgical staging with lumpectomy, mastectomy or
both, chemotherapy consisting of anthracycline or non-
anthracycline regimens were used for each subject at the
discretion of the treating oncologist. Participants were to
receive 18 cycles (12 months) of trastuzumab therapy. Dur-
ing the study period, participants underwent serial RNV for
monitoring of LVEF, as part of the standard of care. TIC
was defined as a decrease in LVEF of ≥10% to below the
lower limit of normal or ≥15% from baseline value. If par-
ticipants exhibited TIC based on RNV, trastuzumab therapy
was interrupted for at least 1 cycle (3 weeks), until repeat
RNV showed improvements in LVEF, only then would
trastuzumab be re-initiated.

All subjects underwent serial CMR at 6 months inter-
vals: at baseline prior to treatment initiation, at 6 months,
12 months, and 18 months. The last CMR at 18 months was
completed 6 months after trastuzumab cessation. A 1.5 T
scanner (Intera, Philips Medical Systems, Best, the Nether-
lands or a GE Signa Excite Cv, Milwaukee, WI) was used
for all CMR examinations with a cardiac coil and retrospec-
tive electrocardiographic gating. Standard protocols using
validated, commercially available sequences were used.
Images were obtained with breath-hold at end-expiration.
Segmented, balanced steady-state free-precession sequence
was used for cine acquisition with the following typical
parameters: TR 4 ms, TE 2 ms, slice thickness 8 mm, field
of view 320 to 330£ 320 to 330 mm, matrix size
256£ 196, temporal resolution of < 40 ms (depending on
the heart rate) and flip angle 50˚. Phase sensitive inversion
recovery sequences were obtained following administration
of intravenous gadolinium contrast. CVi42 software (Circle
Cardiovascular, Calgary, Alberta, Canada) was used for
image postprocessing.
A single, blinded, trained reader measured LV parame-
ters on de-identified CMRs in a random order. LV endocar-
dial borders were manually contoured on successive short-
axis cine images during each phase of the cardiac cycle,
including papillary muscles and trabeculations as part of
the blood pool. This generated a LV volume to time curve
(Figure 1). The LV end systolic volume (LVESV) and LV
end diastolic volume (LVEDV) were the cardiac phases
with the smallest and largest LV volumes, respectively.
LVEDV and LVESV were indexed (LVEDVi and
LVESVi) to body surface area, which was calculated by the
Mosteller formula. LVEF was calculated as (LVEDV-
LVESV) /LVEDV£ 100%. LV volume to time curves
were plotted using 3 point least square linear fit per CVi42
software. The PER and PFR were acquired from the first
derivative of the LV volume to time curve, where PER is
the most negative slope and PFR is the most positive slope.
Time to peak filling (TPF) is the time from end-systole to
PFR (Figure 1). PFR is restricted to filling rates during early
diastole (before atrial contraction). PER and PFR were cor-
rected by dividing LVEDV to yield PER/LVEDV and PFR/
LVEDV, respectively, while TPF was normalized by divid-
ing the duration of the cardiac cycle (RR) to TPF/RR. LV
volume and functional measurements were repeated on a
random sample of 20 CMRs in a blinded fashion to assess
intra-observer reproducibility.

Mean values with standard deviations were used to
express continuous variables. Linear mixed models were
used to investigate temporal changes in LV measurements
at baseline, 6 months, 12 months, and 18 months. Sidak
adjustment was used for pairwise comparisons of the 3 time
points (6, 12, and 18 months) with baseline measurements.
The non-parametric Spearman’s correlation coefficients
were calculated to examine the relationships between
changes in systolic and diastolic variables and heart rate
over time. We also examined correlations between systolic
and diastolic variables, LVEDVi and cardiac biomarkers
(NT-proBNP and high sensitivity troponin I). Additionally,
we tested for potential interaction between anthracycline
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use and time in the mixed linear models. Intra-observer
reproducibility was assessed by the intraclass correlation
coefficients for absolute agreement. A two-sided p value of
<0.05 was defined as significant. Statistical analysis was
performed using SPSS version 23 (IBM).
Results

In total, 41 patients were enrolled in the study. All study
subjects underwent CMR at baseline, while CMR data were
available for 35 subjects at 6 months, 35 subjects at 12
months, and 33 subjects at 18 months. Table 1 shows the
Table 1

Baseline characteristics of study participants (n = 41)

Variable Total (n = 41) (%)

Age (years) 52 § 11

Sex (female) 41 (100%)

Body mass index, kg/m2 26.8 § 6.3

Coronary artery disease * 1 (2%)

Hypertension 10 (24%)

Diabetes mellitus 4 (10%)

Dyslipidemia y 3 (7%)

Current smoker 10 (24%)

Beta-blocker use 3 (9%)

ACE inhibitor use 3 (9%)

NYHA class III/VI symptoms 0 (0%)

Breast cancer

Stage

Early 27 (66%)

Locally invasive 13 (32%)

Metastatic 0

Cancer side

Left 27 (66%)

Right 14 (34%)

Type of surgical intervention

Lumpectomy 21 (51%)

Mastectomy 19 (46%)

Both 1 (2%)

Other treatments

Left-sided radiotherapy 12 (29%)

Anthracycline-based chemotherapy 23 (56%)

Systolic blood pressure (mm Hg) 125 § 15

Diastolic blood pressure (mm Hg) 75 § 9

Heart rate (bpm) 79 § 13

N-terminal pro b-type natriuretic

peptide (ng/mL)z
57 (33 to 128)

High-sensitivity troponin-I (ng/mL)z < 0.006 (0.006 to 0.012)

Left ventricular end diastolic volume

index (mL/m2)

72 § 10.3

Left ventricular end systolic volume

index (mL/m2)

23 § 6.0

Left ventricular ejection fraction (%) 68 § 5.9

Peak ejection rate/Left ventricular

end diastolic volume

3.31 § 0.59

Peak filling rate/Left ventricular end

diastolic volume

3.19 § 0.71

Time to peak filling/cardiac cycle 0.180§ 0.006

Data shown as mean §SD, unless otherwise stated

*Coronary artery disease: stable angina, previous myocardial infarction,

previous percutaneous coronary intervention, or coronary bypass surgery.
yDyslipidemia: clinical diagnosis and/or treatment with lipid-modifying

therapy.
zmedian (interquartile range)
baseline characteristics of the study subjects. At baseline,
there were no patients with heart failure. Only one subject
experienced TIC (based on RNV measurement), for whom
trastuzumab therapy was interrupted for one cycle. None of
the study subjects experienced new clinical heart failure or
died from heart failure during study follow-up.

In terms of LV volumes, there were significant increases
in both LVEDVi and LVESVi at 6 months (p < 0.001 for
both) and 12 months (p = 0.007 and p < 0.001, respectively)
compared to baseline, while these differences were no lon-
ger significant at 18 months (Figure 2).

Mean LVEF was normal at baseline (68.0 § 5.9%) and
remained normal (defined as LVEF ≥57% by CMR)
throughout the study. However, compared to baseline, there
were significant decreases in both LVEF and PER/LVEDV
at 6 months (p < 0.001 and p = 0.008, respectively) and at
12 months (p < 0.001 and p = 0.01, respectively). These dif-
ferences were no longer significant at 18 months (p = 0.64
and p = 0.52, respectively) (Figures 3). LVEF and PER/
LVEDV showed positive correlations at baseline (r = 0.58,
p < 0.001), and over the first 6 months (r = 0.64, p < 0.001).
(Table 2). Table 3 shows there were no significant correla-
tions between LV systolic and diastolic parameters, and
biomarkers NT-BNP and troponin-I at baseline.

There were significant decreases in PFR/LVEDV at
6 months (p = 0.010), 12 months (p = 0.027) and until the
end of the study at 18 months (p = 0.029) (Figure 4). Mean-
while, no significant changes were observed in TPF/RR
(p = 0.096, 0.79, and 0.19 at 6, 12, and 18 months, respec-
tively) over the study period (Figure 4). Additionally, there
was no correlation between TPF/RR and PFR/LVEDV at
baseline (Table 2) or over 6 months (Table 4).

There was a significant positive correlation between
PFR/LVEDV and heart rate (r = 0.45, p = 0.003) at baseline.
After adjusting for heart rate, the temporal changes in PFR/
LVEDV over 18 months became non-significant (overall
p = 0.14).

At baseline, PFR/LVEDV correlated positively with
both PER/LVEDV and LVEF, while TPF/RR correlated
positively with PER/LVEDV but not with LVEF (Table 2).
The relationships between changes from baseline to
6 months were similar (Table 4).

There was no significant interaction between anthracy-
cline and time for PER/LVEDV (p = 0.96), PFR/LVEDV
(p = 0.089) and TPF/RR (p = 0.93). Intraobserver reproduc-
ibility was assessed using intraclass correlation coefficients
(95% confidence interval [CI]) which were 0.96 (0.89 to
0.98, p < 0.001) for PFR, 0.94 (0.87 to 0.98, p < 0.001) for
PER and 0.74 (0.43 to 0.89, p < 0.001) for TPF.
Discussion

In this prospective, longitudinal observational study of
41 patients treated with trastuzumab, we found significant
decreases in systolic function, and corresponding increases
in LV volumes at 6 months and 12 months. These differen-
ces were no longer significant at 18 months. In contrast, sig-
nificant reductions in diastolic function were observed up to
18 months when measured by PFR/LVEDV, while there
were no significant differences in TPF/RR. After adjusting
for heart rate, the changes seen in PFR/LVEDV became



Figure 2. Temporal trends in LV systolic and diastolic volume indices before, during and after trastuzumab therapy. Numbers (N) below the x-axis indicate

number of subjects included at each time point. p values in the graph titles refer to p value for overall comparisons (across 4 time points). Vertical bars indi-

cate 95% confidence intervals (CI). *p < 0.001 and yp < 0.05 for Sidak-adjusted pairwise comparisons with baseline.

Figure 3. Temporal trends in LV systolic function as measured by LVEF and PER/LVEDV before, during and after trastuzumab therapy. Numbers (N) below

the x-axis indicate number of subjects included at each time point. p values in the graph titles refer to p value for overall comparisons (across 4 time points).

Vertical bars indicate 95% confidence intervals (CI). *p < 0.001 and yp < 0.05 for Sidak-adjusted pairwise comparisons with baseline.
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non-significant. Our study provides novel insights into the
subclinical changes in LV volume and function during and
after trastuzumab therapy and supports the use of CMR as a
safe and sensitive technique in this patient population in
research and clinical practice.

The mechanism of LV dysfunction in TIC remains
unclear; multiple methods have been used to visualize its
damaging effects on LV diastolic function.7,12,13 Imaging
techniques that have been employed include resting and stress
echocardiography, 99 mTc-annexin V scintigraphy, RNV,
and strain imaging. Despite this, accurate measurement of
diastolic function remains challenging. CMR is the current
preferred imaging modality in evaluating cardiac structure
and function, due to its unparalleled accuracy and reproduc-
ibility.8−10 CMR may also be superior in assessing diastolic
parameters such as PFR and TPF given its more accurate vol-
ume assessments. It can also provide additional information
such as tissue and scar characterization, and other systolic
and diastolic parameters from a single examination.14

The predictive value of diastolic dysfunction for TIC has
been evaluated in several studies to date using other imag-
ing modalities, with conflicting results. Cochet et al15 con-
ducted an observational study demonstrating that baseline
diastolic dysfunction is an independent predictor of TIC. In
contrast, Honda et al13 evaluated diastolic function using
echocardiography and found that E/e’ at baseline or 3
months after therapy initiation was not significantly associ-
ated with subsequent LVEF decline. More recently, Reuve-
kamp et al7 used RNV to evaluate LVEF and PFR and
TPFR in TIC. Similar to our study, both systolic and

www.ajconline.org


Table 3

Spearman’s correlation coefficients (r) between various LV systolic and

diastolic parameters with N-terminal pro b-type natriuretic peptide (NT-

BNP) and high-sensitivity troponin-I (hs-TnI) at baseline

Correlations between LV systolic and diastolic parameters with NT-BNP

and hs-TnI at baseline

hs-TnI (N = 37) NT-BNP (N = 39)

PER/LVEDV r ¡0.11 0.023

p 0.54 0.89

PFR/LVEDV r ¡0.17 ¡0.20

p 0.32 0.23

TPF r ¡0.053 0.066

p 0.76 0.69

TPF/RR r 0.073 ¡0.052

p 0.67 0.75

All measurements were obtained at baseline.

LVEDV= left ventricular end-diastolic volume; PER = peak ejection rate;

PFR= peak filling rate; RR = cardiac cycle; TPF = time to peak filling rate.

Table 2

Spearman’s correlation coefficients (r) between various LV volume, systolic, and diastolic parameters at baseline

N = 41 LVEDVi PER/LVEDV LVEF PFR/LVEDV TPF/RR Heart rate

LVEDVi r ¡0.35 ¡0.37 ¡0.28 ¡0.24 ¡0.44

P 0.027 0.018 0.077 0.14 0.004

LVEF r ¡0.37 0.58 0.35 0.22 0.27

p 0.018 < 0.001 0.025 0.17 0.089

PER/LVEDV r ¡0.35 0.58 0.41 0.41 0.59

p 0.027 < 0.001 0.008 0.007 < 0.001

PFR/LVEDV r ¡0.28 0.408 0.35 0.076 0.45

p 0.077 0.008 0.025 0.64 0.003

TPF r 0.11 ¡0.053 0.04 ¡0.41 0.56 ¡0.21

p 0.49 0.74 0.80 0.008 < 0.001 0.19

TPF/RR r ¡0.24 0.41 0.22 0.076 0.60

p 0.14 0.007 0.17 0.64 < 0.001

All measurements were obtained at baseline.

LVEDV = left ventricular end-diastolic volume; LVEDVi = left ventricular end-diastolic volume index; LVEF = left ventricular ejection fraction;

LVESVi = left ventricular end-systolic volume index; PER = peak ejection rate; PFR = peak filling rate; RR = cardiac cycle; TPF = time to peak filling rate.
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diastolic functional parameters were adversely affected dur-
ing treatment, but diastolic dysfunction did not predictably
precede systolic dysfunction in their study population. Of
note, 31% of patients who developed systolic dysfunction
had persistently reduced LVEF, in contrast 64% of patients
who developed diastolic dysfunction had persistently
abnormal diastolic parameters at study completion. These
results corroborate the findings in our study, where changes
in systolic function, diastolic function, and even LV vol-
umes appear concurrently during trastuzumab treatment,
but diastolic dysfunction might be less reversible and per-
sisted for longer after treatment cessation.

Interestingly, while there was excellent correlation
between LVEF and PER/LVEDV, no such relationship was
observed between the diastolic functional parameters of PFR/
LVEDV and TPF/RR. In fact, there were no significant
changes in TPF/RR over the study period. The reason for this
dissociation between PFR/LVEDV and TPF/RR is not clear.
TPF had lower intraobserver reproducibility compared to
other variables. TPF was calculated using 3 point linear fit,
which can be noisy and less reproducible than other
algorithms, and this may have contributed to the non-signifi-
cant results. Furthermore, it is possible that these variables
need to be corrected for other functions in addition to LVEDV
or RR. Indeed, there is currently no consensus about which
parameters (if any) against which PFR and TPF need to be
normalized. We elected to correct PFR against LVEDV and
TPF against RR to account for differences in volumes, patient
size, and length of the cardiac cycle. In latter analysis, we had
also corrected for heart rate, after which the changes seen in
PFR/LVEDV became non-significant. However, the effect of
heart rate on PFR and TPF is not well established; in fact,
none of the previous studies using similar variables corrected
for heart rate. Thus, the exact significance of this finding
remains to be determined.

There are several limitations to our study. The study
population was small, and the follow-up period was rela-
tively short. Several patients did not complete all 4 CMRs,
but the linear mixed model allowed all available CMR data
to be analyzed. Our study population was at low risk for
TIC based on their baseline characteristics,16 which might
account for the lower rate of TIC in our cohort compared to
published data. Strengths of our study include the novel use
of CMR longitudinally to evaluate LV diastolic filling
parameters of PFR and TPF in trastuzumab-treated patients,
which is the first study of its kind to our knowledge. This
multicenter study with few exclusion criteria lends greater
generalizability to routine clinical practice. A rigorous
blinding strategy was employed to reduce bias. If future
studies confirm the subclinical changes in diastolic filling
and their prognostic value, it would further support the rou-
tine use of CMR in this clinical context.

In conclusion, subclinical trastuzumab induced deleteri-
ous changes in LV systolic function, diastolic function and
volumes can be detected by CMR. While there was recov-
ery in systolic function after therapy cessation at 18
months, changes in the diastolic parameter PFR/LVEDV
appeared to persist. Although the incremental clinical util-
ity of monitoring for LV diastolic changes in early TIC
remains to be determined, our study should lend support
for both research and clinical use of CMR in patients
treated with trastuzumab.



Figure 4. Temporal trends in LV diastolic function as measured by PFR/LVEDV and TPF/RR before, during and after trastuzumab therapy. Numbers (N)

below the x-axis indicate number of subjects included at each time point. p values in the graph titles refer to p value for overall comparisons (across 4 time

points). Vertical bars indicate 95% confidence intervals (CI). *p < 0.001 and yp < 0.05 for Sidak-adjusted pairwise comparisons with baseline.

Table 4

Spearman’s correlation coefficients (r) between the changes from baseline to 6 months in various left ventricular systolic and diastolic parameters and N-ter-

minal pro b-type natriuretic peptide (NT-BNP) and high-sensitivity troponin-I (hs-TnI)

Correlations between changes from baseline to 6 months

Correlation

Coefficient = r (N = 35)

LVEDVi

change

PER/LVEDV

change

LVEF

change

PFR/LVEDV

change

TPF/RR

change

NT-BNP

change*

hs-TnI

change*

LVEDVi change r ¡0.40 ¡.0.039 0.26 ¡0.18 0.20 0.042

P 0.019 0.83 0.14 0.30 0.31 0.83

LVEF change r ¡0.039 0.64 0.36 0.12 0.37 ¡0.097

p 0.83 < 0.001 0.035 0.49 0.049 0.62

PER/LVEDV change r ¡0.40 0.64 0.11 0.36 0.24 ¡0.17

p 0.019 < 0.001 0.54 0.036 0.21 0.39

PFR/LVEDV change r 0.26 0.11 0.36 ¡0.19 0.056 ¡0.027

p 0.14 0.54 0.035 0.27 0.77 0.89

TPF/RR change r ¡0.18 0.36 0.12 ¡0.19 ¡0.049 ¡0.054

P 0.30 0.036 0.49 0.27 0.80 0.78

*N = 29LVEDV= left ventricular end-diastolic volume; LVEDVi = left ventricular end-diastolic volume index; LVEF = left ventricular ejection fraction;

PER = peak ejection rate; PFR = peak filling rate; RR = cardiac cycle; TPF = time to peak filling rate.
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