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Background: The treatment of advanced lung cancer has been revolutionized by immune checkpoint
inhibitors (ICIs) in recent years, largely driven by programmed cell death-1 (PD-1) inhibitors. However,
patients with lung cancer who are treated with PD-1 inhibitors are prone to immune-related adverse
events (irAEs), especially cardiac adverse events. Noninvasive myocardial work is a novel technique used to
assess left ventricular (LV) function, which can effectively predict myocardial damage. Here, noninvasive
myocardial work was used to evaluate changes in LV systolic function during PD-1 inhibitor therapy and to
assess ICIs-related cardiotoxicity.

Methods: From September 2020 to June 2021, 52 patients with advanced lung cancer in the Second
Affiliated Hospital of Nanchang University were prospectively enrolled. In total, 52 patients underwent
PD-1 inhibitor therapy. The cardiac markers, noninvasive LV myocardial work, and conventional
echocardiographic parameters were measured at pretherapy (T0) and posttreatment after the first (T1),
second (T2), third (T3), and fourth (T4) cycles. Following this, the trends of the above parameters
were analyzed using analysis of variance with repeated measures and the Friedman nonparametric
test. Furthermore, the relationships between disease characteristics (tumor type, treatment regimen,
cardiovascular risk factors, cardiovascular drugs, and irAEs) and noninvasive LV myocardial work parameters
were assessed.

Results: Throughout the follow-up, the cardiac markers and conventional echocardiographic parameters
showed no significant changes. Based on the normal reference ranges, patients with PD-1 inhibitor therapy
had increased values of LV global waste work (GWW) and decreased global work efficiency (GWE) that
began at T2. Compared with T0, GWW increased from T'1 to T4 (42%, 76%, 87 %, and 87%, respectively),
while global longitudinal strain (GLS), global work index (GWI), and global constructive work (GCW)
decreased in varying degrees (P<0.001). Most of the disease characteristics had no effect on the LV
myocardial work parameters; however, the numbers of irAEs were closely associated with GLS (P=0.034),
GWW (P<0.001), and GWE (P<0.001). Patients with 2 or more irAEs had higher values of GWW and
lower GLS and GWE.
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Conclusions: Noninvasive myocardial work can accurately reflect myocardial function and energy

utilization in patients with lung cancer who are undergoing PD-1 inhibitor treatment and may thus benefit

the management of patients with ICIs-related cardiotoxicity.
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Introduction

Lung cancer is the malignant tumor with the highest
incidence and mortality rate worldwide (1). Despite
the availability of neoadjuvant chemotherapy, surgical
treatment, and adjuvant therapy, the prognosis for patients
with advanced lung cancer remains poor (2). Immune
checkpoint inhibitors (ICIs) have revolutionized cancer
treatment, and studies have shown that ICIs significantly
improve the long-term survival rate of those with advanced
lung cancer (3,4). Among ICIs, programmed cell death-1
(PD-1) inhibitors and programmed cell death ligand-1 (PD-
L1) inhibitors are important components in the field of
immunotherapy.

However, ICIs can lead to a series of immune-related
adverse events (irAEs), which affect almost all organs and
systems of the body. Involvement of the cardiovascular
system mainly affects cardiac conduction and cardiomyocyte
function, which manifests as myocarditis, myocardial
fibrosis, arrhythmia, pulmonary hypertension, vasculitis,
and atherosclerosis (5-7). With the increasing application
of IClIs, the incidence of cardiac adverse events (CAEs)
appears to be rising. Studies have shown that in patients
being treating with PD-1 inhibitors, the incidence of CAEs
is 16%, and the mortality rate of ICIs-related myocarditis
is as high as 53% (8,9). In addition, the relative rate of
CAE:s is higher in patients with lung cancer treated with
PD-1 inhibitors (10). Accordingly, early detection of ICIs-
related CAEs is essential to preventing irreversible cardiac
dysfunction and reducing mortality and morbidity.

Cancer treatment-related cardiac dysfunction is usually
defined as a decline in the left ventricular ejection fraction
(LVEF) (11). Speckle tracking echocardiography (STE)
has been widely used to detect cardiac injury and to predict
CAEs during cytotoxic drug chemotherapy (12-14).
Nevertheless, both LVEF and STE are load dependent,
which may lead to an underestimation of the true myocardial
systolic function (15). Recently, Russell ez 4l. (16) proposed
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noninvasive myocardial work as an assessment which
improves upon the analysis of cardiac load dependence-
based on STE via the construction of a pressure—strain
loop involving the combination of LV strain and pressure.
Noninvasive myocardial work has recently been used to
evaluate the effect of cardiac resynchronization therapy on
coronary heart disease and primary cardiomyopathy (17).
This technique has not yet been applied to measure cardiac
function in patients receiving ICIs. Therefore, in this study,
noninvasive myocardial work was used to evaluate changes
in LV systolic function during PD-1 inhibitor therapy
and to assess ICIs-related cardiotoxicity. We present the
following article in accordance with the STROBE reporting
checklist (available at https://qims.amegroups.com/article/
view/10.21037/qims-22-817/rc).

Methods
Study population and data collection

Between September 2020 and June 2021, potentially eligible
patients with advanced lung cancer were prospectively
enrolled in the Second Affiliated Hospital of Nanchang
University. All patients underwent PD-1 inhibitor therapy
or combined chemotherapy. The exclusion criteria were as
follows: (I) patients with diseases affecting cardiac function,
(IT) patients with abnormal electrocardiography (ECG)
or echocardiogram before treatment, (III) patients who
had previously undergone radiotherapy or anthracycline
chemotherapy, (IV) patients receiving glucocorticoids
during treatment, and (V) patients with important clinical
information missing (Figure I). The study was conducted
in accordance with the Declaration of Helsinki (as revised
in 2013) and was approved by the Ethics Committee of the
Second Affiliated Hospital of Nanchang University (No.
20220718034425258). Informed consent was obtained from
all participants.

Based on previous studies concerning ICIs-related
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treatment cycles of PD-1 inhibitors

A

was obtained

n=89 Exclusion:
1. Diseases affecting cardiac function:
coronary artery disease (n=6); atrial fibrillation (n=3);
moderate or severe heart valve disease (n=2)
2. Abnormal ECG or echocardiogram before treatment:
LV hypertrophy (n=3); arrhythmia (n=3); LVEF <50% (n=4)
3. Receiving prior radiotherapy/chemotherapy (n=5)
Complete ultrasound information 4. Using glucocorticoids (n=4)

n=59

Exclusion:
1. Unqualified image quality (n=3)
2. Absence of laboratory tests (n=4)

y

Final inclusion in the study
n=52

Figure 1 The flowchart of the study with inclusion and exclusion criteria. ECG, electrocardiography; LV, left ventricle; LVEF, left

ventricular ejection fraction; PD-1, programmed cell death-1.

CAEs, the average variation of LVEF after intervention was
4.15% (18). SPSS version 15.0 (IBM Corp.) estimated that
the minimum sample size was 37. This minimum sample
size was based on an inspection level of 0.05, a power of a
test of 0.8, an autocorrelation coefficient of 0.2, 5 repeated
measurements, and a missing rate of 20%.

The drugs used were camrelizumab (200 mg),
pembrolizam (200 mg), carboplatin 400 mg/m’, and paclitaxel
150 mg/m’, which were administered via an intravenous drip
once every 21 days. The recognized high-risk time window
for ICIs-related CAEs is within 90 days after treatment
initiation (19,20). Therefore, before patients underwent PD-1
inhibitor therapy (T0) and after the first (T'1), second (T2),
third (T3), and fourth (T4) cycles, all patients underwent
electrocardiography, laboratory testing, and standard
transthoracic echocardiography within 72 hours.

The cardiac markers were measured, including creatine
kinase (CK; 0-310 U/L), creatine kinase isoenzyme (CK-MB;
2-25 U/L), lactate dehydrogenase (LDH; 120-250 U/L),
ultrasensitivity troponin I (Tnl-Ultra; 0-0.78 pg/L), and B-type
natriuretic peptide (BNP; 0-100 pg/mL). The numbers in
parentheses refer to the normal reference ranges (21). The
demographic and clinical data of the patients were recorded.

Echocardiographic analysis

Transthoracic echocardiography examinations were

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

performed by a radiologist with over 5 years of work
experience in echocardiography. All patients were
examined using the Vivid E95 ultrasound system (GE
Vingmed Ultrasound AS) equipped with the 3.5-MHz
electronic transducer. The measurements were collected
in accordance with the guidelines of the American Society
of Echocardiography and the European Association for
Cardiovascular Imaging (22).

The end-systolic left atrial diameter (LAD), the end-
diastolic interventricular septum thickness, and LV posterior
wall thickness were measured on the parasternal long-axis
section. The LV end-diastolic (LVEDV), LV end-systolic
volumes (LVESV), and LVEF were measured from the
apical 4- and 2-chamber views using the Simpson biplane
method. In the apical 4-chamber view, mitral peak early
diastolic velocity (E) and peak late diastolic velocity (A) were
measured with a pulsed wave Doppler. The septal velocity (¢’)
was measured with tissue Doppler imaging, which showed
the average value of early peak velocity of the septal and
lateral annuli. The ratios of E/A and E/e’ were calculated.

Quantification of LV myocardial work

All participants assumed the left lateral position and
had placid breathing. Their brachial artery pressure was
measured (as the average value of 3 measurements) while
connected to the ECG. Then, images of apical 2-chamber,
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Figure 2 The analysis of LV myocardial work. (A and B) The left side is the bullseye plot of 17 segments, which shows GLS, while the right
side shows GWI. (C) The pressure-strain loop, with the area representing GWI. (D) The GWS. (E) The GCW (green column) and GWW
(blue column). (F) The specific values of the parameters. ANT, anterior; SEPT, septal; INE, inferior; LAT, lateral; POST, posterior; BP,
blood pressure; LV, left ventricle; GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work; GWE, global

work efficiency; GWW, global waste work; LVP, left ventricular pressure.

3-chamber, and 4-chamber views of at least 3 cardiac cycles
were digitally stored at a speed of 40-80 frames per second.
In order to obtain clearly visible endocardial boundaries
throughout the cardiac cycle, participants were encouraged
to adjust their breathing during the acquisition.

Analysis of the images was completed offline on
dedicated software (EchoPAC PC version 203; GE
Healthcare). The 3-, 4-, and 2-chamber views were selected
in turn using the automated function imaging mode.
The software automatically sketched the endocardial and
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epicardial boundaries to form regions of interest, and these
were manually adjusted to include the entire myocardial
thickness. The system automatically analyzed the 17 LV
segments as well as the global longitudinal strain (GLS) and
peak strain dispersion (PSD) of the LV.

The apical 3-chamber view was used to identify the
openings and closures of mitral and aortic valves to define the
duration of isovolumic contraction, ejection, and isovolumic
relaxation (23,24). Subsequently, the following myocardial
work parameters were generated with the software (Figure 2):
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() LV global work index (GWI; mmHg%)—the total work
of the LV during a cardiac cycle; (II) LV global constructive
work (GCW; mmHg%)—the work of the function of
lengthening during diastole and shortening during systole;
(IIT) LV global wasted work (GWW; mmHg%)—the work
of LV myocardial lengthening/shortening that does not
occur in the appropriate cardiac phase; and (IV) LV global
work efficiency (GWE; %)—the comprehensive estimation
of LV performance calculated as [GCW/(GCW + GWW)]
x 100%—which reflects the efficiency of energy expended
during the cardiac cycle.

Statistical analysis

The normality of measurement data was evaluated
using histograms and P-P plots. Normally distributed
continuous variables are presented as the mean = standard
Deviation. Nonnormally distributed data are displayed as
the median and interquartile range. Categorical variables
are expressed as frequencies and percentages. Comparison
of measured parameters and percentage changes during
TO to T4 were tested using one-way analysis of variance
(ANOVA; for normally distributed continuous variables)
and the Friedman nonparametric test (for nonnormally
distributed continuous variables). Fifteen random patients
were selected for repeated measurements, and the intra-
and interobserver variability of myocardial work indices
were analyzed using the intra-class correlation coefficient
(ICC). Excellent agreement was defined as an ICC >0.9,
whereas good agreement was defined as an ICC between
0.75 and 0.90 (25).

The interactions between disease characteristics and
treatment cycles were calculated with one-way ANOVA
with repeated measurements. Specifically, the disease
characteristics included tumor type (2 groups: squamous
cell carcinoma and adenocarcinoma), treatment regimen
(3 groups: PD-1 inhibitor + paclitaxel, PD-1 inhibitor +
platinum, and PD-1 inhibitor), cardiovascular risk factors
(3 groups: 0, 1, and 2), cardiovascular drugs (2 groups: yes
and no), and irAEs (4 groups: 0, 1, 2, and 3). For instance,
when the interaction between the tumor type and treatment
cycle under PSD was examined, the group of the tumor
type was adopted as a between-subjects factor, the treatment
cycle was adopted as a within-subject factor, and T0 to
T4 were adopted as within-subjective variables. First, the
experimental results were interpreted with the Mauchly's
sphericity test. If P>0.05, the result was followed by tests of
within-subjects effects. Then, when the table of the test was
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viewed, if P<0.05, the result was considered to show that the
treatment cycle could affect the value of PSD and that there
was a significant interaction between the treatment cycle
and tumor type. As time went on, these findings suggested
that the effect of tumor type on PSD was statistically
significant. Finally, when the table of tests of between-
subjects effects was viewed, if P<0.05, the tumor type under
PSD significantly differed, and the values of F and P were
recorded. All tests were two-sided, and a P value <0.05 was
considered statistically significant. Statistical analyses were
processed using SPSS version 25.0 (IBM Corp.).

Results
Patients characteristics

From September 2020 to June 2021, this study prospectively
recruited 89 patients with advanced lung cancer who
underwent 4 complete cycles of PD-1 inhibitor therapy.
Among these patients, 37 patients were excluded. Finally,
52 patients were enrolled for analysis (Figure ).

Among the 52 patients, there were 37 males (37/52,
71%) and 15 females (15/52, 29%). The mean age was
62.73+9.18 years old, and the mean body surface area was
1.67+0.13 m’. The final pathologic diagnosis demonstrated
that 34 patients had squamous cell carcinoma (34/52,
65%) and 18 had adenocarcinoma (18/52, 35%). After
receiving PD-1 inhibitor therapy (30 camrelizumab and
22 pembrolizum), patients developed various irAEs,
including fatigue, dermatitis, gastrointestinal symptoms,
hepatitis, thyroiditis, arthritis, and other symptoms. In the
follow-up to the end of 4 cycles, there were 10 cases with
1 irAE, 8 cases with 2 irAEs, and 3 cases with 3 irAEs. The
detailed baseline characteristics are shown in Zable 1.

Clinical data and standard echocardiograpbic parameters

There were no significant changes in cardiac markers, blood
pressure, heart rate, or ventricular chamber size throughout
the follow-up. When differences between multiple groups
were compared, the P values of BNP and LVEDV were
0.030 and 0.024, respectively. After being corrected by the
Bonferroni method, there were no significant differences
in the pairwise comparison (P>0.05). Table 2 shows that
the results of CK, CK-MB, LDH, and BNP were in the
reference range. Compared with T0, these markers all
fluctuated at varying degrees from T1 to T4. Furthermore,
the LVEF was >50% in all patients.
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Table 1 Baseline characteristics of the study population

Variables Population (n=52)

Clinical and demographic characteristic

Median age, years 62.73+9.18
Median body surface area, m® 1.67+0.13
Sex, male 37 (71%)
Histologic type
Squamous cell carcinoma 34 (65%)
Adenocarcinoma 18 (35%)
Treatment regimen
PD-1 inhibitor + paclitaxel 11 (21%)
PD-1 inhibitor + platinum 13 (25%)
PD-1 inhibitor 28 (54%)
Cardiovascular risk factor
Hypertension 8 (15%)
Hyperlipemia 6 (12%)
Smoking history 15 (29%)
Cardiovascular drug
Angiotensin-converting enzyme inhibitor 6 (12%)
Calcium channel blocker 4 (8%)
B-blocker 2 (4%)
Statins 6 (12%)
irAE
Fatigue 8 (15%)
Dermatitis 14 (27%)
Gastrointestinal symptoms 4 (8%)
Hepatitis 2 (4%)
Thyroiditis 4 (8%)
Avrthritis 2 (4%)

Values are presented as the mean + standard deviation
(continuous data) or numbers (%) (categorical data). irAE,
immune-related adverse event; PD-1, programmed cell death-1.

Myocardial work analysis

Figure 3 shows the trends of the myocardial work indices.
Compared with T0, PSD increased (F=9.876; P<0.001) and
GLS decreased (F=13.611; P<0.001) after patients underwent
PD-1 inhibitor therapy. These changes were more obvious
during T1 and T2 and remained significant during T3 and
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T4 (PSD: 13% for T1, 18% for T2, 18% for T3, 20% for
T4; GLS: 4% for T1, 6% for T2, 6% for T3, 7% for T4).

Table 3 summarizes the results of the myocardial work
indices. These results revealed that the main change was
in the growth of GWW (F=29.851; P<0.001). Compared
with T0, the GWW increased by 42%, 76%, 87%, and
87% from T'1 to T4, respectively. Meanwhile, GWI, GCW,
and GWE decreased (F=25.668, F=19.233, and F=44.913,
respectively; P<0.001), largely driven by T1 and T2.
Compared with T0, GWI, GCW, and GWE decreased by
13%, 12%, and 4%, respectively, during T2. Based on the
comparison with reported reference ranges (26,27), patients
who underwent PD-1 inhibitor therapy had increased
values of LV GWW and GWE beginning with T2. PSD,
GLS, GWI, and GWE were maintained within the normal
levels from T'1 to T4.

The ICCs for the intraobserver variability of LV
myocardial work indices were 0.954 for LV GWI,
0.990 for GCW, 0.965 for GWW, and 0.952 for GWE,
demonstrating excellent agreement. The ICCs for the
interobserver variability were 0.937 for LV GWI and 0.961
for GCW, 0.982 for GWW, and 0.979 for GWE, indicating
excellent repeatability (1able 4).

Associations between disease characteristics and myocardial
work indices

The results of tests of between-subjects effects are shown
in Table 5. The effects of tumor type, treatment regimen,
cardiovascular risk factors, and cardiovascular drugs on
myocardial work indices showed no statistical significance
(P>0.05). Notably, there were significant differences among
irAEs on the basis of GLS, GWW, and GWE (P=00.034,
P<0.001, and P<0.001, respectively), indicating that
different numbers of irAEs may cause different variation
tendencies of GLS, GWW, and GWE. When the number
of treatment cycles increased, the effect of irAEs on GLS,
GWW, and GWE showed statistical significance (both P
values <0.05). Table 6 shows the influences of irAEs on the
changes of GLS, GWW, and GWE. When patients had 2
or 3 irAEs, the above indices were no longer at the normal
reference range during T'1 or T2.

Based on the above analysis, we further explored the
relationships between treatment cycles and patients with
different numbers of irAEs (Figure 4). From T1 to T4,
compared with patients with 0 or 1 irAE, GLS and GWE
decreased and GWW increased significantly in patients
with 3 irAEs. During T2, compared with patients with
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Table 2 Clinical data and standard echocardiographic parameters

Variables TO T T2 T3 T4 F/Z P value
CK, U/L 72.49+36.35 76.42+36.50 75.95+48.29 82.61+61.18 75.64+54.57 2.149 0.089
CK-MB, U/L 15.24+4.71 16.22+7.03 16.63+6.28 15.56+4.90 15.16+4.38 2.544 0.051
LDH, U/L 164.94+32.75 174.25+31.41 162.99+28.51 166.80+31.17 172.96+36.43 2.297 0.073
Tnl-Ultra, ug/L  0.01 [0.01-0.018] 0.01 [0.01-0.020] 0.01[0.01-0.018] 0.01 [0.01-0.012] 0.01 [0.01-0.020]  1.994 0.737
BNP, pg/L 62.01+36.83 79.50+57.74 78.69+52.92 74.78+53.63 70.91+52.12 2.930 0.030
SBP, mmHg 122.06+13.95 121.17+12.93 117.10+12.44 117.38+12.54 119.50+12.94 2.353 0.055
DBP, mmHg 77.60+8.99 75.73+£10.95 75.04+9.28 76.65+9.94 75.52+9.94 0.801 0.531
HR, beats/min 81.31+12.71 82.86+11.31 82.85+12.05 83.08+11.08 83.19+11.00 1.530 0.208
LAD, mm 31.65+2.24 31.96+2.01 31.83+2.08 31.65+2.20 31.71+£2.28 2.063 0.100
IVS, mm 10 [9-10] 10 [9-10] 10 [9-10] 10 [9-10] 10 [9-10] 4.833 0.305
LVPW, mm 9 [9-10] 9 [9-10] 9 [9-10] 9 [9-10] 9 [9-10] 7.016 0.135
LVEDV, mL 98.00+6.40 98.42+6.38 99.17+6.33 98.60+3.86 99.71+4.63 3.033 0.024
LVESV, mL 36.27+5.57 36.54+5.74 36.88+5.70 37.06+4.81 37.00+4.89 2.262 0.076
LVEF, % 63.06+5.16 62.88+5.32 62.86+5.18 62.48+4.82 62.90+4.62 1.679 0.168
E/A 1.26[0.79-0.65] 1.23[1.11-1.36] 1.32[1.13-1.42] 1.31[1.18-1.42]  1.31[1.18-1.45] 1.861 0.761
E/e’ 9.08 [8.06-10.31] 8.97 [8.13-10.17] 9.45[8.32-10.70] 9.54[8.32-10.70] 9.79 [8.67-11.29]  4.891 0.398

Continuous values are presented as the mean + standard deviation (normally distributed) or median [range; nonnormally distributed)].
CK, creatine kinase; CK-MB, creatine kinase isoenzymes; LDH, lactic dehydrogenase; Tnl-Ultra, ultrasensitivity troponin |; BNP,
B-type natriuretic peptide; SBP, systolic blood pressure; DBP, diastolic blood pressure; HR, heart rate; LAD, left atrial diameter; IVS,
interventricular septum; LVPW, left ventricular posterior wall thickness; LVEDV, left ventricular end-diastolic and end-systolic volume; LVEF,
left ventricular ejection fraction; E, mitral peak early diastolic velocity; A, mitral peak late diastolic velocity; e’, the septal velocity; LVESV,
left ventricular end-systolic volumes.
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Figure 3 The trends of myocardial work indices in patients with lung cancer during PD-1 inhibitor therapy. *, the difference is statistically

significant compared with TO0; #, the difference is statistically significant compared with T1. PD-1, programmed cell death-1; PSD, peak
strain dispersion; GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work; GWW, global wasted work;
GWE, global work efficiency.

2 irAEs, patients with 3 irAEs had a greater reduction in
GWE and an increase in GWW. During T4, compared
with patients with 0 or 1 irAE, patients with 2 irAEs had a

greater reduction for GWE and an increase in GWW.
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Discussion

In this study, noninvasive myocardial work was used to

evaluate LV systolic function in patients with lung cancer
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Table 4 Intraobserver and interobserver correlation coefficients for baseline myocardial work indices.

Intraobserver Interobserver
Variables
ICC 95% Cl P value ICC 95% ClI P value
GWI 0.954 0.891-0.982 <0.001 0.937 0.850-0.974 <0.001
GCW 0.990 0.975-0.996 <0.001 0.961 0.903-0.984 <0.001
GWW 0.965 0.914-0.986 <0.001 0.982 0.954-0.993 <0.001
GWE 0.952 0.882-0.981 <0.001 0.979 0.948-0.992 <0.001

ICC, intraclass correlation; Cl, confidence interval; GWI, global work index; GCW, global constructive work; GWW, global wasted work;
GWE, global work efficiency.

Table 5 Associations between disease characteristics and myocardial work indices

Cardiovascular risk

Tumor type Treatment regimen Cardiovascular drugs iIrAEs

Variables factors

F P value F P value F P value F P value F P value
PSD 0.372 0.545 0.437 0.648 0.615 0.545 0.004 0.950 2.388 0.080
GLS 0.868 0.356 1.212 0.306 0.353 0.705 0.124 0.726 3.314 0.034
GWI 3.937 0.053 0.767 0.470 1.060 0.354 0.884 0.352 1.746 0.170
GCW 2.547 0.117 0.407 0.668 1.234 0.300 3.936 0.053 1.227 0.310
GWW 0.061 0.805 0.406 0.668 0.409 0.667 0.209 0.650 18.614 <0.001
GWE 0.252 0.618 0.461 0.633 0.235 0.792 0.024 0.878 20.224 <0.001

PSD, peak strain dispersion; GLS, global longitudinal strain; GWI, global work index; GCW, global constructive work; GWW, global wasted
work; GWE, global work efficiency; irAE, immune-related adverse event.

+ paclitaxel alone in the treatment of lung cancer. No
difference in the incidence of CAEs between ICIs combined
with chemotherapy and ICIs alone was found (33).
Furthermore, we discovered that tumor type, cardiovascular
risk factors, and cardiovascular drugs had no influence on
myocardial work indices. This result was similar to previous
findings, which showed the use of cardioprotective drugs to
not be associated with the occurrence of CAEs (34). During
the follow-up, some patients developed different numbers
of irAEs during PD-1 inhibitor therapy. Specifically, LV
systolic function was significantly impaired in patients
with 2 and 3 irAEs, and GLS, GWW, and GWE were no
longer in the normal reference range during T1 and T2. In
previous research on ICIs-related myocarditis, most patients
had several irAEs, including a rash, fever, renal insufficiency,
hepatitis, colitis, and a combination of myasthenia gravis
and myositis, which might have occurred due to the cardiac
and skeletal muscles having common T-cell antigens (35,36).
Therefore, the presence of 2 or more irAEs during PD-1
inhibitor therapy may help clinicians to be alert to ICIs-

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

related cardiac injury.

A retrospective study showed that GLS might contribute
to the diagnosis and prognosis of ICIs-related CAEs, with
GLS being significantly lower in patients with CAE than in
normal controls (37). However, GLS is limited by changes
in hemodynamic conditions and cannot reflect myocardial
metabolism and energy utilization. Noninvasive myocardial
work is a new technology that indirectly reflects myocardial
performance and oxygen consumption. Studies have shown
that this technology benefits clinical practice and can detect
LV functional abnormalities at an early stage (16,38).

Noninvasive myocardial work represents significant
progress in the diagnosis and treatment of cardiovascular
diseases (39-41). Some studies have suggested that
noninvasive myocardial work is superior to GLS in
predicting results and detecting coronary heart disease
and may find subclinical diseases that GLS cannot show
(26,42,43). At the end of 4 treatment cycles, although there
were significant changes in GLS, PSD, GWI, and GCW

compared with T0, the indices remained at normal reference
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Table 6 Influences of irAEs on the changes of GLS, GWW, and GWE

Li et al. Noninvasive myocardial work for assessing LV function

Treatment cycles

irAEs
TO T1 T2 T3 T4
GLS (%)
None -20.19+1.08 —-19.90+1.30 -19.55+1.50 -19.51+1.41 -19.39+1.28
One -20.80+1.40 -20.10+1.79 -19.50+1.27 -19.70+1.33 -19.60+1.35
Two -20.63+1.41 -19.13+1.96 -18.63+2.72 -18.37+2.33 -18.00+2.27
Three -20.67+0.58 -17.33+0.58 -16.67+0.58 -16.67+0.58 -16.33+0.58
GWW (mmHg%)
None 82.00+19.51 102.52+£15.29 127.32+23.27 119.65+17.64 122.45+£17.29
One 65.10+15.41 93.20+9.89 125.80+24.73 154.30+30.95 145.90+31.00
Two 80.13+16.81 135.38+89.91 147.75+43.24 192.00+88.07 200.88+58.52
Three 75.33+19.35 190.33+13.28 247.00+33.87 263.00+45.03 247.33+45.37
GWE (%)
None 96.16+1.07 94.94+0.89 93.32+1.60 93.71+£1.04 93.45+1.15
One 97.00+0.94 95.30+0.48 93.40+1.26 92.10+1.85 92.20+1.40
Two 96.00+1.31 93.13+4.05 91.63+2.56 89.38+5.10 89.13+2.85
Three 96.33+0.58 90.00+0.14 87.33+2.08 85.00+1.00 87.33+0.58

Data are presented as the mean + standard deviation. GLS, global longitudinal strain; GWW, global wasted work; GWE, global work

efficiency; irAE, immune-related adverse event.

250
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5 o o
o o o

1 1 1

o
o
1

-+ No irAE

= One irAE
-+ Two irAEs
+ Three irAEs

T T T T T
TO T TN TIA TAA TO  TIA T2A TEA- TAA- TO  TIA T2 T3 T4rA-

Figure 4 The trends of GLS, GWW, and GWE in different numbers of irAEs. *, the difference between 3 irAEs and 0 irAE is statistically
significant; #, the difference between 3 irAEs and 2 irAEs is statistically significant; * the difference between 3 irAEs and 1 irAE is
statistically significant; -, the difference between 2 irAEs and 0/1 irAE is statistically significant. GLS, global longitudinal strain; GWW),

global wasted work; GWE, global work efficiency; irAE, immune-related adverse event.

ranges. GWW and GWE were not in the normal reference
range, indicating that patients had abnormal myocardial
energy metabolism. This finding may be attributable
to the blockade of the PD-1/PD-L1 pathway by PD-1
inhibitors resulting in the overactivation of T cells. Not
only does overactivated T cells infiltrate cardiac myocytes,

© Quantitative Imaging in Medicine and Surgery. All rights reserved.

but also they release tumor necrosis factor-o, granzyme
B, and interferon-y, which induce cardiac myocytes death
and myocardial damage (44-46). Moreover, the changes
in cardiac function parameters were minimal throughout
the follow-up period, which may be related to the absence
of adverse effects in most patients, and the vast majority
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of patients had a normal cardiac function. Fortunately, it
has been shown that patients with ICIs-related CAEs do
not experience CAE recurrence (18). The probability of
complete reversal of LV systolic dysfunction in patients
with mild CAEs may be as high as 50%. Therefore, early
detection of cardiac insufficiency in patients treated with
PD-1 inhibitors is essential to preventing irreversible cardiac
dysfunction and reducing mortality and morbidity.

The present study has several limitations. First, the use
of a single-center design is associated with various types
of bias. A multicenter study is thus needed to validate the
value of noninvasive myocardial work for monitoring ICIs-
related cardiotoxicity. Second, this study lacked long-term
follow-up to predict delayed adverse cardiac events and to
assess whether adverse cardiac events were associated with
dose accumulation. Furthermore, the time, group effects,
and interaction effects of irAEs on GLS, GWW, and GWE
were not reported. Finally, alcohol, diabetes, food intake,
respiration timing, and conditioning might have affected
myocardial work indices but were not accounted for. The
above issues should be considered in future studies.

Conclusions

In conclusion, noninvasive myocardial work enables a
good understanding of the myocardial function and energy
utilization in patients with advanced lung cancer with PD-1
inhibitor treatment. Patients with 2 or more irAEs during
PD-1 inhibitor therapy may be more prone to abnormal LV
systolic function. Noninvasive myocardial work may benefit
the management of patients with ICIs-related cardiotoxicity.
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