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Aims Cardiac wasting-associated cardiomyopathy in patients with advanced cancer is characterized by loss of left
ventricular (LV) mass and independently associated with poor prognosis. Better understanding of this very prevalent
cardiomyopathy is urgently needed.

Methods Overall, 398 patients with active, mostly advanced cancer without significant cardiovascular disease (mean LV ejection

and results fraction [LVEF] 64.3 + 0.2%) or active infection were prospectively examined (mean age 60 + 1 years, 50% women,
body mass index 25.0 +0.2 kg/m?, 26% cachectic). Patients were categorized and compared by quartiles of LV
mass/height?. LVEF, global longitudinal strain (GLS), and anticancer therapy naive status were similar across quartiles.
Patients in Q1 (lowest LV mass quartile) were younger, more likely cachectic, had lower: BMI, 10-step stair-climbing
power, tricuspid annular plane systolic excursion (TAPSE), stroke volume, cardiac output, and higher heart rate. In
repeat follow-up assessments after 140 + 8 days (n = 143), LVEF, TAPSE, LV mass, left atrial volume, and GLS were
found reduced (all p <0.002). Only in those with above-median LV mass at baseline, cardiac output and heart rate
increased during follow-up — in those with below-median LV mass, mitral E/A decreased.
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Conclusions

Patients with advanced cancer with low LV mass have a distinct phenotype characterized by lower cardiac chamber

volumes, stroke volume, and cardiac output, but normal LVEF and GLS that may be the distinct feature of cardiac

wasting-associated cardiomyopathy.
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Cardiac wasting-associated cardiomyopathy in cancer patients. E/e’, early diastolic filling velocity (E) over mitral annulus early diastolic tissue velocity
(€); GLS, global longitudinal strain; LV, left ventricular; LVEF, left ventricular ejection fraction; TAPSE, tricuspid annular plane systolic excursion.
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Introduction

Cardiac wasting-associated cardiomyopathy, characterized by the
loss of left ventricular (LV) mass, is an emerging concern in patients
with advanced stage cancer."? The presence of cancer-related clin-
ical wasting can result in a diverse range of structural and haemody-
namic alterations in the heart, which can lead to arrhythmias and
heart failure.®> Cardiac wasting occurs in ~50% of patients with
advanced cancer and is associated with thinning of the LV walls,
reduction of LV size, and systemic inflammation.* Patients with car-
diac wasting-associated cardiomyopathy have reduced stroke vol-
ume, elevated heart rates, decreased blood pressure, and a higher
incidence of anaemia.> These alterations in the body’s functions

Left ventricular mass e Echocardiography e

contribute to reduced functional capacity, lower overall quality of
life and increased mortality.

The complex relationship between cardiac performance and
systemic wasting presents a challenge to the understanding of
cardiac wasting-associated cardiomyopathy in cancer patients. Pre-
vious studies have underscored the multifaceted nature of cardiac
wasting-associated cardiomyopathy and its impact on patient out-
comes.® Patients with cardiac wasting show increased levels of
cytokines including interleukin-6 and C-reactive protein.” These
neurohormonal variations highlight the systemic impact of car-
diac wasting and the need of understanding how neurohormonal
dynamics affect LV mass loss. Studies have demonstrated that the
loss of LV mass, a pivotal component of this cardiomyopathy, may
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not manifest as overt LV systolic dysfunction.®® These findings war-
rant a thorough investigation into the relationship between the loss
of LV mass and various clinical and echocardiographic measure-
ments of cardiac wasting-related cardiomyopathy.

A comprehensive understanding of the clinical features of cardiac
wasting-associated cardiomyopathy could improve understanding
the pathophysiology of the disease process and help develop
targeted therapies with the aim to improve patient outcomes,
both cardiac and overall. Accordingly, we investigated the clinical,
laboratory and echocardiographic phenotype linked with cardiac
wasting-associated cardiomyopathy in a substantial cohort of can-
cer patients, with repeat measurements in a subset.

Methods

Patient population

This prospective study included 398 patients with cancer hospitalized in
the oncology wards of the Charité Campus Benjamin Franklin/Virchow
Klinikum, between September 2017 and September 2023. All patients
provided written informed consent for participation in the study. The
inclusion criteria were as follows: (1) age >18 years, (2) diagnosed with
histologically confirmed cancer (no second active cancer within last
5years), (3) no infection requiring antibiotic treatment, (4) LV ejection
fraction (LVEF) >50%, (5) no history of cardiovascular disease/events
(such as coronary artery disease, severe valve dysfunction, myocardial
infarction, heart failure). Patients were excluded if they had chronic
obstructive pulmonary disease Gold stage >3 except for lung cancer
patients. Patients with type 2 diabetes mellitus and controlled hyper-
tension (defined as <160/100 mmHg) were not excluded.

Study design

All patients were evaluated prospectively and underwent the follow-
ing: a comprehensive medical history, a physical examination which
included measuring body weight, height, and body surface area (BSA),
performance status evaluation according to the Eastern Cooperative
Oncology Group (ECOG)'® and Karnofsky index,"" biomarker anal-
ysis of blood samples, and an electrocardiographic examination using
resting 12-lead electrocardiogram. Most of the patients that were eval-
uated had advanced stages of cancer. Union for International Cancer
Control (UICC) stages Il and IV, Ann Arbor classification stages Il
and IV, and Durie—Salmon classification stage lll were used to define
advanced stage cancer. All study participants were offered the oppor-
tunity to undergo a follow-up examination, with the ideal time being
3—6 months (with a maximum of 12 months) since the baseline assess-
ment. Using sex-specific cut-offs, all patients were categorized into
quartiles according to LV mass adjusted for height squared (height?).
Cachexia was diagnosed when weight loss was >5% in the previous
12 months, as reported by the patients and body mass index (BMI)
was <24.0 kg/m? at baseline.'?'3 This study research was approved by
the Charité Ethics Committee and carried out in adherence to the
principles outlined in the Declaration of Helsinki.

Echocardiographic examination and left
ventricular mass

Three experienced and well-trained echocardiographers performed
a comprehensive two-dimensional transthoracic echocardiographic

examination using standardized operating procedures. The validity of
each LV mass analysis was confirmed by two highly qualified and impar-
tial echo-sonographers. For echocardiograms, a vivid E95 scanner (GE
Healthcare) and a Tomtec system were used. In order to determine the
LV mass, the Devereux formula' was used, utilizing the linear mea-
surements of LV end-diastolic wall thickness and diameter extracted
from two-dimensional parasternal long-axis views. LV mass is presented
in absolute, height?-, and BSA-adjusted form. Cardiac chamber quan-
tification was performed according to the recommendations of the
American Society of Echocardiography and the European Association
of Cardiovascular Imaging.'®

Follow-up echocardiographic
examination

A subset of the study cohort (n=143) underwent a follow-up
echocardiographic assessment to investigate longitudinal changes in
cardiac parameters. To assess changes in LV mass over time, patients
were stratified into two groups based on their LV mass at base-
line: those below the median LV mass and those above the median
LV mass.

Statistical analyses

The normal distribution of the variables was checked using the
Kolmogorov—Smirnov test. One-way analysis of variance (ANOVA)
and Fisher’s post-hoc tests were utilized to evaluate differences
between groups. Mean + standard error of the mean (SEM) for val-
ues were presented for variables that were normally distributed.
Mann—Whitney U test and the Kruskal—Wallis test were used for vari-
ables that were not normally distributed. For non-normally distributed
variables, the data were presented as the median and interquartile
range. To compare frequencies, the chi-square test was employed.
Parametric t-tests were employed to analyse changes in LV mass devel-
opment and other relevant echocardiographic parameters within and
between the two groups. Adjustments for height and BSA were made
to ensure the robustness of the findings. For all analyses, a p-value
of <0.05 was deemed statistically significant. The SAS/STAT software
version 9.4 (SAS Institute, Inc., Cary, NC, USA), Stata (StataCorp.
2021, Release 17, College Station, TX, USA), and SPSS software ver-
sion 26.0 (IBM Corp., Armonk, NY, USA) were used to generate the
analyses.

Results

Baseline characteristics

This study included 398 patients (50% women, mostly advanced
stage lII/IV, 82%) with a mean age of 60.2+0.7years (SEM),
and a mean BMI of 25.0 +0.2 kg/m? (SEM). One quarter of all
patients (n=101; 26%) were cachectic. The majority of patients
had an advanced cancer stage (n=325; 82%). Observed fre-
quencies of cancer entities in our study cohort are displayed
in online supplementary Table S71. The primary reasons for
hospital admission were administration of anticancer treat-
ment (51%), staging and other diagnostics (30%) and general
worsening of patients’ clinical condition (19%). A total of 211
(53%) patients underwent baseline examination within the
first year after initial cancer diagnosis — mean time since first
cancer diagnosis was 33 +2.6months (SEM). Patients were
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Table 1 Clinical, echocardiographic and laboratory parameters of included patients across left ventricular
mass/height? quartiles

Measurements

All patients
(n=398)

LV mass/height?

1st Quartile
(n=99)

9 <46.58 g/m?,
3 <56.69 g/m?

2nd Quartile
(n=100)
Q>46.58 g/m? -
<55.34g/m?,
§256,69 glm? -
<65.7 g/m?

3rd Quartile
(n=100)
Q>55.34g/m? -
<62.88 g/m?,
3>65.7g/m? -
<77.15 gim?

Clinical parameters

Female sex, n (%)

Age (years)

Time since first diagnosis
(months)

BMI (kg/m?)

Systolic blood pressure
(mmHg)

Diastolic blood pressure
(mmHg)

ECOG, n (%)
0

W=

4
Karnofsky index (%)
4-m gait speed (m/s)
Maximum handgrip
strength (Newton)
10-step stair-climbing
power (W)

200 (50)
60.2+0.7
33426

25.0+02
131+3

788+0.6

70 (18)
152 (38)
106 (27)
63 (16)
70)
78+0.8
1.16 +0.02
307+6

362+ 12

50 (51)
57.3 + 1.7%%%
36149

22.2 4 037398
12242

77211

19 (19)
44 (44)

21 (21)

14 (14)
1(1)
79+14
1.16 +0.04
306+ 12

302 4+ 17##$

Cancer and anticancer therapy details, n (%)

Cancer stage lIl/IV
Solid cancer

Relapse

Anticancer therapy naive
First-line therapy
Major cancer surgery
Radiation therapy
Chest radiation

Side diseases, n (%)
Anaemia

Arterial hypertension
Hypercholesterolaemia
Type 2 diabetes mellitus
Chronic kidney disease
Cachexia
Medications

ACE inhibitors/ARBs
Beta-blockers
Anticoagulation
Diuretics
Antidepressants
Opioids
Corticosteroids

325 (82)
258 (65)
94 (24)
73 (18)
151 (38)
95 (24)
119 (30)
41 (10)

273 (69)
170 (43)
114 (29)
47 (12)
43 (11)
101 (26)

105 (26)
74 (19)
22 (6)
62 (16)
47 (12)
79 (20)
123 (32)

Echocardiography parameters

LV mass Dev. (g)

LV mass/height? (g/m?)

LV mass/BSA (g/m?)

LVEF (%)

LV GLS (%)

SV (ml)

Heart rate (bpm)

Cardiac output (ml/min)

Cardiac output/height?
(ml/min/m?)

Cardiac index
(ml/min/m?)

183+3
61.4+0.7
975+1.1
64.3+0.2
-19.1+0.2
54.8+07
76.1+£0.7
4110+ 55
1395+19

2219+29

83 (84)
64 (65)
29 (29)
18 (18)
35 (35)
26 (27)
31 31)
5 (5)

65 (66)

26 (26)"%%%
14 (14)™988
6 (6)%%

7(7)

40 (40)#™$3%

13 (13)%%%
7 (7)#.*.$$$
5(5)

7 (7)$$$

12 (12)

18 (18)

27 27)

133+3
447+08

744+13

63.7 + 0.4
-19.0+04

50.0 + 1.2/###%5%%
78.6 + 1.6%%

3848 + 110+

1303 +377%¢

2166 + 57

50 (50)
57.2.41.4%%9
35464

2441047558
129+2

80.4+1.0

24 (24)
40 (40)

23 (23)

12 (12)

1(1)
81+1.6
127 £0.04°$
31712

396 +27

78 (78)
65 (65)
21 21)
22 (22)
30 (30)
25 (25)
32(32)
13 (13)

65 (65)
35 (35)%%%
26 (26)%
7(7)"®
9(9)

26 (26)%

21 (21)%8
19 (19)
3(3)

13 (13)3%%
8(8)

14 (14)
35 (35)

173+3
56.4+0.6
90.8+1.2
65.6+0.47%
-194+03
552+13
77015
4134+£118
1367 +39

2192+ 63

50 (50)
60.8+ 1.5
30448

25.6+0.4
14111

794+1.1

12 (12)
38 (38)

26 (26)

20 (20)
4(4)

74+ 1.8
1.11+£0.05
309+13

369 +26

83 (83)
66 (66)
26 (26)
14 (14)
39 (39)
24 (25)
28 (28)
12 (12)

72 (72)
43 (43)%58
33 (33)
16 (16)
12 (12)
24 (24)

25 (25)%99
19 (19)
7(7)

12 (1288
19 (19)
27 (27)
32(32)

195+4
65.1+0.7
102.7+1.3
63.8+04
-19.3+03
578+14
756+14
4309 + 106
1453 +35

2286 + 56

p-value?
4th Quartile
n=99
Q>62.88 g/m?,
3>77.15 g/im?
50 (51) 1
654+13 0.0001
31+26 0.833
272+04 <0.0001
132+2 0.12
781+13 0.19
0.10
15 (15)
30 (30)
36 (36)
17 (17)
(1)
7715 0.014
1.11+0.05 0.032
296 +12 0.686
381+27 0.0346
81 (82) 0.77
63 (64) 0.99
18 (18) 0.26
19 (19) 0.55
47 (48) 0.078
20 (21) 0.80
28 (28) 0.90
11(11) 0.18
71 (72) 0.58
66 (67) <0.0001
41 (41) 0.0002
18 (18) 0.0108
15 (16) 0.26
11(11) 0.0001
46 (47) <0.0001
29 (29) 0.0006
7(7) 0.55
30 (30) 0.0001
8(8) 0.0663
20 (20) 0.14
32(32) 0.7
230+5
795+1.0
1221+1.9
64.1+04 0.0034
-18.6+04 0.43
574+12 <0.0001
731+12 0.0457
4149 + 106 0.0278
1456 + 39 0.0091
2232+58 0.5

F—Ichi’-  p for

value? linear
trend

<0.01 -

7.04 0.0012

0.29 0.399

21.04 <0.0001

1.9 <0.0001

1.56 0.7789

18.86 -

3.58 0.052

2.97 0.7513

0.46 0.4054

293 0.0412

1.14 -

0.126 -

4.07 -

2.10 -

6.82 -

1.01 -

0.55 -

4.92 -

1.98 -

37.79 -

20 -

10.98 -

4.01 -

22.29 -

29.85 -

17.04 -

2.16 -

21.12 -

7.11 -

541 -

1.44 -

4.63 0.3393

0.92 0.4685

10.5 <0.0001

2.7 0.0123

3.01 <0.0001

3.9 <0.0001

0.79 0.2068
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Table 1 (Continued)

Measurements All patients
(n=398)

LVEDV (ml) 89.1+13
IVSd (mm) 10.7+0.1
LVIDd (mm) 45.0+0.3
LVPWd (mm) 9.57 +0.07
RWT 0.43 +0.004
LA volume (ml) 43.4+06
LAVI (ml/m?) 233+03
Mitral E/A ratio 1.02+0.02
Mitral E/A ratio <1.00, 208 (52)

n (%)
Mitral E/e’ mean 8.03+0.13
Mitral E/e’ mean >8.00, 169 (43)

n (%)
TAPSE (mm) 24.7+0.2
RA volume (ml) 334+06
RAVI (ml/m?) 17.9+03
PASP (mmHg) 288+ 04
Laboratory parameters
Haemoglobin (g/dl) 11.5+0.1
Leucocytes (/nl) 7.85+0.30
Thrombocytes (/nl) 260+7
Sodium (mmol/L) 138.7+0.2
Potassium (mmol/L) 3.92+0.02
(hs)Troponin T (ng/L) 11 (6-17)
NT-proBNP (ng/L) 216 (97-557)
Creatinine (mg/dl) 0.85+0.02
eGFR (ml/min/1.73 m?) 87.6+12
GOT (U/L) 403+24
CRP (mg/L) 7.5 (22-25.0)
Triglycerides (mg/dl) 147 +4
hGH (ng/ml) (n=247;66 1.81+0.16

vs. 64 vs. 60 vs. 57)
IGF-1 (ng/ml) (n=248; 81.3+28

64 vs. 66 vs. 61 vs. 57)
log IGF-1/hGH ratio 1.95+0.04

LV mass/height? p-value® F—Ichi?- p for
................................................................................... value? linear
1st Quartile 2nd Quartile 3rd Quartile 4th Quartile trend
(n=99) (n=100) (n=100) n=99
9 <46.58 g/m?, 9>46.58g/m? - 9>55.34g/m? - 9>62.88g/m?,
3 <56.69 g/m? <55.34 g/m?, <62.88 g/m?, 327115 g/m?

3>56,69g/m? -  3>65.7g/m? -

<65.7 g/m? <77.15 g/m?
78.0 + 2.0%##"$3% 92.1+28 96.4+2.7 90.0+2.5 <0.0001 9.62 <0.0001
9.44 + 0.16%#™38% 10,54 0.2"9$%% 11.0+0.1%%% 11.9+0.2 <0.0001 41.74 <0.0001
41.5 + 0.5/ 7.98% 452 +0.5% 46.0+0.5% 474+05 <0.0001 2558 <0.0001
8.61+ 0.12##°%355 92341 0.10™$85  9.860.115%% 10.59+0.14 <0.0001 5091 <0.0001
0.42+0.01%% 0.41+0.01%%% 0.43 +0.01 0.46 +0.01 0.0032 4.67 <0.0001
36.3 & 1.1###93% 429+ 1.1°%% 46.7+1.3 479+13 <0.0001 1879 <0.0001
20.4 4 06747933 22.6+0.579%% 247+06 254406 <0.0001 15.79 <0.0001
1.14 £ 0.04#79%% 1.03+0.03% 0.99+0.03 0.91+0.03 0.0001 7.63 <0.0001
39 (40) 51 (51) 52 (53) 66 (72) 0.0001 20.27 <0.0001
7.90+0.26 7.49 +0.27%%% 8.30+0.24 8.46 + 0.25 0.0343 291 0.0236
47 (48) 33 (34) 47 (50) 42 (43) 0.1 6.14 0.8864
23.5 4+ 0.3###3 25.6 +0.3$% 251+03 244+0.3 <0.0001 835 0.1139
29.5 +0.8™"$3% 324+ 1.0% 348+1.0 372+14 <0.0001 9.18 <0.0001
16.6 +0.4"3%% 17.0 +0.4%%% 18.3+0.5 19.5+0.6 <0.0001 7.28 <0.0001
27.9+0.8% 27.3+0.5"¢ 29.8+0.9 30.1+0.8 0.0201 3.31 0.0041
11.7+£0.2 11.4+0.2 11.3+0.2 11.4+0.2 0.63 0.58 0.2471
8.20+0.68 7.02+0.43 8.16+0.59 8.05+0.62 0.43 0.92 0.5355
270+12 248+ 11 271+15 250+ 15 0.43 091 0.1729
138.7+04 1389+0.3 1385+04 1384+04 0.79 0.35 0.8905
3.88+0.05 3.92+0.04 3.92+0.04 3.96 +0.05 0.71 0.46 0.3253
9 (5-13) 9 (5-18) 12 (7-21) 11 (8-17) 0.91 0.18 0.0054
179 (82-545)%% 199 (95-459)%* 211 (97-559) 334 (125-838) 0.0108 3.77 0.0169
0.82+0.03 0.83+0.03 0.84+0.03 0.89+0.03 0.41 0.97 0.3281
90.8 +2.4%% 90.5 +2.3%% 87.7+23°% 81.2+2.2 0.0108 3.77 0.0013
36.3+3.5 442+63 45.6+5.0 35.0+3.4 0.28 1.27 0.5988
9.1 (2.4-34.4) 6.8 (2.1-23.0) 5.5 (2.2-25.4) 9.0 (25-21.1) 077 038 0.6914
132+ 6"% 137 +8"% 159+9 160+8 0.0131 3.63 <0.0001
2.78 + 0.37##3% 129+0.19 1.65+0.31 1.46 +0.32 0.0022 5.01 <0.0001
825+56 87.9+56 79.8+5.0 741+58 0.36 1.07 0.2139
1.67 + 0.07##$% 2.11+0.09 1.99£0.09 2.04+0.10 0.0009 5.67 0.0034

(n=243; 63 vs. 64 vs.
60 vs. 56)

Normally distributed variables are presented as mean + standard error of the mean, non-normally distributed variables as median (interquartile range), and categorial variables as n (%). Values of specific

interest are marked blue.

ACE, angiotensin-converting enzyme; ANOVA, analysis of variance; ARB, angiotensin Il receptor blocker; BMI, body mass index; BSA, body surface area according to the DuBois formula; CRP, C-reactive
protein; ECOG, Eastern Cooperative Oncology Group; E/e’, early diastolic filling velocity (E) over mitral annulus early diastolic tissue velocity (e); eGFR, estimated glomerular filtration rate; GLS, global
longitudinal strain; GOT, glutamic-oxaloacetic transaminase; hGH, human growth hormone; hs, high-sensitivity; IGF-1, insulin-like growth factor-1; IVSd, interventricular septal thickness at end-diastole;
LA, left atrial; LAVI, left atrial volume index; LV, left ventricular; LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume; LVIDd, left ventricular internal diameter at end-diastole;
LV mass Dev., left ventricular mass according to the Devereux formula; LVPWd, left ventricular posterior wall thickness at end-diastole; NT-proBNP, N-terminal pro-B-type natriuretic peptide; PASP,
pulmonary artery systolic pressure; RA, right atrial; RAVI, right atrial volume index; RWT, relative weight thickness; SV, stroke volume; TAPSE, tricuspid annular plane systolic excursion.
2ANOVA p-value/F-value used for metric variables and chi?-test and -value used for nominal variables. For 4-m gait speed (m/s): =83 vs. 76 vs. 72 vs. 79; for 10-step stair-climbing power (W): (n=51
vs. 54 vs. 47 vs. 48). Fisher's post-hoc test: vs. 2nd quartile: #p < 0.05; ##p < 0.01; ##p < 0.001; vs 3rd quartile: *p < 0.05; **p < 0.01; *p < 0.001; vs 4th quartile: $p < 0.05; $%p <0.01; $¥%p <0.001.

p-values < 0.05 are bold.

grouped by LV mass/height? quartiles (i.e. into four groups), as
assessed by transthoracic echocardiography (quartiles for females:
<46.58g/m?,  46.58—<5534g/m?,  55.34g/m2—<62.88g/m?,
>61.15 g/m?; quartiles for males: <56.59 g/m?, 56.59—<65.7 g/m?,
65.7 g/m?-77.15 g/m?, >74.06 g/m?). Baseline characteristics and
echocardiographic measurements of the included participants are
provided in Table 1.

Clinical characteristics stratified by left
ventricular mass

Patients in the lowest LV mass quartile (1st quartile) had lower BMI,
fewer comorbidities (such as hypertension and hyperlipidaemia),
were younger, more frequently cachectic, less frequently took anti-
hypertensives, and had reduced 10-step stair-climbing power. Can-
cer stage, presence of solid tumours, and cancer relapse frequency
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Figure 1 (A) Cardiology and echocardiographic characteristics of cancer patients according to quartiles of left ventricular (LV) mass/height?
(n=1398). (B) Changes of cardiology and echocardiographic characteristics of cancer patients during follow-up according to lower/higher
baseline LV mass/height? (n= 143). GLS, global longitudinal strain; LVEF, left ventricular ejection fraction; NT-proBNP, N-terminal pro-B-type

natriuretic peptide; TAPSE, tricuspid annular plane systolic excursion.

were comparable across all LV mass subgroups. Frequencies of anti-
cancer therapy-naive status, first-line treatment, cancer surgery,
and chest-area radiation therapy were also similar across subgroups
(Table 7).

Echocardiographic measurements
stratification by left ventricular mass

Left ventricular ejection fraction and global longitudinal strain
(GLS) were normal across all quartiles — whereas in the in
the 1st LV mass/height? quartile, tricuspid annular plane systolic
excursion (TAPSE), stroke volume, cardiac output, and cardiac
output adjusted for height? were lowest and heart rate was higher
(Figure 1A). LV mass correlation with stroke volume and cardiac
output was particularly stronger towards the lower end of LV
mass/height? (Figure 2). In the 4th LV mass/height? quartile, mitral
E/A was lowest and E/E’ was highest (Figure 1A).

Laboratory measurements stratification
by left ventricular mass

Patients in the highest (4th) LV mass/height? quartile had higher
levels of N-terminal pro-B-type natriuretic peptide (NT-proBNP)

levels and triglycerides. Troponin levels were similar among the
different LV mass quartiles. Similarly, inflammatory markers such
as C-reactive protein were similar across LV mass quartiles.
Glomerular filtration rate according to the Chronic Kidney Disease
Epidemiology Collaboration formula was highest in the lowest
LV mass quartile. In explorative analysis in 230 patients with
available adrenaline and noradrenaline measurements, heart rate
positively correlated with adrenaline and noradrenaline (r=0.158,
p<0.0001; r=0.171, p=0.01) and stroke volume negatively cor-
related with adrenaline and noradrenaline (r=-0.134, p =0.002;
r=-0.130, p=0.001).

Follow-up echocardiographic assessment

Overall, 143 patients had a follow-up echocardiographic assess-
ment, usually within 3—6 months. During the follow-up period,
patients below and above the median LV mass at baseline had a
decrease in LV mass and a reduction in LV mass/height?> — which
was more pronounced in patients above the median LV mass at
baseline. However, the difference between the two groups was not
statistically significant. These results remained consistent when LV
mass was adjusted for height and BSA (Figure 7B). LVEF decreased
during follow-up in patients with below and above the median LV
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Figure 1 Continued.

mass — likewise, GLS worsened in both groups. The comparison of
changes between the groups was not statistically significant (Table 2,
Figure 1B).

Cardiac output increased overall and in patients above the
median LV mass, while patients below the median had no change.
Cardiac index increased overall and in patients above the median,
whereas the change in patients below the median was not statisti-
cally significant. Similarly, heart rate showed an increase overall and
in patients above the median LV mass, contrasting with no change
in patients below the median. For TAPSE a decrease was observed
overall and in patients below the median, and no change in patients
above the median (Figure 7B). Likewise, mitral E/A ratio showed a
decrease overall and in patients below the median, while patients
above the median demonstrated no change (Table 2).

Discussion

In this study assessing the clinical, echocardiographic and labo-
ratory parameters related with cardiac wasting-associated car-
diomyopathy in advanced stage cancer patients, we report several
key findings. First, patients with lower LV mass have a distinct
clinical and echocardiographic phenotype characterized by higher
heart rate, lower cardiac chamber volume, lower stroke vol-
ume, and reduced cardiac output, while presenting similar car-
diac index and LVEF (Graphical Abstract). This pattern might be

interpreted as a new form of heart failure, primarily driven by
sympathetic activation. Second, patients with higher LV mass
show another distinct phenotype with lower mitral E/A, higher
E/E’ mean and higher NT-proBNP levels, possibly representing
beginning dilated cardiomyopathy with diastolic dysfunction. These
findings suggest that several mechanisms contribute to cardiac
wasting and the underlying pathophysiologic spectrum of cardiac
wasting-associated cardiomyopathy needs to be addressed with dif-
ferential therapeutic strategies.

Patients in the lowest quartile of LV mass displayed distinct
clinical characteristics, including younger age, lower BMI, having
fewer comorbidities, more frequently showing signs of cachexia,
and lower levels of triglycerides. These findings emphasize the clini-
cal significance of the reduction in LV mass as an indicator of disease
severity and its correlation with patient characteristics and general
cachexia. Patients with the lowest LV mass demonstrated the low-
est power on the 10-step stair-climbing test, possibly indicating a
potential link between reduced LV mass and diminished functional
capacity. These findings highlight the diverse effects of cardiac wast-
ing on both heart function and total physical performance, empha-
sizing the importance of a comprehensive management strategy.

Patients in the lowest LV mass quartile also had the low-
est cardiac chamber volumes and demonstrated higher heart
rates compared with patients in the higher LV mass quartiles.
The elevated heart rates could potentially be a compensatory
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Figure 2 (A) Correlation of left ventricular (LV) mass with stroke volume according to 1st and 4th quartile of LV mass/height? and in all

patients (n=398). (B) Correlation of LV mass with cardiac output according to 1st and 4th quartile of LV mass/height? and in all patients
(n=1398).
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Table 2 Repeat echocardiography of included patients divided in left ventricular mass/height? below or above the

median at baseline

Change over Paired t-test Change over Paired t-test Unpaired

Change over Paired t-test

time (below  p-value for time (above  p-value for t-test p-value time of all p-value (change

median) change over median) change over  (for change patients over time for

(n=68) time (below (n=75) time (above below vs. above (n=143) all patients)

median) median) median)

Change of BMI (kg/m?) —0.84+0.24 0.006 -0.53+0.25 0.15 0.34 —-0.68+0.17 0.004
Change of LV mass Dev. (g) —6.52+3.12 0.037 -1270+3.70  <0.001 0.21 —9.77 +2.46 <0.001
Relative change of LV mass Dev. (%) -2.54+225 -559+1.18 0.29 -4.14+1.43
Change of LV mass/height? (g/m?) -1.95+1.05 0.047 —4.46+1.25 <0.001 0.14 -3.27+0.83 <0.001
Change of LV mass/BSA (g/m?2) -1.54+1.87 0.24 —6.12+2.03 0.003 0.10 -3.94+1.40 0.003
Change of LVEF (%) —2.54+0.53 <0.001 -2.44+0.78 0.003 0.92 -2.49+048 <0.001
Change of GLS (%) 1.17 £0.64 0.026 0.97 +0.49 0.037 0.81 1.07 +0.40 0.002
Change of SV (ml) -0.14+1.62 0.81 0.18 +1.40 0.87 0.88 0.04 +1.05 0.74
Change of cardiac output (ml/min) 68+ 184 0.59 372+121 0.009 0.17 238+ 106 0.024
Change of cardiac index (mI/min/mz) 100+97 0.28 228+ 163 0.002 0.20 172 +56 0.003
Cardiac output/height? (ml/min/m?2) 37+61 0.48 130 +42 0.008 0.21 89+36 0.016
Change of heart rate in Echo (bpm) 2.92+2.93 0.61 574+ 1.54 <0.001 0.40 442 +1.59 0.011
Change of LVEDV (ml) -1.23+295 0.82 —4.46 +3.32 0.20 0.47 -293+2.23 0.21
Change of IVSd (mm) -0.25+0.13 0.020 -0.28+0.12 0.005 0.89 —-0.27 £0.09 <0.001
Change of LVIDd (mm) —0.37+0.55 0.52 -1.01+047 0.044 037 —-0.70+£0.36 0.056
Change of LVPWd (mm) —0.08 +0.11 0.47 -0.16+0.13 0.44 0.64 —0.13+0.09 0.34
Change of RWT 0.01+0.01 0.27 0.01+£0.01 0.26 1.0 0.01+0.01 0.11
Change of LV length (mm) -2.06+0.72 0.004 -1.81+0.63 <0.001 0.79 -1.93+047 <0.001
Change of LV width (mm) —0.97 £0.62 0.10 —-0.81+0.74 0.54 0.87 —0.89 +0.49 0.11
Change of LA volume (ml) -3.52+1.23 0.008 -3.53+1.27 0.010 0.99 —3.53+0.88 <0.001
Change of LAVI (ml/m?) -1.61+0.68 0.020 -1.64+0.72 0.027 0.98 —1.63+0.49 0.001
Change of mitral E/A ratio —0.13+0.06 0.009 —0.04 +0.04 0.28 0.24 —0.08 +0.04 0.007
Change of mitral E/e’ mean —0.68+0.32 0.022 —0.08+0.33 041 0.19 -0.36+0.23 0.032
Change of TAPSE (mm) —1.58+0.50 0.002 -1.29+0.42 0.003 0.65 -1.43+0.32 <0.001
Change of RA volume (ml) -1.15+1.01 0.21 -1.15+1.07 0.021 0.61 -1.65+091 0.011
Change of RAVI (ml/m?) -1.14+0.70 0.16 -1.74+0.83 0.013 0.58 —1.45+0.55 0.005
Change of tricuspid valve velocity (m/s)  —0.01 +0.05 0.97 0.001+0.045 0.67 0.90 —0.01+0.03 0.69
Change of PASP (mmHg) —0.02+0.90 0.89 —0.27 +0.95 0.31 0.85 —0.15+0.66 0.49
Change of NT-proBNP (ng/L) -101.13+68 0.15 76 £175 0.66 0.54 —10.54+95 0.91

BMI, body mass index; BSA, body surface area according to the DuBois formula; E/e’, early diastolic filling velocity (E) over mitral annulus early diastolic tissue velocity (e’); GLS, global longitudinal strain;
IVSd, interventricular septal thickness at end-diastole; LA, left atrial; LAVI, left atrial volume index; LV, left ventricular; LVEF, left ventricular ejection fraction; LVEDV, left ventricular end-diastolic volume;
LVIDd, left ventricular internal diameter at end-diastole; LV mass Dev., left ventricular mass according to the Devereux formula; LYPWd, left ventricular posterior wall thickness at end-diastole; NT-proBNP,
N-terminal pro-B-type natriuretic peptide; PASP, pulmonary artery systolic pressure; RA, right atrial; RAVI, right atrial volume index; RWT, relative weight thickness; SV, stroke volume; TAPSE, tricuspid

annular plane systolic excursion.

Lv masslheight2 median @ = 55.34g/m2, v mass/height2 median 8 =65.70 glmz, time between baseline and follow up = 140 + 8 days (mean + standard error of the mean).

1617 and are

response to the observed decrease in stroke volume
driven by sympathetic activation. The positive correlation between
adrenaline/noradrenaline levels and heart rate and the negative cor-
relation with stroke volume indicate that sympathetic overdrive has
a deleterious effect on cardiac contractility and output, aggravating
cardiac dysfunction. However, these patterns could also be influ-
enced by reduced physical activity and deconditioning associated
with prolonged hospital stays in cancer patients. Prior studies have
demonstrated that even bed rest alone can lead to significant mus-
cle atrophy, possibly further compounding the effects of cachexia
and cardiac wasting.'® The relative contributions of cachexia ver-
sus deconditioning to LV mass reduction and reduced functional
capacity warrant further investigation. These observed patterns
correspond to the concept of cardiac wasting-associated cardiomy-
opathy, which resembles a syndrome similar to heart failure in
advanced cancer patients. The diminished amount of blood pumped
per heartbeat, along with the compensatory rise in heart rate, indi-
cates a dynamic interaction between the decrease in LV mass and
cardiac physiological effort to sustain the amount of blood pumped
by the heart.’®1?

Prior studies in other patient cohorts with anorexia nervosa or
heart failure have also shown that a decreased LV mass is linked to
LV wall thinning, LV size reduction, and LV stroke volume reduc-
tion.2%2! Our study in cancer patients adds to these findings by
exploring the clinical and detailed echocardiographic characteris-
tics associated with varying degrees of cardiac wasting by stratifying
cancer patients based on LV mass quartiles. As indicated by the
filling time and lower volumes, the higher E/A ratio was possibly
influenced by the shorter relaxation time. The worsening of LVEF,
GLS, and TAPSE alongside loss of LV mass during follow-up in all
cancer patients (above and below the median LV mass) represents
structural remodelling related to cardiac wasting. Despite these
changes, cancer patients with baseline LV mass above the median
where able to increase their cardiac output and cardiac index dur-
ing follow-up, whereas patients below the median where not able
to. The changes in cardiac output were mainly driven by an increase
of resting heart rates while stroke volumes remained unchanged.

The differences in human growth hormone, triglyceride,
NT-proBNP levels, across LV mass quartiles provide further
insights into the interplay between biomarkers and cardiac
wasting. Cancer patients with the lowest LV mass showed an
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increase in human growth hormone levels; a possible attempt
of the body to counteract cardiac wasting.2? Alterations in lipid
metabolism have also previously been implicated in the patho-
physiology of wasting in patients with anorexia nervosa or cancer
cachexia.?>~25 Changes in triglyceride levels observed in our study
emphasize the systemic impact of cardiac wasting with depletion
of fat storages. Patients in the highest LV mass quartile had higher
levels of NT-proBNP, indicating that not only patients with low LV
mass show cardiac dysfunction, but also patients with higher LV
mass are experiencing increased myocardial stress and reduced
diastolic dysfunction as indicated by higher E/E' mean values,
possibly representing beginning dilated cardiomyopathy.

This study confirms that patients with cardiac wasting-associated
cardiomyopathy exhibit a unique clinical presentation, which
includes symptoms that are similar to those of heart failure, as
well as adaptive changes such as lower stroke volume, higher heart
rates, lower blood pressure, and more frequent anaemia.2é It
remains uncertain whether cardiac wasting-associated cardiomy-
opathy is a distinct entity that contributes to poor outcomes or
a further presentation of cachexia that involves both cardiac and
skeletal muscle wasting. Future investigations should focus on the
impact of aberrant haemodynamics, which are frequently seen in
the later stages of cancer, as well as the identification of the molec-
ular mediators of cardiac wasting. Additionally, further studies are
needed to distinguish cardiac wasting-associated cardiomyopathy
as a unique entity and not a manifestation of generalized cachexia
compounded by deconditioning due to reduced physical activity
during advanced cancer. While both involve changes in body com-
position, cardiac wasting is more closely linked to heart function
and size, with cardiac wasting-associated cardiomyopathy leading
to altered metabolism, reduced cardiac output, and possibly fluid
retention.

Our findings have important clinical implications, particu-
larly in the context of cardio-oncology trials, where cardiac
wasting-associated cardiomyopathy could be considered as a novel
endpoint. Lena et al.® demonstrated that a decrease in LV mass
of 10% or more over a period of 3 to 12months is clinically
significant and is linked to impaired functional status and decreased
overall survival. These proposed cut-off values for LV mass and LV
mass/height? provide a foundation for potential validation in future
clinical trials. This aligns with Asnani’s recommendation that trials
in advanced cancer patients should consider the loss of LV mass
as a potential endpoint.?’

Limitations in this study should be noted. First, the sample size
for the follow-up group should be even larger in future studies to
further account for potential variability in response to treatment
or intervention. This will be important to draw additional con-
clusions regarding the long-term effects of cachexia and cardiac
wasting. Furthermore, although the inclusion criteria are defined
comparatively broad to depict a real-world cohort representative
for general oncology wards, they encompass various character-
istics, including cancer type as well as the type and duration of
anticancer therapy, which may also contribute to the progression
of cachexia and cardiac wasting. Future studies with longer and
repeat follow-ups are warranted to confirm findings from this
study and to explore long-term outcomes.

In conclusion, patients with advanced cancer with low LV mass
have a distinct clinical and echocardiographic phenotype character-
ized by lower cardiac chamber volumes, stroke volume, and cardiac
output with normal LVEF and GLS that may be the distinct feature
of cardiac wasting-associated cardiomyopathy.

Supplementary Information

Additional supporting information may be found online in the
Supporting Information section at the end of the article.
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