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Light-Chain Cardiac Amyloidosis: Cardiac Magnetic
Resonance for Assessing Response to Chemotherapy
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Objective: Cardiac magnetic resonance (CMR) is a diagnostic tool that provides precise and reproducible information about
cardiac structure, function, and tissue characterization, aiding in the monitoring of chemotherapy response in patients with light-
chain cardiac amyloidosis (AL-CA). This study aimed to evaluate the feasibility of CMR in monitoring responses to chemotherapy
in patients with AL-CA.

Materials and Methods: In this prospective study, we enrolled 111 patients with AL-CA (50.5% male; median age, 54
[interquartile range, 49-63] years). Patients underwent longitudinal monitoring using biomarkers and CMR imaging. At follow-
up after chemotherapy, patients were categorized into superior and inferior response groups based on their hematological and
cardiac laboratory responses to chemotherapy. Changes in CMR findings across therapies and differences between response
groups were analyzed.

Results: Following chemotherapy (before vs. after), there were significant increases in myocardial T2 (43.6 + 3.5 ms vs. 44.6 +
4.1 ms; P =0.008), recovery in right ventricular (RV) longitudinal strain (median of -9.6% vs. -11.7%; P = 0.031), and decrease
in RV extracellular volume fraction (ECV) (median of 53.9% vs. 51.6%; P = 0.048). These changes were more pronounced in the
superior-response group. Patients with superior cardiac laboratory response showed significantly greater reductions in RV ECV
(-2.9% [interquartile range, -8.7%-1.1%] vs. 1.7% [-5.5%-7.1%]; P = 0.017) and left ventricular ECV (-2.0% [-6.0%-1.3%]
vs. 2.0% [-3.0%-5.0%]; P = 0.01) compared with those with inferior response.

Conclusion: Cardiac amyloid deposition can regress following chemotherapy in patients with AL-CA, particularly showing more
prominent regression, possibly earlier, in the RV. CMR emerges as an effective tool for monitoring associated tissue characteristics
and ventricular functional recovery in patients with AL-CA undergoing chemotherapy, thereby supporting its utility in treatment
response assessment.
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CMR Assessment of Response to AL-CA Therapy

INTRODUCTION

Light-chain (AL) amyloidosis is a fatal disease
characterized by the accumulation of misfolded
immunoglobulin light chains produced by clonal plasma cells
in the bone marrow, resulting in tissue damage in various
organs. Among these, the severity of cardiac involvement is
a key determinant of prognosis [1]. AL cardiac amyloidosis
(AL-CA) is caused by dual insults of amyloid infiltration and
AL myotoxicity [2], which can induce sudden cardiac death
or acute heart failure. Untreated AL-CA patients with heart
failure face a median survival of approximately six months
[3]; however, advancements in new chemotherapeutics have
positively impacted patient prognosis [4].

Biomarkers offer prognostic significance and determine
treatment response [5]. Hematological responses are the first
step in treatment and prerequisites for cardiac responses.
Serum free light chain (FLC) levels are robust biomarkers of
hematological responses. Currently, the most commonly used
cardiac response assessments rely on surrogates, including
N-terminal pro-B-type natriuretic peptide (NT-proBNP),
cardiac troponin, and echocardiographic parameters.
However, none of these response assessments directly
quantify disease burden, underscoring the urgent need to
identify biomarkers to assess treatment responses at the
myocardial level.

Cardiac magnetic resonance (CMR) emerges as the preferred
imaging modality for diagnosing cardiomyopathy. CMR is an
excellent tool for noninvasive tissue characterization because
it can visualize and facilitate the measurement of myocardial
lesions using late gadolinium enhancement (LGE) or T1 and
T2 mapping. In patients with AL-CA, the pattern of LGE and
elevation in native T1 and extracellular volume fraction (ECV)
are considered biomarkers of amyloid infiltration, facilitating
early disease detection [6,7]. Moreover, ECV functions as a
robust predictor of mortality and adds incremental value to
known prognostic factors [8]. Although echocardiography
is commonly used to assess ventricular function based on
volumetric measures, image quality can be highly variable
among patients, and defining the endocardium on long-axis
images can be challenging. However, CMR is considered the
gold standard for assessing left ventricular (LV) and right
ventricular (RV) volumetric and strain imaging. Its ability
to provide precise and reproducible quantitative information
about cardiac structure, function, and tissue characterization
obtained makes it invaluable for accurately assessing
changes following treatment in patients with AL-CA.
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This prospective multicenter study aimed to evaluate the
feasibility of CMR for monitoring responses to chemotherapy
and changes in myocardial composition in patients with AL-CA.

MATERIALS AND METHODS

Patient Population

This study was approved by the Institutional Ethics
Committee of the Peking Union Medical College Hospital
(Beijing, China). Patients diagnosed with AL amyloidosis
were recruited between December 2013 and July 2021 after
providing written informed consent from three hospitals:
Peking Union Medical College Hospital (Beijing, China),
Jinling Hospital (Nanjing, China), and West China Hospital
(Chengdu, China). Before enrollment, AL amyloidosis was
diagnosed by biopsy, showing amyloid deposition with amyloid
typing by immunohistochemistry or mass spectroscopy. Cardiac
involvement was defined as an NT-proBNP level > 332 pg/mL and
LV mean wall thickness > 12 mm in the absence of hypertension
or other potential causes of LV hypertrophy. Patients without
cardiac involvement or with contraindications to MRI
(claustrophobia, metallic implants, estimated glomerular
filtration rate < 30 mL/min/1.73 m?) were excluded from the
study. Mayo staging utilized the European modification of the
Mayo 2004 staging assessment, incorporating the assessment
of NT-proBNP and cardiac troponin I or T levels for survival
prediction [9].

We prospectively enrolled 111 patients who underwent
comprehensive assessments, including biomarkers and CMR,
before therapy and at a median follow-up of 12 months
(interquartile range [IQR], 10-16 months) after the completion
of nine cycles of chemotherapy (Fig. 1). All patients received
standard bortezomib- or melphalan-based chemotherapy
directed toward abnormal plasma cell clones. Patients
were categorized based on previously published response
criteria [1,10]. Hematologic responses were graded as follows:
1) complete response to normal FLC levels, normal kappa/
lambda ratio, and negative serum and urine immunofixation,
2) very good partial response, difference between involved
and uninvolved FLC (dFLC) reduced to < 40 mg/L, and
3) partial response, dFLC reduced by > 50%. For cardiac
laboratory responses, complete response, very good partial
response, partial response, and no response were defined
as NT-proBNP less than or equal to 400 pg/mL, greater
than 60% reduction in NT-proBNP, 31% to 60% reduction
in NT-proBNP, and less than 30% reduction in NT-proBNP,
respectively. Patients achieving complete or very good
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Fig. 1. Flow diagram illustrating patient inclusion. AL = light-chain, CMR = cardiac magnetic resonance

partial response were categorized into the superior response
group, whereas the remaining patients were categorized
into the inferior response group.

CMR Protocol

CMR imaging was performed utilizing 3T whole-body
scanners (MAGNETOM Skyra or Trio, Siemens Healthcare,
Erlangen, Germany) equipped with an 18-element body
matrix coil and a 32-element spine array coil for image
acquisition. Electrocardiographic gating and breath-holding
were employed in the imaging process.

Cine images were acquired using an electrocardiography-
gated balanced steady-state free precession sequence
(bSSFP) in two-, three-, and four-chamber long-axis as well
as short-axis views (repetition time/echo time/flip angle,
3.3 ms/1.43 ms/55°-70°; voxel size, 1.6 x 1.6 x 6.0 mm?;
temporal resolution, 45.6 msec; bandwidth, 962 Hz/pixel).
Native and 15-20 min post-contrast T1 maps were acquired
using a modified Look-Locker inversion-recovery sequence
in identical imaging locations, including a four-chamber
long-axis view and basal-, mid-, and apical-ventricular
short-axis views (repetition time/echo time/flip angle,

2.7 ms/1.12 ms/20°; voxel size, 1.4 x 1.4 x 8.0 mm°).
Acquisition schemas 5(3)3 and 4(1)3(1)2 were used for pre-
and post-contrast T1 mapping, respectively. T2 mapping was
acquired using a T2-prepared single-shot bSSFP sequence
with slice positions matching the T1 mapping images
(repetition time/echo time/flip angle, 2.4 ms/1.0 ms/70°;
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field of view, 320-340 x 262-278 mm?; slice thickness, 8 mm;
bandwidth, 1093 Hz/pixel; GeneRalized Autocalibrating
Partially Parallel Acquisitions acceleration factor, 2). LGE
images were collected using a phase-sensitive inversion-
recovery gradient-echo pulse sequence (repetition time/echo
time/flip angle, 5.2 ms/1.96 ms/20°; voxel size, 1.4 x 1.4

x 8.0 mm’®) in the same views as the cine images 10 min
after intravenous gadolinium injection (0.15 mmol/kg body
weight) [11].

CMR Image Analysis

Utilizing clinical data, CMR image analysis included
measuring cardiac function, ventricular strain, native T1,
ECV, and T2, which were semi-automatically measured using
cvi42 software (version 5.12; Circle Cardiovascular Imaging,
Calgary, Canada) by one observer (Y.G., with 4 years of CMR
experience). Standard parameters of cardiac structure and
function were calculated by contouring the endocardium
and epicardium on long- and short-axis cine images
during the end-systolic and end-diastolic phases. Global
and segmental strain parameters were automatically
calculated using the software, encompassing radial and
circumferential strains from short-axis cine slices and
longitudinal strain (LS) from three long-axis cine slices.
Endocardial and epicardial borders were selected during the
end-diastole phase, and subsequent phase imaging borders
were automatically generated. LV native T1 and T2 values
were measured on three short-axis stacks by contouring

https://doi.org/10.3348/kjr.2023.0985 kjronline.org
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the endocardium and epicardium with stable test-retest
reproducibility [12]. An offset of 5% was applied to the
contours to prevent signal contamination. RV T1 values
were derived from manually drawn regions of interest within
the diaphragmatic wall, ensuring avoidance of contact

with the blood pool or epicardial fat (Fig. 2) [13]. Local
normal ranges were determined as 1295.0 + 36.2 ms for T1
and 40.3 + 2.3 ms for T2 [14]. ECV values were obtained
from pre- and post-contrast T1 map indexes of hematocrit.
Relative intracellular volume was calculated using the formula
[1 - ECV]; “total intracellular mass” was calculated with the
formula [relative intracellular volume x total LV myocardial
volume x myocardial density], using the well-known myocardial
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density value of 1.055 g/mL for human; and “total extracellular
mass” with the formula [ECV x total LV myocardial volume x
myocardial density], using a different myocardial density
value of 1.38 g/mL for extracellular infiltrative disease, as
described in the previous work [15]. The LV LGE patterns
were graded according to the Moon criteria as follows: 1 =
none, 2 = subendocardial, and 3 = transmural [6].

Statistical Analysis

Statistical analyses were performed using IBM SPSS
Statistics for Windows version 26 (IBM Corp., Armonk, NY,
USA). Continuous variables are presented as mean + standard
deviation or median (IQR) for normally and non-normally

ST AT
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1719ms l . 59%

Fig. 2. Regression and progression in patients with AL-CA. A, B: Patient showing disease regression (A), patient showing disease
progression (B). Serial cardiac magnetic resonance scans with cine, late gadolinium enhancement, T2, native T1, and extracellular
volume fraction at baseline (top) and at follow-up (bottom) showing cardiac response. Left ventricle myocardial tissue characterization
was derived from short axis stacks by contouring the endocardium and epicardium. Meanwhile, right ventricle myocardial tissue
characterization was derived from region of interest drawn within the diaphragmatic wall. AL-CA = light-chain cardiac amyloidosis
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distributed data, respectively. Categorical variables are
expressed as absolute numbers and percentages. Continuous
variables at baseline and follow-up were compared using the
paired t-test or Wilcoxon test, and categorical variables were
compared using the chi-square test. Comparisons between the
response groups were performed using an independent t-test
for normal data or Wilcoxon test for nonparametric data. All
reported P-values were two-sided, with a significance level
at < 0.05.

RESULTS

Patient Characteristics

In total, 222 CMRs scans were performed in 111 patients
(50.5% male; median age, 54 years [IQR, 49-63 years])
before and after treatment. Among them, 108 received
bortezomib-based chemotherapy, and three received
melphalan-based chemotherapy. Follow-up scans were
obtained approximately 12 months after treatment (IQR,
10-16 months). Hematologic responses included complete
response in 66 (59.5%) patients, very good partial response
in 27 (24.3%), partial response in 9 (8.1%), no response in
5 (4.5%), and progression in 4 (3.6%). Patients achieving
complete or very good partial responses were categorized
into the superior hematological response group (n = 93),
whereas the remaining patients were categorized into the
inferior hematological response group (n = 18). Cardiac
laboratory responses were distributed as follows: complete
response, 32 patients (28.8%); very good partial response,
27 patients (24.3%); partial response, 12 patients (10.8%);
and no response, 40 patients (36.0%). Patients achieving
complete or very good partial response were categorized
into the superior cardiac laboratory response group (n = 59),
and the remaining patients were categorized into the inferior
cardiac laboratory response group (n = 52). Among those
with superior hematologic response, 54 (58.1%) patients
achieved superior cardiac laboratory response; among
those with inferior hematologic response, 13 (72.2%)
patients had inferior cardiac laboratory response. The
baseline characteristics of the study groups are summarized
in Table 1 and Supplementary Table 1.

The Ability of CMR to Track Changes in AL-CA

Following treatment, there was an overall reduction in
dFLC, cardiac troponin I, and NT-proBNP levels. Significant
ventricular enlargement was observed, as evidenced by
increases in LV end-diastolic volume index (EDVi) (P < 0.001),
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Table 1. Baseline characteristics of study cohort
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LV end-systolic volume index (ESVi) (P < 0.001), RV EDVi

(P =0.001), and RV ESVi (P = 0.016). The increase in EDVi
surpassed that of ESVi, accompanied by an increase in the LV
stroke volume index (SVi) (P < 0.001) and RV SVi (P = 0.008).
RV LS (P =0.031) and basal segmental LS (P = 0.068) showed
improvement after treatment. LV mass significantly elevated
(P = 0.008), with a decreasing trend in total extracellular
mass and an increasing trend in total intracellular mass. RV
ECV, reflecting amyloid deposition, significantly decreased
after chemotherapy (P = 0.048). However, native LV T1 (P =
0.337) and ECV (P = 0.272) did not significantly decreases
from baseline to follow-up in the overall population.
Myocardial T2 values were significantly elevated after
treatment (P = 0.008), with higher values representing
higher free water content and myocardial edema. Table 2 and
Figure 3 show the pre- and post-treatment serum biomarkers
and CMR parameters, respectively.

The Ability of CMR to Assess Responses in AL-CA

We evaluated CMR parameters based on the degree of
hematological and cardiac laboratory responses. Patients
achieving a superior hematologic response showed greater
improvements in RV CMR parameters, including RV SVi
(P =0.007), RV ejection fraction (P =0.009), RV LS (P =
0.082), and RV ECV (P =0.091) (Fig. 4A, B). Among the
cardiac laboratory response groups, patients with a superior
cardiac response showed a more significant decrease in LV
myocardial T1 (P =0.047) and ECV (P = 0.01) (Fig. 4C, D).
LV mass (P = 0.003) and total extracellular mass (P = 0.007)
were significantly lower in patients with a superior cardiac
response. Similarly, there was a more significant decrease in
RV ECV among patients with a superior cardiac response (P =
0.017). Most other measures of cardiac structure, function,
and myocardial tissue characteristics did not differ significant
between the groups (Table 3).

DISCUSSION

In this longitudinal multicenter study, we delineated the
imaging biomarker trajectory of AL-CA after treatment. Our
findings underscored the efficacy of CMR in monitoring AL-
CA. Specifically, we found that CMR could provide valuable
information regarding variations in tissue characterization
and changes in ventricular function. CMR has the potential
to improve our understanding of AL-CA and its treatment
response.

Monitoring treatment responses in patients involves two

kjronline.org https://doi.org/10.3348/kjr.2023.0985
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aspects: 1) hematologic response using serologic markers,
and 2) organ response based on cardiac function. Deeper
hematological responses were more likely to contribute to
cardiac responses. Accurate assessment of changes in cardiac
involvement is crucial for treatment modulation; however,
this assessment remains suboptimal. The present study
focused on monitoring the longitudinal cardiac amyloid load
using advanced CMR, incorporating parameters from the left
and right ventricles.

T1 mapping enables the measurement of extracellular
amyloid deposition in AL-CA [16]. We observed that ECV
and native T1 tended to decrease after treatment, indicating
a reduction in the amyloid burden at the individual level.
Furthermore, this decrease varied between the response
groups. Specifically, the RV ECV decreased upon achieving
a hematologic response, and subsequently, the LV ECV
decreased after achieving a cardiac response. Longitudinal
data supported a causal relationship between changes in
ECV and treatment. Our findings are consistent with those
of recent studies, where the reduction in ECV and native T1
provided compelling evidence of cardiac amyloid regression
[17-19]. The balance between amyloid accumulation and
clearance can be altered by halting or slowing amyloid
generation. T1 mapping allows the monitoring of myocardial
amyloid regression after anti-plasma cell therapy and
distinguishing responses to treatment.

RV amyloid infiltration is known to occur in the later
stages of AL-CA compared to LV amyloid infiltration [20];
however, this pattern seems to reverse during amyloid
elimination. Amyloid deposition typically initiates in the sub-
endocardium [6], mainly affecting longitudinal muscle fibers
[21]. Patients did not show functional improvement in LV LS
after induction chemotherapy but subsequently experienced
LV LS improvement after achieving a complete response at
12 months [22]. We observed that RV LS improved as RV ECV
decreased after successful treatment, and this regression
was more pronounced in the superior hematological response
group. This suggests that the sensitivity of LS as a functional
marker allows immediate assessment of treatment effects.
The improvement in LS was likely due to reduced proteotoxic
damage to cardiac myocytes, as the amyloid burden was
reduced. Upon achieving a hematologic response, serum
FLC levels normalize, and RV systolic function gradually
recurpates.

The standard therapy for AL-CA targets abnormal plasma
cell clones to eradicate monoclonal light chain-producing
clonal plasma cells, leading to a decrease in light chain
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production. Evidence suggests that amyloid clearance
can occur when their precursors are inhibited, potentially
facilitating cardiac responses. In this process, the recovery

Table 2. Comparison between before and after chemotherapy

Guo et al.

of the right ventricle following chemotherapy was more
prominent and probably earlier than that of left ventricle.
Cuddy et al. [23] reported higher myocardial T2 values

Parameter Before After P
Presenting k, mg/L 12.2 (8.6-23.4) 12.4 (9.3-18.3) 0.095
Presenting A, mg/L 176.3 (50.7-282.5) 20.1 (12.8-26.0) < 0.001
Abnormal /A ratio 0.064 (0.033-0.141) 0.740 (0.508-0.853) 0.035
dFLC, mg/L 180.5 (94.7-305.1) 8.5 (2.7-19.8) <0.001
cTnl, pg/L 0.064 (0.030-0.130) 0.027 (0.017-0.050) <0.001
NT-proBNP, pg/mL 1620 (521-4313) 688 (302-2042) <0.001
eGFR, mL/min/1.73 m? 87.1 (69.8-102.8) 80.4 (63.6-96.8) 0.064
Creatinine, mmol/L 76.0 (60.0-93.0) 80.0 (69.0-101.8) 0.167
Hematocrit, % 40.6 (38.2-43.6) 39.4 (35.3-43.0) 0.010
LGE 3 (2-3) 3 (2-3) 0.655
T2, ms 43.6 £ 3.5 44.6 + 4.1 0.008
LV native T1, ms 1454.0 (1387.0-1506.0) 1446.0 (1369.0-1504.0) 0.337
LV ECV, % 48.0 (40.0-51.7) 46.0 (37.9-53.0) 0.272
Relative intracellular volume 0.534 + 0.086 0.546 + 0.098 0.177
Total extracellular mass, g 51.2 (29.8-74.2) 48.0 (29.6-67.6) 0.739
Total intracellular mass, g 40.1 (33.4-53.7) 41.3 (32.6-52.8) 0.123
LV massi, g/m’ 72.7 (54.3-102.0) 75.8 (55.9-108.9) 0.008
LV EDVi, mL/m? 77.3 £30.3 87.7 +36.0 < 0.001
LV ESVi, mL/m? 29.2 (21.8-41.7) 32.1 (24.2-50.3) <0.001
LV SVi, mL/m? 40.0 (32.5-49.0) 44.2 (37.2-52.8) <0.001
Left atrial area, cm? 55.3 (39.9-80.5) 55.9 (40.7-74.1) 0.794
LV EF, % 58.2 (49.5-65.2) 57.3 (50.5-64.3) 0.529
LV circumferential strain, % -16.9 (-19.3--13.7) -16.7 (-19.2--14.2) 0.517
LV longitudinal strain, % -13.1 (-15.8--8.7) -13.7 (-16.7--10.2) 0.068
LV radial strain, % 19.6 (12.7-26.1) 19.9 (14.0-28.2) 0.149
LV basal segmental circumferential strain, % -15.6 + 4.5 -15.4 £ 4.0 0.489
LV basal segmental longitudinal strain, % -8.3 (-11.3--5.5) -8.4 (-10.8--6.1) 0.501
LV basal segmental radial strain, % 27.1+£17.3 29.1+£17.8 0.106
RV native T1, ms 1559.0 (1483.0-1643.0) 1496.0 (1496.0-1623.0) 0.424
RV ECV, % 53.9 (46.4-62.4) 51.6 (47.2-58.7) 0.048
RV massi, g/m? 17.7 (13.8-22.7) 18.2 (14.2-21.5) 0.297
RV EDVi, mL/m? 69.7 + 25.4 76.5 + 28.9 0.001
RV ESVi, mL/m? 32.1 (22.3-42.3) 32.4 (24.3-41.3) 0.016
RV SVi, mL/m? 32.0 (27.5-41.6) 36.7 (28.9-41.7) 0.008
Right atrial area, cm? 54.8 (36.5-73.7) 53.6 (42.8-69.6) 0.674
RV EF, % 52.3 (45.2-59.9) 54.0 (45.3-60.9) 0.195
RV circumferential strain, % -12.8 (-16.1--10.9) -13.9 (-16.6--11.0) 0.186
RV longitudinal strain, % -9.6 (-13.5--7.0) -11.7 (-14.1--8.8) 0.031
RV radial strain, % 32.4 (21.7-44.3) 34.9 (26.1-50.5) 0.140
RV basal segmental circumferential strain, % -7.6 (-10.0--4.8) -7.8 (-10.2--4.0) 0.803
RV basal segmental longitudinal strain, % -9.7 (-13.3--5.7) -10.8 (-14.9--5.9) 0.068
RV basal segmental radial strain, % 44.5 (28.8-79.1) 53.6 (34.5-75.8) 0.240

Values are presented as mean + standard deviation or median (interquartile range).

dFLC = difference between involved and uninvolved free light chains, cTnI = cardiac troponin I, NT-proBNP = N-terminal pro-B-type
natriuretic peptide, eGFR = estimated glomerular filtration rate, LGE = late gadolinium enhancement, LV = left ventricle, ECV =
extracellular volume fraction, massi = mass index, EDVi = end-diastolic volume index, ESVi = end-systolic volume index, SVi = stroke
volume index, EF = ejection fraction, RV = right ventricle
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Fig. 3. Cardiac magnetic resonance in tracking changes. A-D: Changes observed in RV EF (A), RV LS (B), RV ECV (C), and myocardial
T2 value (D) of patients with light-chain cardiac amyloidosis following treatment. RV = right ventricle, EF = ejection fraction, LS =
longitudinal strain, ECV = extracellular volume fraction
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Fig. 4. Cardiac magnetic resonance in assessing responses. A-D: Changes observed in RV EF (A) and RV LS (B) in the hematologic response
groups and changes in LV native T1 (C) and LV ECV (D) in the cardiac laboratory response group of light-chain cardiac amyloidosis patients
following treatment. RV = right ventricle, EF = ejection fraction, LS = longitudinal strain, LV = left ventricle, ECV = extracellular volume fraction

in patients with hematologic remission than in those with
active AL-CA, implying that T2 elevation occurred after
chemotherapy. The present study confirmed the elevation
of myocardial T2 levels after chemotherapy in a larger
prospective cohort, with no significant differences between
the response groups. Myocardial T2 elevation during the
active phase is attributed to amyloid myotoxicity, leading
to myocyte swelling and intracellular edema. T2 levels
increased, rather than decreased, with treatment, which
may indicate pseudo-progression due to superimposed
proteasome inhibitor-related cardiotoxicity in the short term
[24,25]. The rollback of myocardial T2 might be observed
at further subsequent follows-up after chemotherapy.
Additionally, an emerging treatment directly targeting
amyloid deposits is in advanced stages of development
and is likely to be applied to AL-CA in the next few years
[26], potentially leading to more rapid and sustained organ
responses.

This study had several limitations. First, the considerable
mortality associated with AL-CA resulted in a survival bias
in the available patient population, and follow-up enhanced

434

CMR was contraindicated in some patients with inferior
responses due to renal insufficiency. Second, responses to
treatment were assessed at a short-term follow-up of one
year. Future longitudinal studies using serial data to explore
long-term changes would provide more comprehensive
insights. Third, it is optimal to use endomyocardial
pathology data to verify hypothetical theories. However,
endocardial biopsy is too invasive to be justified as a
follow-up procedure, particularly in patients with superior
responses. Multimodal imaging integrating positron emission
tomography, which directly images amyloid deposits, has
the potential to detect pathological changes [27]. These
limitations highlight the need for further research to address
these issues and improve the assessment and management
of patients with AL-CA.

In conclusion, advanced CMR methods allow noninvasive
monitoring of initial changes in response to chemotherapy
in patients with AL-CA. Notably, the LS was identified as a
sensitive functional marker. Meanwhile, T1 mapping with
ECV measurement could effectively track myocardial amyloid
burden, revealing that recovery of the right ventricle
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Table 3. Changes in serum biomarkers and CMR parameters according to response groups

Hematologic response

Parameter Superior response Inferior response p Superior response Inferior response p
(n=93) (n=18) (n=59) (n=52)
Follow-up, m 12.4 (10.3-16.5) 13.0 (10.2-14.7)  0.794  13.1 (11.4-16.0) 11.0 (9.8-16.0) 0.218
Changes in serum biomarkers
dFLC, mg/L -169.0 (-317.7--85.7) -114.2 (-186.3--4.8) 0.024 -222.0 (-416.7--80.8) -112.5 (-201.9--71.4) 0.019
cTnI, pug/L -0.035 (-0.112--0.003) -0.011 (-0.041-0.022) 0.036 -0.045 (-0.145--0.006) -0.020 (-0.053-0.009) 0.003
NT-proBNP, pg/mL -548 (-2482--25) 113 (-375-1448)  0.001 -1070 (-3791--306) -14 (-443-883) < 0.001
Hematocrit, % -1.7 (-5.6-1.2) -2.5 (-6.6-2.4) 0.950 -1.5 (-5.8-3.1) -4.5 (-5.6--0.7) 0.146
Changes in CMR parameters
LGE 0 (0-0) 0 (0-0) 0.841 0 (0-0) 0 (0-0) 0.586
T2, ms 1.1£3.9 0.4 +2.0 0.377 1.5+4.3 0.5+2.9 0.910
LV native T1, ms -9.2 (-60.0-44.0) 2.0 (-27.3-66.3)  0.270 -25.6 (-75.0-27.0) 14.5 (-32.0-58.8)  0.047
LV ECV, % -0.3 (-6.0-3.0) 1.0 (-1.0-2.5) 0.532  -2.0 (-6.0-1.3) 2.0 (-3.0-5.0) 0.010
Relative intracellular 0.011 + 0.067 -0.003 + 0.047 0.452 25+53 -1.0+£7.2 0.007
volume
Total extracellular -0.7 (-6.8-7.7) 2.4 (-6.2-6.6) 0.901 -2.3 (-8.3-2.9) 4.4 (-5.9-11.3) 0.007
mass, g
Total intracellular 1.6 (-3.1-8.1) -0.5 (-5.3-6.6) 0.531 1.7 (-2.0-6.5) 1.5 (-4.6-13.7) 0.574
mass, g
LV massi, g/m’ 1.3 (-4.1-9.0) 5.3(0.2-11.0)  0.600 0.3 (-4.9-9.0) 4.2 (-1.6-10.5) 0.003
LV EDVi, mL/m? 11.7 + 18.7 4.4 +15.0 0.183 7.5 +13.6 13.9 £ 22.2 0.224
LV ESVi, mL/m? 4.4 (-0.9-9.9) -0.7 (-5.9-4.1) 0.558 3.0 (-1.5-6.9) 5.3 (-2.4-14.7) 0.748
LV SVi, mL/m? 5.3 (-2.3-12.1) 2.9 (-8.1-10.7)  0.315 3.2 (-4.9-12.2) 4.7 (-2.2-11.4) 0.446
Left atrial area, cm? -1.5 (-8.8-11.8) -1.6 (-20.2-5.5) 0.614  -1.5 (-13.6-10.1) -1.5 (-6.5-13.8) 0.559
LV EF, % 0.5 (-5.7-2.6) 1.9 (-4.8-11.7)  0.820 0.1 (-2.5-3.9) -0.6 (-7.6-3.0) 0.755
LV circumferential -0.2 (-2.2-1.9) -0.2 (-1.8-1.9) 0.959  -0.4 (-2.2-1.6) -0.1 (-2.2-2.6) 0.787
strain, %
LV longitudinal strain, %  -0.5 (-3.0-1.1) -0.1(-2.6-1.7) 0.671  -0.5 (-2.9-1.1) -0.1 (-2.8-1.2) 0.284
LV radial strain, % -0.9 (-2.1-1.4) 0.8 (-3.1-5.5) 0.817 1.1 (-2.4-5.5) 0.1 (-2.7-5.3) 0.299
LV basal segmental 0.2+3.2 0.7+2.38 0.579 -0.1£2.9 0.7 3.5 0.293
circumferential
strain, %
LV basal segmental -0.6 (-2.6-3.1) -1.2 (-4.1-2.7) 0.880  -1.2 (-3.0-2.4) -0.1 (-1.8-3.4) 0.334
longitudinal strain, %
LV basal segmental 2.5£0.2 -0.6 + 14.5 0.356 3.1+10.4 0.3 +11.7 0.265
radial strain, %
RV native T1, ms 2.5 (-117-63) -27.0 (-138.0-60.0) 0.614 -27.0 (-118.0-43,5)  35.0 (-96.8-139.8)  0.130
RV ECV, % -2.7 (-7.3-2.3) 3.6 (-1.9-4.6) 0.091 -2.9 (-8.7-1.1) 1.7 (-5.5-7.1) 0.017
RV massi, g/m’ 1.1 (-2.5-3.1) 0.7 (-2.6-2.9) 0.161 0.7 (-2.6-2.7) 1.2 (-2.4-3.1) 0.364
RV EDVi, mL/m? 7.6 £21.6 4.3 +21.3 0.089 3.5+ 20.1 11.3 £ 22.6 0.759
RV ESVi, mL/m? 1.6 (-3.9-8.4) 4.3 (-4.9-6.7) 0.99  -0.2 (-5.0-7.0) 5.2 (-2.3-11.4) 0.408
RV SVi, mL/m’ 4.3 (-3.1-14.4) 5.8 (-21.6-2.3)  0.007 2.3 (-3.3-14.5) 0.9 (-5.2-13.1) 0.646
Right atrial area, cm*>  -0.4 (-10.6-8.4) 0.8 (-18.9-13.0) 0.814  -2.1 (-12.4-8.2) 2.6 (-11.1-12.6)  0.746
RV EF, % 1.5 (-2.6-5.3) -0.4 (-5.8-4.1) 0.009 1.7 (-1.6-4.7) 1.0 (-7.1-5.3) 0.243
RV circumferential -0.5 (-2.4-1.4) 0.7 (-2.6-3.2) 0.271  -0.5 (-2.0-1.1) 0.3 (-3.1-1.8) 0.735
strain, %
RV longitudinal strain, %  -1.6 (-3.1-1.1) 0.6 (-4.2-5.3) 0.082  -1.6 (-3.1-1.2) -0.7 (-4.0-2.4) 0.798
RV radial strain, % 2.7 (-9.2-11.5) 44 (-45-11.1)  0.662 3.0 (-4.3-11.4) 2.7 (-10.1-10.9)  0.505
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Table 3. Changes in serum bhiomarkers and CMR parameters according to response groups (continued)

Guo et al.

Hematologic response Cardiac laboratory response

Parameter Superior response Inferior response Superior response Inferior response
(n=93) (n=18) (n=59) (n=52)
RV basal segmental -0.5 (-3.2-3.0) -0.4 (-3.5-3.9) 0.950  -0.5 (-2.6-3.1) -1.0 (-4.7-3.0) 0.717
circumferential
strain, %
RV basal segmental -1.4 (-5.7-2.8) 1.1 (-4.5-3.6) 0.940  -0.8 (-4.4-2.6) -1.6 (-6.1-3.2) 0.817
longitudinal strain, %
RV basal segmental 5.1 (-14.8-19.0) 16.1 (-14.6-29.8)  0.419 9.6 (-19.3-18.8) -1.2 (-12.3-27.1)  0.950

radial strain, %

Values are presented as mean + standard deviation or median (interquartile range).

CMR = cardiac magnetic resonance, dFLC = difference between involved and uninvolved free light chains, cTnI = cardiac troponin I, NT-
proBNP = N-terminal pro-B-type natriuretic peptide, LGE = late gadolinium enhancement, LV = left ventricle, ECV = extracellular volume
fraction, massi = mass index, EDVi = end-diastolic volume index, ESVi = end-systolic volume index, SVi = stroke volume index, EF =
ejection fraction, RV = right ventricle

following chemotherapy was more prominent and probably
earlier than that of the left ventricle. Myocardial T2 levels
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