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BACKGROUND Atrial fibrillation (AF) during high-dose melphalan and autologous stem-cell transplantation (HDM/

SCT) for light-chain (AL) amyloidosis confers significant morbidity. Traditional risk factors provide limited prediction for

development of paroxysmal AF during this vulnerable period.

OBJECTIVES We sought to assess the association of clinical and echocardiographic parameters, including left atrial (LA)

mechanics and development of AF in patients undergoing HDM/SCT therapy.

METHODS Baseline echocardiograms, electrocardiograms, and electronic medical records were retrospectively assessed

among patients with AL amyloidosis before HDM/SCT (n ¼ 91). LA function analysis was performed using speckle-

tracking echocardiography.

RESULTS In this study, 42 patients (46%) had cardiac involvement; in the peri-transplant period, 12 (13%) developed

AF (7 with cardiac involvement). No significant differences in age, sex, cardiac biomarkers, or cardiac risk factors were

seen between patients with and without development of AF; one-third of patients with AF peri-transplant had previous

AF. Although LA reservoir strain was reduced in patients with development of AF, time to peak strain rate indexed to R-R

interval (TPSRI) (p ¼ 0.001) was prolonged in patients with development of AF compared with sinus rhythm patients in

the total cohort but also in subgroups with and without cardiac involvement.

CONCLUSIONS TPSRI, a parameter of mechanical dispersion in the early reservoir phase of LA function, is associated

with development of AF among patients undergoing HDM/SCT for AL amyloidosis. These findings require validation in

larger prospective cohorts. (J Am Coll Cardiol CardioOnc 2020;2:721–31) © 2020 The Authors. Published by Elsevier on

behalf of the American College of Cardiology Foundation. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).
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DABBR EV I A T I ON S

AND ACRONYMS

AF = atrial fibrillation

AL = light-chain amyloidosis

CA = cardiac amyloid

HDM/SCT = high-dose

melphalan and autologous

stem cell transplantation

LA = left atrium

LV = left ventricle

TPSRI = time to peak strain

rate indexed to R-R interval
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evelopment of atrial fibrillation (AF)
has been an increasingly recognized
complication during high-dose

melphalan and autologous stem-cell trans-
plantation (HDM/SCT) (1–3), a treatment
shown to induce durable hematologic and
clinical remissions in selected patients
with light-chain (AL) amyloidosis (4,5).
Following HDM/SCT, AF incidence has been
reported at 13% and confers significant risks,
including longer hospitalization days, inten-
sive care admissions, and trend for increased
mortality (6).
Risk factors for AF following SCT for a variety of
hematologic malignancies have included older age,
renal function, diastolic dysfunction, left atrial (LA)
size, melphalan use, previous arrhythmias, and
coexisting cardiac risk factors (2,7–10). To our
knowledge, we previously reported the only study
that specifically evaluated the factors that predispose
patients with AL amyloidosis to develop AF under-
going HDM/SCT. Of note, previous history of AF was
the sole risk factor for development of AF in this
cohort, with other typical risk factors such as age,
cardiac risk factors, and standard echocardiographic
parameters showing no difference between patients
with AF and without AF (6). Previous history of AF
was only present in 8% of patients undergoing HDM/
SCT and did not account for all cases of incident AF
observed; hence, improved risk-assessment tools for
development of AF in these patients are warranted to
help identify high-risk individuals to direct thera-
peutics and mitigate risk.

With the technological advances in echocardiography
via deformation imaging, the complexity and
importance of LA mechanical function has been
increasingly recognized. LA function includes the
reservoir phase (LA filling and expansion from pul-
monary venous flow during LV systole when the
mitral leaflets are closed), the conduit phase (left
ventricular [LV] filling from the pulmonary veins in
early ventricular diastole), and the booster phase
(active LA contraction in late diastole) (Central
Illustration). LA function and mechanics predict
development of AF in individuals with and without
overt cardiac disease (11–13) and are associated with
worse outcomes (14–16). Patients with AL amyloid-
osis and cardiac involvement have a high incidence
of developing cardiac arrhythmias that are often
poorly tolerated (17). LA mechanics are impaired in
cardiac amyloidosis (18); however, studies to date
have not applied this methodology in patients with
AL amyloidosis undergoing SCT. Accordingly, our
objective was to evaluate echocardiographic
parameters—specifically, LA mechanics via strain
imaging in AL amyloidosis pre-transplant—to eval-
uate its association with development of AF during
the peri-transplant period in patients with and
without cardiac amyloidosis (CA).

METHODS

STUDY POPULATION. Electronic medical records,
electrocardiograms, and baseline transthoracic echo-
cardiograms were analyzed for LV and LA strain from
a retrospective cohort of 91 consecutive patients in
sinus rhythm with systemic AL amyloidosis under-
going HDM/SCT between January 2011 and June 2016
at Boston Medical Center. Eligibility criteria, pro-
tocols for HDM/SCT, and outcomes of these patients
have been reported previously (4,6). Of the total
cohort, 42 patients had cardiac involvement. Parox-
ysmal AF (defined as noted AF that terminated
spontaneously and was present for 7 days or fewer)
was noted in the peri-transplant period in 12 patients
(13%), 58% (7 of 12 had cardiac involvement) who had
cardiac involvement. Peri-transplant period was
defined as the first day of stem-cell mobilization until
time of neutrophil engraftment (absolute neutrophil
count >500 for 2 consecutive days) after HDM/SCT.
No patients undergoing SCT had persistent AF. The
Boston University Medical Center Institutional Re-
view Board approved this study, and all participants
provided informed consent at the time of first visit at
the Boston University Amyloidosis Center.

ASSESSMENT OF CARDIAC STRUCTURE AND FUNCTION.

Convent iona l t ransthorac i c echocard iography .
Patients underwent comprehensive transthoracic
echocardiography before initiation of HDM/SCT
therapy with 2-dimensional (2D), color, and tissue
Doppler measurements, acquired according to
American Society of Echocardiography (ASE)
guideline recommendations for chamber
quantification, diastolic function, and systolic
function (19,20). Echocardiograms were obtained on
all patients using a 1- to 5-MHz transducer and
commercially available ultrasound machine (iE33,
Phillips Medical System, Andover, Massachusetts).
2D speck le-t rack ing echocard iography . LV and
LA strain analyses of patients were performed offline
and blinded to clinical characteristics, using the
TomTec software package (Cardiac Performance
Analysis, Version 4.2, Unterschleissheim, Germany)
by a single analyst (G.L.). LV and LA strain were
performed according to ASE guidelines, with image
acquisition obtained between 60 and 80 frames per
second (19). LA strain, LA strain rate, and LA volumes
and phasic function were obtained and averaged from



CENTRAL ILLUSTRATION Left Atrial Mechanics and
Temporal Relationship to the Cardiac Cycle
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Left atrial mechanics in relation to the left ventricle throughout the cardiac cycle. εR

represents left atrial reservoir strain (peak left atrial longitudinal strain during ven-

tricular systole); εCT represents left atrial contractile strain (peak left atrial longitudinal

strain during atrial contraction). Left atrial strain rate, time-to-peak strain rate, and

time-to-peak strain rate index description in relation to the cardiac cycle. Vertical

colors designate reservoir (blue), conduit (yellow), and booster (orange) pump func-

tions, respectively. TPSRI ¼ time-to-peak strain rate indexed to R-R interval.

J A C C : C A R D I O O N C O L O G Y , V O L . 2 , N O . 5 , 2 0 2 0 Lohrmann et al.
D E C E M B E R 2 0 2 0 : 7 2 1 – 3 1 Left Atrial Mechanics Associates With Paroxysmal AF in AL Amyloidosis

723
4-chamber and 2-chamber views, using the R-wave as
the reference point, according to previously
described methodology and detailed in Supplemental
Table 1 (21). Time to peak strain rate index (TPSRI)
represents the time from QRS onset to peak SR during
LV ejection (LA reservoir phase) indexed to the pa-
tient’s R-R interval. The Central Illustration graphi-
cally depicts LA strain, strain rate, and time-to-peak
parameters. All patients were in sinus rhythm at the
time of their echocardiograms.

Cardiac involvement of AL amyloidosis was
deemed to be present if patients exhibited abnormal
imaging findings (unexplained wall thickness
$12 mm) or abnormal cardiac biomarkers including
B-type natriuretic peptide (BNP) >100 pg/ml and/or
elevated cardiac troponin. Supportive criteria of
abnormal LV longitudinal strain and/or abnormal
diastolic dysfunction were taken into consideration
but were not mandatory criteria. Our institutional
criteria was congruent with the updated consensus
criteria established at the 2010 meeting of the Inter-
national Society of Amyloidosis for cardiac involve-
ment of AL amyloidosis (unexplained wall
thickness $12 mm or elevated NT-proBNP >332 pg/ml
in the absence of AF or renal failure) (22). BNP was
used in our determination of cardiac involvement
instead of NT-proBNP, as BNP was the more clinically
available biomarker at Boston Medical Center before
2016. Cardiac magnetic resonance imaging and/or
cardiac biopsy were performed in specific cases but
were not required for the determination of cardiac
involvement. Of note, 4 patients in this cohort un-
derwent orthotopic cardiac transplantation
(w6 months before SCT) for cardiac involvement, and
the baseline echocardiogram used in this study was
within weeks of biopsy-confirmed absence of CA in
the transplanted heart. Thus, all 4 of these patients
were classified as being without CA for the purposes
of this study.

Cardiac biomarker staging classification applied
the 2019 Boston University scoring system for AL
amyloidosis using BNP >81 pg/ml and cardiac
troponin I >0.10 ng/ml as cutpoints for classification
into 3 stages (23). Renal staging applied the 2014
staging system proposed by Palladini et al. (24), using
estimated glomerular filtration rate <50 ml/min
and/or proteinuria >5 g/24 h as cutpoints for staging
(24).
STATISTICAL ANALYSIS. Baseline clinical character-
istics and echocardiographic data are reported as
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TABLE 1 Baseline Clinical Characteristics

Total Cohort (N ¼ 91)

(–) Cardiac Amyloid (n ¼ 49) (þ) Cardiac Amyloid (n ¼ 42)

No AF (n ¼ 44) AF (n ¼ 5) No AF (n ¼ 35) AF (n ¼ 7)

Age, yrs 58 � 9 59 � 10 62 � 4 57 � 8 56 � 10

Female, % 38 (42) 18 (41) 1 (20) 14 (40) 5 (71)

BMI, kg/m2 28 � 5 28 � 5 33 � 5 27 � 5 27 � 7

Hypertension 37 (41) 23 (52) 3 (60) 9 (26) 2 (29)

Diabetes 5 (5) 3 (7) 0 (0) 1 (3) 1 (14)

CVA 5 (5) 2 (5) 0 (0) 2 (6) 1 (14)

Coronary artery disease 1 (4) 2 (5) 0 (0) 2 (6) 0 (0)

Previous AF history 7 (8) 2 (5) 1 (20) 1 (3) 3 (43)

NYHA functional class

I 50 (77) 26 (93) 3 (100) 18 (62) 3 (60)

II 13 (20) 2 (7) 0 (0) 9 (31) 2 (40)

III 2 (3) 0 (0) 0 (0) 2 (7) 0 (0)

Melphalan dose, mg/m2 181 � 28 180 � 29 176 � 33 183 � 28 183 � 29

Bortezomib before SCT 46 (52) 16 (37) 4 (80) 21 (64) 5 (71)

BNP, pg/ml 126 (49–294) 70 (28–93) 38 (22–83) 295 (152–608) 207 (171–529)

Troponin I, ng/ml 0.02 (0.007–0.061) 0.008 (0.006–0.022) 0.012 (0.011–0.012) 0.05 (0.029–0.120) 0.045 (0.043–0.335)

BU cardiac biomarker stage

1 33 (36) 27 (61) 3 (60) 3 (9) 0 (0)

2 42 (46) 15 (34) 2 (40) 21 (60) 4 (57)

3 16 (18) 2 (5) 0 (0) 11 (31) 3 (43)

Renal involvement 72 (80) 39 (88) 4 (80) 26 (76) 3 (43)

Proteinuria (g/24 h) 5,702 � 4,569 6,027 � 3,892 9,072 � 7,758 5,251 � 4,513 3,492 � 5,562

Renal staging system

1 34 (37) 11 (25) 1 (20) 18 (51) 4 (57)

2 41 (45) 27 (61) 2 (40) 9 (26) 3 (43)

3 16 (18) 6 (14) 2 (40) 8 (23) 0 (0)

TSH, mIU/ml 2.5 � 1.5 2.7 � 1.3 2.0 � 1.4 2.6 � 1.8 1.8 � 0.9

HR, beats/min 79 � 14 76 � 13 77 � 13 82 � 15 84 � 16

eGFR, ml/min/1.73 m2 71 � 30 71 � 31 39 � 26 73 � 27 80 � 31

Beta-blocker/anti-arrhythmic use 15 (17) 6 (14) 1 (20) 4 (12) 4 (57)

Values are mean � SD, n (%), or median (25th and 75th percentiles [Q1–Q3]).

AF ¼ atrial fibrillation; BMI ¼ body mass index; BNP ¼ B-type natriuretic peptide; BU ¼ Boston University; CVA ¼ cerebrovascular accident; eGFR ¼ estimated glomerular
filtration rate; HR ¼ heart rate; NYHA ¼ New York Heart Association; SCT ¼ stem-cell transplant; SD ¼ standard deviation; TSH ¼ thyroid stimulating hormone.
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mean � SD, median (25th and 75th percentiles
[Q1–Q3]), or number (percentage) unless otherwise
specified. The baseline data for both clinical and
echocardiographic data are displayed for the total
cohort (inclusive of patients with and without CA)
and then divided by the presence of CA and devel-
opment of AF to explore group differences in the
context of smaller sample sizes in these subgroups.
All continuous variables were tested for normality
with Student’s t-tests applied for normally distrib-
uted variables; Wilcoxon rank sum was applied for
comparisons between non-normally distributed
variables. Categorical variable comparisons used
chi-square testing, and, for categorical groups fewer
than 5, Fisher exact test was applied. Correlation
testing among LA strain, LA strain rate, and LA vol-
ume parameters and clinical and echocardiographic
parameters used Pearson correlation coefficient (r).
Univariable logistic regression models used
development of AF following HDM/SCT as the
dependent variable with LA parameters or standard
echocardiographic parameters as the independent
variable. Adjusted means (accounting for age, history
of AF, and diastolic dysfunction) of LA mechanics and
relation to development of AF stratified by the pres-
ence or absence of CA were evaluated. All analyses
were performed using SAS version 9.3 (SAS Institute
Inc., Cary, North Carolina). Inter-class correlation
coefficients with 95% confidence limits were esti-
mated to assess echocardiographic reliability and
reproducibility (Supplemental Table 3).

RESULTS

CLINICAL CHARACTERISTICS. A total of 91 patients
comprised the total cohort (mean age 58 � 9 years,
42% female) with 42 patients with cardiac involve-
ment (46%) and 12 (13%) developing any AF during
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TABLE 2 Cardiac Structure and Function

Total Cohort (N ¼ 91)

(–) Cardiac Amyloid (n ¼ 49) (þ) Cardiac Amyloid (n ¼ 42)

No AF (n ¼ 44) AF (n ¼ 5) No AF (n ¼ 35) AF (n ¼ 7)

LA diameter, mm 33 � 6 32 � 5 33 � 7 35 � 6 35 � 8

Interventricular septum, mm 11 � 3 10 � 2 10 � 2 13 � 3 13 � 3

Diastolic grade

1 15 (18) 7 (19) 1 (20) 5 (15) 0 (0)

2 13 (16) 7 (19) 0 (0) 10 (29) 2 (29)

3 13 (16) 1(3) 1 (20) 8 (24) 3 (43)

Indeterminate 30 (37) 20 (56) 4 (40) 8 (24) 0 (0)

Mitral E wave, cm/s 78 � 22 70 � 13 72 � 17 85 � 27 100 � 20

Mitral A wave, cm/s 69 � 23 69 � 18 73 � 27 71 � 27 54 � 21

Mitral E/A ratio 1.3 � 0.7 1.1 � 0.4 1.3 � 1.0 1.4 � 0.9 2.1 � 1.0

Mean e’ velocity, cm/s 7 � 2 8 � 2 8 � 2 6 � 2 6 � 1

LVM index, g/m2 88 � 29 72 � 19 82 � 14 108 � 31 98 � 23

Relative wall thickness 0.5 � 0.1 0.5 � 0.1 0.4 � 0.1 0.6 � 0.1 0.6 � 0.2

Mitral regurgitation severity

No regurgitation 33 (38) 20 (49) 2 (40) 9 (26) 2 (29)

Trace-mild 55 (62) 21 (51) 3 (60) 26 (74) 5 (71)

Moderate-severe 0 (0) 0 (0) 0 (0) 0 (0) 0 (0)

LV function

LVEF, % 62 � 7 65 � 5 64 � 4 60 � 8 60 � 9

GLS, % –14 � 4 –16 � 4 –15 � 2 –12 � 3 –12 � 3

LA function

LA strain

εR, % 29 � 12 35 � 10 32 � 11 24 � 10 17 � 7

εCT, % 15 � 8 18 � 7 20 � 12 12 � 7 7 � 5

LA strain rate

SR s’, 1/s 0.9 � 0.3 1.1 � 0.3 0.9 � 0.3 0.8 � 0.3 0.6 � 0.3

SR e’, 1/s –0.7 � 0.3 –0.8 � 0.3 –0.7 � 0.4 –0.6 � 0.3 –0.3 � 0.5

SR a’, 1/s –0.7 � 0.4 –0.9 � 0.3 –0.9 � 0.4 –0.6 � 0.3 –0.4 � 0.4

TPSRI, % 22 � 8 19 � 5 26 � 9 22 � 6 35 � 16

Reservoir ratio (TPSRI/εR) 0.7 (0.5–1.1) 0.6 (0.4–0.7) 0.8 (0.6–1.3) 1.0 (0.7–1.3) 2.1 (1.1-5.0)

LA volume index

Maximum, ml/m2 39 � 12 35 � 8 34 � 13 44 � 13 39 � 12

Minimum, ml/m2 19 � 10 14 � 5 13 � 7 25 � 11 25 � 11

Pre-p, ml/m2 29 � 11 24 � 8 25 � 8 35 � 12 30 � 12

LA stroke volume index

Total, ml/m2 20 � 7 21 � 6 22 � 8 20 � 7 14 � 4

Passive, ml/m2 10 � 5 11 � 5 9 � 7 10 � 4 9 � 5

Active, ml/m2 10 � 5 11 � 5 13 � 6 10 � 5 5 � 2

LA phasic function

Reservoir, % 132 � 69 164 � 60 185 � 82 99 � 54 68 � 39

Conduit, % 27 � 12 30 � 12 23 � 15 23 � 11 25 � 12

Booster, % 36 � 15 42 � 11 49 � 19 31 � 13 18 � 11

Values are mean � SD, n (%), or median (25th and 75th percentiles [Q1–Q3]).

AF¼ atrial fibrillation; LA¼ left atrial; LV ¼ left ventricular; LVM ¼ left-ventricular mass; LVEF¼ left-ventricular ejection fraction; GLS¼ global longitudinal strain; εR ¼ left-
atrial reservoir strain (peak left atrial longitudinal strain during ventricular systole); εCT ¼ left atrial contractile strain (peak left atrial longitudinal strain during atrial
contraction); SR ¼ strain rate; TPSRI ¼ time-to-peak strain rate indexed to R-R interval; Pre-p ¼ left atrial volume measured just before P-wave on electrocardiogram tracing to
quantify LA volume before atrial contraction.
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the peri-transplant period. Baseline clinical charac-
teristics are shown in Table 1. No significant differ-
ences were noted in baseline cardiovascular risk
factors (specifically, age, presence of hypertension,
diabetes, presence of coronary artery disease), car-
diac biomarkers (B-type natriuretic peptide or cardiac
troponin I), or Boston University (BU) biomarker
staging among the total cohort or within the sub-
groups with and without CA. However, the presence
of a previous history of paroxysmal AF was signifi-
cantly higher among patients who developed AF post-
SCT (33%) versus those who did not develop AF (4%).



TABLE 3 Association of Left Atrial Parameters and Standard Echocardiographic Parameters on Development of Atrial Fibrillation

Total Cohort (N ¼ 91) (–) Cardiac Amyloid (n ¼ 49) (þ) Cardiac Amyloid (n ¼ 42)

OR* 95% CI p Value OR* 95% CI p value OR* 95% CI p Value

Left atrial mechanics

εR 0.94 0.89–1.00 0.053 0.96 0.87–1.06 0.43 0.92 0.83–1.02 0.11

εCT 0.95 0.87–1.04 0.25 1.04 0.92–1.17 0.53 0.86 0.72–1.102 0.079

TPSRI 1.16 1.06–1.26 0.001 1.22 1.02–1.46 0.033 1.14 1.03–1.26 0.011

Reservoir ratio (TPSRI/εR) 2.51 1.30–4.85 0.006 4.82 0.66–35.19 0.12 2.57 1.15–5.74 0.021

LA total SV index 0.91 0.82–1.02 0.096 1.02 0.87–1.18 0.84 0.79 0.64–0.98 0.036

LA passive SV index 0.95 0.83–1.08 0.41 0.94 0.78–1.14 0.52 0.96 0.79–1.16 0.65

LA active SV index 0.90 0.77–1.04 0.15 1.07 0.92–1.25 0.42 0.67 0.47–0.96 0.029

Reservoir function 1.00 0.99–1.01 0.39 1.01 0.99–1.02 0.48 0.99 0.97–1.01 0.17

Conduit function 0.98 0.93–1.03 0.45 0.96 0.89–1.03 0.25 1.01 0.94–1.09 0.70

Booster function 0.97 0.93–1.01 0.16 1.05 0.97–1.14 0.25 0.93 0.86–1.00 0.036

Standard echocardiographic parameters

Diastolic grade 0.90 0.60–1.37 0.63 0.95 0.55–1.63 0.85 0.84 0.43–1.67 0.63

Interventricular septum 1.09 0.88–1.35 0.42 1.15 0.66–1.99 0.62 1.02 0.77–1.36 0.88

Mitral regurgitation severity 1.42 0.59–3.40 0.44 1.50 0.40–5.64 0.55 1.21 0.36–4.08 0.76

Mitral E/A ratio 2.09 1.01–4.34 0.048 2.06 0.38–11.10 0.40 2.06 0.83–5.12 0.12

Mean e’ velocity 0.94 0.70–1.26 0.68 0.89 0.55–1.45 0.66 1.08 0.69–1.70 0.73

LA volume indexed to BSA 0.98 0.93–1.04 0.57 0.99 0.89–1.11 0.67 0.97 0.90–1.04 0.33

*Odds ratio reflects univariable logistic regression.

CI ¼ confidence interval; BSA ¼ body surface area; εR ¼ left atrial reservoir strain (peak left atrial longitudinal strain during ventricular systole); εCT ¼ left atrial contractile strain (peak left-
atrial longitudinal strain during atrial contraction); LA ¼ left atrium; OR ¼ odds ratio; SV ¼ stroke volume; TPSRI ¼ time-to-peak strain rate indexed to R-R interval.
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Regarding timing in the peri-transplant period, 10 of
the 12 subjects with development of AF (83%) devel-
oped AF after SCT; only 2 subjects developed AF
during stem-cell mobilization.

STANDARD ECHOCARDIOGRAPHIC CHARACTERISTICS.

In the total cohort, cardiac wall thickness, LA diam-
eter, diastolic grade, and LV systolic function did not
differ among individuals who did and did not develop
AF. However, in the CA subgroup (n ¼ 42), there was a
higher proportion of patients with more advanced
diastolic dysfunction (grade 3) in those who devel-
oped AF compared with those without development
of AF (43% vs. 24%, p ¼ 0.010). LV ejection fraction
(LVEF) remained preserved in the CA subgroup (with
AF: 60 � 9% vs. without AF: 60 � 8%; p ¼ 0.97), and
global longitudinal strain was similarly reduced be-
tween those with AF (–12 � 3%) and those without
development of AF –12 � 3%; p ¼ 0.58).

LEFT ATRIAL MECHANICS IN INDIVIDUALS WITH

AND WITHOUT DEVELOPMENT OF AF. LA me-
chanics—specifically, LA strain, LA strain rate, LA
volumetric analysis, and LA function—were evaluated
(Table 2). In the total cohort, the LA reservoir strain
(εR) was reduced among patients with development
of AF (23 � 11%) compared with subjects without AF
(30 � 12%; p ¼ 0.047). Although total and active
stroke volumes (indexed to body surface area) were
reduced among those who developed AF compared
with those without AF, these differences were not
statistically significant. However, TPSRI, the time to
peak SR during atrial filling in the LA reservoir phase
(indexed to R-R interval), was significantly prolonged
among those who developed AF (32 � 14 ms)
compared with those without AF (21 �
6 ms; p ¼ 0.003).

In the CA subgroup, εR was reduced (17 � 7%)
among patients who developed AF compared with
those without development of AF (24 � 10%;
p ¼ 0.088). Total LA stroke volume index (p ¼ 0.033)
and active stroke volume index (p ¼ 0.013) were
significantly reduced in patients with CA and devel-
opment of AF compared with those without devel-
opment of AF. LA booster function was significantly
reduced in those developing AF compared with those
without development of AF in the CA subgroup (18 �
11% vs. 31 � 13%, respectively; p ¼ 0.026). As in the
total cohort, among patients with CA, TPSRI was
significantly prolonged (35 � 16 ms) among patients
developing AF compared with those without devel-
opment of AF (22 � 6 ms; p ¼ 0.036).

CLINICAL AND ECHOCARDIOGRAPHIC CORRELATES

OF TPSRI. TPSRI was not correlated to clinical char-
acteristics including age, body mass index, cardiac
biomarkers, New York Heart Association functional



FIGURE 1 Left Atrial Strain Measurements in Patients With and Without Development of Atrial Fibrillation Among the Total Cohort and Subgroups (With and

Without Cardiac Amyloid Involvement)

(A) Differences in TPSRI; (B) Differences in reservoir ratio; (C) Differences in εR; (D) Differences in total LA stroke volume index. Values represent adjusted mean and SE,

after accounting for age, history of atrial fibrillation, and diastolic dysfunction. εR ¼ left atrial reservoir strain (peak left atrial longitudinal strain during ventricular

systole); LA ¼ left atrial; SE ¼ standard error; TPSRI ¼ time-to-peak strain rate indexed to R-R interval (reservoir ratio represents TPSRi/εR).
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calls, or renal function. Regarding standard echocar-
diographic parameters, diastolic dysfunction was not
correlated with TPSRI (r ¼ 0.07, p ¼ 0.52) but was
correlated with LA diameter (r ¼ 0.27, p ¼ 0.012);
apical: basal left ventricular global longitudinal
strain ratio (r ¼ 0.31, p ¼ 0.004); and LV longitudinal
strain (r ¼ 0.24, p ¼ 0.028). In addition, TPSRI
was inversely associated with εR (r ¼ –0.34,
p ¼ 0.001) and LA contraction parameters including
εCT (r ¼ –0.25, p ¼ 0.018), active LA stroke volume
index (r ¼ –0.23, p ¼ 0.033), and LA booster func-
tion (r ¼ –0.26, p ¼ 0.018).
ASSOCIATIONS OF CLINICAL AND ECHOCARDIOGRAPHIC

PARAMETERS AND ATRIAL FIBRILLATION IN THE

PERI-TRANSPLANT PERIOD. The association of both
standard and LA mechanics parameters to develop-
ment of AF in the peri-transplant period was evalu-
ated with univariable analysis (Table 3). Of standard
measures, only mitral E/A ratio showed an association
with development of AF (p ¼ 0.048). For LA me-
chanics parameters, εR (p ¼ 0.053), TPSRI (p ¼ 0.001),
reservoir ratio (ratio of TPSRI/εR) (p ¼ 0.006), were
associated with development of AF in the total cohort
in unadjusted analyses. Total LA stroke volume index
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was not statistically significant (p ¼ 0.096). TPSRI was
the only variable that was consistently associated in
the total cohort as well as in subgroups with and
without CA. Adjusted means (accounting for age,
history of AF, and diastolic dysfunction) of LA me-
chanics according to development of AF stratified by
the presence or absence of CA are shown in Figure 1.
LA parameters were also compared according to pre-
vious AF history; these are shown in
Supplemental Table 2.

DISCUSSION

Among patients with AL amyloidosis undergoing
HDM/SCT, the development of AF leads to significant
morbidity in the peri-transplant period. Clinical pre-
dictors of AF, however, are highly prevalent in these
patients (e.g., diastolic dysfunction, LA dilation) and
lack specificity in identifying high-risk individuals.
Our study found TPSRI, the time to peak SR during
atrial filling in the LA reservoir phase (indexed to R-R
interval), was significantly prolonged in patients
developing AF in the peri-transplant period, with
more pronounced delay in those with cardiac
involvement.

LA RESERVOIR FUNCTION IMPAIRMENT IN AL

AMYLOIDOSIS. LA function facilitates LV filling by
functioning as a reservoir during LV systole from the
pulmonary veins, a direct conduit from pulmonary
veins to LV during early ventricular diastole, and
serving as an atrial booster pump for LV filling during
late diastole (LA contraction phase) (25). With the
advent of LA strain deformation technology, impair-
ments in these 3 phases have lent insight into aber-
rations of atrial function in cardiovascular disease,
particularly in AF. LA mechanics, assessed by LA
strain and strain rate, recently have been shown to
associate with paroxysmal and persistent AF and with
AF burden (13,26).

LA reservoir strain (εR), in particular, has shown
strength in AF studies in terms of prediction of
development of recurrence of AF and providing in-
cremental risk prediction of cardiovascular outcomes
over CHADS2 risk assessment (14–16,27). Expert
consensus guidelines regarding patients with AF
suggest that εR <30% indicates significantly impaired
reservoir function and is associated with poor out-
comes (28). Of note, in our whole cohort, the mean εR
was reduced at 29%, indicating higher risk among all
patients; in patients with development of AF, the
mean εR was even further reduced at 23 � 11%.
Furthermore, εR was lowest among patients with CA
and development of AF peri-transplant at 17 � 7%.
However, this metric of reservoir function was not
significantly associated with development of AF in
this amyloidosis cohort. In assessing reservoir ratio (a
ratio of TPSRI/εR) to assess strain and SR information
(mechanical dyssynchrony) from the reservoir phase,
this ratio helped differentiate between development
of AF and non-AF development in both the total
cohort and cardiac cohort.

MECHANICAL DYSSYNCHRONY IN AL AMYLOIDOSIS.

TPSRI was consistently prolonged in patients with
development of AF compared with those without
development of AF, and this relationship persisted in
subgroups with and without CA involvement. Several
studies have implicated time to peak of strain as an
index of LA mechanical dyssynchrony in paroxysmal
AF in a variety of cohorts (29–32). Mechanical dys-
synchrony in paroxysmal AF is associated with low-
voltage zones by electrophysiological mapping,
which has corresponded to LA fibrosis (26,32,33). It is
intriguing that our results suggest this prolongation
in TPSRI and relationship to development of AF per-
sists even among the subset of patients without
known CA, thus providing useful information about
the mechanical properties of the LA and gaining
insight to all patients with higher risk for develop-
ment of AF in AL amyloidosis.

Importantly, the patients with the greatest pro-
longation in TPSRI were among the patients with CA,
particularly those with development of AF. An
elegant electrophysiological study by Li et al. (34), in
1999, evaluated the LA substrate preceding develop-
ment of AF in dogs with heart failure (HF) compared
with controls and found that dogs with HF exhibited
increased heterogeneity in atrial conduction. Histo-
logically, these dogs with HF had evidence of exten-
sive atrial interstitial fibrosis, cell loss, and
hypertrophy with less tightly packed atrial myofibrils
(34). Amyloid cardiomyopathy has also been shown
histologically to have heterogeneous infiltration in
the LV with a small proportion of fibrosis present
(35,36). Thus, the underlying mechanism of more
extensive mechanical atrial dyssynchrony in CA
(extensive infiltration of amyloid protein in the
atrium, fibrosis, or other pathologic explanation) is
not currently well understood and requires dedicated
histologic correlation in future investigations.

CLINICAL IMPLICATIONS. Our center and other
groups have previously reported that development of
AF in the peri-transplant period for AL amyloidosis
leads to more hypotension, with more patients with
AF requiring vasopressors and admission to intensive
care units (6,17). Clinical characteristics such as older
age, previous history of AF, and diastolic dysfunction
are associated with AF following HDM/SCT, but these

https://doi.org/10.1016/j.jaccao.2020.10.010
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features are highly prevalent in these patients,
particularly those with CA, and lack specificity in
identifying which patients may be at highest risk for
AF and subsequent morbidity in the peri-transplant
period. In addition, diastolic function is often
normal in patients with AL amyloidosis without car-
diac involvement and, thus, it is not an effective
predictor of development of AF in patients without
CA undergoing SCT. Not surprisingly, a consistent
principal risk factor for development of AF has been
previous history of AF; however, previous history of
AF was only present in 33% of patients developing AF
in the peri-transplant period (6). In this study, stan-
dard echocardiographic parameters, such as LVEF,
wall thickness, and LA size, were not associated with
development of AF. Our current study underscores
the potential predictive strength of atrial mechanics—
specifically, LA mechanical dyssynchrony using
TPSRI—in associating with development of AF in pa-
tients with AL amyloidosis in the peri-transplant
period. The addition of this parameter to risk
assessment pre-transplant may lend to early identi-
fication of high-risk potential patients to consider
preventative therapeutics for mitigation of risk.

Importantly, along with other markers of LA me-
chanical dyssynchrony consistently noted in several
studies of prediction of AF among different cohorts
(29–31), TPSRI may prove clinically useful as an in-
dependent predictor for development of AF in other
high-risk cohorts. In CA, it may allow early insight
regarding atrial electromechanical disassociation, an
entity characterized by reduced or absent atrial me-
chanical function in the context of normal sinus
rhythm, which often leads to devastating clinical
outcomes of intracardiac thrombus or
thromboembolism.

Finally, subclinical or uncertain cardiac involve-
ment in patients with AL amyloidosis with normal or
only mildly increased wall thickness, preserved
ejection fraction, borderline or mildly abnormal
global longitudinal LV strain, and mildly elevated
cardiac biomarkers, and/or abnormal electrocardio-
graphic findings are often seen clinically. Our study
reveals that all patients with AL amyloidosis, irre-
spective of whether they have known CA, with LA
dyssynchrony discerned by a prolonged TPSRI are at
increased risk for development of AF and carry higher
risk. Whether these LA mechanical changes perhaps
reflect subclinical and early AL cardiac involvement
warrants additional evaluation.

STUDY LIMITATIONS. Limitations of this study
include the retrospective nature of the analysis and,
importantly, the small sample size from a single
institution. Nearly one-half of the patients with AL
amyloidosis who were deemed to have cardiac
involvement were determined by criteria consistent
with the International Society of Amyloidosis
consensus guidelines for cardiac involvement. How-
ever, not all patients underwent cardiac biopsy for
diagnosis; in some cases, patients classified into
noncardiac AL disease could not be absolutely ruled
out for subclinical cardiac involvement of their AL
amyloidosis. We did not have histological samples to
correlate pathology with the findings of LA mechan-
ical dyssynchrony and the underlying pathophysio-
logical etiology of the dyssynchrony noted in these
patients; thus, further investigation for the patho-
physiology is warranted. Finally, we acknowledge
that our number of AF events is small (n ¼ 12),
limiting our abilities to build multivariable models
and adjust for potential confounders. As a result, our
logistic regression analyses were limited to uni-
variable models only. However, our cohort of patients
with AL amyloidosis undergoing HDM/SCT (in sinus
rhythm) is relatively large for the field, and our AF
rate is comparable with other studies evaluating
supraventricular arrhythmias following SCT (2).
These findings provide motivation for larger, multi-
center studies.

CONCLUSIONS

LA mechanics—specifically, TPSRI—is associated with
development of AF in the peri-transplant period for
treatment of AL amyloidosis in both patients with and
without CA. We postulate that TPSRI may also serve
as an important metric in assessing LA dyssynchrony
not only in AL amyloidosis and cardiac amyloidosis
but in other high-risk cohorts for development of
paroxysmal AF.
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PERSPECTIVES

COMPETENCY IN MEDICAL KNOWLEDGE: This

study highlights that >10% of individuals undergoing

high-dose melphalan and stem-cell transplantation for

light-chain amyloidosis develop paroxysmal AF. Although

standard clinical and echocardiographic parameters did

not differ between patients who did and did not develop

AF, left atrial strain parameters, such as reservoir ratio

(ratio of TPSRI/εR) and time-to-peak strain rate (indexed

to R-R interval) (TPSRI), did associate with patients who

developed AF. TPSRI was prolonged not only the total

cohort but also in the subgroups with and without CA

who developed AF.

TRANSLATIONAL OUTLOOK: Additional research is

warranted to validate our initial findings in larger multi-

center cohorts of AL amyloidosis post-stem cell trans-

plantation as well as to extend the role of left atrial

mechanics in prediction of AF in both light-chain and

transthyretin cardiac amyloidosis. With further study,

development of predictive clinical tools and strategies to

mitigate risk in these patients can contribute to the

improvement of cardiovascular outcomes and quality of

life in patients with amyloidosis.
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