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ARTICLE INFO ABSTRACT

Background: AL amyloidosis and multiple myeloma result in extracellular deposition of insoluble fibrillary protein
in tissue and organs. Untreated median survival is very poor, and even worse with cardiac involvement.
Chemotherapy and peripheral blood stem cell transplantation (PBSCT) have been shown to dramatically improve
survival, with hematologic remission documented. Regression of cardiac changes has previously been shown,
as assessed by echocardiography (TTE) and cardiac magnetic resonance imaging (CMR). This study is a
comparison of TTE and CMR in long-term survivors of cardiac amyloidosis with regression.
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gz%:f:r.nyloidosis Results: Four long-term survivors with cardiac amyloidosis and regression of cardiac features on TTE were
Echocardiography identified. Mean age was 60 years and average survival was 139 months from the time of diagnosis of cardiac
Cardiac magnetic resonance imaging involvement. Statistically significant regression of the cardiac features of cardiac amyloidosis were demonstrated
Regression on TTE. In these survivors, post-PBSCT structural assessments were similar between TTE and CMR. Classical strain
Treatment imaging features of cardiac amyloidosis were only present in 50%. All patients had diffuse, patchy gadolinium
Survival enhancement on CMR after PBSCT.

Conclusions: Treatment of cardiac amyloidosis with chemotherapy and PBSCT may result in regression of
abnormalities on TTE with marked improvement in survival. Post treatment, TTE and CMR structural assessments
appear similar. Gadolinium imaging suggests that microscopic residual infiltration persists despite macroscopic
regression. Significant cardiac improvements with prolonged survival are seen nonetheless. Multimodality

imaging has a vital role in the management of cardiac amyloidosis.
© 2016 The Authors. Published by Elsevier Ireland Ltd. This is an open access article under the CC BY-NC-ND
license (http://creativecommons.org/licenses/by-nc-nd/4.0/).
1. Introduction to investigate high-dose chemotherapy, followed by peripheral blood

stem cell transplantation (PBSCT). This therapy and more recent anti-

The systemic amyloidoses are rare diseases which result in production
of insoluble proteins. Abnormal insoluble fibrils may be laid down in tis-
sue and organs. These aberrant molecular deposits are often toxic and
result in significant end-organ damage [1-5]. Diseases in this spectrum
include AL (primary) amyloidosis, multiple myeloma, monoclonal
gammopathy of unknown significance (MGUS), and AA (secondary) am-
yloid [1-5]. Before the 1990s, AL amyloidosis and multiple myeloma were
shown to have a median survival from diagnosis of 12 months [1]. With
the development of infiltrative cardiomyopathy (i.e. cardiac amyloidosis),
survival was reduced to 5 months [1]. Early chemotherapy regimens did
not significantly alter survival [5]. From the 1990s, some centres began
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plasma cell agents have resulted in sustained and deep hematologic re-
mission in many patients, with dramatic improvement in survival [4-8].

Cardiac amyloidosis results in characteristic changes on echocardiog-
raphy (see Fig. B.1) [9-12]. These include thickened, speckled ventricu-
lar walls (left and right ventricle), small ventricular cavities, dilated atria,
thickening of valve leaflet tissue, small pericardial effusions, and ad-
vanced diastolic dysfunction. Global longitudinal strain as a more subtle
measure of ventricular function may show early changes. Apical sparing
strain patterns are thought to be pathognomonic in cardiac amyloidosis
[9-13]. Cardiac magnetic resonance imaging (CMR) demonstrates dif-
fuse circumferential subendocardial, mid-wall to transmural enhance-
ment in a non-vascular distribution in the acute phases of the disease
[14-17]. These changes make CMR an excellent tool for the detection
of cardiac amyloidosis with high sensitivity and specificity [14-17].
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We have previously reported that with hematologic remission after
PBSCT, some patients with cardiac amyloidosis had regression of
the cardiac anatomical and functional manifestations, as assessed by
echocardiography (see Fig. B.2) [18]. There are case reports and series
in the literature suggesting that regression of CMR changes occur also,
with faint residual enhancement described following stem cell treat-
ment [19-22]. Until recently, CMR had not been a routine component
of our cardiac amyloidosis work-up, due to a lack of funding in the
Australian private health care system. The diagnosis of cardiac amyloid
does not require the use of CMR [23] but is certainly enhanced by this
use of this technique [14-17].

2. Methods

This study included a retrospective review of the ICON Cancer Care
amyloidosis and myeloma database and the HeartCare Partners
echocardiography database. All patients with amyloidosis or multiple
myeloma who had had a PBSCT from 1998 to 2016 were reviewed.
Patients with myeloma and AL amyloidosis were included as the effects
on the heart and the treatment regimens are similar.

2.1. Echocardiographic methods

The echocardiogram and electrocardiograph (ECG) studies for these
patients were assessed for the typical hallmarks of cardiac amyloidosis
(thick, speckled walls, advanced diastolic dysfunction, dilated atria,
and/or small pericardial effusions, and low voltages on ECG) [9-12].
Global longitudinal strain and strain patterns were also recorded.
Measurements were taken at the time of the echocardiogram, using the
live images. The interventricular septum and posterior wall thicknesses
(segments 2 and 5 in the 17-segment model) were calculated using the
two-dimensional images in the parasternal long axis, at end diastole,
based on mitral valve motion. Diastolic function grade and left atrial
area and volume were assessed and recorded. Diastolic function was
assessed using mitral inflow, pulmonary vein Doppler, and Doppler Tissue
Imaging, and then graded from normal function to grade 3 diastolic dys-
function (restrictive pattern) [9-12]. Left atrial areas and volumes were
measured at end-systole (the largest dimension or the end of the
T wave) from the apical 4-chamber and apical 2-chamber views. The
left atrial outlines at both end-systole and end-diastole were traced and
then averaged.

All of the echocardiograms were read by cardiologists with subspecial-
ty training in echocardiography. Echocardiograms were recorded before
PBSCT and typically at 6-month intervals after PBSCT. Time in months
from diagnosis of cardiac amyloidosis to death was recorded, for all
patients who had died. For survivors, the time in months was recorded
from diagnosis to the date when the data points were collated. Initial im-
ages were recorded on a variety of echocardiography machines, including
the General Electric e9, Vivid 7 and Vivid 3, Phillips Epic and ie33, Siemens
SC2000, and Acuson Sequoia. Echocardiograms were repeated on the day
of the CMR for direct comparison. All of these were done on a General
Electric e9 machine, with strain capability. Strain imaging was only
performed on scans done in the last 5 years.

2.2. CMR methods

Cardiac magnetic resonance imaging was performed to supplement
echocardiographic findings due to its unique ability to define myocardi-
al infiltration and enhancement. A 3T MRI scanner (Skyra, Siemens,
Erlangen Germany) was used to acquire Cine short axis and axial
views of the whole heart with additional 2-chamber, 3-chamber, and
4-chamber views. Functional parameters where acquired by means of
ARGUS analytical Software (Siemens, Germany) with ejection fraction
and volumes calculated for each ventricle and for the left atrium.
Thickness of the left ventricle wall was measured in end-diastole in
short axis view using the 17-segment model. Right ventricle and atrial

septal wall thickness was measured in 4-chamber view. Post contrast
imaging was obtained in the same planes as CINE images beginning
5 min after injection 0.2 mmol/kg of gadolinium with phase sensitive in-
version recovery sequences. One patient was unable to receive contrast
due to poor renal function. The presence and distribution of enhance-
ment in each left ventricle segment and enhancement in the right ven-
tricle and atria was also recorded. STIR images were not routinely
performed as patients had been diagnosed with amyloidosis many
years previously and were not in the acute phase of the disease process.

2.3. Hematologic treatment methods

Hematologic treatment typically involved induction with a variety
of anti-plasma cell therapies, reflecting the introduction of immuno-
modulatory agents (thalidomide and lenalidomide) and protease inhib-
itors (botezomib). High-dose chemotherapy with melphalan 140-
200 mg/m? split over 2 days was given before PBSCT. Peripheral blood
stem cell reinfusion was undertaken with the patient monitored in
the coronary care unit. Inpatient care continued until engraftment and
recovery were clinically apparent.

24. Statistical methods

Continuous data were analyzed comparing paired t tests of the
means. Diastolic function was assessed parametrically using the
chi-squared test. Statistical analysis was completed using MaxStat Pro
version 3.6 statistical software.

3. Results

There were 30 patients with cardiac amyloidosis who underwent
high-dose chemotherapy and PBSCT for AL amyloidosis or multiple my-
eloma. Of these, 15 patients were shown to have significant echocardio-
graphic regression. At the time of the study, 14 patients were able to be
reviewed, with one patient lost to follow-up. Five of 14 patients were
still alive. One of these patients had an ICD that was not MRI compatible
and was unable to participate. This left 4 patients for analysis.

The mean age of the surviving four patients was 49 years
(+/— 8.0 years) at the time of the PBSCT. At the final analysis, it had
increased to 60 years (+/— 5.6 years). On average, the patients had
survived over 11.5 years (+/— 4.3 years) since diagnosis. It took a
mean of 22 months from PBSCT for the patients to show regression of
cardiac features on echocardiography (see Table A.1). All four patients
were clinically well with New York Heart Association Class 1 symptoms
(no limitations, ordinary physical activity does not cause undue
dyspnea or fatigue) [24].

Echocardiography suggested statistically significant regression in
the cardiac amyloid process, similar to what had previously been re-
ported [18]. Wall thickness significantly reduced, atrial size shrunk,
and measures of diastolic function improved (see Figs. B.1 and B.2).
The ejection fraction did not significantly change. Myocardial strain
analysis at late follow-up suggested better global longitudinal strain in
this highly selected group of survivors, than many cardiac amyloid stud-
ies have suggested (the global longitudinal strain was more negative
than previously reported for cardiac amyloid patients) [13,25,26]. The
mean global longitudinal strain was — 16%. The classical bull's-eye
pattern of cardiac amyloidosis was only seen in 50% of these patients
[13,26] (see Fig. B.3 and Table A.2). Strain had not been assessed before
PBSCT for any of the patients in this study.

There was good correlation of the ejection fractions and left
ventricular wall thicknesses between CMR and echocardiography (see
Table A.2, Figs. B.4 and B.5). All four of the CMR studies suggested
persisting presence of patchy diffuse gadolinium enhancement, consis-
tent with the ongoing presence of residual insoluble amyloid material.
In each case on CMR, there was diffuse myocardial enhancement of
both ventricles with relative ventricular apical sparing, a pattern typical
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for amyloidosis infiltration [14,27]. The extent of enhancement in the
majority of myocardial segments was subendocardial or involved the
mid-wall with limited transmural enhancement (see Figs. B.4 and
B.5). On average, 3.5/17 segments demonstrated transmural enhance-
ment, predominantly within the left ventricular free wall (segments 5,
6,11, and 12 of the 17-segment model). There was also patchy enhance-
ment within the right ventricle in each case and minimal patchy
enhancement in the atrial walls. Ventricular wall thickness was in the
normal range or near normal in each case, and there was no significant
interatrial septal thickening [28].

4. Discussion

Previous research had shown that about 50% of cardiac amyloidosis
patients who complete chemotherapy and PBSCT with hematological
remission achieve marked regression of cardiac involvement [18].
These patients were shown to have longer survival than those who
did not achieve cardiac regression [18]. Remission of cardiac infiltration
as assessed by gadolinium enhancement on CMR imaging has been
shown in one reported case [19].

Repeat echocardiography on the day of the CMR at late follow-up
confirmed that patients still had macroscopic regression of cardiac
infiltration, based on the echocardiographic images. There was marked
improvement in echocardiographic anatomical and functional parame-
ters compared to the pre-PBSCT echocardiograms. The post-PBSCT
echocardiograms showed near normal global longitudinal strain. The
classical bull's-eye pattern of cardiac amyloidosis [13] was seen in 50%
of these echocardiograms. The CMR scans in this study showed similar
wall thicknesses to that shown on echocardiography, supporting the
suggestion that disease regression can occur in cardiac amyloidosis.

CMR had not been performed before PBSCT for these patients.
Persistent reversal of the cardiac changes on echocardiography suggests
significant regression of the infiltrative process in these patients. It was
therefore surprising to see gadolinium uptake with CMR, indicating
persistent amyloid infiltration of the myocardium. Myocardial enhance-
ment in amyloidosis has been described as a very poor prognostic indi-
cator, with pathophysiological studies suggesting that the enhancement
is secondary to amyloid protein deposition in the extracellular matrix of
the heart [16,28]. The pattern of enhancement following treatment with
PBSCT remained typical for amyloid, with a subendocardial or mid-wall
distribution. This CMR pattern has been associated with milder disease
[14]. The enhancement pattern was not associated with myocardial
thickening, which suggests reduced protein deposition and an associat-
ed decrease in myocardial oedema. Previous case reports and series
have demonstrated a decrease in myocardial wall thickness and
enhancement following PBSCT [19-21].

These data suggest that modern treatments for cardiac amyloidosis
can result in macroscopic regression of the infiltrative process in the
heart. Complete resolution of the cardiac process does not appear to
occur. Current hematologic opinion is that remission is possible with
AL amyloidosis, but that “cure” is unlikely [29,30]. This study suggests
that remission is also possible for the cardiac process. Whilst infiltration
appears to regress macroscopically and functionally on echocardiogra-
phy, CMR gadolinium imaging suggests that amyloid protein deposition
does not completely resolve. This would add weight to the belief that
the disease is not cured, but is suppressed. This pattern of gadolinium
enhancement may represent residual insoluble amyloid infiltration,
after remission of the hematologic and cardiac processes. The insoluble
nature of the amyloid fibrils may mean that complete resolution is dif-
ficult. Physiologically, such persistence of amyloid in the extracellular
matrix would result in weakening of the integrity of the myocyte struc-
ture and predispose the heart to torsional strain [31]. This may explain
why the greatest extent of transmural enhancement is occurring in
each of these cases in the left ventricular free wall—the site of maximal
torsional strain [32]. It has been proposed that after treatment, the toxic

light chains may resolve, leaving a non-toxic amyloid protein [33].
It may be these residual protein deposits that are shown on CMR.

The differential for myocardial enhancement includes myocardial fi-
brosis or scar from other causes such as an ischemic insult. However, in
our case series, the enhancement was a non-coronary distribution. Fibro-
sis is said to have different imaging characteristics on CMR [14,16,17].
These changes are subtle, and fibrosis as a cause of the changes seen can-
not be excluded. The patients did not have a medical history that would
suggest an ischemic or alternative cause of enhancement. Cardiac biopsy
could be considered for these cases to provide a definitive tissue diagno-
sis. This would require an invasive test with procedural risk for patients
who are otherwise healthy, and in long-term remission. Despite being
the gold standard, sampling errors are seen [3,22,25]. These patients
have had long-term survival. Before the routine use of PBSCT, cardiac
patients on average survived less than 6 months from diagnosis [1].
With modern treatment regimens, mean survival in patients who did
not have a cardiac response has been extended to 49 months in one series
[18]. For these patients with cardiac regression, very long-term survival
with a mean of 139 months has been achieved. This represents an
increase from half a year in the 1990s to over 11 years now.

An ongoing, prospective study of new patients with cardiac amyloid-
osis is also being conducted. Matched echocardiograms and CMR before
and after PBSCT will be performed. The repeat CMR will be done at the
time that echocardiography suggests regression of the amyloid process
in the heart. This will hopefully provide more clarity on what is
happening in the hearts of these patients.

There are a number of limitations with this research. Cardiac
amyloidosis is a rare condition. This is a highly selected group of
patients. The patients included were identified retrospectively. The
observation of cardiac improvement was only made many years after
BMT had been completed. The CMR was not conducted before PBSCT,
and comparison therefore could not be done. Strain echocardiography
was not done before PBSCT. The diagnosis of cardiac amyloidosis was
made by echocardiography and ECG rather than with cardiac biopsy,
raising the possibility that the patients did not have true cardiac
involvement. It is possible that this cohort contains patients with
hypertensive left ventricular hypertrophy or other infiltrative processes,
whose echocardiograms have regressed with medical therapy. However,
the low-voltage ECGs of these patients would argue against a diagnosis of
hypertensive heart disease. Additionally, patients with hypertension tend
to have lower grades of diastolic dysfunction and smaller atria than cardi-
ac amyloid patients [9]. Another infiltrative process should not have
responded to the treatment of chemotherapy and BMT. A variety of differ-
ent echocardiography machines were used for the diagnostic study be-
fore PBSCT, reflecting real-world practice. Ideally, a single machine
brand and model would have been used, to maximize reproducibility.
This was done with the subsequent echocardiograms done the day of
the CMR. The reviewers were not blinded to the clinical results.
Measurement bias could occur when the echocardiographic and MRI re-
sults were reviewed. This paper is an observational study. It is a single-
centre experience. The numbers of patients involved are small. As a result,
it is possible that the findings shown are due to chance. Nonetheless, the
results are extremely interesting.

5. Conclusions

Multiple myeloma and amyloidosis are rare and serious conditions,
with significant morbidity and mortality. Cardiac involvement makes a
guarded prognosis even more limited. High dose chemotherapy and
PBSCT have resulted in hematologic remission in some patients. This
study demonstrates that highly selected patients may achieve cardiac re-
gression also. Multimodality cardiac imaging plays a vital role in diagnosis
and management. Echocardiography appears to produce similar structur-
al changes to that seen with CMR, reaffirming its role as a screening test
and for progress studies. The superior tissue analysis available with CMR
confirms its role as a confirmatory test. It is often done as a substitute
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for cardiac biopsy. Additional structural data are also provided, making it a
very complementary investigation to TTE. Based on these new CMR data,
the previous expectation of complete reversal of the cardiac process in se-
lected patients would not appear to occur. These CMR findings suggest re-
sidual insoluble amyloid fibrils in the myocardium in the setting of
disease remission. However, these patients do achieve very prolonged
longevity with significantly improved survival in these rare and deadly
diseases.

Conflict of interest
There are no conflicts of interest.
Acknowledgments
The CMR studies were performed with funding provided by a

research grant from the Wesley Medical Research (HREC Register No.
1304, WRI 2011-21).

Appendix A

Table A.1

Patient characteristics.
Age at PBSCT 49 years +/—8.0 years
Age at the final study data point 60 years +/—5.6 years
Total survival (from diagnosis) 139 months +/—4.3 years

(11.5 years)
Time to cardiac regression 22 months +/—4.7 months
(from PBSCT)
Table A.2
Echocardiographic and CMR data.
TTE pre TTE Post P CMR p
PBSCT value value
Ejection fraction 64% 63% 0.80 66% 0.80
Diastolic function Grade 2-3 Normal to Grade 1
VS 17 mm 12 mm 0.036 13 mm 0.88
PW 16 mm 11 mm 0.043 11 mm 0.88
LAA 28 cm? 18 cm? 0.073 22 cm?
LAV 39 ml/m? 38 ml/m? 038
Strain —15.6%
Bullseye pattern 2/4 (50%)
Gadolinium 4 out of 4 (100%)
enhancement

TTE, transthoracic echocardiogram; PBSCT, peripheral blood stem cell transplant; CMR, cardi-
ac magnetic resonance imaging; IVS, Interventricular septal wall thickness (segment 2-17),
PW, posterior wall thickness (segment 5), LAA - Left atrial area, LAV - Left atrial volume

Appendix B

Fig. B.1. Pre-PBSCT echocardiogram.

Fig. B.2. Post-PBSCT echocardiogram.

Heart Care Partners
11:48:05
Peak Systolic Strain
ANT_SEPT

Fig. B4. CMR. CMR short axis, 4-chamber and 2-chamber views in a 65-year-old female,
8 years post successful PBSCT of AL amyloidosis. CMR shows patchy mid-wall
enhancement in a non-coronary distribution (arrows). Myocardial wall thickness is
within the normal range, correlating with the echocardiogram findings of reduced
myocardial thickness following treatment. Prominent papillary muscles are also seen
laterally in the 4-chamber view (star), with associated blood pooling. The changes
correspond to the patient's clinical improvement.
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Fig. B.5. CMR. Cardiac MRI mid-ventricle short axis and 4-chamber views performed on a 58-year-old female, 19 years following treatment and clinical regression. MRI demonstrates
myocardial wall thickness in the normal range and diffuse subendocardial enhancement of the left ventricle (thin arrows) and right ventricular aspect of the interventricular septum
(broad arrow). The enhancement is in a non-coronary distribution which would support residual areas of amyloid protein deposition following treatment.
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