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Certain patients with cardiac amyloidosis (CA) and advanced heart failure 
may be considered for heart transplantation. However, extra-cardiac 
amyloidosis can significantly diminish the functional and survival benefits 
of such advanced therapies. As transplant teams carefully assess the 
severity and prognosis of organ-specific disease in heart transplant 
candidates, they must also consider systemic processes such as frailty 
and malnutrition. 

As we review outcomes associated with extra-cardiac amyloidosis, we 
present a granular approach to identifying patients with CA and advanced 
heart failure who may benefit from heart transplantation.

Rise in Transplant Candidates
Survival outcomes in patients with transthyretin (ATTR) and light chain (AL) 
CA are influenced by not only progressive heart failure but also extra-
cardiac disease.1,2 This natural history guides patients’ candidacy for 
advanced strategies such as heart transplantation. 

Modern therapies for both ATTR and AL amyloidosis have improved 
patient survival and functional status, potentially rendering heart 

transplantation feasible for more CA patients with advanced heart failure. 
Examples of such drugs include ATTR stabilisers such as tafamidis, ATTR 
silencers including small interfering RNAs such as patisiran and vutrisiran, 
antisense oligonucleotide inotersen and AL therapies such as bortezomib 
and daratumumab.3–10

Several mechanisms may contribute to progressive cardiomyopathy 
despite targeted precursor protein treatment. For example, among wild-
type and variant ATTR amyloidosis patients treated with tafamidis in the 
ATTR-ACT trial and the subsequent open-label extension study, over a 
median follow-up of 58.5 months, heart failure worsened in 2% and 10%, 
respectively, requiring heart transplantation, and mortality rates were 
38% and 45%, respectively.3 

In vitro examinations of neural cells and cardiomyocytes have 
demonstrated that ATTR monomers, ATTR oligomers and light chains are 
cytotoxic. ATTR silencer therapies produce an 85% reduction in circulating 
TTR; the remaining misfolded protein can, conceivably, continue to be 
deposited in patients with variant ATTR. In addition, wild-type ATTR can 
continue to accumulate in variant amyloid deposits, as has been 
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demonstrated in patients with variant ATTR who underwent liver 
transplantation.4,11–15

In the modern context of effective therapies that reduce precursor protein 
production, heart transplantation is an important strategy for certain 
patients with progressive cardiac disease. Indeed, the proportion of heart 
transplants in the US performed for CA has increased from 0.3% of all 
heart transplants between 1987 and 2007 to 1.2% between 2008 and 
2013 and 1.7% between 2010 and 2019.16,17

Extra-cardiac Manifestations and Severity 
Evidence of Extra-cardiac Manifestations
As patients with ATTR or AL CA are considered for heart transplantation, 
transplant team members must consider that extra-cardiac disease can 
adversely affect outcomes after heart transplantation. Amyloidosis can 
affect multiple organ systems, including the nervous system, the 
gastrointestinal (GI) tract and liver, the respiratory tract and the kidneys 
(Table 1).18

However, while amyloid deposition can be associated with symptoms, the 
extent of deposition does not correlate perfectly with disease severity. In 
addition to amyloid deposition, toxicity from transthyretin fibrils or light 
chains may contribute to organ dysfunction. Finally, the distribution of 
organ involvement may vary depending on amyloid subtype.

In earlier reports of heart transplantation in CA patients with advanced 
heart failure, extra-cardiac disease at the time of transplant was described 
through clinical assessment, tissue diagnosis at transplant and imaging. 

For example, among 11 AL CA patients undergoing heart transplantation 
between 1994 and 2005, one patient was noted to have peripheral 
neuropathy, macroglossia and GI involvement, and another had renal 
involvement identified at transplantation.19 

In a UK series of CA patients undergoing heart transplantation between 
1982 and 2002, extra-cardiac involvement was assessed using serum 

amyloid P component scintigraphy. Six of seven non-AL patients 
underwent imaging: one with ApoA1 amyloidosis had liver, kidney and 
splenic involvement; and another with variant ATTR had renal involvement. 
Of 13 out of 17 AL patients similarly assessed, 10 had renal, splenic, hepatic 
and/or bone marrow involvement.20

Renal insufficiency, as defined by proteinuria, renal biopsy or estimated 
glomerular filtration rate (eGFR), has been reported in recent case series 
of AL CA patients selected for heart transplantation. Comparing the 
transplant eras of 2002–2007 and 2008–2017, one centre demonstrated 
that, while patients selected for heart transplant had proteinuria, the 
average degree of this decreased from 0.28 g/day (25th–75th percentile 
0.13–1.43 g/day; n=16) to 0.10 g/day (0.10–0.20 g/day; n=16) between 
these periods.21

At another transplant centre, two of 13 AL CA patients transplanted 
between 2004 and 2017 were found to have renal involvement by biopsy 
and neither had proteinuria ≥1 g/day. One of these recipients had 
progressive renal failure and required dialysis seven years after a heart 
transplant.22

In 13 AL amyloidosis patients transplanted at a third centre between 2010 
and 2018, the average eGFR before transplant was 47.7 ± 27.6 ml/
min/1.73 m2 and improved to 60 ± 61.2 22 ml/min/1.73 m2 over the 3-year 
follow-up period. Notably, one-third of patients underwent simultaneous 
heart and kidney transplantation and none had proteinuria ≥500 mg/day 
before transplant. The need for dialysis after heart transplantation was 
not reported.23

Neuropathy was reported in 77% of AL CA patients undergoing transplant 
at one centre, but categorisation by autonomic and peripheral systems 
was not available.23 

Another analysis reported autonomic neuropathy in one of 13 AL CA 
patients and one of 18 ATTR CA patients undergoing heart transplant, and 
peripheral neuropathy in six of 18 ATTR CA patients undergoing heart 
transplant.22 

Table 1: Significant Clinical Presentations and Mechanisms of Extra Cardiac Amyloidosis 

Organ System Amyloid Subtype Symptoms and/or Imaging Findings Pathophysiology
Neurological AL, variant ATTR Peripheral neuropathy and autonomic 

dysfunction54–58
Endoneural deposition, sometimes perivascular54

Myelinated fibre loss, axonal degeneration54

Affect large and small myelinated fibres, small non-myelinated 
fibres59

Gastrointestinal tract AL Nausea, vomiting48 
Diarrhoea, malabsorption, bleeding, pseudo-
obstruction48

Direct amyloid infiltration or dysmotility, autonomic neuropathy48

ATTR Early satiety, nausea, vomiting, diarrhoea, 
constipation, faecal incontinence, weight loss60

In variant ATTR, malabsorption50

In variant ATTR, loss of interstitial cells of Cajal61 and bile acid 
malabsorption62

Hepatic AL Hepatomegaly and abnormal alkaline phosphatase63 Sinusoidal and perivascular amyloid deposition63

Renal AL Proteinuria, end-stage renal disease and dialysis 
dependence40

Light chain mediated toxicity, deposition disease and cast 
nephropathy40

Amyloid tubular and glomerular deposition40

Pulmonary AL Coughing, dyspnea, reduced diffusion capacity on 
pulmonary function tests64

Tracheobronchial deposits66

Nodular lung deposits65, 66

Pleural effusions66

Diffuse parenchymal deposition64, 65

Light chain deposition also possible66

AL = light chain; ATTR = transthyretin.
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Lastly, amyloid deposition in the oesophagus or stomach was reported in 
11 of 13 AL CA and one of 18 ATTR CA patients transplanted between 2004 
and 2017; deposition in the colon was reported in all 13 AL CA and one of 
18 ATTR CA patients in the same series.22

Impact of Extra-cardiac Manifestations
In earlier eras of heart transplantation, extra-cardiac manifestations were 
associated with poor survival. United Network of Organ Sharing analyses 
of heart transplantation in cardiac amyloidosis over 1987–2010 (n=142) 
and 1987–2002 (n=69) demonstrated 1- and 5-year survival rates of 75–
79% and 47%, respectively.24,25

However, larger registry analyses do not provide further comparisons by 
amyloid subtype, degree or type of extra-cardiac involvement, or cause of 
death. Older, smaller case series describe mode of death and the 
contribution of extra-cardiac disease. 

For example, among 24 amyloidosis patients undergoing heart 
transplantation in the UK over 1982–2002, survival at 1 and 5 years after 
a heart transplant ranged between 50% and 20% in AL patients who did 
not receive chemotherapy; 71% and 36% in AL patients who did receive 
chemotherapy; and 86% and 64% in non-AL patients. Seven of the 10 
deaths in the AL cohort were attributed to gastrointestinal, pulmonary or 
renal amyloidosis, while neither of the two non-AL patient deaths were 
due to amyloidosis.20

Extra-cardiac Manifestations and 
Outcomes in AL Amyloidosis
Light-chain control is key to improving survival outcomes after heart 
transplantation in AL amyloidosis recipients and has improved in the 
modern era of AL therapies. 

In an older series of 11 patients who underwent heart transplantation and 
stem cell transplant (SCT) but no routine maintenance chemotherapy 
between 1994 and 2005, Lacy et al. reported that nine had >50% 
decrease in serum immunoglobulin free light chains, but only four 
remained in continued response during follow-up.19 Three died from 
progressive amyloidosis, one had a renal relapse and two died from SCT-
related mortality, including infection, renal and hepatic failure.19 

Recent single-centre case series of highly selected patients have reported 
robust longer-term light chain control after heart transplant, using 
strategies such as proteasome inhibitors, daratumumab and SCT. For 
example, in their series describing 13 AL amyloidosis patients transplanted 
between 2004 and 2017, Barrett et al. reported no cases of relapse, with 
five patients undergoing SCT and six requiring therapies such as 
proteasome inhibitors or daratumumab. No patients died of amyloidosis.22 
In a more recent series of 13 AL amyloidosis heart transplant recipients 
between 2010 and 2018, six patients underwent SCT after heart transplant, 
with four of them requiring chemotherapy because they had a relapse. 
None of the four deaths were attributed to amyloidosis.23

Extra-cardiac Manifestations and 
Outcomes in ATTR Amyloidosis
TTR stabilisers and silencers will likely modify the natural history of 
progressive ATTR amyloidosis after heart transplant, but little data have 
been reported in the heart transplant population to date.23,26 

Certainly, as heart transplantation improves survival in ATTR patients with 
CA, transplant teams will increasingly encounter extra-cardiac 

manifestations of amyloidosis. For example, an older report of seven wild-
type ATTR cardiac amyloidosis patients undergoing heart transplantation 
between 2007 and 2015 did not report the use of ATTR-specific therapies, 
but only two of these patients remained free of extra-cardiac disease, 
such as dysmotility, autonomic or peripheral neuropathy, or carpal tunnel 
syndrome, after transplant.27

Another analysis of 12 patients with wild-type and variant ATTR cardiac 
amyloidosis describes amyloidosis progression after heart transplantation 
between 2002 and 2019.26 Before transplant, five patients had amyloidosis 
causing carpal tunnel syndrome and/or peripheral neuropathy. At a 
median of 4 years after transplant, eight patients had lumbar spinal 
stenosis, carpal tunnel syndrome, neuropathy and/or biopsy-proven GI 
amyloidosis. Severity of symptoms was assessed only after transplant, 
using the self-reported Composite Autonomic Symptom Score 
(COMPASS-31) and a simple clinician staging system, the polyneuropathy 
disability score (PND), which categorises patients by neuropathy and 
ambulatory ability.28 Two of the eight patients were on tafamidis and one 
on patisiran. At this centre, of an additional eight patients without 
amyloidosis surveillance who died after heart transplant, five died 
because of progressive GI amyloidosis or neuropathy. Two of the five had 
neuropathy or GI symptoms before transplant.

Earlier case series of CA heart transplants in patients with variant ATTR 
over 1982–2002 (n=3) and 2002–11 (n=9) highlight the use of either 
simultaneous or sequential liver transplantation in 100% and 66% of 
patients, respectively, as an attempt to reduce further amyloid deposition 
and progressive disease including neuropathy.20,26 

However, after liver transplant, wild-type TTR can continue to accumulate 
in variant amyloid deposits, leading to progressive peripheral neuropathy 
and autonomic dysfunction among other problems.15,29,30 

Moreover, in the modern era, therapies such as TTR silencers can 
significantly reduce circulating TTR without the additional morbidity from 
having a dual organ transplant. Recent reports of heart transplantation in 
patients with variant ATTR have described the use of heart-liver transplant 
infrequently, and this has primarily been in patients with concurrent 
cardiac cirrhosis.22,26,23

Extra-cardiac Disease, Downstream 
Effects and Patient Selection
Malnutrition and Frailty
Neuropathy and GI involvement in ATTR and AL amyloidosis can, 
conceivably, lead to a high prevalence of malnutrition and frailty in 
patients with CA. As in the overall population of patients referred for heart 
transplantation, these markers may prove useful as predictors of outcome 
in CA for those being considered for transplantation. 31,32 

Among patients with amyloidosis, nutrition and frailty have been quantified 
using symptom assessments and scores based on laboratory values and 
weight. For example, among patients with AL CA, dysphagia occurs in 
6–25%, diarrhoea in 29% and early satiety in 23%. Weight loss of 9 kg (20 
lb) or greater is reported in 17–70% of patients.33

As measured using modified BMI, malnutrition occurs in up to 64% of 
variant ATTR cardiac amyloidosis patients and 59% of those with wild-type 
ATTR cardiac amyloidosis.34,35 Frailty is estimated to occur in 33–50% of 
patients with wild-type ATTR cardiac amyloidosis, in domains including 
(among others) autonomy, balance and muscle weakness.36 
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Such estimates are generally comparable to the prevalence of moderate-
to-severe malnutrition and frailty among all patients evaluated for heart 
transplantation, but their prevalence after heart transplantation in cardiac 
amyloidosis has been reported only occasionally.23,32,31 Their effect on 
survival in heart transplant recipients with amyloidosis has not been 
ascertained.16,22,23,26

Organ-specific Selection Criteria 
Organ-specific selection criteria for heart transplantation in patients with 
cardiac amyloidosis have been generally described in consensus 
guidelines and single-centre reports as part of efforts to improve post-
transplant outcomes in this population in the modern era, but precise, 
acceptable thresholds for extra-cardiac disease severity and symptoms 
differ between centres.19,22,23,37 There are several reasons for this variation. 

Transplant centres may differ in the extent of resources they can devote 
to post-transplant amyloidosis management, which requires close 
collaboration between multiple medical specialists and pharmacists.38 In 
addition, programmatic risk tolerance will vary depending on the 
consensus established at each centre among treating cardiologists, 
haematologists, nephrologists and neurologists.

As an example, for patients with AL amyloidosis, a recent American 
Society of Transplantation consensus statement proposed that in 
collaboration with oncologists, solid organ transplant physicians consider 
only candidates with no high-risk cytogenetics, good functional status 
with single organ involvement, a robust light-chain response to therapy, 
haematologic remission for >6 months and who are good candidates for 
eventual stem cell transplant.39 

However, recent single-centre case series variably rely on only some of 
these factors in deciding candidacy for heart transplantation and, in the 
modern era of improved chemotherapy and immunotherapy, it is unclear 
that stem cell transplantation eligibility, in particular, should be a 
criterion.22,23

Transplant centres also vary in their patient selection criteria for 
simultaneous heart and kidney transplants in AL amyloidosis patients. 
Renal insufficiency in this population extends from proteinuria to anuria 
and dialysis dependence.40 

Among patients with renal AL amyloidosis, severe proteinuria (defined 
either as >5 g/day and eGFR<50  ml/min/1.732 or as 24 hours’ protein: 
eGFR ratio <30 mg/ml/min/1.73m2) is associated with a significant risk of 
progression to dialysis dependence.41,42 The risks of acute and chronic 
nephrotoxicity associated with immunosuppressive regimens after heart 
transplantation alone may be perceived as prohibitive for heart-kidney 
transplantation in such patients, but individual centre volumes are too 
small to accurately describe post-transplant outcomes. 43,44 

For AL amyloidosis patients with end-stage renal disease, 65% of US renal 
transplant clinicians recently surveyed reported a lack of consensus on 
which patients were appropriate for renal transplant, with the majority 
expressing concern about long-term survival.45

Common Principles for Organ System Evaluation
Patient selection for heart transplant must be informed by close discussion 
and coordination among multiple specialties at the transplanting centre, 
both before and after transplant. Importantly, specific extra-cardiac, 

Table 2: Assessment Approach and Concerning Red Flags in Multisystem Evaluation for Heart Transplantation

Organ System Assessment Tools Red Flags
Frailty Modified Fried frailty phenotype31 Patients who meet ≥3 criteria

Nutritional status Modified BMI (BMI kg/m2 x albumin gm/L)34

Nutritional risk index32

1.519 × serum albumin (g/l) +
41.7 × (actual body weight [kg]/ideal body weight [kg])

Modified BMI <600
Nutritional risk index <97.5

Autonomic neuropathy Orthostatic blood pressures
COMPASS-31 questionnaire28

Formal autonomic function tests

Orthostasis
Modified BMI <600
Nutritional risk index <97.5

Peripheral neuropathy Variant ATTR:  Polyneuropathy disability score28 
EMG 

AL: EMG

Disability score ≥ III28, 47

Symptoms severe enough to limit ambulation22

Pulmonary disease Chest X ray/CT—interstitial thickening, consolidations or nodules, 
pleural effusions, airway thickening51

AL: Exudative pleural effusions67

Gastrointestinal tract disease Symptom screen48

Nutritional status assessment68

Assessment of fat malabsorption50

Routine esophagogastroduodeonoscopy and colonoscopy with random 
biopsies22 (unclear role – performed at some centres)
Poor correlation of symptoms with functional studies49

Modified BMI <600
Nutritional risk index <97.5
GI bleeding

Hepatic disease Consider liver biopsy if hepatomegaly or serum alkaline phosphatase 
>1.5 times normal.52

Interstitial amyloid deposition, not vascular deposits48

Total bilirubin > 2mg/dl63

Renal disease Consider renal biopsy if proteinuria present to distinguish causes, such 
as amyloidosis, light chain deposition disease and cast nephropathy40 
from diabetes or other intrinsic processes.

Proteinuria ≥500mg/day23

Glomerular amyloid deposits, not  vasculature40

Haematologic disease Examine light chain response to pre-heart transplant therapies
Review cytogenetics with oncologists

Light chains not responsive to therapy
High-risk cytogenetics
Active myeloma

AL = light chain; ATTR = transthyretin; EMG = electromyography.
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organ-system-based assessments should be accompanied by a thorough 
appraisal of nutritional status and frailty. 

Relying on prognostic markers assessed in larger populations of heart 
transplant candidates and in patients with amyloidosis, we propose 
assessment approaches and red-flag benchmarks for organ-specific 
disease; adequate response to light-chain suppressive therapy in AL 
amyloidosis; and systemic markers, including functional and nutritional 
status in CA patients being considered for heart transplantation (Table 
2).31,32,34,46,47

In many organ systems, amyloid deposition alone is not a contraindication 
to transplantation, as it does not predict dysfunction and poor outcomes 
after heart transplantation. This is particularly true for amyloidosis of the 
GI tract. Symptoms and nutritional status do not correlate perfectly with 
amyloid deposition, as autonomic neuropathy can also lead to diarrhoea, 
constipation, weight loss and early satiety.48 Therefore, the role of routine 
gastrointestinal tract biopsies is not clear, although they are performed at 
some centres.22 While certain functional studies, such as gastric emptying, 
do not correlate well with symptoms, a thorough symptom screen and 
objective measures of fat malabsorption may prove more useful.48–50

Assessing patient-reported symptoms in addition to certain functional 
measurements similarly facilitates the evaluation of amyloidosis-related 
peripheral and autonomic neuropathy. Such a strategy may include 
patient-completed questionnaires such as COMPASS-31, provider 
assessments such as PND and objective measures such as 
electromyography.28

While neurologic and GI involvement can be seen in both AL and ATTR 
amyloidosis, certain other organ systems are affected only in AL 
amyloidosis, for example, the pulmonary, hepatic and renal systems 
(Table 1). In such patients, invasive testing such as tissue biopsy can be 

considered if screening chest imaging or laboratory values such as 
alkaline phosphatase are abnormal.51,52 

Renal biopsy should be considered in AL CA patients with proteinuria, 
particularly to distinguish between renal amyloidosis or light chain disease 
and other processes such as diabetes.40 In these patients, assessment of 
renal function using serum creatinine and eGFR may be challenging 
because of malnutrition; however, alternative measures such as cystatin C 
clearance have not been studied in this population. 53

Transplant programmes should couple these systematic evaluations with 
mechanisms to track decision outcomes in all CA patients referred for 
heart transplantation. Not all transplant centres may be able to offer 
advanced therapies to this population based on programmatic risk 
tolerance. Therefore, data on patient evaluation and decision-making, 
collected in multi-centre registries, may delineate geographic and 
socioeconomic disparities in access to heart transplantation for CA 
patients.

Conclusion
Outcomes for heart transplantation in cardiac amyloidosis have improved 
in the recent era of transplantation, due in part to successful disease-
modifying therapies and more stringent patient selection. 
At the time of evaluation for heart transplantation, teams must pay specific 
attention to the severity and natural history of extra-cardiac disease. We 
propose a systematic organ-based approach, with a particular focus on 
nutrition and frailty, to identify patients who could most benefit from heart 
transplantation in terms of functional and survival outcomes. 

At individual transplant centres, tracking patient-specific data and 
decision outcomes in cardiac amyloidosis will help the transplant 
community ascertain the prevalence and severity of extra-cardiac 
amyloidosis in patients with advanced heart failure. 

1. Barrett CD, Dobos K, Liedtke M, et al. A changing landscape 
of mortality for systemic light chain amyloidosis. JACC Heart 
Fail 2019;7:958–66. https://doi.org/10.1016/j.jchf.2019.07.007; 
PMID: 31606365.

2. Lane T, Fontana M, Martinez-Naharro A, et al. Natural 
history, quality of life, and outcome in cardiac transthyretin 
amyloidosis. Circulation 2019;140:16–26. https://doi.
org/10.1161/CIR.0000000000000714; PMID: 31356127.

3. Elliott P, Drachman BM, Gottlieb SS, et al. Long-term survival 
with tafamidis in patients with transthyretin amyloid 
cardiomyopathy. Circ Heart Fail 2022;15:e008193. https://doi.
org/10.1161/CIRCHEARTFAILURE.120.008193; 
PMID: 34923848.

4. Adams D, Gonzalez-Duarte A, O’Riordan WD, et al. Patisiran, 
an RNAi therapeutic, for hereditary transthyretin 
amyloidosis. N Engl J Med 2018;379:11–21. https://doi.
org/10.1056/NEJMoa1716153; PMID: 29972753.

5. ClinicalTrials.gov https://www.clinicaltrials.gov/ct2/show/
NCT04153149 (accessed 24 November 2022).

6. Karam C, Brown D, Yang M, et al. Long-term treatment 
effects of inotersen on health-related quality of life in 
patients with hATTR amyloidosis with polyneuropathy: 
analysis of the open-label extension of the NEURO-TTR trial. 
Muscle Nerve 2022;66:438–46. https://doi.org/10.1002/
mus.27675; PMID: 35799473.

7. Venner CP, Lane T, Foard D, et al. Cyclophosphamide, 
bortezomib, and dexamethasone therapy in AL amyloidosis 
is associated with high clonal response rates and prolonged 
progression-free survival. Blood 2012;119:4387–90. https://
doi.org/10.1182/blood-2011-10-388462; PMID: 22331187.

8. Mikhael JR, Schuster SR, Jimenez-Zepeda VH, et al. 
Cyclophosphamide-bortezomib-dexamethasone (CyBorD) 
produces rapid and complete hematologic response in 
patients with AL amyloidosis. Blood 2012;119:4391–4. https://
doi.org/10.1182/blood-2011-11-390930; PMID: 22331188.

9. Kastritis E, Palladini G, Minnema MC, et al. Daratumumab-
based treatment for immunoglobulin light-chain amyloidosis. 

N Engl J Med 2021;385:46–58. https://doi.org/10.1056/
NEJMoa2028631; PMID: 34192431.

10. Sanchorawala V, Sarosiek S, Schulman A, et al. Safety, 
tolerability, and response rates of daratumumab in relapsed 
AL amyloidosis: results of a phase 2 study. Blood 
2020;135:1541–7. https://doi.org/10.1182/blood.2019004436; 
PMID: 31978210.

11. Reixach N, Deechongkit S, Jiang X, et al. Tissue damage in 
the amyloidoses: transthyretin monomers and nonnative 
oligomers are the major cytotoxic species in tissue culture. 
Proc Natl Acad Sci U S A 2004;101:2817–22. https://doi.
org/10.1073/pnas.0400062101; PMID: 14981241.

12. McWilliams-Koeppen HP, Foster JS, Hackenbrack N, et al. 
Light chain amyloid fibrils cause metabolic dysfunction in 
human cardiomyocytes. PloS One 2015;1:0e0137716. https://
doi.org/10.1371/journal.pone.0137716; PMID: 26393799.

13. Imperlini E, Gnecchi M, Rognoni P, et al. Proteotoxicity in 
cardiac amyloidosis: amyloidogenic light chains affect the 
levels of intracellular proteins in human heart cells. Sci Rep 
2017;7:15661. https://doi.org/10.1038/s41598-017-15424-3; 
PMID: 29142197.

14. Benson MD, Waddington-Cruz M, Berk JL, et al. Inotersen 
treatment for patients with hereditary transthyretin 
amyloidosis. N Engl J Med 2018;379:22–31. https://doi.
org/10.1056/NEJMoa1716793; PMID: 29972757.

15. Pomfret EA, Lewis WD, Jenkins RL, et al. Effect of orthotopic 
liver transplantation on the progression of familial 
amyloidotic polyneuropathy. Transplantation 1998;65:918–25. 
https://doi.org/10.1097/00007890-199804150-00010; 
PMID: 9565095.

16. Davis MK, Lee PH, Witteles RM. Changing outcomes after 
heart transplantation in patients with amyloid 
cardiomyopathy. J Heart Lung Transplant 2015;34:658–66. 
https://doi.org/10.1016/j.healun.2014.09.006; 
PMID: 25444369.

17. Akintoye E, Salih M, Aje K, et al. Trends and outcomes of 
patients with amyloid cardiomyopathy listed for heart 

transplantation. Can J Cardiol 2022;38:1263–70. https://doi.
org/10.1016/j.cjca.2022.04.023; PMID: 35525397.

18. Varr BC, Liedtke M, Arai S, et al. Heart transplantation and 
cardiac amyloidosis: approach to screening and novel 
management strategies. J Heart Lung Transplant 
2012;31:325–31. https://doi.org/10.1016/j.healun.2011.09.010; 
PMID: 22051505.

19. Lacy MQ, Dispenzieri A, Hayman SR, et al. Autologous stem 
cell transplant after heart transplant for light chain (AL) 
amyloid cardiomyopathy. J Heart Lung Transplant 
2008;27:823–9. https://doi.org/10.1016/j.
healun.2008.05.016; PMID: 18656793.

20. Dubrey SW, Burke MM, Hawkins PN, Banner NR. Cardiac 
transplantation for amyloid heart disease: the United 
Kingdom experience. J Heart Lung Transplant 2004;23:1142–
53. https://doi.org/10.1016/j.healun.2003.08.027; 
PMID: 15477107.

21. Kristen AV, Kreusser MM, Blum P, et al. Improved outcomes 
after heart transplantation for cardiac amyloidosis in the 
modern era. J Heart Lung Transplant 2018;37:611–8. https://
doi.org/10.1016/j.healun.2017.11.015; PMID: 29217108.

22. Barrett CD, Alexander KM, Zhao H, et al. Outcomes in 
patients with cardiac amyloidosis undergoing heart 
transplantation. JACC Heart Fail 2020;8:461–8. https://doi.
org/10.1016/j.jchf.2019.12.013; PMID: 32387068.

23. Vaidya GN, Patel JK, Kittleson M, et al. Intermediate-term 
outcomes of heart transplantation for cardiac amyloidosis in 
the current era. Clin Transplant 2021;35:e14308. https://doi.
org/10.1111/ctr.14308; PMID: 33825224.

24. DePasquale EC, Nasir K, Jacoby DL. Outcomes of adults 
with restrictive cardiomyopathy after heart transplantation. J 
Heart Lung Transplant 2012;31:1269–75. https://doi.
org/10.1016/j.healun.2012.09.018; PMID: 23079066.

25. Kpodonu J, Massad MG, Caines A, Geha AS. Outcome of 
heart transplantation in patients with amyloid 
cardiomyopathy. J Heart Lung Transplant 2005;24:1763–5. 
https://doi.org/10.1016/j.healun.2004.08.025; 

https://doi.org/10.1016/j.jchf.2019.07.007
https://doi.org/10.1161/CIR.0000000000000714
https://doi.org/10.1161/CIR.0000000000000714
https://doi.org/10.1161/CIRCHEARTFAILURE.120.008193
https://doi.org/10.1161/CIRCHEARTFAILURE.120.008193
https://doi.org/10.1056/NEJMoa1716153
https://doi.org/10.1056/NEJMoa1716153
https://www.ncbi.nlm.nih.gov/pubmed/29972753
https://www.clinicaltrials.gov/ct2/show/NCT04153149
https://www.clinicaltrials.gov/ct2/show/NCT04153149
https://doi.org/10.1002/mus.27675
https://doi.org/10.1002/mus.27675
https://doi.org/10.1182/blood-2011-10-388462
https://doi.org/10.1182/blood-2011-10-388462
https://doi.org/10.1182/blood-2011-11-390930
https://doi.org/10.1182/blood-2011-11-390930
https://doi.org/10.1056/NEJMoa2028631
https://doi.org/10.1056/NEJMoa2028631
https://doi.org/10.1182/blood.2019004436
https://doi.org/10.1073/pnas.0400062101
https://doi.org/10.1073/pnas.0400062101
https://doi.org/10.1371/journal.pone.0137716
https://doi.org/10.1371/journal.pone.0137716
https://doi.org/10.1038/s41598-017-15424-3
https://doi.org/10.1056/NEJMoa1716793
https://doi.org/10.1056/NEJMoa1716793
https://doi.org/10.1097/00007890-199804150-00010
https://doi.org/10.1016/j.healun.2014.09.006
https://doi.org/10.1016/j.cjca.2022.04.023
https://doi.org/10.1016/j.cjca.2022.04.023
https://doi.org/10.1016/j.healun.2011.09.010
https://doi.org/10.1016/j.healun.2008.05.016
https://doi.org/10.1016/j.healun.2008.05.016
https://www.ncbi.nlm.nih.gov/pubmed/18656793
https://doi.org/10.1016/j.healun.2003.08.027
https://www.ncbi.nlm.nih.gov/pubmed/15477107
https://doi.org/10.1016/j.healun.2017.11.015
https://doi.org/10.1016/j.healun.2017.11.015
https://doi.org/10.1016/j.jchf.2019.12.013
https://doi.org/10.1016/j.jchf.2019.12.013
https://doi.org/10.1111/ctr.14308
https://doi.org/10.1111/ctr.14308
https://doi.org/10.1016/j.healun.2012.09.018
https://doi.org/10.1016/j.healun.2012.09.018
https://doi.org/10.1016/j.healun.2004.08.025


Patient Selection for Heart Transplantation in Cardiac Amyloidosis

CARDIAC FAILURE REVIEW
www.CFRjournal.com

PMID: 16297778.
26. Griffin JM, Baughan E, Rosenblum H, et al. Surveillance for 

disease progression of transthyretin amyloidosis after heart 
transplantation in the era of novel disease modifying 
therapies. J Heart Lung Transplant 2022;41:199–207. https://
doi.org/10.1016/j.healun.2021.10.007. PMID: 34922822.

27. Rosenbaum AN, AbouEzzeddine OF, Grogan M, et al. 
Outcomes after cardiac transplant for wild type transthyretin 
amyloidosis. Transplantation 2018;102:1909–13. https://doi.
org/10.1097/TP.0000000000002240; PMID: 29677073.

28. Conceição I, Coelho T, Rapezzi C, et al. Assessment of 
patients with hereditary transthyretin amyloidosis – 
understanding the impact of management and disease 
progression. Amyloid 2019;26:103–11. https://doi.org/10.1080/
13506129.2019.1627312; PMID: 31339362.

29. Saelices L, Chung K, Lee JH, et al. Amyloid seeding of 
transthyretin by ex vivo cardiac fibrils and its inhibition. Proc 
Natl Acad Sci U S A 2018;115:e6741–50. https://doi.org/10.1073/
pnas.1805131115; PMID: 29954863.

30. Banerjee D, Roeker LE, Grogan M, et al. Outcomes of 
patients with familial transthyretin amyloidosis after liver 
transplantation. Prog Transplant 2017;27:246–50. https://doi.
org/10.1177/1526924817715463; PMID: 29187090.

31. Jha SR, Hannu MK, Chang S, et al. The prevalence and 
prognostic significance of frailty in patients with advanced 
heart failure referred for heart transplantation. 
Transplantation 2016;100:429–36. https://doi.org/10.1097/
TP.0000000000000991; PMID: 26516676.

32. Barge-Caballero E, García-López F, Marzoa-Rivas R, et al. 
Prognostic value of the nutritional risk index in heart 
transplant recipients. Rev Esp Cardiol (Engl Ed) 2017;70:639–
45. https://doi.org/10.1016/j.rec.2017.01.005; 
PMID: 28209304.

33. Grigoletti SS, Zuchinali P, Lemieux-Blanchard É, et al. 
Focused review on nutritional status of patients with 
immunoglobulin light chain amyloidosis. Curr Probl Cancer 
2022;46:100833. https://doi.org/10.1016/j.
currproblcancer.2021.100833; PMID: 35101705.

34. Suhr O, Danielsson A, Holmgren G, Steen L. Malnutrition 
and gastrointestinal dysfunction as prognostic factors for 
survival in familial amyloidotic polyneuropathy. J Intern Med 
1994;235:479–85. https://doi.org/10.1111/j.1365-2796.1994.
tb01106.x; PMID: 8182405.

35. Driggin E, Helmke S, De Los Santos J, et al. Markers of 
nutritional status and inflammation in transthyretin cardiac 
amyloidosis: association with outcomes and the clinical 
phenotype. Amyloid 2020;27:73–80. https://doi.org/10.1080/1
3506129.2019.1698417; PMID: 31825676.

36. Broussier A, David JP, Kharoubi M, et al. Frailty in wild-type 
transthyretin cardiac amyloidosis: the tip of the iceberg. J 
Clin Med 2021;10:3415. https://doi.org/10.3390/jcm10153415; 
PMID: 34362197.

37. Mehra MR, Canter CE, Hannan MM, et al. The 2016 
International Society for Heart Lung Transplantation listing 
criteria for heart transplantation: a 10-year update. J Heart 
Lung Transplant 2016;35:1–23. https://doi.org/10.1016/j.
healun.2015.10.023; PMID: 26776864.

38. Chen H, Chandrashekar P, Fischer K, et al. Navigating the 
complex web of prescribing amyloidosis therapeutics: a 
primer. J Am Heart Assoc 2022;11:e023895. https://doi.
org/10.1161/JAHA.121.023895; PMID: 35301856.

39. Al-Adra DP, Hammel L, Roberts J, et al. Preexisting 
melanoma and hematological malignancies, prognosis, and 
timing to solid organ transplantation: a consensus expert 
opinion statement. Am J Transplant 2021;21:475–83. https://
doi.org/10.1111/ajt.16324; PMID: 32976703.

40. Dember LM. Amyloidosis-associated kidney disease. J Am 
Soc Nephrol 2006;17:3458–71. https://doi.org/10.1681/
ASN.2006050460; PMID: 17093068.

41. Palladini G, Hegenbart U, Milani P, et al. A staging system 
for renal outcome and early markers of renal response to 
chemotherapy in AL amyloidosis. Blood 2014;124:2325–32. 
https://doi.org/10.1182/blood-2014-04-570010; 
PMID: 25115890.

42. Kastritis E, Gavriatopoulou M, Roussou M, et al. Renal 
outcomes in patients with AL amyloidosis: prognostic 
factors, renal response and the impact of therapy. Am J 
Hematol 2017;92:632–9. https://doi.org/10.1002/ajh.24738; 
PMID: 28370245.

43. Naesens M, Kuypers DR, Sarwal M. Calcineurin inhibitor 
nephrotoxicity. Clin J Am Soc Nephrol 2009;4:481–508. 
https://doi.org/10.2215/CJN.04800908; PMID: 19218475.

44. Eisen HJ. CAVEAT mTOR: you’ve heard about the benefits of 
using mTOR inhibitors, here are some of the risks. Am J 
Transplant 2021;21:449–50. https://doi.org/10.1111/ajt.16225; 
PMID: 32715588.

45. Lam R, Lim MA, Dember LM. Suitability for kidney 
transplantation in AL amyloidosis: a survey study of 
transplant and amyloidosis physicians. Kidney360 
2021;2:1987–97. https://doi.org/10.34067/KID.0004232021; 
PMID: 35419526.

46. Adams D, Polydefkis M, González-Duarte A, et al. Long-term 
safety and efficacy of patisiran for hereditary transthyretin-
mediated amyloidosis with polyneuropathy: 12-month 
results of an open-label extension study. Lancet Neurol 
2021;20:49–59. https://doi.org/10.1016/S1474-
4422(21)00004-1; PMID: 33484655.

47. González-Duarte A, Conceição I, Amass L, et al. Impact of 
non-cardiac clinicopathologic characteristics on survival in 
transthyretin amyloid polyneuropathy. Neurol Ther 
2020;9:135–49. https://doi.org/10.1007/s40120-020-00183-7; 
PMID: 32232748.

48. Rosenzweig M, Comenzo RL. Liver and gastrointestinal 
involvement. Hematol Oncol Clin North Am 2020;34:1081–90. 
https://doi.org/10.1016/j.hoc.2020.09.001; PMID: 33099425.

49. Wixner J, Karling P, Rydh A, et al. Gastric emptying in 
hereditary transthyretin amyloidosis: the impact of 
autonomic neuropathy. Neurogastroenterol Motil 2012;24:1111–
e568. https://doi.org/10.1111/j.1365-2982.2012.01991.x; 
PMID: 22897426.

50. Obici L, Suhr OB. Diagnosis and treatment of 
gastrointestinal dysfunction in hereditary TTR amyloidosis. 
Clin Auton Res 2019;29(Suppl 1):55–63. https://doi.
org/10.1007/s10286-019-00628-6; PMID: 31452022.

51. Czeyda-Pommersheim F, Hwang M, Chen SS, et al. 
Amyloidosis: modern cross-sectional imaging. Radiographics 
2015;35:1381–92. https://doi.org/10.1148/rg.2015140179; 
PMID: 26230754.

52. Gertz MA, Comenzo R, Falk RH, et al. Definition of organ 
involvement and treatment response in immunoglobulin 
light chain amyloidosis (AL): a consensus opinion from the 
10th International Symposium on Amyloid and Amyloidosis, 
Tours, France, 18–22 April 2004. Am J Hematol 2005;79:319–
28. https://doi.org/10.1002/ajh.20381; PMID: 16044444.

53. Inker LA, Titan S. Measurement and estimation of GFR for 
use in clinical practice: core curriculum 2021. Am J Kidney Dis 
2021;78:736–49. https://doi.org/10.1053/j.ajkd.2021.04.016; 
PMID: 34518032.

54. Qian M, Qin L, Shen K, et al. Light-chain amyloidosis with 
peripheral neuropathy as an initial presentation. Front Neurol 
2021;12:707134. https://doi.org/10.3389/fneur.2021.707134; 
PMID: 34650504.

55. Conceição I, De Carvalho M. Clinical variability in type I 
familial amyloid polyneuropathy (Val30Met): comparison 
between late- and early-onset cases in Portugal. Muscle 
Nerve 2007;35:116–8. https://doi.org/10.1002/mus.20644; 
PMID: 16969832.

56. Sekijima Y, Ueda M, Koike H, et al. Diagnosis and 
management of transthyretin familial amyloid 
polyneuropathy in Japan: red-flag symptom clusters and 
treatment algorithm. Orphanet J Rare Dis 2018;13:6. https://
doi.org/10.1186/s13023-019-1092-7; PMID: 31113447.

57. Dispenzieri A, Coelho T, Conceição I, et al. Clinical and 
genetic profile of patients enrolled in the transthyretin 
Amyloidosis Outcomes Survey (THAOS): 14-year update. 
Orphanet J Rare Dis 2022;17:236. https://doi.org/10.1186/
s13023-022-02359-w; PMID: 35717381.

58. Gonzalez-Duarte A. Autonomic involvement in hereditary 
transthyretin amyloidosis (hATTR amyloidosis). Clin Auton Res 
2019;29:245–51. https://doi.org/10.1007/s10286-018-0514-2; 
PMID: 29511897.

59. Koike H, Nakamura T, Nishi R, et al. Common 
clinicopathological features in late-onset hereditary 
transthyretin amyloidosis (Ala97Gly, Val94Gly and Val30Met). 
Amyloid 2019;26(Suppl 1):24–5. https://doi.org/10.1080/13506
129.2019.1582495; PMID: 31343348.

60. Wixner J, Mundayat R, Karayal ON, et al. THAOS: 
gastrointestinal manifestations of transthyretin amyloidosis 
– common complications of a rare disease. Orphanet J Rare 
Dis 2014;9:61. https://doi.org/10.1186/1750-1172-9-61; 
PMID: 24767411.

61. Wixner J, Obayashi K, Ando Y, et al. Loss of gastric 
interstitial cells of Cajal in patients with hereditary 
transthyretin amyloidosis. Amyloid 2013;20:99–106. https://
doi.org/10.3109/13506129.2013.787985; PMID: 23642163.

62. Suhr O, Danielsson A, Steen L. Bile acid malabsorption 
caused by gastrointestinal motility dysfunction? An 
investigation of gastrointestinal disturbances in familial 
amyloidosis with polyneuropathy. Scand J Gastroenterol 
1992;27:201–7. https://doi.
org/10.3109/00365529208999949; PMID: 1502482.

63. Park MA, Mueller PS, Kyle RA, et al. Primary (AL) hepatic 
amyloidosis: clinical features and natural history in 98 
patients. Med (Baltim) 2003;82:291–8. https://doi.
org/10.1097/01.md.0000091183.93122.c7; PMID: 14530778.

64. Liu Y, Jin Z, Zhang H, et al. Diffuse parenchymal pulmonary 
amyloidosis associated with multiple myeloma: a case 
report and systematic review of the literature. BMC Cancer 
2018;18:802. https://doi.org/10.1186/s12885-018-4565-5; 
PMID: 30089469.

65. Smith RR, Hutchins GM, Moore GW, Humphrey RL. Type and 
distribution of pulmonary parenchymal and vascular 
amyloid. Correlation with cardiac amyloid. Am J Med 
1979;66:96–104. https://doi.org/10.1016/0002-
9343(79)90488-1; PMID: 420256.

66. Milani P, Basset M, Russo F, et al. The lung in amyloidosis. 
Eur Respir Rev 2017;26:170046. https://doi.
org/10.1183/16000617.0046-2017; PMID: 28877975.

67. Berk JL. Pleural effusions in systemic amyloidosis. Curr Opin 
Pulm Med 2005;11:324–8. https://doi.org/10.1097/01.
mcp.0000162378.35928.37; PMID: 15928500.

68. Adams D, Suhr OB, Hund E, et al. First European consensus 
for diagnosis, management, and treatment of transthyretin 
familial amyloid polyneuropathy. Curr Opin 
Neurol 2016;29:S14–26. https://doi.org/10.1097/
WCO.0000000000000289; PMID: 26734952.

https://doi.org/10.1016/j.healun.2021.10.007
https://doi.org/10.1016/j.healun.2021.10.007
https://doi.org/10.1097/TP.0000000000002240
https://doi.org/10.1097/TP.0000000000002240
https://doi.org/10.1080/13506129.2019.1627312
https://doi.org/10.1080/13506129.2019.1627312
https://doi.org/10.1073/pnas.1805131115
https://doi.org/10.1073/pnas.1805131115
https://doi.org/10.1177/1526924817715463
https://doi.org/10.1177/1526924817715463
https://doi.org/10.1097/TP.0000000000000991
https://doi.org/10.1097/TP.0000000000000991
https://doi.org/10.1016/j.rec.2017.01.005
https://doi.org/10.1016/j.currproblcancer.2021.100833
https://doi.org/10.1016/j.currproblcancer.2021.100833
https://doi.org/10.1111/j.1365-2796.1994.tb01106.x
https://doi.org/10.1111/j.1365-2796.1994.tb01106.x
https://doi.org/10.1080/13506129.2019.1698417
https://doi.org/10.1080/13506129.2019.1698417
https://doi.org/10.3390/jcm10153415
https://doi.org/10.1016/j.healun.2015.10.023
https://doi.org/10.1016/j.healun.2015.10.023
https://doi.org/10.1161/JAHA.121.023895
https://doi.org/10.1161/JAHA.121.023895
https://doi.org/10.1111/ajt.16324
https://doi.org/10.1111/ajt.16324
https://doi.org/10.1681/ASN.2006050460
https://doi.org/10.1681/ASN.2006050460
https://doi.org/10.1182/blood-2014-04-570010
https://doi.org/10.1002/ajh.24738
https://doi.org/10.2215/CJN.04800908
https://doi.org/10.1111/ajt.16225
https://doi.org/10.34067/KID.0004232021
https://doi.org/10.1016/S1474-4422(21)00004-1
https://doi.org/10.1016/S1474-4422(21)00004-1
https://doi.org/10.1007/s40120-020-00183-7
https://doi.org/10.1016/j.hoc.2020.09.001
https://doi.org/10.1111/j.1365-2982.2012.01991.x
https://doi.org/10.1007/s10286-019-00628-6
https://doi.org/10.1007/s10286-019-00628-6
https://doi.org/10.1148/rg.2015140179
https://doi.org/10.1002/ajh.20381
https://doi.org/10.1053/j.ajkd.2021.04.016
https://doi.org/10.3389/fneur.2021.707134
https://doi.org/10.1002/mus.20644
https://doi.org/10.1186/s13023-019-1092-7
https://doi.org/10.1186/s13023-019-1092-7
https://doi.org/10.1186/s13023-022-02359-w
https://doi.org/10.1186/s13023-022-02359-w
https://doi.org/10.1007/s10286-018-0514-2
https://doi.org/10.1080/13506129.2019.1582495
https://doi.org/10.1080/13506129.2019.1582495
https://doi.org/10.1186/1750-1172-9-61
https://doi.org/10.3109/13506129.2013.787985
https://doi.org/10.3109/13506129.2013.787985
https://doi.org/10.3109/00365529208999949
https://doi.org/10.3109/00365529208999949
https://doi.org/10.1097/01.md.0000091183.93122.c7
https://doi.org/10.1097/01.md.0000091183.93122.c7
https://doi.org/10.1186/s12885-018-4565-5
https://doi.org/10.1016/0002-9343(79)90488-1
https://doi.org/10.1016/0002-9343(79)90488-1
https://doi.org/10.1183/16000617.0046-2017
https://doi.org/10.1183/16000617.0046-2017
https://doi.org/10.1097/01.mcp.0000162378.35928.37
https://doi.org/10.1097/01.mcp.0000162378.35928.37
https://doi.org/10.1097/WCO.0000000000000289
https://doi.org/10.1097/WCO.0000000000000289

