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Abstract

Aims To perform evaluation of widely embraced bone scintigraphy-based non-biopsy diagnostic criteria (NBDC) for ATTR amyl-
oid cardiomyopathy (ATTR-CM) in clinical practice, and to refine serum free light chain (sFLC) ratio cut-offs that reliably 
exclude monoclonal gammopathy (MG) in chronic kidney disease.

Methods 
and results

A multi-national retrospective study of 3354 patients with suspected or histologically proven cardiac amyloidosis (CA) re-
ferred to specialist centres from 2015 to 2021; evaluations included radionuclide bone scintigraphy, serum and urine immu-
nofixation, sFLC assay, eGFR measurement and echocardiography.  Seventy-nine percent (1636/2080) of patients with 
Perugini grade 2 or 3 radionuclide scans fulfilled NBDC for ATTR-CM through absence of a serum or urine monoclonal 
protein on immunofixation together with a sFLC ratio falling within revised cut-offs incorporating eGFR; 403 of these pa-
tients had amyloid on biopsy, all of which were ATTR type, and their survival was comparable to non-biopsied ATTR-CM 
patients (p = 0.10). Grade 0 radionuclide scans were present in 1091 patients, of whom 284 (26%) had CA, confirmed as AL 
type (AL-CA) in 276 (97%) and as ATTR-CM in only one case with an extremely rare TTR variant. Among 183 patients with 
grade 1 radionuclide scans, 122 had MG of whom 106 (87%) had AL-CA; 60/61 (98%) without MG had ATTR-CM.
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Conclusion The NBDC for ATTR-CM are highly specific [97% (95% CI 0.91-0.99)] in clinical setting, and diagnostic performance was 
further refined here using new cut-offs for sFLC ratio in patients with CKD.  A grade 0 radionuclide scan all but excludes 
ATTR-CM but occurs in most patients with AL-CA. Grade 1 scans in patients with CA and no MG are strongly suggestive of 
early ATTR-type, but require urgent histologic corroboration.

Structured Graphical Abstract

To evaluate clinical use of bone scintigraphy-based non-biopsy diagnostic criteria (NBDC) for transthyretin amyloidosis cardiomyopathy 

long as the diagnostic algorithm and technical consideration were strictly adhered to. 

• Radionuclide scintigraphy in isolation cannot be used to diagnose ATTR-CM or exclude cardiac amyloidosis.
• The NBDC, which includes comprehensive biochemical tests to exclude MG, reliably establishes the diagnosis of ATTR-CM.
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A real-world analysis of 3354 patients referred to specialist centres with suspected or proven cardiac amyloidosis showed that the non-biopsy diag-
nostic criteria for ATTR-CM remain highly specific with inclusion of refined cut-offs for sFLC ratio in CKD, as long as the diagnostic algorithm is 
carefully adhered to and technical considerations are met. Legend: AL, light chain amyloidosis; ATTR, transthyretin amyloidosis; ATTR-CM, trans-
thyretin amyloid cardiomyopathy; CA, cardiac amyloidosis; IFE, immunofixation electrophoresis; CA, cardiac amyloidosis; CMR, cardiac magnetic 
resonance; NBDC, non-biopsy diagnostic criteria; eGFR, estimated glomerular filtration rate; MG, monoclonal gammopathy; sFLC, serum free light 
chains; TTR, transthyretin.
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Introduction
Cardiac amyloidosis (CA) is caused by extra-cellular deposition of in-
soluble amyloid fibrils in the myocardial space. Transthyretin (TTR), 
produced by the liver, and monoclonal immunoglobulin light chains, 
produced by clonal plasma cells, comprise the amyloid fibril in trans-
thyretin amyloid cardiomyopathy (ATTR-CM) and light chain cardiac 
amyloidosis (AL-CA), respectively, and account for the vast majority 
of cases of CA. However, other proteins such as apolipoprotein A-I 
and apolipoprotein A-IV can also form amyloid fibrils which infiltrate 
the myocardium.1,2 Over the past 15 years, CA has been increasingly 
recognized as a major cause of heart failure with preserved ejection 
fraction (HFpEF) which previously went undiagnosed.3 The failure to 
diagnose CA was due to a range of factors including the poor diag-
nostic performance of echocardiography and the requirement for 
a tissue diagnosis in the form of an endomyocardial biopsy (EMB).4

Histological identification and typing of amyloid has long been con-
sidered the gold standard in the diagnosis of amyloidosis. More re-
cently, however, advances in imaging have enabled non-biopsy 
diagnosis of CA, such that ∼70% patients with ATTR-CM are now 
diagnosed without recourse to EMB.5 In particular, the development 
and wide application of technetium-labelled radionuclide bone tra-
cers over the last 10 years has proven to be critical in establishing 
the diagnosis of ATTR-CM, with 99mTc-DPD and 99mTc-HMDP 
used in Europe and 99mTc-PYP used in the USA.1 A diagnostic algo-
rithm, first proposed in 2016,6 and since validated,7 has been widely 
adopted in clinical practice. This algorithm requires a clinical pheno-
type of cardiomyopathy, evidence of CA on echocardiography or 
cardiac magnetic resonance (CMR), absence of biochemical evidence 
of a monoclonal gammopathy (MG) on serum and urine immunofixa-
tion and by serum free light chain (sFLC) assay, and grade 2 or 3 car-
diac uptake on a radionuclide bone scan using one of the three 
tracers listed above to establish a diagnosis of ATTR-CM. The origin-
al multicentre study which gave rise to this non-biopsy diagnostic al-
gorithm suggested a very high specificity for ATTR-CM using this 
approach.6 The diagnosis of AL-CA does not specifically rely on clin-
ical and functional features and is currently defined by the echocar-
diographic finding of left ventricular wall thickness ≥ 12 mm and/or 
an N-terminal fragment of the pro–B-type natriuretic peptide 
(NT-proBNP) > 332 pg/mL in the absence of any other underlying 
cause and in the presence of a MG and any biopsy showing AL 
amyloid.3

A significant existing limitation of the non-biopsy diagnostic criteria 
(NBDC) for ATTR-CM includes a lack of clarity regarding interpret-
ation of sFLC results in patients with reduced glomerular filtration 
rate (GFR). The development of the sFLC assay established a reference 
polyclonal range of kappa-to-lambda ratio (κ/λ) of 0.26–1.65 with va-
lues outside this range indicating monoclonality.8 However, the prefer-
ential clearance of lambda free light chains by the reticuloendothelial 
system in individuals with impaired renal clearance coupled with the in-
creased physiological production of kappa free light chains progressive-
ly increases the polyclonal reference range as GFR falls such that 
Hutchison et al. proposed a polyclonal κ/λ FLC ratio reference range 
of 0.37–3.1 in patients with an estimated GFR (eGFR) below 60 mL/ 
min/1.73 m2.9,10

In November 2021, we established a collaboration with several inter-
national amyloidosis centres to examine the specificity of the NBDC for 
ATTR-CM in clinical practice whilst simultaneously attempting to refine 
the polyclonal κ/λ free light chain ratio reference range according to 
eGFR.

Methods
Patients and study design
This was a  multicentre multinational retrospective study of 3354 patients 
with suspected or proven cardiac amyloidosis who were referred for evalu-
ation to the following specialist amyloidosis centres in Europe between 
2015 and 2021: National Amyloidosis Centre, London, UK; Tuscan 
Amyloid Referral Centre, Careggi University Hospital, Florence, Italy; 
Cardiologic Centre, University of Ferrara, Italy; Maria Cecilia Hospital, 
GVM Care & Research, Cotignola (Ravenna), Italy; Cardiologic Centre, 
Azienda Ospedaliero Universitaria of Ferrara, Italy; Cardiology Unit, 
St. Orsola Hospital, IRCCS Azienda Ospedaliero—Universitaria 
di Bologna, Italy; and Department of Experimental, Diagnostic and 
Specialty Medicine (DIMES), University of Bologna, Italy.

All patients underwent 99mtechnetium-labelled bone scintigraphy 
(99mTc-DPD or 99mTc-HMDP) together with immunofixation electrophor-
esis (IFE) of both serum and urine, serum free light chain (sFLC) assay, and 
echocardiography. Prior CMRs were reviewed centrally, or new CMRs 
were obtained at the specialist centres in accordance with local clinical prac-
tice. Final diagnosis was established on the basis of the results of all investi-
gations alongside results of histological examination of available biopsy 
specimens and results of gene sequencing.

Follow-up protocols were consistent between centres comprising rou-
tine annual follow-up in all patients. Selected patients with cardiac AL amyl-
oidosis underwent additional follow-up visits (followed once every 6 
months) during active treatment with chemotherapy. Median follow-up in 
the whole cohort was 25.5 months (95% confidence interval [CI] 0.24– 
0.26), and a total of 833 (25%) deaths were recorded. No patients were 
lost to follow-up.

Patients were managed in accordance with the Declaration of Helsinki 
and provided written informed consent for retrospective analysis and pub-
lication of their data with approval from the Royal Free Hospital ethics com-
mittee (ref: 06/Q0501/42).

Echocardiography and cardiac magnetic 
resonance
Detailed echocardiography was performed at each specialist amyloid centre 
and included measurement of left and right ventricular wall thickness, an ex-
tensive analysis of left ventricular function including global and regional lon-
gitudinal strain, and atrial parameters. Diastolic function was analysed by 
tissue Doppler imaging. Features that were characteristic of amyloid 
were defined as the combined findings of thickened left ventricular walls, 
impaired global strain with relative sparing of the apical region compared 
with the base of the heart, and abnormal diastolic physiology.

Cardiac magnetic resonance was performed at the specialist amyloid 
centres as previously described.11,12 Features that were characteristic of 
amyloid were defined as the presence of diffuse subendocardial or trans-
mural late gadolinium enhancement coupled with abnormal myocardial 
and blood pool gadolinium kinetics. The diagnostic criteria utilized to iden-
tify cardiac amyloidosis by echocardiography and CMR imaging were in ac-
cordance with the recently published position statement on myocardial and 
pericardial diseases.7

Bone (99mTc-DPD/99mTc-HMDP) scintigraphy
Patients were intravenously administered ∼700 MBq of 99mTc-DPD (n =  
3085) or 99mTc-HMDP (n = 269), providing an expected radiation dose 
of ∼4 mSv per patient. Scintigraphy was mostly performed at the specialist 
centres although a small proportion were acquired in referring centres. 
Whole body planar images were acquired 3 hours post-injection using low- 
energy high-resolution collimators. This was followed immediately by a 
single-photon emission computed tomography (SPECT) with a low-dose, 
non-contrast computed tomography (CT) scan of the heart. Cardiac reten-
tion of all radionuclide scans was defined by a single experienced reader at 
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each specialist centre (where necessary, after image transfer from referral 
centres) according to the grading devised by Perugini et al.13

Histology, immunohistochemistry, and 
proteomic analysis
All formalin-fixed paraffin-embedded biopsies were stained with Congo red 
dye and viewed under crossed polarized light. The definitive amyloid fibril 
type was established by immunohistochemical staining of amyloid deposits 
using a panel of monospecific antibodies reactive with serum amyloid A 
protein (SAA); kappa and lambda immunoglobulin light chains; transthyre-
tin; apolipoprotein A-I and apolipoprotein A-IV, as previously described;14

and/or by microdissection of amyloid deposits and proteomic analysis, as 
previously described.15

Monoclonal protein studies and estimated 
glomerular filtration rate measurement
The presence of a MG was sought by IFE of serum, by IFE of urine, and by 
sFLC assay (Freelite, The Binding Site)16,17 in all patients. The presence of a 
MG was defined as the presence of a band on IFE of serum or urine or an 
abnormal FLC ratio on sFLC assay. ‘Refined’ normal sFLC ratio was de-
fined according to standardized four-variable Modification of Diet in 
Renal Disease (MDRD) eGFR equation18 as follows: eGFR > 90 mL/min, 
ratio 0.26–1.65; eGFR 60–90 mL/min, ratio 0.26–2.00; eGFR 30–60 mL/ 
min, ratio 0.26–2.50; and eGFR < 30 mL/min, ratio 0.26–3.10. Chronic 
kidney disease was classified in five stages (I–V) according to eGFR cat-
egories in line with KDIGO clinical practice guidelines.19,20

Additionally, three different approaches to define ‘normal’ and ‘abnor-
mal’ sFLC ratio in the chronic kidney disease population were compared; 
‘conventional’ (normal ratio 0.26–1.26), ‘Hutchison’ (0.37–3.10),9 and ‘re-
fined’ (defined above, according to eGFR ranges). Lastly, a comparison of 
the effect on the NBDC for ATTR-CM of employing the 2021 standardized 
race-free Chronic Kidney Disease Epidemiology Collaboration (CKD–EPI) 
equation, used worldwide to define eGFR,21 rather than the MDRD for-
mula was conducted.

Gene sequencing
All patients with cardiac ATTR amyloidosis underwent sequencing of the 
transthyretin (TTR) gene. DNA was extracted from whole blood and amp-
lified by polymerase chain reaction assay, and the whole coding region of the 
TTR gene was sequenced, as previously described.22 Selected patients 
underwent sequencing of the APOA1 gene.

Statistical analyses
Statistical analyses including sensitivity, specificity, and positive predictive 
value analyses were conducted using Stata statistical software 
(StataCorp. 2021. Stata Statistical Software: Release 17. College Station, 
TX: StataCorp LLC.). Kaplan Meier survival curves were created using 
GraphPad Prism Version 5. Cox proportional hazards regression analysis 
was used to determine the hazard ratio, with its 95% confidence interval, 
and test its significance. The proportional hazards assumption was satis-
fied in each analysis. A significance level of 5% was used for all hypothesis 
tests.

Results
The relevant patient diagnostic characteristics are summarized in 
Table 1, and final diagnoses among all 3354 patients from the 
cohort are shown in Table 2. The final diagnosis, according to the pre-
viously published diagnostic algorithm for suspected CA, is shown in 
Figure 1.

Perugini grade 2 or 3 radionuclide bone 
scans
There were 2080 patients with a grade ≥2 Tc-DPD/HMDP scan, 1636 
(79%) of whom did not have evidence of a MG, thereby fulfilling the 
NBDC for ATTR-CM, and 444 (21%) of whom did have evidence of a 
MG. Among the 1636 patients with ATTR-CM by NBDC, 134 (8%) 
underwent EMB and 697 (43%) underwent extra-cardiac biopsies, in-
cluding 540 fat aspirates. ATTR amyloid was present in 132/134 EMBs; 
the remaining 2 EMBs did not show any evidence of amyloid; one was 
from a patient receiving hydroxychloroquine in whom the Tc-DPD 
scan was a likely false positive and the other was a scanty biopsy sample 
thought to be a likely false negative EMB. ATTR amyloid was detected in 
271/697 (39%) extra-cardiac biopsies; the remaining 426 extra-cardiac 
biopsies, of which 391 (92%) were fat aspirates or bone marrow trephine 
biopsies, did not show evidence of amyloid. Importantly, every 1 of 403 
biopsies in which amyloid was detected from the 1636 patients who ful-
filled NBDC for ATTR-CM showed that the amyloid type was ATTR, 
corroborating the non-biopsy diagnosis (Table 3). Furthermore, there 
was no significant difference in survival between the 403 patients with 
histological evidence of ATTR amyloid corroborating a non-biopsy diag-
nosis of ATTR-CM and the remaining 1233 patients who fulfilled NBDC 
for ATTR-CM without histological ‘proof’ of amyloid [Figure 2A, HR 1.19 
(95% CI 0.97–1.46), P = 0.10], providing further evidence of ATTR-CM 
being the correct diagnosis in those without histological confirmation 
of the presence or type of amyloid.

Among 444 patients with a grade ≥2 radionuclide scan and evidence 
of a MG, 365 (82%) underwent biopsies (101 EMB and 264 extra- 
cardiac) to determine the amyloid type; the 79 (18%) remaining pa-
tients were deemed to be too unwell for either enrolment into a clinical 
trial (for ATTR-CM) or chemotherapy (for AL-CA) such that a defini-
tive diagnosis via histology was not pursued (Table 3). Two hundred 
thirty-nine out of 365 (65%) biopsies showed the presence of amyloid 
and 126 did not show amyloid. Of the 239 biopsies containing amyloid, 
199 (83%) were ATTR type and 40 (17%) were AL type. Among the 
126 patients without amyloid on histological examination of a biopsy, 
an indication for chemotherapy due to the presence of visceral amyloid 
deposits on 123I-labelled serum amyloid P component (SAP) scintig-
raphy (confirming AL-type amyloid) or symptomatic multiple myeloma 
in 9 patients precluded the pursuit of an EMB to exclude the possibility 
of ATTR-CM. The remaining 117 patients were given a presumptive 
diagnosis of ATTR-CM, 29 of whom probably did not have a MG (i.e. 
negative serum and urine IF and FLC ratio < 3.1 but slightly outside 
the GFR criteria proposed in this manuscript) and 88 of whom did 
not wish to pursue a definitive diagnosis following their analysis of 
the risk/benefit ratio of EMB. There was no difference in survival be-
tween 1636 patients with ATTR-CM in the absence of a MG and the 
199 patients with biopsy-proven ATTR-CM who did have a MG 
[Figure 2B, HR 0.90 (95% CI 0.67–1.20), P = 0.49]. There was no signifi-
cant difference in survival between the 117 patients with presumed 
ATTR-CM and the 1835 patients with a firm diagnosis of ATTR-CM 
[Figure 2C, HR 0.82 (95% CI 0.59–1.13), P = 0.23].

Perugini grade 0 radionuclide bone scans
There were 1091 patients with a grade 0 radionuclide bone scan, 807 
(74%) of whom did not have CA and 284 of whom did have CA 
(Table 4). Among those with CA, 276/284 (97%) were AL type, 7/ 
284 (3%) were AApoAIV type, and one had EMB-proven ATTR-CM 
in association with the rare pathogenic p.(Y134C) TTR variant. The 
807 patients without CA comprised 609 (75%) patients without 
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systemic amyloidosis including 47 TTR mutation carriers without dis-
ease and 198 patients with systemic amyloidosis who did not have car-
diac involvement [157 AL, 35 variant ATTR (ATTRv), 5 AApoAI, and 1 
AA amyloidosis]. The absence of cardiac involvement in patients with 
AL, ATTRv, AApoAI, and AA amyloidosis was determined by echocar-
diography and corroborated in cases of doubt by CMR. The absence of 
cardiac involvement in ATTRv amyloidosis was entirely consistent with 
that expected according to age and TTR mutation findings (i.e. 17/35 
early-onset p.(V50M)-associated ATTRv amyloidosis and 18/35 with 
other TTR mutations). The presence of cardiac amyloidosis was sup-
ported by EMB in 46/284 cases including 6 of 7 with AApoAIV amyloid 

cardiomyopathy, and the absence of cardiac amyloid was corroborated 
by EMB in 29/807 patients (Table 4).

Perugini grade 1 radionuclide bone scans
There were 183 patients with a grade 1 radionuclide bone scan, 122 
(67%) of whom did have biochemical evidence of a MG and 61 of 
whom did not have a MG (Table 5). Among those with a MG, 106 
(87%) had AL-CA, 14 had ATTR-CM, and 1 had cardiac AApoAIV amyl-
oidosis. The remaining patient, who was known to have cardiac sarcoid-
osis and end-stage renal disease, was considered to have a false positive 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 1 Patient characteristics stratified by grade of cardiac uptake on bone scintigraphy

Parameter All 
(n = 3354)

Perugini 0 
(n = 1091)

Perugini 1 
(n = 183)

Perugini ≥ 2 
(n = 2080)

Age at diagnosis; median (IQR) 78 (70–83) 70 (60–78) 74 (65–83) 80 (75–85)

Male gender, n (%) 2724 (81%) 767 (70%) 140 (77%) 1817 (87%)

Creatinine (μmol/L), median (IQR) 102 (82–126) 95 (75–126) 102 (83–137) 105 (86–126)

MDRD eGFR (mL/min/1.73m²) median (IQR) 62 (47–79) 67 (48–87) 63 (42–78) 60 (47–74)

CKD stages

CKD stage I, n (%) 463 (13.8%) 241 (22%) 25 (13.7%) 197 (9.4%)

CKD stage II, n (%) 1295 (38.7%) 419 (39%) 69 (37.7%) 807 (38.8%)

CKD stage III, n (%) 1351 (40.3%) 304 (28%) 68 (37.2%) 979 (47.1%)

CKD stage IV, n (%) 183 (5.5%) 80 (7%) 14 (7.7%) 89 (4.3%)

CKD stage V, n (%) 58 (1.7%) 43 (4%) 7 (3.8%) 8 (0.4%)

MG; conventional sFLC ratio, n (%) 1618 (48%) 674 (62%) 131 (71.5%) 813 (39%)

MG; Hutchison sFLC ratio, n (%) 1053 (31%) 560 (51%) 121 (66%) 372 (18%)

MG; sFLC ratio refined for eGFRa, n (%) 1159 (35%) 593 (54%) 122 (67%) 444 (21%)

Serum paraprotein by IF

Absent, n (%) 2455 (73.6%) 605 (56%) 88 (49%) 1762 (85%)

Present, n (%) 880 (26.4%) 469 (44%) 93 (51%) 318 (15%)

Urine BJP by IF

Absent, n (%) 2814 (86%) 727 (71%) 98 (57%) 1989 (95.6%)

Present, n (%) 465 (14%) 300 (29%) 74 (43%) 91 (4.4%)

sFLC ratio (conventional)

Normal (0.26–1.65), n (%) 2041 (61%) 539 (50.3%) 76 (43%) 1426 (68.5%)

Abnormal (<0.26−>1.65), n (%) 1287 (39%) 532 (49.7%) 101 (57%) 654 (31.5%)

sFLC ratio (Hutchison range)

Normal (0.37–3.10), n (%) 2713 (82%) 678 (63%) 81 (46%) 1954 (94%)

Abnormal (<0.37, > 3.10), n (%) 615 (18%) 393 (37%) 96 (54%) 126 (6%)

sFLC ratio (refined for eGFRa)

Normal, n (%) 2578 (77%) 644 (60%) 87 (49%) 1847 (89%)

Abnormal (defined below), n (%) 750 (23%) 427 (40%) 90 (51%) 233 (11%)

CKD, chronic kidney disease; eGFR, estimated glomerular filtration rate; MDRD, modification of diet in renal disease; MG, monoclonal gammopathy; sFLC ratio, serum free light chain 
ratio; urine BJP, urine Bence–Jones protein; IF, immunofixation; % in each case depicts percentage within a Perugini grade. 
aNormal sFLC ratio refined according to eGFR; eGFR > 90 mL/min, ratio 0.26–1.65; eGFR 60–90 mL/min, ratio 0.26–2.00; eGFR 30–60 mL/min, ratio 0.26–2.50; eGFR < 30 mL/min, 
ratio 0.26–3.10.
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Tc-DPD scan following an EMB in which no amyloid was detected. 
Among 61 patients with a grade 1 Tc-DPD/HMDP scan and no MG, 
60 (98%) had ATTR amyloidosis and 1 had cardiac AApoAI amyloidosis. 
A comparison between patients with a grade 1 radionuclide scan and 
AL-CA and patients with a grade 1 radionuclide scan and ATTR-CM 
showed that NT-proBNP was < 1000 ng/L in only 2/106 patients with 
AL-CA but was < 1000 ng/L in a majority (43/74, 58%) of those with 
ATTR-CM. Similarly, echocardiography and CMR findings in those with 
ATTR-CM and a grade 1 radionuclide scan indicated earlier stage disease 
in the vast majority [with the exception of patients carrying the p.(S97Y) 
TTR variant] on the basis of maximal septal wall thickness (mean ± SD; 
12.9 ± 2.63 mm), global longitudinal strain (mean ± SD; −16.6 ± 4.46), 
LVEF (mean ± SD; 62% ± 10.8), mid-wall subendocardial late gadolinium 
enhancement (LGE) (87%), and extracellular volume (ECV) (mean ± SD; 
32 ± 6.7%), whereas a grade 1 radionuclide scan in patients with AL-CA 
amyloidosis was typically associated with more advanced stage disease 
according to CMR and/or echocardiographic criteria (Figure 3) as evi-
denced by greater maximal septal wall thickness (mean ± SD; 15.7 ±  
2.32 mm), worse global longitudinal strain (mean ± SD; −9.84 ± 4.15), 
lower LVEF (mean ± SD; 52 ± 13%), transmural LGE (74%), and higher 
ECV (mean ± SD; 55% ± 8.4).

Serum free light chain ratio
Importantly, the sFLC ratio was considered normal in 2041 patients by 
the conventional method and 2713 patients by the Hutchison method, 
including in 2 patients diagnosed with AL amyloidosis. The refined cri-
teria, incorporating different sFLC ratio cut-offs for different GFR 

bands, defined the sFLC ratio as normal in 2578 patients with the 2 pa-
tients with AL amyloidosis who were defined as having no MG by the 
Hutchison method now being defined as having a MG (thus necessitat-
ing histological confirmation of the amyloid type). The specificity of the 
NBDC for ATTR-CM using conventional sFLC ratio (0.26–1.65) is 
shown in supplementary data online, Tables A and B. The specificity 
of the NBDC for ATTR-CM was similar upon substitution of the 
CKD–EPI formula for the MDRD formula for calculation of eGFR 
(see supplementary data online, Tables C and E).

Discussion
This multicentre, multinational retrospective study of radionuclide 
bone scintigraphy in more than 3300 patients referred to specialist 
amyloidosis centres for evaluation of suspected CA indicates that the 
NBDC established in 2016 for ATTR-CM, if followed to the letter, re-
main highly specific [specificity 97% (95% CI 91%–99.7%)] for the diag-
nosis assuming EMB as gold standard. A recently published 
meta-analysis showed a prevalence of ATTR-CM of 11% in HFpEF,23

and the prevalence of ATTR-CM was 63% (2013/3354) in the current 
cohort. A high positive predictive value (PPV) for the NBDC to diag-
nose ATTR-CM is desirable in order to minimize any risk of false posi-
tive diagnoses, including patients with AL-CA who require urgent 
chemotherapy being incorrectly diagnosed as having ATTR-CM. This 
study indicates a PPV of 98.5% (95% CI 94.7%–99.8%) for the NBDC 
with a specificity and PPV of up to 99.5% (95% CI 98.5–100) and 
99.5% (95% CI 98.2%–99.9%), respectively, if one includes all extra- 
cardiac diagnostic biopsies in the cohort. The authors acknowledge 
the modest sensitivity of the NBDC for ATTR-CM (∼60%), mainly 
due to presence of an ‘incidental’ MG. Up to 40% patients with 
ATTR-CM therefore continue to require biopsy proof of amyloid 
type in order for a firm diagnosis to be established.

One important challenge with respect to these NBDC for 
ATTR-CM has been the interpretation of the sFLC ratio in the context 
of a reduced GFR. This is due to the fact that the normal ‘polyclonal’ 
kappa/lambda sFLC ratio rises progressively with advancing renal im-
pairment.8 Here, using eGFR-specific cut-offs to indicate a normal 
sFLC ratio, we were able to preserve the high specificity of the 
NBDC for ATTR-CM regardless of eGFR at the time of diagnosis whilst 
simultaneously avoiding the need for a potential EMB in 369/1636 
(23%) patients who, by conventional sFLC ratio criteria (0.26–1.65), 
would have been labelled as having a MG and thereby failed to fulfil 
the NBDC for ATTR-CM. On the other hand, there is no doubt that 
using an upper sFLC ratio cut-off of 3.1 in any patient with an eGFR 
of < 60 mL/min, as proposed by Hutchison et al.,9 introduces a risk 
of diagnosing ATTR-CM by NBDC in a patient who in fact has 
AL-CA associated with a low-level kappa light chain secreting MG, as 
evidenced by two patients in this cohort.8 We would therefore suggest 
that the eGFR-specific cut-offs proposed here should be adopted in 
clinical practice to indicate a ‘normal’ FLC ratio within the context of 
excluding a MG, an essential component of the diagnostic algorithm 
for ATTR-CM. Of note, the use of these eGFR-specific FLC cut-offs re-
sulted in 29 (9%) patients (from the cohort of 316 patients with con-
firmed or presumed ATTR-CM) who almost certainly did not have a 
MG being incorrectly labelled as MG + ve thereby potentially subjecting 
them to an EMB to establish the diagnosis of ATTR-CM; however, the 
authors firmly believe that the priority with respect to the NBDC for 
ATTR-CM should be to preserve the high diagnostic specificity, poten-
tially at the expense of sensitivity, in order to avoid patients with 

. . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . . .

Table 2 Final diagnosis in 3354 patients referred with 
suspected or proven cardiac amyloidosis

Number of  
patients (n)

Cardiac amyloidosis 2546

Cardiac ATTR amyloidosis 2103

ATTRwt-CM 1650

ATTRv-CM 453

Cardiac AL amyloidosis 434

Cardiac AApoAI amyloidosis 1

Cardiac AApoAIV amyloidosis 8

No cardiac amyloidosis 808

Non-amyloid cardiomyopathy 204

No systemic amyloidosis 359

AL amyloidosis with no cardiac involvement 157

AApoAI amyloidosis with no cardiac involvement 5

AA amyloidosis with no cardiac involvement 1

TTR mutation carrier with no amyloidosis 47

ATTRv-PN with no cardiac involvement 35

Bold values are indicative of major groups which are further broken down in subgroups. 
ATTRwt-CM, wild-type ATTR amyloid cardiomyopathy; ATTRv-CM, variant ATTR 
amyloid cardiomyopathy; PN, polyneuropathy.
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Figure 1 Real-world use of the previously published diagnostic algorithm in 3354 patients with suspected cardiac amyloidosis to establish a definitive 
diagnosis.
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Table 3 Patients with Perugini grade 2/3 radionuclide bone scan

N Amyloid type by histology +/− proteomics

ATTR amyloid AL amyloid Other amyloid No amyloid No biopsy taken

Patients with no monoclonal gammopathy 1636a 403 0 0 428 805

Endomyocardial biopsy 134 132 0 0 2b

Extra-cardiac biopsy 697 271 0 0 426c

Patients with monoclonal gammopathy 444 199 40 0 126 79

Endomyocardial biopsy 101 85 15 0 1b

Extra-cardiac biopsy 264 114 25 0 125

Total 2080 602 40 0 554 884

Bold values are indicative of major groups which are further broken down in subgroups. 
aFulfilling non-biopsy diagnostic criteria for ATTR-CM. 
bPotential false positive radionuclide scans or false negative EMBs. 
cThree hundred ninety-one/426 biopsies in which there was no amyloid were fat aspirates or bone marrow trephine biopsies.
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possible AL-CA from being incorrectly diagnosed with ATTR-CM and 
thus denied life-prolonging chemotherapy.

We also conducted an analysis of our findings using the CKD–EPI for-
mula to estimate GFR rather than MDRD, given the widespread use of 
this formula in clinical practice. Reassuringly, there were only a few patients 
in whom there was a discrepancy between the two formulae in defining the 

presence or absence of a MG, notably due to higher values of eGFR by the 
CKD–EPI equation. Most importantly, there was no significant loss of spe-
cificity of the NBDC for ATTR-CM using the CKD–EPI formula.

It is important to consider the extremely rare cases in which the 
NBDC for the diagnosis of ATTR-CM are met but no amyloid is de-
tected on EMB of which there were two in our cohort. One such 

A

0 20 40 60 80 100
0

20

40

60

80

100 ATTR amyloid on biopsy

No biopsy confirmation

Number at risk
   Group 1         403      275     142        54          9          0
   Group 2        1233     724      288        71         4          0

(Group 1)

(Group 2)

p = 0.10

Time (months)

P
er

ce
nt

 s
ur

vi
va

l

B

0 20 40 60 80 100
0

20

40

60

80

100
No MG (Group 1)

MG

Number at risk
   Group 1         1636     984      430       125       13         0
   Group 2          199      133       58         21         3          0

(Group 2)

p = 0.49

Time (months)

P
er

ce
nt

 s
ur

vi
va

l

C

0 20 40 60 80 100
0

20

40

60

80

100
ATTR-CM

Presumed ATTR-CM

Number at risk
   Group 1        1835     1117     488      146       16         0
   Group 2         117       79        33        10         0          0

(Group 1)

(Group 2)

p = 0.23

Time (months)

P
er

ce
nt

 s
ur

vi
va

l

Figure 2 (A) Survival among patients fulfilling non-biopsy diagnostic criteria for ATTR-CM stratified by whether there was (n = 403) or was not (n =  
1233) corroborating evidence of ATTR amyloid in a biopsy specimen (log rank test, P = 0.10). (B) Survival among patients with ATTR-CM stratified by 
the presence (n = 199) or absence (n = 1636) of a MG (log rank test, P = 0.49). (C ) Comparison of survival between patients with a confirmed diagnosis 
of ATTR-CM (on the basis of non-biopsy diagnostic criteria or histology, n = 1835) and patients with presumed ATTR-CM (characteristic clinical 
phenotype and imaging for ATTR-CM but presence of a MG and no histology confirming the amyloid type, n = 117) (log rank test, P = 0.23).
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patient was receiving hydroxychloroquine which has previously been 
reported to be associated with radionuclide imaging characteristics 
mimicking ATTR-CM,24 and the other had a tiny EMB sample which, gi-
ven the patchy distribution of amyloid deposits within tissues,25 is likely 
to represent a false negative EMB rather than a false positive Tc-DPD 
scan. It is crucial to stress here that all images were acquired 3 hours 
after administration of the bone tracer, including SPECT-CT scans to 
confirm specific myocardial uptake since residual blood pool signal 
can give rise to false positive diagnosis of CA on limited planar 2D views 
particularly if acquired sooner after radiotracer administration.

The absence of cardiac uptake on radionuclide scintigraphy reliably 
excluded ATTR-CM in all but 1 of 1091 (> 99.9%) patients. This 

particular patient had an extremely rare pathogenic TTR variant 
p.(Y134C), which has previously been reported to be associated with 
less than expected cardiac uptake by radionuclide scintigraphy.26

Conversely, 276 of 434 (64%) patients with AL-CA from the whole co-
hort had a Perugini grade 0 Tc-DPD/HMDP scan, such that radio-
nuclide scintigraphy cannot be used to exclude CA. However, if an 
echocardiogram or preferably a CMR is characteristic of CA and the 
radionuclide bone scan is Perugini grade 0, the presence of a MG indi-
cates likely AL-CA, and the absence of a MG should prompt sequencing 
of the TTR and APOA1 genes and pursuit of an EMB to exclude rare 
amyloid cardiomyopathies such as cardiac AApoAIV amyloidosis and 
cardiac AApoAI amyloidosis.
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Table 5 Patients with Perugini grade 1 radionuclide bone scan

N Amyloid type by histology +/− proteomics

ATTR 
amyloid

AL 
amyloid

AApoAIV 
amyloid

AApoAI 
amyloid

No 
amyloid

No biopsy 
taken

Patients with no monoclonal gammopathy 61 25 0 0 0 19 17

Endomyocardial biopsy 1 1 0 0 0 0 -

Extra-cardiac biopsy 43 24 0 0 0 19 -

Patients with monoclonal gammopathy 122 9 83 1 0 14 15

Endomyocardial biopsy 20 3 15 0 0 2* -

Extra-cardiac biopsy 87 6 68 1 0 12 -

Total 183 34 83 1 0 33 32

Bold values are indicative of major groups which are further broken down in subgroups. 
aPossible false positive radionuclide scan or false negative EMB; one patient was felt to have a false positive radionuclide scan due to cardiac sarcoidosis and/or ESRD; the other was felt to 
have a false negative EMB on the basis of a scanty tissue sample and characteristic cardiac imaging for amyloid and was treated with chemotherapy for cardiac AL amyloidosis.
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Table 4 Patients with Perugini grade 0 radionuclide bone scan

N Histology

EMB Extra-cardiac biopsy No biopsy

No cardiac amyloidosis 807 29 464 314

No amyloidosis 609 27 293 289

AL amyloidosis without cardiac involvementa 157 2 152 3

Hereditary ATTR amyloidosis without cardiac involvementb 35 0 15 20

Hereditary AApoAI amyloidosis without cardiac involvementa 5 0 3 2

AA amyloidosis without cardiac involvementa 1 0 1 0

Cardiac amyloidosis 284 46 219 19

Cardiac AL amyloidosis 276 39 218 19

Cardiac AApoAIV amyloidosis 7 6 1 0

Cardiac ATTR amyloidosis 1 1 0 0

Total 1091 75 683 333

Bold values indicate major groups and italics represent breakdown of these into subgroups. 
aAbsence of cardiac involvement in AL, AA, and AApoAI amyloidosis was on the basis of echocardiography and corroborated in cases of doubt by CMR findings. 
bAbsence of cardiac involvement in hereditary ATTR amyloidosis was established in each case by both echocardiography and CMR.
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Among 183 patients with grade 1 cardiac uptake on radionuclide 
bone scintigraphy, 106 (58%) had AL-CA all of whom had a MG, and 
75 (41%) had ATTR-CM. With the exception of six patients who carried 
the p.(S97Y) TTR variant, all of those with ATTR-CM had earlier stage 
disease on the basis of echocardiographic and CMR criteria compared 
with those with AL-CA, as previously reported.27 Like the p.(Y134C) 
TTR variant highlighted earlier in this manuscript, the p.(S97Y) variant 
has also previously been reported to be associated with less than ex-
pected cardiac uptake on radionuclide scintigraphy.28 Importantly, 
among the 61 patients with a grade 1 radionuclide scan and no MG, 
60 had ATTR-CM. These results further highlight the essential require-
ment for genetic sequencing and histological identification and typing of 
CA in patients who do not fulfil the NBDC for ATTR-CM.

It is particularly important to note that 52/2080 (2.5%) patients with 
Perugini grade 2 or 3 radionuclide scintigraphy had a final diagnosis of 
AL-CA, which highlights the fact that radionuclide scintigraphy should 
not be used in isolation to diagnose CA since it is not specific for 

ATTR-CM regardless of the intensity of cardiac uptake. In fact, among 
434 patients in the study with AL-CA, 276 (64%), 106 (24%), and 52 
(12%) had grade 0, 1, and ≥ 2 radionuclide scans, respectively. These 
findings highlight, once again, the essential requirement of undertaking 
biochemical tests to search for a MG in any patient with suspected 
CA who undergoes radionuclide bone scintigraphy whilst also underlin-
ing the fact that both serum and urine immunofixation and the sFLC as-
say are required to rule out MG since patients from the cohort with 
isolated abnormalities of each of the three tests with both grade 1 
and grade ≥2 radionuclide scans were diagnosed with cardiac AL 
amyloidosis.

Conclusions
Radionuclide scintigraphy with Tc-DPD or Tc-HMDP is a very sensitive 
imaging modality for identifying possible ATTR-CM, but it cannot be 
used alone to establish this diagnosis. Nor can radionuclide scintigraphy 
be used to exclude CA. However, the use of radionuclide scintigraphy 
with comprehensive biochemical tests for a MG can reliably establish 
ATTR-CM without a biopsy, as long as the previously published non- 
biopsy diagnostic algorithm for ATTR-CM is followed to the letter. 
The inclusion of novel sFLC ratio cut-offs according to eGFR for exclu-
sion of a MG further refines the NBDC for ATTR-CM.
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