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Amyloid Deposits and Fibrosis on Left
Ventricular Endomyocardial Biopsy
Correlate With Extracellular Volume in
Cardiac Amyloidosis

Angela Pucci, MD, PhD*; Alberto Aimo, MD*; Veronica Musetti, BSc; Andrea Barison “/, MD, PhD;

Giuseppe Vergaro, MD, PhD; Dario Genovesi, MD; Assuero Giorgetti “*/, MD; Silvia Masotti, PhD;

Chiara Arzilli, MD; Concetta Prontera, BSc; Luigi Emilio Pastormerlo, MD, PhD; Michele Alessandro Coceani, MD;
Marco Ciardetti ““/, MD; Nicola Martini, PhD; Cataldo Palmieri, MD; Claudio Passino, MD; Claudio Rapezzi, MD;
Michele Emdin “*', MD, PhD

BACKGROUND: The relative contribution of amyloid and fibrosis to extracellular volume expansion in cardiac amyloidosis (CA)
has never been defined.

METHODS AND RESULTS: We included all patients diagnosed with amyloid light-chain (AL) or transthyretin cardiac amyloidosis at a
tertiary referral center between 2014 to 2020 and undergoing a left ventricular endomyocardial biopsy. Patients (n=37) were more
often men (92%), with a median age of 72 years (interquartile range, 68-81). Lambda-positive AL was found in 14 of 19 AL cases
(38%) and kappa-positive AL in 5 of 19 (14%), while transthyretin was detected in the other 18 cases (48%). Amyloid deposits ac-
counted for 15% of tissue sample area (10%—-30%), without significant differences between AL and transthyretin amyloidosis. All
patients displayed myocardial fibrosis, with a median extent of 15% of tissue samples (10%-23%; range, 5%-60%), in the absence
of spatial overlap with amyloid deposits. Interstitial fibrosis was often associated with mild and focal subendocardial fibrosis. The
extent of fibrosis or the combination of amyloidosis and fibrosis did not differ significantly between transthyretin amyloidosis and
AL subgroups. In 20 patients with myocardial T1 mapping at cardiac magnetic resonance, the combined amyloid and fibrosis
extent displayed a modest correlation with extracellular volume (r=0.661, P=0.001). The combined amyloid and fibrosis extent
correlated with high-sensitivity troponin T (P=0.035) and N-terminal pro-B-type natriuretic peptide (P=0.002) serum levels.

CONCLUSIONS: Extracellular spaces in cardiac amyloidosis are enlarged to a similar extent by amyloid deposits and fibrotic
tissue. Their combination can better explain the increased extracellular volume at cardiac magnetic resonance and circulating
biomarkers than amyloid extent alone.
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lar deposition of amyloidogenic proteins in a
beta-sheet structure with a typical green bire-
fringence by Congo Red staining on polarized light
microscopy.! Amyloid deposition may cause tissue

Amyloidosis is characterized by the extracellu-

disruption and dysfunction, organ failure, and death.!
Immunoglobulin light-chain and transthyretin amyloi-
dosis (AL and ATTR, respectively) are those associ-
ated with the most clinically relevant forms of amyloid
cardiac disease.!
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CLINICAL PERSPECTIVE

What Is New?

e Patients with cardiac amyloidosis have an in-
creased extracellular volume.

e This is attributable to amyloid deposits and fi-
brotic tissue.

What Are the Clinical Implications?

e The combination of amyloid and fibrosis can
better explain the increased extracellular
volume at cardiac magnetic resonance and
circulating biomarkers than amyloid extent
alone.

Nonstandard Abbreviations and Acronyms

AL light-chain amyloidosis
ATTR transthyretin amyloidosis
CA cardiac amyloidosis

ECV extracellular volume

EMB endomyocardial biopsy
hs-TnT high-sensitivity troponin T

LGE late gadolinium enhancement

sST2 soluble suppression of
tumorigenesis-2

Accurate diagnosis of cardiac amyloidosis (CA)
and characterization of the amyloid precursor
are crucial for treatment. Endomyocardial biopsy
(EMB) remains the gold standard to assess the
pathophysiological details of CA in vivo, as well as
to provide unique insights into what is observed
with noninvasive in vivo imaging techniques, such
as cardiac magnetic resonance (CMR) and nu-
clear medicine.?® Currently, EMB is performed
only in experienced centers and usually in the
right ventricle.®” Nevertheless, left ventricular (LV)
EMB presents a low risk of complications, par-
ticularly when performed with a transradial ap-
proach® moreover, LV EMB might also be more
sensitive in the detection of earlier subendocar-
dial histopathological changes compared with
right ventricular EMB.”

In the present study, we investigated the cor-
relates of LV EMB findings in patients with AL or
ATTR CA. In particular, the presence and extent of
amyloid deposits, fibrosis, and inflammatory infil-
trates were compared with CMR evaluation of ex-
tracellular volume (ECV) and other imaging and
laboratory findings.
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METHODS

Study Population

All patients with EMB-proven diagnosis of AL or ATTR
between 2014 to 2020 were identified in the elec-
tronic records of a tertiary referral center (Fondazione
Toscana Gabriele Monasterio, Pisa, lItaly). Among
these patients (n=37), 29 (78%) had undergone CMR
and 35 (95%) myocardial diphosphonate scintigraphy.
NT-proBNP (N-terminal pro-B-type natriuretic peptide)
and high-sensitivity troponin T (hs-TnT) were measured
in all patients before the EMB, and soluble suppres-
sion of tumorigenesis-2 (sST2) in 24 (65%). The study
complied with the Declaration of Helsinki and was ap-
proved by the Institutional Review Board. The data that
support the findings of this study are available from the
corresponding author upon reasonable request.

Endomyocardial Biopsy Work-Up
Sampling of the Myocardium

All EMBs were performed to assess the diagnosis of
CA. The Cordis bioptome forceps was introduced in
the left ventricle through the femoral artery and used
to take at least 3 endomyocardial samples in differ-
ent areas of the left ventricle. Contrast medium was
injected at the end of the procedure to exclude iatro-
genic mitral regurgitation and pericardial effusion.” All
EMBs were performed within 1 week of the CMR, and
sampling was blinded to CMR results.

Histology, Immunohistochemistry, and
Morphometry Analyses

All EMBs were adequately fixed and without artifacts.
EMB samples were formalin fixed for 1 to 2 hours,
then paraffin embedded. Serial sections were ob-
tained from a single block inclusion.® Congo red,
Masson’s trichrome, and Perls’ histochemical stains
were performed, together with immunohistochemistry
by using immunoperoxidase technique and specific
antibodies against leukocyte antigens (CD3, CD20,
KP1; Dakopatts Ltd.), kappa and lambda light chains
(Ventana) and transthyretin (Dako). Slides were depar-
affinized and brought to water, then primary specific
antibodies were applied, and single immunostain-
ings were revealed by using the biotin-free, multimer
molecule-based Ultraview Universal DAB Detection
Kit for the detection of mouse and rabbit primary anti-
bodies (Roche). Congo red staining was analyzed by a
polarized light microscope (Ris-D2Nikon) that detected
amyloid as green birefringent deposits, whereas fibro-
sis was evidenced as intense blue-stained (interstitial
or subendocardial) areas on Masson’s trichrome stain-
ing. All EMBs were serially sectioned.® Amyloid depos-
its were analyzed on a Congo red-stained slide, and
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fibrous tissue on an adjacent Masson’s trichrome—
stained slide.

Amyloid deposits, fibrosis, inflammatory cells
(T-lymphocytes: CD3+; monocyte-macrophages:
CD68+), light chains, and transthyretin immunoreactive
deposits were quantitively evaluated by morphometric
analysis, using the NIS-Elements computer-assisted
image analysis system (Nikon). Total area of biopsy
fragments was calculated for each EMB; total amyloid
(Congo red—positive) deposits, and total interstitial fi-
brosis (on Masson’s trichrome) areas were expressed
as percentages. Inflammatory infiltrates were quanti-
fied as number of cells/mm?.

Histology Score

A semiquantitative histology score was assigned to
each EMB, to take into account the amyloid deposi-
tion, the fibrosis extent, and the inflammatory infiltra-
tion, as follows: for either (1) amyloid deposition or (2)
fibrosis extent: O (absent), 1 (1%—-5% of total EMB area),
2 (6%-15%), 3 (16%-30%) and 4 (>30%); for either (3)
T lymphocytes (CD3+ cells), or (4) for monocytes/mac-
rophages: O (absent), 1 (1-6 cells/mm?), 2 (7-15/mm?),
3 (>15/mm3).

Transthoracic Echocardiography
Two-dimensional  transthoracic  echocardiography
images were obtained using a Philips IE33 ultra-
sound machine, with X5-1 transducer (Philips Medical
Systems, Palo Alto, CA) and interpreted according to
the American Society of Echocardiography/European
Association of Cardiovascular Imaging guidelines.®

Cardiac Magnetic Resonance

Patients underwent CMR with a 32-channel phased-
array surface receiver coil and vectorcardiogram
triggering using a 1.5 T scanner (Signa Excite, GE
Healthcare, Milwaukee, WI). Biventricular systolic func-
tion was assessed by breath-hold steady-state free
precession cine imaging in the short-axis stack (8-mm
thickness, no gap). Sequence parameters were field of
view, 360 to 400 mm; repetition/echo time, 3.2/1.6 ms;
flip angle, 45 to 60° matrix, 224x224; phases, 30. In
28 of 29 patients, Late gadolinium enhancement (LGE)
imaging was performed between 10 and 20 min-
utes after contrast agent administration (gadoteric
acid, DOTAREM, 0.2 mmol/kg) using a segmented
T1-weighted gradient-echo inversion-recovery pulse
sequence. In short-axis orientation, the left ventricle
was encompassed by contiguous 8-mm thick slices
(with no interslice gap). Inversion time was individually
adapted to suppress the signal of normal remote myo-
cardium (220-320 ms). Sequence parameters were
field of view, 360 to 400 mm; slice thickness, 8 mm;
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repetition/echo time, 4.6/1.3 ms; flip angle, 15 to 20°;
matrix, 224x192. A midventricular short-axis inversion
time—scout sequence was used to choose the ap-
propriate inversion time. T1 mapping was acquired
in basal, medium, and apical slices using a modified
Look-Locker (MOLLI) sequence (3,3,5 scheme; flip
angle, 35° matrix, 172x172 pixels; partial Fourier=0.75)
in 20 of 29 patients undergoing CMR; T1 mapping was
acquired both precontrast (native) and postcontrast
(15—20 minutes after gadolinium injection).

All CMR studies were analyzed offline on the
Advantage Workstation (GE Healthcare) with a
dedicated software (MASS 6.1, Medis, Leiden,
Netherlands) by an experienced CMR reader (A.B.)
blinded to all other patient data. LV and right ventric-
ular volumes, mass, and global function were calcu-
lated on short-axis cine images.'® LGE presence and
patterns were visually assessed. Five LV regions were
considered: anterior (segments 1 and 7), septal (seg-
ments 2, 3, 8, and 9), inferior (segments 4 and 10), lat-
eral (segments 5, 6, 11, and 12) and apical (segments
13-17). The LGE pattern was classified as 0 (absent),
1 (patchy), 2 (subendocardial), or 3 (transmural). A
global LGE score was obtained by summing the 5
regional scores. Blood-pool early darkening was de-
fined as a signal intensity decay >50% during the first
10 minutes after gadolinium injection at LGE images
acquired with a fixed inversion time."" In 20 patients,
native and postcontrast T1 mapping was analyzed
by drawing a region of interest in the septum (seg-
ments 2, 3, 8, 9, and 14). ECV was calculated from
(AR1myocardium/AR1blood)x(1-hematocrit),  where
AR1=(1/T1postcontrast—1/T1precontrast).”” Total LV
matrix and cell volumes were calculated from the
product of LV myocardial volume (LV mass divided by
the specific gravity of myocardium [1.05 g/mL]) and
ECV or (1-ECV), respectively.'

Laboratory Evaluation

NT-proBNP and hs-TnT were measured on plasma
EDTA and lithium heparin samples, respectively,
using electrochemiluminescence immunoassays on
automated Cobas analyzers (Elecsys proBNPIl and
Elecsys Troponin Gen5STAT, Roche Diagnostics,
Germany)."*'® Soluble suppression of tumorigenesis
2 (sST2) was measured on plasma EDTA samples
using the Presage assay (Critical Diagnostics, San
Diego, CA)."®"7

Statistical Analysis

Statistical analysis was performed using IBM SPSS
Statistics (version 22, 2013). Normal distribution was
assessed through the Kolmogorov-Smirnov test;
all variables had nonnormal distribution and were
then expressed as median and interquartile interval.
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Differences between groups were tested through the
Mann-Whitney U test, and categorical variables were
compared by the chi-square test with Yates correc-
tion. To assess the strength of correlations, variables
were In-transformed, and Pearson’s r values were
calculated. Linear regression analysis was also per-
formed using In-transformed variables. P<0.05 was
considered statistically significant.

Amyloid and Fibrosis in Left Ventricular Biopsies

RESULTS

Patient Population

The main clinical, laboratory, and CMR findings are re-
ported in Table 1. The majority of patients (92%) were
men, with a median age of 72 years (interquartile range,
68-81). Both NT-proBNP and hs-TnT were markedly el-
evated (6772 ng/L [2071-12 557] and 62 ng/L [38-14Q],

Table 1. Findings From Clinical, Laboratory, and Imaging Examinations
All patients AL ATTR
n=37 n=19 (51%) n=18 (49%) P Value

Men, n (%) 34 (92) 17 (90) 17 (94) 0.580
Age, years, interquartile range 72 (68-81) 69 (67-74) 76 (70-83) 0.024
eGFR, mL/min per 1.73 m? 67 (45-79) 61 (42-79) 71 (55-79) 0.199
NYHA class I-II/1lI-1V, n (%) 15/22 (41/59) 7/12 (37/63) 8/10 (44/56) 0.638
Hematocrit (%) 36 (34-40) 36 (34-40) 36 (35-40) 0.897
NT-proBNP, ng/L 6772 (2071-12 557) 10 164 (1912-16 874) 3750 (2361-8592) 0.118
hs-TnT, ng/L 62 (38-140) 95 (37-207) 54 (38-93) 0.134
sST2, ng/mL 27 (16-37) 21 (14-32) 32 (21-45) 0.167
TTE

E/e’ 17 (12-24) 15 (12-25) 18 (12-23) 0.916

LAVi, mL/m? 24 (21-28) 24 (21-28) 25 (20-29) 0.618

Moderate/severe aortic 2 (5) 1) 1(6) 0.969

stenosis

TAPSE 17 (13-22) 17 (14-24) 16 (13-22) 0.586
CMR

LVEDVi, mL/m? 79 (68-92) 78 (62-90) 80 (73-94) 0.374

LVESVi, mL/m? 32 (28-43) 32 (23-45) 32 (30-40) 0.531

SVi, mL/m? 42 (32-51) 38 (28-49) 46 (36-55) 0.232

LVEF (%) 54 (45-62) 52 (45-56) 58 (42-63) 0.449

LVMI, g/m? 112 (102-143) 109 (91-115) 140 (110-153) 0.022

IVS, mm 19 (17-21) 18 (15-21) 20 (17-22) 0.199

PW, mm 15 (12-16) 15 (12-19) 15 (12-16) 0.880

RVEDVi, mL/m? 76 (65-92) 77 (65-89) 71 (65-98) 0.746

RVEF, % 55 (44-64) 51 (43-63) 55 (45-67) 0.589

Small LGE areas, n (%) 4/28 (14) 3/15 (20) 113 (8) 0.594

Subendocardial LGE, n (%) 9/28 (32) 5/15 (33) 4/13 (31)

Transmural LGE, n (%) 15/28 (54) 7/15 (47) 8/13 (61)

LGE score 10 (7-13) 10 (6-14) 10 (8-13) 1.000

Blood-pool early darkening, 10/28 (36) 8/15 (53) 2/13 (15) 0.055

n (%)

Native myocardial T1, ms' 1118 (1016-1196) 1191 (1118-1229) 1015 (972-1070) 0.036

ECV (%)f 54 (44-61) 54 (45-59) 54 (42-69) 0.972

Pericardial effusion, n (%) 9/29 (31) 7/16 (44) 2/13 (15) 0.130

Pleural effusion, n (%) 9/29 (31) 5/16 (31) 4/13 (31) 1.000

The interquartile interval was reported in parentheses.

AL indicates amyloid light-chain amyloidosis; ATTR, amyloid transthyretin amyloidosis; CMR, cardiac magnetic resonance; ECV, extracellular volume;
eGFR, estimated glomerular filtration rate; hs-TnT, high-sensitivity troponin T; IVS, interventricular septum; LAVi, left atrial volume index; LGE, late gadolinium
enhancement; LVEDVi, left ventricular end-diastolic volume index; LVEF, left ventricular ejection fraction; LVESVi, left ventricular end-systolic volume index;
LVMI, left ventricular mass index; NT-proBNP, N-terminal pro-B-type natriuretic peptide; NYHA, New York Heart Association; PW, posterior wall thickness;
RVEDVi, right ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction; sST2, soluble suppression of tumorigenesis-2; SVi, stroke volume
index; TAPSE, tricuspid annular plane systolic excursion; and TTE, transthoracic echocardiography.

fMyocardial T1, ECV, matrix volume, and cell volume were available only in 20 subjects.
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respectively), while median sST2 (27 ng/mL [16-37]) was
below the threshold for risk prediction in chronic heart
failure (35 ng/mL)."” Echocardiographic E/e’ ratio was 17,
suggesting an initial impairment of diastolic function.

No significant differences in clinical, laboratory,
scintigraphy, and histology findings were observed in
patients undergoing or not undergoing CMR (Table S1).
At CMR examination, all patients displayed septal hy-
pertrophy (=13 mm), and 23 (79%) had an increased
LV mass index; systolic function was reduced (LV ejec-
tion fraction <60%) in 11 patients (38%) and borderline
(ejection fraction 50%—-55%) in 5 (17%). All patients had
LGE areas, typically with subendocardial (n=9; 32%) or
transmural distribution (n=15; 54%), with a median LGE
score of 10 of 15. Median ECV was 54%, in patients
with AL as well as in ATTR, well above the upper refer-
ence value from the literature (29%)*° (Figure S1).

Only 2 patients had ATTRv (mutations: p.Vali42lle
and p.lle88Leu). Patients diagnosed with AL amyloi-
dosis (n=19; 51%) were younger, had lower LV mass
values, and displayed more often early darkening than
those with ATTR amyloidosis, while LGE patterns and
ECV values were similar. As expected, they less often
displayed cardiac diphosphonate uptake (Table 1).

Endomyocardial Biopsy Findings

EMB findings of individual patients are reported in Table S2.
Three tissue samples were available for each patient, ex-
cept for 2 patients having 4 samples. At immunohisto-
chemistry, lambda-positive AL was found in 14 of 19 (38%)
and kappa-positive AL in 5 of 19 patients (14%) (Figure S2).
Transthyretin immunoreactivity was detected in the remain-
ing 18 patients (48%). Three patients classified as having

Table 2. Histologic Findings

Amyloid and Fibrosis in Left Ventricular Biopsies

ATTR displayed a weak posittivity for AL, deemed nonspe-
cific; 3 other patients diagnosed with AL had a nonspecific
positivity for ATTR. Nodular amyloid deposits were uncom-
mon, detected in only one AL (kappa-positive) EMB.

In the whole cohort, amyloid deposits accounted
for 15% of the tissue sample area (interquartile range,
10%—-30%; range, 5%—-60%; averaged coefficient of
variation, 29.7%), with no significant difference be-
tween the AL and ATTR subgroups (Table 2). Amyloid
deposition was multifocal in 78% of patients and diffuse
in 11%, and amyloid fibers were found in both inter-
stitial and perivascular spaces in 62%, with no signifi-
cant differences between AL and ATTR. Nonetheless,
transthyretin-positive biopsies showed a tendency
to a patchy, coarse distribution of amyloid deposits,
which was observed in 11 of 18 transthyretin-positive
EMBs and in 7 of 19 of AL EMBs. Areas of AL kappa or
lambda and transthyretin immunoreactivity were larger
than areas of Congo red green birefringence (Figure 1).

All patients displayed myocardial fibrosis, with a
median extent of 15% of tissue samples (interquartile
range, 10%-23%, range, 5%-60%, averaged coeffi-
cient of variation, 24.6%), and no spatial overlap with
amyloid deposition (Figure 2). On Masson’s trichrome
staining, amyloid could be identified by a blue-gray
color as compared with the strong blue color of either
interstitial or endocardial fibrosis, as previously shown
in lung amyloidosis.'® Fibrosis showed an interstitial
pattern and was often associated with mild and focal
subendocardial fibrosis (Figure S3). The extent of fi-
brosis or the combination of amyloidosis and fibrosis
did not show any statistically significant difference be-
tween the ATTR and AL subgroups.

All patients AL ATTR
n=37 n=19 (51%) n=18 (49%) P Value
Extent of amyloid deposits (%) 15 (10-30) 20 (10-30) 15 (9-43) 0.869
Amyloid pattern, n (%)
Minimal 3(8) 1(5) 2 (11) 0.719
Focal 1(3) 1(5) 0(0)
Multifocal 29 (78) 15 (79) 14 (78)
Diffuse 4(11) 2(1) 2(1)
Amyloid location, n (%)
Interstitial 11 (30) 6 (32 5 (28) 0177
Interstitial and perivascular 23 (62) 10 (63) 13 (72)
Interstitial, perivascular, vascular | 3 (8) 3 (16) 0(0)
Histology score 9 (8-10) 9 (8-11) 8 (7-9) 0.030
Extent of fibrosis (%) 15 (10-23) 10 (10-20) 19 (12-26) 0.163
Extent of amyloidosis and fibrosis 40 (30-49) 40 (21-45) 42 (32-51) 0.313
(%)
CD3+, cells/mm? 6 (5-10) 8 (5-10) 5 (2-6) 0.035
CD68+, cells/mm? 11 (7-16) 12 (7-18) 10 (5-18) 0.147

AL indicates amyloid light chain amyloidosis; and ATTR, amyloid transthyretin amyloidosis.

J Am Heart Assoc. 2021;10:e020358. DOI: 10.1161/JAHA.120.020358
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Figure 1.
amyloid deposition.

Late gadolinium enhancement, histologic, and immunohistochemical findings in patients with focal and diffuse

Cardiac magnetic resonance 4-chamber views (A, F, K, and P) and left ventricular endomyocardial biopsy fragments showing focal
interstitial (B and G) or diffuse fibrosis (L and Q) by Masson’s trichrome staining, and focal (C and H) or diffuse (M and R) green
refringent deposits by Congo red staining under polarized light, focal (D and 1) or diffuse (N and S) immunoreactivity for lambda light-
chain (AL) or transthyretin (ATTR) deposits, and a few (E and J) or multifocal (O and T) CD3+ T-lymphocytes (B, G, L, and Q: Masson’s
trichrome staining, original magnification: B and G x10, I and O x20; C, H, M, and R: Congo red staining under polarized light, original
magnification: C x10, H, M, and R x20; D and N: immunoperoxidase staining with hematoxylin counterstaining for lambda light-chain,
original magnification: D x10, N x20; I and S, immunoperoxidase staining with hematoxylin counterstaining for transthyretin, original
magnification | x10. 8 x20; E, J, O, and T, immunoperoxidase staining with hematoxylin counterstaining for CD3+ T-lymphocyte

antigen, original magnification x20).

Median histology score of overall EMBs was 9 of
14; patients with AL had a higher histology score as
compared with patients with ATTR (P=0.03). CD3+ cell
density (cells/mm?) was higher in AL than ATTR EMBs
(P=0.035), whereas values of CD68+ monocyte-
macrophages were not significantly different (Table 2).
Plurifocal interstitial CD3+ lymphocytes were more fre-
quently found in AL lambda-positive CA, whereas very
few scattered or single CD3+ lymphocytes were usu-
ally observed in transthyretin-positive CA (Figure S4).

CMR Correlates of Histological Findings

Amyloid extent correlated with LGE scores and ECV
values, both in the whole population and in the AL sub-
group (Figures S5 and S6). The sum of amyloid and
fibrosis displayed an even closer correlation with ECV,
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particularly in patients with ATTR (Figure 3), while fi-
brosis alone did not (P=0.344 in the whole population).
LGE scores and ECV values differed across patterns of
amyloid depositions (P=0.049 and 0.047, respectively),
with higher values in patients with a multifocal or diffuse
pattern; no differences were observed according to
the preferential site of amyloid accumulation (data not
shown). The sum of amyloid and fibrosis also displayed
a correlation with LV matrix volume (~=0.548, P=0.012),
but not with LV cell volume (r=0.089, P=0.710).

Histology and Biomarkers

Amyloid extent correlated with hs-TnT, both in the whole
population (=0.542, P=0.001) and in the AL (P=0.006,
r=0.622) and ATTR subgroups (P=0.014, r=0.533). It
also predicted hs-TnT after adjustment for LV mass
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Figure 2. Distribution of amyloid deposits and fibrosis.

Endocardial (EF) and interstitial (F) fibrosis in the left ventricle endomyocardial biopsy from
a transthyretin-positive (A and C) and a lambda+ AL (B and D) CA showing a brilliant, strong
blue color by Masson’s trichrome staining; it is associated with subendocardial and interstitial
amyloid (A) deposits that stain blue-gray on the same Masson’s trichrome staining. Myocytes
(M) are encircled by fibrosis and by amyloid (Masson’s trichrome staining; original magnification:

A and B, x40, C and D, x100).

index and LV ejection fraction, as confirmed in patients
with AL (Table S3). Amyloid extent also independently
predicted NT-proBNP, but not sST2, although the
amyloid pattern or location did not predict circulating
biomarkers. The combined amyloid and fibrosis extent
also correlated with hs-TnT (P=0.035) and NT-proBNP
(P=0.002), while the extent of fibrosis, histology score
values, or CD3+ or CD68+ cell counts did not (Figure 4
and Table S3).

DISCUSSION

To the best of our knowledge, this is the first series
of patients undergoing only LV EMB for the diagnosis
of CA to establish a correlation between pathologi-
cal processes involving the extracellular volume on
biopsy specimens, ECV at CMR, and biomarkers re-
flecting cardiac damage. We report that, in patients
with CA, the extracellular space occupied not only
by amyloid substance, but also, and to a significant
extent, by fibrotic tissue. The combination of amyloid
and fibrosis displays a better correlation with ECV
quantification by CMR than the extent of amyloid de-
posits alone. Finally, the combined extent of amyloid
and fibrosis displays a good correlation with hs-TnT
and NT-proBNP.

Cardiac fibroblasts internalize aggregated trans-
thyretin in vitro,'® and matrix metalloproteinases are

J Am Heart Assoc. 2021;10:e020358. DOI: 10.1161/JAHA.120.020358

overexpressed in CA.?° Both mechanisms may con-
tribute to the expansion of extracellular spaces and
to the development of interstitial, reactive fibrosis in
response to tissue damage. Another possible mech-
anism of interstitial fibrosis in CA is coronary micro-
vascular dysfunction, extensively documented in CMR
studies,?' which may be related to amyloid deposition
in the perivascular and vascular spaces, to expanded
extracellular spaces, and to capillary rarefaction.
Microvascular dysfunction/rarefaction could cause
subclinical ischemic damage, triggering fibrosis and
extracellular matrix deposition. The greater metabolic
demands of the left ventricle might explain why the few
studies evaluating right ventricular biopsies never re-
ported a large amount of fibrosis.???* Cardiac amyloid
load can be measured through immunohistochemical
staining for light chains or transthyretin, or through
Congo red staining, which is known to correspond to
beta-sheet-oriented amyloid fibrils in both forms of CA.
In this study, we preferred to measure amyloid extent
following Congo red staining, also because we found a
larger area of light chain or transthyretin immunostain-
ing than Congo red staining (data not shown).
Nonischemic cardiac disorders do not homoge-
neously affect the myocardium,?® as shown, for ex-
ample, by the high coefficient of variation of fibrosis in
idiopathic dilated cardiomyopathy (43%).26 As expected,
we found variability in the presence and distribution of
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Figure 3. Correlations between the extent of amyloid and fibrotic deposits and extracellular volume (ECV).
ECV values are in a log-scale. AL indicates amyloid light chain amyloidosis; and ATTR, amyloid transthyretin amyloidosis.

both amyloid deposits and collagen distribution. In par-
ticular, a few cases showed a high coefficient of variation
related to their focal or segmental distribution. Spatial
variation in small endomyocardial biopsies is expected
to be high compared with ECV measurements that typi-
cally use larger volumes of myocardium. Additionally, the
subendocardium is not included when calculating ECV,
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while it is sampled by EMB. These limitations would
reduce the ability to correlate CMR and EMB findings.
Nonetheless, the extent of amyloid deposits or the com-
bination of amyloid and fibrosis displayed rather close
correlations with ECV.

This study provides a further histological validation
of ECV measurement in CA, already demonstrated
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previously in a study on 9 patients with ATTR and 17
patients with AL.?” Myocardial ECV provides an abso-
lute quantification of interstitial expansion, beyond the
semiquantitative assessment by conventional LGE.?#-3°
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ECV is currently considered a marker of amyloid bur-
den®-3% and holds prognostic significance in both
AL®" and ATTR.?® The amount of extracellular space
in the interventricular septum estimated from pre- and
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postcontrast T1 mapping showed a close relationship
with the degree of extracellular matrix remodeling at
histology, which was better represented by the sum of
fibrosis and amyloidosis. LGE and ECV demonstrate
an interstitial retention of gadolinium, which may be
attributable to both fibrosis and amyloidosis. Notably,
other possible causes of ECV expansion might be rep-
resented by extracellular edema, leukocyte activation,
and microvascular abnormalities. This might explain
why ECV tended to overestimate the sum of fibrosis
and amyloidosis at histology. In a previous case series,
the amount and transmural variation of amyloid protein
at autopsy (subendocardial, 42%; subepicardial, 18%)
was closely correlated with LGE at CMR, rather than to
minor diffuse fibrosis (1.3%).32 Conversely, in another
study on 5 patients with CA undergoing CMR before
heart transplantation, subendocardial and midwall
LGE was significantly associated with fibrosis at his-
tology, but not with amyloid deposits.®® In our cohort,
we confirmed that LGE is attributable to both interstitial
amyloid deposition and fibrosis. The degree of extra-
cellular volume expansion by amyloid substance and
fibrosis independently predicted circulating hs-TnT and
NT-proBNP, which are released following cardiomyo-
cyte damage elicited by a mechanical or toxic effect of
amyloid fibrils, and also by increased myocardial strain
caused by pressure/volume overload. hs-TnT and
NT-proBNP possess strong prognostic impact in pa-
tients with CA, particularly in AL.3* Conversely, sST2,
a biomarker that reflects the activation of inflammatory
and profibrotic pathways, did not display a significant
correlation with the severity of accumulation of amy-
loid and/or collagen fibers, possibly reflecting the fact
that this biomarker is produced mainly outside of the
heart."”

We report that amyloid deposits can show differ-
ent patterns: diffuse or nodular, perivascular (at least
in the initial stages) and interstitial (surrounding single
myocytes). In both AL and transthyretin CA, Congo red
positivity always had a more limited extent than immu-
nohistochemical detection of light chains or transthyre-
tin. To the best of our knowledge, this finding has never
been described to date. We might hypothesize that
deposition of amyloidogenic precursors, not organized
in beta sheets, is far more diffuse in the myocardium
than beta sheets of amyloid deposits.

Another novel aspect of the present study is repre-
sented by the histology score based on the EMB mor-
phometric evaluation of amyloid deposits, fibrosis, and
inflammatory infiltrates. Patients with AL had a higher
histology score than patients with ATTR, which was as-
sociated with a higher CD3+ T-cell density. The pres-
ence of T histologylymphocytes denotes a subclinical
inflammation contributing to the myocardial dysfunc-
tion in AL, likely related to direct toxic damage caused
by light-chain deposits. These features suggest a more
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severe impairment of myocardium in AL, correspond-
ing to a more clinically severe disease as compared
with ATTR. CD3+ T lymphocytes have been previously
identified in AL and have been shown to predict ad-
verse outcome in such patients.®® In agreement with
Siegismund et al, we did not find significant correla-
tions between CD68+ macrophage counts and AL
amyloidosis.

Immunohistochemistry for amyloid typing is often
performed by postembedding immunogold electron
microscopy that is considered a quite sensitive tech-
nique.? In our study, we used immunohistochemistry on
formalin-fixed and paraffin-embedded EMBs obtaining
clear-cut immunohistochemical results. Other series
have shown that immunohistochemistry might overes-
timate the transthyretin immunoreactivity or misdiag-
nose the presence of immunoglobulin light chains.3®
We applied a restrictive fixation protocol (ie, all EMBs
were formalin fixed for 1 to 2 hours only avoiding over-
fixation artifacts) and we considered kappa or lambda
immunostaining as positive only when the other one
was negative (so-called monotypic restriction used in
hematopathology).®”

Several limitations must be acknowledged. First,
this was a small, single-center study, which limits result
generalizability, and patients with AL and ATTR could
not be evaluated separately because of their small
numbers. On the other hand, patients were enrolled
prospectively and underwent a standardized charac-
terization. Second, neither histologic analysis nor CMR
specifically evaluated myocardial edema or micro-
vascular dysfunction, which might both contribute to
ECV increase. Third, ECV at CMR was measured only
in the septum, in agreement with current recommen-
dations® and previous literature on CA,? because this
measurement is more reliable than in other LV regions,
and in the thin-walled right ventricle. A last limitation is
the fact that electron microscopy and mass spectrom-
etry were not available when most of these biopsies
were analyzed.

In conclusion, this systematic analysis of LV EMBs
in CA shows that extracellular spaces are expanded
by fibrosis, and not just by amyloid deposits, and that
this combination can better explain myocardial tissue
characterization at CMR and circulating levels of bio-
markers of cardiac damage.
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Table S1. Comparison between patients undergoing or not undergoing cardiac magnetic resonance (CMR).

All patients CMR No CMR p
n=37 n=29 (78) n=8 (22)

Men, n (%) 34 (92) 27 (93) 7 (88) 0.607
Age (years) 72 (68-81) 71 (64-82) 74 (67-84) 0.704
AL/ATTR, n (%) 16/13 (55/45) 3/5 (38/63) 0.376
eGFR (mL/min/1.73 m?) 67 (45-79) 62 (44-84) 49 (41-77) 0.373
NYHA class I-11/111-1V, n (%) 12/17 (41/59) 3/5 (38/62) 0.843
NT-proBNP (ng/L) 6,772 (2,071-12,557) | 7,901 (1,294-12,872) | 10,055 (5,265-14,800) | 0.421
hs-TnT (ng/L) 62 (38-140) 60 (38-173) 79 (34-202) 0.925
sST2 (ng/mL) 27 (16-37) 28 (17-41) 22 (15-33) 0.415
TTE

Ele’ 17 (12-24) 19 (12-24) 17 (13-26) 0.842

LAVi (mL/m?) 24 (21-28) 21 (20-26) 28 (24-30) 0.023

Moderate/severe aortic stenosis, n (%) 2 (5) 2 (7) 0 (0) 0.445

TAPSE 17 (13-22) 18 (14-22) 13 (11-18) 0.208




Diphosphonate scintigraphy

Perugini score 0/1/2/3, n (%) 18/0/5/14 (49/0/14/38) | 15/0/3/11 (52/0/10/38) | 3/0/2/3 (38/0/25/38) 0.533

Heart-to-controlateral lung ratio 1.36 (1.06-1.91) 1.30 (1.04-1.83) 1.41 (1.09-2.18) 0.604
Extent of amyloid deposits (%) 15 (10-30) 18 (8-30) 23 (8-45) 0.625
Amyloid pattern

Minimal, n (%) 3(8) 3(10) 0 (0)

Focal, n (%) 1(3) 0 (0) 1(13)

0.213

Multifocal, n (%) 29 (78) 23 (79) 6 (75)

Diffuse, n (%) 4 (11) 3(10) 1(13)
Amyloid location

Interstitial, n (%) 11 (30) 10 (35) 1(13)

Interstitial and perivascular, n (%) 23 (62) 16 (55) 7 (88) 0.234

Interstitial, perivascular, vascular, n (%) 3(8) 3 (10) 0 (0)
H score 9 (8-10) 9 (8-10) 10 (8-10) 0.378
Extent of fibrosis (%) 15 (10-23) 13 (10-28) 16 (6-23) 0.704
Extent of amyloidosis and fibrosis (%) 40 (30-49) 40 (23-49) 38 (32-53) 0.957
CD3+ (cells/rmm?d) 6 (5-10) 6 (5-10) 8 (3-13) 0.926




CD68+ (cells/mmd) 11 (7-16) 12 (8-15) 10 (7-18) 0.564

AL, amyloid light chain amyloidosis; ATTR, amyloid transthyretin amyloidosis; ECV, extracellular volume; eGFR, estimated glomerular filtration
rate; hs-TnT, high-sensitivity troponin T; IVS, interventricular septum; LGE, late gadolinium enhancement; LVEDVi, left ventricular end-diastolic
volume index; LVEF, left ventricular ejection fraction; LVESVI, left ventricular end-systolic volume index; LVMI, left ventricular mass index; NT-
proBNP, N-terminal fragment of pro-B-type natriuretic peptide; NYHA, New York Heart Association; PW, posterior wall thickness; RVEDVi, right
ventricular end-diastolic volume index; RVEF, right ventricular ejection fraction; sST2, soluble suppression of tumorigenesis-2; SVi, stroke volume
index; TAPSE, tricuspid annular plane systolic excursion; TTE, transthoracic echocardiography. (*) Myocardial T1, ECV, matrix volume and cell

volume were available only in 20 subjects.



Table S2. Histological findings on left ventricle endomyocardial biopsies.

Patient n Patient AL/ATTR | Amyloid Fibrosis Amyloid Amyloid CD3+ CD68+ H score
(M/W, age) (%) (%) pattern location | (cellssrmm?) | (cells/mm?)
1 M, 67 ATTR 15 17 MF | 5) 12 8
2 M, 70 ATTR 10 30 MF 1+PV 8 13 9
3 M, 73 ATTR 10 10 MF | 7 7 7
4 M, 75 AL 35 10 D 1+PV 39 21 12
5 M, 77 AL 30 5 MF 1+PV 9 7 10
6 M, 85 AL 20 30 MF I+PV 10 15 12
7 M, 83 ATTR 50 20 MF 1+PV 5 6 9
8 M, 82 ATTR 10 12 MF 1+PV 25 8 9
9 M, 84 ATTR 5 40 MF | 6 9 8
10 M, 75 ATTR 15 30 MF 1+PV 7 9 9
11 M, 69 AL 30 10 MF 1+PV+V 7 19 9
12 W, 77 ATTR 60 15 MF 1+PV 4 8 9
13 M, 72 AL 15 30 MF I+PV+V 6 15 8
14 M, 60 AL 10 60 MF I 41 38 12
15 M, 63 ATTR 5 30 M I 6 11 7
16 M, 73 AL 30 10 MF | 9 12 11
17 M, 67 AL 10 10 MF I+V 3 15 8
18 M, 84 ATTR 10 20 MF 1+PV 9 12 9




19 W, 67 AL 30 5 MF I 8 18 9
20 M, 83 AL 7 13 MF I 6 8 7
21 M, 75 ATTR 50 5 D 1+PV 1 4 7
22 M, 51 ATTR 30 20 MF I 7 13 10
23 M, 67 AL 30 18 MF I+PV 8 7 10
24 M, 84 ATTR 50 15 MF 1+PV 2 7 8
25 M, 70 AL 35 7 MF I 3 6 8
26 M, 64 AL 30 15 MF 1+PV 7 13 11
27 M, 80 ATTR 5 9 MF M 5 10 6
28 W, 72 AL 7 10 F 1+PV 14 34 10
29 M, 69 AL 10 30 MF 1+PV 4 8 8
30 M, 75 ATTR 30 20 MF 1+PV 5 7 10
31 M, 83 ATTR 7 25 MF 1+PV 17 19 11
32 M, 70 AL 10 20 MF I+PV 5 9 8
33 M, 77 AL 30 10 D 1+PV 10 5 8
34 M, 70 ATTR 40 10 D 1+PV 2 14 9
35 M, 67 AL 7 14 MF I+PV+V 12 11 8
36 M, 74 AL 5 10 M I 18 16 9
37 M, 86 ATTR 25 12 MF I+V 5 9 8

AL, amyloid light-chain; ATTR, amyloid transthyretin; M, man; W, woman. Amyloid pattern: D, diffuse; F, focal; M, minimal; MF, multifocal.

Amyloid location: I, interstitial; PV, perivascular; V, vascular.




Table S3. Predictors of circulating biomarkers.

hs-TnT NT-proBNP sST2

All AL ATTR All AL ATTR All AL ATTR
LGE score 0.006 0.044 0.373 <0.001 0.005 0.451 0.146 0.052 0.772
ECV 0.004 0.089 0.258 0.009 0.200 0.057 0.488 0.808 0.918
Amyloid % 0.005 0.047 0.736 0.044 0.091 0.471 0.093 0.142 0.982
Fibrosis % 0.199 0.267 0.771 0.975 0.985 0.103 0.135 0.453 0.560
Amyloid+fibrosis % 0.035 0.217 0.635 0.002 0.014 0.482 0.265 0.141 0.709
H score 0.337 0.731 0.777 0.054 0.524 0.569 0.954 0.758 0.913
CD3+ 0.122 0.266 0.102 0.948 0.840 0.981 0.273 0.847 0.640
CD68+ 0.719 0.638 0.477 0.215 0.755 0.712 0.707 0.770 0.273

p values from multivariable linear regression analyses are reported. The model includes left ventricular mass index and ejection fraction. All variables
were In-transformed. AL, amyloid light chain amyloidosis; ATTR, amyloid transthyretin amyloidosis; ECV, extracellular volume; hs-TnT, high-
sensitivity troponin T; LGE, late gadolinium enhancement; NT-proBNP, N-terminal fraction of pro-B-type natriuretic peptide; sST2, soluble

suppression of tumorigenesis-2.



Figure S1. Examples of pre-contrast (native) and post-contrast T1 maps and extracellular volume maps.
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Figure S2. Endomyocardial biopsy showing diffuse immunoreactivity for lambda Ig light-chains (A) and negative immunostaining for kappa

Ig light-chains (B) (Immunoperoxidase staining with hematoxylin counterstaining, original magnification 20x).




Figure S3. Focal (A) and mild (A-D) endocardial fibrosis (EF), associated with amyloid deposits (Amy) and interstitial fibrosis (IF) in a left

ventricular endomyocardial biopsy.

Masson’s trichrome staining, original magnification 40x.



Figure S4. Plurifocal interstitial CD3+ lymphocytes in lambda+ CA (A) versus very few and scattered CD3+ lymphocytes ina TTR+ CA (B)

(Immunoperoxidase staining with hematoxylin counterstaining, original magnification 40x).




Figure S5. Correlations between the extent of amyloid deposits and late gadolinium enhancement (LGE) score.
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AL, amyloid light chain amyloidosis; ATTR, amyloid transthyretin amyloidosis.



Figure S6. Correlations between the extent of amyloid deposits and extracellular volume (ECV).
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AL, amyloid light chain amyloidosis; ATTR, amyloid transthyretin amyloidosis.



