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BACKGROUND: With the increasing diagnosis of transthyretin amyloid cardiomyopathy (ATTR-CM) at earlier stages and new
therapies, there is a rising demand for tools to stratify risk and prognosis. We evaluated the prognostic value of multiple
circulating biomarkers for predicting outcomes in ATTR-CM.

METHODS: We evaluated 12 different circulating biomarkers (N-terminal pro-B-type natriuretic peptide [NT-proBNP], high-
sensitivity troponin | [hsTnl], mid-regional pro-adrenomedullin [MR-proADM], carbohydrate antigen 125 [CA125], soluble
suppression of tumorigenicity 2 [sST2], cluster of differentiation antigen 146 [CD146], growth/differentiation factor-15
[GDF-15], alpha-klotho, fibroblast growth factor 23 [FGF-23], galectin-3, insulin-like growth factor-binding protein
7 [IGFBP-7], and estimated glomerular filtration rate [eGFR]) in 337 ATTR-CM patients from Spain. Cox models were
employed to determine their predictive abilities. Findings were validated in 2 independent external cohorts of 210 patients
from the United States and 416 patients from the ATTR-ACT trial, respectively.

RESULTS: Over a median follow-up of 19.7 months (IOR, 6.5-42.3), 67 patients (19.9%) died/underwent heart transplantation,
and 81 (24%) had heart failure events. MR-proADM was the biomarker with the strongest prognostic performance, with a
C-index of 0.788 (95% Cl, 0.723-0.851) for all-cause mortality and 0.721 (95% ClI, 0.669-0.772) for the composite end
point of death and heart failure events. MR-proADM was associated with multiple parameters of ATTR-CM severity and was
independently associated with mortality, heart failure events, and the composite end point. MR-proADM >1.1 nmol/L was
identified as the optimal prognostic threshold, and it improved prediction of mortality when added to the National Amyloid
Center (area under the curve [AUC], 0.682 versus 0.737; £<0.001), Mayo (AUC, 0.659 versus 0.749; £<0.001), and the
Columbia staging systems (AUC, 0.699 versus 0.768; P<0.001). In both validation cohorts, patients with MR-proADM >1.1
nmol/L had worse outcomes (FA<0.001). This association was also confirmed in patients receiving tafamidis.

CONCLUSIONS: In patients with ATTR-CM, MR-proADM levels are associated with disease severity and worse prognosis. MR-
proADM improves prediction of all-cause mortality and captures heart failure events.
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is a progressive condition produced by the depo-  frequently associated with poor long-term progno-
sition of misfolded transthyretin (TTR) mono-  sis.® The disease can stem from destabilizing variants
mers, forming amyloid fibrils."? This process leads  in the TTR gene (ATTRv) or can occur in individuals

Transthyretin amyloid cardiomyopathy (ATTR-CM)  to the development of a restrictive cardiomyopathy,
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MR-proADM in ATTR-CM

Clinical Perspective

What Is New?

* Circulating mid-regional pro-adrenomedullin (MR-
proADM) is associated with markers of heart failure
and disease severity in patients with transthyretin
amyloid cardiomyopathy.

» Mid-regional pro-adrenomedullin predicts mortality
and heart failure events in transthyretin amyloid car-
diomyopathy, even after adjustment for established
prognostic factors such as NT-proBNP (N-terminal
pro-B-type natriuretic peptide), estimated glomeru-
lar filtration rate, diuretic dose, and New York Heart
Association functional class.

» Mid-regional pro-adrenomedullin >1.1 nmol/L iden-
tifies patients at high risk of events and improves
mortality prediction when added to the Mayo,
National Amyloid Center, and Columbia staging
systems.

What Are the Clinical Implications?

* Incorporating mid-regional pro-adrenomedullin into
routine clinical testing and established staging sys-
tems could improve risk stratification and guide
clinicians in selecting the most appropriate thera-
peutic strategy in patients with transthyretin amy-
loid cardiomyopathy.

with wild-type TTR in a process associated with aging
(ATTRwt).2

Over the past decade, significant advances have been
made in understanding the disease. While its real preva-
lence remains unknown, what was once considered a
rare condition, predominantly affecting elderly men and
usually diagnosed at an advanced phase, is now increas-
ingly identified at earlier stages because of advances
in noninvasive diagnosis and the availability of disease-
modifying treatments.* Moreover, ATTR-CM is now fre-
quently recognized among patients with several common
clinical scenarios such as heart failure with preserved
ejection fraction, severe aortic stenosis, and hypertrophic
cardiomyopathy.4®

As more patients with ATTR-CM are diagnosed at
earlier stages of the disease and have access to new
specific treatments, there is an increasing need for spe-
cific tools to stratify their risk and prognosis accurately.

Classic biomarkers such as N-terminal pro-B-type
natriuretic peptide (NT-proBNP), estimated glomerular
filtration rate (eGFR), and troponin are established pre-
dictors of mortality in ATTR-CM patients, becoming key
components of current prognostic scores.” However,
these scores primarily focus on survival and were devel-
oped years ago, when patients were frequently diag-
nosed at advanced disease stages. With the increasing
life expectancy of ATTR-CM patients today, there is a
growing interest in assessing not only mortality but also
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Nonstandard Abbreviations and Acronyms

ADM adrenomedullin

AF/AFL atrial fibrillation/atrial flutter

ATTR-CM transthyretin amyloid
cardiomyopathy

ATTRv variant transthyretin amyloidosis

ATTRwt wild-type transthyretin amyloidosis

AUC area under the curve

CA125 carbohydrate antigen 125

CD146 cluster of differentiation antigen
146

CMR cardiac magnetic resonance

DPD 3,3-diphosphono-1,2-
propanodicarboxylic acid

eGFR estimated glomerular filtration rate

FGF23 fibroblast growth factor 23

GDF-15 growth/differentiation factor 15

GLS global longitudinal strain

hsTnl high sensitivity troponin |

IGFBP7 insulin-like growth factor binding
protein 7

LVEF left ventricular ejection fraction

MR-proADM mid-regional pro-adrenomedullin

NAC National Amyloid Center

NT-proBNP N-terminal pro-B-type natriuretic
peptide

NYHA New York Heart Association

PASP pulmonary artery systolic pressure

SPECT single photon emission computed
tomography

sST2 soluble suppression of
tumorigenicity 2

TAPSE tricuspid annular plane systolic
excursion

TTR transthyretin

in identifying individuals at risk of heart failure decom-
pensation. Although there are no staging systems to pre-
dict heart failure related events in ATTR-CM, heart failure
episodes are associated with worse prognosis® and are
frequently included in the primary end points of the clini-
cal trials assessing new drugs to treat this disease.

Accordingly, we sought to evaluate the prognostic
role of 12 circulating biomarkers previously described in
heart failure as predictors of all-cause mortality and heart
failure events in patients with ATTR-CM.

METHODS

The data that support the findings of this study are available
from the corresponding author upon reasonable request.
Qualified researchers may submit a request containing
the research objectives, end points/outcomes of interest,

May 5, 2026 13561

(—]
=
o
=
==
—
=
m
(o)
m
==
=
(]
=




=
]
=
==
L
]
Ll
==
—l
=
=
=
=
=]

Peiré-Aventin et al

a statistical analysis plan, data requirements, a publication
plan, and qualifications of the researcher(s). Requests will be
reviewed by corresponding authors. If approved, information
necessary to address the research question will be provided
under the terms of a data sharing agreement. Requests may be
submitted to corresponding authors.

Participants

Consecutive patients diagnosed with ATTR-CM from Hospital
Universitario Puerta de Hierro Majadahonda (Madrid, Spain)
and Hospital Universitari Germans Trias | Pujol (Badalona,
Barcelona, Spain) who had a blood sample collected were
included. Baseline assessments were performed between
December 2014 and October 2022, with the majority of
patients (99.1%) enrolled from January 2017 onward. The
study was approved by the Hospital Universitario Puerta de
Hierro Majadahonda ethics committee and in agreement with
the principles of the Helsinki Declaration. Patients provided
written consent for collection of samples.

ATTR-CM was diagnosed invasively and noninvasively by:
(1) demonstration of TTR amyloid deposits on endomyocardial
biopsy; (2) demonstration of TTR amyloid deposits on extracar-
diac biopsy and echocardiographic or cardiac magnetic reso-
nance (CMR) criteria (ie, diffuse subendocardial or transmural
late gadolinium enhancement with abnormal gadolinium kinet-
ics); and (3) cardiac uptake grade 2 or 3 on 3,3-diphosphono-
1,2-propanodicarboxylic acid single photon emission computed
tomography (DPD SPECT) scintigraphy and no evidence of
monoclonal protein (negative serum and urine immunofixation
and negative serum free light chains) in the presence of echo-
cardiographic or CMR criteria for cardiac amyloidosis accord-
ing to the European Society of Cardiology position paper on
diagnosis and treatment of cardiac amyloidosis.! Both patients
with ATTRv and ATTRwt were enrolled.

Results were validated in 2 independent external cohorts.
The first validation cohort included 210 patients with ATTR-CM
from 2 centers from the United States: Oregon Health and
Science University Medical Center (Portland, OR), and Columbia
University Irving Medical Center (New York, NY). The same
inclusion criteria for the derivation cohort were applied. The
second validation cohort included 416 patients from the ATTR-
ACT trial, a phase 3, multicenter, placebo-controlled, double-
blind, randomized trial that evaluated the safety and efficacy
of tafamidis in ATTR-CM."® ATTR-ACT trial included ATTR-CM
patients with both hereditary and wild-type ATTR-CM; main
inclusion criteria comprised an age between 18 and 90 years,
New York Heart Association (NYHA) class | to Ill, and a base-
line NT-proBNP >600 pg/mL. Participants were assigned in a
2:1:2 ratio to receive 80 mg of tafamidis, 20 mg of tafamidis,
or placebo, respectively. Out of the 441 subjects randomized in
the ATTR-ACT trial, 416 had a baseline blood sample available
and were included in this analysis.

Baseline Clinical Characteristics

Demographic and clinical data at baseline evaluation were col-
lected from clinical records in the initial and the first validation
cohort using a uniform methodology. Age, type of ATTR-CM,
NYHA class, and medical therapy including ATTR specific
therapies were obtained. Presence of comorbidities such as
ischemic cardiomyopathy or previous stroke or atrial fibrillation
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were also collected. Baseline characteristics included eGFR,
calculated using the CKD-EPI (Chronic Kidney Disease
Epidemiology Collaboration) formula, cardiac biomarkers, and
echocardiographic parameters obtained at first evaluation.
ECG findings were also collected. Torasemide doses were
converted to furosemide equivalents, using a ratio of 20 mg of
torasemide to 40 mg of furosemide to standardize furosemide
dosing. Baseline clinical characteristics of patients from ATTR-
ACT were obtained from eCRF.

Outcomes

The study outcomes included all-cause mortality, worsening
heart failure (defined as hospital admission for heart failure
or ambulatory administration of intravenous diuretics to treat
congestive symptoms), and a composite end point of all-cause
mortality, worsening heart failure, or heart transplant. Events
were collected by investigators blinded to biomarker levels
through a thorough review of medical records and by contacting
patients to evaluate their survival status. Outcomes of patients
from the ATTR-ACT cohort were captured from the study data-
base. Patients were followed until death or last available clinical
contact, with October 2023 being the last censoring date. For
survival analyses, follow-up was truncated at 3 years, such that
patients with longer follow-up were censored at that time point.

Biomarkers

Carbohydrate antigen 125 (CA125), insulin-like growth
factor-binding protein 7 (IGFBP7), galectin-3, cluster of
differentiation antigen 146 (CD146), growth/differen-
tiation factor-15 (GDF-15), alpha-klotho, soluble suppres-
sion of tumorigenicity biomarker 2 (sST2), mid-regional
pro-adrenomedullin - (MR-proADM) and fibroblast growth
factor 23 (FGF23) and high-sensitivity troponin | (hsTnl) lev-
els were determined in a blinded manner at Centro Nacional
Investigaciones Cardiovasculares (CNIC; Madrid, Spain), at
Hospital Universitario Puerta de Hierro (Madrid, Spain) or at
Hospital Universitari Germans Trias | Pujol (Barcelona, Spain)
by immunoassays in EDTA-plasma and serum/plasma sam-
ples obtained from patients with ATTR-CM from the deriva-
tion cohort. Additionally, NT-proBNP and eGFR were collected
from baseline evaluation at participating centers. Biomarkers
examined were selected based on their previous description as
prognostic factors in cohorts of patients with heart failure and
the availability of commercial immunoassays.'"'? The analysis
method followed for each biomarker was according to the man-
ual provided by the manufacturer. A more detailed description
of the methods used to measure each biomarker is available in
the Supplemental Material.

Subsequently, MR-proADM levels were measured in a
blinded manner in plasma samples from patients from the 2
validation cohorts following the same methodology as in the
derivation cohort.

Statistical Analysis

Baseline continuous and categorical variables are presented
as median (interquartile range) and frequencies (percentage),
respectively. Survival estimations were evaluated from the first
medical contact to the last follow-up or death. Follow-up of
patients enrolled in double-blind, placebo-controlled clinical
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trials in the derivation and the first validation cohorts was cen-
sored at the time of trial enroliment.

Initially, a univariable Cox regression model was employed
to assess the predictive performance of the 12 biomarkers
for all-cause mortality and the composite end point. The bio-
marker with strongest predictive capacity was selected for
further analysis. To evaluate the performance of MR-proADM
over time, follow-up was censored at 3 years for all survival-
time analyses. This time frame was selected based on previous
studies'® because of the reported median survival of patients
with ATTR-CM™ and because of the high rate of early events
in these patients, making models less stable over extended
periods.

Subsequently, we evaluated MR-proADM according to
clinical, ECG, and echocardiographic parameters to evaluate
its association with markers of disease severity. Patients were
stratified based on MR-proADM levels, using the established
standard cutoff. Characteristics and outcomes were compared
between groups using the Mann-Whitney U test for continuous
variables and the Pearson y? test for categorical variables.

Given the potential nonlinear relationship between levels
of biomarkers and the risk of events, MR-proADM risk gradi-
ent across all its values was assessed using fractional polyno-
mial regression after univariable and multivariable approaches,
with model selection based on Akaike and Bayesian informa-
tion criteria. The best fitting model was a first-order fractional
polynomial with a power of —1.0. The first multivariable model
included NT-proBNP and eGFR (variables included in the UK
National Amyloid Center [NAC] prognostic staging system?),
whereas the second model incorporated NT-proBNF, eGFR,
diuretic dose indexed by body weight, and NYHA functional
class (variables included in the Columbia prognostic staging
system’®).

The optimal cutoff for MR-proADM was selected using
time-dependent receiver operating curve analysis with nearest-
neighbor estimation based on the method proposed by Heagerty,
Lumley, and Pepe,' with the cutoff selected using the Perkins
and Schisterman criterion (stroccurve instruction in STATA).'6'7
The cutoff was estimated using 1-year mortality, as this time
frame minimizes biomarker variability over longer follow-up peri-
ods and provides a reliable association between MR-proADM
levels and outcomes. Kaplan-Meier curves were plotted for the
composite end point and all-cause mortality. For worsening heart
failure, cumulative incidence curves were estimated using a
competing risk regression model based on the Fine and Gray
method,'® with death considered as the competing event.

The incremental value of MR-proADM combined with the
NAC and the Columbia staging systems was evaluated by com-
paring the predictive performance of the survival models using
Harrell's C-statistic and by assessing their areas under the
curve (AUC) for predicting 3-year mortality. We also evaluated
the incremental value of MR-proADM to the Mayo staging sys-
tem. Since troponin T was not available, hsTnl was determined
instead. Accordingly, we applied the cutoff of 80 ng/L, pro-
posed by De Michieli et al,'® hereafter referring to this approach
as a modified Mayo staging system.

Finally, the results were validated using 2 external validation
cohorts. Although survival was assessed in all patients, worsen-
ing heart failure events were not fully captured in a large pro-
portion of patients from the first validation cohort (US cohort)
because many individuals were primarily followed at local
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centers. Therefore, this cohort was used exclusively to validate
the results for all-cause mortality. The second cohort (ATTR-
ACT cohort), obtained from a clinical trial setting, provided data
on mortality and heart failure hospitalizations, allowing valida-
tion of both all-cause mortality and the composite end point.

All statistical tests were 2-sided. A value of A<0.05 was
considered statistically significant. Analyses were performed
using STATA (version 16; StataCorp).

RESULTS

Baseline Characteristics and Outcomes

A total of 337 ATTR-CM patients comprised the initial
cohort, 296 (87.8%) from Hospital Universitario Puerta
de Hierro and 41 (12.2%) from Hospital Universitari
Germans Trias | Pujol. The median time from definitive
ATTR-CM diagnosis to blood sample collection was 62
days (IOR, —27 to 263 days), and the median follow-up
time was 19.7 months (IOR, 6.5-42.3 months).

The median age of the overall cohort was 78.3 years
(73.1 to 82.9), 276 (81.9%) were men, 291 (86.35%)
had ATTRwt, and 92 (27.3%) were receiving tafamidis
at baseline or initiated it during the initial 12 months
of follow-up. Among the 46 patients with ATTRYy, the
most common variant was Val142lle (16 patients). Most
patients were in NYHA class Il (182 patients; 54%),
whereas 92 (27.3%) were in NYHA |, and 63 (18.7%)
were in NYHA Ill. Median eGFR was 61 mL/min (47-78
mL/min) and NT-proBNP 2209 pg/mL (942-4140 pg/
mL). Two thirds (228; 67.7%) of the patients were under
diuretic treatment, and the median furosemide dose was
0.47 mg/kg (0-0.87 mg/kg). Additional baseline char-
acteristics are presented in Table 1.

According to the NAC staging system, 187 patients
(55.5%) were classified as stage |, 98 (29.1%) as stage
Il, and 52 (15.4%) as stage . Median survival by stage
was 74.5 months (95% ClI, 74.4; could not be estimated)
for stage I, 44.2 months (95% CI, 32.1; could not be
estimated) for stage Il, and 36.6 months (95% Cl, 23.2;
could not be estimated) for stage Ill.

Throughout the follow-up period, 66 (19.6%) patients
died, 81 (24%) experienced heart failure events, and
one (0.3%) underwent heart transplant. A total of 80
(23.7%) patients were censored because of inclusion
in a double-blind, placebo-controlled clinical trial, with a
median follow-up time before enrollment in the clinical
trial of 123 [91-203] days. The median survival time of
the overall cohort was 6.2 years (95% Cl, 5.5 years; could
not be estimated). The estimated 1-year survival was
93% (95% Cl, 89.2-95.5), 3-year survival was 74.5%
(95% Cl, 675-80.2), and 5-year survival was 62.8%
(95% ClI, 53.9-70.5). Kaplan Meier curves for mortality,
worsening heart failure, and the composite end point are
displayed in Figure S1 from Supplemental Material.

As shown in Table 1, patients with events were more
likely to be in a more advanced NYHA class, have a
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Table 1. Baseline Characteristics

MR-proADM in ATTR-CM

Overall cohort Patients with composite | Patients without events
N=337 end point* n=104 n=233 P value

Age (y), median [IQR] 78.27 [73.09-82.92] 80.54 [75.27-86.19] 77.75 [72.76-81.65] <0.001
Men 276 (81.9%) 76 (73.08%) 200 (85.84%) 0.005
ATTR type 0.451

Wild-type 291 (86.35%) 92 (88.46%) 199 (85.41%)

Hereditary 46 (13.65%) 12 (11.54%) 34 (14.59%)
Systolic blood pressure (mm Hg), median [IQR] | 130 [119-140] 123 [113-134] 132 [123-145] <0.001
NYHA functional class <0.001

| 92 (27.3%) 18 (17.31%) 74 (31.76%)

1l 182 (54.01%) 54 (51.92%) 128 (54.94%)

1] 63 (18.69%) 32 (30.77%) 31 (13.3%)
History of atrial fibrillation/flutter 206 (61.13%) 77 (74.04%) 129 (55.36%) 0.001
Previous heart failure admissions 125 (37.09%) 63 (60.58%) 62 (26.61%) <0.001
Stroke 28 (8.31%) 10 (9.62%) 18 (7.73%) 0.561
Ischemic cardiomyopathy 53 (15.73%) 23 (22.12%) 30 (12.88%) 0.031
NT-proBNP (pg/mL), median [IQR] 2209 [942-4140] 3102 [2023-5422] 1642 [768-3513] <0.001
eGFR (mL/min), median [IQR] 61 [47-78] 53 [40-74] 65 [50-80] <0.001
hsTnl (ng/L), median [IQR] 43.6 [29.1-77] 46.8 [30.4-85] 43 [29-75] 0.355
LVEF (%), median [IQR] 55 [46-60] 51 [44-60] 55 [47-60] 0.122
LVEDD (mm), median [IQR] 44 [39-47] 44 [40-49] 43 [39-47] 0.019
LA diameter (mm), median [IQR] 45 [41-49] 46 [43-49] 45 [41-49] 0.052
Lateral E/e’, median [IQR] 13.5[10.6-18.6] 15.9 [11-19.7] 13 [10.3-17.6] 0.006
TAPSE (mm), median [IQR] 18 [15-21] 17 [14-20] 18 [16-21] 0.007
Pericardial effusion 56 (16.62%) 23 (22.11%) 33 (14.16%) 0.045
GLS (%), median [IQR] -12.9[-15.1t0-9.7] | -10.6 [-13 to-7.9] -13.4[-15.8t0-10.2] | <0.001
PASP (mmHg), median [IQR] 45 [40-52] 50 [40-60] 40 [35-50] <0.001
Treatment

Beta-blockers 133 (39.47%) 50 (48.08%) 83 (35.62%) 0.031

Diuretics 228 (67.66%) 88 (84.62%) 140 (60.09%) <0.001

Furosemide dose (mg/kg), median [IQR] 0.47 [0-0.87] 0.64 [0.29-1.09] 0.27 [0-0.74] <0.001

Tafamidis (at baseline or initiated during the 92 (27.3%) 33 (31.73%) 59 (25.32%) 0.231

initial 12 months of follow-up)

“All-cause death, worsening heart failure, or heart transplant.

ATTR indicates transthyretin amyloidosis; eGFR, estimated glomerular filtration rate; GLS, global longitudinal strain; hsTnl, high-sensitivity troponin
I; LA, left atrium; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejection fraction; NYHA, New York Heart Association; PASP,
pulmonary artery systolic pressure; and TAPSE, tricuspid annular plane systolic excursion.

history of atrial fibrillation/flutter (AF/AFL), previous
heart failure admissions, elevated NT-proBNP levels,
and reduced eGFR values. They were more commonly
treated with diuretics and beta-blockers and presented
more frequently with echocardiographic findings of
advanced disease, such as lower tricuspid annular plane
systolic excursion (TAPSE), higher lateral E/€) pulmo-
nary artery systolic pressures (PASPs), and global longi-
tudinal strain (GLS). Pericardial effusion was also more
frequent in these patients.

We performed site-stratified analyses comparing
patients from Hospital Universitario Puerta de Hierro
Majadahonda (N=296) and Hospital Universitari

1354 May 5, 2026

Germans Trias i Pujol (N=41). Patients from Puerta de
Hierro were younger, more often men, and more fre-
quently in advanced NYHA class, with a higher preva-
lence of ATTRv and tafamidis use, as expected in a
national referral center. Although minor echocardio-
graphic and analytical differences were also noted, there
was no evidence that patients from either hospital were
systematically in a more advanced disease stage (Table

S1.

Prognostic Role of Circulating Biomarkers
The prognostic performance of circulating biomark-
ers was individually assessed in 2 regression models
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to predict all-cause death and the composite end point.
Harrell's C-index values were calculated to assess the
predictive capacity of the biomarker (Table 2). MR-
proADM demonstrated the strongest prognostic perfor-
mance, with a C-index of 0.788 (95% ClI, 0.723-0.851)
for all-cause mortality and 0.721 (95% ClI, 0.669-0.772)
for the composite end point. Based on these results, MR-
proADM was selected for further analysis.

Association of MR-proADM With Markers of
Severity
Median baseline level of MR-proADM was 0.816
(0.617-1.12) nmol/L. A total of 174 patients (51.6%)
had concentrations of MR-proADM >0.79 nmol/L, which
is the cutoff value proposed in chronic heart failure.?*?’
Patients with MR-proADM measurements above this
cutoff value exhibited more frequently several markers
of disease severity (Table 3). These included a more
advanced NYHA functional class, history of AF, previous
admissions for heart failure, lower left ventricular ejec-
tion fraction (LVEF), parameters of diastolic dysfunction,
presence of pericardial effusion, elevated PASP and
GLS, reduced TAPSE, and higher doses of loop diuretics.
Moreover, patients with higher MR-proADM also exhib-
ited higher NT-proBNP and lower eGFR.

Association of MR-proADM Levels With Prognosis

Patients with MR-proADM above the normal cutoff val-
ues had higher mortality, more worsening heart failure
events and higher incidence of the composite end point
than patients who had MR-proADM below this threshold
(F<0.001 for all; Figure S2A through S2C). Gradient of
risk of MR-proADM levels for predicting all-cause death

MR-proADM in ATTR-CM

and the composite end point was evaluated using frac-
tional polynomial regression. In univariable assessment,
MR-proADM was statistically associated with mortality
and the composite end point (F<0.001). After multivari-
able adjustment with NT-proBNP and eGFR (model 1)
and with NT-proBNP, eGFR, NYHA and diuretic dose
(model 2), MR-proADM persisted to be significantly as-
sociated with all-cause mortality and the composite end
point in both models (Figure 1).

Optimal Cutoff of MR-proADM for ATTR-CM

The optimal cutoff value of MR-proADM at 1 year in our
cohort was 1.1 nmol/L. Patients with MR-proADM lev-
els above this threshold experienced worse outcomes
(P<0.001 for all end points; Figure 2). Median survival
among patients with MR-proADM <1.1 nmol/L was not
reached (95% ClI, 74.5 months; could not be estimated),
compared with 29.4 months (95% Cl, 21.2-37.5) in those
with MR-proADM >1.1 nmol/L. Among patients with MR-
proADM <1.1 nmol/L, 1-year and 3-year survival rates
were 96.9% (93.2-98.6%) and 87.6% (80.4-92.2%),
respectively, compared with 82.8% (72.1-89.7%) and
40.5% (26.9-53.8%) in those with MR-proADM >1.1
nmol/L (R<0.001).

Overall, 91 patients (27%) had MR-proADM levels
>1.1 nmol/L. Baseline characteristics stratified by this
threshold are summarized in Table S2.

When stratifying by site, MR-proADM remained
strongly associated with mortality in patients from the
Hospital Puerta de Hierro (A<0.001), whereas in those
from the Hospital Germans Trias i Pujol, the associa-
tion did not reach statistical significance despite the
direction of the effect was consistent, likely explained

Table 2. Prognostic Performance of Biomarkers for Prediction of All-Cause Mortality and the

Composite End Point.

Mortality Composite end point

Harrell’s C-index 95% CI Harrell’s C-index 95% ClI
CA125 (U/mL) 0.700 0.616-0.783 0.672 0.606-0.738
Galectin3 (ng/mL) 0.668 0.575-0.761 0.645 0.580-0.710
CD146 (ng/mL) 0.550 0.460-0.640 0.528 0.459-0.596
AlphaKlotho (pg/mL) 0.579 0.490-0.667 0.535 0.469-0.601
sST2 (ng/mL) 0.672 0.591-0.753 0.642 0.583-0.700
MR-proADM (nmol/L) 0.788 0.723-0.851 0.721 0.669-0.772
FGF23 (pg/mL) 0.675 0.598-0.752 0.644 0.582-0.707
GDF-15 (pg/mL) 0.741 0.694-0.807 0.704 0.649-0.759
IGFBP? (pg/mL) 0.457 0.387-0.525 0.456 0.391-0.520
NT-proBNP (pg/mL) 0.778 0.722-0.835 0.688 0.623-0.753
eGFR (mL/min) 0.657 0.579-0.737 0.626 0.561-0.691
hsTnl (ng/L) 0.535 0.428-0.643 0.538 0.454-0.620

All estimates are derived from univariable Cox models.

CA125 indicates carbohydrate antigen 125; CD146, cluster of differentiation antigen 146; eGFR, estimated glomerular
filtration rate; FGF23, fibroblast growth factor 23; GDF-15, growth/differentiation factor-15; hsTnl, high-sensitivity troponin I;
IGFBPY, insulin-like growth factor-binding protein 7; MR-ProADM, mid-regional pro-adrenomedullin; NT-proBNP, N-terminal
pro—B-type natriuretic peptide; and sST2, soluble suppression of tumorigenicity biomarker 2.
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Table 3. Association of MR-proADM With Severity of Disease

MR-proADM in ATTR-CM

MR-proADM
<0.79 nmol/L 20.79 nmol/L
n=163 n=174 P value
Age (y), median [IQR] 76.6 [70.05-79.77] 80.61 [75.78-85.1] <0.001
Men 134 (82.21%) 142 (81.61%) 0.886
ATTR type 0.001
Wild-type 130 (79.75%) 161 (92.53%)
Hereditary 33 (20.25%) 13 (7.47%)
Systolic blood pressure (mm Hg), median [IQR] 132 [120-145] 128 [115-137] 0.039
NYHA functional class <0.001
| 73 (44.79%) 19 (10.92%)
1] 82 (50.31%) 100 (57.47%)
1 8 (4.91%) 55 (31.61%)
History of atrial fibrillation/flutter 69 (42.33%) 137 (78.74%) <0.001
Previous heart failure admission 39 (23.93%) 86 (49.43%) <0.001
Stroke 11 (6.75%) 17 (9.77%) 0.315
Ischemic cardiomyopathy 19 (11.66%) 34 (19.54%) 0.047
NT-proBNP (pg/mL), median [IQR] 1069 [605-2035] 3730 [2262-6879] <0.001
eGFR (mL/min), median [IOR] 76 [63-86] 48 [38-60] <0.001
hsTnl (ng/L), median [IQR] 41 [29-65] 46.3 [29.4-85.3] 0.116
LVEF (%), median [IQR] 56 [48.4-60] 52 [45-60] 0.017
LVEDD (mm), median [IQR] 43 [39-47] 44 [39-47] 0.333
LA diameter (mm), median [IQR] 44 [40-48] 46 [43-50] 0.002
Lateral E/e’, median [IQR] 12.9 [9.5-17] 14.5[11.7-19.1] 0.005
TAPSE (mm), median [IQR] 20 [17-23] 17 [14-19] <0.001
Pericardial effusion 17 (10.44%) 38 (21.84%) 0.003
GLS (%), median [IQR] -14[-16.6 to -11] -10.7 [-13.5 t0 -8.3] <0.001
PASP (mmHg), median [IQR] 40 [385-50] 50 [40-56] <0.001
Treatment
Beta-blockers 52 (31.9%) 81 (46.55%) 0.006
Diuretics 81 (49.69%) 147 (84.48%) <0.001
Furosemide dose (mg/kg), median [IQR] 0.07 [0-0.51] 0.64 [0.31-1.09] <0.001
Tafamidis (baseline or initiated during the initial 54 (33.33%) 38 (21.84%) 0.018
12 months of follow-up)
Outcomes
All-cause death 13 (7.98%) 53 (30.46%) <0.001
Worsening heart failure 23 (14.11%) 58 (33.33%) <0.001
Composite end point* 28 (17.18%) 76 (43.68%) <0.001

*All-cause death, worsening heart failure, and heart transplant.
ATTR indicates transthyretin amyloidosis; eGFR, estimated glomerular filtration rate; GLS, global longitudinal strain;
hsTnl, high-sensitivity troponin I; LA, left atrium; LVEDD, left ventricular end-diastolic diameter; LVEF, left ventricular ejec-

tion fraction; NYHA, New York Heart Association; PASP, pulmonary artery systolic pressure; and TAPSE, tricuspid annular

plane systolic excursion.

by the low number of patients included from this center
(Figure S3).

Additive Value to Current Staging Systems

In our cohort, the NAC staging system achieved an AUC
of 0.682 (95% Cl, 0.604-0.760) for predicting 3-year
mortality. The addition of MR-proADM, dichotomized

1356 May 5, 2026

with a cutoff of 1.1 nmol/L, enhanced the AUC to 0.737
(95% CI, 0.661-0.813; Figure 3A). Additionally, Har-
rell's C-index significantly improved with the inclusion
of MR-proADM from 0.694 (95% ClI, 0.624-0.765) for
the NAC model alone to 0.765 (95% CI, 0.691-0.838)
when combined with MR-proADM, with a Pvalue for the
difference of 0.005 (Table 4).
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Figure 1. Gradient of risk of MR-proADM levels for predicting all-cause death and the composite end point in patients with

ATTR-CM.

Multivariable model 1 included MR-proADM, NT-proBNP, and estimated glomerular filtration rate (eGFR). Multivariable model 2 included MR-
proADM, NT-proBNP, eGFR, New York Heart Association functional class, and diuretic dose (indexed). Hazard ratios were estimated using
fractional polynomial regression; shaded areas represent 95% Cls. A through C, Association between MR-proADM levels and all-cause death in
the univariable model (A), multivariable model 1 (B), and multivariable model 2 (C). D through F, Association between MR-proADM levels and the
composite end point in the univariable model (D), multivariable model 1 (E), and multivariable model 2 (F). MR-proADM indicates mid-regional
pro-adrenomedullin; and NT-proBNP, N-terminal pro-B-type natriuretic peptide.

The modified Mayo staging system yielded an AUC of
0.659 (95% Cl, 0.572-0.746), improving to 0.749 (95%
Cl, 0.659-0.83) after addition of MR-proADM (Fig-
ure 3B). Similarly, Harrell's C-index increased from 0.702
(95% ClI, 0.627-0.777) to 0.790 (95% ClI, 0.722-0.857;
P=0.011; Table 4).

Finally, the Columbia staging system achieved an
AUC of 0.699 (95% ClI, 0.632-0.766), and incorpora-
tion of MR-proADM improved the AUC to 0.768 (95%
Cl, 0.702-0.833; Figure 3B). This improvement was

also reflected in Harrell's C-index, which increased
from 0.702 (95% ClI, 0.650-0.754) to 0.806 (95% CI,
0.749-0.864), with a P value for the difference <0.001
(Table 4).

External Validation

The first external validation cohort consisted of 210
US patients with ATTR-CM (median age of 77.8 years
[73.55-82.26 years]), of whom 90.5% were men, 81.9%
had ATTRwt, and 60% were on tafamidis treatment

‘ MR-proADM <1.1 nmol/L vs 21.1 nmol/L ‘
100 100 1
2
2075 0.75 27
3 B
g = t
2 2 g
w s - = "
2050 £ 050 = 5 —
G T £
3 s £ —
g g
£ L &
s 5
Sozs 025 ERS
P <0.001 P <0. Zij//,ffr
000 000 0.001 . 0.001
0 6 12 18 24 30 36 0 6 24 30 36 0 6 0 18 24 0 E
Follow-up duration (Months) Follow-up duration (Months) Follow-up duration (Months)
Number at risk Number at risk Number at risk
MR-proADM <11 nmol/L 246 184 145 119 % 8 79 MRproADM<Linmol/L 246 191 139 118 105 89 MR-proADM <11 nmol/L 246 184 145 19 % 89 79
MR-proADM 211 nmol/L 91 % ry 27 5 10 9 MR-proADM 211 nmol/L 91 8 a2 27 21 15 MR.proADM 211 nmol/L 91 5% ry 27 15 10 9

Figure 2. Kaplan-Meier curves for freedom from the composite end point (A), all-cause mortality (B), and cumulative incidence

of worsening heart failure events (C).

All stratified by MR-proADM levels (<1.1 nmol/L in blue vs >1.1 nmol/L in red). All R<0.001. MR-proADM indicates mid-regional pro-

adrenomedullin.
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Figure 3. ROCs displaying the incremental benefit of adding MR-proADM to the NAC staging system (A), modified Mayo
staging system (B), and to the Columbia staging system (C) for predicting all-cause mortality.
MR-proADM values were stratified into <1.1 nmol/L and >1.1 nmol/L. MR-proADM indicates mid-regional pro-adrenomedullin; NAC, National

Amyloid Center; and ROC, receiver-operating curve.

(Table S3). Patients in this cohort exhibited a more ad-
vanced NYHA functional class and had been previously
admitted for heart failure more frequently than in the
derivation cohort. Patients showed slightly lower eGFR
and LVEF values and were treated with tafamidis more
frequently (60% versus 25.5%; £<0.001), reflecting the
earlier availability of tafamidis in the United States com-
pared with Spain. All other baseline characteristics were
consistent between the 2 cohorts.

Over a median follow-up of 22.8 months (IOR, 7.9-
48.4), there were 70 deaths (33.3%) and 5 heart trans-
plants (2.4%). Consistent with the derivation cohort,
MR-proADM demonstrated a good predictive perfor-
mance for the end point of all-cause mortality, with a
Harrell's C-index of 0.725 (95% CI, 0.646-0.805).
Patients with MR-proADM <1.1 nmol/L did not reach
median survival, with a 1-year survival of 97% (91-99%)

Table 4. Incremental Benefit of Adding MR-proADM to the
Modified Mayo, NAC, and the Columbia Staging Systems for
Predicting All-Cause Mortality

Mortality

Harrell’s C-index P value

Modified Mayo staging system* 0.702 [0.627-0.777] | Reference

Modified Mayo staging system+MR- 0.790 [0.722-0.857] | 0.011

proADM

NAC staging systemt 0.694 [0.624-0.765] | Reference

NAC staging system+MR-proADM 0.765 [0.691-0.838] | 0.005

Columbia staging system¥ 0.702 [0.650-0.754] | Reference

Columbia staging system+MR- 0.806 [0.749-0.864] | <0.001

proADM

“The modified Mayo staging system includes NT-proBNP < or >3000 pg/mL
and hsTnl < or >80 ng/L.

1The NAC staging system includes NT-proBNP < or >3000 pg/mL and eGFR
< or >45 mL/min/m?.

$The Columbia staging system includes NT-proBNP < or >3000 pg/mL and
eGFR < or >45 mL/min/m2 NYHA functional class (I-IV) and diuretic dose in-
dexed by weight (0, >0 to 0.5,>0.5 to 1, and >1 mg/kg).

eGFR indicates estimated glomerular filtration rate; hsTnl, high-sensitivity tro-
ponin I; MR-proADM, mid-regional pro-adrenomedullin; NAC, National Amyloid
Center; NT-proBNP, N-terminal pro—B-type natriuretic peptide; and NYHA, New
York Heart Association .
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and 3-year survival of 88.5% (79.6—-93.6%). In contrast,
patients with MR-proADM >1.1 nmol/L had a median
survival of 27 months (95% CI, 19.1; could not be esti-
mated), with a 1-year survival of 75% (64-849%) and a
3-year survival of 39.2% (27.9-50.2%); Figure 4A).

These findings were subsequently validated in a sec-
ond validation cohort of 416 patients from the ATTR-
ACT trial. Participants exhibited a median age of 75
years (71-79); 90.6% were men, 76.9% had wild-type
ATTR, and 59.9% were receiving tafamidis (Table S3).
Compared with the derivation cohort, this group had a
more advanced NYHA class, higher NT-proBNP lev-
els, lower eGFR and LVEF, and a greater proportion of
patients were receiving diuretic therapy. These charac-
teristics likely reflect a more advanced disease stage and
are consistent with the earlier recruitment period of this
cohort (2013 to 2015).

Over a follow-up period of 30 months, 136 patients
died (32.7%), 171 (41.1%) were hospitalized for heart
failure, 11 (2.6%) underwent heart transplantation, and 3
(0.72%) received a left ventricular assist device.

Patients with MR-proADM levels >1.1 nmol/L exhib-
ited a significantly higher incidence of mortality and the
composite outcome of mortality and heart failure hos-
pitalization (Figure 4B and 4C). Findings remained con-
sistent in the subgroup of patients receiving tafamidis
(Supplemental Figures S4A and S4B).

DISCUSSION

This study is the first to systematically evaluate multiple
circulating biomarkers related to heart failure in ATTR-
CM. Our findings highlight the potential of using MR-
proADM to assess prognosis in ATTR-CM, a condition
with a unique pathophysiology that differs from other
forms of heart failure. Our work shows that increased
MR-proADM levels are associated with several markers
of severity of the disease and are independently associ-
ated with all-cause death and heart failure events. More-
over, we identified a specific cutoff value for MR-proADM
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Figure 4. Kaplan-Meier curves for all-cause mortality in validation cohort 1 (A) and for all-cause mortality and the composite

end point in validation cohort 2 (B and C).
All A<0.001.

that accurately identified patients with poorer outcomes
independently of currently established prognostic bio-
markers like NT-proBNP and eGFR. Lastly, we confirmed
the incremental value of MR-proADM when added to the
NAC, Mayo, and Columbia prognostic staging systems
and validated the prognostic capacity of the proposed
MR-proADM cutoff in 2 external cohorts.

The landscape of amyloidosis has undergone out-
standing changes in recent years."? With the advances
in noninvasive diagnosis and the development of spe-
cific treatments, a growing number of patients are being
diagnosed at earlier stages of the disease, and the prog-
nosis has significantly improved.?2?® Consequently, there
is a pressing need for tools to accurately stratify the
risk of these patients, identifying those requiring closer
monitoring and those likely to benefit the most from tar-
geted treatments including the possibility of aggressive
approaches combining several specific therapies.

The first significant contribution to predict prognosis
in ATTR-CM was made in 2016 by Grogan et al, who
demonstrated that NT-proBNP and troponin T were
independent predictors of mortality in ATTRwt, and
created the first staging system based on the values
of both biomarkers® In 2018, Gillmore et al proposed
and validated the NAC staging system, based on NT-
proBNP and eGFR levels, that predicted survival in both
ATTRwt and ATTRv patients.” This staging system has
since gained recognition and is widely used in clinical
practice and clinical trials. Building upon this foundation,
Cheng et al identified weight-indexed diuretic dose and
NYHA functional class as additional independent predic-
tors of mortality that provided incremental value to previ-
ous scoring systems.'® Our study aims to make further
progress in this field, considering that patient profiles are
evolving, specific therapies are now routinely prescribed,
and survival is increasing.

Moreover, whereas mortality remains the main con-
cern of physicians treating ATTR-CM patients, short-
term challenges of patients with ATTR-CM often revolve

Circulation. 2026;153:1350-1361. DOI: 10.1161/CIRCULATIONAHA.125.077833

around fluid management and heart failure decompensa-
tions. Hospitalizations attributable to heart failure have
been shown to worsen prognosis in ATTR-CM® and are
strongly related with a decrease in quality of life,* under-
scoring the need to accurately identify those individuals
at risk to closely monitor and adjust their diuretic therapy
to prevent worsening heart failure episodes and improve
prognosis. In fact, a recent study has demonstrated that
NT-proBNP progression and outpatient diuretic intensi-
fication at 1 year are associated with an increased risk of
subsequent mortality in ATTR-CM.2

Adrenomedullin (ADM) is a 52-amino acid peptide
belonging to the calcitonin gene-related peptide family.
It is present in nearly all human tissues, with the highest
concentrations being found in the adrenal medulla, heart,
lungs, and endothelium.2°

In the setting of heart failure, the ADM gene is upreg-
ulated in cardiac myocytes because of pressure and vol-
ume overload. ADM acts as a vasodilator and stimulates
diuresis and natriuresis, effectively reducing both preload
and afterload.?® Moreover, ADM plays a role in reducing
cardiac remodeling and fibrosis.?” It also stabilizes the
endothelial barrier, modulates its permeability, and exerts
an anti-inflammatory effect. ADM could be of particular
interest in amyloidosis, as the disease has shown fre-
quent vascular involvement, with perivascular deposits
and capillary infiltration.?® In fact, elevated ADM levels
have been described not only in heart failure but also in
other conditions in which permeability of vessels could
be affected such as sepsis, COVID-19, and inflammatory
diseases.?

However, determination of ADM concentrations is lim-
ited because of its in vitro instability, attributed to its short
half-life and rapid clearance from the bloodstream.®® This
problem was solved by measuring MR-proADM, a stable
fragment of pro-ADM, in which concentrations accu-
rately reflect those of ADM.31%2

Adlbrecht et al demonstrated that the prognostic value
of MR-proADM was higher than that of BNP in a cohort
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of 786 patients with chronic heart failure.®® Furthermore,
they observed that MR-proADM was a better predictor of
mortality in patients with nonischemic heart failure. Later,
Von Haehling et al confirmed that MR-proADM was an
independent predictor of 12-month mortality in a group
of 01 chronic heart failure patients with MR-proADM
adding prognostic value to NT-proBNP2°

In the present study, we demonstrate that MR-
proADM behaves as an independent predictor for
mortality and for the composite end point of all-cause
death, worsening heart failure and heart transplant in
patients with ATTR-CM. Although MR-proADM has
not been previously investigated in amyloidosis, our
findings are consistent with the scarce evidence avail-
able in heart failure. In the BACH trial (Biomarkers in
Acute Heart Failure), Maisel et al demonstrated that for
patients presenting to the emergency department with
dyspnea, MR-proADM identified those at higher risk
of 90-day mortality, and that MR-proADM added prog-
nostic value to BNP3 In the VERIfying DYspnea trial,
Travaglino et al further confirmed its prognostic value,
demonstrating that MR-proADM was a strong predic-
tor of 90-day mortality in patients admitted for dys-
pnea.® Consistent with its prognostic role, our study
demonstrated the association between increased MR-
proADM levels and the presence of multiple indicators
of severity in ATTR-CM.

To our knowledge, this is the first study to evaluate MR-
proADM in ATTR-CM. Our findings highlight the promis-
ing potential of this biomarker in this clinical scenario.
This is particularly important considering the increas-
ing life expectancy of patients with ATTR-CM and the
imperative need to identify those at higher risk of heart
failure decompensation, who need closer monitoring
and tailored diuretic treatment. We identified a threshold
(MR-proADM >1.1 nmol/L) that predicts worse progno-
sis and validated it in 2 independent cohorts: a real-world
cohort, reflecting everyday clinical practice, and a clinical
trial cohort from the ATTR-ACT study. In both settings,
MR-proADM was consistently associated with the inci-
dence of adverse cardiovascular outcomes. Furthermore,
MR-proADM could be used to improve patient selection
in new clinical trials, decreasing the number of patients
needed to demonstrate clinical benefit in a scenario of
patients already receiving specific therapies. Lastly, our
findings open avenues for further research and bring
the opportunity to evaluate changes in this biomarker as
short-term indicators of deterioration that could assist
clinicians when switching or adding specific therapies.

Study Limitations

In the derivation cohort, the number of patients who
received tafamidis was low, and both women and pa-
tients with ATTRv were underrepresented. Heart failure
events were not available in one of the validation cohorts.
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MR-proADM is not a biomarker commonly used in clini-
cal practice. However, several MR-proADM assays are
available, which may allow rapid adoption in routine labo-
ratory testing. Because this biomarker is not specific to
heart disease, its applicability may be limited in the pres-
ence of other conditions such as sepsis or COVID-19
infection, which warrants further research.

Conclusions

In the present study, we demonstrate that MR-proADM
is an independent predictor of all-cause mortality and
the composite end point of all-cause mortality, worsening
heart failure and heart transplant in patients with ATTR-
CM. MR-proADM improved prediction when added to the
Mayo, NAC, and Columbia staging systems. Our work
paves the way for tailored risk assessment and targeted
management strategies in ATTR-CM.
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