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Microvascular dysfunction in patients with transthyretin cardiac 
amyloidosis evaluated by 13N-ammonia positron emission tomography–
computed tomography: is it an early marker of the disease?

PURPOSE
To evaluate coronary microvascular function using 13N-ammonia positron emission tomography/
computed tomography in individuals with pathogenic transthyretin (TTR) gene mutations, with and 
without cardiac involvement. This study is the first to assess coronary flow reserve (CFR) in this pop-
ulation before overt cardiac amyloidosis (CA) is detectable by conventional imaging.

METHODS
 

We evaluated microvascular impairment by measuring CFR in 20 patients with and 20 patients 
without cardiac involvement due to TTR amyloidosis (ATTR), all presumed to be free from epicardial 
coronary artery disease and carrying TTR gene mutations. 

RESULTS
 

The study revealed a significantly reduced mean global CFR in the cardiac involvement group 
(1.849 ± 0.379 vs. 2.952 ± 0.7, P < 0.001). Global CFR inversely correlated with age, functional class, 
troponin, and B-type natriuretic peptide while positively correlating with the 6-minute walk test 
distance, mean blood pressure, and global longitudinal strain. Receiver operating characteristic 
curve analysis identified an optimal cutoff value of global CFR < 2.58, yielding a sensitivity of 100% 
and a specificity of 75% for detecting cardiac involvement.

CONCLUSION
 

In patients with ATTR CA, coronary microvascular dysfunction emerges as a clinically relevant mark-
er of cardiac involvement, even in the absence of structural abnormalities or obstructive coronary 
disease.

CLINICAL SIGNIFICANCE
 

CFR assessment may aid in diagnostic suspicion, risk stratification, and understanding of angina 
symptoms in this population.
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Transthyretin (TTR) amyloidosis (ATTR) affects the heart through the deposition of am-
yloid fibrils. Early biomarkers, such as troponins, often indicate damage to cardiomy-
ocytes and the coronary microvasculature.1,2 ATTR occurs either in a hereditary form, 

caused by TTR gene mutations, or in a wild-type form, typically associated with aging. In both 
entities, positron emission tomography/computed tomography (PET/CT) has emerged as a 
valuable tool for assessing microvascular dysfunction, enabling early evaluation of myocar-
dial perfusion and coronary flow reserve (CFR) impairment in this population.2-5 Cardiac amy-
loidosis (CA) compromises the microvasculature via fibril-induced thickening, extrinsic vessel 
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compression, or endothelial and autonomic 
dysfunction.1 Patients with CA frequently ex-
hibit chronic troponin elevation, electrically 
inactive regions on the electrocardiogram, 
and anginal symptoms, and signs of ischemia 
have been reported in some individuals with 
CA without obstructive epicardial coronary 
artery disease (CAD).2-5

Given the scarcity of studies evaluat-
ing coronary microvascular dysfunction in 
ATTR, this is the first known study to employ 
13N-ammonia PET/CT to assess CFR in individ-
uals exclusively carrying TTR mutations with-
out evident cardiac involvement on standard 
imaging examinations. However, a previous 
study evaluated 31 patients with CA, includ-
ing 15 with light-chain amyloidosis (AL) and 6 
with ATTR, and compared them with patients 
with left ventricular hypertrophy secondary 
to hypertension. In that study, microvascular 
dysfunction was more prevalent in patients 
with CA-ATTR.6-9 Another study evaluated 400 
patients with CA-ATTR; however, microvascu-
lar obstruction, assessed using magnetic res-
onance imaging, was present in 221 (27.6%) 
patients and was more common in CA-ATTR 
than in CA with AL.5 

The primary aim of this research is to as-
sess microvascular function in individuals 
with pathogenic TTR gene mutations, both 
with and without cardiac involvement. Using 
13N-ammonia PET/CT, we evaluated CFR and 
its correlation with clinical, laboratory, and 
imaging variables. 

Methods

Study design and population

A total of 40 individuals carrying patho-
genic TTR gene mutations were prospective-
ly enrolled (Supplementary Figure 1). Partici-
pants were divided into two groups:

•	 Group A (n = 20): patients with evidence 
of cardiac involvement

•	 Group B (n = 20): patients without cardi-
ac involvement.

Additionally, as part of the initial protocol 
focused on cardiac elastography, another 
group of 20 patients was included as healthy 
controls; CFR was not assessed in these in-
dividuals. First-degree relatives of patients 
with hereditary ATTR who elected to under-
go genetic testing after genetic counseling 
were included. Those testing positive for an 
ATTR-compatible mutation were referred 
from external services to the cardiomyopa-
thy specialist institutions participating in the 
study.

Inclusion criteria

•	 Age ≥18 years

•	 Confirmed pathogenic mutation in the 
TTR gene

•	 Ability to provide informed consent

Cardiac involvement, defined by the pres-
ence of at least one of the following:

•	 Interventricular septal thickness > 12 
mm on echocardiography or cardiac mag-
netic resonance imaging, in the absence of 
other causes of hypertrophy (e.g., hyperten-
sion and aortic stenosis)

•	 History of heart failure symptoms or 
signs consistent with CA

•	 Elevated cardiac biomarkers [troponin 
or B-type natriuretic peptide (BNP)] without 
an alternative explanation

•	 Positive Congo red staining in tissue 
biopsy or Grade 2 or 3 cardiac uptake on 
99mTc-pyrophosphate scintigraphy, with 
monoclonal gammopathy of undetermined 
significance ruled out

The exclusion criteria are provided in the 
Supplementary appendix. Wild-type TTR CA 
was excluded. 

PET/CT imaging protocol: Coronary mi-
crovascular blood flow (MBF) was assessed 
using dynamic 13N-ammonia PET/CT imag-
ing at rest and during pharmacologic stress 
induced by intravenous dipyridamole. MBF 
quantification was performed using time–
activity curves derived from the blood pool 
and myocardium, corrected for partial vol-
ume effects and spill-over.

CFR calculation: This was calculated as 
the ratio of stress MBF to rest MBF, according 
to the 17-segment model proposed by the 
American Society of Nuclear Cardiology.10,11 
Rest MBF values were normalized using the 
rate–pressure product to account for individ-
ual variations in cardiac workload.

All 40 patients included in the study under-
went calcium score assessment as a screen-
ing measure to minimize bias related to CAD, 
which was low in both groups (Supplemen-
tary Table 1). The cut-off values used were 40 
ng/L for troponin and 35 pg/mL for BNP. This 
study was approved by the Ethics Commit-
tee of InCor (CAAE 27437019.5.0000.0068) 
through a substantiated opinion on February 
6, 2020. All participants provided written in-
formed consent prior to inclusion, under the 
supervision and approval of the institutional 
ethics committee.

Statistical analysis

The sample size was determined pragmati-
cally based on patient availability. Continuous 
variables are reported as mean ± standard 
deviation when normally distributed and as 
median (interquartile range) or median ± me-
dian absolute deviation when distributional 
assumptions were violated. The t-test was 
used to compare means between two groups 
when both normality (Shapiro–Wilk) and ho-
moscedasticity (Levene) assumptions were 
met. When either assumption was violated, 
the Mann–Whitney U test was applied. The 
null hypothesis (H₀) for all comparisons stated 
that no significant difference existed between 
groups. Where H₀ was rejected, effect size was 
calculated using Cohen’s d (d: 0.2–0.5 = small, 
0.5–0.8 = moderate, > 0.8 = large).

Pearson’s correlation coefficient (r) was 
used to quantify linear relationships be-
tween parametric variables. Spearman’s rank 
correlation coefficient (ρ) was applied for 
non-parametric variables. Both coefficients 
range from −1 to +1, with values approach-
ing either extreme indicating stronger asso-
ciations. For performance analysis, receiver 
operating characteristic curve analysis and 
the Youden index were used to establish 
the optimal cutoff point. A multivariable re-
gression model was constructed, including 
covariates such as age, blood pressure, sex, a 
non-zero coronary artery calcium score, and 
biomarkers.

All statistical tests were two-tailed, and 
P < 0.05 was considered statistically signifi-
cant. Analyses were performed using JASP 
software, version 0.16.3 JASP software, ver-
sion 0.16.3 (JASP Team, Amsterdam, The 
Netherlands).12

Results

Baseline characteristics

The main clinical and structural charac-
teristics of the study population are summa-

Main points

•	 Patients with cardiac involvement exhibit 
significantly reduced coronary flow reserve 
(CFR).

•	 Coronary microvascular dysfunction emerg-
es as a clinically relevant marker of cardiac 
involvement.

•	 CFR assessment may aid in diagnostic sus-
picion, risk stratification, and understanding 
of angina symptoms in this population.
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rized in Table 1. The remaining characteristics 
are summarized in Supplementary Tables 1, 
2, 3 and 4.

Differences between the groups were 
evident. Patients with cardiac involvement 
exhibited conditions consistent with longer 
exposure to amyloid deposition: they were 
older and had a higher body mass index, 
greater interventricular septal thickness, 
atrial enlargement, lower left ventricular 
ejection fraction, lower left ventricular glob-
al longitudinal strain (LVGLS) and right ven-
tricular global longitudinal strain (RVGLS), 
more advanced degrees of diastolic dys-
function, poorer functional capacity, and 
worse performance on the 6-minute walk 
test, with a shorter total distance. In addi-
tion, they had higher cardiac biomarker lev-
els, including troponin and BNP. This group 
also showed a higher prevalence of chronic 
conditions such as hypertension and diabe-
tes. Despite the diagnosis of hypertension, 
patients reported not using antihyperten-
sive medications and had normal or reduced 
blood pressure levels at the time of consul-
tation. No patient with type 2 diabetes mel-
litus required insulin for glycemic control. 
There was no history of anginal symptoms, 
coronary atherosclerotic disease, or use of 
anti-ischemic medications or prior revascu-
larization in either group. In the groups with 
pathological variants of the TTR gene, the 
most prevalent mutations were Val142Ile, 
followed by Val50Met and Thr80Ala, with no 
statistically significant differences in muta-
tion type between the groups.

Global coronary flow reserve

Mean global CFR was significantly lower 
in the cardiac involvement group (1.849 ± 
0.379) than in the non-involvement group 
(2.952 ± 0.7; P < 0.001) (Figure 1, Table 2). 
Global CFR showed an inverse correlation 
with age, functional class according to the 
New York Heart Association classification, 
troponin, and BNP levels, and it showed a 
positive correlation with total distance in the 
6-minute walk test and mean arterial pres-
sure. Accordingly, older age, higher function-
al class according to the NYHA classification, 
and elevated serum troponin and BNP levels 
were associated with worse global CFR. Con-
versely, better performance on the walk test 
was associated with higher global CFR (Fig-
ure 2, Table 3, Supplementary Table 5).

CFR also correlated with multiple clinical, 
laboratory, and echocardiographic parameters, 
including markers of left and right ventricular 
systolic and diastolic function, as well as indi-

ces of structural remodeling in both ventricles 
and atria (Table 3). Notably, global CFR demon-
strated significant associations with predictors 
of subclinical myocardial involvement, such as 
LVGLS and RVGLS (Figure 2).

Segmental CFR analysis revealed lower 
values in the CA group, particularly in apical 
segments. This reduction was evident both 
when segments were grouped according to 
epicardial artery territories and when analyz-
ed individually (Table 4).

Receiver operating characteristic curve 
analyses

Receiver operating characteristic curve 
analysis identified a global CFR cut-off of < 
2.58 to differentiate cardiac involvement, 
with a sensitivity of 100% and specificity of 
75%, an area under the curve of 0.902 (0.80–
1.0), and a P value of <0.001 (Supplementary 
Figure 2). In Supplementary Figure 3 we can 
see the genetic profile of the patients includ-
ed in the study.

Coronary flow reserve and ischemic dis-
ease equivalent

In the cardiac involvement group, 60% (n 
= 12) demonstrated a global CFR consistent 
with ischemic disease (≤ 2.5), whereas only 

15% (n = 3) of the non-involvement group 
exhibited similar findings. 

Discussion
The main findings of this study support 

the inclusion of anginal symptoms in the 
absence of obstructive epicardial CAD as a 
relevant clinical feature when suspecting CA 
in patients with TTR mutations. Additional-
ly, our results emphasize the potential role 
of coronary microvascular dysfunction as a 
pathophysiological marker of the disease, 
revealing a global perfusion impairment pat-
tern that resembles three-vessel CAD, includ-
ing the apical region.

This study further advances the concept 
of coronary microvascular dysfunction as a 
hallmark of CA, a prototypical extracellular 
storage disorder characterized by insoluble 
fibril deposition, a hypertrophic phenotype, 
and extensive structural remodeling.2-5

The coexistence of microvascular dys-
function and structural abnormalities in the 
setting of restrictive cardiomyopathy un-
derscores the need for comprehensive func-
tional assessments.4-7 Our findings highlight 
a potential dissociation between structural 
and functional impairment, as evidenced by 
patients with reduced CFR but lacking con-

Figure 1. Heat map: global coronary flow reserve (CFR). Heat map representing global CFR distribution 
across study groups: each column corresponds to a study group, and each row represents an individual 
patient. Color intensity reflects CFR values, with lighter shades indicating higher (better) CFR and darker 
shades indicating lower (worse) CFR. This visualization highlights differences in microvascular function 
between groups.
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ventional markers of cardiac involvement. 
Among patients with established cardiac in-
volvement, 60% exhibited a global CFR pat-
tern consistent with ischemic heart disease, 
whereas only 15% of those without cardiac 
involvement showed similar findings. These 

results are consistent with previously report-
ed CFR thresholds for epicardial CAD.13

In contrast to prior studies, our data 
demonstrate that CFR impairment may oc-
cur independently of anginal symptoms.1,14

Notably, 15% of patients without overt car-

diac involvement based on standard diag-
nostic criteria had CFR values indicative of 
ischemic disease, suggesting the presence of 
subclinical microvascular dysfunction.

A novel and clinically relevant observa-
tion was the absence of apical microvascu-
lar preservation in the cardiac involvement 
group, despite preserved apical longitudinal 
strain on speckle-tracking echocardiogra-
phy. This is the first study to report such a 
discrepancy, highlighting a unique pattern 
of microvascular involvement that can be ef-
fectively detected using 13N-ammonia PET/
CT imaging.

Koyama and  Falk15 demonstrated that 
reduced longitudinal deformation is associ-
ated with poorer survival in patients with AL. 
However, our findings, derived exclusively 
from a population with CA-ATTR, suggest 
that coronary microvascular dysfunction 
driven by a higher amyloid burden may rep-
resent the mechanistic link underlying im-
paired longitudinal deformation.

Importantly, early-stage amyloidosis 
without overt myocardial infiltration may 
still present with anginal symptoms due to 
microvascular obstruction, which has been 
associated with worse prognosis in this con-
dition.16 A prevalence of up to 3% has been 
reported among patients with amyloido-
sis and angiographically normal coronary 
arteries.3 Although the exact frequency of 
amyloid-related angina remains unclear, the 
presence of chest pain in patients with sus-
pected amyloidosis warrants careful evalua-
tion.

Finally, our study validated a CFR cut-off 
value of 2.58, which demonstrated high sen-
sitivity and specificity for detecting cardiac 
involvement. These findings suggest that 
early functional assessments, such as CFR 
evaluation, may complement structural im-
aging modalities in identifying early cardiac 
amyloid infiltration.

This study is limited by its small sample 
size and the lack of invasive coronary artery 
assessment due to ethical and safety consid-
erations. However, the use of calcium scor-
ing and the diffuse CFR reduction pattern 
provided reliable insights into microvascu-
lar function. Further studies are warranted 
to validate these findings in larger cohorts. 
Another limitation is the small and uneven 
sample, with a significant age disparity be-
tween groups (patients without cardiac in-
volvement in hereditary ATTR are typically 
identified at a young age). Furthermore, the 
study sample was selected using conveni-

Table 1. Baseline clinical and laboratory characteristics of patients

Variable ATTR with CA (n = 20) ATTR without CA (n = 20) P value

Demographics

Age (years) 69.6 ± 8.2 41.6 ± 10.8 < 0.001

Male sex 16 (80.0) 11 (55.0) 0.177

Arterial hypertension 12 (60.0) 5 (25.0) < 0.001

Diabetes mellitus 9 (45.0) 3 (15.0) < 0.001

BMI (kg/m2) 23.85 ± 3.0 25.8 ± 4.7 0.146

Hemodynamics

Heart rate (bpm) 74.4 ± 10.5 69.9 ± 9.5 0.17

SBP (mmHg) 117.9 ± 21.3 128.0 ± 17.9 0.12

MBP (mmHg) 89.5 ± 14.4 94.3 ± 25.1 0.45

Clinical features

Carpal tunnel syndrome (%) 13 (65) 3 (15) 0.005

Extracardiac involvement (%) 14 (70) 7 (35) 0.027

6-minute walk test distance (m) 336.9 ± 83.7 420.4 ± 112.8 < 0.001

Chest pain (%) 4 (20) 2 (10) 0.66

Functional class (NYHA)

Class I (%) 4 (20) 20 (100) -

Class II (%) 14 (70) 0 (0) -

Class III (%) 2 (10) 0 (0) -

Biomarkers

 Troponin (ng/L) 63.7 ± 41.2 7.15 ± 10.7 < 0.001

BNP (pg/mL) 389.5 (210–545) 14 (12.5–24) < 0.001

ATTR, transthyretin amyloidosis; CA, cardiac amyloidosis; BMI, body mass index; bpm, beats per minute; SBP, systolic 
blood pressure; MBP, mean blood pressure; NYHA, New York Heart Association classification; BNP, B-type natriuretic 
peptide.

Figure 2. Didactic representation of significant correlations of global coronary flow reserve. Bars represent 
the strength and direction of correlations, with positive and negative associations indicated accordingly. 
Numerical values next to each bar denote the correlation coefficients, reflecting the magnitude of the 
relationships between variables. LVGLS, left ventricular global longitudinal strain; TAPSE, tricuspid annular 
plane systolic excursion; RVFWLS, right ventricular free wall longitudinal strain; H/CL, heart-to-contralateral 
ratio. 
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ence sampling, which has the potential to 
introduce bias. An additional limitation was 
the use of dipyridamole as the stress agent. 
Agents such as adenosine or regadenoson 
have a faster onset of action and more pre-
dictable kinetics than dipyridamole; these 
properties may be more advantageous for 
the evaluation of absolute myocardial blood 
flow using PET perfusion tracers. However, 
dipyridamole is the most widely used, val-
idated, and familiar agent at our institution 
and, when administered using an appropri-
ate protocol as in the present study, minimiz-
es the probability of errors.

In conclusion, coronary microvascular 
dysfunction, assessed by 13N-ammonia PET/
CT, is a hallmark of CA, with a global involve-
ment pattern mimicking three-vessel CAD. 
In patients with CA-ATTR, coronary micro-
vascular dysfunction emerges as a clinically 
relevant marker of cardiac involvement, even 
in the absence of structural abnormalities 
or obstructive coronary disease. CFR assess-
ment may aid in diagnostic suspicion, risk 
stratification, and the understanding of angi-
nal symptoms in this population.
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