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Quantitative [18F]florbetapir PET/CT may identify lung involvement
in patients with systemic AL amyloidosis

Yiu Ming Khor1 & Sarah Cuddy2 & Hendrik J. Harms1 & Marie F. Kijewski1 & Mi-Ae Park1 & Matthew Robertson1
&

Hyewon Hyun1
& Marcelo F. Di Carli1 & Giada Bianchi3 & Heather Landau4

& Andrew Yee5
& Vaishali Sanchorawala6 &

Frederick L. Ruberg6
& Ronglih Liao7

& John Berk6 & Rodney H. Falk2 & Sharmila Dorbala1,2

Received: 4 June 2019 /Accepted: 18 November 2019
# Springer-Verlag GmbH Germany, part of Springer Nature 2019

Abstract
Purpose The clinical diagnosis of pulmonary involvement in individuals with systemic AL amyloidosis remains challenging.
[18F]florbetapir imaging has previously identified AL amyloid deposits in the heart and extra-cardiac organs. The aim of this
study is to determine quantitative [18F]florbetapir pulmonary kinetics to identify pulmonary involvement in individuals with
systemic AL amyloidosis.
Methods We prospectively enrolled 58 subjects with biopsy-proven AL amyloidosis and 9 control subjects (5 without amyloid-
osis and 4 with ATTR cardiac amyloidosis). Pulmonary [18F]florbetapir uptake was evaluated visually and quantified as distri-
bution volume of specific binding (Vs) derived from compartmental analysis and simpler semiquantitative metrics of maximum
standardized uptake values (SUVmax), retention index (RI), and target-to-blood ratio (TBR).
Results On visual analysis, pulmonary tracer uptake was absent in most AL subjects (40/58, 69%); 12% (7/58) of AL subjects
demonstrated intense bilateral homogeneous tracer uptake. In this group, compared to the control group, Vs (median Vs 30-fold
higher, 9.79 vs. 0.26, p < 0.001), TBR (median TBR 12.0 vs. 1.71, p < 0.001), and RI (median RI 0.310 vs. 0.033, p < 0.001)
were substantially higher. Notably, the AL group without visually apparent pulmonary [18F]florbetapir uptake also demonstrated
a > 3-fold higher Vs compared to the control group (median 0.99 vs. 0.26, p < 0.001). Vs was independently related to left
ventricular SUVmax, a marker of cardiac AL deposition, but not to ejection fraction, a marker of cardiac dysfunction. Also,
intense [18F]florbetapir lung uptake was not related to [11C]acetate lung uptake, suggesting that intense [18F]florbetapir lung
uptake represents AL amyloidosis rather than heart failure.
Conclusions [18F]florbetapir PET/CT offers the potential to noninvasively identify pulmonary AL amyloidosis, and its clinical
relevance warrants further study.
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Introduction

Amyloidosis is a heterogeneous group of disorders that result
from misfolding and aggregation of a family of proteins into
insoluble β-pleated-sheet structures. In systemic light chain
amyloidosis (AL), misfolding of immunoglobulin light chain
proteins from a plasma cell dyscrasia results in extensive ex-
tracellular deposition of amyloid fibrils, which can lead to
dysfunction of the affected organ [1].

Involvement of the lung is common in systemic AL amy-
loidosis; two postmortem series reported pulmonary involve-
ment in 90–92% of patients [2, 3]. However, the diagnosis of
pulmonary amyloidosis is challenging. Clinical symptoms
such as dyspnea, exercise intolerance, and cough are nonspe-
cific and could be attributed to heart failure. Laboratory test-
ing, pulmonary function testing, diffusion capacity of lungs
for carbon monoxide (DLCO) studies, or computed tomogra-
phy of the lungs, though sometimes suggestive, cannot spe-
cifically confirm the diagnosis of pulmonary amyloidosis [4,
5]. While histology remains the gold standard, biopsy is gen-
erally avoided due to concerns of recurrent pleural effusions
and bleeding risk [6]. Consequently, diagnosis of pulmonary
AL amyloidosis during life is rare.

Targeted imaging of systemic amyloid deposits using pos-
itron emitting radiotracers may address this unmet clinical
need. Several amyloid radiotracers which are well-
established for imaging beta amyloid in Alzheimer’s disease
are emerging as promising tools to evaluate other forms of
systemic amyloid deposition [7, 8]. Our group and others have
shown that [18F]florbetapir positron emission tomography
computed tomography (PET/CT) can identify amyloid de-
posits in the heart [9] and extra-cardiac organs [10].

Increased lung uptake of [18F]florbetapir could represent
specific binding to pulmonary AL amyloid deposits.
However, in heart failure, elevated left atrial pressures and
slower transit time through the pulmonary vascular bed are
known to result in pulmonary accumulation of myocardial
perfusion tracers (thallium-201, technetium-99 m sestamibi
and tetrofosmin) [11–13], especially on early images [14,
15]. Whether this finding is unique to perfusion tracers or
may occur with [18F]florbetapir as well is unclear.

The primary aim of this study was to test our hypoth-
esis that the distribution volume of [18F]florbetapir spe-
cific binding in the lungs, evaluated by compartmental
modelling, reflects pulmonary AL amyloid deposition
in subjects with systemic AL amyloidosis. Because ki-
netic modelling is impractical outside of research set-
ting, we assessed several simple, clinically relevant
semiquantitative [18F]florbetapir metrics for identifying
pulmonary AL amyloidosis. To distinguish pulmonary
AL amyloidosis from heart failure-related increased
lung tracer uptake, we evaluated the clinical correlates

of pulmonary [18F]florbetapir uptake and compared
lung uptake of [18F]florbetapir to lung uptake of
[11C]acetate in a subgroup of subjects.

Methods

Subject eligibility and study design

This analysis included 67 subjects: 58 subjects in the
AL amyloidosis group and 9 subjects in the control
group. Fifty-eight subjects with biopsy-proven systemic
AL amyloidosis were prospectively recruited for this
s tudy, “Molecular Imaging of Primary Amyloid
Cardiomyopathy” (Cl inicalTria ls .gov Ident i f ier :
NCT02641145 ) , pe r p r ede f i ned inc lu s i on and
exclusion criteria (Supplemental Table 1). The control
group included 5 subjects without amyloidosis and 4
subjects with cardiac transthyretin (ATTR) amyloidosis
enrolled in a prior pilot study of [18F]florbetapir cardiac
PET [9]. The study was approved by the institutional
Human Research Committee, and all subjects provided
written informed consent.

Study protocol

All 58 subjects underwent research [18F]florbetapir PET/CT,
cardiac magnetic resonance imaging, and clinical echocardi-
ography within a median of 1–2 days of each other. Eighteen
of the 58 subjects underwent [11C]acetate cardiac PET/CT
scan within a median of 1 day of the [18F]florbetapir PET/
CT scan.

[18F]florbetapir PET/CT

Acquisition

Subjects underwent PET/CT using a GE Discovery DRX im-
aging system (GE Healthcare, Chicago, IL, USA). This PET/
CT scanner was accredited by Intersocietal Accreditation
Commission Nuclear/PET as per American College of
Radiology (ACR) guideline and manufacturer requirements
to maintain good image quality. System calibration, well-
counter cross-calibration, and SUVaccuracy (within 5%) were
done quarterly.

Following a low-dose CT scan of the heart (120–140 kV,
80 mA), 358 ± 45 MBq of [18F]florbetapir (PETNET,
Woburn, MA) was injected, and a 60-min dynamic PET scan
of the heart was acquired in three-dimensional list mode. A
partial-body PET scan was then obtained from skull base to
below the kidneys for 30 min with 5 min per PET bed posi-
tion. CT images of the same region were acquired for
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attenuation correction using a non-contrast technique (10 mA
tube current, 140 kVP tube voltage, free tidal breathing).
Dynamic cardiac image series were generated by reconstruc-
tion of the list-mode data into 47 dynamic frames (20 × 5 s, 8 ×
10 s, 6 × 30 s, 4 × 60 s, 8 × 300 s, 1 × 600 s). Static images
were reconstructed from 4 to 30 min for review of myocardial
tracer uptake. Images were reconstructed onto a 128 × 128
matrix (4.09 × 4.09 × 3.27 mm3 voxel size) by ordered subset
expectation maximization (OSEM) with two iterations, 21
subsets, and 4.48 mm full-width at half-maximum Gaussian
post-filter. All scans were corrected for decay, scatter, random
coincidences and photon attenuation.

Analysis

Lung Visually, [18F]florbetapir uptake was assessed from the
static partial-body images, and static cardiac images, and cat-
egorized as no uptake, mild diffuse uptake, or intense diffuse
uptake. Subjects with minimal uptake limited to the dependent
portions of the lungs, typically in the posterior bases of the
lungs, and otherwise no tracer uptake in the rest of the lungs
were categorized as no uptake.

Kinetic modelling For kinetic modelling, compartmental anal-
yses were performed using PMOD version 3.805 (PMOD
Technologies LLC., Zurich, Switzerland). The lung was man-
ually segmented, in a slice-by-slice manner from the apex to
base. Care was taken to exclude the major airways, pulmonary
vessels, and the liver, which typically had intense tracer up-
take as the radiotracer was excreted via the hepatobiliary sys-
tem. Tracer activity concentration was corrected for density
using CT data, i.e., activity concentration in kBq/ml was con-
verted to kBq/g. This was done to remove the confounding
effect of any physiological or pathological process that might
increase the amount of lung tissue in a given volume, such as
atelectasis or collapse, which would lead to higher tracer ac-
tivity in the given volume not attributable to actual tracer
uptake by the tissue. A spherical VOI of 3 mm radius in the
pulmonary artery below the bifurcation was defined as the
blood pool and used as the input function. Several models
were tested on a subset of subjects (i.e., 3 subjects from each
group). Models included 1-tissue-2-kinetic-parameter com-
partment model (1T2k), 2T4k, 3T6k, all with fitted blood
volume fraction, and Logan plot. The 2T4K model was se-
lected as the best model based on the lowest Akaike informa-
tion criteria (AIC) scores and was then used for compartmen-
tal analysis for all subjects on the dynamic PET data using
PMOD. The outcome measure for the model was distribution
volume of specific binding (Vs = K1/k2*k3/k4). Normal kinet-
ic parameters were derived from the control cohort (n = 9).

Semiquantitative metrics We also evaluated pulmonary
[18F]florbetapir uptake semiquantitatively using maximum

standardized uptake values (SUVmax), retention index (RI),
and target-to-blood ratio (TBR). TBR and RI were corrected
for lung density, while SUVmax was not. From the dynamic
images, we obtained the RI of the whole lungs from 10 to
30 min after radiotracer injection using PMOD. The same
VOIs of the whole lungs and blood pool were also used to
obtain TBR from the reconstructed dynamic images from 50
to 60 min after radiotracer injection.

We determined the average SUVmax of the lungs
from the static partial-body images by averaging the
SUVmax within four spherical volumes of 1 cm radius
over the lungs on the delayed partial-body PET/CT im-
ages, two at the level of the aortic arch to represent the
upper lobes in each lung and two at the level of the left
atrium to represent the lower lobes. An additional
spherical volume of interest (VOI) was drawn over a
pleural effusion if present. This analysis could not be
performed in the control cohort as static images at a
comparable time point (60 to 90 min) were not avail-
able. For the purpose of comparison to [11C]acetate
PET/CT, the average SUVmax values of the lungs were
derived from images acquired from 2 to 6 min post
radiotracer injection.

Normalized [18F]florbetapir time–activity curves were gen-
erated from the dynamic images by standardizing the mea-
sured activity inMBq/cc to an injected dose of 300MBq (unit,
MBq/cc/300 MBq).

HeartWe evaluated [18F]florbetapir uptake in the left ventricle
using SUVmax within the left ventricular myocardium and
global RI from 10 to 30 min with Carimas 2.9 (Turku PET
Centre, Finland) as described previously [16]. Image-derived
input function was defined by the blood pool within the left
atrium. The right ventricle was assessed visually for presence
or absence of tracer uptake.

Other organs Images were assessed for tracer uptake in the
following organs: parotid, tongue, thyroid, pancreas, spleen,
kidney, muscle, subcutaneous fat, and humeral head bone
marrow as described before. The organ was deemed to be
involved if its SUVmax exceeded 2.5 [10].

CT Methods

All CT images were evaluated for pleural effusion and CT
features suggestive of pulmonary amyloidosis. The whole
lung was manually segmented as described above. The aver-
age density was approximated by [17]:

Density g=cm3
� � ¼ 1þ HU=1000

The diameter of the main pulmonary artery (PA) and as-
cending aorta was measured on a transaxial slice at the level of
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the PA bifurcation, and the PA to ascending aorta ratio was
calculated.

[11C]acetate PET/CT

Following a CT scout and a low-dose CT scan of the heart
(120–140 kV, 80 mA), 609 ± 146 MBq of [11C]acetate was
injected intravenously, and a 30-min dynamic PET scan of the
heart was acquired in three-dimensional list mode. Images
were reconstructed into static myocardial perfusion images
(2–6 min), and SUVmax was estimated as described in the
above section on lung/semiquantitative metrics/average
SUVmax.

Echocardiography methods

2D echocardiography with spectral and color Doppler imag-
ing was performed in all subjects according to standard
American Society of Echocardiography recommendations
[18]. Tricuspid regurgitation pressure and peak velocity were
measured to estimate the pulmonary artery systolic pressure
(PASP) using themodified Bernoulli equation. Elevated PASP
was defined as > 36 mmHg [19].

Cardiac magnetic resonance imaging (CMR) methods

All CMR images were acquired on a 3.0-T system (Tim Trio,
Siemens, Erlangen, Germany), with electrocardiographic gat-
ing and breath holding. The protocol consisted of steady-state
free precession cine imaging for assessing ventricular function
and morphology. Gadolinium contrast was used. A commer-
cial software package (Medis Suite 3.0 Medical Imaging
Systems, Leiden, the Netherlands) was used to post-process
and quantify left and right ventricular end diastolic volume
(EDV), end systolic volume (ESV), stroke volume (SV), ejec-
tion fraction (EF), and right ventricular wall thickness.
Abnormal left ventricular (LV) EF was defined as described
previously: < 56% for males and < 58% for females [20].
Abnormal right ventricular (RV) EF was defined as described
previously: < 48% for males and < 50% for females [21].
Abnormal RV wall thickness was defined as > 5 mm [22].

Six-minute walk test

Subjects performed a 6-min walk test using a standardized
protocol adapted from the American Thoracic Society guide-
lines; the subject walked on a level surface at a self-governed
pace for 6 min, and the total distance travelled was measured.

Statistical analysis

Statistical analyses were performed using SPSS version 20.0.0
(IBM Corp., Armonk, NY). To investigate demographic and

clinical data, χ2 tests for discrete variables and Student’s t-
tests for continuous data were used. Results of non-normally
distributed variables were reported as medians with interquar-
tile range (IQR). Differences were compared using the Mann–
Whitney U test for 2 groups of continuous variables and the
Kruskal–Wallis test for 3 groups of continuous variables.
Spearman’s rank correlation was used to determine the asso-
ciation between two non-normally distributed continuous var-
iables. We evaluated several categorical parameters that could
affect pulmonary [18F]florbetapir tracer kinetics including pul-
monary parenchymal changes and pleural effusions, circulat-
ing light chain pathology (active vs. remission status of AL
disease), left and right ventricular function, amyloid burden in
both ventricles, and systemic organ involvement. Univariable
correlates of Vs were determined. Significant univariable cor-
relates were included in a multivariable linear regression mod-
el to determine the independent predictors of Vs. A 2-tailed p
value of less than 0.05 was considered significant.

Results

Baseline characteristics

Demographics and clinical characteristics of the 58 subjects
included in this analysis are listed in Table 1. Forty-two sub-
jects had active AL amyloidosis and abnormal serum free light
chain levels (32 with and 10 without cardiac involvement).
Sixteen subjects had AL amyloidosis with cardiac involve-
ment in hematologic remission with normal serum free light
chain levels for at least 1-year post treatment (remission-AL).

Pulmonary parenchymal changes

Most of the lung findings in this study (visual, quantitative,
and semiquantitative) were bilateral, without appreciable uni-
lateral differences.

Visual evaluation

On visual evaluation, we noted intense diffuse lung uptake of
tracer in 12% (n = 7), while most of the remaining subjects
showed mild diffuse uptake (n = 11, 19%) or no significant
uptake (n = 40, 69%), including two subjects with minimal
uptake in the dependent areas of the lungs (Fig. 1a–c). None of
the subjects showed any specific lung CT findings suggestive
of amyloid deposits. Nonspecific patchy or diffuse ground
glass opacity was seen in 9/18 (50%) on CT, but the average
lung densities did not differ among the three patterns of
[18F]florbetapir uptake in the lungs as well as the control and
ATTR subjects (Fig. 1d).

In the subjects with active AL amyloidosis, the majority
(61.9%, 26/42) showed no lung uptake of [18F]florbetapir; the
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remaining demonstrated mild (19%, 11/42) or intense (8.6%,
5/42) lung uptake of [18F]florbetapir. In the remission-AL
group, while the majority (84%, 14/16) showed no lung up-
take, a small percentage of subjects showed intense uptake
(12%, 2/16).

Quantitative evaluation

Mean time–activity curves of normalized [18F]florbetapir ac-
tivity in the lungs differed significantly among the three pat-
terns of lung uptake and was lowest in the control group (Fig.

Fig. 1 Evaluation of [18F]florbetapir lung uptake and CT lung
density values. Axial fused [18F]florbetapir PET/CT delayed images
(top, a–c) from three subjects with a no significant uptake, b diffuse mild
uptake, and c diffuse intense uptake. Their left ventricular ejection frac-
tions were 47%, 36%, and 62%, respectively. CT appearance of the lung

parenchyma was unremarkable in these subjects. CT average lung densi-
ties did not differ among subjects with no significant uptake, mild diffuse
uptake, intense homogeneous uptake, and the control group (bottom, d).
The mean and standard deviation are shown. Each marker corresponds
with a single subject

Table 1 Baseline characteristics

Characteristics 18F-florbetapir lung uptake present (n = 18) 18F-florbetapir lung uptake absent (n = 40) p value

Age (years)a 62 ± 7 61 ± 7 0.973

Gender

Male 67% 60% 0.772

Monoclonal light chain isotype

κ (mg/L) 15.2 (1.9–1716.0) 15.1 (2.2–704.6) 0.593

λ (mg/L) 196.2 (3.8–1640.0) 44.3 (1.3–921.6) 0.101

κ/λ ratio 0.12 (0.01–228.80) 0.40 (0.01–56.65) 0.112

NT-proBNP (pg/mL) 4350 (146–15,116) 1248 (44–48,412) 0.022

Troponin (ng/mL) 0.09 (0–248.0) 0.01 (0–247) 0.022

PA diameter (cm)a 2.9 ± 0.3 2.8 ± 0.3 0.167

PA/aorta ratioa 0.90 ± 0.13 0.85 ± 0.09 0.064

6-min walk test (meters)a 427 ± 101 411 ± 96 0.604

Values given as median (range) unless otherwise stated; a Values given as mean ± standard deviation; NT-proBNP N-terminal pro b-type natriuretic
peptide, PA pulmonary artery
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2). On compartmental modelling, [18F]florbetapir pulmonary
Vs was highest in the subjects with intense [18F]florbetapir
lung uptake (median 9.788, IQR 4.796–14.500, 30-fold

higher than control group Vs) and lowest in the control group
(Fig. 3a). Notably, even among AL amyloidosis subjects with-
ou t pulmonary [ 18F] f lo rbe tap i r up take , median
[18F]florbetapir pulmonary Vs was more than threefold higher
than in the control group (median 0.994, IQR 0.483–1.693 vs.
0.262, IQR 0.098–0.380, p < 0.001). Among these 9 control
subjects, LVEF was < 50% in three subjects, > 50% in three
subjects, and unavailable in the remaining three subjects.

Semiquantitative evaluation

Estimation of lung Vs requires dynamic imaging and
compartmental modelling and is therefore not suitable
for routine clinical use. For this reason, we evaluated
three simpler metrics of [18F]florbetapir lung uptake—
SUVmax, TBR, and RI. Measurement of SUVmax
could not be performed on the control and ATTR sub-
jects as static images at a comparable time point (60 to
90 min) were not available. All three simplified quan-
titative metrics of [18F]florbetapir lung uptake were
highest in subjects with intense lung uptake, followed

Fig. 2 [18F]Florbetapir time–activity curves in the lungs. The rate of
[18F]florbetapir tracer washout was slowest in subjects with intense
uptake and fastest in the control subjects. Shaded area represents
standard deviation

a b

c d

Fig. 3 Quantitative metrics of [18F]florbetapir stratified by visual
lung uptake. Median Vs of subjects from the control group (5 subjects
without amyloidosis and 4 subjects with ATTR amyloidosis) was more
than threefold lower than AL amyloidosis subjects (a). RI (b), TBR (c),
and SUVmax (d) were the highest in subjects with intense tracer uptake,

followed by subjects with mild and no uptake. The control and ATTR
subjects demonstrated the lowest TBR and RI. A SUVmax value of 1.5
distinguished subjects with and without lung uptake. The median and
interquartile range are shown. Each marker corresponds with a single
subject
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by those with mild uptake and then no uptake. The
control and ATTR subjects demonstrated the lowest
TBR and RI (Fig. 3b to d). A SUVmax threshold value
of 1.5 perfectly classified subjects with and without
[18F]florbetapir lung uptake. Vs was highly correlated
with SUVmax, RI, and TBR, with the strongest rela-
tionship to RI (Fig. 4a to c).

Pleural effusions

Forty percent of the study subjects (n = 23) had pleural effu-
sion on at least one side, ranging in size fromminimal to large.
Clinical and laboratory differences in subjects with and with-
out pleural effusion are shown in Supplemental Table 2.
Notably, the effusions showed no significant tracer uptake
with mean SUVmax of 0.84 ± 0.43. No significant tracer
uptake or tracer-avid nodularity was detected along the pleura
in any subjects. Pleural effusion was only seen in subjects with
cardiac AL amyloidosis (48% vs. 0%, p = 0.004). Visual
[18F]florbetapir lung uptake was more prevalent in subjects
with compared to without pleural effusion (52% vs. 23%, p
= 0.027) (Fig. 5a, b). However, Vs, SUVmax, TBR, and RI of
[18F]florbetapir in the lungs were not significantly different
between subjects with and without pleural effusion.
Moderate to intense tracer uptake adjacent to the pleural effu-
sion was seen in 6 subjects, likely attributable to accumulation
of tracer uptake within the atelectatic or collapsed lung (Fig.
5c).

Distinguishing pulmonary AL amyloidosis from heart
failure-related lung tracer uptake

Univariable predictors of Vs, the distribution volume
of specific binding, of [18F]florbetapir in the lungs

We evaluated the distribution volume of specific bind-
ing of [18F]florbetapir in the lungs based on the sub-
jects’ LV and RV structure and function, LV and RV
amyloid content, systemic organ involvement, and cir-
culating light chain pathology. Certain parameters of
amyloid load, such as LV SUVmax (r = 0.517, p <
0.001), RV uptake (0.321, p = 0.025), and log troponin
T (0.279, p = 0.045), correlated with Vs. However, pa-
rameters of cardiac function (LVEF, RVEF, RV wall
thickness , es t imated PASP) or wal l s t ress (NT-
proBNP) did not correlate with Vs. Serum free light
chain levels were not also related to Vs. Median Vs
was similar between subjects with normal and abnormal
values of LVEF, RVEF, estimated PASP, and RV wall
thickness, in the active AL vs. remission group, and
between subjects with AL amyloid involvement of ≥ 3
or < 3 extra-thoracic organs (Table 2).

Independent predictors of Vs, the distribution volume
of specific binding of [18F]florbetapir in the lungs

We performed multiple linear regression analysis to determine
independent determinants of Vs. The model included

a

b

c

Fig. 4 Simplified quantitative metrics of [18F]florbetapir in the lungs
and their correlation with outcome of kinetic modelling. SUVmax,
target-to-blood ratio, and RI were strongly correlated with Vs
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significant univariable parameters, log LV SUVmax, RV up-
take, log troponin T, as well as the parameter of interest, name-
ly, LVEF. This model significantly predicted Vs (F = 3.978, r
= 0.570, p = 0.010). However, log LV SUVmax was the only
significant predictor of lung Vs (Table 3).

Comparing lung uptake of [ 11C]acetate to [18F]florbetapir

To further discriminate lung AL amyloidosis from heart fail-
ure (high filling pressures and/or slow pulmonary transit of
radiotracer), we analyzed a subset of 18 subjects who
underwent [11C]acetate and [18F]florbetapir scans (56% same
day studies, median 1 day apart). Visually, none of the 18
subjects had intense [11C]acetate lung uptake, despite four of
them showing intense [18F]florbetapir lung uptake suggesting

lung amyloidosis (Fig. 6). SUVmax of [11C]acetate lung up-
take in these four subjects was indistinguishable from the sub-
jects with no [18F]florbetapir lung uptake (1.1, IQR 0.8–1.7,
vs. 1.4, IQR 0.8–1.6, p = 0.959, Fig. 7). The discordant find-
ing of minimal [11C]acetate lung uptake in subjects with in-
tense [18F]florbetapir lung uptake further supports the notion
that intense lung uptake of [18F]florbetapir likely represents
lung amyloidosis.

Discussion

To our knowledge, our study is the first study to date to pro-
spectively evaluate for pulmonary AL amyloidosis using
[18F]florbetapir PET/CT. In this study of 58 subjects with
systemic AL amyloidosis and 10 control subjects, our findings
show that pulmonary [18F]florbetapir Vs, the distribu-
tion volume of [18F]florbetapir specific binding in the
lungs, derived from compartmental modelling, is sub-
stantially higher (3–30 fold) in subjects with AL amy-
loidosis compared to the control subjects, suggesting
specific binding to AL lung deposits. Vs was strongly
correlated with lung SUVmax and TBR, which were
me a s u r e d l a t e ( 5 0–90 m i n p o s t i n j e c t i o n o f
[18F]florbetapir). Notably, Vs was independently relat-
ed to LV SUVmax, a marker of cardiac AL deposition,
and not to LVEF, a marker of cardiac dysfunction.
Furthermore, on early phase images, increased lung up-
take of [11C]acetate might have suggested heart failure;
but none of the subjects with intense [18F]florbetapir
lung uptake showed increased [11C]acetate lung uptake.
Together, these findings support our hypothesis that in-
tense [18F]florbetapir lung uptake reflects binding to
pulmonary amyloid deposits rather than heart failure-
related lung tracer uptake. Importantly, our results show
that simpler metrics of SUVmax, TBR, and RI are reli-
able measures for assessment of AL lung involvement
in clinical practice.

Fig. 5 [18F]florbetapir imaging in AL amyloidosis and pleural
effusion.Axial fused [18F]florbetapir PET/CT images from three subjects
with right pleural effusion showed no significant pulmonary parenchymal

uptake (a), homogeneous intense uptake in the lungs (b), and intense
tracer uptake in the collapsed lung anterior to the pleural effusion on the
background of diffuse intense tracer uptake in the lung parenchyma (c)

Table 2 Summary of univariable predictors of distribution volume of
specific binding (Vs)

Variable Distribution volume of specific binding (Vs) p value

LVEF

Normal
Abnormal

1.12 (0.44–2.43)
1.76 (1.04–3.55)

0.103

RVEF

Normal
Abnormal

1.12 (0.53–2.59)
1.75 (0.91–3.55)

0.199

PASP

Normal
Abnormal

1.26 (0.56–2.34)
2.00 (0.27–6.72)

>0.99

RV wall thickness

Normal
Abnormal

1.24 (0.58–2.72)
1.41 (0.46–3.80)

0.732

Systemic AL status

In remission
Active

1.46 (0.61–2.27)
1.30 (0.56–3.40)

0.857

Extra-thoracic organ involvement

Less than 3
≥3

1.29 (0.57–2.43)
1.43 (0.64–3.80)

0.327

Values given as median (range). LV left ventricle,EF ejection fraction, RV
right ventricle, PASP pulmonary artery systolic pressure, AL light chain
amyloidosis
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Three forms of amyloidosis can be found in the lung: nod-
ular pulmonary amyloidosis, diffuse alveolar-septal amyloid-
osis, and tracheobronchial amyloidosis. The form that is most
commonly associatedwith systemic AL amyloidosis is diffuse
alveolar-septal amyloidosis, which typically involves all lobes

and is characterized by the presence of amyloid deposits in the
interstitium within the alveolar septa and vessel walls [23].
The PET/CT appearance of homogeneous [18F]florbetapir up-
take in the lung parenchyma in our subjects most closely re-
flects this histopathology. None of the subjects demonstrated
tracer-avid nodules in the lung parenchyma or airways which,
if present, would have suggested the nodular and tracheobron-
chial forms of amyloidosis.

We found that 21% of subjects with AL cardiac am-
yloidosis (either active or in remission) showed diffuse
mild [18F]florbetapir tracer uptake in the lungs and 15%
showed diffuse intense tracer uptake. These findings are
consistent with those of an autopsy series from Johns
Hopkins Hospital, in which 24% of patients with cardi-
ac amyloidosis were found to have moderate amyloid
involvement of the alveolar septa and/or pulmonary
vessels and 13% had severe amyloid involvement
[24]. Together, these findings imply that presence of
visually apparent pulmonary [18F]florbetapir uptake in

Table 3 Summary of multiple linear regression analysis for variables
predicting Vs

Beta 95% CI
Lower bound

p value

Log troponin T 0.191 −0.048–0.197 0.226

RV uptake (present or absent) −0.148 −0.269–0.133 0.495

LVEF % −0.078 −0.022–0.014 0.635

Log LV SUVmax 0.582 0.243–1.564 0.009

Model R = 0.570, F = 3.978, p = 0.010. β standardized beta coefficient,
RV right ventricular, EF ejection fraction, LV left ventricular, RI retention
index, SUV standardized uptake value,NT-proBNPN-terminal pro b-type
natriuretic peptide

Fig. 6 Discordant uptake of [11C]acetate and [18F]florbetapir in the
lungs. Early (2–6 min after injection of radiotracer) axial and coronal
images in one subject showed minimal lung uptake of [11C]acetate (Fig.
6a) despite intense lung uptake of [18F]florbetapir (Fig. 6b). We propose

that this discordant finding combined with high [18F]florbetapir Vs, the
distribution volume of [18F]florbetapir specific binding in the lungs de-
rived from compartmental modelling, suggests pulmonary AL
amyloidosis
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subjects with systemic AL amyloidosis indicates mod-
erate to severe amyloid involvement in the lungs.

The prevalence of pleural effusions in our study subjects
(40%) is higher than previously reported by Berk et al. (6–
18%) [25]. This difference can be explained by the selective
enrolment of subjects with cardiac involvement in our study
compared to that cohort. We did not detect tracer-avid pleural
nodularity in any subject with effusion, either because none of
the subjects had amyloid infiltration of the pleura or because
the pleural amyloid nodules were too small for detection by
PET.

Until now pulmonary amyloidosis could not be diag-
nosed pre-mortem; hence, its clinical significance has
not been established. Based on several studies [2,
26–28], it is generally believed to be rarely symptom-
atic and of little clinical consequence; however, some
studies have implied the opposite. In a 20-year review
at Boston Medical Centre of 76 patients with biopsy-
proven pulmonary amyloidosis, 71% had abnormal pul-
monary function test results, and approximately half
demonstrated restrictive pattern [29]. A study by
Mayo Clinic with complete survival data of patients
with biopsy-proven pulmonary amyloidosis reported
poor long-term outcome, with a median survival after
diagnosis of 16 months [30]. These findings imply a
wide spectrum of disease manifestation, ranging from
asymptomatic to life-threatening. Importantly, failure
to recognize a coexisting lung pathology in patients
with cardiac amyloidosis may lead to futile heart-
targeted therapy, such as over-diuresis, which can be
dangerous. Noninvasive detection of pulmonary amy-
loidosis , now avai lable for the f irs t t ime using

[18F]florbetapir PET/CT, will likely advance our under-
standing of this disease and improve management.

All the metrics used to evaluate pulmonary uptake of
[18F]florbetapir performed well. We find that measurement
of SUVmax of the lungs is a fast, simple, and reliable method
of quantifying pulmonary uptake of [18F]florbetapir. It is com-
parable to the more complex and time-consuming metric of
Vs which requires long scanning time in dynamic mode and
knowledge of kinetic modelling.

Other PET radiotracers had also been evaluated for diag-
nosis of systemic amyloidosis; for example, 2-deoxy-
2-[18F]fluoro-D-glucose ([18F]FDG) is widely available and
is shown to be helpful in distinguishing between localized
and systemic amyloidosis [31]. [18F]FDG is, however, limited
by relatively low sensitivity [32] as well as specificity [33] due
to tracer accumulation in other common conditions such as
neoplasm, infection, and inflammation. [18F]florbetapir has
the advantage of highly specific binding to amyloid fibrils
[34, 35] and does not require an on-site cyclotron unlike
[11C]-labeled Pittsburgh compound B (PiB).

A limitation of the study is the lack of histological
confirmation as gold standard to evaluate the diagnostic
performance of [18F]florbetapir PET/CT to identify pul-
monary amyloidosis. Lung/pleural biopsies are not
commonly performed clinically in AL amyloidosis,
and a correlative study with pulmonary histology is
likely not feasible. However, we were able to demon-
strate a 3 to 30-fold higher Vs in the AL cohort com-
pared to control cohort, strongly supporting the notion
of tracer binding to AL. AL lung activity can show
increased [18F]FDG uptake. However, unfortunately,
[18F]FDG PET was not performed for the study subjects
in this protocol. Our study used the 6-min walk test as a
measure of subjects’ functional capacity, which was not
significantly different between subjects with and with-
out pulmonary uptake of [18F]florbetapir. As a compos-
ite measure of cardiopulmonary fitness, the test is not
able to distinguish between a cardiac and respiratory
cause of subjects’ functional limitation. Future studies
with pulmonary function tests with DLCO and a pro-
spective study of a select group of patients with proven
lung involvement/diffuse interstitial lung pattern using
[18F]florbetapir PET will be critical to expand these
pilot results.

Conclusion

[18F]florbetapir PET/CT appears to be a promising noninva-
sive imaging approach to diagnose pulmonary involvement in
individuals with systemic AL amyloidosis. The clinical and
prognostic implications of pulmonary AL amyloidosis diag-
nosed by [18F]florbetapir warrant further study.
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Fig. 7 SUVmax values of [11C]acetate PET/CT and [18F]florbetapir
PET/CT. On the early images (2–6 min after injection of radiotracer),
subjects with intense visual lung uptake of [18F]florbetapir had
significantly higher [18F]florbetapir SUVmax values than subjects with
no uptake (1.5, IQR 1.1–3.2, vs 12.8, IQR 9.4–18.0, p < 0.001), but the
median [11C]acetate SUVmax of the lungs were similar in all subjects
(1.1, IQR 0.8–1.7, vs. 1.4, IQR 0.8–1.6, p = 0.959), suggesting
pulmonary AL amyloidosis. The median is shown. Each marker
corresponds with a single subject
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