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Abstract
Objectives To evaluate myocardial enhancement of patients with
cardiac amyloidosis (CA) using computed tomography (CT).
Methods Thirteen patients with CA and 11 control patients were
examinedwith first-pass and delayed CTacquisition. A qualitative
and quantitative analysis of images was performed. Myocardial
attenuation, myocardial signal-to-noise ratio (SNRmyoc), blood
pool SNR (SNRblood), contrast-to-noise ratio between blood pool
and myocardium (CNRblood-myoc) and relative attenuation index
(RAI) defined as variation of myocardial attenuation between de-
layed and first-pass acquisitions were calculated.
Results Two false negative cases (15 %) and three false pos-
itive cases (27 %) were detected on qualitative analysis.
SNRmyoc of patients with CAwas significantly (p<0.05) low-
er on first-pass (4.08±1.9) and higher on delayed acquisition

(7.10±2.7) than control patients (6.1±2.2 and 5.03±1.8, re-
spectively). Myocardial attenuation was higher in CA (121±
39 HU) than control patients (81±17 HU) on delayed acqui-
sition. CNRblood-myoc was significantly (p<0.05) lower in CA
(1.51±0.7) than control patients (2.85±1.2) on delayed acqui-
sition. The RAI was significantly (p<0.05) higher in CA (0.12
±0.25) than in control patients (−0.56±0.21).
Conclusion Dual phase MDCT can detect abnormal myocar-
dial enhancement in patients with CA.
Key points
•CTcan detect abnormal first-pass and delayed enhancement
in cardiac amyloidosis.

•Measurement of relative myocardial enhancement between
acquisitions helps to detect cardiac amyloidosis.

•CTmay provide useful data to diagnose cardiac amyloidosis.
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Abbreviations
CA Cardiac amyloidosis
CNR Contrast-to-noise ratio
CT Computed tomography
LGE Late gadolinium enhancement
MDCT Multidetector computed tomography
RAI Relative attenuation index
SNR Signal-to-noise ratio

Introduction

Amyloidosis is a group of uncommon systemic diseases char-
acterized by the extracellular deposition of insoluble fibrillar
amyloid proteins [1]. Cardiac involvement is not uncommon
in this disease setting—it is encountered in approximately
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50 % of patients with the light-chain amyloidosis (AL) form—
and is an adverse prognostic marker [2, 3]. Cardiac MRI is a
powerful noninvasive technique to identify cardiac amyloidosis
(CA) [4]. Amyloid infiltration results in expansion of the extra-
cellular space and modification of gadolinium distribution ki-
netics leading to accumulation of contrast medium within the
myocardium. Thus, many studies have reported a characteristic
global subendocardial or diffuse transmural pattern on late gad-
olinium enhancement (LGE) MRI sequences [5–8].
Nevertheless, MRI is limited by the inability to image patients
with pacemakers or implanted cardioverter-defibrillators.

Cardiac CT is used worldwide to noninvasively assess the
anatomy of coronary vessels on first-pass acquisition [9, 10].
In addition, several studies have reported that delayed
contrast-enhancement multidetector CT (MDCT) acquisition
could provide interesting insights into myocardial viability
[11–15], fibrosis [16] or inflammation [17] because the iodin-
ated contrast agent accumulates in damaged myocardial tissue
in a similar manner to gadolinium chelates. We hypothesized
that cardiac MDCT could detect abnormal myocardial en-
hancement in patients with CA. We conducted a single-
centre prospective study to compare myocardial enhancement
in patients with CAwith a group of control subjects using both
first-pass and delayed contrast-enhanced MDCT acquisitions.

Materials and methods

Patients

The study was approved by our local research ethics commit-
tee and each included patient provided written informed con-
sent. From January 2012 through January 2013, all 24 patients
with systemic amyloidosis and CAwere invited to participate.
Exclusion criteria were irregular cardiac rhythm (n=5), renal
insufficiency (n=3) and the usual contraindication to MRI (n
=3; claustrophobia). Thirteen patients were finally included.
All of them had a histologically confirmed systemic amyloid-
osis: six patients had a transthyretin familial amyloidosis (FAP
ATTR), five an AL amyloidosis and two a senile systemic
amyloidosis. In all these patients, CA diagnosis was assessed
on cardiac MRI that evidenced thickening of the cardiac wall
(greater than 12 mm for the left ventricle) and diffuse myo-
cardial enhancement on LGE sequences. An endomyocardial
biopsy was performed in eight of the 13 patients (61 %) and
pathological analysis confirmed CA in all eight patients. Mean
left ventricular ejection fraction (LVEF) of the patients was
56.1±11 % (39–76). In addition, 21 consecutive control pa-
tients referred for exploration of atypical chest pain were con-
sidered for inclusion. Of these, six were excluded because of
potential lesions on the coronary arteries or myocardium due
to known cardiovascular disease (n=3); arterial hypertension
(n=2); or diabetes mellitus (n=1). The remaining 15 control

patients were included. All the patients with CA and control
patients had a normal kidney function.

MDCT examination

MDCTwas performed in all the patients with CA 3±2 days after
cardiac MRI using a 64-detector CT (HD 750; General Electric,
MI, USA). The average heart rate during the acquisitionwas 63±
10 bpm (range, 53–82 bpm). A prospective ECG triggering was
used to reduce X-ray exposure. Gantry rotation time was 330 ms
and a 64×1.25-mm-wide detector collimation was used. Tube
voltage was 100 kVp and tube current was 400 mA. The first-
pass contrast-enhanced acquisition was performed after injection
of 1.5 mL/kg of contrast medium (Iomeprol 400; Bracco
Imaging, France) flushed by saline. The delayed contrast-
enhancement acquisition was performed 5 min after injection
using the same parameters. The control patients were explored
using the same MDCT protocol. Four control patients were ex-
cluded because of atherosclerotic lesions on coronary arteries on
first-pass imaging (n=3) or suspicion ofmyocardial infarction on
delayed contrast-enhanced images (n=1). Images of the remain-
ing 11 patients were analysed. Dose–length product (DLP) was
recorded for all patients.

CT image analysis

All images were analysed on a dedicated station (ADW 4.6;
General Electric, MI, USA).

Qualitative analysis

All the CT images were anonymously reviewed in consensus
by two of the authors (CM and JFD). The reviewers indepen-
dently evaluated three regions: the left ventricle, the right ven-
tricle and the atria. Each region was ranked between 1 and 3
depending on the likely presence of cardiac amyloidosis (1,
normal; 2, doubtful; and 3, positive). Criteria taken into ac-
count for the diagnosis of cardiac amyloidosis were abnormal
enhancement of the wall of the left ventricle, right ventricle
and atria between first-pass and delayed images; a narrowing
of contrast between blood and the left ventricle, right ventricle
and atria on delayed images; and a thickening of the wall of
the left ventricle, right ventricle and atria. A global score was
also provided for each patient: normal (1), doubtful (2) or
positive (3) regarding the diagnosis of cardiac amyloidosis.

Quantitative analysis

Thickness of septum, lateral, inferior and anterior walls of the
left ventricle (LV) were measured for all patients and control
subjects on a multiplanar reconstruction of first-pass images
performed in the mid-short axis plane of the heart. Endo- and
epicardial boundaries of the LV were manually defined for all
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the patients with CA and the control patients in all contiguous
slices of the first-pass and delayed images by one operator
(CM). Mean attenuation (Hounsfield unit, HU) of the LV
myocardium was automatically calculated by the station at
the end of the contouring on first-pass and delayed images.
In addition, regions of interest (ROIs) of at least 20 mm2 were

placed in the left ventricular cavity and in the air outside the
patient on both sets of images to calculate blood pool attenu-
ation (HU), myocardial signal-to-noise ratio (SNRmyoc), blood
pool SNR (SNRblood) and contrast-to-noise ratio (CNR) be-
tween blood pool and myocardium (CNRblood-myoc), using the
following formulae:

& SNRmyoc ¼ mean attenuation of the myocardium=standard deviation of attenuation of the air

& SNRblood ¼ mean attenuation of the blood=standard deviation of attenuation of the air

& CNRblood−myoc ¼ mean attenuation of blood pool−mean attenuation of theð
myocardiumÞ=standard deviation of attenuation of the air

Lastly, a relative attenuation index (RAI), defined as
the variation of myocardial attenuation between delayed

and first-pass acquisitions, was calculated using the fol-
lowing formula:

RAI ¼ myocardial attenuation on delayed acquisition−myocardial attenuation on first−passð
acquisitionÞ=myocardial attenuation on delayed acquisition

MR image analysis

All LGE MR images acquired in the short axis plane were
analysed on a dedicated station (ADW 4.6; General Electric,
MI, USA).

Qualitative analysis

As for the CT analysis, all LGE images were anonymously
reviewed by the same two authors (CM and JFD). Reviewers
evaluated enhancement of the left ventricle, right ventricle and
atria and each region ranked from 1 to 3 (1, normal; 2, doubt-
ful; and 3, positive). Criteria taken into account for LGE di-
agnosis of CAwere abnormal enhancement associated with a
thickening of the wall of the left ventricle, right ventricle and
atria. A global score was also provided for each patient: nor-
mal (1), doubtful (2) or positive (3).

Quantitative analysis

Endo- and epicardial boundaries of the LV were manually
defined for all the patients with CA in all contiguous slices
of the short axis LGE images (CM). Mean signal intensity (SI)
of LVmyocardiumwas automatically calculated by the station
at the end of the contouring on MR images. In addition, ROIs

of at least 20 mm2 were placed in the air outside the patient to
calculate myocardial signal-to-noise ratio (SNRmyoc-MRI).

Statistical analysis

Continuous variables are expressed as mean±standard deviation.
A non-parametric Mann–Whitney test was used to compare
quantitative data because of the low number of subjects.
Receiver operating characteristic (ROC) analysis, with corre-
spondingmeasures of statistical uncertainty (i.e. 95% confidence
intervals), was applied to the RAI. A ROC curve was used to
identify the cut-off value of myocardial signal for cardiac in-
volvement. The cut-off for myocardial signal was determined
using Youden’s test. Sensitivity and specificity were calculated
using the thresholds previously defined. Spearman’s correlation
was performed between myocardial attenuation and wall thick-
ness. Data were considered significant if p<0.05. Analyses were
performed using SPSS 16.0 software (SPSS Inc., Chicago, IL).

Results

The characteristics of the patients with CA and the control
patients are presented in Table 1. Age and sex ratio were not
significantly different between the groups. Mean New York
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Heart Association (NYHA) functional class was higher in the
patients with CA than in control subjects. Patients with CA
were more frequently treated with β-blockers and
angiotensin-converting enzyme (ACE) inhibitors than the
control subjects. The mean LVEF of patients with CA calcu-
lated on MRI was in the normal range.

Qualitative analysis

Among the 13 patients with CA, CT was considered as posi-
tive, doubtful or negative in seven (54%), four (31%) and two
(15 %) patients, respectively. For patients attributed a positive
or doubtful ranking, the left ventricle was always found to be
involved (i.e. a score of 1 for all 11 patients). The right ven-
tricle was ranked as positive in one (8 %) patient and doubtful
in another (8 %). Atria involvement was ranked as positive in
two (15 %) patients and doubtful in one (8 %). In the 11
control patients, zero (0 %), three (27 %) and eight (73 %)
patients were ranked as positive, doubtful or negative, respec-
tively. As for the patients with CA, all three patients with a
doubtful ranking had left ventricular involvement. The right
ventricle and atria were normal in all control subjects.

Qualitative analysis of theMR images resulted in a positive
ranking for all the patients with CA, and the left ventricle was
always involved. The right ventricle was ranked as positive or
doubtful in three (23 %) and three (23 %) patients, respective-
ly. The atria were frequently involved: positive or doubtful in
eight (61 %) and two (15 %) patients, respectively.

Quantitative analysis

Mean DLP values were 228±94 and 193±65 mGy cm, respec-
tively for the patients with CA and the control patients (p=0.3,
NS). The patients with CA exhibited significantly higher LV
wall thickness than the control patients (Table 2).

On first-pass CT images, the patients with CA exhibited a
significantly lower SNRmyoc than the control subjects (Table 3).
Myocardial attenuation was non-significantly lower in the pa-
tients with CA (p=0.1). Blood pool attenuation, SNRblood and
CNRblood-myoc were in the same range for both groups. On
delayed CT images (Table 4), myocardial attenuation and
SNRmyoc were significantly higher in the patients with CA than
in the control patients. Blood pool attenuation and SNRblood

were in the same range for both groups and consequently
CNRblood-myoc was significantly lower in the patients with
CA. Themean value of the RAI was 0.12±0.25 in patients with
CA. It was positive in all but two and reflected the increase in
myocardial attenuation between first-pass and delayed images.
In contrast, all the control patients exhibited a negative value of
the RAI (mean value −0.56±0.21) because their myocardial
attenuation decreased between first-pass and delayed acquisi-
tions. It was statistically (p<0.05) lower than that of the patients
with CA. Images of patients with CA and control patients are
reported in Figs. 1, 2 and 3.

On quantitative MR images analysis, mean SI and
SNRmyoc-MRI of patients with CAwere 28.4±11 (14–53) and
27.03±24 (6.2–92.4), respectively.

The ROC curve and Youden’s test identified an optimal
threshold of −0.32 for the relative attenuation index (AUC, 1;
95 % CI [1]; p=0.0001) as the best threshold for predicting
cardiac involvement on MDCT. Sensitivity and specificity of
the −0.32 threshold value to predict cardiac involvement were
100 % and 100 %, respectively. Weak but significant negative
correlations were observed betweenmyocardial attenuationmea-
sured on first-pass images and anterior wall thickness (r=−0.46;
p=0.03), inferior wall thickness (r=−0.45; p=0.04), interventric-
ular wall thickness (r=−0.43; p=0.05) and lateral wall thickness
(r=−0.66; p=0.002). No significant correlation was detected

Table 1 Characteristics of the 13 patients with cardiac amyloidosis and
11 control patients

Patients with cardiac
amyloidosis

Control
patients

P value

Age (years) 65±11 61±10 0.3

Men (%) 9 (70) 6 (55) 0.2

NHYA functional class 2.2 (1–4) 1

Signs of cardiac
amyloidosis on EKGa

2 (15) NA

Medications

Beta blockers 6 (46) 0 (0)

ACE inhibitor 5 (38) 0 (0)

LVEFb (%) 56.1±11 (39–76) NA

Familial amyloidosis 6 (46) NA

AL amyloidosis 5 (38) NA

Senile amyloidosis 2 (16) NA

Data are mean±SD or number (%)

NA not applicable, ACE angiotensin-converting enzyme, LVEF left ven-
tricular ejection fraction, NYHA New York Heart Association
aMicrovoltage (<5 mm on all leads) or Q waves
bMeasured on cardiac MRI

Table 2 Thickness of the left ventricular wall in the 13 patients with
cardiac amyloidosis and in the 11 control patients

Patients with cardiac
amyloidosis

Control patients P value

Anterior wall
thickness (mm)

10.5±3 6.3±1 0.003

Inferior wall
thickness (mm)

10.1±3 6.5±1 0.006

Interventricular wall
thickness (mm)

16.8±5 10.5±3 0.005

Lateral wall
thickness (mm)

11.2±3 7.5±2 0.007

Data are mean±SD
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between myocardial attenuation measured on delayed enhanced
images and wall thickness. No significant correlation was found
between MR parameters reflecting myocardium signal on LGE
images (SI and SNRmyoc-MRI) and CT parameters. LVEF was
weakly correlated with CNRblood-myoc (r=0.56; p=0.06).

Discussion

We report here that quantitative analysis of myocardial en-
hancement of patients with CA exhibits significant differences
compared with control patients: (1) On first-pass images, the
myocardial signal-to-noise ratio (SNRmyoc) of the patients
with CAwas significantly lower than that of the control sub-
jects. (2) On delayed images, the patients with CA exhibited a
significantly higher myocardial attenuation and myocardial
SNR (SNRmyoc), and less difference in contrast between myo-
cardium and blood pool (CNRblood-myoc). (3) The variation of
myocardial attenuation between delayed and first-pass acqui-
sitions was positive for the patients with CA and negative for
the control patients. Qualitative analysis of CT images would
appear to be less accurate than quantitative measurements to
detect or rule out cardiac amyloidosis.

Several studies have evaluated the performance of delayed
MDCT in detecting myocardial infarction [11–13], acute
myocarditis [17] and fibrosis [16], but to the best of our
knowledge none have evaluated myocardial enhancement in
patients with CA. CA occurs following interstitial deposit of
amyloid proteins resulting in an enlargement of the extracel-
lular space [18, 19]. Gadolinium chelates are non-specific
contrast agents that concentrate in the extravascular space
[20, 21]. Their accumulation within the enlarged extracellular
space of amyloid myocardium has been reported to be the
main reason explaining LGE observed on MRI in cardiac
amyloidosis [22]. Similarly, iodinated contrast agents are
non-specific contrast agents that diffuse in the extracellular
space after intravascular injection [23]. As reported by
Gerber et al. [12] in a study comparing delayed MDCT and
MRI aspects of myocardial infarcts in animals, gadolinium
chelates and iodinated contrast agents have similar pharmaco-
kinetic behaviour and distribution volume. We therefore as-
sume that the highmyocardial attenuation that we observed on
delayed MDCT images in the patients with CA was most
probably due to an accumulation of iodinated molecules in
the enlarged extracellular space volume of the amyloid heart
as for gadolinium chelates on MRI.

On delayed acquisition, the myocardial attenuation of pa-
tients was increased in patients with CA and was associated

Table 3 Myocardial and blood pool attenuation, SNRmyoc, SNRblood

and CNRblood-myoc in the 13 patients with cardiac amyloidosis and in the
11 control patients on first-pass CT images

Patients with
cardiac amyloidosis

Control
patients

P value

Myocardial attenuation (HU) 104±29 128±37 0.1

Blood pool attenuation (HU) 561±172 534±208 0.7

SNRmyoc 4.08±1.9 6.1±2.2 0.04

SNRblood 21.9±10 25.2±11 0.5

CNRblood-myoc 17.9±9 19.0±9 0.8

Data are mean±SD

HU Hounsfield unit

Table 4 Myocardial and blood pool attenuation, SNRmyoc, SNRblood,
CNRblood-myoc and relative attenuation index (RAI) in the 13 patients with
cardiac amyloidosis and in the 11 control patients on delayed CT images

Patients with cardiac
amyloidosis

Control
patients

P
value

Myocardial
attenuation (HU)

121±39 81±17 0.005

Blood pool attenuation
(HU)

148±42 129±33 0.2

SNRmyoc 7.10±2.7 5.03±1.8 0.04

SNRblood 8.62±3.0 7.89±2.9 0.5

CNRblood-myoc 1.51±0.7 2.85±1.2 0.004

RAI 0.12±0.25 −0.56±0.21 0.04

Data are mean±SD

HU Hounsfield unit

Fig. 1 LGEMR images acquired in the four chamber (a) and in the short
axis (b) planes showed heterogeneous myocardial enhancement of the left
ventricle (arrowheads), right ventricle (arrows) and atria (double arrow)
in one patient with CA. First-pass MDCT images (c) of the patient
evidenced a global left ventricular thickening. On delayed MDCT
images (d) a reduction of contrast between interventricular septum
(arrowheads) and left ventricular blood (star) was detected. The
myocardial SNRs were 3.3 and 11.5, respectively, for the first-pass and
the delayed acquisition. The relative attenuation index was positive (0.28)
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with a reduction in contrast between blood pool and myocar-
dium (CNRblood-myoc). This could be of interest to identify an
infiltrative disease within the myocardium. In contrast, we
found that the myocardial attenuation of patients with CA
tended to be lower than in control subjects on first-pass im-
ages. This suggests that accumulation of iodinated contrast
agent within the amyloid myocardium is a progressive phe-
nomenon and it takes a while to fill the increased extracellular
volume space. This would explain why we found less en-
hancement of the myocardium on first-pass images in patients
with CV compared with control subjects. The negative corre-
lation that we found between LV wall thickness and first-pass
myocardial enhancement reinforces this hypothesis: the great-
er the cardiac thickness, the longer the myocardium enhance-
ment time. Interestingly, we noticed that patients with CA and
control patients exhibited opposite variations of myocardial
attenuation between MDCT acquisitions: myocardial at-
tenuation increased between first-pass and delayed ac-
quisitions in patients with CA in contrast to control
patients in whom attenuation decreased. These differ-
ences reflect modifications of the kinetics of the iodine
agent. Thus, we hypothesize that a combined index in-
cluding both first-pass and delayed myocardial indices—
the relative myocardial attenuation index—could be of
interest to identify patients with CA.

Qualitative analysis of CT images showed that the diagno-
sis of CA was difficult to rule out in a significant number of
cases. In addition, qualitative analysis was not sensitive
enough to detect CA and a number of patients (31 %) were
ranked as doubtful despite a control group that did not exhibit
significant thickening of the cardiac wall. It is likely that the
detection of subjects with CA would have been lower if the
control group had included patients with other causes of hy-
pertrophic left ventricular wall. Comparison of MR and CT
images of patients with CA revealed a higher frequency of
atria involvement on MR images than on CT images.
Despite the possibility of false positive cases on MR images,
such data are not surprising and suggest that MRI is more
accurate than CT because of its higher signal resolution.

Our study had several limitations which deserve to be men-
tioned. First of all, the number of included patients was low and
our results should thus be interpreted with caution. Further stud-
ies with a larger population are needed to confirm these prelim-
inary results. Second, all included patients with CA had a typical
CAwith left ventricular thickening and diffuse myocardium en-
hancement. We did not evaluate other MR aspects of CA with
subendocardial or a focal enhancement that have been previously
described [5, 7]. Thirdly, other causes of left ventricular hyper-
trophy such as systemic hypertension or valvular disease with
potential modification of myocardial attenuation (for instance

Fig. 2 Another example of diffuse myocardial enhancement of the left
ventricle (arrowheads), right ventricle (arrows) and atria (double arrow)
associated with diffuse thickening of cardiac wall detected on four
chamber (a) and short axis (b) LGE images in one patient with CA. A
thickening of the left ventricular wall was detected on visual analysis of
first-pass MDCT images (c). On delayed MDCT images a low contrast
between interventricular septum (arrowheads) and blood pool (star) was
observed. The myocardial SNRs were 2.7 and 11.4, respectively, for the
first-pass and the delayed acquisition. The relative attenuation index was
positive (0.30). Note that the patient with CA also exhibited a thickening
of the right ventricular wall and the interatrial septum

Fig. 3 Examples of first-pass (a, c) and delayed (b, d) MDCT images of
two control patients (top row patient 1, bottom row patient 2). The control
patients had higher first-pass myocardial SNR (6.7 and 5.9, respectively,
for patients 1 and 2) than patients with CA presented in Figs. 1 and 2. In
contrast, delayed myocardial SNRs of control patients were lower (5.4
and 3.9, respectively, for patient 1 and 2) than patients with CA presented
in Figs. 1 and 2. Both control patients had a negative relative attenuation
index (−0.86 and −0.50, respectively, for patient 1 and 2). On delayed
MDCT images (b, d), note the relatively good contrast between
interventricular septum (arrowheads) and blood (star) compared with
patients with CA presented in Figs. 1 and 2
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because of fibrosis) were not evaluated. Furthermore, delayed
acquisition was measured after a 5-min interval as previously
reported [24], but other authors have used a 10-min interval for
delayed acquisition [12]. In the same way, we did not used a low
setting of tube voltage (80 kV) on delayed acquisition, as usually
performed, in order to be able to compare myocardial attenuation
between first-pass and delayed acquisitions. Finally, although we
did not use dual source or multispectral techniques that can im-
prove the differentiation of attenuation between structures using
low kVimages [25], this could have been of interest in our study.

Conclusion

Myocardial signal-to-noise ratio in our patients with CA was
lower on first-pass MDCT acquisition and higher on delayed
MDCT acquisition compared with control patients. Mean per-
centage of variation of myocardial attenuation between delayed
and first-pass MDCT acquisitions was positive in patients with
CA and negative in control patients. Qualitative analysis would
appear to be less accurate than quantitative parameters to detect
CA. All in all, our results suggest that quantitativeMDCTmea-
surements could be of interest in the detection of CA.
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