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Abstract Cardiovascular disease is the leading cause of
global mortality, yet its early detection remains a vexing
problem of modern medicine. Although the computed
tomography (CT) calcium score predicts cardiovascular
risk, relatively high cost ($250–400) and radiation dose (1–
3 mSv) limit its universal utility as a screening tool. Dual-
energy digital subtraction radiography (DE; <$60,
0.07 mSv) enables detection of calcified structures with
high sensitivity. In this pilot study, we examined DE
radiography’s ability to quantify coronary artery calcifica-
tion (CAC). We identified 25 patients who underwent non-
contrast CT and DE chest imaging performed within
12 months using documented CAC as the major inclusion
criteria. A DE calcium score was developed based on pixel
intensity multiplied by the area of the calcified plaque. DE
scores were plotted against CT scores. Subsequently, a
validation cohort of 14 additional patients was indepen-
dently evaluated to confirm the accuracy and precision of
CAC quantification, yielding a total of 39 subjects. Among
all subjects (n=39), the DE score demonstrated a correla-

tion coefficient of 0.87 (p<0.0001) when compared with
the CT score. For the 13 patients with CT scores of <400,
the correlation coefficient was −0.26. For the 26 patients
with CT scores of ≥400, the correlation coefficient yielded
0.86. This pilot study demonstrates the feasibility of DE
radiography to identify patients at the highest cardiovascu-
lar risk. DE radiography’s accuracy at lower scores remains
unclear. Further evaluation of DE radiography as an
inexpensive and low-radiation imaging tool to diagnose
cardiovascular disease appears warranted.
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Introduction

Coronary heart disease (CHD) caused one in every six
deaths in the USA in 2006 [1]. The current prevention of
CHD centers on the identification of risk factors; however,
62.4% of patients with CHD have only zero or one risk
factor [2]. The Framingham risk score incompletely
assesses risk with a discriminant accuracy of approximately
75% [3].

Computed tomography (CT) has the ability to detect
coronary artery calcium (CAC) and has been shown to
provide incremental and independent prognostic value to
traditional risk factors [4, 5]. CAC has also proven to
incrementally add predictive information to the Framing-
ham risk score in diverse racial groups [6]. Although the
CT score has shown promise in predicting coronary events,
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its use as a screening tool remains controversial. Two
limiting factors include its significant cost ($250–400) and
relatively high ionizing radiation dose (1–3 mSv) [7, 8].
According to recent estimates, screening 50 million
individuals with CT scores as proposed by the Screening
for Heart Attack and Prevention and Education Taskforce
would lead to approximately 6,000 fatal malignancies
[9, 10].

Alongside many of the advancements in CT technology,
dual-energy subtraction digital radiography (DE) has shown
to be promise as a low radiation (0.07 mSv) and
inexpensive (<$60) technique that allows for enhanced
visualization of calcified structures over the past 30 years
[11–14]. Dual-energy subtraction uses digital processing
techniques that both subtract soft tissue structures and
optimize visualization of calcified structures, including
calcified atherosclerotic plaques. Applying dual-energy
subtraction techniques to digital fluoroscopy and real-time
video digital radiography, researchers have successfully
created methods of CAC quantification [15, 16]. However,
these techniques have variable and more extensive radiation
doses based on time of exposure. DE radiography’s ability
to quantify CAC in static chest radiographs of human
subjects has not been studied. This pilot study evaluates the
feasibility of DE radiography in quantifying CAC com-
pared with the established CT score in human subjects.

Materials and Methods

Study Design

We consecutively identified 25 patients with the following
inclusion criteria: all patients who underwent a non-
contrasted, non-electrocardiogram (ECG)-gated CT chest
study with documented CAC as well as a respective dual-
energy subtraction PA digital chest radiograph imaged
within 12 months of the CT between 2005 and 2008.
These DE scores (details on scoring below) were plotted
against their respective CT scores and a receiver operating
characteristic (ROC) analysis helped to determine three DE
score thresholds that predict a CT score of ≥400: one
maximizing positive predictive value (PPV), another
maximizing negative predictive value (NPV), and third
maximizing both. To confirm the accuracy and precision of
CAC quantification and the DE score thresholds, 14 more
patients with the same inclusion criteria as above were
identified independently as a validation cohort. This study
only included patients with positive CAC, and therefore
only evaluated DE’s ability to quantify, not detect, CAC.
Technical exclusion criteria included documented coronary
stent, exclusion of part of the heart on the CT scan, and the
presence of post-operative metallic staples. The study

protocol of this retrospective analysis was approved by
the local institutional review board.

Computed Tomography Protocol

A total of 39 multidetector computed tomography (MDCT)
chest studies imaged within 12 months of the respective DE
studies were analyzed. The CT exams were non-contrasted,
non-ECG-gated, and used 64-slice MDCT (Siemens AG).
The CT imaging protocols were fairly standard among all
subjects in the study. All CT protocols were reconstructed
at 2-mm thickness and 1-mm increment, and at a peak
voltage of 120 kV peak (kVp), which is standard at our
institution. The reconstruction filters were consistent at
b41f, which is also a standard chest soft tissue reconstruc-
tion characteristic. The milliamp-seconds (mAs) varied by
patient secondary to the use of CT dose modulation
techniques. The reference values for mAs ranged between
150 and 180. Finally, the collimation consisted of 16
detectors with 0.75-mm thickness.

CT Calcium Score

An analyst blinded to the DE scores confirmed the presence
of CAC and calculated the CT score. The analyst applied
the Agatston method [4] to the non-gated CT studies with
Siemens AG software. The analyst produced a total score as
well as individual scores divided into the four major
coronary arterial branches: left main, left anterior descend-
ing (LAD), left circumflex, and right coronary artery
(RCA).

DE Protocol

Patients were imaged using a direct digital radiography unit
(Revolution XRd, GE Healthcare). Using dual-energy
digital subtraction, a 60-kVp image is obtained first.
Following a 150-ms delay, a conventional 120-kVp image
is then performed [18]. Post-processing of the two images
produced a conventional 120-kVp image, a subtracted soft
tissue image (bone/calcium enhancing or DBone), and a
subtracted bone image (soft tissue enhancing or DSoft) [11,
12, 17]. All dual-energy subtraction processing techniques
were only performed on the standard posterior–anterior
position radiograph, which is identical in orientation and
positioning to the conventional posterior–anterior chest X-
ray. The lateral image remained only in its conventional
format, without dual-energy subtraction processing and was
not used in the analysis of this study. Because DE coronary
imaging is a new technique, delineating the four major
coronary branches on DE radiography has not yet been
validated by CT or angiography. Therefore, we compared
the total DE score with the total CT score. Based on our
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previous work [18, 19], we hope to eventually validate DE
coronary imaging with a per-vessel analysis.

DE Coronary Artery Calcium Quantification

The DE score can be defined as the area of the calcified
plaque multiplied by the mean pixel intensity of the
calcified plaque within the region of interest (ROI). Using
Analyze Software System (Copyright Mayo Clinic), a
cardiovascular imaging expert blinded to the DE and CT
scores independently drew ROIs around the suspected CAC
on the DBone (calcium enhancing) images. These ROIs
were confirmed by CT axial, coronal, and three-
dimensional reconstructions (Figs. 1 and 2). These ROI
object maps were then superimposed onto their respective
conventional radiograph and the Analyze software calcu-
lated the mean pixel intensity as well as the total area of
each ROI. Because DE images are two-dimensional,
background noise (including myocardium, ribs, and spine)
posed limitations in obtaining an accurate pixel intensity of
the calcified plaque. Based on previous research [13, 15],
we constructed an algorithm to resolve this limitation. By
increasing the area of the ROI by 10%, the ROI would
cover a thin halo of background noise in addition to the
calcified artery. Using the following variables, we designed
an equation to subtract background noise by using this thin
ring as an extrapolation of the background intensity.

Given,

NB Area of ROI (calcified plaque)
ĪB Mean pixel intensity of ROI
NA Area of scaled ROI (expanded 10% larger)
ĪA Mean pixel intensity of scaled ROI

Then,

(NB X
ĪB)

TB or total pixel intensity of ROI (calcified
plaque) and

(NA X
ĪA)

TA or total pixel intensity of scaled ROI

Next, we subtract the original ROI from the larger scaled
ROI to obtain only background (BG) total pixel intensity:

TA � TB ¼ TBG and TB � TBG ¼ TTrue

Patients with multiple and distinct calcified lesions had
separate ROIs, which were scored separately and summed
to yield a final score.

Statistical Analysis

The DE score was divided by 10 [5] to reduce the order of
magnitude to that comparable to the typical range of the CT
score. The test cohort of 25 was scored and rescored a
second time by analyst A to measure intra-observer

variability. To minimize bias from image recall, the second
iteration of DE scores were completed 6 months after the

Fig. 1 Detection of CAC by CT and DE: a CT coronal reconstruction
of CAC in the proximal LAD (white arrow). b Corresponding
standard PA radiograph suspicious for CAC (white arrow). c
Corresponding DE image demonstrating calcification in the region
of the LAD (black arrow)
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first iteration. The validation cohort of 14 was scored once
by analyst A and scored again by a second analyst B to
measure inter-observer variability. We also calculated the
individual correlation coefficients of the first and second
reads among both analysts. The final results comprise an
average of the first and second DE score readings.

The statistical analysis was conducted using SAS 9.1
(SAS Institute Inc, Cary, NC, USA), developed by Cytel
Software Corporation. PROC CORR was used to obtain the
Pearson’s correlation coefficients. To test for intra- and
inter-observer variability, PROC UNIVARIATE was uti-
lized to calculate the Wilcoxon’s signed-rank test and intra-
class correlation coefficients (ICC). PROC FREQ with the
AGREE option was used to obtain the kappa coefficients.
The ROC analysis was obtained by PROC LOGISTICS.

Results

Relevant demographic and clinical characteristics are out-
lined in Table 1. The average age was 71 years and risk
factors such as hypertension, smoking, and CHD were
prevalent in this elderly and predominantly Caucasian
cohort. The CT scores ranged from 3.3 to 8,899 with a
mean of 1,255 and a standard deviation of 1,761. The DE
scores ranged from 20 to 1,079, with a mean of 255 and a
standard deviation of 248.

Table 1 Characteristics of the study population

Variable All subjects (N=38)a

Age (year) 71±13

Gender (%)

Women 15 (38)

Men 24 (62)

Race (%)

Black 12 (31)

White 27 (69)

History of MI (%) 6 (16)

History of CHD (%) 15 (40)

History of stroke (%) 7 (18)

History of CABG (%) 11 (29)

Hypertension (%) 31 (82)

Dyslipidemia (%) 25 (66)

Plasma cholesterol (mg/dL)b

Total 157±45

LDL 88±32

HDL 46±15

Triglycerides 117±74

Use of lipid-lowering agent (%) 22 (58)

Current or former smoker (%) 21 (55)

Diabetes (%) 9 (24)

Peripheral vascular disease (%) 2 (5)

Chronic kidney disease (%) 12 (32)

a Incomplete data available on 1 of 39 patients (data based on n=38)
b Lipids were obtained on 56% of subjects and only 49% of subjects had
complete lipids drawn in this study

Fig. 2 Detection of CAC by CT and DE: a CT coronal reconstruction
demonstrating calcium in the LAD, which is marked by the white
arrow. The white arrowhead points to a pacer wire. b Corresponding
standard PA radiograph without CAC. The white arrowhead points to
a pacer wire. c Corresponding DE image demonstrating calcification
in the region of the LAD
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Test Cohort

The test cohort of 25 patients yielded a Pearson’s
correlation coefficient value of 0.89, p<0.0001 (Fig. 3a).
Because a CT score of ≥400 confers the highest CHD risk
(2.4% annual or 24% 10-year risk of myocardial infarction
or CHD death) [5], DE thresholds were investigated for the
prediction of a CT score of ≥400. An ROC analysis was
used to evaluate these thresholds. Because the majority of
study subjects had a CT score of ≥400, we chose a
threshold that maximized PPV. This threshold corresponded
to a DE score of ≥270 with a PPV of 100%, NPV of 56%,
sensitivity of 56%, and specificity of 100%. In order to
confirm the accuracy of CAC quantification, test inter-
observer variability of DE scoring, and confirm the validity
of the maximal PPV threshold DE score of ≥270, we
evaluated a second validation cohort.

Validation Cohort

The validation cohort of 14 patients yielded a correlation
coefficient value of 0.95, p<0.0001 (Fig. 3b). In the
validation cohort, analyst A’s DE scores confirmed the DE
threshold of ≥270 with a PPV of 100%, NPV of 40%,
sensitivity of 40%, and specificity of 100%. Analyst B’s
DE scores in the validation cohort also confirmed the DE
threshold of ≥270 with a PPV of 100%, NPV of 44%,
sensitivity of 50%, and specificity of 100%.

Total Cohort

Among all 39 patients in the total cohort, the DE scores
demonstrated a positive association with the CT scores with
a correlation coefficient value of 0.87, and a p value less
than 0.0001. In the total cohort, three different thresholds
that corresponded to a CT score of ≥400 were investigated.
The first threshold optimized positive predictive value or
specificity, the second optimized negative predictive value
or sensitivity, and the third maximized both positive and
negative predictive values (Table 2).

Correlation of DE Scores Versus CT Scores at Low
and High Scores

The accuracy of the algorithm at either higher or lower
scores was also investigated in the total cohort. For the 13
patients with CT scores of <400, the correlation coefficient
was −0.26. For the 26 patients with CT scores of ≥400, the
correlation coefficient was 0.86. Stratifying by DE scores
yielded the following: for the 25 patients with a DE score
of <270, the correlation coefficient was 0.51. For the 14
patients with a DE score of ≥270, the correlation coefficient
was 0.83.

Intra- and Inter-observer Variability

For the test cohort of 25 subjects, analyst A’s first read of
DE scores yielded a correlation coefficient of 0.88 when
compared with the CT scores. Analyst A’s second read
yielded R=0.89. For the validation cohort of 14 subjects,
analyst A’s read yielded R=0.96 and analyst B’s read
yielded R=0.91.

In the test cohort, a Wilcoxon signed-rank test (n=25)
between analyst A’s first and second scores yielded p=
0.91, suggesting no significant difference between the two
reads. An ICC between analyst A’s first and second scores
yielded 0.96 demonstrating high agreement. A kappa
coefficient measuring agreement with respect to a DE
threshold of ≥270 predicting a CT score of ≥400 yielded
0.92 indicating excellent agreement between analyst A’s
two sets of scores.

Fig. 3 Correlation of DE and CT scores: a. Test cohort DE score
versus CT score. The DE scores of the test cohort (n=25) are plotted
against their respective CT scores. b. Validation cohort DE score
versus CT score. The DE scores of the validation cohort (n=14) are
plotted against their respective CT scores
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In the validation cohort, a Wilcoxon’s signed-rank test (n=
14) between analysts A and B again demonstrated no
significant difference between the two analysts with a value
of p=0.81. An ICC analysis between analyst A and B also
showed high agreement with a value of 0.96. A kappa
coefficient measuring agreement with respect to a DE
threshold of ≥270 predicting a CT score of ≥400 yielded
1.0 indicating excellent agreement between the two analysts.

Discussion

This pilot study demonstrates the feasibility of DE
techniques to identify patients at the highest cardiovascular
risk. Recent cost-effective analyses have supported the use
of CT scores in screening asymptomatic individuals [20];
however, the precise utility of CAC screening awaits a
vigorous cost-effective analysis supported by prospective
randomized controlled trials [3]. Nonetheless, current
American Heart Association and the combined European
Society of Cardiac Radiology and North American Society
for Cardiovascular Imaging Guidelines have recognized the
incremental utility of CAC determination to the Framing-
ham score [5, 21]. Although DE’s role in lower scores
remains unclear, DE radiography may help to safely and
inexpensively risk-stratify patients at high cardiovascular
risk. These patients could avoid an unnecessary CT scan,
which would reduce the cost and radiation burden associ-
ated with CT.

Technical Considerations

The correlation between the DE and CT score is weakest at
CT scores of <400. Possibly, motion artifact and photon
scatter are more significant confounders in arteries with
smaller calcifications. Nevertheless, the DE score may only
crudely estimate low CAC scores, which may only allow
for divisions such as low or high plaque burden. Such
divisions could still remain clinically useful.

Another potential technical limitation regards the RCA,
which may project in front of the spine and impede CAC
detection. We calculated that the RCA contributed to 17%
of the total calcification quantified on CT. To test whether
difficulty visualizing the RCA on DE impedes accuracy, we
calculated the correlation using total CT scores that
excluded the RCA component. The R value for the total

cohort showed negligible difference (change from 0.87 to
0.86), suggesting that the limited visualization of the RCA
on DE imaging was not a significant factor in DE
quantification accuracy.

The influence of very high scores on the correlation
coefficient was also evaluated. By excluding patients with
CT scores of >2,000, the correlation coefficient remained
reasonably strong at 0.73. Additionally, we assessed the
influence of the noise correction algorithm on the DE
score’s accuracy. When we removed the noise correction
algorithm the relationship between the DE and CT scores
disappeared, which confirmed the necessity of the correc-
tion algorithm. Finally, variations in the noise correction
algorithm itself were evaluated. Although the 10% increase
in the ROI was arbitrarily chosen as the standard, rates
ranging from 5% to 20% increases were also tested,
resulting in no significant difference in score accuracy.

Variability in X-ray exposures may also affect the
accuracy of the DE score. Technical enhancements such
as using a metallic external standard of reference to
normalize exposure variabilities (as used in dual-energy
X-ray bone absorptiometry) may improve low DE score
accuracy [22]. Other strategies such as left-anterior-
oblique (LAO) projections to improve RCA visualization
and ECG gating and beta blockade to reduce motion
artifact may improve the accuracy of lower scores, and
such techniques are already under evaluation in our
ongoing prospective trial.

DE and the Risk Stratification of CHD

In a recent analysis, researchers found conventional
radiography lacking enough sensitivity and specificity to
detect CAC [23]. However, computed radiography, DE’s
predecessor, has been shown to detect the presence of CAC
with significantly higher sensitivity than conventional
radiography [24]. Our recent pilot study has also demon-
strated that DE radiography has better CAC detection
capability than conventional radiography [14].

DE radiography’s accuracy at high scores might play a
complementary role in current CHD screening efforts.
However, based on this preliminary data, DE radiography’s
role as a screening tool remains unclear, particularly for low
calcium scores. Choosing a lower threshold DE score of 29
in the ROC analysis allows for 100% sensitivity and a NPV
of 100% in predicting CT scores of <400, which may

DE threshold for CT score of ≥400 Sensitivity (%) Specificity (%) NPV (%) PPV (%)

Maximum PPV (≥270) 54 100 52 100

Maximum NPV (≥29) 100 23 100 72

Maximum PPV and NPV (≥130) 85 85 73 92

Table 2 Multiple DE thresholds
maximizing PPV, NPV, and
both
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contribute to reducing the burden of CT scans. Neverthe-
less, these preliminary thresholds must be validated by
large prospective trials using ECG gating and dual (PA and
LAO) projections. If confirmed by future trials, DE could
play an integral role in stratifying patients at high risk.

Study Limitations

The DE and CT scores were obtained from non-gated
studies. Non-gated images may limit the accuracy and
precision of the calculated DE or CT scores. However,
according to Wu et al., low-dose ungated multidetector CT
showed strong concordance of CT scoring when compared
with regular-dose ECG-gated multidetector CT (kappa
coefficient=0.89) [25]. Furthermore, a strong correlation
coefficient between DE and CT was noted among both
cohorts despite the lack of gating. Whether ECG gating
would increase the DE score’s sensitivity remains to be
determined. Moreover, all patients had a positive CT score,
which may have affected the overall predictive power of the
test, particularly for low DE scores. The impact of
including more patients without CAC is difficult to
determine at this time, but will be addressed in our ongoing
large prospective study. DE radiography’s capability in
CAC detection has been demonstrated in our previous work
[14]. Nonetheless, this paper is an initial pilot study, and
rigorous prospective trials are needed before DE radiogra-
phy can be validated for clinical use.

Conclusions

The results of this pilot study demonstrate the feasibility of
DE radiography to identify patients at the highest cardio-
vascular risk. DE radiography’s accuracy at lower scores
remains unclear. DE scoring also demonstrates excellent
reader agreement without significant intra and inter-
observer variability. Further evaluation of DE radiography
as an inexpensive and low-radiation imaging tool to
diagnose CHD appears warranted.
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