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Conclusion:

©RSNA, 2012

To develop and validate a technique for near-automated
definition of myocardial regions of interest suitable for
perfusion evaluation during vasodilator stress cardiac
magnetic resonance (MR) imaging.

The institutional review board approved the study pro-
tocol, and all patients provided informed consent. Image
noise density distribution was used as a basis for endocar-
dial and epicardial border detection combined with non-
rigid registration. This method was tested in 42 patients
undergoing contrast material-enhanced cardiac MR im-
aging (at 1.5 T) at rest and during vasodilator (adenosine
or regadenoson) stress, including 15 subjects with normal
myocardial perfusion and 27 patients referred for coro-
nary angiography. Contrast enhancement-time curves
were near—automatically generated and were used to cal-
culate perfusion indexes. The results were compared with
results of conventional manual analysis, using quantitative
coronary angiography results as a reference for stenosis
greater than 50%. Statistical analyses included the Stu-
dent t test, linear regression, Bland-Altman analysis, and
K statistics.

Analysis of one sequence required less than 1 minute and
resulted in high-quality contrast enhancement curves both
at rest and stress (mean signal-to-noise ratios, 17 * 7
[standard deviation]| and 22 * 8, respectively), showing
expected patterns of first-pass perfusion. Perfusion in-
dexes accurately depicted stress-induced hyperemia (in-
creased upslope, from 6.7 sec™! *+ 2.3 to 15.6 sec™! =
5.9; P < .0001). Measured segmental pixel intensities cor-
related highly with results of manual analysis (r = 0.93).
The derived perfusion indexes also correlated highly with
(r up to 0.94) and showed the same diagnostic accuracy as
manual analysis (area under the receiver operating char-
acteristic curve, up to 0.72 vs 0.73).

Despite the dynamic nature of contrast-enhanced image
sequences and respiratory motion, fast near-automated
detection of myocardial segments and accurate quantifica-
tion of tissue contrast is feasible at rest and during vaso-
dilator stress. This technique, shown to be as accurate as
conventional manual analysis, allows detection of stress-
induced perfusion abnormalities.

©RSNA, 2012

Supplemental material: http://radiology.rsna.org/lookup
/suppl/doi:10.1148/radiol. 12112475/-/DC1
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agnetic resonance (MR) imag-

ing is increasingly used clin-

ically to assess myocardial
perfusion (1,2). Recent studies (3,4)
suggest that the diagnostic accuracy
of this method is comparable to or
even better than that of single pho-
ton emission computed tomography
(SPECT). One advantage of contrast
material-enhanced cardiac MR imag-
ing over SPECT is that it lends itself to
quantitative measurement of first-pass
myocardial perfusion (5-7). However,
this approach relies on the definition of
myocardial regions of interest (ROIs),
which is usually achieved by manual
tracing in one frame and then adjust-
ing ROI position on subsequent frames
to compensate for cardiac translation
(8-12). This tedious, time-consuming,
and subjective method has been hin-
dering the widespread clinical appli-
cation of cardiac MR imaging-bhased
quantification of myocardial perfusion.

Advances in Knowledge

B Fast near-automated segmenta-
tion of cardiac MR images using
analysis of noise distribution and
spatial registration is feasible,
requires less than 1 minute per
image sequence, and results in
myocardial regions of interest
similar to those obtained by
using the time-consuming multi-
frame manual tracing technique.

B The identified myocardial seg-
ments are suitable for semiquan-
titative analysis of perfusion and
result in high-quality contrast
enhancement curves that clearly
depict expected patterns of first-
pass perfusion both at rest and
during vasodilator stress.

B Comparisons against invasive
coronary angiography results as
a reference standard showed that
perfusion indexes derived from
the near—-automatically generated
curves identified significant coro-
nary stenoses with at least the
same accuracy (sensitivity, 90%;
specificity, 83%) as the manual
analysis (sensitivity, 86%; speci-
ficity, 50%).

However, development of automated
techniques has been difficult because of
the relatively low spatial resolution and
high noise levels, combined with the ex-
treme frame-to-frame changes in both
the brightness of different image com-
ponents and the changing position and
shape of the myocardial ROIs because
of out-of-plane motion (13-15).

Recently, analysis of image noise
density distribution proved a useful tool
for automated dynamic detection of the
left ventricular (LV) endocardial bound-
ary throughout the cardiac cycle (16).
We hypothesized that this approach
could be used as a basis for near-auto-
mated definition of myocardial ROIs on
first-pass perfusion cardiac MR images,
a far more difficult problem to solve.
Accordingly, our goal was to develop
and validate a technique for near-au-
tomated definition of myocardial ROIs
suitable for perfusion quantification
during vasodilator stress cardiac MR
imaging.

Materials and Methods

The study was funded in part by a
research grant from Astellas Pharma
(Deerfield, 1), which covered regad-
enoson, as well as the cost of the imag-
ing studies. The authors had full control
of the data and of the information sub-
mitted for publication.

Study Design

Validation of our technique was achieved
by (a) testing the ability to obtain con-
trast enhancement curves suitable for
perfusion evaluation in patients under-
going vasodilator stress cardiac MR
imaging and to detect stress-induced
hyperemia in subjects without obstruc-
tive coronary artery disease (CAD), (b)

Implication for Patient Care

® The largely automated nature of
our analysis combined with its
high speed and high diagnostic
accuracy support routine clinical
use of cardiac MR imaging-based
quantification of myocardial per-
fusion at rest and during vasodi-
lator stress.

comparing the near-automatically gen-
erated contrast enhancement curves
and perfusion indexes against those ob-
tained by manual tracing, (¢) compar-
ing the diagnostic accuracy of the near—
automatically and manually derived
perfusion indexes using quantitative
coronary angiography results as the ref-
erence for the presence of obstructive
CAD, and (d) comparing the accuracy
of both the near-automated and man-
ual techniques against visual interpre-
tation. Accordingly, two separate pro-
tocols were carried out. In protocol A,
to achieve goal a, we used contrast-en-
hanced cardiac MR images obtained in
patients with normal perfusion. In pro-
tocol B, to achieve goals b-d, we used
images acquired in patients suspected
of having CAD who were referred for
coronary angiography.

Population

We studied 42 patients who under-
went contrast-enhanced cardiac MR
imaging. These patients
lected from among 61 relevant can-
didates. Exclusion criteria were as
follows: standard contraindications to

were se-
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Abbreviations:

AUC = area under the ROC curve

CAD = coronary artery disease

LV = left ventricle

ROC = receiver operating characteristic
ROI = region of interest

SNR = signal-to-noise ratio
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cardiac MR imaging with gadolinium
enhancement, such as claustrophobia
(n = 2) and implanted devices (eg,
pacemakers, defibrillators) or surgi-
cal clips (a total of four patients were
excluded), and contraindications to
vasodilator agents, including chronic
obstructive pulmonary disease (n = 3)
and heart block (n = 2). Patients were
also excluded if they had experienced
a recent myocardial infarction (n = 3)
or were older than 85 years of age (n
= 3). Patients were asked to avoid B-
blockers, nitrates, and caffeine before
their stress cardiac MR imaging study.
The institutional review boards of the
University of Chicago and the Univer-
sity of Virginia approved the study
protocol, and all patients provided in-
formed consent.

Protocol A was performed at the
University of Chicago and included
15 adult subjects (mean age, 56 years
+ 15 [standard deviation]|; nine men
[mean age, 57 years * 14| and six
women [mean age, 54 years = 15]; P
> .03, Student t test) in whom CAD
was ruled out by the absence of visu-
ally apparent perfusion abnormalities
or late gadolinium enhancement. Pro-
tocol B was performed at the Univer-
sity of Virginia and included 27 pa-
tients (mean age, 64 years * 13; 20
men [mean age, 62 years = 12] and
seven women [mean age, 635 years *
14]; P > .05, Student t test) who par-
ticipated in a recently reported study
(9). These patients were referred for
coronary angiography on the basis of
abnormal SPECT findings. In these
patients, coronary angiography was
performed within 30 days after car-
diac MR imaging.

Protocols

In protocol A, stress perfusion imaging
was performed starting 1 minute after
intravenous injection of the A,,-specific
vasodilator stress agent regadenoson
(Lexiscan; Astellas Pharma [0.4-mg
bolus]). Then, perfusion imaging was
repeated 15 minutes after injection of
aminophylline (Hospira, Lake Forest,
1) in resting conditions. In protocol
B, adenosine (Adenoscan; Astellas
Pharma) was intravenously infused at

a rate of 140 pg per kilogram of body
weight per minute, and stress imaging
was performed starting 2-3 minutes
after the initiation of infusion. Resting
images were obtained 10 minutes after
stopping adenosine.

Cardiac MR Imaging

In each patient, short-axis images were
acquired one image per cardiac cycle
at three LV levels (base, middle, apex).
Patients were instructed to hold their
breath starting just prior to the admin-
istration of contrast material.

In protocol A, we used a 1.5-T
imaging unit (Philips, Best, the Neth-
erlands) with a phased-array cardiac
coil. Images were acquired during
80-90 cardiac cycles by using a hy-
brid gradient-echo and echo-planar
imaging sequence (17), a nonselective
90° saturation pulse followed by an
80-msec delay, a voxel size of approx-
imately 2.5 X 2.5 mm, an acquisition
time of 83 msec per section, a sec-
tion thickness of 10 mm, a flip angle
of 20°, a repetition time of 5.9 msec,
an echo time of 2.5 msec, an echo-
planar imaging factor of five, and a
sensitivity factor of two. Imaging was
performed during the first pass of a
gadopentetate dimeglumine (Bayer
Healthcare Pharmaceuticals, Wayne,
NJ) bolus (0.075-0.10 mmol/kg at 4-5
ml/sec), followed by 20 mL of saline
(4 mL/sec).

In protocol B, studies were per-
formed with a 1.5-T imaging unit
(Siemens Healthcare, Erlangen, Ger-
many) with a four-channel phased-
array radiofrequency coil. Imaging
was performed during 40-50 cardiac
cycles by using a gradient-echo and
echo-planar imaging sequence, a non-
selective 90° saturation pulse followed
by an 80-msec delay, a field of view
of 340-400 X 212-360 mm, a matrix
of 128 X 80, a section thickness of 8
mm, a flip angle of 25°, a repetition
time of 5.6-6.2 msec, an echo time of
1.3 msec, an echo train length of four,
and effective spatial resolution of ap-
proximately 2.8 X 2.8 mm with (n =
23) or without (n = 18) rate 2 par-
allel imaging (18). Imaging was per-
formed twice during the first pass of

two gadopentetate dimeglumine bo-
luses: first by using a low-dose bolus
of contrast material (0.0075 mmol/kg
at 4 mL/sec) to measure contrast en-
hancement in the LV cavity (19), and
then a standard dose (0.075 at 4 mL/
sec) during a separate breath hold
to measure intramyocardial contrast.
Each bolus was followed by 20 mL of
normal saline (4 mL/sec).

Near-automated Image Analysis

Images were analyzed by using custom
software that performed near-automat-
ic image segmentation and registra-
tion on the basis of changes in noise
distribution patterns (details in Appen-
dix E1, Figs E1-E3, and Movies E1-E4
[all online]).

In the quantification of contrast
material dynamics, to allow analysis
of regional perfusion, the myocardial
ROI was defined as the area between
the detected endo- and epicardial
contours. After the anterior point of
insertion of the right ventricular free
wall into the interventricular septum
was identified by the user, this ROI
was automatically divided into 16
wedge-shaped segments (six basal, six
midventricular, four apical), accord-
ing to the American Heart Association
segmentation model (Fig E4 [online],
left). Then mean pixel intensity was
measured in each segment over time,
resulting in contrast enhancement
curves throughout the image sequence
(Fig E4 |online], right).

From each segmental myocardial
curve obtained at both rest and stress,
the following indexes were calculated:
(a) peak-to-peak amplitude (ie, differ-
ence between the highest and lowest
points, reflecting the concentration of
contrast material per unit myocardial
volume); (b) the slope of the contrast en-
hancement phase, reflecting the contrast
material inflow rate, calculated by using
linear regression analysis of the upslope
portion of the curve, beginning with the
point of deflection from the background
and ending just before the peak (both
time points selected manually); and (c)
the product of the amplitude and the
slope. In addition, each index was nor-
malized by its respective LV cavity value
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(measured in a small circular ROT placed
in the basal section and multiplied by 10
to compensate for differences in doses
in protocol B). Finally, stress-to-rest ra-
tio was calculated for each index (both
nonnormalized and cavity normalized)
to reflect the perfusion reserve of these
indexes.

Performance Testing and Detection of
Hyperemia

The quality of the contrast enhance-
ment curves was assessed in the sub-
jects with normal perfusion (protocol A)
by calculating for each segment the
ratio between the amplitude of the
contrast enhancement curve and the
standard deviation of its plateau phase
(postpeak flat part of the curve)—that
is, the signal-to-noise ratio (SNR) of
each curve. This was performed sep-
arately for resting and stress images
(G.T, a 4th-year PhD student).

Validation against Manual Tracing

To validate the near-automated tech-
nique against manual tracing, we ana-
lyzed images obtained in the patients
suspected of having CAD (protocol B).
To this effect, myocardial segments
were manually traced by using com-
mercial software (Siemens Medical So-
lutions, Munich, Germany), resulting
in segmental mean pixel intensity over
time. Perfusion indexes were calculated
from these curves the same way as
from the near-automatically generated
curves, as described above. Mean pixel
intensity in each near-automatically
defined and manually traced segment
was compared frame-by-frame for the
resting images and separately for stress
images. In addition, we compared per-
fusion indexes derived from near-auto-
matically and manually generated con-
trast enhancement curves.

Accuracy against Coronary Angiography

Diagnostic accuracy of the near-auto-
mated analysis was evaluated side-by-
side with that of the manual technique
by comparing both against quantitative
coronary angiography. These compari-
sons were first done on a segment-by-
segment basis (ie, by using a myocardial
segment as the unit of analysis). Each

myocardial segment was classified as
normal or abnormal on the basis of
the presence, location, and severity of
stenosis detected in the relevant coro-
nary artery. Stenosis of greater than
50% luminal narrowing was considered
as evidence of significant CAD. This
classification of myocardial segments
was performed by a cardiologist expe-
rienced in coronary angiography (V.M.,
with 5 years of experience) and was
used as a reference for receiver oper-
ating characteristic (ROC) analysis. For
each index, the area under the ROC
curve (AUC) was averaged for the 16
myocardial segments. Sensitivity and
specificity against the quantitative coro-
nary angiography reference were cal-
culated on a patient-by-patient basis
(ie, by using the patient as the unit of
analysis), while requiring at least two
adjacent segments in a territory of the
same coronary artery to be abnormal
for a patient to be considered as having
abnormal results.

Accuracy against Visual Interpretation

In addition, accuracy of both the near-
automated and the manual techniques
was evaluated by comparing their
results against visual interpretation
of perfusion image sequences. Each
myocardial segment was classified as
normal or abnormal on the basis of
the presence of visually detectable
myocardial hypoenhancement imme-
diately following peak enhancement
in the LV cavity. This classification
was performed by a cardiologist ex-
perienced with cardiac MR perfusion
imaging (C.M.K., with 15 years of
experience) and was used as a ref-
erence for ROC analysis. For each
index, AUC was averaged for the 16
myocardial segments, similar to the
comparisons with quantitative coro-
nary angiography above.

Intertechnique Comparisons of Diagnostic
Accuracy

Finally, the diagnostic accuracy of the
near-automated and the manual tech-
niques were compared side-by-side
with the visual interpretation against
the quantitative coronary angiography
reference.

Statistical Analysis

To test the ability of our technique to
detect the expected hyperemic effects
of regadenoson, the slope and ampli-
tude in each segment were compared
between rest and stress by using two-
tailed paired Student t tests. P < .05
was considered to indicate a significant
difference. All intertechnique compar-
isons were performed by using linear
regression analysis with Pearson cor-
relation coefficients and Bland-Altman
analysis (20), aimed at determining the
magnitude of systematic error, if any
(ie, the bias), and the limits of inter-
technique agreement. Comparisons of
diagnostic accuracy against the quanti-
tative coronary angiography reference
were performed by using k statistics.

Time required for near-automated
analysis of a complete perfusion
sequence (rest or stress), including
the definition of myocardial ROIs and
the generation of time-intensity curves,
was less than 1 minute on a personal
computer (ie, up to 3 minutes for the
three sections), while manual tracing
required at least 10 minutes and often
up to 30 minutes. This analysis resulted
in endo- and epicardial boundaries that
were visually judged by an expert car-
diologist as reasonably accurate in all
image sequences (Fig E3 [online], bot-
tom). Regional contrast enhancement
curves depicted the typical pattern of
first-pass perfusion (Fig E4 [online],
right) in all image sequences obtained
at both rest and stress.

Mean SNR was 17 = 7 at rest and 22
+ 8 during stress, reflecting the excel-
lent quality of the curves. As expected in
subjects with normal perfusion (proto-
col A), during stress, the upslope phase
of the curves was steeper in all myo-
cardial segments in all patients (Fig 1),
indicating faster contrast inflow as part
of the normal hyperemic response.
This was reflected by the higher slope,
S, during stress: 15.6 sec™' + 5.9 ver-
sus 6.7 sec™! = 2.3 at rest (P < .0001,
paired t test). In addition, the stress-
induced increase in pixel intensity, or
the amplitude of the curve, A, was also
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Figure 1:  Graph shows example of contrast enhancement phase of the time

curves obtained in the midinferior segment during rest and stress. Note the
increase in both the slope (S) and the peak-to-peak amplitude (4), reflecting the
expected effects of stress. Dashed lines = spline interpolation for visualization

purposes only.

higher during stress: 87 * 25 versus 65
+ 19 (P < .0001), indicating increased
concentration of contrast material per
unit myocardial volume (Fig 1).

Of the 27 patients in protocol B, 18
had visually detectable perfusion defects
during stress. Twenty-one patients had
significant stenosis (defined as >350%
luminal narrowing) at quantitative coro-
nary angiography: nine (43%) had three-
vessel, five (24%) had two-vessel, and
seven (33%) had single-vessel disease.
In these 27 patients, there were 215
segments (50%) supplied by arteries
with stenosis greater than 50%, while
the remaining 217 segments (50%) were
supplied by arteries without significant
stenosis. Figure 2 shows an example of
first-pass perfusion images obtained at
rest and during stress in a patient with
significant stenosis. Both the near-au-
tomatically and manually generated
contrast enhancement curves showed
very similar patterns, depicting a stress-
induced perfusion abnormality in the in-
ferior and lateral walls.

Figure ES (online) shows the results
of the comparisons between frame-by-
frame segmental pixel intensity mea-
sured automatically and that measured
by using manual tracing. Excellent in-
tertechnique agreement was noted both
at rest and stress: r = 0.95, regression

lines near unity, and virtually zero bi-
ases with reasonably narrow limits of
agreement. Of note, separate analyses
for basal, midventricular, and apical
segments did not show any significant
differences. Perfusion indexes
sured by using the two techniques also
showed good agreement (Table E1 [on-
line]), as reflected by high correlations,
small biases, and relatively narrow
limits of agreement for most indexes
(including stress amplitude, slope, and
their product, both not normalized and
normalized by LV cavity value and also
by the corresponding resting values).
Table E2 (online) shows the sum-
mary of the ROC analysis for perfusion
indexes obtained by using the near-
automated and manual techniques,
against both quantitative coronary an-
giography and visual interpretation.
For both techniques, when using quan-
titative coronary angiography as a ref-
erence (Table E2 [online|, two middle
columns), the AUC varied among the
calculated indexes and ranged from
0.53 to 0.73, but consistently showed
highest values for the nonnormalized
indexes. Importantly, for all indexes,
normalized and nonnormalized (by ei-
ther LV cavity or resting value or both),
the AUCs were almost identical for the
manual and the automated techniques.

mea-

On the patient-by-patient basis, the
calculated sensitivity and specificity of
both techniques also varied among the
calculated indexes, with the near-auto-
matically derived stress slope showing
the best diagnostic accuracy (sensitivity,
90%; and specificity, 83%), which was
better than the same index obtained by
manual tracing (sensitivity, 86%; and
specificity, 50%). When using visual
interpretation as a reference (Table E2
[online], two right columns), AUCs also
varied among indexes, ranging from
0.60 to 0.78, and consistently showed
highest values for cavity-normalized in-
dexes. Similar to the comparisons with
quantitative  coronary angiography,
AUCs were similar for the manual and
the near-automated techniques.

Table E3 (online) shows the k sta-
tistics of the comparisons against the
quantitative coronary angiography refer-
ence for perfusion indexes calculated by
using both near-automated and manual
techniques side-by-side with the visual in-
terpretation. While k values were similar
for the two quantitative techniques, they
were higher than that for visual interpre-
tation. Of note, the nonnormalized am-
plitude, slope, and their product resulted
in k values greater than 0.70, reflecting
good intertechnique agreement with
quantitative coronary angiography.

This study was aimed at the develop-
ment of a near-automated technique
for the evaluation of myocardial per-
fusion from cardiac MR images, as an
alternative to subjective, tedious, and
time-consuming manual tracing and
frame-by-frame repositioning of multi-
ple ROIls, which is impractical for clin-
ical use. Cardiac MR images acquired
by using perfusion pulse sequences typ-
ically have relatively low spatial resolu-
tion, high noise levels, and out-of-plane
cardiac motion, as well as rapid and
extreme changes in brightness of the
different image components. As a re-
sult, automated detection of the endo-
and epicardial boundaries using con-
ventional threshold-based approaches
is not always feasible. Several previ-
ous studies (13-15,21-23) have tested
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Figure 2:  Example of first-pass perfusion MR images obtained at the apical LV level in a patient with stenosis greater than 50%. A

stress-induced perfusion abnormality is visible in the inferior and lateral walls (bottom left). At rest, the automatically generated contrast
enhancement curves (top middle) showed the same normal pattern as in Figure 1 in all four segments. With adenosine (bottom middle),
both the amplitude and slope measured in the two nonaffected myocardial segments (anterior and septal) increased considerably, in
contrast to the two affected segments (inferior and lateral), where these indexes were reduced. Manual tracing resulted in virtually

identical curves (right).

alternative approaches to solve this
problem. These studies were mostly
based on either manual border initiali-
zation or thresholding of pixel intensity
or required a priori knowledge of ven-
tricular geometry to identify different
anatomic components.

The novel feature of our approach
is that instead it analyzes noise char-
acteristics of the blood pool and the
myocardium to differentiate between
these components. To our knowledge,
noise distribution-based level set tech-
niques in combination with nonrigid
multiscale registration have not been
previously used to analyze contrast-en-
hanced cardiac MR perfusion images.
The advantage of this approach is that
it can depict the tissue-blood interface,
irrespective of the concentration of
contrast medium in the blood pool and
the myocardium, even when the mean
pixel intensity is almost the same. This
is particularly useful for analysis of car-
diac MR perfusion image sequences, in

which contrast agent concentration in
both image compartments goes through
rapid and extreme changes from frame
to frame, as the contrast agent bolus
traverses the heart. Our technique
was specifically designed to address
this issue, and the results of this study
confirmed its effectiveness. Another
key difference between previously de-
scribed automated techniques and our
approach is that it is relatively compu-
tationally inexpensive—that is, quite
fast.

This study was designed to test and
validate this approach in several phas-
es. Protocol A was aimed at testing its
ability to generate time curves of myo-
cardial intensity from image sequences
acquired not only at rest but also dur-
ing peak vasodilator stress. Pharmaco-
logic stress testing is known to provide
far less favorable conditions for car-
diac MR imaging, because heart rates
are higher and thus there is less time
for imaging during the cardiac cycle.

Analysis of stress images is also chal-
lenging, because breath holding with
vasodilator agents is often difficult, re-
sulting in increased cardiac translation
and accentuated changes in the shape
of the heart. The results of this proto-
col demonstrated that our technique is
suitable for analysis of perfusion im-
age sequences acquired during peak
stress, as reflected by SNRs of the or-
der of magnitude of 20. This number
means that the increase in myocardial
pixel intensity caused by the contrast
agent bolus is 20 times the amplitude
of the noise in the contrast enhance-
ment curves, attesting to the excellent
quality of these curves. In addition, we
found that curves generated by using
our algorithm showed the expected dis-
tinctly different patterns between rest
and stress in normally perfused hearts.
Analysis of these curves resulted in
highly significant differences in a vari-
ety of perfusion indexes, demonstrating
that these indexes are sensitive enough
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to detect the normal hyperemic re-
sponse to regadenoson in the absence
of CAD.

Subsequently, the suitability of this
near-automated approach for the diag-
nosis of perfusion abnormalities was
tested in a group of patients with a
high likelihood of CAD. To ensure that
the algorithm was able to perform in
a wide range of conditions, this proto-
col was performed at a different insti-
tution, using a different manufacturer’s
equipment with different settings and
a different vasodilator agent. Despite
these differences, our technique result-
ed in myocardial contrast enhancement
curves that depicted the same clinical
information regarding myocardial per-
fusion as the standard method based on
manual tracing.

The perfusion indexes we stud-
ied included peak-to-peak amplitude,
slope, and their product, which were
previously tested by other investiga-
tors (24,25), including normalization by
their corresponding values measured
in the LV cavity, as well as the ratio of
stress to rest values reflecting perfusion
reserve. These indexes showed high
levels of agreement between the near-
automated and manual techniques,
indicating that the former could be a
useful alternative.

The final step of validation of our
technique was the side-by-side compar-
ison of its diagnostic accuracy with the
manual technique against a quantitative
coronary angiography reference for the
presence of obstructive CAD. While
the diagnostic accuracy of the slope
was very good, one might argue that
the AUCs of some of the other indexes
obtained by either of the two tech-
niques were not very high. This is not
surprising for two reasons. First, it is
well established that one cannot expect
perfect agreement between the sever-
ity of coronary lesions, as determined
at angiography, and their manifesta-
tion in terms of perfusion (26). Sec-
ond, the ROC analysis was performed
on a segment-by-segment basis, which
involves a certain level of uncertainty
regarding the correspondence between
coronary territories and myocardial
segments. Segment-by-segment or even

territory-by-territory analysis of diag-
nostic accuracy does not usually yield
high levels of accuracy, even for well-
established techniques such as nuclear
myocardial perfusion imaging (27). Al-
though the true clinical value of a di-
agnostic technique should be tested on
a patient-by-patient basis, the cohort
studied in this protocol was not well
suited for this goal. This is because all
the patients were referred for cardiac
catheterization on the basis of abnor-
mal nuclear cardiology findings (e,
the group was biased in terms of high
prevalence of disease). Importantly,
however, in this cohort, the accuracy of
most indexes for the detection of perfu-
sion abnormalities was almost identical
for the near-automated and the manual
techniques, irrespective of the time and
effort spent to analyze the image se-
quences. Finally, the quantitative tech-
niques, either manual or automated,
have shown better levels of agreement
with quantitative coronary angiography
than has visual interpretation, once
again highlighting the importance of
quantification.

There were limitations
study. We referred to the analysis
technique as “near-automated,” as op-
posed to “fully automated,” because
it only requires manual placement of
a seed point inside the LV cavity in
a single frame and identification of
an anatomic landmark necessary for
myocardial segmentation. This level of
user interaction is truly negligible com-
pared with the current state-of-the-art
technique. From our experience, this
minimal input results in virtually no
intermeasurement variability, which is
the reason we did not include repro-
ducibility testing in this study. Also,
one might criticize our patient cohort
in protocol B for the aforementioned
referral bias. However, the goal of this
study was not to validate the accuracy
of perfusion stress cardiac MR imag-
ing but rather to compare the perfor-
mance of the newly developed near-
automated technique with that of the
conventional manual method.

In conclusion, this study demon-
strated that despite the extreme dy-
namic nature of contrast-enhanced

to our

cardiac MR image sequences and respi-
ratory motion, near-automated frame-
by-frame detection of myocardial seg-
ments and high-quality quantification
of myocardial contrast is feasible both
at rest and during vasodilator stress.
Furthermore, we found high levels of
agreement between near—automatically
and manually obtained perfusion in-
dexes, as well as similar diagnostic ac-
curacy against a quantitative coronary
angiography reference. In summary,
our technique provides a fast, near-au-
tomated, and user-friendly alternative
to the prevailing manual method for
measurement of myocardial contrast
enhancement, which has been delaying
the dissemination of quantitative evalu-
ation of myocardial perfusion from car-
diac MR images.
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