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Abstract
Purpose—To investigate that a statistical analysis of Myocardial Blood-Oxygen-Level-
Dependent (mBOLD) signal intensities, can lead to the identification and quantification of the
ischemic area supplied by the culprit artery.

Materials and Methods—Cardiac BOLD images were acquired in a canine model (n=9) with
controllable LCX stenosis at rest and during adenosine infusion on a 1.5T clinical scanner.
Statistical distributions of myocardial pixel-intensities derived from BOLD images were used to
compute an area metric (Ischemic Extent, IE). True myocardial perfusion was estimated from
microsphere analysis. IE was compared against a standard metric (Segment-Intensity-Response,
SIR). Additional animals (n=3) were used to investigate the feasibility of the approach for
identifying ischemic territories due to LAD stenosis from mBOLD images.

Results—Regression analyses showed that IE and myocardial flow ratio between rest and
adenosine infusion (MFR) were exponentially related (R2>0.70, P<0.001, for end-systole and end-
diastole), while SIR and MFR were linearly related in end-systole (R2=0.51, P<0.04) and
unrelated in end-diastole (R2~0, P=0.91). Receiver-Operating-Characteristic analysis that IE was
superior to SIR for detecting critical stenosis (MFR≤2) in end-systole and end-diastole. Feasibility
studies on LAD narrowing demonstrated that the proposed approach could also identify
oxygenation changes in the LAD territories.

Conclusion—The proposed evaluation of cardiac BOLD MR images offers marked
improvement in sensitivity and specificity for detecting critical coronary stenosis at 1.5T
compared to the mean segmental intensity approach. Patient studies are now warranted to
determine its clinical utility.
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INTRODUCTION
Cardiac Magnetic Resonance (CMR) Blood-Oxygen-Level-Dependent (BOLD) imaging
offers an exciting opportunity to directly identify changes in myocardial oxygenation and
characterize perfusion abnormalities due to coronary narrowing (1,2). It relies on an
endogenous contrast mechanism mediated by the oxygen saturation (%O2) of hemoglobin
within the red blood cells (3). CMR BOLD imaging is typically performed with
pharmacological agents (adenosine or dipyridamole) to induce vasodilation and
consequently hyperemia with minimal change in myocardial oxygen demand (1,2,4). Under
healthy conditions, vasodilation increases baseline coronary venous %O2 from 20–30% to
70–80% (5). However, the presence of stenosis limits the coronary venous %O2 from
changing markedly during vasodilation, leading to differential venous %O2 between affected
and healthy territories of the myocardium. These observations have paved the way for
relating changes in myocardial oxygenation with the overriding goal of determining the
significance of coronary narrowing with BOLD CMR.

Recent technical advancements have led to significant improvements in image quality (6–9).
To date, the evaluation of myocardial BOLD MR signal changes has relied on measuring the
relative mean signal intensity changes in segments of interest under rest and
pharmacologically induced vasodilation. This paradigm assumes that all pixels within the
entire segment are equally affected, which need not be the case since the epicardial coronary
artery supplying a given segment is not well defined and can vary among individuals and
within a segment (1). Consequently, it lacks the capacity to identify the affected local
regions (pixels) within the segments of interest, resulting in a muted signal response
between conditions of rest and vasodilation. Thus, it over emphasizes the magnitude of
intensity changes over the regional extent of the BOLD effect at rest and vasodilation. These
issues may contribute to the reduced sensitivity and specificity reported by a number of
studies (1,10–12).

In this work we propose a statistical approach, hereinafter referred to as ARREAS (Area-
based biomaRker for chaRactErizing coronAry Stenosis), for evaluating myocardial
oxygenation changes with BOLD MRI. The underlying hypothesis is that the size of the
ischemic territory, when compared to relative mean signal intensity changes, is a better
predictor of critical stenosis (perfusion deficits ≤2:1, (13)). This hypothesis was tested in a
canine model with a controllable coronary artery diameter and gold-standard microsphere
perfusion analysis.

METHODS
Animal Protocol

Mongrel dogs (n=9) were studied under a protocol approved by the Institutional Animal
Care and Usage Committee. A left thoracotomy was performed and catheters were inserted
into the descending aorta, the right and left atria and were routed so that they exit the body
via the chest cavity. A MR-compatible hydraulic occluder was placed around the LCX
artery and a MR-compatible Doppler flow probe was secured distal to the occluder.
Subsequently, the ribs, muscle, and subcutaneous layers were closed with sutures and the
animals were allowed to recover for 7 days prior to CMR studies. On the day of the imaging
studies, dogs were fasted, sedated, intubated, and anesthetized and placed on the scanner
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table. Animals were ventilated, and ECG, SPO2, ETCO2, invasive BP, and coronary
Doppler flow monitoring were re-established. To induce vasodilation, adenosine was
infused (0.14 mg/kg/min IV). Hereafter we refer to this state as (pharmacological) stress.
LCX stenosis was inflicted by inflating the hydraulic occluder and the extent of LCX
stenosis was estimated based onDoppler flow velocities. Following the final CMR studies,
animals were euthanized using Euthasol.

Microsphere administration and analysis
To independently characterize blood flow changes under different experimental conditions,
microsphere analysis was performed in a manner similar to previous studies (7,8,11,12). Up
to five different colors of microspheres were used as part of the study. Briefly, fluorescent
microspheres were injected to ascertain perfusion at various points of the imaging study (3 ×
106 microspheres or 3 mL of 1 million spheres/ml, Molecular Probes, Invitrogen Inc,
Carlsbad, CA). Simultaneously, blood was withdrawn from the aortic catheter for the
assessment of blood flow. Uponeuthanization, hearts were removed and sectioned. The left
ventricle was dissected free from the thoracic cavity and cut into circumferential (short axis)
rings of 8–10 mm thickness. On the basis of localizer images, the short-axis ring closest to
the mid-ventricular imaging slice was sectioned into 6 equal circumferential sectors for
standard microsphere analysis (14), following appropriate normalizations for sample weight,
blood flow, and fluorescence spectra, from which the microcirculatory perfusion values
were computed. Segmental perfusion values were summed to obtain total microsphere flow
for each slice (15). The ratio of microsphere flow (MFR) between pharmacological stress
(hyperemia induced by adenosine) and rest conditions for the whole slice, was computed as

Imaging Protocol
All imaging studies were performed on a clinical 1.5T MRI system (MAGNETOM Espree®,
Siemens Healthcare, Germany). Animals were positioned in feet-first right-anterior oblique
position and a surface coil was placed over the chest for signal reception.

BOLD IMAGING—Following scout scans, a breath-held 2D short-axis cine BOLD SSFP
sequence (8) was prescribed over the mid-ventricle at rest and under adenosine
administration (without and with up to two LCX stenoses of varying grade). Scan
parameters were: field-of-view=240×142mm2; imaging matrix=116×192;
resolution=1.2×1.2×6mm3; readout bandwidth =240 Hz/pixel; flip-angle=90°; TR/
TE=6.2/3.1 ms; and temporal resolution=40 ms. No parallel imaging was utilized. Built-in
coil normalizations (16) and whole-heart shimming (17) were carried out to ensure signal
homogeneity within the myocardium. Following each BOLD acquisition, microspheres (of
different colors) were injected to ascertain myocardial blood flow at different physiologic
states as described above.

FIRST-PASS PERFUSION IMAGING—First-pass perfusion MRI (matched to the
BOLD imaging slice) was performed under adenosine infusion and severe stenosis for visual
confirmation of the infliction of severe LCX stenosis. Imaging protocol for first-pass
perfusion MRI: Inversion recovery TurboFLASH(18) sequence triggered at mid systole;
non-selective 90° BIR4 RF saturation pulse; resolution=1.8×1.8×6mm3; imaging
matrix=192×192; TI=130–150 ms; flip angle=10°, TE/TR=1.2/2.5 ms, and readout
bandwidth=1000 Hz/pixel.
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LATE GADOLINIUM ENHANCEMENT IMAGING—Studies were terminated with late
gadolinium enhancement (LGE) scans (matched to the BOLD imaging slice) to rule out
infarction. Imaging protocol for LGE MRI: PSIR reconstruction with TurboFLASH readout
(19); resolution=1.3×1.3×6mm3; TE/TR=3.9/8.2 ms; TI=200–220 ms; flip angle=25°;
readout bandwidth=140 Hz/pixel.

Image Analysis
All BOLD images were analyzed with custom Matlab (The Mathworks, Inc, USA) software
developed in our laboratory. End-systolic (ES) and end-diastolic (ED) images were
identified, scaled by a factor of 4 to increase the available myocardial surface for processing,
and the endocardial and epicardial contours were manually traced. The analysis of BOLD
images was first performed for ES and was repeated for ED. The Argus platform (Siemens
Medical Healthcare, Germany) was used to compute ejection fractions at rest and stress
under different degrees of stenosis.

Affected Fraction (AF) and Ischemic Extent (IE)
ARREAS detects the affected territory in the rest and stress images (from end-systole or
end-diastole) following the determination of a statistically derived threshold obtained from
the rest images. Subsequently, by conditioning the affected (hypointense) territory to be
contiguous, a case that is in line with expected physiology (5), the method identifies the
largest contiguous hypointense territory. Figure 1 showcases the processing steps of
ARREAS.

In line with the standard practice of considering the rest image as the reference in analyzing
BOLD images (1,7,8,11), the distribution of pixel intensities in the myocardium of rest
images was used to derive a threshold to identify hypointense regions. Motivated by
Student’s t robustness to outliers, the pixel-intensity distribution was modeled with a
location-scaled Student’s t-distribution. The probability density is defined as follows:

where, x is pixel intensity, A is the location, B is the scale, and υ > 0 is the shape parameter,

respectively and Γ(z) is the gamma function defined as . If x follows a t-
location-scaled distribution, with the parameters A, B, and υ, then the transformed variable

 follows a Student’s t-distribution with υ degrees of freedom.

The parameters A, B, and υ of the distribution were determined on the basis of Maximum-
Likelihood-Estimation. Using the location (A) and scale (B) parameters of the fitted
distribution, the threshold T=A–B was computed and used to threshold both rest and stress
images, identifying all pixels within the myocardium having intensity less than T
(hypointense territories). An example of a student’s t fit on an estimated density from an
image at rest and the computed threshold is shown in Figure 2. Although it is expected that
the intensity distribution at such high signal to noise ratios to follow a Gaussian distribution,
potential errors in segmentation or other artifacts that act as outliers lead to poor fits (as it
can be seen in Figure 2).

In a subsequent step, automated connectivity analysis (20) applied to both the rest and stress
images, identified the largest contiguous hypointense region in both images. The size of the
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largest contiguous hypointense territory relative to the size of the myocardium was
computed as

AF was computed for images acquired under rest and stress conditions, and was denoted as
AFREST and AFSTRESS, respectively. The ratio of the AF between rest and stress conditions,
defined as,

allows one to quantify the relative number of pixels affected by regional changes in
myocardial oxygenation between rest and pharmacological stress (adenosine infusion) in the
presence of stenosis.

To facilitate visualization and remove the demand for manually windowing, ARREAS
provided color-overlays of the largest contiguous hypointense regions in images acquired
under rest and adenosine infusion conditions. To produce a color-map, black was assigned to
the intensity value of zero (no regional BOLD signal variation); bright yellow (significant
regional variation in BOLD signal) was assigned to the largest pixel intensity value within
the identified hypointense region. Pixel intensity values within this range were assigned
yellow/red hues on a linear scale. Once a color-map was established, the pixel values of the
identified hypointense region were colored according to this color-map. The remaining
pixels of the myocardium and surrounding tissue remained unaltered. The display shown to
the user included the images acquired at rest and stress (adenosine conditions), with the
hypointense regions color-coded as above, the corresponding pixel intensity color-map and
AF values.

Segment-Intensity Response (SIR)
The current paradigm for evaluating BOLD signal changes relies on mean intensities of
myocardial segments (1,2,7,8,11). To compare ARREAS with this paradigm, the mid-
ventricular images were further segmented into 6 segments per slice according to AHA’s
recommendation (21). LCX segments were identified (21) in rest and stress images and their
intensities were averaged and normalized by the mean intensity of the entire myocardium.
The ratio of the segmental intensities acquired at rest and stress were defined as

where IREST and ISTRESS denote the normalized LCX segmental intensities at rest and stress
conditions, respectively. SIR, as defined, is a measure of the relative variation in the mean
signal intensity (myocardial oxygenation) of LCX territories (as identified by the standard
model (21)) at rest and adenosine infusion.
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Statistical Analysis
Regressions were used to assess the correlation between Ischemic Extent (IE) and Segment-
Intensity Response (SIR) with Microsphere Flow Ratio (MFR). This process was repeated
separately for the ES and ED images. The same microsphere-based values were used at ES
and ED since they represent an average flow over a number of cardiac cycles and cannot be
used to estimate cardiac phase-dependent perfusion. For IE, both linear and mono-
exponential-decay models were regressed. For SIR, only linear models were regressed. For
each regression, the R-squared and P-values were obtained to report as goodness-of-fit
criteria. Statistical power was calculated using the sample size, R-squared, degrees of
freedom, and P-values for each regression. These analyses were performed in MatLab
(Mathworks, Nattick, MA).

Regressions between IE, SIR and MFR were repeated using a mixed-model linear regression
to test the presence of subject effects. Animals were entered as random effects to account for
the repeated study of each animal. These analyses were performed in STATA 10.1
(StataCorp, USA).

Diagnostic quality of each metric for ascertaining critical stenosis was determined with
Receiver-Operating-Characteristic (ROC) analysis (22). ROC curves were estimated on the
basis that a critical stenosis results in a perfusion deficit of less than 2:1 between stress and
rest images (MFR≤2) in the affected territories (13). ROC analysis was performed for IE and
SIR using either ES or ED BOLD images. Differences in Area-Under-the-Curve (AUC)
measurements were tested using the critical ratio z (23). These analyses were performed
using OriginPro (OriginLab, Northampton, MA).

Feasibility Studies on ARREAS Approach for Detecting LAD stenosis
Additional dogs (n=3), instrumented with a hydraulic occluder around the LAD artery,
following a similar protocol as above, were used to examine the effects of LAD stenosis.
Images were analyzed following the same procedures as above, and AF and IE were
estimated as previously described. LAD segments were identified (21) in rest and stress
images and their intensities were averaged and normalized by the mean intensity of the
entire myocardium to derive the SIR as described previously.

RESULTS
From our studies, BOLD imaging results from 3 distinct physiological states (baseline
(n=9), stress without stenosis (n=6), and stress with various grades of LCX stenosis (n=11))
were analyzed. In most cases image quality was satisfactory and inhomogeneity issues were
not observed; in one canine, artifacts in diastolic images prohibited analysis of the ED
baseline image. Table 1 summarizes the functional changes under different stenosis grades.
Table 2 summarizes SNR measurement estimated in remote and affected regions of the
myocardium at rest and under adenosine infusion. The mean increase in BOLD signal
intensity in the remote myocardium under adenosine relative to rest in the presence of
various LCX stenosis grades was 13±2%, indicating that the oxygenation changes in the
remote myocardium was unaffected due to LCX stenosis. The mean mass of each sector
used as part of the microsphere analysis was 3.1 ± 0.3 g. A paired t-test indicated that there
was no statistical difference in myocardial perfusion reserve, calculated as the ratio of
microsphere perfusion between stress and rest in remote myocardium, under pre-stenosis
(3.01±2) and stenosis conditions (2.9±1.4). First-pass perfusion images acquired during
adenosine with severe stenosis confirmed perfusion deficits in the LCX territory. Late-
gadolinium-enhancement images acquired at the terminal point of the studies confirmed the
absence of infarcts in all studies.
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Visualizing the BOLD Effect
A representative set of raw and manually windowed images obtained under different
physiological conditions, along with the corresponding images processed with ARREAS,
are shown for ES and ED cases in Figures 3a and 3b, respectively. The myocardial oxygen
deficit territories detected by ARREAS in the presence of stenosis correspond to regions of
hypointensity that are visible only after careful manual windowing. The images obtained
under adenosine infusion (stress) without LCX stenosis had lower AF compared to the rest
and stress with stenosis counterparts. This holds for both ES and ED, indicating that under
pharmacological stress, the remote (unaffected) myocardium appears hyperintense and
fewer pixels are below the automatically determined threshold. This is reflected in the IE
scatters of Figure 5(A and C), since at high MFR (stress with no stenosis) the IE values are
below 1, thus AFSTRESS < AFREST. Also note that the stenosis grade and AF are directly
related, that is, the greater the stenosis grade, the greater the AF and vice versa. This
explains the monotonic behavior observed in the IE scatters of Figure 5(A and C).

For the representative case in Figure 3, the first-pass image and the corresponding BOLD
image processed with the ARREAS method (matched to the trigger time of the first-pass
image), obtained under pharmacological stress with critical stenosis, and the late-gadolinium
enhancement image (obtained at rest, prior to euthanization) are shown in Figure 4. The
segmental microsphere flow ratio is also shown. As evident from the images, both the first-
pass perfusion and the ARREAS-processed BOLD images clearly showed perfusion deficit
in the LCX territory. This deficit is validated by the reduced segmental microsphere flow
ratios. The late-gadolinium enhancement image confirms the absence of infarction.

Characterizing the BOLD Effect and Validation with Microsphere-based Perfusion Analysis
Referring to Figure 5 and Table 3, the correlation between the Ischemic Extent (IE)
computed from ES and ED images and Myocardial Flow Ratios (MFR) obtained from tissue
analysis under a range of physiological states was high (Figures 5A and 5C, R2>0.70 for
both ES and ED). Note that as MFR increases the stenosis extent decreases (MFR=1
indicates total occlusion). However, a poor correlation was found between Segment-
Intensity Response (SIR) and MFR in ES (Figure 5B; R2=0.51) and no correlation was
observed at ED (Figure 5D). Statistical power was adequate as reported in Table 3.

The within subject test performed together with the mixed-model linear regression (which
accounted for the repeated measurements from each animal) rejected the hypothesis of
subject effects in all regressions. All linear regression coefficients of the mixed-model were
found to be the same as those found using a simple linear regression (Table 3).

Receiver-Operating-Characteristic Analysis
Gold standard microsphere-based perfusion measurements revealed that the infliction of
various grades of LCX stenoses led to 8 critical (MFR≤2, true positives) and 9 non-critical
(MFR>2, true negatives) perfusion deficits. Receiver-operating-characteristic curves,
derived based on these true positives and negatives, are shown in Figure 6 for IE and SIR
metrics obtained from ES and ED images. According to Figure 6 and Table 4, IE shows a
superior detection sensitivity (87.5%) and specificity (100%) compared to SIR (77% and
87.5%, respectively), particularly in ES.

Feasibility Studies on ARREAS Approach for Detecting LAD stenosis
Infliction of severe stenosis under adenosine stress led to a mean reduction in Doppler flow
in the LAD artery by 80 ± 9% relative to rest conditions. The mean IE in end systole was
3.82 ± 0.21 under stenosis conditions. The mean SIR computed from the corresponding
BOLD images was 0.89 ± 0.02. A representative set of raw and manually windowed images
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obtained under different physiological conditions from a canine with severe LAD stenosis
(under adenosine stress), along with the corresponding images processed with ARREAS, are
shown in Figure 7. Comparing the ARREAS images with those that were manually
windowed, it is evident that ARREAS can accurately delineate the affected myocardial
territory.

DISCUSSION
Myocardial BOLD MRI is a compelling noninvasive image-guided approach for evaluating
the alterations in blood oxygen homeostasis in the heart muscle due to coronary artery
disease. However, practical limitations in sensitivity and specificity associated with the
current methods used to evaluate the BOLD signal changes have been a critical obstacle for
seamless clinical translation of this method. Without proper windowing, visualizing the
BOLD signal changes are difficult to appreciate. Manual windowing requires significant
time (several minutes), is subjective, and can introduce large intra- and inter-observer
variability. This work proposed, tested, and validated, ARREAS, a pixel-based statistical
approach for visualizing and identifying myocardial territories affected by coronary stenosis
with BOLD CMR using a canine model. ARREAS relies on the combination of a
statistically derived threshold and connectivity analysis to identify the affected territories.
ARREAS (a) significantly increases the sensitivity and specificity for detecting BOLD
signal changes compared to the conventional (segmentation) average intensity approach; and
(b) offers the ability to quantify such changes on the basis of a metric that reflects the area of
the myocardial territory affected by the stenosis. Furthermore, the concept of using an area-
based approach can be extended to other imaging strategies (such as T2*, T2w), (1,4,24)
given that proper statistical models are defined.

While first-pass images were acquired to visually confirm the myocardial flow deficits due
severe LCX stenosis, gold-standard microsphere-based perfusion measurements (MFR)
were used for validation. Consistent with the literature, the perfusion between rest and stress
states varied in accordance with stenosis extent, between 1 (severe stenosis) to 6 (no
stenosis) (13). The results showed that the number of hypointense pixels within the
myocardium increased with the severity of stenosis in relation to rest conditions. This
indicates that the extent of epicardial narrowing likely affects the supplied territories in a
graded fashion; that is, with a greater narrowing of a given epicardial coronary artery, a
greater fraction of the corresponding supply territory experiences an alteration in
oxygenation.

Ischemic Extent (IE) from ES and ED images correlated strongly with MFR measurements.
This demonstrates that SSFP BOLD changes can be characterized with IE in systole and
diastole, providing a potential to combine measurements from multiple cardiac phases for
increased accuracy. On the other hand, SIR from ED did not correlate well with MFR
measurements, suggesting that the conventional method failed to quantify BOLD signal
changes from diastolic images obtained using SSFP approaches at 1.5T. These findings
indicate that IE, estimated considering both the rest and stress BOLD images (either in
systole or diastole), is proportional to the territory of the myocardium that has the propensity
to be ischemic when the myocardial demand is increased.

Although other studies (2,4,8,12,25) report higher correlation values and R2, these methods
rely on segmental analysis without aggregating the relevant segments to derive a slice-based
metric as the SIR utilized here. Note that accounting for repeated measurements did not have
any effect on the reported values and in fact no subject effects were found. This is likely
attributed to the fact that normalization by AFREST eliminates any subject dependencies.
The demonstrated exponential relationship between IE and MFR measurements is in
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agreement with recent studies suggesting an exponential relationship to exist between SSFP
BOLD signal intensities and coronary sinus blood oxygen saturation (24).

Findings from the ROC analysis further support the strengths of the ARREAS method. The
diagnostic performance of IE was found to be significantly greater than that of SIR,
independent of ES or ED. The AUC of IE was 17% greater than the AUC of SIR
(statistically different, p=0.048). The sensitivity and specificity of SIR in ES is in close
correspondence with previously employed intensity metrics for evaluating BOLD signal
changes (1,8,11,12). In end-diastole, SIR had an AUC<0.5, indicating that in this case, SIR
derived from cine BOLD images cannot perform better than a random decision.

There were mild discrepancies between ES and ED for both IE and SIR. This can be
attributed to: (i) differences in the myocardial surface available for processing between of
ED and ES images; (ii) image artifacts (image ghosts) which may be more pronounced in
diastole; and (iii) potential differences in underlying physiology between systole and
diastole.

Despite the relatively small number of animals (n=12, 9 for LCX and 3 for LAD), we had an
ample sample of 26 LCX and 9 LAD imaging studies and adequate statistical power. Note
that our analysis relies on whole-slice-based metrics for IE and SIR and not on individual
segments (as per AHA recommendation), as is typically done in other studies (2,4,8,12,25),
which can increase the points on the scatter. Given the definition of IE, it is possible that
small variations in AFREST (unrelated to the BOLD effect) may influence IE. However, the
likelihood of this is minimal and can be remedied by setting a threshold for AFREST.
Nevertheless, the use of this normalization has the benefit of increasing robustness to
potential imperfections arising from coil bias and field inhomogeneities that are not fully
corrected by coil normalization and/or shimming. If present at all, these imperfections are
expected to be present in both rest and stress images and their effects may be removed by
baseline normalization.

Flow (ghost) artifacts (9) can potentially affect the homogeneity of myocardial intensities. If
such imperfections lead to significant intensity variations within the myocardium, they can
violate the statistical assumptions made to support the thresholding approach. The
Maximum-Likelihood-Estimation procedure can identify such cases since they will have
very poor goodness-of-fit (log-likelihood) measurements, which can be used to confirm the
presence of image artifacts. Furthermore, these imperfections become readily evident to the
reviewer since the method permits the display of images in their raw and color-coded form.
Moreover, a more recently proposed flow-compensated SSFP BOLD MRI approach(9) can
overcome these artifacts.

In this study we used microsphere based determination of perfusion in lieu of an imaging
based assessment of perfusion (such as first pass perfusion imaging). Although microsphere
analysis provides only segmental perfusion, it permits one to probe perfusion at the same
stenotic conditions at which the BOLD images are acquired, by infusing spheres of different
colors. Such repeated studies with first-pass perfusion are not practical. Although recent
efforts have shown that first-pass perfusion can permit analysis at the pixel level to quantify
perfusion (26), determination of the regional extent of perfusion deficit on this basis remains
unclear. Recently, laser scanning methods have been shown to permit quantification of
microsphere content in tissue at the pixel level (27). In addition, recent preliminary studies
have shown that first-pass perfusion measurements are correlated with microsphere flow
measurements at a pixel level (28). Although these methods demonstrate the potential to
probe perfusion at a finer resolution, both methods are still experimental and have not
received widespread adoption.
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This study used a single-slice imaging approach and in a single vessel disease model (LCX,
n=9 and LAD, n=3). The method can be extended to multi-slice approaches, given that
adequate image quality is provided. Recent improvements in sequence development (9) are
expected to provide the necessary image quality for a complete left-ventricular analysis/
coverage. Improved approaches such as the one recently reported by Zhou et al (9), when
combined with ARREAS could prove to be the most appropriate means for investigating the
BOLD effect in other areas of the heart. Although the model was not developed to emulate
diffusive hypoperfusion (which can occur in patients with microvascular disease), the
algorithm may be adapted to detect such cases, by isolating the two largest contiguous
hypointense territories for the determination of affected fraction and the color overlay.
Finally, the method remains to be evaluated in cases of multi-vessel narrowing and in
patients.

In conclusion, the proposed area-based approach for characterizing myocardial oxygenation
anomalies from BOLD CMR images offers significantly improved sensitivity and specificity
for detecting critical coronary artery stenosis compared to segmental methods at 1.5T.
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Figure 1.
A flow chart illustrating the steps involved in the ARREAS (Area-based biomaRker for
chaRactErizing coronAry Stenosis) approach. The process of estimating the threshold relies
only on the rest image. Subsequently, hypointense regions are identified both in rest and
stress images and then the largest contiguous hypointense territory is isolated in both
images. This region is color-coded and visualized and its relative size (Affected Fraction,
AF) is used in the derivation of Ischemic Extent (IE). Above and below each major step,
example images from rest and stress studies are shown, respectively, to help illustrate the
underlying mechanics of the method.
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Figure 2.
Estimated probability density from a rest image with the corresponding location scaled
Student’s t-fit and Gaussian fit are shown. The arrows indicate the location of the value of
the scale parameter A (200) and the value of the threshold T (181.2). It is evident that the
location scaled Student’s t-distribution fits the data closely particularly in the area of the
mode of the empirical histograms.
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Figure 3.
Visualization of the BOLD effect in raw, manually windowed, and images processed using
ARREAS method obtained from a canine at various physiological states (rest, stress, and
stress with LCX stenosis of various grades) are shown for end-systole (a) and end-diastole
(b). For each case, the rest and adenosine stress (absence of stenosis, and with mild or
critical stenosis) are shown left to right. The top row shows the raw images. The middle row
shows the same images after manual windowing, permitting visualization of the affected
(LCX) territory as regions of hypointensity. The bottom row shows the raw images that have
a color overlay (generated by ARREAS) facilitating the depiction of the affected territory.
The pixel intensity color-map is also shown on the right. The corresponding Affected
Fraction (AF) values are shown directly below the images. Observe the close
correspondence between the automatically detected (colored) regions and the hypointense
regions on the windowed images in the LCX territory. The variations of red and yellow hues
are consistent with alteration in BOLD signal intensity variations within the affected
territory.
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Figure 4.
Relation between ARREAS processed myocardial BOLD, segmental microsphere flow
ratios bull’s eye plot, first-pass perfusion (FPP), and late-gadolinium enhancement (LGE)
images. BOLD image (processed with the ARREAS method matched to the trigger time of
the first-pass perfusion image), segmental microsphere flow ratios (sMFR) obtained by the
ratio of flow between stress and rest for each segment, and first-pass perfusion image
obtained under adenosine stress with critical LCX stenosis are shown for comparison. The
late-gadolinium enhancement image acquired (at rest, prior to euthanization) at the same
slice position and trigger time, confirms the absence of any infarction. Note the close
correspondence between the BOLD image processed using ARREAS under the similar
physiological conditions, the first-pass perfusion image and the microsphere bull’s eye plot.
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Figure 5.
Ischemic Extent (IE) vs. Microsphere Flow Ratio (MFR) and Segment-Intensity Response
(SIR) vs. MFR, derived from BOLD images acquired at end-systole (A and B) and end-
diastole (C and D) and microsphere analysis. (A and C) IE vs. MFR; (B and D) SIR vs.
MFR. IE values derived from end-systole BOLD images show a stronger correlation to an
exponential (R2=0.81) than to a linear function (R2=0.72) of MFR, while SIR shows weaker
(linear) correlation with MFR (R2=0.51). IE values derived from end-diastole BOLD images
shows an equivalent correlation with exponential and linear functions (R2=0.73) of MFR,
while SIR shows no correlation to linear or exponential functions of MFR (R2 ~ 0).
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Figure 6.
Receiver-Operating-Characteristic (ROC) Analysis. ROC curves for Ischemic Extent (IE)
and Segment-Intensity Response (SIR) metrics, derived from end-systolic (A) and end-
diastolic (B) BOLD images, for detecting critical stenosis (MFR ≤2) are shown. For
reference, the line of no discrimination is also shown (dotted line). The similarly colored
arrows point to the optimal operating cutoff points for each method (listed in Table 3). IE,
derived using ARREAS in ES, shows greater sensitivity and specificity compared to SIR
measures.
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Figure 7.
Visualization of the BOLD effect in raw, manually windowed, and images processed using
ARREAS approach obtained from a canine at various physiological states (rest, stress, and
stress with critical LAD stenosis) at end systole. The top panel shows the raw images. The
middle panel shows the same images after they have been manually windowed. Note that
myocardial oxygen deficit appears in these images in the affected (LAD) territory as regions
of hypointensity. The bottom panel shows the raw images that have a color overlay
(generated by ARREAS) permitting automatic depiction of the affected territory. The
corresponding Affected Fraction (AF) values are 0.035, 0.002, 0.18, for rest, stress, and
critical stenosis conditions. Observe the close correspondence between the automatically
detected (colored) and the hypointense regions on the windowed images, particularly in the
LAD territory.
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Table 1

LV functional data and Doppler flow estimates under various grades of LCX stenosis. Values are reported as
mean ± standard deviation.

Stress No stenosis Moderate Stenosis Critical Stenosis

Doppler flow change from rest (%)* 68.2 ± 19.4 −20.4 ± 25.1 −77.1 ± 8.7

Ejection Fraction (%)† 50.5 ±6.2 45±6.8 33.6±4.16

*
calculated as X-A/A, where A is Doppler flow at rest, and X is Doppler flow under stress

†
calculated as VED-VES/VED, where VES is the blood volume in end-systole and VED is the blood volume in end-diastole
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Table 2

Signal to noise ratios (SNR)* measured under various physiological conditions from remote and affected
territories. Values are reported as mean ± standard deviation.

Rest Adenosine no stenosis Adenosine with Critical Stenosis

Remote 38.5 ± 1.6 43.8 ± 1.9 44.1 ± 1.3

Affected 37.5 ± 1.7 42.5 ± 1.7 36.2 ± 1.6

*
SNR is measured as the average intensity of a region within the territory of interest divided by the standard deviation of the signal in air.
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Table 3

Regressions with Microsphere Flow Ratio (MFR) and resulting goodness-of-fit criteria and power analysis

Ischemic Extent (IE) Segment-Intensity Response (SIR)

End-Systole End-Diastole End-Systole End-Diastole

Linear

 Equation§ IE= −0.65·MFR+3.49 IE= −0.45·MFR+2.6 SIR=0.03·MFR+0.87 SIR= −0.001·MFR+0.97

 R2 0.72 0.73 0.51 ~0

 P-value* <0.0001 <0.0002 <0.0036 0.91

 Powerp-value
† 0.79 0.61 0.73 #

 Powera=0.05
‡ 0.99 0.99 0.97 #

Exponential

 Equation§ IE= 6.46e−0.58·MFR IE= 3.5e−0.4·MFR - || - ||

 R2 0.81 0.74 - || - ||

 P-value* <0.0001 <0.0005 - || - ||

 Powerp-value
† 0.98 0.67 - || - ||

 Powera=0.05
‡ 1 0.99 - || - ||

§
 The resulting equation of regression between the variable IE or SIR and the Microsphere Flow Ratio (MFR).

*
p-value of the model F-statistic.

†
Post-hoc observed power for the R2 and p-value listed in the table.

‡
Statistical power for R2 at the significance level of α=0.05.

#
Hypothesis rejected (P=0.91), therefore power cannot be estimated.

||
Regressions with exponential mono-decay functions for SIR are not reported (P>0.5).
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Table 4

Specificity, Sensitivity, and Area-Under-the-Curve (AUC) based on ROC analysis for IE and SIR at end-
systole and end-diastole.

Ischemic Extent (IE) Segment-Intensity Response (SIR)

End-Systole End-Diastole End-Systole End-Diastole

Optimal Cutoff IE ≥ 2.1 IE ≥ 1.4 SIR ≤ 0.93 SIR ≤ 0.98

AUC/SE* 0.97/0.03 † 0.88/0.1‡ 0.83/0.10† 0.47/0.17‡

Specificity 100% 85.7% 87.5% 42.8%

Sensitivity 87.5% 83.3% 77% 83.3%

*
AUC: Area-Under-the-Curve/SE: Standard-Error of AUC metric (23).

†
Statistically significant difference in AUC between IE and SIR (z=1.68; p-value=0.045)

‡
Statistically significant difference in AUC between IE and SIR (z=1.76; p-value=0.0388)
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