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Myocardial First-Pass Perfusion: Influence of Spatial
Resolution and Heart Rate on the Dark Rim Artifact

Antonella Meloni,'* Nidal Al-Saadi,? Geir Torheim,® Nadja Hoebel,*

H. Glenn Reynolds,5 Daniele De Marchi,! Vincenzo Positano,

Silvia Burchielli,! and Massimo Lombardi’

Myocardial perfusion images can be affected by the dark rim
artifact. This study aimed to evaluate the effects of the spatial
resolution and heart rate on the transmural extent of the arti-
fact. Six pigs under anesthesia were scanned at 1.5T using an
echo-planar imaging/fast gradient echo sequence with a non-
selective saturation preparation pulse. Three short-axis slices
were acquired every heart beat during the first pass of a con-
trast agent bolus. Two different in-plane spatial resolutions
(2.65 and 3.75 mm) and two different heart rates (normal and
tachycardia) were used, generating a set of four perfusion
scans. The percentage drop of signal in the subendocardium
compared to the epicardium and the transmural extent of the
artifact were extracted. Additionally, the signal-to-noise and
the contrast-to-noise ratios were evaluated. The signal drop
as well as the width of the dark rim artifact increased with
decreased spatial resolution and with increased heart rates.
No significant slice-to-slice variability was detected for signal
drop and width of the rim within the four considered groups.
signal-to-noise ratio (SNR) and contrast-to-noise ratio (CNR)
ratios decreased with increasing spatial resolution. In conclu-
sion, low spatial and temporal resolution could be correlated
with increased extent of the dark-rim artifact and with lower
SNR and CNR. Magn Reson Med 66:1731-1738, 2011. © 2011
Wiley Periodicals, Inc.
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INTRODUCTION

Coronary artery disease (CAD) remains one of the leading
causes of morbidity and mortality in developed countries.
As a decrease in myocardial perfusion represents the first
effect of occluding coronary artery disease, the early
detection of myocardial perfusion abnormalities is the
key factor in the optimal management of patients with
suspected coronary artery disease and it could potentially
reduce the rate of fatal myocardial infarctions (1).

In the clinical setting, the measurements of myocardial
perfusion are usually performed with single-photon
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emission computed tomography (SPECT) (2) or with
positron emission tomography (PET) (3,4). However,
single-photon emission computed tomography imaging
has a rather low-spatial resolution, delivers a signifi-
cant dose of ionizing radiation, which is not quantita-
tive, and suffers from soft tissue attenuation artifacts
(5). Positron emission tomography has higher sensitiv-
ity and specificity than single-photon emission com-
puted tomography (6,7) but is burdened by its limited
availability.

Thanks to technical developments, magnetic resonance
imaging (MRI) has emerged as a valid noninvasive alter-
native to nuclear techniques (8,9). First-pass perfusion
MRI acquires a series of T;-weighted images during the
passage of a contrast bolus through the heart (10,11).
Recent clinical studies have shown that MRI compares
quite favorably with nuclear medicine (12,13) and has
higher diagnostic accuracy for detection of significant cor-
onary artery disease (14). However, myocardial first-pass
perfusion imaging is burdened with a variety of artifacts,
which might make confident assessment difficult. The
most important and significant artifact appears at the bor-
der between the myocardium and the left ventricle (LV)
cavity and has been termed dark rim artifact (DRA). It
shows a hypointense signal and can visually resemble a
subendocardial perfusion defect, or it could overlay a
delayed wash-in of contrast agent during a first-pass per-
fusion study, which occurs with coronary artery stenosis.
By mimicking or obscuring a perfusion defect, DRAs
unavoidably affect both sensitivity and specificity of a
perfusion study. Furthermore, these artifacts can have an
important impact in calculating semiquantitative and
quantitative parameters derived from signal intensity
curves. Many factors have been attributed to cause this ar-
tifact such as susceptibility (15), spatial resolution (Gibbs
ringing) (16), and motion effects (17). Most likely, the
DRA is a combination of some or all of these factors (18).

The purpose of this study was to evaluate the
influence of spatial resolution and heart rate on the
transmural extent of the dark-rim artifact, signal-to-noise
ratio (SNR), and contrast-to-noise ratio (CNR). Moreover,
the potential presence of a slice-to-slice variability for
the extension of the dark rim was explored.

MATERIALS AND METHODS
Animal Model

In vivo experiments were performed on six adult,
healthy farm pigs (weight 32.5 = 0.8 kg, range 30-34 kg).
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Anesthesia was induced by tiletamine—zolazepam (10 mg/
kg) and atropine (0.05 mg/kg) and was maintained by pro-
pofol (5 mg/kg/h). Endotracheal intubation was performed
using a 6.5-mm tube. Ventilation was assured through the
study by a mechanical ventilator (Siemens Servo-ventila-
tor). An i.v. line was inserted into an ear vein, and the
size of the canulla was chosen as large as possible (>20
gauge) to allow for high-speed injection of contrast agent.
The respirator was turned-off during first-pass imaging to
minimize motion artifacts. Heart rate was monitored con-
tinuously and adjusted by using pharmacological inter-
vention (dobutamine, atropine, and atenolol). Care was
taken to avoid any drug with known direct vasodilating
effect on coronary arteries. The animals were sacrificed by
injecting potassium chloride (KCL).

The study was approved by the internal Ethical
Committee of the C.N.R., Institute of Clinical Physio-
logy—Pisa, Italy.

MRI

MRI was performed using a GE Excite HD 1.5T scanner
(GE Healthcare, Milwaukee). An 8-channel cardiac coil
was used for signal reception. Vector ECG was used to
trigger all cardiac pulse sequences.

Myocardial first-pass studies were performed using the
echo-planar imaging (EPI)/fast gradient echo (FGRE)-based
sequence CASH2 (CAlibration Slice using Hybrid acquisi-
tion, version 2). The imaging parameters for CASH2
included a 90° nonselective saturation preparation pulse,
chemical shift fat suppression, echo time (TE) 1.0 ms, rep-
etition time (TR) 6.0 ms, flip angle (FA) 25°, Echo Train
Length 4, array spatial sensitivity encoding technique
(ASSET) factor 2, bandwidth *+125 kHz, number of excita-
tions (NEX) 1, phase field of view (FOV) 1, matrix 128 x
128, and slice thickness 8 mm (Fig. 1). Three adjacent
short axis slices (in the order: apical, basal, and medium)
were acquired every heartbeat. A trigger delay of 15 ms af-
ter the R wave and an acquisition window of 336 ms (112
ms for each slice: 22 ms for saturation preparation and fat
suppression pulses plus 90 ms for image acquisition)
were chosen to minimize the effect of the cardiac motion.
Images were acquired during and after a bolus injection of
0.075 mmol/kg of Omniscan™ Injection (gadolinium com-
plex of diethylenetriamine pentaacetic acid bismethyla-
mide, GE Healthcare AS, Oslo, Norway) with a power in-
jector. The injection rate was adapted to an injection time
of 3 s. Omniscan Injection was followed by a flush of 5
mL of saline using the same rate as for the contrast agent.

First-pass perfusion scans were performed using two
different in-plane spatial resolutions (high-spatial resolu-
tion = 2.65 mm: group HRes and low-spatial resolution
= 3.75 mm: group LRes) and two different heart rates
(normal resting heart rate = 68 = 6 bpm: rest group and
tachycardia = 107 * 10 bpm: tachycardia group), result-
ing in a set of four perfusion scans (HRes-rest, HRes-
tachycardia, LRes-rest, and LRes-tachycardia) acquired in
each pig. The two different spatial resolutions were
obtained by adjusting the FOV (FOV = 340 mm for high-
spatial resolution and FOV = 480 mm for low-spatial
resolution), while heart rates were adjusted by pharma-
ceutical intervention, as described in the animal model
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FIG. 1. Schematic diagram of the pulse sequence utilized: CASH2
(CAlibration Slice using Hybrid Acquisition) 2nd version.

section. The order of the four scans was chosen ran-
domly within each pig. Time elapsing between two
injections in the same pig was 60 min. Image data were
transferred to a remote workstation for offline analysis.

Before each first-pass perfusion scan, dry scans with-
out injection of contrast agent were performed to check
image quality and presence of artifacts.

Image Analysis

The perfusion scans were presented in random order to
an expert operator who performed the analysis blinded
as to the resolution and heart rate. A previously validated
tool (HIPPO PERF®) (19,20) was used. Analysis was per-
formed on image frames where the DRA was most promi-
nent. The horizontal (frequency encoding direction cross-
ing the septal and lateral myocardial wall) and vertical
(phase encoding direction crossing the anterior and infe-
rior myocardial wall) signal intensity profiles (1 pixel
width) were extracted (Figs. 2 and 3). The profiles were
evaluated relative to the percentage drop of signal in the
subendocardium compared to the signal intensity of the
epicardium. The transmural extent of the dark rim was
measured and expressed in percent of total myocardial
wall thickness,. Hence, six measurements (two profiles x
three slices) were performed for each perfusion scan, and
their mean was used to characterize the scan.

The operator also identified the frame with the LV sig-
nal peak by extracting the signal versus time curve in
the LV center.

The myocardial signal-to-noise ratio was evaluated by
objective pixel quantification as the ratio between the
mean signal calculated within a region of interest (ROI)
and the standard deviation (SD) calculated in a large ROI
in the image background, free of image artifacts. SD was
corrected taking into account the Rician distribution of
MR noise and the phased array coils geometry (21,22).

The CNR was evaluated between the basal myocardial
signal (i.e. without presence of contrast medium) and the
myocardial signal post contrast using the equation:

|Sc — Sg|

CNR=——"—"
2 (SDpic + SDuig)
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FIG. 2. Method used to extract signal intensity profiles. The user positions a vertical (as in figure) or horizontal line in the image, and the
software generates the corresponding signal intensity profile along the line. LV: left ventricle, RV: right ventricle, myo: myocardium, DR:
signal drop demonstrating the dark rim, and SI-LV: signal intensity of the left ventricular cavity.

where |Sc — Sg| was the absolute difference between ba-
sal signal and the signal evaluated in one frame acquired
after the 90% of signal rise due contrast pass. SDyxc and
SDpp were the signal SD calculated in a large ROI, free
of image artifacts, in the image background, for basal and
contrast enhanced images, respectively. SDs were cor-
rected for the noise statistics as for SNR evaluation.

Both SNR and CNR were evaluated in anterior, septal,
inferior, and lateral segments in all slices. Mean values
across all segments were taken.

Statistical Analysis

All data were analyzed using SPSS version 13.0 and JMP
version 8 statistical packages. Continuous variables were
described as mean = SD.

Paired Student’s t-tests were performed to detect sig-
nificant differences between groups using the following
generalized hypothesis: Hy: group HRes-rest — group
LRes-tachycardia = 0 versus Hx: group HRes-rest — group
LRes-tachycardia < 0. The Bonferroni correction was
used for multiple comparisons.

For each group, one-way repeated measures analysis of
variance was used to evaluate if there was a significant
difference in the extension of the DRA among the cardiac
slices.

In all tests, a P < 0.05 was considered statistically
significant.

RESULTS

Perfusion studies were successfully performed in all six
pigs.

The mean heart rate was pointedly different for rest
and tachycardia groups (P = 0.001) but not significantly
different for HRes and LRes groups (83.2 = 19.6 bpm
versus 89.5 * 21.9 bpm; P = 0.304).

Dark Rim

The most prominent DRA was detected on image frames
shortly after the LV signal peak. In particular, the mean

time after the LV signal peak was 1.17 = 0.43 s for the
rest group and 0.89 = 0.41 s for the tachycardia group.

The percentage of signal drop at the endocardium with
the reference being the signal in the epicardial myocar-
dium did not show a significant difference between
HRes and LRes groups (27.1 = 7.1% versus 33.2 = 8.5%;
P = 0.084) (Fig. 4a, left). The percentage of signal drop
at the endocardium with the reference being the signal
in the epicardial myocardium was significantly lower in
the rest group than in the tachycardia group (27.0 *
8.1% versus 33.0 * 6.0%; P = 0.019) (Fig. 4a, center).
The smallest signal drop was found in the HRes-rest
group (21.1 *= 11.8%) and the largest one in the LRes-
tachycardia group (35.0 = 11.3%). The signal drop
in HRes-tachycardia and LRes-tachycardia groups
was 31.6 = 7.8% and 32.1 * 9.7, respectively. No signi-
ficant differences were detected between the four groups
(Fig. 4a, right).

The width of the dark rim was significantly bigger in
the LRes group than in the HRes group (55.9 = 13.2% of
myocardial thickness versus 25.2 * 7.9% of myocardial
thickness; P < 0.0001) (Fig. 4b, left). The mean dark rim
width in the LRes group was 2.2 times larger than in the
HRes group. The dark rim was significantly wider in the
tachycardia group than in the rest group (53.1 = 7.2% of
myocardial thickness versus 24.5 * 8.7% of myocardial
thickness; P < 0.0001) (Fig. 4b, center). The width of the
rim was smaller in the HRes-rest group (6.9 * 5.3% of
myocardial thickness), followed by the HRes-tachycardia
(41.3 = 7.6% of myocardial thickness) and LRes-rest
groups (46.1 = 14.9% of myocardial thickness), whereas
the LRes-tachycardia group showed the widest rim (66.0
+ 16.1% of myocardial thickness) (Fig. 4b, right). The
difference in the width of the dark rim was not statisti-
cally significant only between HRes-tachycardia and
LRes-rest groups.

Slice-to-Slice Variability of the Dark Rim Artifact

No significant slice-to-slice variability was detected for
signal drop and width of the rim (expressed both as
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FIG. 3. Representative example of real data analysis (Pig #5, medium slice). From top to bottom: MR images, traced horizontal and
vertical lines, horizontal profiles, and vertical profiles. Green arrows indicate the presence of a dark rim and the corresponding signal

drop.

percent of total myocardial wall thickness and in mm)
within the four considered groups (Table 1).

SNR and CNR

At precontrast, the SNR was significantly higher in the
LRes group than in the HRes group (12.2 = 5.1 versus
5.2 = 2.9; P < 0.0001) and in the rest group than in
the tachycardia group (10.3 = 6.3 versus 7.2 * 3.9; P <
0.0001) (Fig. 5a). The smallest SNR was found in the
HRes-tachycardia group (3.9 = 1.1) and the largest
one in the LRes-rest group (13.9 * 6.2). The SNR in
HRes-rest and LRes-tachycardia groups was 6.6 * 3.7

and 10.5 * 2.9, respectively. Significant differences were
found between all pairs (Fig. 5a, right). At peak contrast,
the SNR was significantly higher in the LRes group than
in the HRes group (29.6 * 13.4 versus 13.9 = 5.3; P <
0.0001), and no significant difference was detected
between rest and tachycardia groups (20.7 = 14.2 versus
22.9 = 11.4; P = 0.09) (Fig. 5b). The smallest SNR was
found in the HRes-rest group (13.1 = 5.1) and the largest
one in the LRes-tachycardia group (31.0 = 9.8). The
SNR in HRes-tachycardia and LRes-rest groups was
14.8 = 5.4% and 28.2 = 16.3, respectively. No signifi-
cant differences were detected between LRes-rest and
LRes-tachycardia groups and neither between HRes-rest
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FIG. 4. a: Mean signal drop in percent in HRes and LRes
groups (left), in normal and tachycardia groups (center) and in
the four separate groups (right). b: Mean width of the dark
rim in HRes and LRes groups (left), in normal and tachycardia
groups (center), and in the four separate groups (right). The
SD is reported. The horizontal lines indicate a significant dif-
ference between two groups and the correspondent P values
are indicated.
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and HRes-tachycardia groups (Fig. 5b, right). The SNR at
peak contrast was significantly higher than the SNR at
precontrast in all groups (P < 0.0001).

The CNR between pre- and peak-contrast images was
significantly higher in the LRes group than in the HRes
group (14.9 = 4.3 versus 8.6 = 4.1; P < 0.0001) and in
the tachycardia group than in the rest group (13.4 * 5.6
versus 10.1 = 4.3; P < 0.0001) (Fig. 6). Among the four
sets, the highest CNR was detected in the LRes-tachycar-
dia group (16.9 = 4.0) and the lowest in the HRes-rest
group (7.2 = 2.7). The CNR in HRes-tachycardia and
LRes-rest group was 9.9 = 4.8% and 12.8 * 3.6, respec-
tively. Significant differences were detected between all
pairs, except for the pair constituted by HRes-tachycar-
dia and LRes-rest groups (Fig. 6, right).

DISCUSSION

The evaluation of myocardial ischemia relies on the
detection of reduced perfusion. MRI allows an analysis
of myocardial perfusion by the use of the first pass of a
T,-shortening contrast agent bolus (10,11,23). Severe is-
chemia results in a long-lasting hypoenhancement dur-
ing the complete first pass of the contrast agent through
the myocardium. Moderate ischemia occurs as a tran-
sient hyopoenhancement of the subendocardial myocar-
dium with a complete but delayed filling and enhance-
ment during the first pass. This delay of wash-in can be
affected by the appearance of the DRA. This artifact
mimics a true perfusion defect, impairing the images
analysis (15,24,25). However, it can be recognized due to
a different time course compared to a real perfusion
defect, which tends to be visible for a longer duration
(26). The DRA seems to be caused by a mixture of differ-
ent factors and phenomena such as susceptibility (15),
spatial resolution (Gibbs ringing) (16), and motion effects
(17). In this work, we considered the contribution of spa-
tial resolution and motion.

We performed perfusion experiments in six pigs by
using two different resolutions (high and low) and two
different heart rates (normal and tachycardia), resulting
in four distinct experiment groups, tested for differences

Table 1
Comparison of Mean Signal Drop and Width of the Dark Rim Among the Three Myocardial Slices in Each Identified Group
Slices
Groups Parameters Apical Medium Basal P
HRes-rest Signal drop (%) 20.0 = 134 22.6 = 14.9 20.1 = 10.1 ns
Width of rim (%) 6.5*+7.9 6.3 + 4.7 7.8 +6.8 ns
Width of rim (mm) 0.43 = 0.55 0.43 = 0.30 0.56 = 0.44 ns
HRes-tachycardia Signal drop (%) 32.5 £ 10.5 31.9 £ 6.9 304 =71 ns
Width of rim (%) 38.5 = 10.1 426 + 7.6 42.7 = 4.7 ns
Width of rim (mm) 2.22 + 0.54 3.09 = 1.16 3.27 = 0.56 ns
LRes-rest Signal drop (%) 31.7 £ 13.0 29.9 + 6.7 34.7 = 10.1 ns
Width of rim (%) 451 = 23.2 452 =+ 13.4 479 + 7.3 ns
Width of rim (mm) 2.73 = 1.69 3.10 = 1.35 3.29 = 0.86 ns
LRes-tachycardia Signal drop (%) 40.4 + 13.9 30.9 + 8.3 34.6 = 11.5 ns
Width of rim (%) 69.3 = 17.5 66.3 = 21.7 62.8 = 9.5 ns
Width of rim (mm) 5.57 = 1.61 5.01 =1.37 4.88 = 0.60 ns
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FIG. 5. a: SNR at precontrast in HRes and LRes groups (left), in
normal and tachycardia groups (center) and in the four separate
groups (right). b: SNR at peak contrast in HRes and LRes groups
(left), in normal and tachycardia groups (center), and in the four
separate groups (right). The SD is reported. The horizontal lines
indicate a significant difference between two groups and the cor-
respondent P values are indicated.

in signal drop and transmural extent of the dark-rim arti-
fact. Moreover, we used a high-performance sequence: a
gradient echo EPI sequence with a center out k-space fill-
ing and parallel imaging (ASSET) with a factor of 2. We
obtained images of good quality in which it was always
possible to characterize the artifact when present. The
most prominent dark rim was identified on image frames
shortly after the LV signal peak, when the contrast agent
begun to perfuse the myocardium whereas the LV signal
was still high (27).

From quantitative analysis of transmural myocardial
signal profiles, we observed that the signal drop signifi-
cantly increased with the heart rate, reflecting cardiac
motion. This effect was more significant in the high-reso-
lution images (Fig. 4a). It should be noted that the ampli-
tude of the signal drop could be reduced by the partial
volume effect, due to the small width of the dark rim (1—
3 pixels). The partial volume effect is more prominent in

Meloni et al.

low-resolution images, making the amplitude of the sig-
nal drop not significantly different between high- and
low-resolution images. The width of the DRA increased
with decreased spatial resolution and with increased
heart rate (Fig. 4b). The dark rim was significantly wider
at high heart rates even with high-spatial resolution,
demonstrating its dominant contribution to the occur-
rence of this artifact. This fact may have some implica-
tions in rest-stress studies. It may be possible that a
“perfusion defect” on the stress images could be a DRA,
even if there is not a dark-rim on the rest images. This
may limit the specificity of perfusion imaging, highlight-
ing the importance of continuing to improve pulse
sequences for stress myocardial perfusion imaging.
Cardiac three-dimensional-motion can be described
by three components: radial displacement, rotation, and
translation (28). The direction of all these motion com-
ponents changes each heart cycle during systole and di-
astole. At lower heart rates and at some phases of the
heart cycle (mid diastole or, for an even shorter period,
end-systole), the myocardium shows no or very little
motion, whereas at other phases (systole, early dias-
tole), the myocardium shows rapid motion. Further-
more, the motion of the myocardium shows largest and
fastest excursion at the subendocardium at the basal
segments (29,30,31). Changes in duration of the differ-
ent phases of the heart cycle at high heart rates occur
mainly in the diastolic phase. At high heart rates, early
and end-diastolic motions merge resulting in nearly no
motionless state (32,33). The normal range of myocar-
dial thickness at end-diastole in adults is 9-10 mm. An
in-plane spatial resolution >3 mm (as it is for a FOV of
40 and a matrix size of 128) results in the best case in
no more than three pixels without any partial volume
effects, and in the majority of cases, in two pixels with-
out partial volume effects. This is even worse with the
frequently used asymmetric matrix (such as 128 x 96),
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FIG. 6. CNR in HRes and LRes groups (left), in normal and
tachycardia groups (center), and in the four separate groups
(right). The SD is reported. The horizontal lines indicate a sig-
nificant difference between two groups and the correspondent
P values are indicated.
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which results in in-plane rectangular pixels. In this
case, no more than two pixels without partial volume
effects can be present within the myocardial wall. Tak-
ing into account a myocardial motion up 7 cm/s, this
could result in an artifact up to 1.5 cm width (17). Con-
sidering the normal myocardial thickness, the width of
this calculated artifact would exceed the normal thick-
ness of the myocardium. Depending on the heart phase
and the extent of motion during that phase, the result-
ing artifact might cover the whole transmurality. This
occurred in many cases in the present study, mainly at
low spatial resolution and high heart rates, where the
DRA covered the whole transmural extent of the myo-
cardium in some segments.

No significant variation of the extension of the dark
rim between the slices was observed in any of the four
groups (Table 1), suggesting no preferential localization
of the artifact.

It might be thought that the dark rim artefact repre-
sents just an optical illusion. In fact, a “dark” object (as
the myocardium) that presents a convex contour relative
to a concave surround at the interface with “bright”
objects (as the LV) may produce a negative Mach band
(34) that may mimic the dark rim artefact. The results
allowed us to refuse this hypothesis.

Good SNR and CNR are prerequisites for the differen-
tiation between normal and hypoperfused myocardium,
especially for the detection of mild to moderate perfu-
sion defects (35). All our images showed good SNR and
CNR. As expected, the SNR and CNR ratios decreased
with increasing spatial resolution (Figs. 5 and 6). The
SNR and CNR in HRes-rest and HRes-tachycardia groups,
characterized by high spatial resolution, were signifi-
cantly lower than in LRes-rest and LRes-tachycardia
groups.The SNR in the precontrast images was signifi-
cantly higher in the LRes group compared to the HRes
group. This pattern was not found in peak-contrast
images. It should be noted that the dobutamine is associ-
ated with a twofold to threefold increase in coronary
blood flow (36). An increased flow could cause a shorter
T, and a higher SNR on the sequences with dobutamine-
induced high heart rate.

The findings of this study suggest that several consid-
erations should be made to reduce the dark rim. A
cardiac perfusion sequence should demonstrate high-
spatial resolution to minimize Gibbs ringing and high-
temporal resolution to minimize motion artifacts. The
design of a sequence for perfusion requires a compro-
mise between spatial and temporal resolution. While
spatial resolution should be kept as high as possible,
the main target in an optimal sequence would be to
reduce acquisition time as much as possible. The
increase of the temporal resolution can be achieved by
parallel imaging.

In conclusion, the DRA arises from a combination
of different factors, and it can be diminished by
reducing the acquisition time while keeping spatial re-
solution small. Both spatial and temporal resolutions
are important determinants for the appearance of the
artifact. The design of perfusion sequences should
consider these variables to increase its diagnostic
reliability.
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