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O B J E C T I V E S The aim of this study was to assess the clinical feasibility and diagnostic performance

of an acceleration technique based on k-space and time (k-t) sensitivity encoding (SENSE) for rapid,
high–spatial resolution cardiac magnetic resonance (CMR) myocardial perfusion imaging.
B A C K G R O U N D The assessment of myocardial perfusion is of crucial importance in the evaluation
of patients with known or suspected coronary artery disease. CMR myocardial perfusion imaging
performs favorably compared to single photon-emission computed tomography and offers higher
spatial resolution, particularly when combined with scan acceleration techniques such as k-t SENSE. A
previous study showed that k-t SENSE accelerated myocardial perfusion CMR with 5-fold acceleration is
feasible and delivers high diagnostic accuracy for the detection of coronary artery disease. Higher
acceleration factors have not been attempted clinically because of concerns over temporal blurring
effects of the time-varying signal during contrast bolus passage.
M E T H O D S Twenty patients underwent myocardial perfusion CMR imaging using a 3.0-T whole-

body CMR imager before diagnostic X-ray coronary angiography. Perfusion images were obtained using an
extension of the k-t SENSE method using parallel imaging to double the spatial resolution of the k-t SENSE
training images. This extension, termed k-t SENSE⫹, permitted 8-fold nominal scan acceleration and an
in-plane spatial resolution of up to 1.1 ⫻ 1.1 mm2. Perfusion scores were derived by 2 blinded observers for
16 myocardial segments and compared to quantitative analysis of X-ray coronary angiography.
R E S U L T S CMR data were successfully obtained in all 20 patients. High diagnostic accuracy was

achieved using CMR, as reﬂected by areas under the receiver-operator characteristic curve of 0.94 and
0.82 for detecting stenoses ⬎50% and ⬎75%, respectively. Observer agreement between 2 readers had
a kappa value of 0.92. The areas under the receiver-operator characteristic curves for the left anterior
descending, left circumﬂex, and right coronary artery territories with stenoses ⬎50% were 0.75, 0.92, and
0.79, respectively.
C O N C L U S I O N S Accelerated CMR perfusion imaging is clinically feasible and offers excellent

diagnostic performance in detecting coronary stenosis.
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T

he assessment of myocardial perfusion is
vital in the evaluation of patients with known
or suspected coronary artery disease (CAD)
(1–9). Recent results from a multicenter, multivendor clinical trial have demonstrated high diagnostic accuracy of cardiac magnetic resonance
(CMR) in the detection of CAD, with equal or
better performance compared to single-photon
emission computed tomography (10).
See page 718

In CMR perfusion imaging, spatial and temporal
image resolutions must be well balanced, and they
present competing constraints. With the advent of
parallel imaging techniques (11,12) 2-fold scan
acceleration has become feasible. In application to
CMR perfusion imaging, this has enabled improved myocardial coverage without scan time penalty (13,14). Further improvements in scan efficiency have, however, been difficult to achieve as
noise enhancement increases with increasing acceleration factors, severely compromising image
quality.
Recognition of the importance of both high
spatial and high temporal resolution in ischemia
detection has fueled efforts to further advance
scan acceleration methods. By exploiting the inherent similarity of images acquired at different time
points during contrast bolus passage, scan acceleration factors ⬎2 have become feasible (2,15,16). In
the k-space and time (k-t) sensitivity encoding
(SENSE) method (17), data correlations in space
and time are used to speed up data acquisition while
suppressing excessive noise amplification. The superiority of the method over parallel imaging has
been demonstrated (16), with excellent diagnostic
performance in detecting myocardial ischemia in a
clinical population (16,18,19). With 5-fold scan
acceleration, spatial resolutions of 1.3 ⫻ 1.3 mm2
in-plane have been achieved at 3.0-T, enabling
clear discrimination of subendocardial defects (19).
Further progress in increasing scan efficiency has,
however, been hampered by temporal blurring effects observed with increasing acceleration factors
(16). This problem can partially be attributed to the
low resolution of the training data used in the k-t
SENSE method (20). To this end, an extension of
k-t SENSE was recently presented that combines
parallel imaging to boost the training data resolution without scan time penalty (21). Using this
method, hereafter referred to as k-t SENSE⫹, scan
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accelerations ⬎5 have been demonstrated in healthy
subjects. However, clinical validation has not been
performed to date.
The aim of the present study was to prospectively
determine the feasibility and clinical performance
of accelerated cardiac perfusion imaging using k-t
SENSE⫹ for the detection of CAD, using X-ray
coronary angiography as the reference standard.
METHODS
Study population. Twenty patients (16 men; mean

age 60 ⫾ 7 years; range 45 to 71 years) awaiting
diagnostic invasive X-ray coronary angiography for
the evaluation of known or suspected CAD were
recruited consecutively between July and November
2008. All patients gave written informed consent,
and the study was approved by the local ethics
review board. Exclusion criteria were contraindications to CMR (mainly incompatible meABBREVIATIONS
tallic implants and claustrophobia) or to
AND ACRONYMS
adenosine infusion (asthma or atrioventricular block more severe than grade I),
AUC ⴝ area under the curve
myocardial infarction within 7 days, unCAD ⴝ coronary artery disease
stable angina pectoris, and New York
CI ⴝ confidence interval
Heart Association functional class IV
CMR ⴝ cardiac magnetic
heart failure. Moreover, patients with arresonance
rhythmias and those who had undergone
k-t ⴝ k-space and time
previous coronary artery bypass graft surLAD ⴝ left anterior descending
gery were not considered for study inclucoronary artery
sion. Patients were instructed to refrain
RCA ⴝ right coronary artery
from substances containing caffeine during
ROC ⴝ receiver operator
characteristic
the 24 h before the examination. Cardiac
medications were not stopped before
SENSE ⴝ sensitivity encoding
CMR.
CMR imaging. Patients underwent CMR imaging
on a 3.0-T clinical magnetic resonance system
(Philips Healthcare, Best, the Netherlands). Patients were placed in the supine position, and a
6-element cardiac phased-array coil was used for
signal reception. Cardiac synchronization was performed using 4 electrodes placed on the hemithorax
(vector electrocardiography), and imaging was triggered on the R-wave of the electrocardiogram (22).
After the acquisition of standard cine scans for
the assessment of left ventricular function, perfusion imaging data were acquired in the short-axis
orientation at 3 different cardiac levels. Adenosine
was administered intravenously at a dose of 140
g/kg/min under continuous heart rate and blood
pressure monitoring at 1-min intervals. After 3 min
of adenosine infusion, an intravenous bolus injection of 0.1 mmol/kg gadobutrol (Gadovist; Bayer
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Figure 1. k-t SENSEⴙ Imaging Principle
On the basis of low-resolution training data that are acquired with 2-fold parallel imaging (A), an estimate of the expected signal intensities of the object is obtained and
used to unfold the aliased components resulting from the 8-fold undersampled data (B).
The high-resolution ﬁnal reconstruction result (C). k-t ⫽ k-space and time; SENSE ⫽ sensitivity encoding.

Schering Pharma AG, Berlin, Germany) was administered into an antecubital vein on the opposing
arm using a power injector (Medrad Spectris Solaris; Medrad, Indianola, Pennsylvania) at an injection rate of 5 ml/s followed by a 20-ml saline flush
at 5 ml/s.
The CMR k-t SENSE⫹ perfusion imaging protocol consisted of a saturation-recovery gradientecho pulse sequence (repetition time [TR] 2.7 ms,
echo time 0.92 ms, flip angle 20°, saturation prepulse delay 150 ms, 75% partial Fourier acquisition
with homodyne reconstruction, field of view 380 ⫻
280 to 350 mm2, slice thickness 10 mm, number of
dynamics 24, end-inspiration breath-hold). The
acquisition matrix was kept constant (320 ⫻ 256
profiles), resulting in an in-plane resolution of
1.1 ⫻ 1.1 to 1.4 mm2. With 11 training profiles and
an undersampling factor of 8, the net acceleration
was 6.15. Accordingly, the total number of acquired
profiles per slice and heartbeat amounted to 256 ⫻
0.75/6.15 ⫽ 32, resulting in an acquisition window
of 32 ⫻ TR ⫽ 87 ms. In the k-t SENSE⫹ method
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(21), the undersampled data are reconstructed using
information from training data. Before this image
reconstruction step, the training data, which are
acquired at 2-fold reduction, are reconstructed using parallel imaging methods to yield a matrix
consisting of 2 ⫻ 11 profiles. The schematic of the
image reconstruction is shown in Figure 1.
After the perfusion protocol, late gadolinium
enhanced images were acquired in short-axis orientation covering the entire left ventricle using a
3-dimensional inversion-recovery segmented
k-space gradient-echo pulse sequence (TR 3.7 ms,
echo time 1.8 ms, flip angle 15°, spatial resolution
1.5 ⫻ 1.5 ⫻ 5 mm3).
Data analysis. All data were analyzed on a postprocessing workstation (Viewforum; Philips
Healthcare) by an expert observer with 4 years of
experience in CMR imaging. The observer was
blinded to all clinical information. For the assessment of interobserver variability, a second expert
(with 8 years of experience in CMR imaging), who
was equally blinded to all clinical information,
independently repeated the analysis. Image quality
with regard to artifacts and blurring was graded on
a 4-point scale between 0 and 3 (0 ⫽ nondiagnostic,
1 ⫽ poor, 2 ⫽ good, 3 ⫽ excellent). Visual
perfusion analysis used 16 segments of the American Heart Association model for left ventricular
assessment (23). Perfusion in a segment was considered abnormal if 1) contrast enhancement was
reduced in comparison with nonischemic myocardial segments or 2) in cases in which a transmural
enhancement gradient was seen and the perfusion
defect was not located within scar tissue on the
corresponding late gadolinium enhanced images.
Stress perfusion in each segment was scored on a
4-point scale from 0 to 3 (0 ⫽ normal, 1 ⫽ probably
normal, 2 ⫽ probably abnormal or subendocardial
defect, 3 ⫽ abnormal or transmural defect). A
perfusion score was calculated as the sum of all
segmental scores (0 to 48) for each patient. Separate
perfusion scores were calculated for the left anterior
descending coronary artery (LAD), left circumflex
coronary artery (LCX), and right coronary artery
(RCA) territories according to the American Heart
Association segmentation.
To assess the value of the high spatial resolution
in perfusion imaging, the acquired data were resampled to 2-fold increased voxel sizes corresponding
to 4-fold increased voxel volumes by setting to zero
all k-space samples above a cutoff frequency given
by 1/(2␦w), where ␦w denotes the in-plane voxel
widths of the high-resolution data. Additional pro-
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Table 1. Patient Characteristics
Variable
Age (yrs ⫾ SD)

Value
60 ⫾ 7

Sex, n (%)
Male
Female

16 (80%)
4 (20%)

Risk factors and patient history, n (%)
Hypertension

12 (60%)

Hypercholesterolemia

13 (65%)

Diabetes mellitus

6 (30%)

Smoking

8 (40%)

Family history of premature CAD

2 (10%)

Suspected CAD

9 (45%)

Known CAD

11 (55%)

Previous PCI

11 (55%)

Previous MI

4 (20%)

Angiographic ﬁndings
No signiﬁcant CAD*

10 (50%)

1-vessel disease*

8 (40%)

2-vessel disease*

2 (10%)

3-vessel disease*

0 (0%)

LAD*

4 (20%)

LCX*

3 (15%)

RCA*

5 (25%)

*Coronary artery stenosis ⬎ 50% on quantitative coronary analysis.
CAD ⫽ coronary artery disease; LAD ⫽ left anterior descending coronary
artery; LCX ⫽ left circumﬂex coronary artery; MI ⫽ myocardial infarction;
PCI ⫽ percutaneous coronary intervention; RCA ⫽ right coronary artery.

cessing, such as Hamming filtering, was not applied. Accordingly, in-plane voxel sizes of the resulting low-resolution data were 2.2 ⫻ 2.2 to 2.8
mm2 and thus comparable with previous clinical
trial studies (10). The low-resolution data were
analyzed blinded to the original high-resolution
data by the 2 independent observers.
Coronary angiography. Following the CMR examination, all patients underwent biplane X-ray coronary angiography using a standard technique. Angiograms were analyzed by quantitative coronary
analysis (Xelera 1.2 L4 SP1; Philips Healthcare) by
an independent blinded reviewer. Coronary lesions
were analyzed in several projections. The severity of
any coronary lesion was evaluated by measuring
minimal luminal diameter and percent diameter
stenosis in several angiographic views. The most
severe stenosis was recorded. For analysis purposes,
only vessels with reference diameters ⬎ 2 mm were
included. On the basis of these analyses, patients
were classified as having 1-vessel, 2-vessel, or
3-vessel disease. A significant left main coronary
artery stenosis was considered double-vessel disease.
Statistical analysis. Continuous data are expressed as
mean ⫾ SD, and comparisons between groups were
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made by using 2-tailed paired t tests. No corrections
were made for multiple comparisons. Discrete data
are expressed as percents. Categorical data were
compared by using the chi-square test. A p value
⬍0.05 was considered to indicate a significant
difference. The diagnostic accuracy of visual analysis
to detect coronary stenoses with diameters more
than 50% with quantitative coronary analysis of
X-ray angiograms in vessels with reference diameters more than 2 mm was determined using
receiver-operator characteristic (ROC) analysis (24)
using MedCalc version 9.2.1.0 (MedCalc Software,
Mariakerke, Belgium). The areas under the curves
(AUCs) were compared using the method of DeLong et al. (25). The total perfusion score on a
quantitative scale of 0 to 48 served as the analysis
metric. Agreement between observers for the overall perfusion scores was assessed using the method
described by Bland and Altman (26).

RESULTS
Patient characteristics and hemodynamic data. All 20

patients successfully completed CMR scans and
were included in the final analysis.
Table 1 summarizes patient characteristics, and
Table 2 presents hemodynamic data. X-ray coronary angiography demonstrated significant coronary
artery stenoses (⬎50% luminal diameter reduction
in vessels ⬎2 mm in diameter) in 10 patients (50%).
Eight patients (40%) had single-vessel disease and 2
patients (10%) had multivessel disease. In terms of
the anatomical location of coronary artery stenoses,
4 patients (20%) had significant LAD stenoses, 3
patients (15%) had significant LCX stenoses, and 5
patients (25%) had significant RCA stenoses.
The mean heart rate showed a significant (p ⬍
0.0001) increase during adenosine infusion. There
were no significant changes in systolic (p ⫽ 0.07) or
diastolic (p ⫽ 0.81) blood pressure. Most patients
(n ⫽ 17) had minimal side effects (breathlessness,
flushing, headache). No serious adverse events
occurred.
Table 2. Hemodynamic Data at Rest and Stress
Hemodynamic Aspect
Heart rate (beats/min)

Rest

Stress

63 ⫾ 11

81 ⫾ 15*

Systolic blood pressure (mm Hg)

136 ⫾ 14

Diastolic blood pressure (mm Hg)

67 ⫾ 9

67 ⫾ 12

8,561 ⫾ 1,711

10,794 ⫾ 2,422*

Pulse pressure product (beats/min ⫻ mm Hg)
Data are expressed as mean ⫾ SD. *p ⬍ 0.05.

134 ⫾ 14
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Figure 2. Case Example #1
k-Space and time (k-t) sensitivity encoding⫹ cardiac magnetic resonance perfusion images acquired during adenosine stress show a perfusion defect inferior in the apical slice (A) and inferior and inferolateral defects in the equatorial (B) and basal (C) slices. X-ray coronary
angiography showed diffuse disease with subtotal occlusion of the right coronary artery (D) (arrows) and a high-degree stenosis of the
left circumﬂex coronary artery (E) (arrow).

Diagnostic accuracy. Figure 2 presents k-t SENSE⫹

perfusion images acquired during adenosine stress
in a patient with suspected CAD (upper row) and
the corresponding X-ray coronary angiographic images (lower row). The CMR images show an
inferior perfusion defect in the apical slice and an
inferior and inferolateral defect in the equatorial
and basal slices. The X-ray images show a subtotal occlusion of the RCA and a high-degree
stenosis of the LCX, with no significant disease in
the LAD.

A second case is presented in Figure 3. The k-t
SENSE⫹ perfusion images (upper row) show a
circular perfusion defect in the apical slice and an
anterior, anteroseptal, and inferoseptal defect in the
equatorial and basal slices. The X-ray coronary
angiographic images (lower row) show evidence of a
high-degree stenosis in the LAD, no significant
disease in the LCX, and a small, nondominant RCA.
The overall mean perfusion score was 6.2 (95%
confidence interval [CI]: 3 to 10). The AUC on
ROC analysis for the ability of the perfusion score

Figure 3. Case Example #2
k-Space and time (k-t) sensitivity encoding⫹ cardiac magnetic resonance perfusion images acquired during adenosine stress in a patient
with suspected coronary artery disease show a circular perfusion defect in the apical slice (A) and anterior, anteroseptal, and inferoseptal
defects in the equatorial and basal slices (B and C). X-ray coronary angiography conﬁrmed a high-degree stenosis of the left anterior
descending coronary artery (D) (arrow) and a small right coronary artery (E).
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Interobserver agreement. Agreement analysis for
the overall perfusion score showed a mean bias of
0.0, with 95% limits of agreement of 3.2 to ⫺3.2.
The AUCs on ROC analysis were similar between
the 2 observers for the main analysis of coronary
artery stenosis ⬎50%: 0.94 (95% CI: 0.74 to 0.99)
and 0.98 (95% CI: 0.80 to 1.0) (p ⫽ 0.13).
Image quality. The mean image quality score was
2.2 ⫾ 0.7. None of the images were considered
nondiagnostic.

Sensitivity (True Positive)

100

80

60

40

High Resolution

20

Low Resolution

DISCUSSION

0
0

20

40

60

80

100

100-Specificity (False Positives)
Figure 4. Receiver-Operator Characteristic Curve
Receiver-operator characteristic curve for the ability of the perfusion score to detect coronary artery disease (⬎50%) for highresolution and low-resolution data. The areas under the receiveroperator characteristic curve were 0.94 for the high-resolution
data and 0.82 for the low-resolution data (p ⫽ 0.13).

to detect the presence of CAD (⬎50%) was 0.94
(95% CI: 0.74 to 0.99) (Fig. 4). At a cutoff value of
2, this resulted in sensitivity and specificity of 90%
and 100%, respectively. Using a cutoff value of 1,
sensitivity and specificity were 90% and 90%, respectively. AUCs on ROC analysis were 0.75 (95%
CI: 0.51 to 0.91), 0.92 (95% CI: 0.69 to 0.96), and
0.79 (95% CI: 0.55 to 0.93) for the detection of
⬎50% coronary artery stenosis in the LAD, LCX,
and RCA, respectively. The mean perfusion scores
for single-vessel and double-vessel disease at disease
severity ⬎50% were 11.0 (95% CI: 5 to 17) and
16.0 (95% CI: ⫺35 to 67), respectively. Patients
without significant CAD had a mean perfusion
score of 0.4 (95% CI: 0 to 1). Lower diagnostic
accuracy was seen for the detection of CAD ⬎75%
(AUC: 0.82; 95% CI: 0.59 to 0.95; p ⫽ NS)
compared to CAD ⬎50%. At a cutoff value of 2,
this resulted in sensitivity and specificity of 86% and
77%, respectively.
The diagnostic accuracy for the low-resolution
data was not significantly different compared with
that for the high-resolution data in the patient
population studied: 0.82 (95% CI: 0.58 to 0.95) and
0.79 (95% CI: 0.55 to 0.94) for the detection of
⬎50% (p ⫽ 0.13) and ⬎75% (p ⫽ 0.72) CAD,
respectively (Fig. 4). Using a cutoff value of 2,
sensitivity and specificity for the detection of ⬎50%
and ⬎75% coronary artery stenoses were 80% and
50%, and 86% and 46%, respectively.

This study shows that accelerated CMR perfusion imaging using k-t SENSE⫹ is feasible in a
clinical population, with excellent diagnostic performance to detect coronary stenosis relative to
X-ray angiography.
The boundaries of CMR myocardial perfusion
imaging continue to be pushed, driven by technological advances that permit faster data acquisition.
This increase in speed can be invested flexibly into
better spatial or temporal resolution, and both are
important to maximize diagnostic performance
(13,14). The latest acceleration methods, such as k-t
SENSE, continue to evolve, and several improvements over the initial implementations have been
proposed (14,18,20), each addressing particular potential limitations of the method. Defining the
clinical potential of these refinements is challenging
and laborious, because validation studies are required at every step of the development process.
The aim of this study was to assess the clinical
feasibility of k-t SENSE⫹, which allows higher
acceleration than the standard k-t SENSE approach. In the current implementation, the increase
in speed was invested in improved spatial resolution
while keeping acquisition duration short. This
study can only give an indication of the potential
role of k-t SENSE⫹ but demonstrated that it can
be applied to a consecutive clinical population and
achieve high diagnostic accuracy and reproducibility.
Recent work investigating dark rim image artifacts (16,27) placed emphasis on high spatial resolution as a factor to address this issue. In the present
study, spatial resolution could be increased in comparison with previous studies, preventing the appearance of such artifacts and allowing for
the precise assessment of the transmural extent of
the ischemic region. It is important to note that the
diagnostic advantage comes at no cost with respect
to the length of the acquisition window, which was
kept below 90 ms/heartbeat. This has the additional
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benefit of reduced intershot cardiac motion, which
could otherwise result in blurring or contribute to
dark rim artifacts.
With the current acceleration factors, only 3
slices could be acquired, given the shorter cycle
intervals during stress exams. However, it has been
indicated that even full coverage of the heart may be
achieved by using additional modifications in image
acquisition and reconstruction procedures. Methods based on k-t SENSE using temporal basis
functions seem very promising in achieving acceleration factors ⬎8 (28), but these remain to be
validated clinically. Besides the advantages with
respect to higher acceleration factors, these methods are also less sensitive to bulk motion of the
heart in cases in which breath-holds cannot be
performed. In the present study, with a small
study population, all subjects could either perform the inspiration breath-holds or were asked
to perform shallow expiration after an initial
inspiration breath-hold, which minimizes
respiration-related image artifacts seen with the
k-t SENSE method (29).
The overall diagnostic accuracy of perfusion imaging was slightly better relative to results from a
previous study by Plein et al. (19), with AUCs of
0.94 versus 0.89, respectively. Cheng et al. (5) also
reported a slightly smaller AUC of 0.89 for CMR
perfusion imaging at 3.0-T.
Comparison of results from high-resolution and
low-resolution perfusion data revealed improved
specificity at high spatial resolution. This may be
explained by the reduction in subendocardial dark
rim artifacts with reduced voxel sizes. Sensitivity
did not differ significantly between low-resolution
and high-resolution data, which is attributed to the
size and composition of the present patient study
population. It is speculated that sensitivity profits
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