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Steady-state free precession sequences
in myocardial first-pass perfusion MR imaging:
comparison with TurboFLASH imaging

Abstract The aim of this study was
to compare the image quality of a
saturation-recovery gradient-recalled
echo (GRE; TurboFLASH) and a
saturation-recovery SSFP (SR-True-
FISP) sequence for myocardial first-
pass perfusion MRI. Eight patients
with chronic myocardial infarction
and 8 volunteers were examined
with a TurboFLASH (TR 2.1 ms,
TE 1 ms, FA 8°) and a SR-TrueFISP
sequence (TR 2.1 ms, TE 0.9 ms,
FA, 50°) on a 1.5 T scanner. During
injection of 0.05 mmol/kg BW
Gd-DTPA at 4 ml/s, three short axis
slices (8 mm) of the left ventricle
(LV) were simultaneously scanned
during breath-hold. Maximum signal-
to-noise ratio (SNR), contrast-to-
noise ratio (CNR) between infarcted
and normal myocardium, and per-
centage signal intensity change

(PSIC) were measured within the LV
lumen and in four regions of the LV
myocardium for the three slices sep-
arately. For the LV lumen, SR-True-
FISP was superior in SNR and PSIC
(factor 3.2 and 1.6, respectively).
Mean maximum SNR, PSIC, and
CNR during peak enhancement in
the LV myocardium were higher for
SR-TrueFISP compared with Turbo-
FLASH (factor 2.4, 1.25, and 1.24,
respectively). The SNR was higher
in the septal portion of the ventricle
than in anterior/posterior and lateral
regions. The SR-TrueFISP provides
higher SNR and improves image
quality compared with TurboFLASH
in first-pass myocardial perfusion
MRI
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Introduction

A decrease in myocardial perfusion will be the first effect
of occluding coronary artery disease (CAD) and can be
detected before clinical symptoms or left ventricular (LV)
dysfunction become obvious; therefore, the assessment of
myocardial perfusion representing the functional rele-
vance of coronary stenoses appears the most promising
concept for a non-invasive test to detect CAD. To date,
nuclear techniques, i.e., single photon emission computed
tomography (SPECT) and positron emission tomography
(PET), serve as the reference standard in this respect [1].
For the detection of significant CAD, these techniques
provide a sensitivity and specificity of 83-95% and
53-95%, respectively [2, 3, 4]. They are, however, limit-

ed by attenuation artifacts, radiation exposure, and a poor
spatial resolution which does not allow the reliable detec-
tion of subendocardial perfusion defects.

Perfusion MRI using the first-pass kinetics of a bolus
of gadolinium-based contrast agent has been developed to
overcome the nuclear techniques’ difficulties and limita-
tions [5, 6]. In this context, different sequences have been
evaluated and proven feasible [7, 8, 9, 10]; however, most
of the recent studies have been performed using fast gra-
dient-echo sequences such as TurboFLASH with either
inversion- [8] or saturation-recovery techniques [11, 12].
Steady-state free precession (SSFP) sequences have been
successfully applied in cardiac MRI for functional studies
[13, 14] and coronary angiography [15]. They have been
proven to provide high signal-to-noise ratio (SNR) and
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high contrast-to-noise ratio (CNR), and to shorten acqui-
sition time compared with gradient-echo sequences.

The contrast of steady-state free precession sequences
depends on the T2/T1 properties of the tissue; however,
using an inversion pulse combined with the ultra-fast
data readout of the steady-state free precession sequence,
predominantly T1-weighted images can be obtained. Al-
ternatively, T1-weighting can be enhanced by adding
saturation pulses, which seem to be well suited for myo-
cardial perfusion imaging.

The purpose of the present study was to compare the
SNR, CNR, and the signal intensity (SI) increase of a
fast saturation-recovery GRE (TurboFLASH) and a satu-
ration-recovery SSFP (TrueFISP) sequence for myocar-
dial first-pass perfusion MRI.

Materials and methods

In this study 8 patients and 8 young healthy volunteers (6 men and
2 women; mean age 25+2 years) were enrolled. Eight patients (5
men and 3 women; mean age 62+9 years) had CAD proven by
catheter coronary angiography and a history of chronic myocardial
infarction. Data on the patients’ individual history of myocardial
infarction, current status of CAD as visually assessed, present LV
function, and delay between infarction and imaging are given in
Table 1. Written informed consent was acquired from all subjects,
and the study was performed in accordance with the regulations of
the institutional review board.

MRI

All MRI examinations were performed on a 1.5 T whole body
scanner (Magnetom Sonata, Siemens Medical Systems, Erlangen,
Germany) equipped with high-performance gradients (maximum
amplitude, 40 mT/m; slew rate 200 T/m s~!). Patients were placed
in supine position. Two coil elements of the CP spine array and
two elements of the conventional body flex phased-array coil were
used for signal reception.

MRI technique

In each subject, two myocardial first-pass studies were performed
with at least 24 h (mean time interval 3.1 days, range 28 h to

Table 1 Patient data on individual history of chronic myocardial
infarction concerning date and target vessel, current status of coro-
nary artery disease (vessel and stenosis degree), present global left

12 days) in between using either TurboFLASH or TrueFISP with
saturation-recovery preparation in random order. For determina-
tion of the proper short axis orientation, a cine study was obtained
in horizontal and vertical long-axis orientation using a segmented
steady-state free precession (SSFP) sequence (TrueFISP; TR
3.0 ms, TE 1.5 ms, flip angle 60°, bandwidth 975 Hz per pixel).
Based on these images, the ECG-triggered multi-slice perfusion
study was performed in short-axis orientation while contrast mate-
rial was injected. Scan parameters of both perfusion sequences are
given in Table 2. During breath hold for a period of 40 heart beats,
3 parallel slices were simultaneously obtained in the basal, mid-
ventricular, and apical position of the LV. After completion of the
first perfusion study, a segmented inversion recovery (IR) Turbo-
FLASH sequence was applied as described elsewhere [16] to de-
tect late enhancement and characterize myocardial scarring in the
acquired short-axis slices.

Contrast material injection protocol

During imaging, 0.05 mmol/kg BW of Gd-DTPA (Magnevist,
Schering, Berlin, Germany) at a flow rate of 4 ml/s were injected
through an 18-G cannula in an antecubital vein followed by a
20 ml flush of saline. An automated injector pump (Spectris, Med-
rad Inc., Indianola, Pa., USA) was used. After that, an additional
0.15 mmol/kg BW of Gd-DTPA was administered for the late en-
hancement study.

Data analysis

All perfusion data sets of the three reference slices were evaluated
by an experienced board-certified radiologist.

Table 2 Scan parameters for saturation-recovery TurboFLASH
and saturation-recovery TrueFISP sequences used for myocardial
first-pass perfusion MR imaging in this study

TurboFLASH TrueFISP
TR (ms) 2.1 2.1
TE (ms) 1.0 0.9
Flip angle (°) 8 50
Bandwidth (Hz/pixel) 770 1400
Matrix 128x80 128%x77
Spatial resolution (mm?2) 3.9x3.1 4.0x3.1

ventricle function (EF), and delay between infarction and MR im-
aging. LAD left anterior descending, RCA right coronary artery,
CAD coronary artery disease, CABG coronary artery bypass graft

Patient Gender Age Myocardial infarction Delay CAD status Ejection
no. (years) (months) fraction
Time (month/year)  Vessel (%)

1 F 63 6/2000 LAD 13 No stenosis 36

2 M 43 3/2001 LAD 12 No stenosis 43

3 M 73 8/1999 RCX 23 LAD and RCX occluded, 2 CABG 31

4 F 58 10/2001 LAD 5 LAD 60%, RCA 70% 35

5 M 67 7/1998 RCA, RCX 43 RCX 60%, LAD 75% 43

6 F 71 3/2000 LAD 24 LAD 50% 38

7 M 64 12/1999 RCX 26 RCX occluded, LAD 75% 29

8 M 60 3/1998 RCA 47 LAD 50%, RCA 75% 32
Mean+SD 6249 24+15 36+5
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Fig. 1 Short-axis slice of the basal left ventricle (LV) during peak
enhancement using the TurboFLASH sequence. Four regions of
interest (ROIs) are placed within the LV myocardium in anterior,
septal, inferior, and lateral position. Another circular ROI is put in
the LV cavity to measure the LV input function

Signal-to-noise ratio

Signal-to-noise ratio (SNR) was calculated for four myocardial
segments in each of the three LV slices as well as for the LV cavi-
ty at the individual time of maximum contrast enhancement. For
these purposes, the mean signal intensities (SI) in four regions of
interest (ROIs) of approximately 1 cm? were measured within the
LV myocardium at the anterior, septal, inferior, and lateral posi-
tions (Fig. 1). Care was taken to not include blood or epicardial
fat in the ROI. For measuring the blood pool SNR within the LV
lumen, a circular ROI was set centrally excluding the papillary
muscles and the myocardial wall (Fig. 1). The SNR was calculated
by using the following standard formula: SNR=SI/noise [17].
Noise was defined as the standard deviation (SD) of mean SI in a
ROI set in an artifact-free region outside the subject.

Contrast-to-noise ratio

For contrast-to-noise ratio (CNR) evaluation between myocardial
scar after infarction and normal myocardium, the SI within the
scar (SI.,,) as characterized by late enhancement imaging and one
adjacent region of normal myocardium (SI,,,,) were measured in
all patients. Noise was again defined as the SD of mean SI in a
ROI set outside the subject. The CNR was calculated following

the standard equation: CNR=(SI,, -SI_,,)/noise.

Percentage signal intensity change

The percentage signal intensity change (PSIC) was evaluated in all
ROIs within the myocardium and the LV lumen corresponding
to the SNR measurements. The PSIC was calculated dividing
the maximum signal intensity in each individual ROI by the signal
intensity before contrast enhancement.

@ TurboFLASH
W TrueFISP
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lateral
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Fig. 2 Mean signal-to-noise ratio (SNR) measured in four differ-
ent segments (ROIs) within three slices of the LV myocardium
in all subjects with TurboFLASH (gray bars) and TrueFISP
(black bars). The difference was significant in each comparison
(p<0.001)

Statistical analysis

The SPSS (Version 11.0 for Windows, SPSS, Chicago, I11.) statis-
tics package was used. Comparison between the measured SNR,
CNR, and PSIC data was done by using the paired ¢ test. Differ-
ences between patients and volunteers were evaluated using the
unpaired ¢ test. p values <0.01 were considered to indicate a sig-
nificant difference. Not significant results were designated by
“n.s.”.

Results

All data sets provided sufficient image quality. In each
patient 12 ROIs were analyzed for the myocardium and
3 for the LV cavity for both TurboFLASH and TrueFISP
images.

Signal-to-noise ratio

Measuring in all LV myocardial segments, mean SNR in
TurboFLASH and TrueFISP was 9.4+3.1 and 22.4+7.8
(p<0.001), respectively. Figure 2 shows the comparison
of SNR based on the different myocardial segments. For
TurboFLASH, SNR in the anterior, septal, inferior, and
lateral segment was 9.7+£3.1, 10.3+4.7, 9.4+2.3, and
8.0+2.3. For TrueFISP, it was 21.9+6.3, 25.7+10.1,
24.1+7.7, and 18.1£7.1 (p<0.001 in each comparison). In
total, TrueFISP yielded a 2.4-fold higher SNR in com-
parison with TurboFLASH.

In both sequences, SNR was higher in septal (Turbo-
FLASH and TrueFISP, 10.3 and 25.7) than in anterior
(9.6, 22.1), inferior (9.8, 24.1), and lateral (8.0, 18.1)
segments (p<0.001 in each comparison). Concerning all
investigated segments, higher SNR was found in the api-
cal portion of the ventricle (TurboFLASH and TrueFISP,
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Fig. 3 Comparison of mean SNR measured in all ROIs between
patients and volunteers. Significant differences were found be-
tween patients and volunteers in both techniques, as well as be-
tween TurboFLASH and TrueFISP, in both groups

9.8 and 27.0) than in the mid-ventricular (9.4, 21.1)
and in the basal (9.1, 19.4) portions (p<0.001 in each
comparison). In total, the volunteers tended to higher
SNR than the patients in both TurboFLASH (11.3+3.2
vs 7.4+2.4, n.s.) and TrueFISP sequences (27+9.7 vs
17.8+6.8, n.s.; Fig. 3).

The SNR measured within the LV cavity (blood pool)
was 3.2-fold higher for TrueFISP than for TurboFLASH
(100.6+32.7 vs 31.3+8.4, p<0.001). Visually, all TrueFISP
images appeared less noisy than the TurboFLASH images
and, thus, provided subjectively better image quality.

Contrast-to-noise ratio

In the patient group the CNR measurements between
scar and normal myocardium showed higher values for
TrueFISP compared with TurboFLASH. The CNR in
TurboFLASH and TrueFISP ranged from 1.5 to 10.1 and
1.8 to 14.2, respectively. Comparing the single measure-
ments in each patient, the mean benefit in CNR using
TrueFISP was 24%=12 (range 6—41%, p<0.01).

Percentage signal intensity increase

Measuring the PSIC over all LV myocardial segments,
TrueFISP tended to higher PSIC than TurboFLASH
(3.4+1.3 vs 2.8+0.6, n.s.). Figure 4 shows the compari-
son of PSIC for the different myocardial segments. For
TurboFLASH, PSIC in the anterior, septal, inferior, and
lateral segment was 2.7+0.7, 2.6+0.5, 2.9+0.7, and
2.9+0.6. For TrueFISP, values were 3.4+1.4, 3.0+0.5,
3.8+1.2, and 3.6+1.7 (n.s. concerning individual se-
quence comparison).

@ TurboFLASH
5 |ETrueFISP
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inferior lateral

anterior septal

Fig. 4 Percentage signal intensity change measured in four differ-
ent segments (ROIs) within three slices of the LV myocardium in
all subjects with TurboFLASH (gray bars) and TrueFISP (black
bars). The differences in each compared segment, as well as the
total comparison, were not significant (n.s.)
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Fig. 5 Original signal-time curves of TurboFLASH (left) and True-
FISP (right) measured within the LV cavity (“input function”, upper
lines) and an anterior segment (lower lines) of a volunteer. Scaling of
the y-axis is the same in both graphs. Significantly higher up-slopes
for blood pool and myocardial signal intensity in the TrueFISP
curves are obvious (99 vs 34 and 5.6 vs 1.14 SI/hb, respectively)

When measuring PSIC of the blood pool by the ROI
within the LV cavity, again, TrueFISP yielded higher
values than TurboFLASH: 15.5+4.9 vs 9.8+2.3 (factor
1.6, p<0.001). Figure 5 shows the signal intensity—time
curves of the myocardium and the blood pool for both
TurboFLASH and TrueFISP sequences in a volunteer.

Patients vs volunteers

Volunteers tended to higher SNR than patients during
peak enhancement in both TurboFLASH and TrueFISP
(11.3£3.2 vs 7.4+2.4, n.s.; Fig. 3). In both groups, True-
FISP yielded higher SNR than TurboFLASH (17.8+6.8
vs 7.4+2.4 in patients, p<0.05; 27+£9.7 vs 11.3£3.2 in
volunteers, p<0.01).
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Discussion

In the present study, saturation-recovery TrueFISP tech-
niques in myocardial first-pass perfusion MRI have been
shown to provide better image quality and higher SNR
when compared with the established gradient-echo se-
quences such as TurboFLASH. Furthermore, signifi-
cantly higher CNRs between infarcted and normal myo-
cardium are provided by TrueFISP.

Comparison between TurboFLASH and TrueFISP

In our study examining volunteers and patients after in-
farction, the same field of view and very similar spatial
and temporal resolution (effective temporal resolution,
168 vs 191 ms) were used for both TurboFLASH and
TrueFISP sequences in a multi-slice approach. Under
these premises, True FISP provided significantly higher
SNR and CNR than did TurboFLASH (Fig. 2). Further-
more, when visually assessed, TrueFISP looked remark-
ably less noisy.

When SSFP myocardial perfusion imaging was first
described in an animal experiment by Schreiber et al. in
2001, it was proven to provide high image quality in
combination with high spatial resolution [18]. The same
group reported another study in phantoms and healthy
volunteers comparing single-slice saturation-recovery
TurboFLASH and TrueFISP perfusion sequences finding
significantly higher spatial resolution of the TrueFISP
when maintaining comparable SNR [19]. That, of
course, implements higher SNR and CNR when the same
voxel size is used. Corresponding to our results, the
authors also reported the impression of less noisy images
using TrueFISP when comparing qualitatively. Another
important finding of the mentioned study [18] in terms
of the reliability of True FISP measurements is the
linearity of signal intensity at a wide range of contrast
material concentration.

Comparing the scan parameters of TurboFLASH and
TrueFISP (Table 2), the TrueFISP technique uses re-
markably higher flip angles. The capabilities of GRE
sequences, such as TurboFLASH, might, theoretically,
be enhanced by higher flip angles to obtain higher signal
warranting higher SNR and CNR. However, higher flip
angles than the given are accompanied by saturation
effects, which prohibit their application; thus, parts of
the TrueFISP advantages, in terms of SNR and CNR, are
based on the opportunity to use higher flip angles.

As a prerequisite of the delineation of ischemic areas
within the myocardium, a wide range of signal intensity
between the precontrast images and the peak enhancement
should be provided. As a measure of the achievable dis-
tinction between ischemic and normally perfused myocar-
dium comparing TurboFLASH and TrueFISP, we assessed
the PSIC. The finding that TrueFISP is superior in this

topic very closely matches the data published by Schreiber
et al. and is of the same order of magnitude [19]; however,
the difference did not reach statistical significance in this
small number of subjects. Visually, the distinction of cer-
tainly hypoperfused areas, i.e., infarction zone, in the pa-
tient portion of our study was easier in TrueFISP (Figs. 6,
7), yet we could not confirm this impression by CNR
measurements due to the lack of a reference standard, in
terms of perfusion, such as PET or SPECT.

In conclusion, TrueFISP allows for a more distinct
delineation between normal and chronically infarcted
myocardium; however, in the clinical setting of CAD as-
sessment, the most important issue is the differentiation
between normally perfused myocardium and perfusion
deficits in viable myocardium. An improvement in this
topic by using TrueFISP sequences may be suggested
from the quantitative CNR measurements we presented,
although further studies have to be performed to clarify
the differences between the two mentioned techniques in
this respect.

Use of prepulses

Using T1-shortening contrast agents for myocardial per-
fusion MRI, the utilized sequences have to warrant T1-
weighting as much as possible. In SSFP studies for myo-
cardial function and coronary angiography, the intrinsic
“T2-like” contrast is used. To make SSFP suitable for
contrast agent applications, prepulses have to be added.
Either IR or saturation-recovery prepulses may be used.
Although IR sequences provide stronger T1-weighting,
they are much more vulnerable to artifacts through trig-
gering difficulties in arrhythmias. Moreover, IR prepuls-
es prolong the acquisition times, which is disadvanta-
geous in multi-slice scanning; therefore, SR prepulses
are mostly used in the particular field of myocardial per-
fusion imaging.

Signal inhomogeneity

Our data show that there is a significant difference in
mean SNR between the different myocardial areas using
either TurboFLASH or TrueFISP. Corresponding to the
study published by Muhling et al. [20], the septal portion
of the ventricle provided the highest SNR values com-
pared with the lateral and inferior segments. This is due
to the proximity of the body array coil, which is posi-
tioned on the subject’s chest, to the anteroseptal seg-
ments. The resulting signal inhomogeneity accounts for
less signal in the dorsal parts of the body. This is of im-
portance when a quantitative data analysis of the perfu-
sion is performed and it warrants normalization of the
measured maximum signal intensity to the precontrast
images for each individual segment.
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Fig. 6a—d Short-axis scan of

a basal to mid-ventricular slice
of a patient with a history of
septal myocardial infarction.
First-pass perfusion imaging
(top row) with a TurboFLASH
and b TrueFISP. A perfusion
deficit may be appreciated in
the anteroseptal segment which
is better delineated by TrueFISP.
Note the remarkably higher
noise in the TurboFLASH
image. The bottom row shows
Cine SSFP images in ¢ end-
iastole and d end-systole with
an akinesia in the correspond-
ing anterior portion of the sep-
tum and a hypokinesia in the
inferior septum

Fig. 7a—d Patient with a history
of inferoseptal and inferior
myocardial infarction; short-
axis scan of the apical LV por-
tion. The first-pass perfusion
imaging (top row) during peak
myocardial enhancement with
a TurboFLASH and b TrueFISP
shows a sharply demarcated
perfusion defect in the infero-
septal and inferior segment.

A lower signal of the lateral
wall in the TrueFISP image is
probably due to the signal in-
homogeneity of the surface coil
and does not correspond to a
perfusion deficit. Note higher
image noise and a foldover in
the a TurboFLASH image. Cine
SSFP images in ¢ end-diastole
and d end-systole show the
akinesia in the inferior septum
and the inferior segment
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Differences between patients and volunteers

We found that volunteers had significantly higher SNR
during peak enhancement in both TurboFLASH and True-
FISP. This effect is most probably related to the differences
in bolus geometry. It has been shown that the concentration
of contrast material is inversely proportional to the cardiac
output; therefore, because of the depressed LV function in
the patients with history of chronic myocardial infarction, a
prolonged bolus of contrast material with consequently
lower peak concentrations might cause lower SNR.

Clinical impact of MRI first-pass perfusion

A recently published study on the reliability of MRI-
based perfusion imaging by Schwitter et al. showed a
sensitivity of 85% and a specificity of 87% for the detec-
tion of coronary artery stenosis of more than 50% as de-
fined by conventional coronary angiography [21]. More-
over, when comparing with 13N ammonia PET as the
clinical reference standard in perfusion imaging, even
higher values, percentages above 95%, were found. Later,
studies on stress-perfusion imaging using either Adeno-
sine or Dipyridamol, yielded sensitivities between 72 and
92% and specificities between 78 and 97% for the detec-
tion of significant perfusion defects [6]. Based on these
data, MRI-based first-pass perfusion imaging seems to
offer reliable contributions to non-invasive diagnostics in
CAD; however, there are still important limitations re-
garding SNR and temporal as well as spatial resolution.
Recently developed SSFP sequences are capable of a
more sufficient use of the transverse magnetization
through refocusing after data acquisition and adding with
the newly generated transverse magnetization of the fol-
lowing phase-encoding step; therefore, SSFP has been
shown to provide higher contrast while maintaining ultra-

short repetition times [22]. These characteristics have put
this technique into the view of cardiac MRI. They are be-
ing used for different applications and have replaced old-
er GRE sequences. Numerous studies have reported the
advantageous applications of SSFP in cardiac imaging
[13, 14, 15, 23, 24, 25, 26]. Newer developments also al-
low for the use of SSFP in viability diagnostics. Conse-
quently, myocardial first-pass perfusion imaging has been
performed using SSFP sequences as their capabilities,
such as short acquisition time and high contrast, are very
useful with regard to this particular topic [27].

In the present study, patients with chronic myocardial
infarction were examined with different sequences to eval-
uate the CNR between normally perfused myocardium and
tissue with depressed perfusion such as chronic infarction
scar. Although in clinical routine the perfusion of scar is
not of interest, we used the myocardial infarction model to
clarify the differences between both sequences. Whether
the shown advantages of TrueFISP perfusion imaging will
also apply in patients with ischemic but viable myocardi-
um still needs to be confirmed in controlled studies.

Conclusion

Recently developed TrueFISP sequences provide better
image quality and higher SNR and CNR in myocardial
first-pass perfusion MR imaging and should, therefore, re-
place the established TurboFLASH techniques in this re-
spect. A better delineation between ischemic and normally
perfused myocardium through higher contrast-to-noise ra-
tios might be suggested with TrueFISP. Larger controlled
studies using stress perfusion protocols with Adenosine
have to confirm this suggestion. In the future, the higher
SNR values of TrueFISP sequences might allow the appli-
cation of half-Fourier reconstruction or parallel acquisition
techniques to improve temporal and spatial resolution.
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