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Abstract
Objective: The aim was to investigate the value of optimized 3-dimensional 
alternating repetition time balanced steady-state free precession (ATR-SSFP), as an 
alternative to conventional segmented balanced steady-state free precission (bSSFP) 
with fat suppression prepulse (FS-bSSFP), in single breath-hold abdominal magnetic 
resonance imaging at 3 T. 
Methods: Bloch simulations were performed to determine the optimal flip angle 
(FA = 1–90°) and τ (1–3) with respect to signal-to-noise ratio (SNR) and contrast to 
noise (CNR) between abdominal organs for ATR-SSFP. These were corroborated 
by phantom measurements for different T1/T2 values (5–47) as well as in a healthy 
volunteer. In addition, fat suppression efficiency was studied using phantom and 
volunteer measurements. The effect of resolution on image quality was studied in a 
healthy volunteer. Using the optimal settings, ATR-SSFP images as well as FS-bSSFP 
images were obtained in 15 pancreatic cancer patients. For 10 structures of interest, 
the signal ratio with respect to the pancreas was computed and compared between 
both sequences. Finally, 10 items on image quality (fat suppression, artifacts, and 
sharpness) and tissue conspicuity (ducts, vessels and duodenum) were scored by 2 
abdominal radiologists for both image sequences.
Results: The results of simulations, phantom measurements, and volunteer 
measurements showed that, considering scan time, fat suppression, and clinical 
relevance, the ideal settings for ATR-SSFP were as follows: τ = 3; TR1 = 3.46 milliseconds; 
radiofrequency phase cycling 0°, 180°, 180°, 0° and FA = 13–16° (highest SNR) and 
24–26° (highest CNR). The optimized feasible additional settings implemented for 
patient scans were FA = 18° and resolution = 1.4 × 1.4 × 1.4 mm3. In patients, the 
signal ratios of both ATR-SSFP and FS-bSSFP were comparable and had a T2-like 
contrast behavior, although more accentuated in ATR-SSFP. The ATR-SSFP scored 
significantly higher than FS-bSSFP for 9 of 10 items scored.
Conclusions: For single breath-hold abdominal imaging at 3 T, ATR-SSFP performs 
best with τ = 3 and a FA between 13° (highest SNR) and 26° (highest CNR). 
The scoring of both abdominal radiologists indicated that, at τ = 3, FA = 18° and 
1.4 × 1.4 × 1.4 mm3 resolution, ATR-SSFP was preferred over conventional FS-bSSFP 
with similar settings.
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Introduction
Balanced steady-state free precession (bSSFP, also known as True FISP, FIESTA, and 
bFFE) sequences have been progressively applied in abdominal imaging, with and 
without fat suppression [1-15]. They belong to the category of fast imaging sequences 
employing steady-state and show a mixed contrast that is weighted on T1/T2. These 
sequences are very attractive for abdominal imaging not only because they can 
acquire an entire 3-dimensional (3D) volume in 1 breath-hold, but also because image 
contrast profits from the broad range of T1/T2 values in the abdomen (eg, 6–31) 
[16]. In addition, bSSFP has the highest signal-to-noise ratio (SNR) among all SSFP 
sequences because it can theoretically provide up to 50% of the maximum possible 
signal and has repetition time (TR) typically smaller than 5 milliseconds. 

Among the classical clinical applications of bSSFP are cine cardiac imaging [10, 
12] and angiography [1, 2, 11, 13]. They both take advantage of the high contrast 
provided by the different T1/T2 of blood and surrounding tissues and benefit from 
the short acquisition times and high SNR associated with bSSFP. In patients with 
Crohn disease, 2D/3D fat-saturated and cine bSSFP have been respectively used for 
improved small bowel wall delineation [3, 4] and to show decreased motility in actively 
inflamed bowel wall segments [5]. More recently, the use of bSSFP sequences, as an 
alternative to heavily T2-weighted single-shot (SS) turbo spin-echo (TSE) sequences, 
was proposed for magnetic resonance cholangiopancreatography (MRCP) [6, 7, 
15]. In addition, as fast sequence, bSSFP is useful for real-time guidance of clinical 
interventions [14]. The contrast in bSSFP images, together with the ability to quickly 
generate 3D volumes, provides a good overview of the liver and pancreas anatomy as 
well as a good visualization of the vascular system. It has also been suggested that 
bSSFP imaging after paramagnetic contrast agent injection has good contrast-to-
noise ratio (CNR) for detection of solid lesions in the upper abdomen [8]. Finally, when 
compared with 2D SS spin echo or 3D TSE, bSSFP is more resistant to the type of 
flow artifacts that occasionally originate pseudofilling defects in SSTSE images. For 
that reason, (3D) high-resolution bSSFP can potentially become a valuable additional 
tool for the visualization of bile and pancreatic ducts and associated pathologies [7]. 
This is especially relevant for the evaluation of the proximity of a tumor mass to blood 
vessels [9], the visualization of small biliary stones or mural nodules in pancreatic 
cystic lesions. 

In many of the aforementioned clinical applications, it is desirable to obtain 
images with fat suppression in order to increase the contrast of the structures of 
interest, avoid black boundary artifacts due to out-of-phase signal in voxels that 
contain both fat and water, or to improve the quality of, for example, multiplanar or 
maximum intensity projection reconstructions. Multiple methods of fat suppression 
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techniques in bSSFP have been suggested [17-23]; however, the choice is often 
the use of selective fat saturation prepulses [24]. The introduction of pre-pulses 
for fat suppression presents several drawbacks. The extra pulses introduce more 
radiofrequency (RF) power deposition, which may constrain the minimum attainable 
scan duration, maximum flip angle (FA) or spatial resolution. In addition, the 
introduction of fat saturation pre-pulses together with the eventual introduction of 
dummy TRs to minimize signal variations due to the interruption of steady-state will 
increase scan time. Finally, the periodic interruption of the steady-state introduces 
variations in the signal that, though minimized by suitable preparation modules [25], 
modulate the k-space and lead to signal blurring.

A promising bSSFP method that has inherent fat suppression is the alternating 
TR balanced steady-state free precession (ATR-SSFP) sequence [26]. In ATR-SSFP, 
the TRs are alternated between TR1 and TR2 while k-space is only acquired during 
TR1. The alternation between different TRs, together with an adjusted RF pulse phase 
cycling, modulates the frequency response function (FRF) and creates broad stop-
bands positioned at certain dephasing angles (β) that (for a given TR) correspond to 
well-defined off-resonance spin frequencies. By choosing appropriate parameters, 
the stop-bands can be used for inherent fat suppression (Fig. 6.1) [26]. Although the 
introduction of an additional TR also implies an increase in total scan time, when 
compared with conventional fat-saturated bSSFP, ATR-SSFP does not require the 
interruption of the steady-state, and, therefore, there is no k-space signal modulation. 

Figure 6.1. Plots of the FRF for bSSFP and 2 of the ATR-SSFP settings that were used in this research. Bloch 
equations were solved numerically using relaxation values of the pancreas at 3 T: T1 = 725 milliseconds and 
T2 = 43 milliseconds [16]. Further settings were B0 = 3.0 T and FA = 20° for ATR-SSFP and FA = 30° for 
bSSFP. Signal intensity has been adjusted for scan time per k-line. Figure 6.1 can be viewed online in color 
at www.investigativeradiology.com.
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Despite these advantages, several limitations associated with ATR-SSFP have 
prevented its use in routine clinical practice. The ATR-SSFP requires twice as much RF 
pulses per k-line when compared with conventional bSSFP without fat suppression, 
which may limit the use of ATR-SSFP for larger FAs, due to specific absorption rate 
(SAR) constraints. Similarly to bSSFP, ATR-SSFP is sensitive to B0 heterogeneities 
that not only result in the appearance of banding artifacts across the image but 
also decrease the efficiency of fat signal suppression. However, the new-generation 
magnets have more homogeneous fields and better shimming tools, which makes B0 
heterogeneity less of an issue nowadays. 

An additional major factor hindering the routine use of ATR-SSFP is the nontriviality 
in adjusting imaging protocol parameters when compared with conventional fat-
suppressed bSSFP with prepulse (FS-bSSFP). In ATR-SSFP, fat suppression is based 
on a precise given combination of TR1, TR2, and RF phase cycling that is field strength 
dependent. Any change in imaging parameters might render this combination invalid 
and greatly affect the sequence performance. Furthermore, for abdominal ATR-SSFP, 
any adjustment in ATR-SSFP imaging parameters should not be detached from the 
fact that the acquisition time is limited to a breath-hold.

So far, data acquisition strategies for ATR-SSFP have been, to a large extent, 
chosen heuristically. The FAs ranged from 15–60° and τ = TR1/TR2 fluctuated between 
1– 3 [3, 10, 19, 22, 26-28]. Studies to determine SNR variation in ATR-SSFP focused 
on relatively small T1/T2 ratios, ranging from 1 to 10 [19, 22, 26]. Simulation [22] 
and phantom results [3] showed that fat suppression efficiency depends on FA and 
τ. However, no thorough research has been done on the optimal ATR-SSFP settings 
for abdominal imaging, and no distinct advantage of ATR-SSFP over FS-bSSFP for 
abdominal imaging has been reported. Therefore, the easier to use FS-bSSFP is 
currently often used.

The goal of this study is to investigate the value of optimized 3D ATR-SSFP, as an 
alternative to conventional FS-bSSFP, in abdominal imaging at 3 T. First, we determine 
the combination of FA and τ that maximizes both signal intensity and contrast using 
Bloch simulations and experimentally confirm these settings with phantom and 
volunteer data. Second, we evaluate the value of the optimized ATR-SSFP sequence 
compared with the conventional FS-bSSFP in patients with pancreatic cancer, and for 
whom ATR-SSFP could be easily added to their routine imaging protocol.
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Methods
Simulations and Phantom measurements
For ATR-SSFP and bSSFP sequences, we ran Bloch simulations using Spin-Bench 
1.3 (www.heartvista.com/SpinBench, Los Altos, CA) to predict signal intensity and 
contrast variation as a function of FA (1–90°) for different values of τ (1–3) and T1/T2 
ratios (3–50) at B0 = 3 T. The simulation settings for ATR-SSFP were: (a) τ = 1, RF 
phase cycling 0°, 180°, 180°, 0° and TR1 = 3.45 milliseconds, β = 540°; (b) τ = 2, RF 
phase cycling 0°, 240°, 180°, 60° and TR1 = 3.07 milliseconds, β = 480°; and (c) τ = 3, 
RF phase cycling 0°, 180°, 180°, 0° and TR1 = 3.46 milliseconds, β = 540°. These 
settings allowed for the dephasing of fat spins to fall into the stop-band, whereas the 
nondephasing water spins fall into a pass-band (Fig. 6.1). For conventional alternating 
phase bSSFP, we set TR = 3.3 milliseconds. The echo time (TE) for (ATR-)bSSFP was 
set to TE = TR(1)/2. 

We calculated the variation of signal contrast between the pancreas, liver, 
spleen, and kidney cortex as a function of FA. For this, various T1/T2 ratios that 
are characteristic of different abdominal organs at 3 T were considered: pancreas, 
T1/T2 = 16.9; liver, T1/T2 = 23.8; spleen T1/T2 = 21.8; and kidney cortex, T1/T2 = 15.0 
[16]. For simplicity, we assumed similar proton density for all organs. To determine 
the FA that maximized signal contrast between the pancreas and other abdominal 
organs, the absolute value of the difference in signal between the pancreas and the 
different organs was calculated as a function of FA.

To experimentally validate the simulation results and to determine the fat 
suppression efficiency of ATR-SSFP as a function of FA and τ, we carried out phantom 
measurements. The phantom, similar to the one used in Coolen et al. [29], consisted of 
15 tubes (∅ = 30 mm, length = 115 mm) that hung in a rack that was inside a container 
filled with water. Thirteen of the tubes contained agarose gels that consisted of a 
mixture of 0–45 g of agarose, 10–500 µmol of GdCl, 30 g of carrageen, 1.48 g of NaCl 
and 3 g of NaN3 per liter of gel [30]. These gels had T1/T2 ratios ranging from 5–47. 
The central tube was filled with peanut oil, which was taken as a surrogate for human 
fat.

All measurements were obtained on an Ingenia 3 T scanner (Philips Healthcare, 
Best, the Netherlands), using a 16-channel phased-array anterior coil and a 10-channel 
phased-array posterior coil. We measured the T1 values of the tubes using the Look-
Locker [31] method and the T2 values with a Carr-Purcell-Meiboom-Gill acquisition 
[32, 33]. 

To partially overcome SAR constraints, a sinc pulse with 1 zero crossing at 
each side was used for magnetization excitation in the phantom and volunteer 
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measurements. In this situation, the largest FA in the ATR-SSFP sequence was still 
limited to FA = 51°, 35°, and 21° for ATR-SSFP with τ = 1, τ = 2, and τ = 3 respectively. 
The 3D scans were acquired with an oversampling factor of 1.6 in the slice direction 
to account for spurious excitations from outside the field of view (FOV) due to the 
imperfect pulse slab profile. 

For the phantom measurements with ATR-SSFP and bSSFP, parameters τ, TR(1), 
TE, and RF phase cycling, values were chosen equal to those used in the simulations. 
Other acquisition parameters for ATR-SSFP (τ = 1, 2, and 3) and bSSFP were as 
follows: FOV = 300 × 200 × 250 mm3, resolution = 2.5 × 2.5 × 2.5 mm3, sagittal slices, 
and parallel imaging (SENSE) factor of 2 in the anterior–posterior (AP) direction. For 
each experimental setting, images were acquired at different excitation FAs (1°, 
maximum possible FA; steps of 2°) within a single dynamic acquisition loop to avoid 
different scaling factors between images. A B1-map was acquired to correct the 
spatial variation of FA values due to imperfections in B1-shimming.

We analyzed the phantom data in Wolfram Mathematica 9.0 (Wolfram Research 
Inc, Oxfordshire, United Kingdom). Per tube, we calculated the mean signal within a 
region of interest (ROI) as a function of FA. The ROIs were cylinders, centered on the 
longitudinal axis of the tube, which spanned 5 slices and had a volume of 2.5 cm3.

Fat suppression efficiency in ATR-SSFP was determined by calculating the ratio 
between the average signal from all ROIs except the one containing peanut oil and the 
signal from the ROI in the tube containing peanut oil. The fat suppression efficiency 
was compared with that of the vendor supplied 3-point Dixon reconstruction that is 
currently used for pancreatic research at our hospital (Table 6.1). 

Table 6.1. In vivo sequence settings.

ATR-SSFP (τ = 3) FS-bSSFP T2W TSE Dixon

FOV, mm2 400 × 272 400 × 272 400 × 369 400 × 350

Resolution, mm2 1.4 × 1.4 1.4 × 1.4 1.3 × 1.6 1.7 × 1.7

Slice thickness, mm 1.4 1.4 2 1.7

slices 64 64 45 53

TR/TE/ΔTE, ms 3.4/1.7/— 2.9/1.5/— 779/80/— 4.4/1.15/0.9

FA/refocussing FA, ° 18/NA 30/NA 90/120 10/NA

SENSE 2.4/1.5 (AP/FH) 2.4/1.5 (AP/FH) 2 (AP) 2/1.5 (LR/AP)

Fat-saturated FRF dependent SPIR SPAIR 3-point Dixon

Abbreviations: ATR-SSFP = alternating repetition time balanced steady-state free precession; 
FS-bSSFP = fat-suppressed bSSFP with prepulse; T2W TSE = T2-weighted turbo spin-echo; FOV = field of view;  
TR = repetition time; TE = echo time; ΔTE = the increase in echo time in the Dixon sequence; FA = flip angle; 
NA = not applicable; AP = anterior–posterior; FH = foot–head; LR = left–right; FRF = frequency response 
function; SPIR = spectral presaturation with inversion recovery prepulse; SPAIR = spectral attenuation 
inversion recovery prepulse.
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In vivo optimization
The optimal ATR-SSFP settings for signal contrast and maximum attainable spatial 
resolution retaining diagnostic value were tested in 2 healthy volunteers (1 male, 
1 female; 22 and 24 years old, respectively) who gave written informed consent. 

Three-dimensional volume images were acquired in healthy volunteer 1 using 
ATR-SSFP and bSSFP at various FAs, and considering different τ values in the case 
of ATR-SSFP. The settings for ATR-SSFP and bSSFP were similar to those used in 
simulations. Further acquisition parameters were as follows: FAs in the range 5–55° 
for τ = 1 and conventional bSSFP, 5–35° for τ = 2, and 5–20° for τ = 3, FAs increased in 
steps of 5°; FOV = 360 × 270 × 90 mm3, resolution = 2.5 × 2.5 × 2.5 mm3, transverse 
slices, partial Fourier factor of 0.8, and no parallel imaging. The scan time was 11.4 
seconds for conventional bSSFP, 15.2 seconds for ATR-SSFP with τ = 2, 3, and 22.7 
seconds for ATR-SSFP with τ = 1. For each τ value, we acquired noise images obtained 
by running the sequence without RF pulses, as well as data corresponding with the 
different FAs within 1 dynamic loop. Each image from the loop was acquired in a 
separate breath-hold.

For data analysis, we selected 1 slice at the center of the imaging volume 
where we chose ROIs that contained homogeneous signal corresponding either with 
pancreas, liver, spleen, kidney, or fat. The ROIs were 1.0 cm2, except for the ROI in fat, 
which was smaller (0.5 cm2). The SNR was calculated as the ratio between the mean 
signal intensity of the anatomical ROI and noise estimation. The noise estimation 
was calculated as the standard deviation of a large (150 cm2) ROI in the noise image, 
divided by 0.66 [34]. 

To determine the highest feasible resolution of a 3D isotropic ATR-SSFP volume 
acquisition within 1 breath-hold (20 seconds), we acquired ATR-SSFP scans at 4 
different resolutions in healthy volunteer 2. To keep acquisition time within 1 breath-
hold, we increased the SENSE factor at higher resolutions. All 4 (I–IV) scans were 
obtained using the ATR-SSFP τ = 3 protocol. Additional scan acquisition parameters 
were as follows: FOV = 400 × 272 × 90 mm3, transverse slice orientation, resolution 
= 2 × 2 × 2(I)/1.7 × 1.7 × 1.7(II)/1.4 × 1.4 × 1.4(III)/1.2 × 1.2 × 1.2(IV) mm3, FA = 20° 
and a SENSE factor of 1.8(I)/2.1(II)/2.4(III)/2.5(IV) in the AP direction, and 1(I)/1.2(II)/ 
1.5(III)/2(IV) in the foot–head direction. An abdominal radiologist (J. Stoker), with 20 
years of experience, qualitatively analyzed the images. In this analysis, the radiologist 
focused on the potential diagnostic value, which was assessed by evaluating the 
following aspects: SNR, the presence of artifacts, and the quality of anatomical details. 
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Patient measurements
For patient data acquisition, using ATR-SSFP with τ = 3, we selected the RF pulse with 
2 zero crossings which allowed a maximum FA of 18°. This FA was still close to the 
optimal FA value that was found from simulations and confirmed in vivo, but the RF 
pulse provided a better slab profile.

To compare the performance of ATR-SSFP with that of FS-bSSFP in a patient 
group, we acquired both scans in 15 patients with pancreatic cancer, undergoing 
different treatments in our hospital and for which both sequences could be added 
to the corresponding imaging protocol. Patients, all of whom gave written informed 
consent, underwent magnetic resonance imaging (MRI) scanning as part of ongoing 
studies (NCT01989000, NCT01995240, NCT02358161), which were all approved by 
the ethics committee of our institute. A subgroup of 9 patients received hyoscine 
bromide (Buscopan, 20 mg intravenous) 1–3 minutes before both the ATR-SSFP and 
FS-bSSFP scans.

Both ATR-SSFP and bSSFP are sensitive to B0 heterogeneities. Therefore, all 
patients drank 2 cups of pineapple juice before the MR session that filled the stomach 
and duodenum and minimized air-tissue boundaries in the FOV. In addition, shimming 
was focused on the pancreas. We made sure to use implants with small impact on the 
B0 homogeneity for the typical metal implants seen in our patient group (biliary stents 
and fiducial gold markers that are used as guidance for radiotherapy) [35]. 

In addition to 3D ATR-SSFP and FS-bSSFP images, we acquired 3D Dixon and 
2D SS T2-weighted (T2W) TSE images as a reference (Table 6.1). The settings for the 
FS-bSSFP were similar to the parameters used typically in abdominal imaging at our 
institute; however, the major parameters (eg, resolution, FOV, SENSE acceleration 
factor) were kept comparable to ATR-SSFP for more direct comparison (Table 5.1). 
The segmented FS-bSSFP acquired 21 k-space lines per segment, with an α/2 pulse 
combined with 5 dummy TRs as a startup for each shot. Due to SAR and timing 
constraints, we chose a FA (30°) that was lower than the simulated optimal values 
considering CNR (42–47°) but similar to the ideal FA considering SNR (23°–29°). The 
FA used for ATR-SSFP was also closer to the FA of simulated maximum SNR than the 
FA of simulated maximum CNR. Shimming was identical for ATR-SSFP and FS-bSSFP. 

A researcher (R. Klaassen) placed ROIs in the pancreas, liver, spleen, kidneys, 
duodenum, pancreatic duct, bile duct, cyst, aorta, inferior vena cava, and fat, provided 
the structures were present and visible. The signal relative to the pancreas was 
calculated as

Srel =  
Sn,tissue

Sn,pamcreas

1

N Σ
N

n=1

 (6.1)
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where Sn,tissue and Sn,pancreas were the mean signal from the ROI delineating the tissue 
of interest and pancreas of patient n, respectively, and N was the total number of 
patients.

In addition, the image quality of ATR-SSFP and FS-bSSFP images was scored 
by 2 abdominal radiologists (M.R. Engelbrecht and I. Somers, 8 and 1.3 years of 
experience, respectively), separately. The radiologists received Dixon and T2W TSE 
images as reference and were blinded to the sequence they were scoring. Images 
were classified on a scale from 0 (worst) to 4 (best), in which 0 meant the image had 
no clinical value, 2 was clinically acceptable, and 4 corresponded with an extremely 
good image quality. Per patient, both radiologists scored for: fat suppression 
(excluding subcutaneous fat) as well as image sharpness and artifacts (excluding 
failure of fat signal suppression and artifacts in the bowel region, as patients were 
not prepared for bowel MRI). The radiologists were also asked to score the visibility 
and conspicuity of structures of clinical interest, in which scores were as follows:  
0, undetectable; 1, poorly visible; 2, visible, but not delineable; 3, delineable, but 
without details; 4, details are delineable. The selected structures of interest were as 
follows: main pancreatic duct, pancreatic duct side branches, celiac trunk, superior 
mesenteric artery, superior mesenteric vein, duodenum, and gastroduodenal artery. 

The agreement between both radiologists was determined by calculating the 
interclass correlation coefficient (ICC), where an ICC less than 0.4 was considered 
poor, 0.4–0.6 fair, 0.6–0.75 good, and more than 0.75 excellent. After averaging 
the results over both radiologists, we checked for significant (p < 0.05) differences 
between the scoring for ATR-SSFP and FS-bSSFP using a Wilcoxon signed-rank test 
for each item. 

Results
Simulations and Phantom measurements
Results from the simulations and phantom measurements are shown in Fig. 6.2 a-h. 
The FA that allowed highest signal from the liver, kidneys, pancreas, and spleen for 
ATR-SSFP was in the range 16°–20° when τ = 1, 15°–18° when τ = 2, and 13°–16° 
when τ = 3 (results not plotted). This was lower than for conventional bSSFP, where FA 
ranged from 23°–29°. The ratio between maximal signal magnitudes and the square 
root of the scan time per k-line was similar (< 4% difference) for the 3 ATR-SSFP 
scans and the bSSFP scan. Simulations also showed that the FA that allowed for the 
highest contrast between the pancreas and its neighboring organs ranged between 
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30° and 32° when τ = 1, 28°–30° when τ = 2 and 24°–26° when τ = 3 for ATR-SSFP (Fig. 
6.2 d-f), and 42° and 47° for conventional bSSFP (Fig. 6.2 h). For τ = 3, the contrast 
for the liver, spleen, and kidney were optimal at FA = 22°–24°, FA = 22°–25° and 
FA = 24°–26°, respectively (results not shown). Phantom measurements agreed with 
the simulations (Figs. 6.2 a-c and g) for all sequence configurations.

For the phantom measurements, fat suppression efficiency of ATR-SSFP was 
better than that of Dixon reconstructed images for a broad range of FAs (Fig. 6.2 i). 

In vivo optimization
Data from volunteer 1 showed that the SNR was optimal with FA = 10–20° for τ = 1, 
FA = 10–25° for τ = 2 and FA = 10–15° for τ = 3 in ATR-SSFP and with FA = 15–30° for 
bSSFP (Fig. 6.3). These ranges approximately correspond with the range of FA values 
in which the simulated signal magnitudes were maximal for the organs investigated. 
Residual variations are probably related to differences between T1 and T2 values in 
vivo compared with the values used in the simulations and phantom experiments. Fat 
suppression was more efficient for τ = 2 and τ = 3 than for τ = 1. Signal-to-noise ratio 
per square root of acquisition time was similar for all sequences, which agrees with 
the simulation results.

In healthy volunteer 2, we tested the effect of increasing spatial resolution on the 
quality of the images (Fig. 6.4). The abdominal radiologist confirmed that the degree of 
anatomical details and the potential diagnostic value improved at higher resolutions 
down to 1.4 mm isotropic. The SNR from the data obtained with 1.2 mm isotropic 
resolution was still deemed suitable for diagnostic purposes. However, at 1.2 mm 
isotropic resolution, artifacts, such as ghosting of the aorta and SENSE artifacts, 
became too prominent and dominated the potential gain of the higher resolution. 
Considering these issues, we selected 1.4 mm isotropic resolution as the optimal 
setting for ATR-SSFP imaging of the pancreas. 

Considering the results of the phantom and in vivo measurements, and the FA 
limit for a pulse with 2 zero crossings, we selected τ = 3, FA = 18° and resolution of 1.4 
mm isotropic as optimized settings to acquire ATR-SSFP in patients. These yielded 
the best compromise between scan time duration, fat suppression efficiency, SNR, 
and CNR while using an RF excitation pulse that provided a good slab profile.
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Figure 6.2. Signal variation as a function of FA for several T1/T2 ratios for ATR-SSFP (a-c) and bSSFP (g) for 
simulations (lines) as well as phantom measurements (dots). Simulated contrast variation between different 
abdominal organs and the pancreas, as a function of FA for ATR-SSFP (d–f) and for conventional bSSFP (h). 
Fat suppression efficiency of ATR-SSFP as function of FA as obtained from phantom measurements (i). The 
maximum allowed FA decreased with increasing τ due to SAR constraints. The change in the T1/T2-ratios 
from the legend of a to c and g is explained by the aging of the phantom.
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Figure 6.3. In vivo SNR (normalized for scan time) as a function of FA for ATR-SSFP with different τ and 
conventional bSSFP. Note that fat is not plotted in the conventional bSSFP graph as it reached an SNR/√time 
of 180 and was above 30 for all FA > 5°. Figure 6.3 can be viewed online in color at www.investigativeradiology.
com.

Patient measurements
The ATR-SSFP and FS-bSSFP images were acquired in all 15 patients (Fig. 6.5). The 
mean ROI size to determine signal intensity was 66 voxels (range, 22–128 voxels). 
The contrast in ATR-SSFP and FS-SSFP were similar and mimicked the contrast of 
T2W TSE scan for most tissues (Figs. 6.5 and 6.6 a). Flowing blood, however, was 
hyperintense on ATR-SSFP and hypointense on T2W TSE. Blood is expected to be 
hyperintense on T2-weighted scans due to its long T2 [36]. However, in T2W TSE, the 
signal from blood is lost as blood flows out of the slice during the TSE acquisition.

The image scoring agreement between both abdominal radiologists was good 
(mean ICC = 0.63), and ATR-SSFP scored significantly higher on all items, except for 
fat suppression, where the scoring difference between ATR-SSFP and FS-bSSFP was 
not significant, and ICC was lowest (Fig. 6.6 b). 
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Figure 6.4. In vivo ATR-SSFP measurements at 2, 1.7, 1.4, and 1.2 mm isotropic resolution, with τ = 3 and 
FA = 20°, obtained in healthy volunteer 2. At 1.2 mm, there was additional noise due to high SENSE factors 
(dotted arrows) and pulsation artifacts of the aorta (solid arrow). Figure 6.4 can be viewed online in color at 
www.investigativeradiology.com. 
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Figure 6.5. Typical examples of T2W TSE (left column), ATR-SSFP (mid column), and FS-bSSFP (right column) 
images in 3 patients. For each patient, we show the axial and reconstructed coronal views. Arrows indicate 
structures of interest: dilated pancreatic duct (patient 1), intestines (patient 2), necrotic liver metastasis 
(patient 3, solid arrow), cyst (dotted arrow), and 2 pancreatic ducts that were not as clearly depicted on the 
T2W TSE (arrowheads). 
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Figure 6.6. Patient results. Left, Plot of the relative signal in various tissues with respect to the signal from 
the pancreas, for various sequences. The numbers on the horizontal axis indicate in how many patients the 
tissue was delineated (range over sequences). The bars indicate the standard deviation over patients. Right, 
The mean scores of ATR-SSFP and FS-bSSFP, averaged over patients and observers, and corresponding 
standard deviations. For each item, the ICC is written within brackets.

Discussion
This is the first study demonstrating the value of optimized 3D ATR-SSFP, as an 
alternative to conventional FS-bSSFP, in abdominal imaging at 3 T. At optimal settings, 
ATR-SSFP significantly outperforms FS-bSSFP on 9 of 10 scored items. We showed 
that, for our scanner, the feasible optimal settings for the parameters of single breath-
hold ATR-SSFP of the abdomen at 3 T, with respect to fat suppression effectiveness, 
SNR, CNR between abdominal tissues, and potential diagnostic value, are FA = 18°, 
τ = 3, TR1 = 3.46 milliseconds, RF phase cycling 0°, 180°, 180°, 0° and an isotropic 
resolution of 1.4 × 1.4 × 1.4 mm3.

At optimized settings, ATR-SSFP has a similar contrast to the clinically used FS-
bSSFP. This T2-like contrast resembles the high contrast between abdominal tissue 
types that is characteristic of T2W TSE images. In addition, the fat suppression, which 
is inherent to ATR-SSFP, is of similar quality as conventional FS-bSSFP. 

However, ATR-SSFP has advantages over FS-bSSFP. The higher signal in vessels, 
higher image sharpness, and fewer artifacts of ATR-SSFP compared with FS-bSSFP 
contributed to a higher scoring in vessel conspicuity (Fig. 6.6) and render ATR-SSFP 
a good candidate for angiography. In addition, the increase in vessel conspicuity is 
valuable when considering the assessment of the proximity of a tumor mass to blood 
vessels. The increased image sharpness, as well as the better visibility and conspicuity 
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of the main pancreatic duct and its side branches, indicate the potential additional 
value of ATR-SSFP for the visualization of small biliary stones and mural nodules in 
pancreatic cystic lesions or obstruction of the ducts in pancreatic tumor patients. 
Likewise, the clear visibility of the ducts renders ATR-SSFP a good candidate for MRCP, 
which is currently done with FS-bSSFP [6, 7]. ATR-SSFP enables to obtain MRCP-like 
images in a single breath-hold and allows for sharper vessel delineations than on FS-
bSSFP. Though it was not scored, the sequence gave high bowel conspicuity (Fig. 6.5, 
patient 2) in the subgroup of patients that got injected with hyoscine bromide before 
the ATR-SSFP and FS-bSSFP scans. 

The major factor hindering the use of ATR-SSFP in clinical routine is the 
nontriviality in adjusting acquisition parameters, where small adjustments in τ, TR, and 
RF phase cycling can greatly influence image quality. In this study, we have tested the 
sequence performance for multiple τ values, while choosing the appropriate phase 
cycling to position the stop-band at the frequency of hydrogen atoms in fat. The 
duration of TR1 was minimized with the constraint that TR2 had to be sufficiently long 
to contain the RF pulse. From these options, we selected the settings that were most 
optimal for abdominal imaging. These settings should allow to introduce ATR-SSFP 
in the clinic as a simple sequence, for which typical clinical settings, as resolution, 
SENSE, and FOV, can be adjusted freely as long as τ, TR, and RF phase cycling do not 
change.

In FS-bSSFP, there is more freedom in the choice of acquisition parameters, and 
the image quality changes more gradually with adjustments. Adjusting acquisition 
parameters could improve the quality of FS-bSSFP. For instance, one could increase 
the number of start-up echoes at the start of each shot to improve the stability of the 
sequence, decrease the shot length to minimize the recurrence of fat signal, increase 
the TR to allow for longer RF pulses and thus higher FAs for the same SAR, or increase 
the resolution by acquiring more k-lines. However, all these adjustments increase 
scan time. As in our application scan time is limited to a breath-hold, improving one 
of these parameters is only possible if another one is worsened. For that reason, the 
full optimization of conventional FS-bSSFP is difficult because it always involves a 
compromise between parameters that are often conflicting. We believe that changing 
the settings of FS-bSSFP from the settings used in this study will not significantly 
improve overall image quality.

The slab excitation profile for (sinc) RF excitation pulses improves with increasing 
the amount of zero crossings. Increasing the number of pulse zero crossings, without 
extending its duration or decreasing the FA, leads to higher SAR. To keep SAR low, 
an increase in the number of zero crossings or FA is often accompanied by the 
lengthening of the pulse duration, which might collide with the timing constraints of 
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ATR-SSFP. For that reason, the chosen FA (18°) fell slightly out the range for maximum 
CNR (24–26°). However, we think that the gain in image quality due to using an RF 
pulse with a better slab profile, as well as with a FA closer to FA of maximum SNR 
(FA = 13–16°), outweighs the possible loss in CNR. When considering FS-bSSFP, this 
problem becomes more severe due to the additional SAR deposition that results from 
using fat saturation pre-pulses. Here, the FAs in the range from 42 to 47° yield the 
highest CNR, but in our conventional implementation of FS-bSSFP, the FA was limited 
to 30° due to SAR constraints. As discussed previously, higher FAs can be obtained, 
but at a cost of other acquisition parameters and thus poorer image quality.

Contrary to ATR-SSFP, the image quality in FS-bSSFP is degraded as a result 
of the periodic interruption in the steady-state condition. This interruption results 
in signal intensity modulations through k-space. This causes image blurring and 
possibly additional artifacts. The effect of the interruption of k-space can be limited 
by introducing shorter shot lengths and by adding additional start-up echoes at the 
start of each shot. However, as discussed previously, due to the limited scan time, this 
is only possible at the cost of other settings.

There are some limitations associated with this study. Firstly, there was a poor 
ICC for the scoring of fat suppression. We often observed that, in regions where fat 
suppression succeeded, fat suppression was stronger for ATR-SSFP (Figs. 6.5 and 
6.6). However, in our scan protocol, we focussed shimming on a region around the 
pancreas. Therefore, for ATR-SSFP fat suppression sometimes failed outside this 
region. As a result, depending on the preference of the clinician, scoring results may 
differ. Furthermore, fat saturation in ATR-SSFP may improve when shimming is not 
focussed on a limited region around the pancreas. Another limitation in our study was 
that only a subgroup of the patients received hyoscine bromide before the ATR-SSFP 
and FS-bSSFP scans. We had the impression that administering hyoscine bromide 
improves the image quality and should be done in future studies. In addition, the 
highest achievable resolution depends on the acceleration technique that is used, 
as well as the desired FOV, and, therefore, should be investigated in more detail per 
application. Here we showed that for our application, a 1.4-mm resolution resulted 
in robust images whereas artifacts were observed in the 1.2-mm resolution images. 
Finally, the optimal settings may differ per MRI scanner/vendor, depending on specific 
implementations. However, for most vendors, shorter TR2s are not feasible due to the 
length of the RF pulse and therefore higher τ or other phase cycling schemes are not 
feasible. In addition, the ideal FA we suggest came from simulations, and therefore 
are not vendor specific.

One patient failed the breath-hold, and 2 patients did not fit in the FOV in the 
phase encoding direction. For these patients, image quality was poor. This is reflected 
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in the fact that when splitting the patients into 2 groups, the images of these 3 
patients scored 2.5 (ATR-SSFP) and 1.4 (FS-bSSFP) when averaged over all items 
scored, whereas the images from the rest scored 2.9 (ATR-SSFP) and 2.1 (FS-bSSFP). 
Therefore, if the acquisition protocol for ATR-SSFP and FS-bSSFP was adapted for 
these patients, the scores may increase. As discussed previously, changing settings 
in ATR-SSFP can greatly influence the overall performance. However, increasing the 
voxel size or slice thickness to increase FOV or to decrease acquisition time could 
increase the image quality in the 3 patients mentioned, without greatly affecting the 
ATR-SSFP performance.

The signal behavior as a function of FA changes for different T1/T2 values and 
settings of τ, RF phase cycling, and field strength [26]. Therefore, it is hard to compare 
our optimal FA for ATR-SSFP imaging of the abdomen, for which our results show that 
it appears to be very similar for different organs, with those in the literature. However, 
we believe that our findings regarding the optimum FA will serve as guidelines for 
ATR-SSFP of the abdomen, where higher FAs of 30–40° have been traditionally used 
on 1.5 T [26] and 3 T [3]. Nonabdominal tissues in the body can have different T1/T2 
values than the abdominal T1/T2 values the FA was optimized for in this research. 
From our simulations, we found that for τ = 3 the FA that renders maximal signal 
magnitude lays below 30° for T1/T2 > 4 and increases to 49° when T1/T2 = 1.

In conclusion, the feasible optimal settings for single breath-hold ATR-SSFP 
imaging of the pancreas at 3 T are FA = 18°, τ = 3, RF phase cycling 0°, 180°, 180°, 0° 
and TR1/TE = 3.46/1.73 milliseconds, and isotropic resolution of 1.4 × 1.4 × 1.4 mm3. 
With these settings, ATR-SSFP imaging is superior to FS-bSSFP, it provides inherently 
sharper images, and has the potential to be a valuable additional tool to clinical 
routines in abdominal MRI.
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