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Introduction
We describe a new type of steady-state magnetic reso-
nance imaging (MRI) pulse sequence, called T1 relaxation- 
enhanced steady-state (T1RESS)1 [1], that overcomes lim-
itations of standard-of-care post-contrast neuroimaging 
techniques. It considerably improves the visibility of brain 
tumors and other enhancing lesions while reducing scan 

1 Work in progress. The application is currently under development and is not for sale in the U.S. and in other countries. Its future availability cannot be ensured. 

1   T1RESS sequence. Comparison of balanced 
(1A) and unbalanced (1B) steady-state 
readouts.  
α represents the imaging RF pulse,  
and FS denotes a fat saturation RF pulse.  
A non-spatially selective contrast-modifying 
RF pulse (CMα) is applied periodically over 
the entire duration of the echo train to 
introduce a flexible amount of T1 
weighting (adapted from reference 1).
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time through a novel pulse sequence architecture based on 
a steady-state free precession (SSFP) readout and periodic 
contrast-modifying radiofrequency (RF) pulses (Fig. 1).

T1RESS provides a flexible degree of T1 weighting 
while maintaining excellent signal-to-noise ratio (SNR)  
efficiency by repeatedly applying non-spatially selective 
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contrast-modifying (CMα) RF pulses throughout the  
duration of the echo train. The CMα RF pulses can be  
adjusted independently of the imaging RF pulses. The 
amount of T1 weighting can be altered as needed by  
varying the values for the CMα flip angle and repetition 
time (TR), with larger flip angles and shorter TR resulting  
in more T1 weighting. For contrast-enhanced MRI of  
brain tumors, typical values for the CMα flip angle and  
TR are 75–90° and ≈ 400 milliseconds, respectively.

This sequence design has two main benefits:
1.  It provides flexible control over T1 weighting,  

so that sensitivity to the T1 shortening effects of  
paramagnetic contrast agents can be optimized  
for specific clinical indications. 

2.  It substantially reduces the signal intensity of non- 
enhancing background tissues, thereby improving  
the visibility of those enhancing lesions. 

The high degree of background signal suppression results 
from several factors: 
1.  T1 weighting from the repeatedly applied CMα  

RF pulses; 
2.  the low T2/T1 ratio of healthy tissue, which in combi-

nation with the SSFP readout results in a substantially 
diminished signal intensity relative to a fast low-angle-
shot (FLASH)-based acquisition; 

3.  magnetization transfer effects, which are much  
greater with T1RESS than FLASH due to the frequent 
application of short-duration, high-flip-angle imaging, 
and CMα RF pulses [2]. 

Two main versions of T1RESS have been implemented  
to date. One version, which we call “balanced” T1RESS 
(bT1RESS), uses a fully balanced SSFP readout and thus  
has native bright-blood contrast. A second “unbalanced” 
version (uT1RESS) uses an unbalanced SSFP readout, thus 
suppressing blood vessel signal based on flow-dependent 
dephasing. To test the diagnostic performance of T1RESS 
for brain tumors, we performed a proof-of-concept study 
that was approved by the hospital institutional review 
board. Contrast-enhanced MRI of the brain was performed 
at 3 Tesla (MAGNETOM Skyra and MAGNETOM Skyrafit,  
Siemens Healthcare, Erlangen, Germany) in 54 adult sub-
jects with suspected or known brain tumors. 0.1 mmol/kg 
of gadobutrol (Bayer, Berlin, Germany) was administered 
intravenously followed by standard-of-care sequences,  
after which additional post-contrast scans were obtained 
consisting of balanced and unbalanced T1RESS as well as 
3D FLASH and/or magnetization-prepared rapid acquisition 
gradient echo (MPRAGE). For both bT1RESS and uT1RESS, 
data were acquired using a Cartesian 3D k-space trajectory 
as a single shot along the phase-encoding direction, 
whereas the acquisition was segmented along the 3D  
partition-encoding direction. 

For both versions of T1RESS, the periodic application  
of contrast-modifying RF pulses was essential for generat-
ing T1 contrast and to suppress the signal intensity of  
cerebrospinal fluid and soft-tissue edema. Bright-blood 
bT1RESS dramatically outperformed 3D FLASH and 
MPRAGE in creating angiographic renderings of the  
intracranial vessels during the equilibrium phase of  
contrast enhancement (Fig. 2), while with uT1RESS the 
blood vessels appeared dark. 

2   Post-contrast vascular imaging. 
47 mm thick maximum 
intensity projections from 
MPRAGE (2A) and bT1RESS 
(2B). Note that small branch 
vessels are much better seen 
with bT1RESS because of the 
improved SNR and greater 
background tissue suppression.

MPRAGE T1RESS

2A 2B
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With uT1RESS, enhancing tumors appear particularly  
conspicuous against a background in which blood vessels 
and non-enhancing tissues all appear relatively dark.  
We found that this method could unambiguously identify  
even small metastatic tumor deposits that were difficult  
to distinguish from blood vessels on 3D FLASH or MPRAGE  
images (Fig. 3). 

We also compared uT1RESS with the dark-blood 
T1-weighted sampling perfection with application-opti-
mized contrasts using different flip angle evolution (SPACE)  
technique, which has been shown to have superior perfor-
mance compared with MPRAGE for detecting small brain 
metastases [3]. We found that brain tumors appeared  

significantly more conspicuous with uT1RESS than  
T1 SPACE (Fig. 4). Comparing uT1RESS with T1 SPACE  
using matched spatial resolution and scan time to evaluate  
32 tumors in 14 patients, the respective values for mean 
tumor-to-brain contrast-to-noise ratios (CNR) were  
180.32 ± 92.34 vs. 60.34 ± 54.88, p = 8.75 x 10-7. The  
values for mean tumor-to-brain contrast were 1.76 ± 0.76 
vs. 0.89 ± 0.43, p = 7.95 x 10-7. Moreover, uT1RESS does 
not suffer from the same limitations as the T1 SPACE tech-
nique, which include sensitivity to B1 field inhomogeneity, 
blurring related to T2 decay over the lengthy fast spin-echo 
train, and the need for additional flow dephasing gradients 
to achieve uniform suppression of the blood-pool signal. 

3   Patient with small right frontal 
brain metastasis from renal cell 
carcinoma. Comparison of 
axial multiplanar reconstruc-
tion from uT1RESS (3B) and 
MPRAGE (3A); while MPRAGE 
makes it difficult to distinguish 
the bright signal of the 
metastasis (red arrow) from 
that of a nearby blood vessel 
(green arrow), uT1RESS makes 
the metastasis more conspicu-
ous due to the suppression of 
vascular signal in combination 
with the lower signal intensity 
of normal brain tissue.

MPRAGE T1RESS
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4   Patient with large right 
occipital brain metastasis.  
(4A) T1 SPACE, (4B) uT1RESS. 
While both techniques 
demonstrate the enhancing 
mass and suppress vascular 
signal, the tumor-to-brain 
contrast is much higher with 
uT1RESS.

T1 SPACE T1RESS

4A 4B
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Discussion
In this study of brain tumors at 3T using post-contrast 
scans, uT1RESS provided a more than twofold improve-
ment in tumor visibility compared with either MPRAGE  
or T1 SPACE, which are both widely used neuroimaging  
techniques. For oncological applications, enhancing blood  
vessels distract from, and could potentially be confused 
with, enhancing tumors [4]. uT1RESS renders blood vessels 
dark by using an unbalanced steady-state gradient-echo 
readout in which the phase-encoding gradients are  
rewound and the frequency-encoding gradient is unbal-
anced [5–7]. The resultant suppression of intravascular  
signals is a consequence of flow- and diffusion-related 
phase dispersion that gradually accumulates with each  
sequence repetition [8]. Because the 3D uT1RESS acquisi-
tion utilizes a very large number (≈ 40,000) of sequence 
repetitions, intravascular phase dispersion is complete,  
resulting in marked suppression of intravascular signal  
regardless of vessel orientation. Unbalanced steady-state 
sequences are reported to be more motion-sensitive than 
balanced SSFP or FLASH [9]. However, we found that  
bulk motion artifacts were minimal or absent despite  
the effective suppression of the blood-pool signal. This  
is partly due to the fact that uT1RESS uses a very weak  
dephasing gradient – which, along with the large number 
of sequence repetitions, ensures that the phase dispersion  
is gradual and consistently applied in every sequence  
repetition.

Another interesting feature of uT1RESS is its high  
SNR efficiency. For instance, the default scan time on  
our 3T scanners for a whole-brain MPRAGE or T1 SPACE  
acquisition with 1 mm slice thickness is typically on  
the order of four to seven minutes. By comparison, using 
uT1RESS, we have implemented an accelerated version  
of the technique that allows us to complete a whole-brain 
scan with 1 mm slice thickness in less than one minute. 
Other potentially useful versions of the technique are also 
feasible. For instance, we can obtain water-only and fat- 
only images using a two-echo Dixon implementation of 
uT1RESS. The uT1RESS and bT1RESS techniques can also 
be applied at 1.5T.

While our initial work has focused on the imaging of  
brain tumors, the methodology can be applied to a broad 
range of clinical applications. Future efforts will include  
using dark-blood uT1RESS to evaluate tumors in the breast, 
liver, and pancreas, for breath-hold 3D imaging of cardiac 
morphology and of late gadolinium enhancement in the 
myocardium, and for the improved depiction and charac-
terization of plaque in the carotid and peripheral arteries. 
With regard to bright-blood bT1RESS, this technique has 
the potential to significantly improve image quality and 
vessel conspicuity for contrast-enhanced MR angiography 
of the head and neck and other vascular regions.
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