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Purpose: To explore the lower limits for radiofrequency (RF) power—
induced specific absorption rate (SAR) achievable at
1.5 T for brain magnetic resonance (MR) imaging without
Reed F. Busse, PhD loss of tissue signal or contrast present in high-SAR
Philip M. Robson, PhD clinical imaging in order to create a potentially viable MR
Neil M. Rofsky, MD method at ultra-low RF power to image tissues containing
David B. Hackney, MD implanted devices.
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Materials and An institutional review board-approved HIPAA-compliant
Methods: prospective MR study design was used, with written in-
formed consent from all subjects prior to MR sessions.
Seven healthy subjects were imaged prospectively at 1.5 T
with ultra-low-SAR optimized three-dimensional (3D)
fast spin-echo (FSE) and fluid-attenuated inversion-recovery
(FLAIR) T2-weighted sequences and an ultra-low-SAR
3D spoiled gradient-recalled acquisition in the steady
state T1-weighted sequence. Corresponding high-SAR two-
dimensional (2D) clinical sequences were also performed.
In addition to qualitative comparisons, absolute signal-to-
noise ratios (SNRs) and contrast-to-noise ratios (CNRs)
for multicoil, parallel imaging acquisitions were generated
by using a Monte Carlo method for quantitative compari-
son between ultra-low-SAR and high-SAR results.

Resuits: There were minor to moderate differences in the abso-
lute tissue SNR and CNR values and in qualitative appear-
ance of brain images obtained by using ultra-low-SAR and
high-SAR techniques. High-SAR 2D T2-weighted imaging
produced slightly higher SNR, while ultra-low-SAR 3D
technique not only produced higher SNR for T1-weighted
and FLAIR images but also higher CNRs for all three
sequences for most of the brain tissues.

Conclusion: The 3D techniques adopted here led to a decrease in the
absorbed RF power by two orders of magnitude at 1.5 T,
and still the image quality was preserved within clinically
acceptable imaging times.
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ast spin-echo (FSE) imaging with

T2-weighted and fluid-attenuated

inversion-recovery (FLAIR) se-
quences is an integral part of clinical
brain magnetic resonance (MR) imag-
ing. These methods are also specific ab-
sorption rate (SAR) for radiofrequency
(RF) power-intensive, mainly because
of the multiple refocusing pulses used.
High-spatial-resolution three-dimensional
(3D) FSE sequences are increasingly
appealing for brain imaging after sub-
stantial improvements have been made
in preserving spin-echo image contrast
(1,2) within clinically feasible imaging
times (3,4). Reduction of SAR in FSE
MR sequences can be achieved by re-
ducing the flip angles of the refocus-
ing pulses (4-7). A substantial reduction
of power is possible with this approach
(4), and yet, remarkably low refocus-
ing flip angles do not adversely affect
the inherent tissue contrast or signal-
to-noise ratio (SNR) (8). Reduced flip
angles have been used to reduce SAR to
acceptable levels at a high field strength
and to control the blurring in long—echo
train imaging (5,9). With parallel imag-
ing (10), the number of echoes can also
be reduced and, hence, SAR. However,
researchers in none of these studies had
SAR reduction below standard safety
guidelines as the primary goal.

We sought to determine whether
SAR can be drastically reduced by using
existing clinical imagers to create a large
margin to account for interimager RF
power variability and possible errors in
SAR measurements in order to minimize
MR imaging heating risk in patients
while approximately preserving image
quality and tissue contrast. In this work,
modified 3D techniques were adopted

Advance in Knowledge

B Three-dimensional fast spin-echo
and gradient-echo techniques
with optimized radiofrequency
(RF) pulses, lower flip angles,
and stretched pulse widths per-
mitted approximately 100-fold
reduction in specific absorption
rate (SAR) for RF power while
diagnostic-quality brain MR
images were obtained.

to decrease SAR dramatically (to an
ultra-low level) without loss of image
quality. We define ultra-low RF power
as one that is 100 times lower than
Food and Drug Administration guide-
lines for whole-body average SAR in
healthy subjects, or 0.04 W/kg. Such an
ultra-low—power MR imaging approach
may help device manufacturers to pur-
sue MR imaging safety without sacri-
ficing diagnostic quality if the higher,
standard SAR levels are contraindicated,
particularly at higher field strengths at
which RF heating may further limit im-
aging acquisition choices.

The specific purpose of this work
was to explore the lower limits for RF
power—induced SAR achievable at 1.5 T
for brain MR imaging without loss of
tissue signal or contrast present in high-
SAR clinical imaging in order to create
a potentially viable MR method at ultra-
low RF power to image tissues contain-
ing implanted devices. Although, for
most images obtained with clinical MR
imaging units, RF power deposition can
be carefully controlled to be within Food
and Drug Administration limits, the dan-
gers of RF power can increase when
conductors or electronics are implanted
or are in close proximity to the patient.
Therefore, the task of RF power reduc-
tion to such an ultra-low level was un-
dertaken to develop one of the lowest
RF power methods that can minimize
the dangers of RF power deposition and,
hence, may potentially offer a safer
approach to extend MR compatibility
to image tissues containing implanted
devices.

Implications for Patient Care

B By using ultra-low—SAR brain MR
imaging at 1/100th of the routine,
clinical SAR levels, diagnostic-quality
brain images with traditional MR
tissue contrast can be obtained
within clinical imaging times.

B When pursuing advanced MR
techniques such as newer RF coils
and higher-field-strength magnets
for imaging patients, the presented
ultra-low—SAR approach offers the
potential to help minimize RF
power constraints.

Materials and Methods

Two authors are employees of GE
Healthcare (A.J.M. [Boston, Mass| and
R.F.B. [Madison, Wis]). They provided the
initial research pulse sequence and col-
laborated in the technical aspects of the
sequence and the manuscript but were
not involved in the clinical aspects of the
study design or interpretation of results.
The institutional authors, who are not
employees of GE Healthcare, were in
control of all data and information sub-
mitted for publication. None of the institu-
tional authors received a consulting fee.

Subjects

We used an institutional review board-
approved Health Insurance Portability
and Accountability Act-compliant pro-
spective MR study design, with writ-
ten informed consent from all subjects
prior to MR sessions. The 3D sequence
parameters were optimized by testing
the 3D FSE sequences with phantoms
and with three subjects who functioned
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Abbreviations:

CC WM = corpus callosal WM

CNR = contrast-to-noise ratio

CSF = cerebrospinal fluid

FLAIR = fluid-attenuated inversion recovery

FSE = fast spin echo

GM = gray matter

RF = radiofrequency

SAR = specific absorption rate

SNR = signal-to-noise ratio

SPGR = spoiled gradient-recalled acquisition in the steady
state

3D = three-dimensional

2D = two-dimensional

WM = white matter
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Table 1

Acquisition Parameters for Clinical 2D High-SAR and Optimized 3D Ultra-low-SAR Sequences at 1.5 T

Section Thickness and Gap ~ Acquisition Time (min:sec) ~ Echo Train Length Excitation and Refocusing Average Whole-
Sequence* Time (mm) and No. of Sections and Acceleration Factor and Bandwidth (kHz) ~ Flip Angles (degrees) Body SAR (W/kg)
T2 FSE
2D high SAR 3200/81F 48,1.6,18 3:19,1 12, =25 90, 180 2.1
3D ultra-low SAR  5000/73" 1.6,0,112 8:31,2.8 70, = 83.3 90; 120 for first, 35 for 0.02
minimum, 45 for center,
60 for last
T2 FLAIR FSE
2D high SAR 10000/114/2250% 4.8,1.6,18 4:00, 1 10, = 31.2 90, 180 1.1
3D ultra-low SAR  8000/130/2275*  1.6,0, 112 10:35, 2.8 90, + 25 90; 120 for first, 35 for 0.03
minimum, 45 for center,
60 for last
T1 2D high-SAR 41714t 4.8,1.6,18 3:13,1 1,+=15.6 90, 180 1.6
spin-echo
T1 3D ultra-low— 30/5.5" 1.6,0,112 4:02,2.7 1,+15.6 20,... 0.02
SAR SPGR

Note.—SPGR = spoiled gradient-recalled acquisition in the steady state, T1 = T1 weighted, T2 = T2 weighted.
* For all sequences, acquisition was in the sagittal plane, and a 24 X 24 cm? sagittal field of view and acquisition matrix of 256 X 224 reconstructed to 512 X 512 matrix were used.

T Values are repetition time (msec)/echo time, effective (msec).

*Values are repetition time (msec/echo time, effective (msec)/inversion time (msec).

as healthy control subjects, according
to the study design devised by three au-
thors (S.N.S., D.C.A., D.B.H.). The op-
timized brain MR sequences were then
applied in seven consecutive healthy
subjects with no implanted hardware or
other devices (four women, three men;
age range, 29-67 years).

Imaging and SAR Calculation

All imaging was performed with a 1.5-T
MR imager (HDx; GE Healthcare, Mil-
waukee, Wis) by using an eight-channel
receive-only head coil with a body coil
for transmission. The total session time
was 55 minutes for each subject, includ-
ing three ultra-low-SAR 3D sequences,
three high-SAR clinical two-dimensional
(2D) sequences, and six background
noise images for computing absolute
SNR maps. The 3D and 2D imaging re-
sults were compared quantitatively by
using absolute local SNR and CNR val-
ues and were also qualitatively evalu-
ated for overall image quality, including
fine structures and artifacts.

All SAR values reported in Table 1
were whole-body average SAR values,
as estimated from the vendor’s whole-
body SAR calculation algorithm. Calibra-
tion of the SAR calculation model has

been performed by the manufacturer
empirically for rectangular pulses by
means of comparison with power mea-
surements across a range of subjects
(11). Although the exact relationship
between local and whole-body SAR is
not known, local SAR and, therefore, the
risk of local tissue heating can be mini-
mized by minimizing the whole-body
SAR. Note that a more rigorous way to
estimate local SAR values for low-SAR
sequences would be with calorimetric
power measurements in the bore of the
imager, which was not pursued in the
current study. Any such measurement
will depend on experimental geometry
and model tissue materials used.

Simulation

For the RF-modulated 3D FSE sequence
(described below), simulations were per-
formed (R.F.B., A.J.M.) for expected MR
signal and related tissue contrast lev-
els as a function of the refocusing echo
train for various tissues (Fig 1) and
were used for optimization of imaging
parameters for 3D FSE T2-weighted
and 3D FLAIR T2-weighted sequences
(S.N.S., A.J.M.) (4). No simulation was
performed to predict the signal behavior
for the 3D SPGR T1-weighted sequence.

Low-SAR T2-weighted MR Sequence

We employed a 3D fast recovery fast
spin-echo-based T2-weighted research
sequence (a development version simi-
lar to single-slab 3D FSE [Cube; GE
Healthcare, Milwaukee, Wis]) with op-
tions for control of refocusing flip an-
gles (4). A long repetition time to lower
global SAR was used but with long echo
trains to gain time efficiency. To counter
the excess SAR generated by the long
train of refocusing pulses, we used an
optimized refocusing pulse-modulation
scheme (4,6) but with lower than usual
refocusing flip angles. We also reduced
the refocusing RF power by stretching
the pulse widths by threefold (to 1.0
msec) because RF pulse power is in-
versely proportional to the pulse dura-
tion. Though these longer pulses are
slightly more sensitive to frequency off-
set and susceptibility, they are still much
shorter and, consequently, more robust
to these effects than are RF pulses used
in most clinical sequences. A 3D slab-
selective 90° pulse was used for excita-
tion, while nonselective RF pulses were
used for refocusing. The SAR was also
reduced by efficiently filling the missing
k-space data with a 2D autocalibrating
reconstruction for Cartesian sampling
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parallel imaging algorithm (10) applied
along two phase-encoding directions, with
a net acceleration factor of 2.8. The
imaging parameters are presented in
Table 1. Linear-modulation view order-
ing was chosen that skips corners of
k-space, further reducing the SAR and
imaging time. Note that similar steps
for modifying 3D pulse sequences can
be implemented with imagers from other
vendors, and they should achieve sub-
stantial power reduction, although the
exact degree of SAR reduction will de-
pend somewhat on the details of vendor
sequence implementation.

Figure 1 shows the pulse-modulation
scheme that was followed by lowering
the refocusing flip angles from an initial
value (flip angle, or o, of 120°) to a
minimum (or « ;) to establish a pseudo-
steady state followed by a slowly vary-
ing, small increase to compensate for
tissue T2 decay. A higher value of the
minimum flip angle (e ;) was found to
increase SNR, image blurring, and se-
quence SAR, while 35° was found to be
optimum. Refocusing pulses after reach-
ing the pseudo-steady state constitute
a majority of the SAR-producing pulses
and a slight increase (to a final value,
or o, of 60°) was found adequate for

last

SNR while maintaining a ultra-low SAR.

Ultra-low-SAR FLAIR T2-weighted and
SPGR T1-weighted MR Sequences

Modifications similar to the T2-weighted
sequence were also employed for op-
timizing the ultra-low-SAR 3D FLAIR
T2-weighted sequence. Although, with
FLAIR, a 180° inversion-recovery prepa-
ration pulse is used, it is turned on only
once for every repetition time when
whole-brain 3D acquisition is performed,
and, hence, the inversion pulse is not
a major SAR concern. To provide T1
contrast images, a 3D SPGR-based
T1-weighted sequence was chosen that,
even in a clinical version, generates lower
SAR than does the spin-echo T1-weighted
sequence because low—flip angle RF ex-
citation and no refocusing pulses are
involved. The sequence was further
optimized for ultra-low SAR by increas-
ing image repetition time, by stretch-
ing excitation RF pulse width to 1.9
msec, and by using 2D parallel imaging.

180

first

u‘last

Refocusing FA (deg)
(e}
£

min

a’center

72

RF Pulse number

' —Gray Matter: T1=920ms‘ T2=88ms
. \White Matter: T 1=780ms, T2=80ms
e G S T1=4000ms, T2=1500m5 _

G0 36 72
Echo Number
Figure 1:  Top: Simulated optimized refocusing flip angle (FA) train for ultra-low—SAR 3D FSE T2-weighted

sequence. Typical first (cc, ), minimum (ot ),

center (o«

cemer) )

and last (o, ) flip angle values are included

\ast)

in Table 1. Bottom: Expected signal intensity (Signal) for cerebral tissues with typical T1 and T2 relaxation

values (in milliseconds /ms]) at 1.5T.

Because healthy subjects do not have
known enhancing lesions, no attempt
was made to compare infused contrast
material sensitivity of 2D and 3D T1-
weighted sequences by using gadolini-
um-based contrast agents in this pre-
liminary work.

Sagittal 2D FSE T2-weighted, 2D
FLAIR, and 2D spin-echo T1-weighted
images obtained by using standard, high-
SAR clinical protocols were also ob-
tained with SAR levels within Food and
Drug Administration—approved whole-
body limits.

SNR and CNR Calculations

For estimating the background noise
under various parallel imaging and se-
quence conditions, a single-section noise
image was obtained with the excitation
RF pulse turned off and gradient hard-
ware matched to the corresponding se-
quence. SNR was measured (P.M.R.,
S.N.S.) for every image by using a Monte
Carlo method that avoids errors in noise
estimates present in parallel imaging

reconstruction or multicoil combination
of signals (12). This method determines
the true signal fluctuations and, hence,
SNR on a pixel-by-pixel basis from mea-
sured characteristics of the actual ther-
mal noise present at image acquisition
and from the specific knowledge of the
image reconstruction algorithm. The same
method was also applied to all clinical
sequences. SNR maps averaged for 4.8-
mm equivalent 3D image sections were
directly compared with those from the
4.8-mm 2D sagittal images obtained by
using the high-SAR clinical sequences.
The mean SNR in five cerebral tissue
regions was obtained by placing regions
of interest at those tissue locations in
the whole-brain SNR maps and averag-
ing across all subjects. The mean CNRs
were computed by subtracting adjacent
tissue SNR for each subject, followed
by averaging the CNR over all subjects
(method design by S.N.S, D.B.H.). The
tissues included were cortical gray mat-
ter (GM) and subcortical white matter
(WM) in lateral, frontotemporal, and
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Table 2

SNR and CNR Values from Various Tissues for Clinical 2D High-SAR and 3D Ultra-low-SAR Sequences

T2 FSE T2 FSE FLAIR
SNR and CNR* 2D High SAR 3D Ultra-low SAR 2D High SAR 3D Ultra-low SAR  T1 2D High-SAR Spin Echo  T1 3D Ultra-low—SAR SPGR
SNR
Cortical GM 135 =+ 6t 87 =6 42+ 6 66 + 7+ 64 = 4 78 + 6F
Subcortical WM 105 = 3t 59 *+6 29+2 43 + gt 77 = 115 + 16+
Sulcal CSF 400 = 167 299 + 17 13 =1t 4+1 35 +5 40 +5
Corpus callosal WM 85 + 5t 55+ 9 24 £ 4 33 + 4% 64 = 96 + 10*
Ventricular fluid 261 + 14t 232 =21 10 + 3f 1+04 28 =1 29+3
CNR
Cortical GM-subcortical WM 306 28+2 13+8 2310 13+4 37 = 10*
Cortical GM—-sulcal CSF 265 = 15t 212 =17 29+7 62 + 7* 29+ 6 38+4
Corpus callosal WM—ventricular fluid 176 = 9 177 =15 14+6 32+ 4 362 67 = 9f

Note.—Data are means =+ standard deviations. T1 = T1 weighted, T2 = T2 weighted.
* SNR and CNR values are for 4.8-mm sections from 2D (high-SAR) sequences and for 4.8-mm reconstructed sections from 3D (ultra-low—SAR) sequences.
* The mean difference between 2D and 3D sequences was significant (P < .05), favoring a higher mean value for 2D.
*The mean difference between 2D and 3D sequences was significant (P < .05), favoring a higher mean value for 3D.

parietal locations; the corpus callosal
white matter (CC WM); the sulcal cere-
brospinal fluid (CSF); and the ventricu-
lar fluid (Table 2).

Statistical Analysis

No specific statistical distribution was as-
sumed for the tissue SNR and CNR val-
ues. To compare image quality between
high-SAR 2D and ultra-low-SAR 3D
methods, we separately analyzed the
differences in tissue SNR and differ-
ences in tissue CNR for all seven sub-
jects by using the Wilcoxon signed-rank
test. A total of 15 separate signed-rank
tests for SNR and nine separate tests for
CNR were performed without Bonferroni
correction at a significance level of P =
.05. Inferences were drawn to assess the
significant differences in SNR, as well as
CNR differences between the high-SAR
2D and ultra-low-SAR 3D techniques
(S.N.S., D.B.H.), in consultation with the
biostatistician. Note that one could in-
stead use parametric approaches if a
large number of subjects were tested,
satisfying normal distribution, or use a
transformation toward normality.

The simulated signals in Figure 1 dem-
onstrate sustained signal levels owing to
compensated T2 decay for GM, WM,

and CSF. Notice that the signal differential
(and hence tissue contrast) for the GM
and WM in this optimization scheme
with the 3D FSE sequence is somewhat
limited, while CSF intensity is moder-
ately high. The 3D FLAIR T2-weighted
sequence follows similar simulation cur-
ves by using the same refocusing flip
angles, although longer echo train length
and effective echo time are preferred
(Table 1). Figures 2—4 show the high-SAR
2D and ultra-low-SAR 3D T2-weighted,
FLAIR, and T1-weighted images for a
typical subject from the volunteer group.

Qualitative Observations

Images from both ultra-low— and high-
SAR sequences were qualitatively com-
parable, as per assessment by a senior
neuroradiologist (D.B.H., with 25 years
of experience) in regard to tissue signal
intensity, relative tissue contrast, and
the overall image appearance, as can be
seen on the images from a typical sub-
ject (Figs 2-4).

The 3D images showed fine anatomic
structures, with no noticeable artifacts
or loss of detail in spite of the ultra-low—
SAR implementation or accelerated auto-
calibrating reconstruction for Cartesian
sampling reconstructions. There were
no noticeable alterations in tissue con-
trast across the whole brain owing to
potential contributions from stimulated

echoes or owing to the chosen RF modu-
lation scheme and 2D accelerations. The
ultra-low-SAR 3D images demonstrated
slightly attenuating fat signal, compared
with the high-SAR images.

Quantitative Comparisons

Regions of interest placed in WM, GM,
CSF, and ventricular fluid regions in the
whole-brain SNR maps directly rendered
absolute tissue SNR and CNR values for
computing group averages (S.N.S. and
P.M.R.) (Table 2). The standard devia-
tions for most tissues seemed to be small
(< 5% to 10%) except for fluids. Note
that conventional region-of-interest—
based background noise analysis for SNR
and CNR estimates are usually not ac-
curate for multicoils with parallel imag-
ing conditions (12).

Statistical comparison of the sig-
nals from several brain tissues (S.N.S.,
D.B.H.), in consultation with the bio-
statistician, revealed the following: For
SNR, (a) the high-SAR 2D T2-weighted
sequence produced somewhat higher
SNR values for all the tissues tested, com-
pared with the ultra-low-SAR 3D se-
quence, although the 3D SNR values were
acceptable; (b) SNR values with the
FLAIR sequence for all the tissues (ex-
cept fluids) were higher for the 3D than
for the 2D technique, and one may ob-
serve that a lower SNR for fluids, as
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Figure 2

Figure 2:

b.
(a) Typical 4.8-mm directly acquired right parasagittal image section obtained with high-SAR 2D

FSE clinical T2-weighted sequence and (b) 4.8-mm-thick section (reconstructed from three 1.6-mm sec-
tions) obtained with ultra-low—SAR 3D FSE T2-weighted sequence. Both images were acquired with 0.8 X
1.0 mm? in-plane resolution in a 40-year-old male subject.

Figure 3

a.
Figure 3:

b.

(a) Typical 4.8-mm directly acquired right parasagittal image section obtained with high-SAR 2D

clinical FLAIR sequence and (b) 4.8-mm-thick section (reconstructed from three 1.6-mm sections) obtained
with ultra-low—SAR 3D FSE FLAIR sequence. Both images were acquired with 0.8 X 1.0 mm? in-plane

resolution in the same subject as in Figure 2.

is the case with the ultra-low-SAR 3D
method, is in fact desirable; and (c) the
SNR values for all tissues (except fluids)
were higher with the ultra-low-SAR 3D
SPGR T1-weighted sequence than with
the high-SAR 2D spin-echo T1-weighted
sequence. The signal intensity of CSF
and ventricular fluid was similar for both.

For CNR, (a) the CNR for cortical
GM-subcortical WM in T2-weighted and
FLAIR sequences and the T2-weighted
CNR for CC WM-ventricular fluid
were similar for both 2D and 3D tech-
niques, while for the cortical GM-CSF,
the T2-weighted CNR was somewhat
higher with the 2D technique than

it was with the 3D technique; (b) the
3D FLAIR sequence produced higher
CNR in cortical GM-CSF and in CC
WM-fluid than did the 2D technique;
and (c) the ultra-low-SAR 3D SPGR
T1-weighted sequence produced higher
CNR values for all tissue comparisons
than did the 2D spin-echo T1-weighted
sequence, except for cortical GM-CSF.

Although some of the mean differ-
ences are significant, as noted in Table 2,
the overall SNR and CNR values, as well
as the visual inspection of the images
(D.B.H, N.M.R., S.N.S.), showed that
the image contrast properties of the 3D
approaches were quite similar to those
of the 2D methods for the FLAIR and
T2-weighted sequences. The 3D SPGR
T1-weighted images differed visibly from
the 2D spin-echo T1-weighted images,
with somewhat higher image contrast on
3D Tl-weighted images for most tis-
sues. Overall, these ultra-low-SAR 3D
sequences appear to represent accept-
able alternatives to conventional 2D
methods when minimizing SAR is im-
portant to safely offer MR imaging for
clinical diagnostics.

We demonstrated the feasibility of ultra-
low-SAR 3D imaging at 1.5 T with two
orders of magnitude reduction in SAR,
within a clinically feasible imaging time,
resulting in SNR and CNR comparable
to those of the high-SAR clinical 2D se-
quences. This dramatic reduction of
SAR was achieved with known, but per-
haps not widely appreciated, strategies
to reduce the power deposition of clini-
cal imaging sequences. That SAR can be
so greatly decreased indicates that SAR
reduction below regulatory maxima has
not been a past focus of development.
Note that the software SAR estimates
used to estimate RF power deposition
can vary considerably across imagers
(13), probably caused by differences
in SAR monitor calibrations or added
safety factors. Such uncertainty in safety
factors was one motivation for us to as-
sess the feasibility of dramatically de-
creasing power so that a wider safety
margin can be offered whenever low-
SAR imaging is strongly recommended.

Radiology: \olume 259: Number 2—May 2011 = radiology.rsna.org
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Figure 4

Figure 4:

(a) Typical 4.8-mm directly acquired right parasagittal image section obtained with high-SAR 2D

clinical spin-echo T1-weighted sequence and (b) 4.8-mm-thick section (reconstructed from three 1.6-mm
sections) obtained with ultra-low—SAR 3D SPGR T1-weighted sequence. Both were acquired with 0.8 X
1.0 mm? in-plane resolution from the same location and in the same subject as in Figures 2 and 3.

The relative SAR benefits of the modi-
fied 3D sequences over conventional 2D
sequences, demonstrated here as two
orders of magnitude, are likely to be
more important than the absolute SAR
values. However, if local tissue heating
must be measured, calorimetric experi-
ments should be performed to estimate
local SAR more accurately.

Current safety guidelines on several
implanted devices limit imaging to the
use of transmit-receive head coils. The
growing population of subjects with im-
plants that may not be compatible with
standard MR imaging protocols suggests
that reduction of SAR and other sources
of MR imaging incompatibility should
receive greater attention. While it is, of
course, preferable that all devices be com-
pletely MR imaging compatible, compat-
ibility with standard high-SAR protocols
may not be feasible for many devices.
For example limitation to transmit-
receive head coils is part of the manu-
facturer’s guideline for imaging of deep
brain stimulators (14). This restriction
is motivated by an attempt to reduce RF
application to extracranial components
of such devices (15,16). The trend to
use higher-field-strength magnets will
impose further constraints on choice
of advanced protocols that can be per-

formed with conventional sequences.
Our approach, with the use of dra-
matically lower SAR, may offer a po-
tential solution to these problems in the
future.

The results in this work are just a
first step toward broader MR imaging
compatibility and should not be inter-
preted as proof of safety for use in pa-
tients in whom imaging is limited to
low-SAR approaches. The relationship
between whole-body SAR and local SAR
near a conductor depends on the exper-
imental geometry and tissue proper-
ties surrounding the conductor, and
these factors have not been evaluated in
this study. Indeed, use of our ultra-low-
SAR sequences with body coil trans-
mission would violate current guidelines
for some implants (14,17) that specify
a transmit-receive head coil only, and
we do not suggest or recommend this
use, at least until further testing by the
manufacturer or another expert party
has been performed. An additional con-
cern is that current vendor implemen-
tations of SAR estimation are not con-
sistent across imagers, and they do not
automatically provide safeguards for
restricting RF power for particular de-
vices. In our study, we have not evalu-
ated additional factors in compatibility

of implants, especially the effects of
rapidly changing gradient fields and,
of course, any forces or direct effects
from the main magnetic field on con-
ductors and electronics. However, if
these issues are addressed by future
testing and development, it seems likely
that the 100-fold reduction of SAR
made possible by ultra-low-SAR imag-
ing sequences, such as those reported
here, will enable greater flexibility for
MR imaging compatibility and image
quality.

In this preliminary work, we have
not demonstrated diagnostic equiva-
lence for pathologic findings between
low- and high-SAR sequences. However,
when applied to patients with multiple
sclerosis, a 3D sampling perfection with
application optimized contrasts using
different flip angle evolutions version
of FLAIR and T2-weighted sequences
(SPACE; Siemens, Erlangen, Germany),
which is similar to single-slab 3D FSE
(Cube; GE Healthcare, Milwaukee, Wis)
with reduced refocusing flip angles at
3.0 T, has demonstrated adequate le-
sion visualization comparable to that
on 2D images (18,19). Because our re-
sults showed that the ultra-low-SAR
approach essentially reproduced the SNR
and CNR of the standard clinical images
over a range of tissues with significantly
varying T1 and T2 relaxation times, one
may expect this strategy to produce sat-
isfactory results in patients, although
this hypothesis will have to be tested.

Note that because of the small num-
ber of subjects involved, we had no re-
liable way of assessing normality for
tissue SNR and CNR values. We used
nonparametric inference tests as a logi-
cal alternative, although in this situa-
tion, nonparametric tests are not ultra
powerful either. As noted in the SNR
and CNR values in Table 2, the ultra-
low-SAR 3D sequences seem to pro-
duce images that have SNR and CNR
mostly equivalent to or often somewhat
higher than the SNR and CNR of im-
ages produced with the high-SAR 2D
sequences. While both approaches pro-
duce acceptable tissue SNR and CNR,
several mean differences as mentioned
in Table 2 are significant and favor the
ultra-low-SAR 3D approach. This work
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does not address the effect of such dif-
ferences in normal tissues or in patho-
logic findings. Also, at this time, it is
unclear how the CNR will compare for
gadolinium-enhanced imaging for nor-
mal or enhancing tissues by using the
two TT-weighted methods. One should
also note that we have not compared our
ultra-low-SAR 3D SPGR T1-weighted
sequence with any other 3D gradient-
echo-based T1-weighted technique. The
latter can be a somewhat low-SAR tech-
nique, with an approximately one or-
der of magnitude lower SAR than with
the 2D spin-echo T1-weighted sequence
and may be modified by using a similar
approach.

The use of a longer 3D acquisi-
tion with the low-SAR sequence might
increase the frequency of motion-
degraded images, particularly for pa-
tients with limited ability to cooperate.
However, cooperative patients imaged
with adequate attention to comfort can
usually remain motionless for the rela-
tively short incremental time required
for these lower-SAR sequences. Patients
who are incapable of remaining still usu-
ally will not be able to undergo exami-
nation at the somewhat shorter, routine
imaging times as well. Advantages of 3D
include the ability to often choose fre-
quency encoding along the direction of
maximum motion and the capability to
reduce table time by reconstructing im-
ages in other planes as a substitute for
the repeat imaging in different planes,
as is often performed in clinical 2D MR
imaging. In addition, modern motion
correction techniques are more effective
with 3D acquisitions. One such method,
which could be added to the existing
protocol, requires essentially zero ad-
ditional power and has demonstrated
excellent suppression of motion arti-
facts with 3D FSE and 3D T1-weighted
images (20).

In summary, this work has dem-
onstrated that a 100-fold reduction in
SAR of standard clinical brain pro-
tocols is achievable with image quality
comparable to that of current high-SAR
sequences. Following careful further

in vitro and in vivo tests, these methods
may provide a high-quality alternative
when conventional MR imaging is con-
traindicated owing to high-SAR levels
present in routine clinical imaging.
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