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3D Bolus Tracking with Frequency-Shifted BURST MRI

Jeff H. Duyn, Peter van Gelderen, Peter Barker, Joseph A. Frank, Venkata S. Mattay,
and Chrit T. W. Moonen

Objective: Our goal was to develop and test a 3D bolus-tracking MR tech-
nique for perfusion imaging of normal and pathological (infarcted) human
brain.

Materials and Methods: All experiments were performed on standard 1.5 T
GE/Signa clinical scanners. Five normal volunteers and one patient with a
subacute brain infarct were studied. Modified [frequency-shifted (FS)] BURST
MRI was performed during injection of a bolus of Gd-DTPA (0.13 mmol/kg) in
the antecubital vein. The 3D datasets were acquired with a time resolution of
2.2 s and an effective spatial resolution of 4.3 X 4.3 X 6.4 mm. Three-
dimensional maps of blood volume and bolus arrival time were determined by
fitting a synthetic curve to the intensity time course on a voxel-by-voxel basis.

Results: Both relative cerebral blood volume and arrival time maps demon-
strated sensitivity to regional differences in blood supply in both normal brain
and in the subacute brain infarction. The transit time maps showed arrival time
delays of 5-7 s within and around the infarct and confirmed the diagnosis of left
middle cerebral artery occlusion.

Conclusion: The results of the measurements on both normal and diseased
human brain demonstrated the ability to acquire valuable 3D information about
brain perfusion using FS BURST MRI.

Index Terms: Brain—Brain, perfusion—Magnetic resonance imaging, tech-

niques—Arteries, occlusion.

The measurement of cerebral perfusion is an im-
portant element in the study of both normal and
impaired human brain function. The connection be-
tween brain activity and perfusion has been well
established (1-4). Altered perfusion has been ob-
served in several diseases, including brain infarc-
tion (5-7), tumors (8,9), and neurodegenerative dis-
orders (10,11). Among the techniques used to study
perfusion are PET (12,13), Xe-CT (14}, SPECT (15),
and MRI (16-18).

Several researchers have studied brain perfusion
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by dynamic MRI using an intravenous bolus admin-
istration of a contrast agent in both humans (19-21)
and animal models (22,23). These methods are
based on the susceptibility-induced signal losses
upon the passage of the contrast agent through the
microvasculature. Although these methods do not
measure perfusion (or cerebral blood flow) in clas-
sical units (24), they allow for evaluation of the re-
lated (25,26} variable relative cerebral blood volume
(rCBV). Since the transit time through the brain is
only on the order of a few seconds (27,28), fast
T2*-sensitized MRI techniques are required, such
as EPI (29), FLASH (30), or ES-FLLASH (31), or
their segmented versions (32,33). Due to the time
constraint, only single slices have been studied with
FLASH or ES-FLASH. This is a severe limitation
since, in many pathologies, the area of interest is
not a priori known or extends over multiple slices.
The EPI technique allows multislice imaging within
a few seconds, but needs dedicated hardware.

Recently, a fast 3D T2*-sensitized imagicg
method, called frequency-shifted (IFS) BURST (34),
was introduced. This method allows for scanning of
the whole brain within a few seconds. For bolus
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racking, the attractive feature of this method is the
act that it has, unlike EPI and segmented FILASH,
qual T2* weighting over k-space lines. Here we
ill discuss the application of this method to MR
erfusion imaging.

MATERIALS AND METHODS

All experiments were performed on standard 1.5
" GE Signa clinical scanners (GE Medical Systems,
Milwaukee, WI, U.S.A)), equipped with 10 mT/m,
actively shielded whole-body gradients. A standard
uadrature head RF coil was used. Five normal vol-
snteers and one patient with a subacute brain in-
arct were studied. The subject with acute infarc-
jon, a 39-year-old woman and intravenous drug
ser, was diagnosed with a left middle cerebral ar-
ery occlusion and was scanned 3 days postictus.
[he human subject protocols were approved by the
ntramural review board of the National Institutes
£ Health and the Joint Committee for Clinical In-
estigation of the Johns Hopkins School of Medi-
ine.

- The MR method used for 3D bolus tracking was
ased on FS BURST as described in ref. 34. The
ssentials of this method can be summarized as fol-
ows: Excitation of magnetization is performed by a
3URST pulse (35), which consists of a train of
venly spaced, low flip angle RF pulses in combi-
ation with a slice select gradient. Multiple trains of
measurable echo signals can be generated by re-
peated reversal of the selection gradient (Fig. 1). By
ipplying a second switched gradient (PE-1 in Fig.
); a second dimension of spatial encoding is incor-
orated in each echo train, allowing scanning of a
‘omplete image plane within a single repetition of
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. 1. 3D FS BURST pulse sequence. The excitation con-
s of a Hamming-apodized BURST RF pulse in combina-
n with a slice selection (SS) gradient. Two echo trains
HO 1, ECHO 2) are created by repeated gradient reversal.
& echo trains are phase encoded in two directions by PE-1
and PE-2. A gradient crusher is applied after collection of the

Sacond echo.

the sequence. The addition of a third gradient (PE-
2), the amplitude of which is varied over subsequent
repetitions of the sequence, allows scanning of 3D
volumes. Saturation effects were avoided by apply-
ing a frequency shift to the RF pulse on successive
repetitions (34).

For 3D bolus tracking, the original sequence was
modified on the following points:

1. Instead of acquiring two echo trains, only the
second echo train was collected. It has been shown
(34) that, in contrast with the first echo train, the
second echo train has an inherent uniform T2*
weighting. This allows for susceptibility-weighted
scanning without image artifacts.

2. A reduction of the scan time was established
by reducing the number of sample points and the
size of the FOV.,

3. The effective TE of the second echo train was
reduced to improve contrast-to-noise ratio.

Furthermore, of the two FS protocols presented
previously (34), the single-strip shift protocol was
chosen.

The BURST RF pulse consisted of a train of 48
evenly spaced pulses. The pulse spacing was 288
ws, the total BURST pulse length 13.7 ms. The in-
dividual RF pulses were 128 ps long, and were
apodized with a combination of a sinc and a Gaus-
sian function. In combination with selection gradi-
ents, applied simultaneously in anteroposterior and
superoinferior directions, this resulted in selection
of a 150 mm thick slab with ~45° angulation (see
Fig. 3 for example). The specific angle was used to
utilize the maximum effective gradient strength to
achieve optimum resolution. An echo train of 40
echoes was acquired with an effective TE of 28.8
ms. The reason for acquiring less echoes than the
number of BURST RF pulses was to reduce the TR
without affecting the selection properties of the
BURST pulse. Each echo contained 36 data points
amp 48 phase-encoded repetitions were performed
using TR = 45 ms. A 36 X 40 x48 data matrix was
collected using a 22 X 16 x 19.2 cm FOV. The
measurement time was 2.16 s with 30-40 scans re-
corded sequentially, resulting in a total measure-
ment time of 65-87 s. The prolonged use of strong
gradients did not resuit in excessive heating of the
gradient coils.

For comparison and on the normal subjects only,
2D FLLASH dynamic imaging was performed with
TE/TR = 27/33.8 and a 128 x 64 data matrix. This
resulted in a scan time of 2.16 s, equivalent to that
of the 3D experiment. Between the 3D and 2D ex-
periments, a delay of at least 30 min was used.

Ten seconds after the start of each dynamic im-
aging experiment, a bolus of Gd-D'TPA solution was
administered at a rate of 6 ml/s using a mechanical
injector (Medrad, Pittsburgh, PA, U.S.A.) through
an 18 gauge catheter placed in the antecubital vein.
A dose of 0.13 mmol/kg body wt was used, resulting

J Comput Assist Tomogr, Vol. 18, No. 5, 1994
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in injection times of 3-5 s (typical). For the stroke
patient, a 0.15 mmol/kg dose was hand injected
within 6-10 s.

Data processing was performed off-line using
Sun-SPARC 10 workstations (Sun Microsystems,
Mountainview, CA, U.S.A.) with IDL processing
software (Research Systems, Boulder, CO,
U.S.A.). Prior to the 3D Fourier transformation, a
20% Hamming filter was applied over each echo
and over the second phase encode dimension. Also
before Fourier transformation, the dataset was
zero-filled to a 64 X 64 X 64 matrix. The effective
resolution was 6.4 X 4.3 x 4.3 mm. Magnitude im-
ages were then used to calculate the rCBV maps.
Also calculated were maps displaying the arrival
time of the bolus, referred to here as “‘arrival time”’
maps. The calculations were performed by least-
squares fitting of a synthetic curve to the time curve
of each pixel inside the brain. Several types of syn-
thetic curves, among which a gamma-variate func-
tion (36), were tested. The latter is a four parameter
curve that, in cases of limited signal-to-noise ratio
(SNR) and limited resolution, does not provide re-
liable fitting (37). For the specific SNR and time
resolution of our data, a three parameter curve of
the form

Ay = a — bleltromr 4 .15
'
— + arctan

Li”o‘(t + ¢)
2 w

= 0.042(t + ¢ + 1)}

with ¢t = time [~1, . . . 1], @ = prebolus signal
level (variable), b = bolus intensity (variable), ¢ =
bolus arrival time (variable), and w = width of bo-
lus passage (fixed) was used. The exponential term
of the function describes a Gaussian time course of
signal loss during the bolus passage, whereas the
arc-tangent and constant slope terms account for
persistent signal loss after passage of the bolus. The
function resuited in almost all (>95%) of the pixels
in a convergent fit and gave a fairly accurate repre-
sentation of the signal loss during and after the pas-
sage of the bolus. The function was based on the
following assumptions: a quasiconstant prebolus
signal level (a4), a quasiconstant postbolus signal
loss related to the bolus intensity proportional to
bolus intensity (b), and a variable bolus arrival time
(c). Monte Carlo simulations were performed to de-
termine the propagation of measurement noise into
noise in the fitted parameters. Furthermore, to
check accuracy of the fitting procedure with respect
to systematic errors, maps of the sum of squared
differences between time course data and fit results
were created and normalized to baseline signal in-
tensity (a). The total computation time for Fourier
transformation and time curve fitting was ~25 min.

J Comput Assist Tomogr, Vol. 18, No. 5, 1994

After time curve fitting, the rCBV maps were cal-
culated from rCBV = In (b/a) (20). Arrival time
maps were calculated from ¢ and thresholded with

parameter b (pixels with a b value less than a fifth of

the average gray matter value were set to back-
ground intensity level).

RESULTS AND DISCUSSION

All 3D FS BURST measurements demonstrated
an SNR of ~30 and a stability of 20 (both numbers
based on standard deviations). In the studies on
normal subjects, the maximum signal loss during
bolus passage was 30-50% for normal gray matter
pixels. The study on brain infarction showed a
lower bolus intensity (20-35%), possibly due to the
lower injection rate. An example of a typical fit in a
gray matter pixel of normal brain is shown in Fig. 2.
The Monte Carlo simulations, based on this fit and
assuming SNR = 20, resulted in estimated standard
deviations for baseline signal level, rCBV, and ar-
rival time of 1.5%, 8.0%, and 0.45 s, respectively.
Errors in actual perfusion measurements may be
larger, since no systematic errors were included in
this analysis, and both SNR and/or bolus intensity
are much reduced in certain brain areas (e.g., white
matter).

Figure 3 shows an example of the calculated
rCBV maps from a normal subject: Displayed are
images from a section of 24 slices, covering about
two-thirds of the brain. As expected, gray matier
areas appear bright in the images, indicating a rei-
atively high blood volume. Clearly identifiable are
also the ventricular system, the sylvian fissures,
and the tentorium. As evident from the illustrative
material of several other reports on the subject, on
the rCBV maps, part of the ventricular system ap-
pears bright. A possible explanation is the signal

signal (a.u.) —»

-0.5 . . : : L
0 10 20 30 40 50

time (§) ——b~

FIG. 2. Typical time course data from a gray matter pixel of
normal brain. Pixel intensity is given as a function of time
(dots connected with solid line), together with the fitted time
curve (dashed line) and the fit residuals (dotted line).
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FiG. 3. Calculated relative cerebral blood volume maps of 24 {(of 64) slices through the brain of a normal
the angulation of the imaging slices.

subject. Subseguent slices are displayed going from anteroinferior to posterosuperior through the brain.
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aselin

FIG. 4. Calculated baseline intensity, relative cerebral blood volume (rCBV), and arrival time maps in two slices of the

dataset from Fig. 3. The gray scale in the arrival time maps runs from early (white) to late arrival {black} and spans 4 s. Note
the early bolus arrival around the larger arteries, especially the middle cerebral arteries in slice 1 (insular arteries indicated
with arrows). Notice the late signal shift (bright to dark) in the ventricular system, as well as the late arrival in the large

vessels (veins?) in the posterior brain.

loss due to macroscopic susceptibility effects dur-
ing bolus passage through the larger vessels border-
ing the ventricles.

Two slices of this dataset are shown enlarged in
Fig. 4, together with corresponding baseline signal
and arrival time maps. Most striking of this figure
are the arrival time (delay) maps, which indicate
early arrival of the contrast agent bolus in the major
cercbral arteries (anterior, middle, and posterior)
and surrounding regions. Also striking is the late
(delay = 2-4 s) shift in signal (from bright to dark)
of the ventricular system as well as the late arrival
in the larger vessels, including sinuses, of the pos-
terior brain.

In Fig. 5, a comparison is shown between an
rCBV map, obtained with FLASH, and a slice of
the 3D FS BURST rCBV dataset. Although the

J Comput Assist Tomogr, Vol. 18, No. 5, 1994

Material may be y

FLASH rCBV map exhibits superior resolution,
general features are quite similarly represented with
both methods. Figure S¢ shows a map of the nor-
malized sum of squared differences between time
data and fit of the FS BURST data. The map is
relatively uniform, i.e., shows only faintly recogniz-
able structure, indicating minimal systematic fit er-
rors. Most of the remaining structure is caused by
differences in baseline signal intensity.

The results of the measurements of subacute
brain infarction are shown in Figs. 6 and 7. The
SNR of the FS BURST data was somewhat inferior
to that in the studies on the normal subjects. This is
partly attributed to the use of a hand-performed bo-
lus administration as opposed to use of a mechani-
cal injector. The T2-weighted MRI (TE/TR = 8¢/
3,000 ms) showed hyperintense regions in the in-

FIG. 5. Calculated rCBY maps from 2D
FLASH {a) and FS BURST (b), obtained
from similar sections of normal brain. Al-
though the FLASH relative cerebral blood
volume map shows finer detail, the appear-
ance of larger structures is similar with
both FLASH and FS BURST. In (¢) a nor-
malized map of the sum of squared differ-
ences between time course data and fit re-
suits is displayed. its intensity is fairly uni-
form, indicating only minor contribution of
systematic errors to the fit results.
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FiG. 6. T2-weighted MRI (&) and 3D FS BURST perfusion measurement (b—d) of subacute brain infarction. Five slices (every third
slice from a 3D dataset) are displayed going from inferoanterior to superoposterior through the brain. Slice numbers are
indicated at the top of the figure. Each of the rows shows T2-weighted data (a), calculated baseline intensity (b), relative cerebral
blood volume (¢}, and arrival time (d). The location of the infarct is indicated with the white arrows in (a), whereas part of the
affected region from which time course data were examined is indicated with the black arrow in (d). The spread in arrival time

in (d) is 7-8 s.

farcted hemisphere (Fig. 6a). Signal baseline level,
rCBV, and arrival time maps were calculated from
the FS BURST data and are shown in Fig. 6b, ¢,
and d, respectively. The baseline images (Fig. 6b)
show hyperintensities similar to those observed in
the T2-weighted data. Some signal loss is observed
in the rCBV maps (Fig. 6¢) at the site of the stroke,
whereas some peripheral areas (especially in slices
34 and 37) show increased rCBV. Again, the most
striking changes were seen in the arrival time maps.
Regions surrounding the hyperintense areas in the
T2-weighted maps appear dark, indicating late ar-
rival of the bolus. The latter finding is consistent
with the presence of ‘‘luxury perfusion” (38). Sig-
 nal time course data from a pixel within the infarct-
- ed area (white arrow in Fig. 6), from 2 pixels adja-
_ cent to the infarct (black arrow in Fig. 6), and from
* a contralateral normal-appearing area are shown in
Fig. 7 a-d. Although most pixels adjacent to the
. infarcted region show a arrival time delay of 5-7 s,

Material may be

significant areas remain with a normal or only a
partially delayed bolus arrival time.

CONCLUSIONS

The results of the measurements on both normal
and diseased human brain demonstrated the ability
to acquire 3D information about brain perfusion us-
ing FS BURST MRI. Comparison with conven-
tional 2D FLLASH bolus tracking showed that sim-
ilar r*CBV maps can be obtained with both methods,
although the finest details seen in the 2D method are
largely lost with 3D FS BURST, due to the reduced
spatial resolution. The gain with 3D FS BURST lies
in its ability to obtain a complete, qualitative picture
of perfusion, without restricting the view to a single
brain slice. This can be of paramount importance in
studies of lesions of extensive size or uncertain lo-
cation. The presented measurement on brain infarc-

J Comput Assist Tomogr, Vol. 18, No. 5, 1994



686 J.H.DUYN ET AL.
3 T T T j
-~ 2 J - -
5000 | . g g
8 ! 1 8 3 I
R I 1 g -
& g 5
= 1 | % & 1t ] & ,[. ]
| 1, | | 3
: | :
OE . ] . J o} . . . 0- e . ‘ k
0 20 40 80 0 20 40 60 0 20 40 60
time (s) —— 7Ta time (§) s 7b time (8) ———e= 7c
3 T - ]
FIG. 7. Bolus arrival time in subacute stroke. Time data are shown from selected f.'.'
pixels inside (a), adjacent to (b and ¢), and contralateral to (d) the infarct. In each %’
graph, the arrival time of the bolus in the contralateral pixel is indicated with a £
vertical line. Note the virtual absence of perfusion within the infarcted region (a) @
and the slightly (b) and the substantially (c; 3-6 s) delayed bolus arrival adjacent
to the infarct.

tion, showing regional variability of both rCBV and
bolus arrival time in areas within and around the
infarcted region, stresses this point.
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