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Abstract—We tested the feasibility of real-time, 3-D ultrasound (US) imaging in the brain. The 3-D scanner uses
a matrix phased-array transducer of 512 transmit channels and 256 receive channels operating at 2.5 MHz with
a 15-mm diameter footprint. The real-time system scans a 65° pyramid, producing up to 30 volumetric scans per
second, and features up to five image planes as well as 3-D rendering, 3-D pulsed-wave and color Doppler. In a
human subject, the real-time 3-D scans produced simultaneous transcranial horizontal (axial), coronal and
saggital image planes and real-time volume-rendered images of the gross anatomy of the brain. In a transcranial
sheep model, we obtained real-time 3-D color flow Doppler scans and perfusion images using bolus injection of

contrast agents into the internal carotid artery. (E-mail: stephen.w.smith@duke.edu)

tion for Ultrasound in Medicine & Biology.
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INTRODUCTION

Over the last decade, with the availability of color flow
Doppler combined with effective contrast agents, a re-
naissance has occurred in the evaluation of cerebrovas-
cular disease using transcranial sonography, despite of
the image-degrading properties of the skull. Extensive
recent reviews have described the role of ultrasound
(US) in the evaluation of stroke and other pathologies of
the intracranial vascular system (Bogdahn et al.1998;
Gahn and von Kummer 2001) as well as the brain pa-
renchyma (Berg and Becker 2002). A standardized ex-
amination procedure includes the use of a phased-array
sector scanner, operating at approximately 2 MHz, ap-
plied to the temporal acoustic windows of the skull,
combined with contrast agents and color flow Doppler.
There is evidence of the value of transcranial sonography
for emergency room screening and as a low-cost, bedside
method for evaluation and management of patients with
neurologic disease (Gahn and von Kummer 2001). Fur-
thermore, there is continuing progress in the measure-
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ment of cerebral perfusion with new US contrast agents
and harmonic imaging techniques (Eyding et al. 2003).

Recently, there have also been descriptions of 3-D
transcranial sonographic imaging using mechanical rota-
tion of the phased-array transducer combined with car-
diac gating and subsequent off-line image segmentation
and reconstruction (Bauer et al. 1998; Schlachetzki et al.
2001). The overall process requires several minutes.
Bauer et al. (1998) listed advantages of 3-D transcranial
sonography, including enhanced visualization, less oper-
ator-dependence, improved retrospective analysis and
volumetric measurements.

During the last decade, we have concentrated our
efforts on real-time 3-D US imaging, primarily for cardiac
applications. Originally developed at Duke University
(Smith et al. 1991; von Ramm et al. 1991), the current
commercial 3-D system uses a 2-D matrix phased-array
transducer of N X N elements to steer and focus the US
beam over a 65° pyramid to produce real-time volumetric
scans at rates up to 30 volumes/s (Volumetrics Medical
Imaging, VMI, Durham, NC). Real-time display options
include up to five image planes oriented at any desired
angle and depth within the pyramidal scan, as well as
real-time 3-D rendering, real-time 3-D pulsed-wave and
3-D color flow Doppler. Clinical and animal evaluations
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have shown potential advantages over conventional 2-D
scanners for measurement of cardiac ventricular volumes
(Schmidt et al. 1999; Qin et al. 2000), reduced scanning
times in dobutamine stress echo examinations (Ahmad et al.
2001), measurement of peak left ventricular flow velocities
(Tsujino et al. 2001) and guidance of right ventricular
endomyocardial biopsy (Firek et al. 2000).

We have also had a long-time interest in transcra-
nial sonography. To our knowledge, in 1978, we de-
scribed the first real-time B-scan of the brain (Smith et al.
1978b). We also investigated adaptive signal processing
techniques to correct the image-degrading effects of the
skull bone (Smith et al. 1978a, 1986).

In this paper, we describe a feasibility study of
real-time 3-D imaging of the brain. In a human subject,
the real-time 3-D scans produce simultaneous transcra-
nial horizontal (axial), coronal and saggital image planes
of the brain, as well as any desired oblique views and
real-time volume-rendered images within the 3-D pyra-
mid. In a transcranial sheep model, we obtained real-time
3-D color flow Doppler scans and perfusion images
using a bolus injection of contrast agents into the internal
carotid artery.

METHODS

Volumetric scanner system

The commercial VMI US scanner generates a real-
time 3-D pyramidal scan of 65° using as many as 512
transmitters and 256 receive channels. The scanner uses
16:1 receive-mode parallel processing to generate 4096
B-mode image lines at up to 30 volumes per s. Figure 1
shows a schematic of the matrix phased-array transducer
producing the pyramidal scan with two simultaneous
orthogonal B-mode image planes (perpendicular to the
transducer array) and two C-mode planes (parallel to the

C-scans

B-scans

Fig. 1. Schematic of the pyramidal scan from matrix array.

Bold lines indicate possible display planes. By integrating and

spatially filtering between two user-selected planes, real-time
3-D rendered images are displayed.
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array). Alternatively, each image plane can be inclined at
any desired angle. By integrating and spatially filtering
between two user-selected planes (e.g., the C-mode
planes), the system also displays real-time 3-D rendered
images. In the following figures, arrows to the side of the
B-scans define the C-mode planes. In the figures where
rendered images are shown, the rendered volume is de-
fined by the data between arrowheads to the side of (or
below) the B-scans. Blunt arrows show the relative ori-
entations of the B-scan planes.

The transcranial transducer used in this feasibility
study consisted of a 40 X 40 = 1600 element sparse 2-D
array operating at 2.5 MHz, previously described by Light
et al. (1998). The active elements of the array, shown in
Fig. 2a, include 440 transmit elements and 256 receive
elements with a minimum interelement spacing of 0.35 mm
and total aperture diameter = 13 mm. Figure 2b is a
photograph of the matrix array probe, closely resembling a
conventional 2-D phased-array cardiac probe.

Figure 3 illustrates the real-time 3-D rendering dis-
play option of the scanner. We scanned an US contrast
detail phantom (Smith et al. 1985, ATS Laboratories,
Norwalk, CT; model 532B) that includes stepped cones
(i.e., stacked cylindrical targets) 5, 10 and 20 mm in
diameter, of various contrasts. Figure 3 shows simulta-
neous image planes from an 8-cm deep 3-D scan of a
hyperechogenic cone (contrast = +12 dB), including
long axis (Fig. 3a) and short axis (Fig. 3b) sector B-scans
of the 20-mm cylinder. In addition, Fig. 3c shows a
simultaneous 3-D rendered image selected from the py-
ramidal volume as shown by the arrowheads in Fig. 3a
and b. The real-time rendered image can be viewed from
any angle by rotating the image about the x, y and z axes.

Figure 4 illustrates the C-scan display option from a
14-cm deep 3-D scan of a hypoechogenic cone (con-
trast = —12 dB), showing a B-scan of the cone long axis
(Fig. 4a) and two simultaneous C-scans (Fig. 4b and c) of
the cone short axis taken at the 5-mm and 10-mm diam-
eter cylinders. Figure 4 also illustrates the image quality
of the scanner, in which the 5-mm diameter lumen of the
cylinder is easily detectable in the C-scan, where the
spatial resolution in both x and y directions (shown in
Fig. 1) is determined by the lateral beam width of the
matrix array transducer, with no contribution from the
axial resolution.

Human study

One author, a 56-year-old 100-kg man, scanned his
head from the conventional temporal window (Becker
and Griewing 1998), aligning the probe so that the x and
y axes of the matrix array in Fig. 1 roughly corresponded
to the axial and coronal planes through the skull. In this
way, the C-scan planes parallel to the face of the trans-
ducer corresponded to the saggital planes. Selected im-
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Fig. 2. (a) Schematic of matrix array geometry. (b) Photograph of 2.5-MHz matrix array transducer probe. ([_]) shared
element; (M) transmit-only element.

age planes from the 3-D scans were matched with the
best estimates of the corresponding anatomical slices
from a cross-sectional brain atlas (Roberts and Hanaway.
1970).

Animal model

One sheep was used in this study. The animal ex-
periment complied with legal requirements and institu-
tional guidelines. Anesthesia was induced with ketamine
hydrochloride, 15 to 22 mg/kg IM, and maintained with
isoflurane gas, 1 to 5%, delivered through a nose cone.
After peripheral IV access was obtained, the animal was
placed on its back on a heated thermal pad. A tracheos-
tomy was performed and the animal was mechanically
ventilated with 95 to 99% oxygen. To prevent rumenal
typany, a nasogastric tube was passed into the stomach.

Fig. 3. Simultaneous image planes of a hyperechogenic cone

(contrast = +12 dB) including (a) long-axis and (b) short-axis

sector B-scans of the 20-mm cylinder. Orientations of planes

are shown by blunt arrows. (c) Simultaneous 3-D rendered

image segmented from the pyramidal volume as shown by the
arrowheads in (a) and (b).

A femoral arterial line was placed on the left side via a
percutaneous puncture. Electrolyte and respirator adjust-
ments were made, based on serial electrolyte and arterial
blood gas measurements. An IV maintenance fluid with
0.9% sodium chloride was infused continuously. Blood
pressure, lead II electrocardiogram and temperature were
continuously monitored throughout the procedure.

The left side of the head was shaved. Under fluo-
roscopic guidance with bolus injections of radiographic
contrast agent (Renographin® 60, Bracco Diagnostics,
Princeton, NJ), a 6-Fr catheter was placed in the right
femoral artery via percutaneous puncture and advanced
retrograde through the aorta and then prograde into the
right internal carotid artery (ICA). Ultrasound scanning
with 3-D color Doppler was performed through the left

Fig. 4. 3-D scan of a hypoechogenic cone (contrast = —12 dB)
showing (a) B-scan of the cone long axis, and (b) and (c) two
simultaneous C-scans of the cone short axis taken at the 5-mm
and 10-mm diameter cylinders. Arrows = depth of C-scans.
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temple. During 3-D color flow Doppler imaging, a rapid
bolus injection (1 s) of US contrast agent (10 mL of
400 mg/mL, Levovist®, Shering AG) was made through
the catheter into the right ICA. In a second experiment,
100 mL of normal saline solution was agitated for 1 min
and then injected through the catheter into the right ICA
during 3-D color Doppler imaging.

The sheep was euthanized by a bolus injection of
KCl to arrest the heart while under anesthesia. Immedi-
ately after euthanization, a 7 cm X 4 cm segment of the
top of the skull was removed with a surgical saw, creat-
ing an opening to the top anterior of the brain to enable
“best case” 3-D US scans of the sheep brain. Figure 5
shows the results of a 3-D scan with a 6-cm scan depth.
Three simultaneous views of the sheep brain are shown
including: 1. a coronal sector B-scan (Fig. 5a) compared
with a coronal section from an atlas of the sheep brain
(Fig. 5b) (Johnson et al. 2003; The navigable atlas of the
sheep brain. NSF grants IBN 0131267, 0131826,
0131028.); 2. a saggital sector B-scan (Fig. 5¢); and 3. a
real-time 3-D rendering of the ventricles from a coronal
view (Fig. 5d). In the coronal section (Fig. 5a), the base
of the skull at a depth of 3.5 cm, the anterior portions of

Skull —

Fig. 5. Three simultaneous views from 3-D scan of post mor-
tem sheep brain through an opening in the skull are shown
including: (a) Coronal sector B-scan compared with (b) coronal
section from an atlas of the sheep brain (Johnson et al. 2003,
reprinted with permission), (c) saggital sector B-scan and (d)
real-time 3-D rendering of the ventricles from a coronal view.
In the coronal section (a), the base of the skull at a depth of 3.5
cm, the anterior portions of the lateral ventricles (LV) and the
upper and lower midcerebral fissures (MCF) are identified,
compared with the anatomical section (b). The saggital sector
B-scan (c) shows echoes from the cortex and corpus callosum,
as well as the lumen of the hypoechogenic lateral ventricle
(LV). Blunt arrows = orientation of B-scans; arrowheads =
volume of rendered image.
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Fig. 6. Two simultaneous transcranial views, coronal and hor-
izontal from a 14-cm deep 3-D scan. (a) Coronal view through
the body of the lateral ventricles, including midcerebral fissure
(MCF), lateral ventricles (LV), third ventricle (3V) and inferior
horns of the lateral ventricles (IH) compared with (b) coronal
anatomical slice through the posterior commissure (Roberts
and Hanaway 1970, reprinted with permission). (c) Horizontal
image plane from the 3-D scan compared with (d) anatomical
section through the midlevel of the diencephalon. (c) The
contralateral skull bone, echoes from the midcerebral fissure
(MCF), anterior horns of the lateral ventricles (AH) and atria of
the lateral ventricles (ALV). Blunt arrows = orientation of
B-scans.

the lateral ventricles and the upper and lower midcere-
bral fissures are identified compared with the anatomical
section (Fig. 5b).

The 3-D rendered image (Fig. 5d) contains more
information than the B-scan (Fig. 5a), yielding additional
structures near the ventricles as well as showing the
curvature of the skull bone. The saggital sector B-scan
(Fig. 5c) was taken near the midline of the brain and
shows echoes from the cortex and corpus callosum, as
well as the lumen of the hypoechogenic lateral ventricle.

RESULTS

Human study

Figure 6 shows two simultaneous transcranial
views, coronal and horizontal from a 14-cm deep 3-D
scan directed toward the body of the lateral ventricles,
along with the corresponding anatomical slices from the
brain atlas (Roberts and Hanaway 1970). Figure 6a
shows a coronal view through the body of the lateral
ventricles compared with a coronal anatomical slice
through the posterior commissure (Fig. 6b). Note that the
sector scan image (Fig. 6a) has been rotated 90°, to place
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the top of the brain at the top of the figure. In Fig. 6a, one
can see the midcerebral fissure, lateral ventricles, third
ventricle and inferior horns of the lateral ventricles, in
comparison with the anatomical section.

Figure 6¢ shows a horizontal image plane from the
3-D scan, compared with an anatomical section through
the midlevel of the diencephalon (Fig. 6d). Figure 6c¢
shows the contralateral skull bone, echoes from the mid-
cerebral fissure, anterior horns of the lateral ventricles
and atria of the lateral ventricles.

Figure 7 shows four simultaneous transcranial
views, coronal, horizontal, 3-D rendering and saggital,
from a 14-cm deep 3-D scan directed toward the poste-
rior portions of the lateral ventricles, along with the
corresponding anatomical slices from the brain atlas.
Figure 7a shows a coronal view through the atria of the
lateral ventricles compared with a coronal anatomical
slice through the fourth ventricle (Fig. 7b). In Fig. 7a,
one can see the midcerebral fissure and the atria of the
lateral ventricles in comparison with the anatomical sec-
tion (Fig. 7b).

Figure 7c shows a horizontal image plane from the
3-D scan compared with an anatomical section through
the putamen (Fig. 7d). Figure 7c shows the contralateral
skull bone, echoes from the body, and atria of the lateral
ventricles. Note that the hypoechogenic lumen of the
ventricles can be seen in both Fig. 7a and c.

Figure 7e shows a real-time 3-D rendered image of
the body of the lateral ventricles corresponding to peer-
ing through a thick horizontal slice through the ventri-
cles. In the brain atlas sections, this is equivalent to
looking from Fig. 7f, a section from the inferior limit of
the corpus callosum, to Fig. 7d. There is clear evidence
of additional information in the rendered view (Fig. 7e)
compared with the B-scan horizontal image (Fig. 7c).

Figure 7g shows a slightly tilted C-scan roughly
parallel to the transducer face, which corresponds to a
saggital view through the brain, compared with a saggital
section near the midline of the brain (Fig. 7h). The image
shows the hypoechogenic lumen of the body of the
lateral ventricle, as well as echoes from the wall of the
ventricle and corpus callosum. Note that the spatial res-
olution in the transskull C-scan (saggital view) is signif-
icantly worse than that of the C-scan of Fig. 4b and the
B-scans of Fig. 7a and c. The resolution in the C-scan,
determined by the transducer lateral resolution in both x
and y directions, has been significantly degraded by the
skull bone, whereas, in the B-scans (Fig. 7a and c), the
axial resolution of the depth direction is not adversely
affected by the skull.

Sheep study
With the transducer array on the left side of the
sheep skull pointing in an inferior direction toward the

Fig. 7. Four simultaneous transcranial views, coronal, horizon-
tal, 3-D rendering and saggital, from a 14-cm deep 3-D scan.
(a) Coronal view through the midcerebral fissure (MCF) and
atria of the lateral ventricles (ALV) compared with (b) coronal
anatomical slice (Roberts and Hanaway 1970, reprinted with
permission,). (c) Horizontal image plane from the 3-D scan
including the contralateral skull bone, echoes from the body
(BLV) and atria of the lateral ventricles (ALV), compared with
(d) anatomical section. (e) Real-time 3-D rendered image of the
body of the lateral ventricles (BLV) compared with (f) anatom-
ical section. (g) C-scan image of a saggital plane compared
with (h) anatomical section. Blunt arrows = orientation of
B-scans; arrowheads = volume of rendered image; arrows =
depth of C-scan.

circle of Willis, a bolus of US contrast agent (Levovist®)
was injected into the right ICA during 3-D color flow
Doppler imaging. Figure 8 shows four simultaneous
transcranial views from a 10-cm deep 3-D scan, coronal,
horizontal and two saggital image planes at depths of 9
and 10 cm. The yellow lines show the 3-D color Doppler
regions. The coronal view (Fig. 8a) and horizontal view
(Fig. 8b) show brain parenchyma and indicate flow on
the right side of the brain in opposite directions through
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Fig. 8. Four simultaneous transcranial views from a 10-cm deep

3-D scan with color Doppler, including: (a) Coronal, (b) hori-

zontal and two saggital image planes at depths of (¢) 9 cm and

(d) 10 cm. Arrows = depth of C-scans; blunt arrows = orien-
tation of B-scans.

two discrete vessels at 9 and 10 cm from the transducer.
The flow in the coronal image (Fig. 8a) shows the ap-
pearance of a long axis segment of the blood vessels, and
the orthogonal horizontal scan (Fig. 8b) has the appear-
ance of a short axis of the vessels. The C-scan (saggital)
planes positioned over these targets confirm the flow,
albeit with degraded spatial resolution.

Figure 9 shows analogous transcranial images after
bolus injection of 100 mL of agitated saline into the right
ICA, including three simultaneous views from a 10-cm
deep 3-D scan, coronal (Fig. 9a), horizontal (Fig. 9b) and
saggital (Fig. 9¢). The images indicate widespread per-
fusion superimposed over the echo data from the tissue
parenchyma.

DISCUSSION

We have tested the feasibility of real-time 3-D im-
aging of the brain. In a human subject, the real-time 3-D
scans produced simultaneous transcranial axial, coronal
and saggital image planes, as well as volume-rendered
images of the brain. The images include the gross ana-
tomical landmarks of the brain. The coronal and hori-
zontal B-scan images appear to be comparable with
conventional 2-D transskull images, but the C-mode
saggital views show reduced spatial resolution due to

Volume 30, Number 10, 2004

effects of the skull bone on the transducer beam width.
The depth integration of the 3-D rendered image may
contain additional information compared with the B-
scans.

All of the real-time images exhibit pulsations aris-
ing from cerebral blood vessels. Using a bolus injection
of contrast agents in a transcranial sheep model, we
obtained real-time 3-D color flow Doppler scans and
perfusion images through the intact skull.

Our results confirm the feasibility of real-time 3-D
transcranial sonography, although these preliminary im-
ages may not be of sufficient quality to be clinically
useful. The real-time 3-D study should be repeated in a
larger trial, with the goals of demonstrating more subtle
anatomical features of the brain parenchyma as well as
the detection and measurement of cerebrovascular blood
flow using venous injection of contrast agent.

A longer-term challenge will be to improve the
image quality of transcranial sonograms for both con-
ventional B-scans as well as real-time 3-D. High speed
adaptive signal processing will be necessary to correct
the phase aberration effects of the skull bone, which
degrades the spatial resolution of all transcranial US.
Encouraging progress in the correction of US skull ab-
errations has recently been reported using x-ray comput-
erized tomography (CT) data for large transducer arrays
used in focused US therapy (Clement and Hynynen
2002; Aubry et al. 2003).

For such adaptive signal processing, we previously
measured the root-mean-square (r.m.s.) phase variations
in one dimension across samples of human skull bone
from the temporal region using a linear phased array
(Smith et al. 1976). The data (averaged over the 13-mm
elevation dimension of the array) showed r.m.s. phase
variations of 88 ns over a transducer aperture of 6 mm.
With our matrix phased array, we can now repeat such
measurements in two dimensions, a more important ex-
periment because the skull aberration affects the whole
area of every transducer aperture. Our preliminary data
from polymer castings of the human temporal bone re-

Fig. 9. Three simultaneous transcranial images after the injec-

tion of 100 mL of agitated saline into the right internal carotid

artery including three simultaneous views from a 10-cm deep
3-D scan: (a) Coronal, (b) horizontal and (c) saggital.
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gion have yielded r.m.s. phase variations of 75 ns with a
correlation length of only 1.4 mm. Such severe aberra-
tion data from the skull bone indicate a huge potential
improvement in image quality yet to be realized in real-
time transcranial sonography if we can overcome the
skull.
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