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Abstract. Aiming at real-time 3-D visualization of organ motion to
navigate surgical procedures in MRI-guided surgery, a new 4-D MR imag-
ing technique called “Adaptive 4-D Scan” has been proposed. The tech-
nique is designed to acquire a time series of volumetric 3-D images (4-D
image) of cyclically moving organ, even in a low-field open-configuration
MR scanner. A pre-operative 4-D image is acquired with respiratory
phase parameter, which is monitored by using navigator-echo-based real-
time tracking of the liver and diaphragm. During operation, the respira-
tory phase is again monitored in real-time, and a 3-D image, reflecting
the current state of the target organ, is extracted from the pre-operative
4-D image and provided to physicians as a pseudo real-time 3-D image.
We implemented Adaptive 4-D Scan into a 0.5 Tesla open-configuration
clinical MRI system for intervention. Phantom and volunteer studies
were performed to assess feasibility of this technique, in terms of image
quality, imaging time and position accuracy of the imaged subject. A
4-D image (matrix: 256 × 128 × 10 × 8) of cyclically moving phantom
was acquired in 719 s, and RMS position error between the imaged sub-
ject and the real subject was 2.3 mm, where the range of motion was 50
mm. 4-D image of the moving liver was also successfully acquired under
near clinical condition. In conclusion, the study shows that the proposed
method is feasible and has capability to provide real-time dynamic 3-D
atlas for surgical navigation.

1 Introduction

Intraoperative Magnetic Resonance Imaging (MRI) has been recognized as a
promising tool for surgical guidance in recent years. With the introduction of
open-configuration MRI, variety of surgical application has been explored to
investigate the benefit of intraoperative imaging with soft tissue discrimination.
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Despite the merit of accessible MRI in surgery, its limited applicability to
moving organs is unsolved issue. Generally, it takes more than a few seconds to
acquire even a slice of MR image; therefore an image inherently has misalignment
to the actual organ when the images are provided to the physician. Furthermore,
fast motion of the target causes serious artifact on a MR image, which makes it
difficult for physicians to discriminate the lesion and make accurate decision in
targeting. These are the major issues in intraoperative MRI before expanding its
application target to moving organ in abdominal cavity, and have been discussed
frequently in the community [1]-[3].

To capture an image of organs moving due to respiration, several techniques
have been proposed. Liu et. al. proposed navigator gating technique [4], which en-
ables to reduce motion artifact by accepting MR echo signal data only when the
respiratory state is in the certain range (gating window). Although the method
has been widely used for image diagnosis of abdominal organs, it is not suit-
able for surgical guidance on moving organ, because images provide only static
information at constant respiratory state. As an extended technique of navi-
gator gating, Kolmogorov demonstrated multiple volume acquisition [5]. This
technique allows us to acquire multiple images at different respiratory states,
but number of gating windows, which equals to number of respiratory states,
is determined by histogram of motion, and thus it is impossible to visualize
full range of motion of the subject. Another approach is 4D MR imaging us-
ing internal respiratory gating proposed by Siebenthal et. al[3]. In this study,
the 3D images of the liver were reconstructed for complete respiratory cycle by
retrospective stacking of dynamic 2D images using internal image-based gating.
Unfortunately, since the proposed method is based on fast 2-D imaging (in case
of their study, they use sequence with frame rate of 175 ms/frame), the type
of imaging sequence that can be used in this method is limited. Furthermore, a
low-field open-configuration MR scanner, which is thought to be an ideal guid-
ance tool for surgery, usually doesn’t have capability to drive such a fast imaging
sequence.

Based on these backgrounds, we propose a new 4-D MR imaging method, called
Adaptive 4-D Scan, which can be implemented to a low-field open-configuration
MR scanner, and is applicable for real-time 3-D surgical navigation. The ulti-
mate goal of this work is to generate pseudo real-time 3-D image during operation,
through following steps: (Step 1) a time series of 3-D images of a target organ cov-
ering whole respiratory cycle is acquired before operation using proposed method,
(Step 2) a real-time tracking of the target organ performed during operation to de-
tect respiratory phase of a patient, and (Step 3) best-fitted 3-D image is selected
at each moment during operation based on the real-time respiratory phase param-
eter, and a pseudo real-time 3-D image is provided to physicians.

In this paper, we evaluated 4-D images in terms of image quality as well
as position error between actual subject and imaged subject. To the authors’
knowledge, none of the related work have argued image position error with
a scope to guide surgery. However this is important issue for real-time surgi-
cal guidance, since the position information is used to guide surgical incision
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Fig. 1. To monitor respiratory phase
of the patient, the shift of the liver was
detected by acquiring navigator echoes
from the sagittal slice. The liver mainly
shifts in S-I direction with diaphragm
during breath. Images were acquired
from axial slices.

e.g. needle insertion, ablation. In addition, the liver of healthy volunteer was
scanned with proposed method to assess feasibility on near clinical conditions.

2 Materials and Methods

Adaptive 4-D Scan technique is similar to respiratory gating, which enables
to acquire single 3-D image of cyclically moving subject. The major difference
between these two methods is adaptive update of scan parameters based on
real-time feedback of respiratory phase to the pulse sequencer.

In this section, we describe two key techniques to implement Adaptive 4-D
Scan: real-time respiratory monitoring to detect respiratory phase during scan,
and adaptive control of scan parameters for 4-D imaging.

2.1 Real-Time Respiratory Monitoring Using MR

The basic principle of real-time respiratory monitoring is based on the navigator
echo technique, originally proposed by Ehman[6]. A navigator echo is a magnetic
resonance echo to detect the motion of the subject during image acquisition.
Since only one or a few navigator echoes are required to detect the motion,
time-resolution of motion tracking is much higher even than 2-D MR imaging.

In this study, we employed a navigator echo to detect the respiratory phase of
the subject in real-time, by tracking shift of the liver, that moves mostly along
superior-to-inferior axis during respiration as shown in Fig. 1. To acquire imaging
echoes and navigator echoes simultaneously, we configured a pulse sequence, in
which navigator echo acquisitions are inserted into repetition of imaging echo
acquisitions. Nintv, number of imaging echo acquisitions between navigator echo
acquisitions, is configurable. Frame rate of respiratory monitoring is determined
as 1

TR×Nintv
fps, where TR is repetition time of MR echo acquisitions. In this

study, we set Nintv = 5.

2.2 Adaptive Control of Scan Parameters for 4-D Scan

To reconstruct a 4-D image, kx ×ky ×z × t matrix needs to be filled up with MR
echo signals S(kx, ky, z, t), where kx and ky are frequency and phase encoding
parameters for each, z is the slice offset and t is time. t can be replaced by
a respiratory phase parameter φ, since we assume that motion of the target
organ is cyclic. We note the number of steps of φ as Nφ, which equals to image
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resolution in time dimension. In contrast to normal 3-D imaging, where ky and z
can be determined prior to start of a scan, the scan parameters are dynamically
updated based on the respiratory phase φ of the subject in Adaptive 4-D Scan.
This is because φ reflects the state of patient’s free breath, and its variation is
unpredictable before the scan.

To obtain φ, we detect the shift of the liver and diaphragm in superior-to-
inferior direction by using navigator echo. In this study, φ was defined as φ = s

Lπ,
where s is the shift of the liver and diaphragm from the reference point, and L is
maximum stroke of s. Note that the reference point is at the end of the stroke,
and thus the range of s is 0 ≥ s ≥ L.

The example pseudocode for adaptive control of scan parameters would be:

repeat begin
φ = get_resp_phase();
h = get_volume_index(φ);
i = z_index_table[h];
j = ky_index_table[h];
acquire_signal(zi, kyj)

until is_scan_complete(z_index_table, ky_index_table)

where z_index_table[] and ky_index_table[] are tables to preserve z and ky

for each volume indexed by h. In procedure get_resp_phase(), a pulse sequence
to acquire navigator echo is executed, and φ is returned. get_volume_index()
converts φ to the volume index h. To convert φ, which is a continuous value,
to the index h, the range of variation of φ is split into Nφ partitions (Fig. 2).
The width of each partition is determined in two ways: (A) Δφh = const. and
(B) Th = const. for h = 1, 2, ..., Nφ, where Δφh is width of each partition of φ
and Th is total duration while φ is in hth partition. The merit using (B) is that
echo signals are distributed to each partition evenly, and therefore imaging time
can be reduced without compromising Nφ. We implemented this method to an
open-configuration MR system, GE Signa SP/i 0.5 T (GE Healthcare, Chalfont
St. Giles, UK).

3 Experiments and Results

3.1 Phantom Study

We conducted the phantom study to evaluate image quality, imaging time and
position accuracy of 4-D images, which are important issues for image
guidance.

To simulate motion of a human liver, a cylindrical agar phantom was placed
on a specially designed stage, which generated reciprocating motion with stroke
of L = 50 mm (Fig. 3). The crank was rotated manually with speed of approx.
0.2 cycles per second.

In this study, the phase of the cyclical motion φ was determined by the shift
of the phantom itself. To monitor φ, the navigator echoes were acquired from a
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Fig. 2. The range of respiratory phase variation is split into Nφ partitions. Two meth-
ods to determine width of each partition were implemented: (A) Δφ1 = Δφ2 =
... = ΔφNφ , where Δφh is width of the hth partition. (B) T1 = T2 = ... = TNφ ,
where hth is amount duration while φ is in the hth partition. Th is defined by
T2 = t2,1 + t2,2 + t2,3 + t2,4 + ... in the graph.

plane parallel to the motion of the phantom. Imaging planes were also in the same
direction, to measure the shift of the phantom from each 2-D slice image in 3-D
images independently. Consequently, the sample number of the measurements
for one 4-D image equals to the number of slices.

The pulse sequence was based on fast gradient echo (FGRE), with parameters:
TR:30 ms, TE:9.7 ms, flip angle:30 degrees and FOV:300×300 mm. The matrix
size of 4-D images were 256 × 128 × 10 × Nφ. 4-D images were acquired with
Nφ = 4, 6, 8, 10 using partition method (A), and with Nφ = 6 using partition
method (B). Scans were performed twice for each condition.

We assessed imaging time, image quality and position error of imaged phan-
tom for each 4-D image. “Ground-truth” for error evaluation was calculated
based on the translation of the table. The table position was calibrated to
the coordinate of the scanner. Since each 3-D image was reconstructed from
MR echo signals acquired with different φ, distributed within the correspond-
ing phase partition, we defined “ground-truth” position for each 3-D image at
the center of each partition. “Ground-truth” shift of the phantom from the
base position (at the end of the stroke) in hth image can be calculated by
sh = L

π (Δφh

2 +
∑h−1

k=1 Δφk).
The part of result 4-D images for Nφ = 4, 6, 8 and 10 acquired using partition

method (A) are shown in Fig.4, and the root mean square (RMS) error of phan-
tom position and imaging time are shown in Fig. 5 (1). We found that there are
trade-offs between image quality and imaging time, and between image position
accuracy and imaging time except the case Nφ = 10.

In addition, the images acquired using partition method (A) and (B) are
compared fixing Nφ at 6. Fig.5 (2) shows the relation between image position
error and distance from the center of the stroke. In both cases, position errors are
higher at the centers of the stroke than at the ends of the stroke, but difference
between minimum and maximum errors is much larger in method (A). The
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Fig. 3. The phantom was placed on the
stage with a crank mechanism to make re-
ciprocating motion with stroke of 50mm.
The motion of the stage was limited along
only one direction.

(1) (2) (3) (4)

Fig. 4. 2-D images as part of result 4-D
images are shown: (1) Nφ = 4, (2) Nφ =
6, (3) Nφ = 8 and (4) Nφ = 10. Image
quality was improved when Nφ was set to
larger value.
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Fig. 5. Errors and time evalua-
tion of the phantom study. RMS
position errors and imaging time
for Nφ = 4, 6, 8 and 10 fix-
ing partition method to (A) are
shown in (1). Also relation be-
tween errors and position of the
phantom in method (A) and (B)
are compared fixing Nφ in (2).
Note that two 4-D images con-
taining 10 slices were acquired
for each condition, and errors
were evaluated for each slice in-
dependently.Therefore the num-
ber of samples to calculate RMS
error is 20. Imaging times are av-
erage time of two trials.

imaging time for (A) and (B) were 565 s and 472 s, and time reduction by 16
percents was achieved.

3.2 Volunteer Study

To evaluate feasibility of Adaptive 4-D Scan, we performed study on the volun-
teer’s liver. 4-D image of the liver of the healthy volunteer was scanned on near
clinical conditions, while the volunteer was freely breathing. Adaptive 4-D Scan
was performed with Nφ = 5, and number of slices of 21, using partition method
(A). The pulse sequence was FGRE (TR:28 ms, TE:8.7 ms and flip angle:30
degrees). The scan slices were axial for imaging.

The 4-D image of the liver was successfully acquired in 1807 s, and the part
of the 4-D image is shown in Fig.6(1). The stroke of diaphragm shift in S-I
direction was 13.9 mm. The liver in each 3-D volume was manually segmented
and a surface model was generated (Fig. 6(2)).
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(1) (2)

Fig. 6. 4-D image sized 256× 128× 21× 5 pixels was acquired, in the volunteer study.
As a part of the 4-D image, three slices of volunteer’s liver at five different respiratory
phases are shown in (1). Organs, vascular and other atlas can be discriminated. 3-D
surface models of the liver at two different respiratory phases were created from the
4-D image, visualized on the surgical navigation software, 3D Slicer [7] in (2). The skin,
aorta and kidneys are also visualized as position references.

4 Discussion

We demonstrated the new method to acquire 4-D image of moving organ with
a scope to generate pseudo real-time 3-D image during operation by selecting
best-fitted 3-D image from 4-D image based on real-time respiratory phase mon-
itoring. The phantom study showed that RMS position error of imaged phantom
was 2.3 mm in case that the stroke of the motion was 50 mm and Nφ was 8. The
error is clinically acceptable level, since the typical size of tumors for treatment
is about tens millimeters. Image quality and imaging time were also evaluated
changing Nφ, and we found that there are trade-offs between imaging time and
image quality or position accuracy. Imaging, however, time can be reduced by
changing phase partitioning method, and we succeeded to reduce imaging time
by 16 percents in the phantom study. The volunteer study demonstrated that
the proposed method can be applied to the real human liver. Although the imag-
ing time of approx. 30 minutes is thought to be applicable, a same evaluation
on a patient under general anesthesia, breathing with respirator, need to be
performed, since histogram of motion of the target is different from free-breath.

There are two factors that control image position accuracy and image quality
in Adaptive 4-D Scan: width of respiratory phase partition, Δφ, and time lag of
real-time respiratory phase monitoring and adaptive control. Δφ effects incon-
sistency in position of the phantom, where MR echo signals are acquired for each
3-D image. This inconsistency causes position error and blur/noise in images,
as shown in the phantom study. The second factor, time lag, leads inaccuracy
in monitoring of φ and also causes inconsistency in position of the phantom.
Time lag was determined by repetition time (TR) of echo signal acquisition and
throughput of the scanner system, and currently it is more than 100 ms. In Fig.5
(1), position error is improved up to Nφ = 8, but it is almost unchanged when
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Nφ > 8. We think this is because the effect of time lag is constant for all Nφ,
while the effect of Δφ can be reduced by increasing Nφ, and primary factor
controlling the position error is changed from Δφ to time lag around Nφ = 8.

The frame rate of pseudo 3-D navigation image generated from 4-D image is
theoretically limited by that of tracking and, more than 30 fps could be achieved
by using the developed system. We think that the proposed method would be
suitable for automated targeting on moving organ for MRI-guided robotics [8]
and focused ultrasound surgery (FUS)[9].

In conclusion, we proposed Adaptive 4-D Scan technique for real-time in-
traoperative MRI. Phantom and volunteer study shows the proposed method
is feasible for clinical use and has capability to provide real-time dynamic 3-D
atlas for surgical navigation.

This work is partially supported by Research Fellowships of the Japan Society
for the Promotion of Science (JSPS) for Young Scientists.
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