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Abstract

The present paper describes a method for intraoperative recovery of respiratory motion and deformation of the liver by using a lap-
aroscopic freehand 3D ultrasound (US) system. The proposed method can extend 3D US data of the liver to 4D by acquiring additional
several sequences of time-varying 2D US images during a couple of respiration cycles. 2D US images are acquired on several sagittal
image planes and their time-varying 3D positions and orientations are measured using a miniature magnetic 3D position sensor attached
to a laparoscopic US (LUS) probe. During the acquisition, the LUS probe is assumed to move together with hepatic surface. Respiratory
phases and in-plane 2D deformation fields are estimated from time-varying 2D US images, and then time-varying 3D deformation fields
on sagittal image planes are obtained by combining 3D positions and orientations of the image planes. Time-varying 3D deformation
field of the volume, that is, 4D deformation field, is obtained by interpolating the 3D deformation fields estimated on several planes. In

vivo experiments using a pig liver showed that the proposed method could perform accurate estimation of respiratory cycle and in-plane
2D deformation fields. Furthermore, evaluation for the effects of sagittal plane interval indicated that 4D deformation fields could be
stably recovered.
� 2007 Elsevier B.V. All rights reserved.
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1. Introduction

In liver surgery,ultrasound (US) is a useful modality for
intraoperative imaging of internal structures of the liver such
as vessels and tumors due to its realtime and non-invasive
nature. Therefore, surgical navigation systems using US
have been developed (Sjølie et al., 2003; Boctor et al., 2004;
Hong et al., 2004; Boctor et al., 2006). As laparoscopic sur-
gery is becoming common, laparoscopic surgical navigation
using US has also been developed, including systems based
on 2D US images (Ellsmere et al., 2004; Kleemann et al.,
2006), and those based on 3D US (Harms et al., 2001;
Nakamoto et al., 2002; Leven et al., 2005; Bao et al., 2007).
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Aiming at safe and accurate surgery, the internal structures
can be virtually seen through by superimposing 3D US data
onto real laparoscope view.

Motion and deformation of the liver due to respiration is a
major problem in maintaining accurate superimposition. 3D
US is acquired during breath holding at expiration phase,
and thus misalignment between 3D US and laparoscopic
view occurs at other phases. Although breath holding during
subsequent superimposition is often performed as well, it not
only disturbs smooth operation but also may affect patient’s
condition if performed many times. Olbrich et al. propose
a gating method for visualizing superimposition only at
expiration phase, which is regarded as the most stable phase
of a respiratory cycle (Olbrich et al., 2005). However, its
visualization is not continuous but intermittent. Thus, repea-
tedly, superimposed images and raw laparoscopic images
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(non-superimposed) are displayed alternately. Such a discon-
tinuous and blink visualization may affect safe surgery,
although every effort is exercised by a surgeon to perform a
careful and precise operation (i.e. resection of the liver avoid-
ing vessels). On the other hand, recovery of the liver motion
from preoperative MR images has been reported (Rohlfing
et al., 2004; Blackall et al., 2005; Tokuda et al., 2006; von Sie-
benthal et al., 2007), albeit with the following disadvantages
in intraoperative use: (1) preoperative images may not cap-
ture the actual intraoperative dynamic motion of the liver
in laparoscopic setup in which the abdominal cavity is filled
with gas; and (2) acquisition of time-varying 3D MR images
in acceptable spatiotemporal resolution is time-consuming.

In this paper, we describe a method for intraoperative
recovery of respiratory motion and deformation of the liver
using a freehand 3D laparoscopic US (LUS) system to gen-
erate augmented reality visualization of 4D US. The
advantages of our method are as follows:

� Data acquisition protocol is simple and rapid so that it
can be performed intraoperatively. Acquisition of sev-
eral cross-sectional time-varying 2D US images is only
required in addition to conventional 3D US image
acquisition performed by freehand scanning with an
LUS probe.
� Intraoperative dynamic motion and deformation of the

liver in laparoscopic setup are recovered.

The proposed method utilizes the assumptions on charac-
teristics of the liver motion indicated previously (Rohlfing
et al., 2004). Its main component exists in the cranio-caudal
(5–25 mm) and anterior–posterior (1–12 mm) directions,
while that in the left–right direction is sufficiently small
(1–3 mm) (Rohlfing et al., 2004). That is, we assume that
non-rigid deformation mainly exists in the sagittal planes
and is negligible in the left–right direction (although rigid
motion component across the sagittal planes is incorporated
in our method). In addition, we assume that the liver motion
is periodical because the patient is under general anesthesia
with breathing controlled by a respirator. The proposed
method combines rigid 3D motions of the image planes cor-
responding to LUS probe motion and time-varying in-plane
2D deformation fields estimated from time-varying 2D US
images acquired at several (quasi-)sagittal planes to recover
4D deformation field of the liver. Since a LUS probe is in
contact with hepatic surface during US image acquisition,
we assume that the motion of corresponds to that of hepatic
surface with moderate contact pressure. Animal experiments
are carried out to evaluate and demonstrate the feasibility of
the proposed method.

2. Methods

2.1. System overview and data acquisition

We employ a freehand 3D laparoscopic ultrasound (LUS)
system, in which the position and orientation of the LUS
probe tip are measured using an attached six degree-of-free-
dom miniature magnetic tracker (Fig. 1). Spatial relation-
ship between the tracker and the LUS image is determined
by preoperative calibration (Sato et al., 1998; Nakamoto
et al., 2002). In order to calibrate delays among optical
tracker, magnetic tracker and ultrasound machine, temporal
calibration is performed by using the method described in
Nakada et al. (2003). Magnetic field distortion caused by
metallic objects is intraoperatively corrected in a rapid man-
ner as described in Nakada et al. (2003).

Time-varying 2D US image sequences of several (quasi-)-
sagittal planes as well as their positions and orientations
are acquired during two or more respiratory cycles
(Fig. 2). We assume that the LUS probe tip is put directly
on hepatic surface with moderate contact pressure so that
they move concurrently. The time-varying dataset Di(t) of
ith sagittal plane is defined as

DiðtÞ ¼ fðI iðp; tÞ; T iðtÞ;RiðtÞÞjt ¼ 1; . . . ;Nig; ð1Þ
where Ii(p, t) is time-varying 2D US images, and Ti(t) and
Ri(t) are positions and orientations of the US images,
respectively. p denotes 2D coordinates of the US images,
t denotes a frame number, and Ni is the total number of ac-
quired frames for ith sagittal plane.

2.2. Respiratory phase analysis and temporal registration

2.2.1. Definition of respiratory phases

Reference time points in the respiratory cycle for Di(t)
are defined for the necessary temporal registration among
acquired time-varying datasets, Di(t), of different sagittal
planes. We define the start and end points of deformation
(SPD and EPD) as well as those of inspiration (SPI and
EPI) for each time-varying dataset by analyzing the posi-
tion of US image planes and time-varying similarity
between temporally adjacent US images. Normalized cross
correlation (NCC) is used as a similarity measure, which is
considered to be in inverse proportion to the amount of
deformation. US image position is defined as the distance
from the origin of magnetic tracker frame to that of US
image frame, i.e. jTi(t)j.

Fig. 3 shows an example of time-varying similarity and
position of the image plane. Respiratory cycle is divided
into static and dynamic phases based on the magnitude
of similarity. SPD is defined as the point where the similar-
ity begins to decrease (point D in Fig. 3). EPD is defined as
the point where the similarity returns to a large value (point
B in Fig. 3). Using SPD and EPD, dynamic and static
phases are determined. Since the similarity has a nearly
constant and large value in static phase (from point B to
D), we regard that in-plane deformation is negligible in this
phase, and thus estimation of in-plane deformation in sta-
tic phase is not performed for computational efficiency
(although rigid motion is incorporated).

EPI is defined as the peak point (point A) during
dynamic phase (from point D to B), and used as a reference
point for temporal registration because it can be localized
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Fig. 1. Intraoperative position measurement and laparoscopic ultrasound image acquisition of the liver. Upper: spacial relationships from sagittal and
coronal view. Lower: representative probe placement for ultrasound image acquisition.
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Fig. 2. Time series of 2D sagittal ultrasound images.
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stably and accurately. The point where the change in both
US images and position is the smallest is defined as SPI
(point C), and the US image at SPI is used as a reference
image for in-plane non-rigid registration described in Sec-
tion 2.3 because it is regarded as the most stable state.
The remainder of this section describes the methods for
localizing points SPI, EPI, SPD, and EPD and temporal
registration in details.

2.2.2. Methods for respiratory phase segmentation
Respiratory phase analysis is based on 1D signal analy-

sis of time-varying similarity and position shown in Fig. 3.



Fig. 3. Analysis of respiratory phase: (A) End point of inspiration (EPI);
(B) Start point of deformation (SPD); (C) Start point of inspiration (SPI);
(D) End point of deformation (EPD). (Position is appropriately scaled and
shifted so that comparison with the similarity is facilitated).
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Because all reference points except SPI are located at the
peak or shoulder positions of time-varying similarity,
where the similarity begins decreasing and/or ends increas-
ing, we use local minima of the Gaussian-smoothed second
derivative (r = 5.0 frames) of time-varying similarity
(Fig. 3) to localize these reference points. Local maxima
of the second derivative with large magnitude values are
also detected in order to identify each reference point.
The prominent local maxima of the second derivative are
easily identifiable as shown in Fig. 3. EPD (point B) is iden-
tified as the local minimum of the second derivative which
is firstly encountered on the right side of the local maxi-
mum. EPI (point A) is identified as the maximum of the
similarity located between the local minimum of the second
derivative encountered firstly on the left side and the prom-
inent local maximum. Further, SPD (point D) is identified
as the local minimum of the second derivative with the
minimum value in the interval from EPD (point B) to
EPI (point A). Respiratory cycle length is determined as
the average interval length between adjacent EPIs.

It is not appropriate to identify SPIs (point C) based on
the second derivative because SPIs are located in the pla-
teau of the similarity curve. By analyzing time-varying
position, SPI is determined as the center point of the period
minimizing the position variation Pi(t) in the interval from
EPD to SPD (point B–D), which provides an approximate
center of the plateau. The position variation Pi(t) is defined
as

P iðtÞ ¼
Xw

s¼�w

kT iðtÞj � jT iðt þ sÞk; ð2Þ

where w is a range of summation and is set to a quarter of
the cycle length.
2.2.3. Temporal registration of US image sequences

Temporal registration among time-varying datasets is
performed by aligning EPIs (point A) of the datasets. One
reference EPI located in the middle of the sequence is selected
from each dataset, and the datasets are shifted so that the ref-
erence EPIs are aligned. Since estimated respiratory cycle
length differs slightly among datasets, the average L of all
estimated lengths is used. We assume that a respiration cycle
starts from SPI and ends at next SPI (point C). The positions
of SPIs, that is, both ends of a respiration cycle, are redefined
in each dataset after temporal registration by obtaining the
average of interval length from SPI to EPI, c, and then rede-
fined SPI positions before and after the reference EPI are
determined as SPI 0 = EPI � c and SPI00 ¼ SPI0 þ L, respec-
tively. Using redefined SPIs, a normalized frame number t 0

is obtained as t 0 = t � SPI
0
. In normalized respiration cycle,

SPIs are located at t
0
= 0 and L, and EPIs at t 0 = c in all the

datasets. It should be noted that SPDs and EPDs are
not aligned among the datasets even after the temporal
registration although their positions are shifted as
SPD 0 = SPD � SPI 0 and EPD 0 = EPD � SPI 0, respectively.

2.3. Estimation of in-plane deformation

To estimate time-varying in-plane deformation fields
from US image sequences, we perform intensity-based
non-rigid registration (Rueckert et al., 1999) during
dynamic phase (from point D to B). Normalized cross cor-
relation (NCC) is used as a similarity measure. We assume
that in-plane deformation is negligible during static phase
(from point B to D in Fig. 3), and thus the estimation of
deformation field is not performed (i.e. the deformation
field of static phase is filled by zero vectors). Given time-
varying US images of ith sagittal plane indexed by the nor-
malized frame number t 0 = t � SPI 0, 2D deformation field
at t 0th frame is defined as mi(p, t 0) maximizing

NCCðF ðI iðp; 0Þ;miðp; t0ÞÞ; I iðp; t0ÞÞ; ð3Þ
where NCC(I, J) denotes NCC of images I and J, F(I, m)
denotes the deformed image of I by deformation field
m.To accurately estimate the deformation of the liver, he-
patic region is manually segmented beforehand in the first
frame (at t 0 = 0), which is not time-consuming because only
one short curve is specified at the bottom of the liver in one
image in the sequence. To improve the robustness of regis-
tration, we employ the coarse-fine approach described in
Rohlfing et al. (2004). First, deformation is estimated by
using coarse control point grid. Next, grid size is refined
to half, and thus more detailed deformation is estimated
by using refined control point grid. How the initial defor-
mation for coarse estimation is provided is as follows.

Dynamic phase can be divided into a former and a latter
phases, which are intervals from SPD to EPI (point D–A)
and from EPI to EPD (point A–B), respectively. In the lat-
ter phase, the similarity abruptly decreases and increases
(Fig. 3) while the similarity variation in the former phase
is not so large as compared with the latter one. It is consid-
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ered that large changes in US images are caused by rapid
movement of the liver due to inspiration in the latter phase.
Based on the above observation, different methods are used
to provide the initial deformation field in the former and
latter phases. In the former phase where the changes are
not large, the difference between temporally adjacent t 0th
and (t 0 + 1)th deformations is regarded as small. Therefore,
estimated t 0th coarse deformation is used as the initial
coarse deformation for the estimation of (t 0 + 1)th defor-
mation. In the latter phase, because our preliminary exper-
iments indicate that the result of the previous frame is not
sufficient for the initial deformation due to rapid move-
ment of the liver, we utilize the estimation of the deforma-
tion fields in the former phase. The US image with the
highest similarity to the current image to be processed is
selected in the former phase, and then coarse deformation
field of the selected image is given as the initial deformation
field (Fig. 4).
2.4. Recovery of 4D motion and deformation

The recovery processes of 4D liver motion and deforma-
tion consist of the following three stages (Fig. 5): (1)
Recovery of 3D positions and displacement vectors corre-
sponding to pixel positions of 2D US images; (2) Recovery
of continuous 3D deformation field from scattered dataset
of 3D positions and displacement vectors; and (3) Recov-
ery of a 4D US model by combining a static 3D US model
and the recovered time-varying 3D deformation field. The
details of each stage are described below.

2.4.1. Recovery of 3D positions and displacement vectors

Using the method described in Section 2.3, 2D displace-
ment vector mi(p, t 0) is obtained at each pixel position p
SPD

Initial 
deform-
ation

Coarse
result

Refined
result

. . .

. . .

. . .

Fig. 4. Estimation processes of in-plane deformation. How in
and frame t 0 of 2D US image sequences. By combining
the position and orientation of US image (Ti(t

0), Ri(t
0)),

measured using a magnetic tracker, 2D position p of US
images and the corresponding time-varying 2D displace-
ment vector mi(p, t 0) are converted to time-varying 3D
position Xi(p, t 0) and displacement vector Ui(p, t 0), respec-
tively. Time-varying 3D position Xi(p, t 0) is given by

Xiðp; t0Þ ¼ Riðt0ÞðRusðpx; py ; 0Þ
T þ T usÞ þ T iðt0Þ; ð4Þ

where p = (px, py), and Rus and Tus are a 3 · 3 rotation ma-
trix and a 3D vector to transform coordinates from the US
plane frame to the magnetic tracker frame, respectively,
obtained by US calibration performed beforehand. Time-
varying 3D displacement vector Ui(p, t 0) is given by

Uiðp; t0Þ ¼ ðXiðp; t0Þ � Xiðp; 0ÞÞ þ Riðt0ÞRusðmx;my ; 0ÞT; ð5Þ
where mi(p, t 0) = (mx, my). Note that 3D vector Ui(p, t 0)
represents displacement from 3D position Xi(p, 0) at
t 0 = 0.

2.4.2. Recovery of continuous 3D deformation field
We describe the deformation field at each frame t 0 as dis-

placements from 3D positions in the first frame at t 0 = 0.
Given datasets of Xi(p, 0) and Ui(p, t 0) on each sagittal
plane i, continuous 3D deformation field u(x) at each frame
t 0 is recovered, where x is a continuous variable of 3D posi-
tion. Here, it should be noted that p and t 0 are discrete vari-
ables and the sagittal planes are placed manually at
intervals.Thus, we have discrete and sparse datasets of
Xi(p, 0) and Ui(p, t 0). To obtain continuous 3D functions
described as

u ¼ fuðx; y; zÞ; ð6Þ
v ¼ fvðx; y; zÞ; ð7Þ
w ¼ fwðx; y; zÞ; ð8Þ
. . .

. . .

. . .

EPI EPD

. . .

. . .

. . .

itial coarse deformation fields are provided is illustrated.
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Fig. 5. Reconstruction of 4D US model. See Movies 1, 2, and 3 in Appendix.
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where u = (u, v, w) and x = (x, y, z), fu(x, y, z), fv(x, y, z),
and fw(x, y, z) are described using multilevel B-splines
(Lee et al., 1997). The problem is regarded as finding mul-
tilevel B-splines coefficients at each frame t 0 minimizingX

p;i

ðUiðp; t0Þ � fuðX iðp; 0Þ; Y iðp; 0Þ; Ziðp; 0ÞÞÞ2; ð9Þ
X

p;i

ðV iðp; t0Þ � fvðX iðp; 0Þ; Y iðp; 0Þ; Ziðp; 0ÞÞÞ2; ð10Þ
X

p;i

ðW iðp; t0Þ � fwðX iðp; 0Þ; Y iðp; 0Þ; Ziðp; 0ÞÞÞ2; ð11Þ

where Xi(p, 0) = (Xi(p, 0), Yi(p, 0), Zi(p, 0)), Ui(p, t0) =
(Ui(p, t0), Vi(p, t0), Wi(p, t0)), and p = {(0, 0), (0, 1), (0, 2), . . .,
(Nx � 1, Ny � 1)}, in which we assume that the matrix size
of US images is Nx · Ny.
2.4.3. Recovery of 4D ultrasound model

3D deformation field u(x) is recovered at each frame t 0

using the method described in Section 2.4.2. Let u(x) at
t 0th frame be u(x, t 0) (t0 ¼ 0; . . . ; L� 1), which represents
4D deformation field. Let Vk (k ¼ 1; . . . ;N v) be the ver-
tices of a 3D polygon model reconstructed from static
3D US images acquired at t 0 = 0, where Nv is the num-
ber of vertices of the model. The time-varying 3D vertex
positions of the 4D US model are given by
Vk + u(Vk, t 0).
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3. Experimental results

3.1. Experimental conditions

We performed in vivo experiments using a pig under lap-
aroscopic control to evaluate the proposed method. The
animal was under general anesthesia with breathing con-
trolled by a respirator whose ventilation volume was
400 cm3. SSD-5500 (ALOKA Co., Japan) ultrasound sys-
tem and UST-5536-7.5 (ALOKA Co., Japan) LUS probe
were employed. The field of view of the US images was
27 · 56 mm2, and the frame rate was 30 frames per second
(fps). microBIRD (Ascension Technology Co., Burlington,
VT) was used as a six degree-of-freedom magnetic tracker
to track the LUS probe tip. Polaris (Northern Digital Inc.,
Waterloo, Ontario, Canada) was employed for correcting
magnetic field distortion of microBIRD by using a mag-
neto-optic hybrid tracker (Nakada et al., 2003). Fig. 6
shows the setup for in vivo experiments.

We acquired two datasets around the porta hepatic of
the pig, which covered the volumes of 27 · 56 · 60 mm3

and 27 · 56 · 90 mm3, respectively. These datasets con-
sisted of six and seven 2D-US sagittal planes of average
intervals of 12.6 mm and 15.7 mm, respectively. Parameters
used for the estimation of in-plane deformation and recov-
Pig

Polaris

Magnetic field
generator
(microBIRD)

Optical marker 

Laparoscope

Fig. 6. Experimental setup.
ery of continuous 3D deformation field are summarized in
Tables 1 and 2, respectively. The frame rate of the recon-
structed 4D model was reduced from 30 fps to 15 fps due
to the limitation of memory space. Computation time for
estimation of in-plane deformation and reconstruction of
the 4D model were around 20 min and 10 min (Xeon
3.0 GHz · 2, 2 GB memory), respectively.

3.2. Evaluation of temporal registration

Fig. 7 shows time-varying similarity in each plane before
and after temporal registration. The origin of time in
Fig. 7a represents the start of data acquisition. Because
data acquisition started from different time points in inspi-
ration phase, EPIs were not aligned before temporal regis-
tration. After the registration, EPIs were aligned (point A
in Fig. 7b). It was observed that time-varying similarities
of different planes had similar characteristics, that is, peaks
located at the end of inspiration and plateaus around the
start of inspiration. We confirmed that the reference points
could be localized in sufficient accuracy and stability.

To evaluate the reproducibility of respiratory phase
analysis, average and standard deviation of cycle length
and interval from EPI to SPI in different planes were calcu-
lated, as summarized in Table 3. The standard deviations
of them were 0.12 s or less, 2% of cycle length. The differ-
ence in respiratory cycle length was quite small between
Datasets 1 and 2.

We compared the respiratory cycle estimated using US
image sequences with that obtained by optical marker
tracking. Optical markers were attached to abdominal skin
of the pig, and tracked by Polaris (Fig. 6). US image acqui-
sition and optical marker tracking were performed simulta-
neously. Because the primary component of marker motion
was in the anterior–posterior direction, the time point
where time-varying position along the anterior–posterior
Table 1
Experimental conditions of non-rigid registration for estimating in-plane
deformation

Image matrix size 93 · 190
Pixel size (mm2) 0.298 · 0.298
k 0.05
Initial control point grid spacing (mm) 5.7
Refined control point grid spacing (mm) 2.8

k is the weighting parameter which defines the tradeoff between the
alignment of the two images and the smoothness of the transformation

Table 2
Experimental conditions of multilevel B-spline interpolation for recovery
of continuous 3D deformation field

Dataset 1 Dataset 2

Range of interpolation (mm3) 78.8 · 72.2 · 64.3 73.8 · 158.1 · 92.2
Number of grid refinement step 6 6
Initial grid spacing (mm) 84.0 168.7
Final grid spacing (mm) 1.3 2.6



Fig. 7. Temporal registration (Dataset 1).

Table 3
Respiration cycle analysis

Number of
planes

Respiratory cycle
length (s)

Interval from
A to C (s)

Dataset 1 6 6.0 ± 0.01 2.6 ± 0.05
Dataset 2 7 6.0 ± 0.02 3.0 ± 0.12

Fig. 8. Comparison between the proposed method and marker tracking
method to determine EPI.
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direction reached the local maximum was defined as EPI by
optical marker tracking. We regarded the time point
obtained by the above method as a bronze standard for
comparison. Fig. 8 shows the difference between estimated
EPI and bronze standard at each plane of Dataset 1. Aver-
age and standard deviation of the differences were 0.11 ±
0.06 s. The cycles estimated using US images were in good
agreement with these obtained by optical marker tracking.

3.3. Evaluation of in-plane deformation estimation

Fig. 9 shows representative original images, deformed
images by estimated deformation field, and their compari-
sons. Hepatic region in the reference images at frame t 0 = 0
was segmented and non-hepatic area was filled by zero
intensity. Also in the deformed image, zero intensity was
filled outside the deformed version of hepatic region. In
column (c), subtraction images between original (in column
(a)) and deformed (in column (b)) images are shown. In the
subtraction images, intensities inside deformed hepatic
region were nearly zero. In column (d), checkerboard dis-
play of the original and the deformed images are shown.
Discontinuity was not observed even around characteristic
areas such as vessels depicted as low intensity spots. Col-
umns (c) and (d) demonstrate that the deformed images
were well aligned to the original ones. In column (e), esti-
mated deformation vectors are shown as white lines. The
directions of deformation vectors changed smoothly, and
turbulent flow was not observed.

We quantitatively evaluated the estimation of in-plane
deformation. Vessels in the liver depicted as black spots in
2D US images were employed to measure estimation error.
The error at frame t 0 was defined as the average distance
between the points, which were the centroids of black spots,
in the original image Ii(p, t 0) and their corresponding points
in the deformed image F(Ii(p, 0), mi(p, t 0)). Nine and six
points, which were found in all the images in dynamic phase,
were manually selected from Datasets 1 and 2, respectively.
Fig. 10 shows the time series of the error. EPI was located
at 1.9 s along the time axis in Fig. 10. Average errors over
time of Datasets 1 and 2 were 0.3 and 0.5 mm, respectively.
The error tended to increase during inspiration phase and
decrease during expiration phase (Fig. 10). The maximum
errors of Datasets 1 and 2, which were observed around
EPI, were 0.8 and 1.1 mm, respectively.

3.4. Recovery of motion and deformation

Fig. 11a shows the magnitude of motion and deforma-
tion of the pig liver recovered from Dataset 1. The esti-
mated respiratory cycle duration was 6.0 s. EPI was



D: Start of
deformation
(Reference)

B: End of
deformation

A: End of
inspiration

Time
(a)            (b)            (c)             (d)           (e)

Fig. 9. Visual assessment of estimation of in-plane deformation (Dataset 1): (a) original image; (b) deformed image; (c) subtraction image between original
and deformed images; (d) checkerboard display to facilitate intuitive understanding of registration accuracy of original and deformed images; and
(e) estimated deformation vectors on deformed images. See Movie 4 in Appendix.
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located at 2.6 s along the time axis. The magnitude of
recovered motion was the largest in the cranio-caudal, sec-
ond largest in the anterior–posterior, and the smallest in
the left–right directions, with maximum at EPI in all three
directions. Table 4 shows the maximum magnitude of
motion in each direction.



Fig. 10. Accuracy of estimated in-plane deformation. EPI was located at
1.9 s along the time axis.

Fig. 11. Recovered motion of the liver and evaluation of interpolation
accuracy (Dataset 1). EPI was located at 2.6 s along the time axis.

Table 4
Maximum magnitude of liver motion (unit: mm)

C-C A–P L–R

Dataset 1 7.7 10.7 1.4
Dataset 2 7.7 7.4 1.6
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The recovered 4D deformation fields were combined
with static 3D US data of the same regions as those cov-
ered by the datasets acquired for recovery of motion and
deformation in order to reconstruct the 4D US data.
Fig. 12a shows the static 3D liver vessel model recon-
structed from 3D US images and US image frames of sag-
ittal planes used for recovery of motion and deformation.
3D US images were acquired at expiration phase during
breath holding. Fig. 12b shows the 4D liver vessel model
reconstructed by combining the 3D liver vessel model
and the recovered 4D deformation field. Distinctive motion
was observed from the lateral view, where vessels moved up
and down along different paths during expiration and
inspiration phases, respectively.

3.5. Accuracy evaluation of recovered 4D deformation field

To evaluate the effects of intervals of sagittal planes on
interpolation accuracy, we performed leave-N-out cross
validation. Recovery of continuous 4D deformation field
was performed by removing selected N planes and interpo-
lating 3D displacement vectors on remaining planes. The
3D displacement vectors at frame t 0 on the selected N

planes were used for validation by comparing them with
corresponding vectors in recovered continuous 4D defor-
mation field of the whole volume.

Validation planes, that is, removed planes, were selected
based on three conditions; (I) a single plane, (II) every one
plane, and (III) two consecutive planes (upper row in
Fig. 13). The average interval was the smallest in condition
(I) and the largest in condition (III) (middle row in Fig. 13).
The error Ei,t 0 was defined as

Ei;t0 ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiP
x;y;z2Ri

jUvalðx; y; z; t0Þ �Uestðx; y; z; t0Þj2

n

s
; ð12Þ

where n ¼
P

x;y;z2Ri
1, and Ri was the point set on the se-

lected planes. Uval(x, y, z, t) and Uest(x, y, z, t) were origi-
nal and recovered deformation vectors at position
(x, y, z) and frame t 0, respectively. Here, the original defor-
mation vectors represent the 3D displacement vectors ob-
tained in Section 2.4.1 while the recovered ones were
obtained by multilevel B-spline interpolation described in
Section 2.4.2.

Table 5 summarizes the results. The maximum error
under condition (II) during one cycle, which was around
2.0 mm, was comparable to that under condition (I). It
was larger under condition (III) while there was no signif-
icant difference in the average error among the three condi-
tions. Fig. 11b shows the time series of the error of each
condition. The maximum error was observed around
EPI. The magnitude of error along time was correlated to
that of respiratory motion, and the error remained at



Fig. 12. Reconstructed 3D and 4D liver vessel models (Dataset 1). See Movies 5 and 6 in Appendix.

Fig. 13. Effect of estimation error of 3D deformation field on recovered 4D model (Dataset 1). Upper row: remained and removed sagittal planes are
depicted by blue and red, respectively. Middle row: intervals caused by removed planes. Lower row: differences in recovered motion.
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Table 5
Evaluation on interpolation accuracy in recovery of continuous deforma-
tion field of whole volume (unit: mm)

Condition I II III

Dataset 1 Average interval 15.8 25.2 31.3
Maximum error 1.9 1.8 2.2
Average error 1.3 1.2 1.2

Dataset 2 Average interval 15.7 18.8 42.2
Maximum error 2.4 2.3 2.7
Average error 1.0 1.0 1.1
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1.0–1.5 mm at the end of cycle. There was no significant
difference between under condition (I) and under condition
(II) in the range from the beginning to 4.0 s. The maximum
error was observed around EPI under condition (III). The
lower row of Fig. 13 shows the difference (light colored) in
the recovered 4D vessel models at EPI between deforma-
tion fields interpolated using all the planes and those under
the three conditions described above. It was observed
around the position of removed planes and it was relatively
small along the left–right direction. We confirmed that sim-
ilar results were observed in Dataset 2.
4. Discussion

4.1. Main features of the proposed method

The proposed method extends the laparoscopic 3D US
system that we have developed (Nakamoto et al., 2002)
to 4D without any additional instrument and equipment.
An additional requirement of data acquisition for recovery
of a 4D US model is to acquire 2D US images at several
sagittal planes during two or three respiratory cycles, which
typically takes a couple of minutes. Accuracy evaluation of
recovered 4D deformation field shows that the error caused
by interpolation is around 2 mm even at EPI only using 2D
US images on three additional planes (Table 5). Although
computation time, which is around 30 min in the current
implementation, is not practical for clinical application, it
may be significantly reduced by introducing parallel pro-
cessing and/or GPU-based technologies (Ino et al., 2005;
Ino et al., 2006; Levin et al., 2005; Vetter et al., 2007).

The volume of interest covered by the proposed method
is around 27 · 56 · 60–90 mm3 in our experiments. The
reconstructed volume is much smaller as compared with
those using MRI-based methods (Rohlfing et al., 2004;
Blackall et al., 2005; Tokuda et al., 2006; von Siebenthal
et al., 2007) that are able to reconstruct 4D model of the
entire liver. In actual clinical situation, however, intraoper-
ative ultrasound imaging is employed to confirm internal
critical structures such as tumors and blood vessels within
relatively narrow areas directly related to resection of the
liver. Therefore, the volume of interest covered by the pro-
posed method should be acceptable.

During acquisition of time-varying 2D US images of the
sagittal planes, the tip of the LUS probe should be moved
together with the liver surface by keeping moderate contact
pressure. Because the LUS probe is inserted into abdomi-
nal cavity through a trocar, a question is raised as to
whether the trocar disturbs the above described move-
ments. Around twenty LUS datasets acquired in our
in vivo experiments under laparoscopic control show that
the trocar does not disturb the probe movement. In order
to acquire time-varying 2D US images successfully as
described above, a surgeon needs to take account of the
following points: (1) The LUS probe tip should be kept
in contact with hepatic surface by moderate pressure so
as not to disturb the motion of the organ; (2) The LUS
probe should be supported so that it may move concur-
rently with the liver; and (3) Trocars should be arranged
so as not to disturb the LUS probe movement. In our
experiments, the participating surgeon adjusts to the above
requirements after some trials.

Another issue is that the LUS probe should be aligned
on (quasi-)sagittal planes. If the arrangement of trocars is
not appropriate, it may be difficult to align the LUS probe
tip to the cranio-caudal direction. In laparoscopic surgery
of the liver, trocars are located at lower positions from
the liver, and thus surgical instruments are inserted from
the caudal side toward the cranial side. Therefore, the
inserted LUS probe tip is naturally aligned to the cranio-
caudal direction.

4.2. Validity of recovered motion and deformation

The proposed method assumes that (1) deformation is
cyclic and reproducible, and (2) deformation along the
left–right direction is negligible.

Regarding the first assumption, we have confirmed that
variations of interval lengths among the reference points in
respiration phase analysis are less than 5% of cycle length
in most cases and intra-plane variation of respiratory cycle
length is less than 3% of cycle length in all cases. These
results suggest that respiratory cycle length is almost con-
stant and cyclic. Time-varying similarity also shows a cyclic
nature (Fig. 7b). This suggests that similar deformation is
repeated in each cycle. In order to confirm the reproducibil-
ity of respiratory motion, we perform preliminary pig
experiments. Several marks are indicated on hepatic sur-
face of the animal and we repeatedly measure their 3D
positions using an optical 3D digitizer at expiration point.
Respiration is suspended during the measurement and
started again after. This procedure is repeated. The repeat-
ability in position is constantly around 3 mm under laparo-
scopic control while around 6 mm and increasing as time
passed in open surgery of the same pig. We consider that
3 mm error is not large if uncertainty of the measurement
method itself is taken into account. The abdomen is filled
with gas under laparoscopic control, and thus the organs
are in a more stable condition due to gas pressure as com-
pared with in open surgery. Therefore, we consider that the
first assumption is valid under laparoscopic control as well
as in controlled respiration condition.
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Regarding the second assumption, the magnitude of
motion component along the left–right direction, which
can be recovered by magnetic tracking of the LUS probe
on hepatic surface, is 1–2 mm (Table 4) and is regarded
as small. This result is consistent with the second assump-
tion. Visual assessment of deformed images (Fig. 9) and
registration error of landmarks (Fig. 10) suggest that esti-
mation of in-plane deformation works well. These results
also imply that deformation along the left–right direction
is small because if large deformation along the left–right
direction occurs, tracked and unwanted landmarks disap-
pear and appear, respectively, as the frame progresses.
These changes in US images cause failure in non-rigid
registration.

The motion of the liver has been investigated by several
studies (Rohlfing et al., 2004; Davies et al., 1994; Brandner
et al., 2006; Beddar et al., 2007). It has been reported that
the main components of hepatic motion are in the cranio-
caudal and anterior–posterior directions and the motion
along the left–right direction is small. The recovered 4D
model in our experiments shows similar tendency as indi-
cated in Table 4. Our object in the present study is a pig
liver while the targets in previous reports (Rohlfing et al.,
2004; Davies et al., 1994; Brandner et al., 2006; Beddar
et al., 2007) are human ones. However, the physical rela-
tionships among the lung, the diaphragm, and the liver in
pig, which mainly influence respiratory motion of the liver,
is similar to those in human. Therefore, the proposed
method is potentially applicable in clinical practice.

4.3. Issues on respiratory phase analysis

The proposed method employs temporal registration
algorithm based on analysis of time-varying similarity
between adjacent frames to align datasets acquired on dif-
ferent planes. Because EPI is used to determine a reference
point for registration and respiratory cycle length, the
accuracy of EPI localization is important. We confirm that
the peak of time-varying similarity can be accurately
located as EPI and datasets can be aligned using EPIs in
all cases as shown in Fig. 7b. The standard deviation of
obtained cycle lengths is small enough.

Methods for measuring respiratory motion are reported
(Vedam et al., 2003; Tsunashima et al., 2004; Xu and Ham-
ilton, 2006). Unlike those studies, the proposed method
detects SPD and EPD in order to determine the interval
where estimation of in-plane deformation is required. The
interval length between SPD and EPD is around a half
of respiration cycle, and thus computation time for esti-
mating in-plane deformation increases two times if SPD
and EPD are not determined.

When 4D model overlays onto live laparoscopic view,
synchronization between the 4D model and patient’s respi-
ration is required. In order to detect patient’s respiratory
phase, tracking fiducial markers attaching to the skin has
been reported (Vedam et al., 2003; Beddar et al., 2007).
Our experimental results show that EPIs obtained by the
proposed method are well correlated to those acquired by
marker tracking (Fig. 8). Because it is easy to integrate
fiducial marker tracking to surgical navigation systems,
synchronized 4D augmented reality visualization can be
developed straightforwardly.

4.4. Possible applications

Two possible applications of the 4D liver model are con-
sidered. One is stabilization of surgical robotic manipula-
tors. If a respiratory phase can be provided to a surgical
robotic manipulator system in realtime, it would be possi-
ble to stabilize the manipulator against respiratory motion
of the liver by using the 4D model as well as stabilization
against heartbeat (Nakamura and Kishi, 2001). The other
is to move and deform a virtual liver in a laparoscopic sur-
gical simulator along respiratory cycle. If the 4D liver
model is incorporated to the surgical simulator, it is possi-
ble to simulate realistic respiratory motion and deforma-
tion of the liver in the virtual environment of the
simulator. Thus, the 4D liver model acquired in clinical sit-
uation would contribute to the improvement of reality of
surgical simulators.

5. Conclusion

We have described an intraoperative recovery method
of respiratory motion and deformation of the liver using
a laparoscopic freehand 3D US system. 4D US images
of the liver are recovered using static 3D US image of
the organ and time-varying 2D US images acquired on
several sagittal planes. The proposed method is evaluated
by in vivo experiments using a pig liver. Datasets acquired
on different planes are aligned accurately by temporal reg-
istration based on respiratory phase analysis. Non-rigid
registration for estimation of in-plane deformation is sta-
ble and its accuracy is less than 1 mm on average. The
characteristics of recovered motion are qualitatively con-
sistent with those reported previously. Future work will
include accuracy evaluation of recovered 4D model using
markers embedded in the pig liver, augmented reality
visualization of 4D US model synchronized with respira-
tion, and reconstruction of a multi-modal 4D model by
combining preoperative 3D CT or MR images and intra-
operative deformation field.

Appendix A. Supplementary data

Supplementary data associated with this article can be
found, in the online version, at doi:10.1016/j.media.2007.
07.009.
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