where the left lung does not wrap, and the septal-to-lateral wall
count ratio is greater than one. This case probably results from
the significantly larger path that the rays most important in
defining the lateral wall must pass through. Our results, how
ever, have been remarkably consistent. All 10 patients with left
lung wrap-around (Fig. 5) have a hot lateral wall.
Three-dimensional studies with all sources of degradation
modeled will further contribute to our understanding of SPECT
imaging artifacts. In our study, a single mid-ventricular slice was
used in order to isolate the lung wrap-around effect. The anatom
ical relationship between lung and heart depends on the slice
position. By our observations of many PET transmission and
emission images, less left lung wrap-around is seen for more
inferior transaxial slices. Therefore, we might expect the hot lateral
wall artifact in SPECT normal files to be more pronounced in the
anterolateral region compared to the inferolateral region.
CONCLUSION

This use of transmission and emission PET x2Rb data to
create attenuated SPECT 2()1T1patient data demonstrates that

the left lung wrapping around the lateral wall of the left
ventricle correlated with the increased counts in the lateral wall
seen in SPECT files for normal men and women.
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Automatic Preparation of Radiopharmacokinetic
Data for In Vivo Estimation of Receptor Biochemistry
Jing Chun Xu, David R. Vera and Robert C. Stadalnik
Department of Radiology, University of California, Davis Medical Center, Sacramento, California

We present a fully automated region of interest (ROI) and motion
correction program for the generation of heart and liver time-activity
data resulting from a hepatic functional imaging study using [""TcIgalactosyl-neoglycoalbumin (""Tc-NGA). Methods: The program
automatically draws heart and liver ROI and corrects for lateral
movement of the subject. Eighty-four 99rrTc-NGA studies, consist
ing of 32 healthy subjects and 52 patients with liver disease, were
processed and submitted to an automated kinetic analysis that
estimates the subject's asialoglycoprotein receptor concentration
[R]0. Results: When compared to time-activity data generated by
operator-drawn ROIs without motion correction, the average re
duced Chi-square of the kinetic analysis decreased significantly (p <
0.001) from 2.20 to 1.37 and the number of studies that satisfied
quality control increased from 74 to 81 studies. Receiver operating
characteristic of [R]0 resulted in greater detectability (0.984 Â±0.012
compared with 0.965 Â±0.020) when automatic ROI generation was
employed. Using the test criteria of 0.65 yM, the sensitivity of [R]0
increased from 0.88 to 0.92 and the specificity increased from 0.96
to 0.97. Conclusion: Automated definition of liver and heart ROIs
with motion correction, that reduces observational noise, increased
the success rate of the radiopharmacokinetic analysis from 88% to
96%.
Key Words: technetium-99m-NGA; kinetic modeling; automatic
motion correction; automatic contour detection
J NucÃ-Med 1996; 37:1896-1902

.lechnetium-CQm-galactosyl-neoglycoalbumin
(99mTc-NGA)
is a receptor-binding radiopharmaceutical (/) specific for the
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asialoglycoprotein receptor (ASGP-R) (2) that resides exclu
sively at the cellular membrane of hepatocytes. Consequently, a
healthy liver will accumulate an excess of 90% of the dose
within 15 min, whereas a diseased liver will accumulate
significantly less activity during the same time period (3). In
addition to high cellular specificity (4), another unique feature
of ASGP-R is a lack of pharmacologie response to ligand
binding. This feature enabled us to inject 99mTc-NGA in
amounts that would occupy a significant fraction of ASGP-R.
Consequently, we are able to operate the radiopharmacokinetic
system as a bimolecular reaction (5), which permits highprecision measurements (6) of receptor concentration (7,8) from
liver and heart time-activity data (9). Clinical studies have
demonstrated that receptor concentration can differentiate (7013) between healthy subjects and patients with liver disease.
The largest study (Â¡4)reported to date, comprising 32 healthy
volunteers and 52 patients, yielded a sensitivity of 88% for the
detection of noncholestatic liver disease. The specificity was
96%.
Routine widespread clinical application of 99mTc-NGA
pharmacokinetic modeling will require a fully automated anal
ysis. One component of an automated analysis is the preparation
of liver and heart time-activity curves, that provide the primary
data for the pharmacokinetic analysis. This process requires two
steps: (a) define the liver and heart regions of interest (ROIs)
and (b) generate the time-activity curves by summing the counts
within each ROI at every frame within the dynamic imaging
study. Previous 99mTc-NGA functional imaging studies used
standard nuclear medicine software with which the liver and
heart ROIs were manually defined by lightpen and the timeactivity curves were generated without correction for patient
motion. Automation of this process would have two significant
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FIGURE 1. Algorithm for program PRDIVA that automatically prepares a
"Tc-NGA
dynamic imaging study for estimation of receptor concentration.

MATERIALS

Primary path is the vertical set of boxes. Pertinent equations (Appendix) are
indicated at each step.

Algorithm

benefits. First, automatic definition of the liver and heart ROIs
would eliminate operator bias. Second, an automated program
would permit the correction of each ROI for patient movement
during the 30-min imaging study. There are three types of
lateral patient movement that could be corrected by an auto
mated process. The first, and most common, are small motions
of a constant rocking nature. If an ROI using a fixed position is
used, this motion increases the noise of the time-activity data.
The second type of movement is a sudden, large but momentary
change in position; this causes a spike in the time-activity curve.
These first two types of motion are potential sources of
measurement bias, decrease measurement precision, and de
grade the quality of the resulting kinetic analysis. As a result, if
the noise is abnormally high and multiple spikes are present in
the time-activity data, the resulting kinetic analysis may not
pass the criteria we set to ensure the technical quality of the
kinetic analysis (14). The third type occurs when the patient
moves and does not return to the original position; this causes
an abrupt offset in the time-activity curves. This type of patient
movement yields time-activity data that can not be successfully
analyzed for receptor concentration by the radiopharmacoki
netic model.
We present and test an algorithm that automatically defines
the heart and liver ROIs from a 99mTc-NGA functional imaging
study and adjusts the ROIs at each frame. Our primary goal was
to eliminate of operator bias and reduction in the number of
studies that fail the receptor concentration analysis due to
patient movement. The overall result was a decrease in the noise
of the time-activity data and a higher success rate for the
radiopharmacokinetic analysis.

AND METHODS

Designated as PRDIVA (preparation of radiopharmacokinetic
data in vivo automatically), the image processing program auto
matically defines the liver and heart ROIs and then automatically
corrects each ROI for patient motion during the dynamic imaging
study. The algorithm consists of several steps which are illustrated
in Figure I. First, PRDIVA reads the dynamic images, and then
calculates the misalignment of each frame of image due to the
patient's lateral motion. In the next step, PRDIVA determines the
liver and heart contours. If a contour encloses less than 95% of the
total counts above a predefined threshold (CyCT < 95%), the
contour is considered ill-defined and PRDIVA automatically se
lects one of two alternative methods for determining the liver and
heart contours. The first alternative is the application of a spatial
filter to smooth the image. The second alternative is the application
of a nonlinear transformation that gradually expands the contour. If
the criterion C/CT can be met using either alternative, PRDIVA
continues to process images; otherwise, PRDIVA requests that
heart and liver contours be defined manually. If the contours are
well-defined without using either alternative, PRDIVA compares
the liver displacement during the study to determine if the contours
should be redrawn at each frame, or if the contours can be
repositioned at each frame. The latter method is significantly faster.
The criterion is a unitless ratio, A = Ax/VX where A is the mean
of the area within the liver contour obtained at the beginning and
end of the study and Ax is the distance between the two geometric
centers. If the ratio is larger than 4%, PRDIVA redraws the liver
contour at each frame. Otherwise, PRDIVA moves the contours to
follow the patient's motion and corrects blurred images. Finally,
PRDIVA generates a time-activity curve for each ROI. A complete
mathematical description of the algorithm is given in the Appendix.
The symbols used in this paper are listed in Table 1.
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Implementation
PRDIVA was implemented in IDL (Research System Inc.,
Boulder, CO) and was tested in DEC 3000 AXP (Alpha 200 MHz,
Digital Equipment Company, Danvers, MA) running OpenVMS,
and PC486DX (50 MHz). When the moving contour was applied,
PRDIVA required less than 20 sec when running on a DEC 3000
and 1 min on the PC. When the redraw contour alternative was
used, the program required 2 and 10 min on the DEC 3000 and PC,
respectively.
Experimental Design
PRDIVA was tested in the following manner. Unmodified
dynamic images resulting from 84 99nTc-NGA functional imaging
studies (/) were submitted to PRDIVA for generation of heart and
liver time-activity curves. The resulting curves were then submitted
to the program NGAFIT (9), which automatically performed a
nonlinear regression of the 99mTc-NGA kinetic model to the heart
and liver time-activity data. The subjects studied were the same as
in a previous report (14) that used operator-defined ROIs. Of the 84
subjects, 32 were healthy individuals and 52 had varying degrees of
histologically-proven cirrhosis or hepatitis. Only one 99mTc-NGA

20

40 60 80 100 120
Frame

study from each subject was included in the 84 studies. The curve FIGURE 2. The x and y components of the image center were determined by
fit results were accepted only if the following conditions were met: a third-order least square fit (smooth curves) to the liver time-activity curve ( 0
= x, O = y). There are movements around Frames 40 and 80.
(a) the total reduced chi square (weighting based on Poisson
distribution) was less than 2.85; (b) [R]0 was less than 0.5 ju,M,the
chi square criterion was set to 3.25, or if [R]0 was less than 0.4 Â¡j.M, As a result, the liver will be the only structure to appear in the
the criterion is set to 3.5. All studies used at least one blood sample last 15 min of the 30-min study. In this study, the program
drawn between 3 and 5 min after injection.
redraws the liver contour at each frame. In patients with liver
disease, both the liver and blood pool structures appear in the
Statistical Analysis
Two methods were used as performance measures of the final frame. Under this condition, the program corrects for
automated ROI program. In the first method, the total reduced chi motion by repositioning the heart and liver contours for each
square [Equations 8 and 10 from Vera et al. (15)] resulting from frame.
Healthy Subject. The motion correction for a healthy subject,
curve fits to time-activity data from the automated program were
compared to the operator-drawn ROIs by the paired Student's
shown as Figure 2, indicates movement around Frames 40 and
80. Figure 3 contains images pertinent to the processing of this
t-test.
subject: A is the image at the beginning of the study, B at the
As a second method, we used receiver operating characteristic
(ROC) analysis (16) to compare the diagnostic performance of the end of study, C the heart image (Ihrt described in Eq. A9); D the
receptor concentration [R]0 estimates obtained from curve fits to liver image (I!iv described in Eq. A5). Since the liver contour
PRDIVA-generated time-activity data and [R]0 estimates from was well-defined at D (C/CT < 95%), there was no need to use
any of the alternative methods to determine the liver contour.
time-activity curves from manually drawn ROIs. Program
CLABROC was used to generate a set of ROC operating points for Therefore, PRDIVA continued with the algorithm and tested the
[R]0 from each method, to perform a binormal fit to each set of displacement criteria (Eq. A5), which determines if reposition
ing of the contours at each frame will be sufficient. Because the
operating points and to calculate the area A., under each binormal
curve. The statistical significance of the difference in diagnostic
performance was tested using CLABROC. The CLABROC algo
rithm, developed by Metz, is a version of the CORROC algorithm
(77) that has been modified to analyze continuously distributed
data (Ifi). In addition, we tested the precision of the estimated
difference in Az by calculating a 95% confidence interval (19).
Calculations of p and the confidence interval were conducted with
an input dataset that did not include [R]0 values from the seven
99mTc-NGA studies that passed kinetic analysis quality control
after PRDIVA processing but failed quality control using timeactivity curves for manually-drawn contours. The elimination of
these studies from the statistical analysis assumed that these studies
were not atypically difficult or easy cases (Metz CE, personal
communication).
RESULTS
Algorithm
The algorithm, as illustrated in Figure 1, uses two methods to
correct for patient motion. We will describe the processing of a
""^Tc-NGA study from a healthy subject and a patient suffering
from hepatitis to illustrate the different methods. In the healthy
subjects, the liver completely extracts the radiopharmaceutical.
1898

FIGURE 3. Program PRDIVA automatically draws contours for the liver and
heart. Images at the (A) beginning and (B) end of the study are shown.
Masked images lhrt and l,ivare used by PRDIVA to define the (C) heart and (D)
liver contours. Because of the large lateral motion at Frame 42 (Fig. 2),
PRDIVA redrew the liver contour for each frame. The three contours in E with
different L^ illustrated how PRDIVA redrew the contour at the last frame. The
final contours of this frame are illustrated in F.
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FIGURE 4. Automated liverand heart contour detection at each frame of the
dynamic study by PRDIVA resulted in smoother time-activity curves (closed
symbols) than the curves that are generated by manually-defined (open
symbols) liver (circles) and heart (triangles) ROIs. The curve fit to the manually
defined ROI data did not pass quality control criteria due to an excessively
high reduced chi square; the PRDIVA-generated ROI data yielded a curve fit
that passed quality control.

displacement of the liver contour, A = Ajc/V/i, was larger
than 4%, PRDIVA redrew the liver contour for each frame. This
procedure is illustrated in Figure 3E with three liver contours
corresponding to Lc values of 13, 15 and 22. PRDIVA auto
matically adjusted Lc to 15, which produced an area that was
larger than 94% and less than 106% of liver contour area
defined in Figure 3D. The liver and heart contours are illus
trated in Figure 3F. This condition was satisfied at each frame.
The time-activity curves generated by PRDIVA are shown in
Figure 4. Using manually-defined ROIs, this study was previ
ously rejected due to a poor fit (xl = 8.79). The PRDIVAgenerated time-activity curves resulted in an acceptable reduced
chi square (x2v = 1.86) and yielded a normal receptor concen
tration ([R]0 = 0.879 JU.A/)after parameter estimation by
program NGAFIT.
Patient with Hepatitis. The images of a patient suffering from
hepatitis are illustrated in Figure 5, where A is at the beginning
of the study, B is the last frame, and C and D are heart Ihrt (Eq.
A9) and liver images Iliv (Eq. A5), respectively. Using edge
detection, as previously described, PRDIVA drew the (C) heart
contour from image Ihrt and the (D) liver contour from Iliv.
Because the liver contour did not enclose 95% of the total
points above the predefined threshold (CÂ¡/CT< 95%), PRDIVA
considered the contour as ill-defined and smoothed this image
(D) as illustrated in Figure 5E. Using this smoothed image,
PRDIVA was able to define the liver contour to satisfy the
threshold criteria. The defined liver and heart contours are
shown in Figure 5F. Having satisfied the threshold criteria,
PRDIVA continued to reposition liver and heart contours at
each frame. The results of NGAFIT indicated a decrease in \%
from 1.85 to 1.33 using data generated by PRDIVA.
Experimental

Design

Ninety-six percent of the 99mTc-NGA studies processed by
PRDIVA passed the curve-fit criteria. This was the same
criteria used in the previous report that used manually-defined
heart and liver contours from the same set of 99mTc-NGA
studies. The success rate of the time-activity curves from

FIGURE 5. Because the liver contour did not enclose at least 95% of the
counts in the masked image, PRDIVA smoothed l,,vto produce the masked
image at E and a new liver contour. The program then corrected for the
patient's motion by adjusting the position of each contour to the center of
mass of each frame. F is the last frame of the Tc-NGA study with the heart
and liver contours.

manually-defined

ROIs was 88%. In 7 of the 84 99mTc-NGA

studies, PRDIVA requested operator intervention for manual
definition of heart and liver contours; all of these studies were
of patients with severe liver disease. Twenty-one studies em
ployed the redraw contour mode, which redefines the liver
contour at each frame, and therefore required a longer execution
time. Seventy-six percent of the studies resulted in better curve
fits with PRDIVA-generated curves.
The automated program altered the clinical diagnosis. Of the
99mTc-NGA studies that passed the kinetic analysis quality
criteria using the manual method, one false-positive study
became a true negative and four false negatives became true
positives. The seven 99mTc-NGA studies that passed the kinetic
analysis quality criteria only after PRDIVA analysis had the
following outcomes: two true negatives, one false positive, two
true positives and two false negatives. The diagnoses were
based on a [R]0 decision criteria of 0.65 \i.M.
Statistical Analysis

The average x\, decreased by 38% from 2.20 to 1.37. Based
on the paired Student's t-test, \2V resulting from PRDIVAgenerated time-activity curves was significantly (p < 0.001)
lower than the reduced chi square of curves from manuallydefined ROIs. Automatically defined ROIs yielded a wider
separation (Fig. 6A) between [R]0 measurements of healthy
subjects and patients when compared to [R]0 measurements
from manually drawn ROIs. The mean [R]0 for healthy subjects
using PRDIVA was 0.811 Â±0.107 ju,M;using manually-drawn
ROIs, the mean [R]0 was 0.826 Â±0.121 ju,A/.The mean [R]0 for
patients using PRDIVA was 0.424 Â±0.127 Â¡j.M;using manu
ally-drawn ROIs, the mean [R]0 was 0.438 Â±0.152 /J.M When
PRDIVA was used to generate the time-activity data, the
coefficients of variation decreased for healthy subjects (0.13
versus 0.15) and patients (0.30 versus 0.35).
By using a test criteria of 0.65 /Â¿M,the sensitivity of [R]0
increased from 88% to 92% and the specificity increased from
96% to 97%. Accuracy increased from 0.92 to 0.94. Receiver
operating characteristic analysis of [R]0 (Fig. 6B) indicated
higher diagnostic performance with PRDIVA-generated timeactivity data. The area under the ROC curve produced by
receptor concentrations estimated from PRDIVA-generated
time-activity data was 0.984 Â±0.012; the area under the ROC
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FIGURE 6. Automatically defined ROIs
yielded a wider separation between [R]0
measurements of healthy subjects and
patients when compared to [R]0 mea
surements from (A) manually drawn ROIs.
(B) Receiver operating characteristic
(ROC) analysis demonstrated higher detectability of [R]0 when the liver and heart
time-activity curves were generated via
automatic edge detection and correction
for patient motion. The circles represent
the ROC operating points for the auto
mated process, and the smooth line is a
binormal fit. The triangles represent the
ROC operating points for [R]0 when the
time-activity data are defined manually
and there is no correction for patient
motion. The dashed line is the binormal fit
to the ROC curve.
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curve produced by [R]0 from manually drawn ROIs was
0.959 Â±0.022.
The ROC analysis was not able to prove superior diagnostic
accuracy from either method, nor could they be proved equiv
alent. Using a completely paired dataset, the PRDIVA-based
[R]0 values yielded a ROC curve with an Az of 0.997 Â±0.004.
The two-tailed p level was 0.081. Based on a typical Pcrjtica|of
0.05, a p of 0.081 is cause to accept a null hypothesis of no
difference in diagnostic performance. The confidence interval,
which is used to establish that two methods are equivalent (20)
was inconclusive. The 95% confidence interval was [â€”0.005,
0.084]. Based on a maximum confidence interval of [â€”0.075,
0.075], we must conclude that the sample size was not adequate
to demonstrate a lack of clinical significance.
DISCUSSION

Our approach to motion correction and detection is different
from the three-dimensional surface fitting developed by Scott et
al. (21) for image registration of SPECT and CT images. This
method can produce accurate alignment by applying an algo
rithm developed by Pelizzari et al. (22) that allows for transla
tion, rotation and scaling in the x-y plane, as well as for
movement in the z axis. Our motion correction program does
not correct for patient rotation or movement along the z axis,
since we do not believe they are a problem in data acquisition.
Starting from the maximum points inside the object, our
contour program is different from the edge detection algorithm
for MR images developed by Turkington et al. (23), where a
manually drawn rough polygon around the object is required.
They apply edge detection to one image frame, while we
generate a one-object image; that is, the difference between an
early image and a late image (Fig. 3C, D; Fig. 5C, D). Since the
background level is significantly reduced, the criterion of a
well-defined contour is whether it can enclose all the points
above a certain threshold, i.e. CÂ¡/C0.For an ill-defined contour,
PRDIVA automatically
applies two alternative methods,
smoothing and expansion. The limitation for automated contour
determination is set to four neighbors in expansion. Beyond this
point, we believe that the automatically-drawn contour is not
reliable and manual drawing of contours is required. We did not
test our contour algorithm for boundary accuracy. There are two
reasons why the accuracy of the organ boundary is not critical
for the measurement of receptor concentration. First, because
the magnitude of [R]0 is encoded into the shape of the liver and
heart time-activity data, it is insensitive to the size of the ROI
or the ability of the ROÃ•to exactly describe the liver boundary.
1900

Manual

Z)- D+

0.2 0.4 0.6 0.8
False Positive Fraction

Second, [R]0 represents an average value of receptor concen
tration throughout the entire liver. Consequently, we attempt to
sample the entire liver. However, if a small portion of the organ
is not included within the contour, the probability is extremely
low that its receptor concentration will significantly alter the
shape of the time-activity curve.
Statistical analysis of the ROC curves requires two com
ments. First, the analysis used completely paired data and
therefore did not include the seven studies that failed the kinetic
analysis when the liver and heart time-activity data were
generated by manually-drawn ROIs. This was carried out
because CLABROC cannot provide a statistical analysis of
dataseis in which some of the entries are not paired. Conse
quently, the statistical calculations are valid only if the seven
studies deleted from the analysis were not atypically easy or
difficult. The fact that these studies could not pass the kinetic
analysis quality criteria without automated correction for pa
tient movement does not argue against this assumption. In other
words, the fact that a subject decided to move slightly during
the 99mTc-NGA study is not indicative of an easy or a difficult
case. We assume that, if the assumption is not appropriate, an
increase in p value and the 95% confidence interval would
result.
The second point regarding the ROC analysis concerns the
significance of the confidence interval analysis. Because our
sole purpose for using PRDIVA was to increase the success rate
of the kinetic analysis, a demonstration of equivalence in
diagnostic performance will suffice. The lower bound (LB) of
the 95% confidence interval provides an estimate of the
possible decrease in performance using PRDIVA. Based on the
current sample size, PRDIVA offers an 8% increase in the
success rate of the radiopharmacokinetic analysis over manu
ally prepared kinetic data. This increase in the success rate
comes with a low probability (5%) that the diagnostic perfor
mance is decreased by 8% (AA^/LB).

CONCLUSION

We have demonstrated that an algorithm of automatic ROI
and motion correction for the generation of heart and liver
time-activity data can reduce systematic error and thereby
increase the success rate of the pharmacokinetic modeling
process to 96%.
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APPENDIX
Algorithm PRDIVA
We present a mathematical description of algorithm PRDIVA.
Figure 1 is a flow chart with pertinent equations adjacent to each
step. Table 1 contains a list of symbols with designations and units.
Motion Correction. Lateral motion during the imaging study is
corrected by the following algorithm. The center of mass R* for
each frame is calculated as:

Eq. A6

where s is the average intensity around the maximum point of the
image. From this maximum point, PRDIVA searches for the first
point where the intensity falls below Lc along X direction (0 = 0).
Thus, the contour point r is expressed in polar coordinates as:
r = pd,

Eq. A7a

where p is the radius and 6 is the polar angle. Starling from:

Z ^(xi, yjMxi, yÂ¡)

r = p(6 + 00)

Eq. A7b

do = 27T-/300.

Eq. A7c

Eq. Ala

where n is the image size, (^(Xj, yÂ¡)represents the counts collected
at position r with coordinating xÂ¡,yÂ¡,and k is the frame number.
The vector R* can be separated to Xk and Y* in Cartesian

PRDIVA searches for the next contour point along 6+86 direction
where the intensity changes from above to below Lc. Repeating this
procedure 300 times to a full circle, PRDIVA encloses the contour
RHvaround the maximum point. Array RUvis a 2 X 300-dimensional
array that holds the x and y components of each r. A second mask is
generated to produce a heart contour image Ihrt(*Â¡,
yÂ¡)'-

coordinates as:

if

S ^(Xi, yj)

Avel(xÂ¡,yj) - Ave2(xÂ¡,yj) > v0,

Eq. A8a

M2(xÂ¡,
yj) = 1

Eq. A8b

M2(xÂ¡,yj) = 0.

Eq. A8c

then
Eq. Alb
otherwise

i-ij-i

Multiplying Avel by M2, PRDIVA generates a heart image as
follows:

The x and y components of the center of mass (Xc, Yc) are fitted to
third order polynomials fx and fy,:
fx = ao + a, * k + a2 * k2 + a3 * k3

Eq. A2a

fy = bo + b, * k + b2 * k2 + b3 * k3

Eq.A2b

while residual ao through a3 and b0 through b3 are calculated from
general least square fit (24). The residual for each frame Ak
corresponds to the patient's movement:
*k = (Xk, Yk = Rk(Xk, Yk) - f(fx, fy)

Eq. A3a

XS = Xk - fx(k)

Eq. A3b

Yk = Yck- fy(k)

Eq. A3c

Determination of Liver and Heart Contours. PRDIVA generates
two images to define the liver and heart contour. Averaging Frames
3-5 as Avel and Frames 117-110 as Ave2, mask M, is defined as:
Ave2(xÂ¡,yj) - Avel(xÂ¡,yj)

v0>

M|(xÂ¡,yj) = 1

Eq. A4b

M,(xÂ¡,yj) = 0,

Eq. A4c

I|iv(xÂ¡,
yj) = Ave2(xÂ¡,yj) * M,(xÂ¡,yj).

Eq. A5

Eq. A9

From this image, PRDIVA defines the heart contour, Rhr1,using
Equations A6 through A7.
At this point in the algorithm, PRDIVA calculates a metric that
is used to determine if the contours properly circumscribe the liver
and heart. If the liver contour encloses less than 95% of the total
counts above the threshold Lc, PRDIVA implements one of two
alternative methods to automatically determine the liver contour.
First, PRDIVA smooths the liver contour image IiÂ¡v(xÂ¡,
Vj) with a
two-dimensional 10X10 filter. Using the smoothed image, PRDIVA
redraws the contour and checks the ratio C/CT. If this ratio is greater
than 95%, PRDIVA continues with the algorithm by applying a
correction for patient motion. Second, if the ratio CJCT is still
<0.95%, a nonlinear transformation is then applied to I|Â¡v(Xj,
yÂ¡):
if
j ,yÂ¡)> vâ€ž,

Eq. AlOa

then
Iiiv(xÂ¡,yj)= 100

Eq. Al Ob

Iiiv(xÂ¡,
yj) = 0.

Eq. Al Oc

otherwise

Eq. A4a

where v0 is the threshold set equal to background. The image used
to draw liver contour Ihv is thus generated as:

The threshold is set as:

Ihn(xi, yj) = Avel(xi, yj) * M2(xÂ¡,
yj).

Eq. Ale

*c

Then every nonzero point gradually expands up to its four
neighbors to see if the following condition can be met:
â€¢
< 10%,

Eq. All

where C0 represents the nonzero points outside the contour and CÂ¡
represents the points inside. If this condition is met, PRDIVA
continues with the algorithm; otherwise, the program requires that
the operator manually draw the liver and heart contours. Manual
definition of the liver and heart ROIs uses irregular contours that
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circumscribe the liver or heart as viewed from the 40th frame
(10-min PI) of the dynamic study.
Blurring Correction. The program corrects for blurring caused
by patient movement of long duration. The blur correction Wcbk,a
unitless number, is defined as:
W*b = V * C4b - A)/A,

Eq. A12

where A is the area of the ROI, A[ is the blurred area common to
the kth and (k-l)th frames, and V, which ranged from 0 to 1, is
defined as the velocity of:
V(X*- Xj- ' )2 + (Y* - YÂ£- '2
')
Eq. A 13
that is the patient's motion around kth frame. If there is no motion.
V is set equal to zero. Consequently, the contribution from liver (or
heart) is thus the total counts inside the ROI. Alternatively, if there
is rapid motion, the organ can occupy both regions; thus, V is set
equal to one.
Contour Redraw at Each Frame. If large movement occurs
during the study, PRDIVA will define the heart and liver contours
for each frame. Criterion was used to compare the contour obtained
from the beginning of the study with the contour obtained from the
end of the study:
A=

Eq. A14

where Ax is the distance between the geometric center of the liver
contours, and A is the average area within each contour. PRDIVA
adjusts the contour threshold Lc of/I, to make the ratio of these two
areas (AÂ¡/A2)fall between 0.94 and 1.06. If A > 4%, PRDIVA
redraws the liver contour at each frame. Blocking out the contri
bution from the heart by applying a mask, PRDIVA adjusts the
contour threshold to make the contours at each frame approxi
mately the same size.
Generation of Time-Activity Curves. In the last step, the liver and
heart time-activity curves are generated and written to a file. This
file includes every time point, the total counts inside the liver
contour Wjf, and the total counts inside heart contour WÂ¡Jn
at each
time point. Therefore, the counts within the liver contour at the kth
frame is:

wSb).

Eq. A15a

i = X, J=<(X,)

where A'iv(x'), /?fiv(x')are the minimum and maximum values in the
y-dimension of the liver contour, and xÂ¡and x-, are the minimum
and maximum values in the x-dimension of the contour. If the
contours are repositioned at each frame Xj1,and YÂ¡i,as calculated
from Equation A3, are applied to correct for the patient's motion
and WÂ¡Ã-h,
as calculated from Equation A12, is used to correct for
blurred images. When the contour redraw algorithm is applied. X*.
Y(k,and W*hare set to zero and /Jlivis defined at each frame as fS^v.
The counts within the heart contour at the kth frame are always
calculated using motion and blur correction as:
<=
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I,

Eq. A15b
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