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Abstract

Accurate and precise estimation of organ activities is essential for treatment planning in targeted
radionuclide therapy. We have previously evaluated the impact of processing methodology,
statistical noise, and variability in activity distribution and anatomy on the accuracy and precision
of organ activity estimates obtained with quantitative SPECT (QSPECT), and planar (QPlanar)
processing. Another important effect impacting the accuracy and precision of organ activity
estimates is accuracy of and variability in the definition of organ regions of interest (ROI) or
volumes of interest (VOI). The goal of this work was thus to systematically study the effects of
VOI definition on the reliability of activity estimates. To this end, we performed Monte Carlo
simulation studies using randomly perturbed and shifted VOIs to assess the impact on organ
activity estimations. The 3D NCAT phantom was used with activities that modeled clinically
observed 111n ibritumomab tiuxetan distributions. In order to study the errors resulting from
misdefinitions due to manual segmentation errors, VOIs of the liver and left kidney were first
manually defined. Each control point was then randomly perturbed to one of the nearest or next-
nearest voxels in the same transaxial plane in three ways: with no, inward or outward directional
bias, resulting in random perturbation, erosion or dilation, respectively of the VOIs. In order to
study the errors resulting from the misregistration of VVOIs, as would happen, e.g., in the case
where the VOIs were defined using a misregistered anatomical image, the reconstructed SPECT
images or projections were shifted by amounts ranging from —1 to 1 voxels in increments of 0.1
voxels in both the transaxial and axial directions. The activity estimates from the shifted
reconstructions or projections were compared to those from the originals, and average errors were
computed for the QSPECT and QPlanar methods, respectively. For misregistration, errors in organ
activity estimations were linear in the shift for both the QSPECT and QPlanar methods. QPlanar
was less sensitive to object definition perturbations than QSPECT, especially for dilation and
erosion cases. Up to one voxel misregistration or misdefinition resulted in up to 8% error in organ
activity estimates, with the largest errors for small or low-uptake organs. Both types of VOI
definition errors produced larger errors in activity estimates for a small and low uptake organ (i.e.
—7.5% to 5.3% for left kidney) than for a large and high uptake organ (i.e. —2.9% to 2.1% for
liver). We observed that misregistration generally had larger effects than misdefinition, with errors
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ranging from —16% to 8.5%. The different imaging methods evaluated responded differently to
the errors from misregistration and misdefinition. We found that QSPECT was more sensitive to
misdefinition errors, but less sensitive to misregistration errors, as compared to the QPlanar
method. Thus, sensitivity to VOI definition errors should be an important criterion in evaluating
quantitative imaging methods.

1. INTRODUCTIONS

Accurate and precise estimation of organ activity is essential for targeted radionuclide
therapy treatment planning (Siegel et al., 1984; Clarke et al., 1999; Koral et al., 2002;
Delpon et al., 2003; Wong et al., 2006). Since there is no clinically practical direct
measurement method available, noninvasive quantitative imaging techniques are widely
used. A number of quantitative imaging methods for in vivo organ activity estimation have
been developed and used. The conventional planar (CPlanar) imaging method is such a
method and variants of it are widely used in many clinical trails. This method is based on
geometric mean attenuation compensation using conjugate view scintillation camera whole
body scans (Thomas et al., 1976). However, there are limitations in this method that make
accurate and precise quantification very difficult. These include overlap of an organ’s
projections with those of other organs and background regions, scatter and attenuation in the
patient, scatter and septal penetration in the collimator, partial volume effects, and statistical
noise (Norrgren et al., 2003). We have previously developed two processing methods,
quantitative SPECT (QSPECT) and planar (QPlanar), which provide comprehensive
compensation for all these degrading effects (He et al., 2005; He and Frey, 2006). We have
evaluated them in terms of accuracy and noise precision of organ activity estimates using
experimental and simulated phantoms. We further evaluated these methods in terms of the
impact of statistical noise (He et al., 2008) and variation in activity distribution and anatomy
on the accuracy of residence time estimates (He et al., 2009).

However, the accuracy and precision of these methods also depends on the accuracy of and
variability in the definition of the 2D regions of interest (ROIs), for CPlanar, or 3D volumes
of interest (VOIs), QSPECT and QPlanar, used in the quantification process. Limited studies
have been performed investigating the effect of VOI misdefinition on the accuracy and
precision of organ activity estimates. Most of the studies were focused on the tumor VOI
definitions by manual, semi-auto, or auto thresholding in PET (Erdi et al., 1997; Daisne et
al., 2003; Biehl et al., 2006; Jentzen et al., 2007). The goal of this work was to
systematically study the effects of VOI definition errors on the accuracy and precision of
organ activity estimates. We assumed that the VOIs were defined manually using a
combination of SPECT and CT images. Two types of VOI errors were evaluated. The first
type, termed misdefinition, is due to errors in the delineation of organ VOIs on the CT or
SPECT images. A second type is due to the misregistration of SPECT and CT images. In
this case, we assume that the VVOIs were first defined on anatomical images (e.g., aCT
image) and then applied to reconstructed SPECT images for activity estimation. Thus, any
misregistration of the CT and SPECT images results in misregistration of the VOIs with the
true organ VOI.

2. METHODS

A. Digital Phantom and Simulation

The 3D NCAT phantom (Segars, 2001) was used to provide a realistic and flexible model of
human anatomy and physiology. The concentrations of activities in the major organs (heart,
lungs, liver, kidneys, spleen, bone marrow, and blood vessels) were determined based on
average organ uptakes from 6 clinical 111In ibritumomab tiuxetan studies. These
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concentrations were estimated using SPECT/CT scans 24 hours after injection (Frey et al.,
2006). The uptake in the lungs was non-uniform since activity in airways was set to zero.

A modified version of the SImMSET/Photon History Generator Monte Carlo code (Harrison et
al., 1993) combined with an angular response function (ARF) based simulation of the
interactions in the collimator and detector (Song et al., 2005) was used to simulate the
projection data. The ARF method is based on full simulations of the collimator-detector
point response function obtained using MCNP (Briesmeister, 1997) and has been previously
validated (Du et al., 2002; He et al., 2005; Wang et al., 2002).

The simulations were performed using parameters appropriate for a GE Discovery VH/
Hawkeye SPECT/CT system with a 2.54 ¢cm thick crystal and an MEGP collimator. The
intrinsic resolution of the gamma camera was assumed to be 0.4 cm. Both 111In photopeaks
(171 keV and 245 keV) were simulated with the appropriate abundances. Low-noise
projection images were generated in 128 transaxial and 170 axial projection bins at 120
views over 360° using a 0.442 cm projection bin size. No additional Poisson noise was
added to the simulated low-noise projections as the focus of this work was to study the
effects of definition.

B. Quantitative Imaging Methods

The QSPECT reconstructions were performed using the iterative ordered-subsets
expectation-maximization (OS-EM) algorithm (Hudson and Larkin, 1994). Attenuation,
scatter, and the collimator-detector response function (CDRF) were modeled during the
iterative process using a rotation-based projector (Frey et al., 1993; Zeng et al., 1994). The
true abundance weighted average of the phantom attenuation maps for the 171 and 245 keV
photons emitted by 111In was used in the reconstruction. Scatter was modeled using the
effective source scatter estimation (ESSE) method (Frey and Tsui, 1996). The CDRF was
estimated by Monte Carlo simulation of point sources at various distances from the face of
the collimator including propagation of photons in the collimator and detector. A detailed
description of the QSPECT method can be found in (He et al., 2005).

To address some of the practical limitations of the QSPECT method (i.e., long scan and
processing times, and limited field of view) and theoretical limitations of CPlanar (i.e.,
limited applicability of geometric mean and overlap problem) methods, we have previously
developed the QPlanar processing method (He and Frey, 2006). This method uses an
iterative ML-EM algorithm to estimate the organ activities directly from two conjugate view
planar projections using 3D organ VOIs and the following estimation procedure. In the
estimation procedure, the activity inside each organ’s VOI is assumed to be uniform. The
background is modeled as one (in this work) or more VOIs, each having uniform activity
concentration distributions. The projection of each separate organ VOI (normalized to have
unit total intensity) is estimated using a model-based projector that includes the same models
of the image degrading factors as used in the QSPECT reconstructions (i.e., it modeled
attenuation, scatter, and the full collimator-detector response). The measured projection is
assumed to be a linear combination of these organ VVOI projections. Since the noise in the
measured projections is Poisson distributed, we used the Poisson ML-EM algorithm to
estimate the scale factors for each VVOI’s projections; these scale factors then represent the
total activity in that organ. A major difference between this method and 3D SPECT
reconstruction is that only a small number of parameters (i.e., the number of VOISs) are
estimated, and thus they can be estimated quite effectively from only 2 projection views.
More details about the QPlanar method can be found in (He and Frey, 2006).
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C. Misdefinition Study

In the clinical studies, VOIs are often defined manually using a stack of polygonal ROls
drawn on each slice. The process of defining the vertices of these ROIs is imprecise and can
affect the accuracy of organ activity quantitation. The nature and size of these errors
depends on the skill, experience and training of the operator. We investigated the case where
the operator had no bias, bias toward larger VOIs, or bias toward smaller VVOIs; in all of
these cases we modeled the errors at each vertex as random variables, as described below.

In order to study the impact of these types of errors on the activity estimates, we simulated
random perturbations of the VVOlIs as follows. VOIs of the liver (representing a large organ)
and the left kidney (representing a small organ) were first manually defined using the
phantom images to try to delineate the organ as exactly as possible. As illustrated in Figure
1, each VOI was defined as a stack of 2D ROIs on each slice. Each 2D ROI was a polygon
with all the control points (vertices) manually defined by operators. We did not use the exact
definitions of the two organ VOIs from the phantom configuration because we wanted to
simulate the manual process used clinically. To study misdefinition errors, we randomly
moved each control point defining the VVOI on each slice to one of the nearest neighbor
voxels in three different ways to investigate three models of VOI definition errors, as shown
in the Figure 1. In the first strategy (referred to as Random), the movement direction was
unbiased: each control point had a one fourth chance of remaining stationary, a one eighth
chance of being be moved up, down, left or right 1 voxel, and a one sixteenth chance of
being moved northeast, northwest, southeast or southwest. These probabilities model a 2D
normal distribution with zero mean and a standard deviation of 0.85 voxels. In the second
strategy (referred to as Dilation), each control point also had a one fourth chance of
remaining stationary, and a one fourth chance of being moved 1 voxel in one of the three
directions toward the outside of the VOI. This simulated an operator biased toward defining
larger VVOIs. The third strategy (referred to as Erosion) is the opposite of the second strategy,
and simulated an operator who tends to define smaller VOlIs.

We repeated these processes to generate 20 realizations of the randomly perturbed VVOIs for
each strategy (Random, Dilation and Erosion) and organ (liver and left kidney). These
perturbed VOIs were then used in the quantification process for both the QSPECT and
QPlanar methods. For QSPECT, organ activity was computed by summing voxel values
inside the perturbed VOI; for QPlanar, the perturbed VVOI was used in the QPlanar
estimation process. The mean and standard deviation of percent differences in activity
estimates (compared to the estimates using original VOIs) were then calculated for all three
strategies and both organs.

Figure 2 shows a few sample slices of the perturbed VOIs along with the original manually
defined VOls.

D. Misregistration Study

Since SPECT images provide relatively poor anatomical information, one common way of
defining 3D VOls is to define them using registered anatomical images (e.g., CT/MRI) and
then to transfer the VOIs to the functional images (e.g., SPECT/PET) to estimate organ
activities. Thus, if the functional and anatomical images are misregistered, this can introduce
errors in organ activity estimates. In order to study this type of VOI definition error, for the
QSPECT method, we shifted the reconstructed SPECT images from —1 to 1 voxels (0.1
voxels per step) in three directions: the left or right lateral (x), anterior or posterior (y), and
two axial (z) directions. The original (unshifted) VOIs were used as the reference to
calculate the errors introduced by the shifting. For the QPlanar method, we shifted the
anterior and posterior planar images from —1 to 1 voxel (0.1 voxel increments) in both left-
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right lateral (x) and inferior-superior (z) directions. Then we used the non-shifted templates
calculated using the original VVOIs to estimate organ activities from the shifted projections.
For the anterior-posterior (y) direction, we shifted the attenuation and region maps from —1
to 1 voxels and used those maps to calculate the misregistered templates. This models the
case where the VOlIs are defined in a CT image which is misregistered with the planar
images in the y direction (i.e. the table moved up or down between CT and planar scans).
This results in errors in the templates due the distance dependence of the collimator-detector
response. The percent differences in activity estimates (compared to the estimates using
original VVOISs) as a function of the shifts were then calculated for all organs.

Table 1 shows the relative errors and standard deviation of errors in organ activity estimates
calculated from 20 sets of randomly perturbed VOIs for all three perturbation strategies and
for both the liver and left kidney. For all three of the perturbation strategies, but especially
for Dilation and Erosion, QPlanar was less sensitive to the misdefinition of VOlIs than
QSPECT. This was probably because the misdefinition of the VOI affects the organ
projection used in the ML-EM estimation. The estimation algorithm adjusts the scale factor
(i.e., the organ activity) to match the projection of the misdefined organ to the measured
projection data. Since the size of the misdefinitions was small, the shape change of the organ
projections was small, and there was thus little change in the estimated scale factor. On the
other hand, for QSPECT, the misdefinition of VOIs directly influenced the number of voxels
counted inside the organs, and thus directly affected the activity estimate. The standard
deviations of the percent errors calculated from 20 sets of random perturbations were small
compared to the percent errors. This indicates that the errors were dependent on the
probability model for the perturbations, but relatively insensitive to the details of the
perturbations. As expected, for the small organs like the kidneys, misdefinition had a larger
impact than for larger organs such as liver, especially for the QSPECT method.

Figures 3 and 4 show the results of the misregistration studies where VOIs were shifted by
amounts ranging from —1 to 1 voxels for the QSPECT and QPlanar methods. As expected,
the misregistration of VOIs and projection data had a larger impact for small organs (such as
the kidneys) and low uptake organs close to high uptake ones (such lungs). For the QSPECT
method, the misregistration produced errors in organ activities that were proportional to the
VOI shift, at least for the range of shifts studied. For all the organs except the lungs, the
errors were underestimates. This is because, for the shifts studied, for all the organs except
the lungs the regions adjacent to the organs had lower activity than the organ itself.
However, for the lungs, the heart and liver had higher activities and were directly adjacent to
the lungs. For the QPlanar method, the results were more complicated because of the
interposition of the estimation process between VOI errors and activity estimate errors. For
most organs, the errors were slightly larger than those for the QSPECT method. This
indicates that the QPlanar method is slightly more sensitive to misregistration errors than the
QSPECT method. In addition, the errors due to misregistration were generally larger than
those due to misdefinition. For a 1 voxel misregistration, the errors were as large as —16%
(for the kidneys), and 2% for a larger, high-uptake organs like the liver.

The mis-registration errors for QPlanar shown in Figure 4 was linear with the shift over the
range —1 to 1 voxels. However, this is not necessary to be true. There should be no error for
zero shifts in all these cases since it is the baseline for calculating. For example, the errors in
bone marrow estimates most likely would be negative for any shift since the attenuation of
other tissues is always less than the attenuation of bones. The errors for positive and
negative shifts would not necessary to be symmetrical if the organ is not symmetrical. For
the y shift, since the VOIs were still registered to the attenuation maps, the only changesd in
the templates would be the resolutionwere due to the change of distance to two detectorsdue
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to differences in the distances from the two detectors to the object, which affects the amount
of blurring of the templates by the collimator-detector response; there was no physical
misalignment of the projection of the regions as was the case for the other directions. As a
result, the errors from shifts in the anterior-posterior direction were small. It had larger
effect on the organs (e.g. kidneys and marrow) that are not symmetrical in y direction.

4. DISCUSSION

As a result of the model used for VOI definition errors, these studies may not predict the
kind and magnitude of errors that a human observer would make; it would have been more
realistic to study errors by having a number of operators draw a number of VOIs. However,
such a study would have also been much more difficult to perform and would have
represented only the errors for one particular sample of observers. Nevertheless, we believe
that the misdefinition method used shed light on the trends and magnitudes of errors in
activity estimates resulting from errors in VOI definition. In addition, they provide
information about the relative impact of VOI definition errors on the QPlanar and QSPECT
processing methods and the level of care on the part of operators that is required in order to
achieve a desired accuracy and precision.

Another limitation of this work is that it studied only rigid misregistration up to 1 voxel in
three directions and not the more general case of nonrigid misregistration. This model is
appropriate to represent misregistration of SPECT and CT images obtained on a SPECT/CT
camera without perfect registration. However, it does not reflect errors due to
misregistration of SPECT and CT images where there was patient movement between the
studies. We did not attempt to develop a realistic model for and systematically study non-
rigid misregistration, and addressing this problem in full generality remains a task for future
work.

Despite the above limitations, some clinically relevant conclusions can be drawn. This work
demonstrated that misregistration generally had a larger impact on the estimation than
misdefinition. Thus it is critical that CT images used to define VOIs and SPECT images to
which the VVOlIs are applied should be registered to each other with an accuracy of better
than 1 voxel. The increase in variability introduced by misdefinition was generally small.
However, errors introduced by consistently defining larger or smaller regions were,
especially for small organs, non-negligible compared to other sources of error. From these
data we conclude that it is important that operators try to minimize both misregistration and
systematic misdefinition errors when quantifying organ uptakes. Although the use of hybrid
SPECT/CT systems with careful attention to quality control should reduce misregistration
errors, the possibility of patient movement between the SPECT and CT scans indicates the
need for postacquisition evaluation of the registration.

5. CONCLUSIONS

This work studied the impact of misregistration and misdefinition of VOIs on activity
estimates for the QSPECT and QPlanar processing methods. Both types of VOI definition
errors produced larger errors in activity estimates for a small and low uptake organs (i.e.
—7.5% to 5.3% for the left kidney) than for a large and high uptake organ (i.e. —2.9% to 2.1
for the liver). We observed that misregistration generally had larger effects than
misdefinition, with errors ranging from —16% to 8.5%. The different imaging methods
evaluated responded differently to the errors from misregistration and misdefinition. We
found that QSPECT was more sensitive to misdefinition errors but less sensitive to
misregistration errors as compared to the QPlanar method. This was true for all directions
except along the projection direction for the planar projections where QPlanar was very
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insensitive to misregistration. Thus, sensitivity to VOI definition errors should be an
important criterion in evaluating quantitative imaging methods.
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Figure 1.

Three different misdefinition cases: A. Random, each control point can randomly move to 8
directions to the nearest or next-nearest neighbor; B. Dilation, each control point only
randomly moves to one of the four outward directions; C. Erosion, each control point only
randomly moves to one of the four inward directions.
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Figure 2.

Sample slices of perturbed VVOIs. The first column is the original manually defined VOls.
The second to fourth columns are three samples of perturbed VOIs for three different
misdefinition strategies: random (first row), dilation (second row), and erosion (third row).
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Figure 3.

Percent errors in organ activity estimates introduced by shifting VOIs from —1 to 1 voxels in
both left-right lateral (x), anterior-posterior (y) and superior-inferior (z) directions for the
QSPECT method.
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Percent errors in organ activity estimates introduced by shifting VOIs from —1 to 1 voxels in
both left-right lateral (x), anterior-posterior (y) and superior-inferior (z) direction for the

QPlanar method.
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Table 1

The percent error and standard deviation of error in organ activity estimates calculated from 20 sets of random
perturbed VOIs

Methods \ Organs Liver Left Kidney

Random | QSPECT | —0.33+0.05 % | —1.24+0.38 %

QPlanar 0.27+0.13 % 0.42+0.06 %

Dilation | QSPECT 2.06+0.05 % 5.27+0.15%

QPlanar | —0.50%0.09 % 0.08+0.04 %

Erosion | QSPECT | -2.85%0.06 % | —7.52+0.19 %

QPlanar 0.80+0.09 % 0.76+0.04 %
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