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Organ Volume Estimation Using SPECT

H. Zaidi

Abstract— Knowledge of in vivo thyroid volume has both
diagnostic and therapeutic importance and could lead to a more
precise quantification of absolute activity contained in the thyroid
gland. In order to improve single-photon emission computed
tomography (SPECT) quantitation, attenuation correction was
performed according to Chang’s algorithm. The dual window
method was used for scatter subtraction. We used a Monte Carlo
simulation of the SPECT system to accurately determine the
scatter multiplier factor k. Volume estimation using SPECT was
performed by summing up the volume elements (voxels) lying
within the contour of the object, determined by a fixed threshold
and the gray level histogram (GLH) method. Thyroid phantom
and patient studies were performed and the influence of 1) fixed
thresholding, 2) automatic thresholding, 3) attenuation, 4) scatter,
and 5) reconstruction filter were investigated. This study shows
that accurate volume estimation of the thyroid gland is feasible
when accurate corrections are performed. The relative error is
within 7% for the GLH method combined with attenuation and
scatter corrections.

1. INTRODUCTION

N DIAGNOSTIC and oncological nuclear medicine, single-

photon emission computed tomography (SPECT) is impor-
tant for in vivo three-dimensional (3-D) imaging of radiophar-
maceuticals. If the intention is to measure the volume and
uptake in a specific organ, it may be convenient to make
preliminary phantom studies on an object of similar shape
and size. A phantom is used to simulate the geometry of the
thyroid in the neck with the assumption that the size, shape,
location, and density of the simulated thyroid and surrounding
tissues are comparable to that of the patient to be measured.
Absolute quantitation by SPECT is feasible and has been
shown to be a clinically reliable and useful technique [1],
[2]. The accurate determination of thyroid volume may be
an important factor in the calculation of the most appropriate
dose of therapeutic radioiodine [3]. The volume measurement
of different organs using SPECT has been widely applied in
the clinical field [4]-[8]. The major problems encountered in
volume quantitation with SPECT are image segmentation and
imperfect system transfer function. The difficulty in image
segmentation is compounded by the low spatial resolution and
high noise characteristics of SPECT images [9].

Long et al. [10] have evaluated the relative performance
of a number of image segmentation methods for volume
quantitation on simulated SPECT images. This included: 1)
manual methods in which the operator defines the surface
boundary of an image structure by delineating its cross-
sectional edges in the contiguous slices incorporating it, 2)
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algorithms based on simple thresholding techniques to define
the edge of the organ where voxels are flagged as part of the
volume of interest if they contain counts greater than some
pre-defined threshold value, 3) the gray level histogram (GLH)
method, which uses a nonparametric procedure of automatic
threshold selection formulated by Otsu [11], and 4) two-
dimensional (2-D) and 3-D implementations of a multifeature
determination of edge location based on calculation of the
gradient (magnitude and direction of the greatest rate of
change in counts). They conclude that the 3-D gradient-
based method of image segmentation is the most useful.
However, this method is time-consuming if implemented on a
general purpose nuclear medicine computer system for use
in clinical routine. The aim of this paper is to compare
the relative performance of the fixed-threshold method and
the GLH method and to study the influence of different
correction techniques (attenuation, scatter) on thyroid volume
quantitation.

II. MATERIALS AND METHODS

A. Data Acquisition and Processing

Imaging was performed using °°"Tc perteéchnetate and
a commercial scintillation camera system (Toshiba GCA
901A/ECT), equipped with a low-energy general purpose
parallel-hole collimator (hexagonal holes, hole diameter =
2.36 mm, septum wall thickness = 0.22 mm, and collimator
thickness = 40 mm. The Nal(Tl) crystal measured 500 x
400 x 9.53 mm. The energy resolution of the detector was
12.6% full width at half maximum (FWHM) for 140 keV
and the intrinsic spatial resolution was about 3.8 mm. Sixty
frames were acquired in step-and-shoot mode over 360° with
an acquisition time of 30 s per angle. ;

Projection data were acquired using two pulse-height win-
dows (127-153 keV and 92-125 keV) to include the photopeak
and Compton scatter, respectively, and were corrected for
radioactive decay. About 100 kcounts per projection, on aver-
age, were obtained for the various phantoms. After nine-point
smoothing, transaxial images of one pixel thickness were
reconstructed into a 128 x 128 matrix using a filtered back-
projection algorithm. A third-order Butterworth filter having
a cut-off frequency equal to 0.4 Nyquist was used. Standard
quality control procedures were performed regularly using a
protocol suggested by the National Electrical Manufacturers
Association [12], which includes the determination of pixel
size, acquisition of flood fields for uniformity correction,
and the determination of the center of rotation. The radius
of rotation used for phantom studies is 14 cm. The spatial
resolution was measured as 12.1 mm FWHM using our
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acquisition and processing protocol. Measurement of pixel size
yielded a value of 0.4 cm.

B. Attenuation and Scatter Corrections

The quantitative information in SPECT images is distorted
by photon attenuation and contribution of photons scattered
in the object. In order to improve the accuracy of SPECT
quantitation, correction methods have to be used. A simple
approach to compensating for scatter is to use a smaller value
for the linear attenuation coefficient, such as 0.12 cm~!. By
this approach, one compensates for scatter by undercorrecting
for attenuation as it occurs in the medium. In the second
approach, the Compton scattering elimination is carried out
by a modified version of the dual window method [13]. In this
way, the scattering was corrected on the projections instead
of on the slices. Scatter subtraction substantially improves the
final impulse response and the resolution of the slices. A post-
processing attenuation correction algorithm [14] assuming a
uniform attenuation with a linear attenuation coefficient of
0.15 cm™! was applied in case of combination of attenuation
and scatter corrections and with an effective linear attenuation
coefficient of 0.12 cm™! when the attenuation correction is
applied alone. It was also decided to reconstruct the images
without any correction since this would give an indication
of the worst situation. We used a Monte Carlo simulation of
the SPECT system [15] to accurately determine the scatter
multiplier factor k required for scatter correction. Unlike
the experimental devices, the computer simulation is able to
distinguish independently between scattered and nonscattered
events. Thus, the true number of scattered events recorded
within the photopeak may be determined. The dimensions and
characteristics of the SPECT system together with the phantom
used for the measurements and the data acquisition parameters
were used as input for the computer code (SIMIND), which
resulted in a value of 0.42 for the weighting factor £ for
our gamma camera system and reconstruction algorithm. This
value is smaller than the one found in [16], which is probably
due to the smaller size of the cylinder used in the experiments
and also the difference between the characteristics of the two
SPECT systems. The results presented in the next section were
obtained using this computer-simulated value.

C. Phantom Studies

Volume quantitation using SPECT was performed by sum-
ming up the volume elements (voxels) lying within the contour
of the phantom determined by fixed thresholding (FT) and
adaptive thresholding (GLH method) in each reconstructed
slice. A detailed description of the algorithm of GLH method
used has been given by [11] and [17]. Briefly, the method
entailed the following steps. The operator has to define a
region of interest (ROID) so that only the selected object is
included. A gray-level histogram of the pixels in the selected
ROl in all the slices is constructed. The method of maximizing
the interclass variance is then applied to obtain the threshold
value that optimally separated pixels within and without the
object. It has been shown that the size of the ROI only slightly
influences the final result [17].
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Fifteen thyroid phantoms with volumes ranging from 16 to
75 ml were studied: 14 combinations of ellipsoids and a 3-
D realistic thyroid phantom (MIRD mathematical phantom).
For greater realism, these phantoms were placed in a solid,
homogeneous perspex cylindrical phantom (diameter = 90
mm, height = 240 mm) filled with nonradioactive water at
a depth approximately equal to the average gland depth in
the patient’s neck. The effects of geometry, attenuation, and
scatter are presumed to be the same for the phantom and
the patient. Each phantom was filled with water to which
was added 99™TcOj to give an activity concentration of
74 kBg/ml (2pCi/ml). This value was chosen to mimic
the activity concentration generally encountered in clinical
practice. The volume (y) was then calculated by the two
methods (FT and GLH) with and without the correction
methods described above, and correlation with the actual
volume () was checked.

D. Clinical Studies

Subsequently, seven patients were studied who were re-
ferred to the Nuclear Medicine Department of Malmo General
Hospital for thyroid evaluation. Two hundred MBgq of %™ Tc
pertechnetate were administered intravenously to each patient,
and acquisition started 20-30 min later. In this case, an
elliptical orbit was used instead of a circular one. Recon-
struction was done in a manner identical to that used for the
phantom studies. Additional sets of images were generated by
reconstructing the patient studies using a Shepp and Logan
filter and a fourth-order Butterworth filter having a cut-off
frequency of 0.25 Nyquist in order to assess the influence of
the reconstruction filter on volume quantitation. Attenuation
correction was performed according to Chang’s algorithm with
an effective linear attenuation coefficient of 0.12 cm™1.

III. RESULTS

Fig. 1(a) illustrates the results of classical filtered back-
projection computed with the photopeak data for a thyroid
phantom. The first-order attenuation correction with p =
0.12cm™! appears in Fig. 1(b). The benefits of simultaneous
Compton and attenuation compensation (p = 0.15cm™") is
clearly shown in Fig. 1(c). Figs. 2-5 show the correlation
between the true and the calculated volumes with and without
the different correction techniques for fixed threshold values
of 30%, 35%, and 40% and for the GLH method, respectively.
The line connecting the data points represents the results of
a linear regression analysis. From our analysis, we found that
the threshold required for accurate edge location is a function
of both the source size and whether or not attenuation and
scatter correction methods are performed [18]. For example,
when the source volume is 26 ml, the threshold required for
accurate edge location is 42% without any correction, 40%
with attenuation correction, and 37.5% with attenuation and
scatter corrections. Count profiles through each slice showed
that because of the uniform distribution of the radioactivity
in the phantoms, the variation in the maximum pixel value in
each slice was small and close to the average intensity value
of the central area of each appropriate slice.



2176

IEEE TRANSACTIONS ON NUCLEAR SCIENCE, VOL. 43, NO. 3, JUNE 1996

(b)

Fig. 1.

Example of the effect of attenuation and scatter compensation. (a) Reconstructed image of a thyroid phantom obtained from filtered backprojection

without correction. (b) Same image corrected for attenuation using Chang’s method (¢ = 0.12cm™!). (c) Reconstructed image after performing

attenuation and scatter corrections.

TABLE 1
COMPARISON OF THE RELATIVE ERRORS (%) BETWEEN THE TRUE
AND THE CALCULATED VOLUMES, WHICH ARE DEFINED AS THE
ABSOLUTE VALUES OF THE DIFFERENCE BETWEEN THE TRUE
AND THE CALCULATED VOLUMES DIVIDED BY THE TRUE VOLUME.
MEAN RELATIVE ERRORS WITH STANDARD DEVIATIONS ARE SHOWN

Th=30% Th=35% Th=40% GLH method
NC! 35.2434.8 17.9426.1 2024172 20.846.8
CaAz 29.7434.5 17.4423.6 2231158 16.445.8
CAS3 18.6425.6 16.8+17.9 29.1£9.4 7344

! not corrected
2 gorrected for attenuation
3 corrected for attenuation and scatter

A comparison of the relative errors between the true and
calculated volumes for the different methods are summa-

rized in Table I. Table II illustrates a comparison of thyroid
volume assessments for seven patients with and without at-
tenuation correction and with different reconstruction filters.
No important variation was observed when using different
reconstruction filters, however the comparison of the values
obtained from attenuation corrected and noncorrected images
resulted in a mean difference of 4.6%, 3.8%, and 3.4% using
a fixed threshold value of 30%, 40%, and the GLH method,
respectively, when a third-order Butterworth filter is used.

IV. DiscussioN

Thyroid volume can be a significant clue to the presence of
disease, and changes in its size can be important indicators
of the therapeutic effect. Rotating gamma-camera SPECT
systems are ideal for such volumetric quantification because
they are true 3-D volume-imaging systems. Filtered back-
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Fig. 2. Correlation between the true and the calculated volumes for a fixed threshold value of 30% (a) without attenuation correction (NC), (b) with
attenuation correction (CA), and (c) with attenuation and scatter corrections (CAS).

projection after dual window scatter subtraction followed by
Chang attenuation correction leads to satisfactory quantitative
accuracy (even with first-order attenuation compensation).

A number of factors influence the accuracy of volume
estimation with SPECT imaging when one uses threshold
edge detection methods. As stated by many authors, no single
threshold is ideal for all object shapes and sizes, and each
group picked the threshold that best matched their specific
phantom studies and imaging system [1], [6]. Fig. 2 illustrates
the experimental results obtained using a fixed threshold value
of 30%. It has been shown that there is an overestimation of

the true volume for all phantoms with a fixed threshold of
30% without or with attenuation correction. For a threshold
of 35% or 40% (Figs. 3 and 4), we found an overestimation
of the smallest volumes and an underestimation of the largest
volumes. As the source size increases, the threshold required to
yield accurate edge detection decreases. Thus, these methods
were inaccurate. It was demonstrated in the study of [9] that the
threshold required for accurate volume quantitation depends on
object shape and size relative to the system spatial resolution.

The adaptive threshold or GLH method [17], [19}] attempts
to circumvent the problem of applying a single fixed threshold
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Fig. 3. Correlation between the true and the calculated volumes for a fixed threshold value of 35% (a) without attenuation correction (NC), (b) with
attenuation correction (CA), and (c) with attenuation and scatter corrections (CAS).

by adapting the threshold to each object based on the gray-
level histogram in the region surrounding the object. This
method, however, is sensitive to both noise and contrast and
produced appreciable errors in volume estimation unless si-
multaneous correction for attenuation and scatter are included
in the method (Table I). In our case, there was an excellent
correlation (r = 0.99) between the true (z) and the calculated
volume (y), the regression line agreed well with the line of
identity (Fig. 5), and the volume of the thyroid phantoms is
estimated with approximately 7% accuracy when using the

GLH method combined with attenuation and scatter correction
techniques, which is quite satisfactory compared to the results
obtained with the other methods (Table I). The increase in
accuracy may be due to the high contrast reached after
Compton and attenuation compensation, which allows better
distinction between the thyroid phantoms and the surrounding
medium in the GLH, so that the statistical method could
determine an optimal threshold. The GLH method combined
with attenuation and scatter corrections was shown to provide
quantitation and contrast results that were superior to the
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Fig. 4. Correlation between the true and the calculated volumes for a fixed threshold value of 40% (a) without attenuation correction (NC), (b) with

attenuation correction (CA), and (c) with attenuation and scatter corrections (CAS).

simple method of scatter correction using a reduced value
of p in the attenuation correction. This should, however, be
regarded as a second-best approach to the problem.

The reconstruction filter is often chosen on a semi-objective
basis. However, subjective evaluation of studies from patients
known to have thyroid disease based upon other diagnostic
procedures demonstrated that the 0.4 Nyquist cut-off value of

the third-order Butterworth filter produced the best image qual-
ity. The volume calculation showed no significant difference
when using different reconstruction filters (Table II).

The developed method works fairly well with the phan-
tom volumes used (16-75 ml). An overestimation of smaller
volumes is expected due to the limitations of the spatial
resolution of the SPECT system. So, meaningful and con-
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Fig. 5. Correlation between the true and the calculated volumes for the GLH
(CA), and (c) with attenuation and scatter corrections (CAS).

sistent results could not be obtained due to the small size
of the object relative to the system’s spatial resolution. If
our goal is to improve the spatial resolution, the geometric
resolution of the collimator is of concern. In SPECT, the
choice of collimator involves a trade-off between sensitivity
and spatial resolution. Improvement in resolution leads to
losses in sensitivity proportional to the square of the FWHM.
Webb et al. [20] used SPECT and a fan-beam collimator for

method (a) without attenuation correction (NC), (b) with attenuation correction

measuring thyroid volume with the explicit aim of improving
spatial resolution without sacrificing sensitivity. The volume
sensitivity was some 30% greater than for a corresponding
low-energy general purpose parallel-hole collimator. For their
segmentation technique, volume errors of approximately 15%
were reported. Scintillation cameras fitted with pinhole col-
limators are particularly suited for tomographic imaging of
small objects such as the thyroid gland since these collimators
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TABLE 1I
MEASURED THYROID VOLUME WITH AND WITHOUT ATTENUATION
CORRECTION AND WITH DIFFERENT RECONSTRUCTION FILTERS

Th=30% Th=40% GLH method
Patient NC CA NC CA NC CA

no (sex, age) (m) (m) %Diff (m) (m) %Diff (ml) (m) %Diff
1F, 75

S-L# 50.2 50.7 0.1 3044 276 9.1 437 407 6.8
BW4 0.25Ws 50.8 472 7.1 305 287 5.9 434 421 29
BW3 0.4W¢ 50.3 46.9 6.8 305 282 7.5 42.9 415 33
2F, 46

S-L 498 468 6 29 292 08 324 303 5.7
BW4 0.25W 509 474 6.9 304 28.1 7.5 327 303 6.5
BW3 0.4W 50 473 5.5 29 27.1 6.7 31.6 29.9 5.4
3F, 69

S-L 459 436 5 29 28.1 32 335 347 36
BW40.25W 46.4 442 438 29.2 278 5 352 3338 39
BW3 0.4W 46 442 39 292 283 33 35 346 09
4F, 59

S-L 34 321 5.6 22 21.4 28 281 283 0.7
BW4 0.25W 346 32.3 6.5 224 22 1.6 279 271 27
BWS3 0.4W 34.1 31.7 6.8 22.1 21.1 4.3 27.6 28 1.5
5F, 38

S-L 477 465 24 315 309 21 349 323 75
BW40.25W 483 471 25 321 317 1.1 348 321 7.8
BW3 0.4W 478 471 15 31.7 313 1.1 322 305 54
6F, 39

S-L 19.2 18.9 13 12.4 1.9 4 189 183 33
BW4 0.25W 194 191 1.8 127 125 1.1 185 178 3.7
BW3 0.4W 19.2 18.7 2.3 12.5 123 2 18.4 18.7 2
TF, 42

S-L 448 424 53 26.2 259 13 32.1 30.2 5.9
BW4 0.25W 448 425 5.1 26.9 26.2 26 313 298 48

BW3 0.4W 443 419 5.4 26 25.6 1.4 322 304 5.6

4 Shepp and Logan filter
3 Fourth order Butterworth filter with cut-off frequency of 6.25 Nyquist
6 Third order Buiterworth filter with cut-off frequency of 0.4 Nyquist

combine high spatial resolution with magnification and small
variation of resolution with distance [21]. However, problems
exist, such as variations in the magnification and sensitivity
with object to collimator distance and image distortions due
to the finite size of the pinhole diameter. The major drawback
of pinhole SPECT is that a special reconstruction program
has to be used, which is not generally available in nuclear
medicine departments.

The use of PET in the measurement of thyroid volume
has already been reported in [3]. The error on the volume
estimate was reduced to ~4% for all volumes in the range
20-70 ml and to ~10% for volumes down to 2 ml. However,
the high cost of PET and the need for an on-site cyclotron and
radiochemical/radiopharmaceutical support has limited PET to
very few clinical sites. In most of the investigations reported
in the literature, the accuracy of volume quantitation using
SPECT has been validated by phantom studies. It is evident
that many differences appear between determining the size of
phantoms in physical experiments and determining the size
of human organs in vivo. The use of simulating phantoms
is fraught with error because it is impossible to obtain an
accurate simulation of the distribution of activity for each
patient, even with the most elaborate phantom. However, this
evaluation is useful for thyroid studies only because the gland
depth and size do not differ by much among most subjects.
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The accuracy reached in phantom studies in unlikely to be
reached in clinical investigations. Animal studies and surgery
samples taken from patients treated with total ablation of the
thyroid gland after SPECT imaging was performed is a more
straightforward approach for validation of phantom data. Since
patients’ necks vary in size, it would be useful to repeat the
measurements with different-size cylinders.

Although reasonably accurate volume measurements can, in
fact, be performed using SPECT, higher resolution imaging
modalities such as computed tomography (CT), magnetic
resonance imaging (MRI) [22], or ultrasound (US) [23] may
be preferable for measuring the volume for many tumours,
whose linear dimensions often approach the system spatial
resolution. However, CT-, MRI-, and US-derived volumes
need not be necessarily the same as the volumes in which the
radionuclide localize (localization volumes), because the phys-
iological uptake may not correspond exactly to the anatomical
configuration of an organ. The difference in the second point -
arises from the fact that it is the functional and not the physical
volume that is measured with SPECT. Since the functioning
volume of the thyroid will generally be different from the
anatomical volume measured, this can only be determined by
radionuclide imaging techniques.

In this study, all the phantom acquisitions were performed
without the presence of background activity. We expect a
decrease in accuracy as the contrast decreases [10], [24].
However, according to the patients studied, the biological
background as displayed on the SPECT images was not
significant. Although the method could be adapted for routine
use, it may, however, not be applicable to clinical situations
that contain poor contrast and a high background activity [24].
The dependence of systematic error on other parameters such
as contrast and noise is not yet evaluated.

Because of the need for evaluation in a clinical environ-
ment, we applied these volume measurements to calculate the
radioactive dose required for hyperthyroid patients. The main
objective in dose planning is the determination of the absorbed
dose in the target per unit of activity administered, Gy/MBq.
With quantitative SPECT, this ratio can be accurately cal-
culated, and it may be possible to determine the activity of
the “therapeutic” radiopharmaceutical necessary to give the
required absorbed dose to the target [2].

V. CONCLUSION

The GLH method combined with attenuation and scatter
corrections is useful and reliable for SPECT volume quantita-
tion, and is a simple method for the in vivo measurement of
organ volumes and radiation dosimetry in humans without the
need for assumptions on organ concentration or size. Our data
demonstrate the accuracy of this method when measuring a
range of volumes that covers most situations encountered in a
clinical setting. We believe that this method would replace the
actual method used in clinical routine based on planar imaging
[25]. It is difficult to verify this method in vivo, as there is no
similar approach to estimation of thyroid volume in situ in
humans. This study was limited to some clinical cases and a
phantom study with homogeneous activity distribution. Further
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evaluation of the effects of background and heterogeneity of
radionuclide concentration on the accuracy of this method
and application of more sophisticated attenuation and scatter
correction methods are still required.
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