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Abstract. The quantification of organ volumes from SPECT 
images suffers from two major problems: image segmenta- 
tion and imperfect system transfer function. Image segmen- 
tation defines the borders of an organ and allows volume 
measurements by counting the voxels inside this contour 
in all slices containing parts of this organ. A review of 
the literature, showed that several investigators use a fixed 
threshold (FT) to determine the organ pixels. It is our aim 
to demonstrate that the threshold has to be adapted to 
every single case because its value is dependent upon several 
factors, such as size and contrast. Therefore a threshold 
selection algorithm, based on the gray level histogram 
(GLH), is evaluated. It is nearly impossible to calculate 
and eliminate errors induced by the complex system re- 
sponse function. A correction method based on linear re- 
gression is proposed. By minimizing the relative error (a), 
a linear correlation (Y= A X+  B) between the true volume 
(Y) and the measured volume (X) is established for three 
fixed thresholds (30%, 40%, 50%) and for the GLH meth- 
od. The methods are evaluated on a series of nineteen phan- 
toms with a volume range between 9.8 and 202.5 ml. The 
relative error is minimal for the GLH method. The whole 
procedure is semi-automated and virtually operator inde- 
pendent. 
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Quantification is one of the ultimate goals of single-photon 
emission computerized tomography (SPECT) and can be 
considered on two levels: 

1. measurement of volumes, 
2. measurement of absolute radio nuclide concentration, 

which requires an accurate attenuation correction. The lat- 
ter cannot be performed at present. 

To estimate the volume of an organ from reconstructed 
SPECT images, two major aspects have to be considered: 
the segmentation algorithm and the system response. 

The purpose of this article is to demonstrate that the 
fixed threshold method (FT), which is generally used in 
phantom and clinical studies, has clear short-comings. 
Hence, we will compare this technique with a more general 
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thresholding algorithm: the gray-level histogram (GLH) 
method. 

1. In a first series of phantom experiments, the depen- 
dence of the correct "threshold" upon several factors is 
demonstrated. 

2. Secondly, volume measurements on a series of thyroid 
phantoms are performed using the two threshold algo- 
rithms (FT and GLH). 

3. Systematic errors caused by the imperfect system re- 
sponse are reduced by linear regression analysis. 

Materials and methods 

Acquisition and reconstruction 

Measurements are carried out with a system (SELO - Italy) 
consisting of a rotating gantry with two LFOV gamma 
cameras fitted with general purpose tomographic collima- 
tors with long septa. The characteristics of this system have 
been described previously (Mortelmans et al. 1982). Uni- 
formity correction is performed with the camera in the hori- 
zontal position by collecting 30 million counts from a thick, 
water-filled phantom, homogeneously filled with techne- 
tium 99m. Control of pixel size and alignment are per- 
formed weekly. 

Sixty-four projections, acquired during a continuous ro- 
tation of 30 min, are digitized by a DEC computer (PDP 11/ 
34) in a 64 x 64 matrix with a hardware zoom factor of 
1.3. The sensitivity of the system equipped with the high 
sensitivity collimator is 4,060 counts/see per ~tCi per ml for 
a homogeneously filled cylinder of 20 cm diameter with a 
rotation diameter of 30 cm. 

Thirty-two transaxial slices, two pixels thick, are recon- 
structed by a filtered back-projection method. The filter 
used is a raised cosine transition low-pass filter with a 
- 3  dB frequency slightly lower than half the Nyquist fre- 
quency (Bellini et al. 1980). After reconstruction, the data 
are reorganized into frontal and sagittal slices. The size 
of the elementary voxel is one pixel in the x and y axis 
(transaxial plane) and two pixels in the z direction (parallel 
to the axis of rotation). One pixel in zoom mode equals 
4.7 ram. 

Volume calculation 

To obtain the final organ volume, the voxels belonging 
to the organ are counted and their total is multiplied by 



Fig. 1. The GLH method is rather operator-independent. The tech- 
nologist has only to roughly indicate an ROI which contains the 
studied organ as demonstrated here for a thryoid study 
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Fig. 2. Principle of gray-level histogram (GLH): the number of 
pixels (Y-axis) with a certain gray-level (X-axis) are represented. 
Ideally, a population of background and object pixels can be clearly 
separated. The separation criterion maximizes the variance a2 be- 
tween the two populations as explained in the text 

the elementary voxel size which is determined by phantom 
measurements. 

Segmentation (extraction of  the object). Segmentation is 
performed here with an algorithm which spearates object 
and background pixels by comparing their intensity with 
a global threshold: all pixels with an intensity higher than 
the threshold belong to the object. In the region of  interest, 
roughly defined by the operator so that only the selected 
organ is included (Fig. 1), the same threshold is used for 
all the selected slices. The threshold has a fixed value (FT = 
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30%, 40%, or 50% as commonly used in the literature) 
or is derived from a gray-level histogram (GLH) (Nobuyuki 
1979). This method is briefly described below. 

All formula are given for a normalized gray-level histo- 
gram: if Pi is the probability of  the gray-level i, and L 
is the number of  gray levels, then 

L 

Pi=l.  (1) 
i=1 

A threshold at gray-level k divides the histogram into two 
classes : class 0 and class 1. The probabilities of  class occur- 
rence are given by 

k L 

C O o = ~  Pi and o91= ~ Pi. (2) 
i ~ 1  i = k + l  

The mean class levels are given by 

k L 

# o = ~  ipjco o and k t l=  ~ ipl/o) ~. (3) 
i ~ l  i = k + l  

The total mean level of the picture is 

L 

gr = 2 iPi" (4) 
i = l  

The author presents a set of discriminant criteria to 
evaluate the "goodness"  of  the threshold k. It can be 
proved that all measures presented reach a maximum for 
the same threshold. The parameter which is the simplest 
to calculate is the between class variance: 

a~ = (~o ~o - /~)~  + c o ,  ~ ,  -#~)~ (5) 

The proposed algorithm evaluates ~ for all possible gray 
levels k and selects as a threshold the gray level that maxi- 
mizes a g. 

In practice, a gray-level histogram of the pixels in the 
selected ROI  in all the slices is constructed (Fig. 2). This 
histogram contains pixels of  two classes: a class of  back- 
ground pixels and a class organ pixels. The algorithm calcu- 
lates the threshold value which gives the best separation 
between the two classes as described above. In clinical appli- 
cation, the distinction between the two classes is not  as 
clear as in Fig. 2 either because the valley is not  so deep 
or because there is a clear preponderance of  one class with- 
out any valley, as indicated Fig. 3 for a thyroid gland. 

Correction for the system response function. The correlation 
between the actual volume (Y) and the computer calculated 
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Fig. 3. Gray-level histogram of a thyroid 
study. On the Y-axis are the number of 
pixels indicated with the corresponding 
gray-level on the X-axis (upper row: % of 
maximum; lower row: absolute counts). 
Because of the predominance of the 
background pixels in this clinical situation 
the separation between the two populations 
is very vague. (a)= Gray level (% of 
maximum count density); (b)= counts/pixel 
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Fig. 4. Influence of the contrast. The correlation 
between the calculated volume (Y-axis) and the lower 
threshold (X-axis), used to delineate the bottle with an 
actual volume of 312 ml, is demonstrated for different 
contrast. The central bottle, containing 2 pCi/ml, is 
placed in a cylinder where the tracer concentration is 
varied to obtain several contrast values 
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Fig. 5. Influence of attenuation compensation. The 
same correlation as in Fig. 4 is presented with a 
central bottle of 230 ml and a contrast of 100%. The 
volumes are calculated for several thresholds with (full 
line) and without (dotted line) attenuation correction 

volume (J0 is defined by a least square linear regression 
analysis by minimizing the relative error. The correlat ion 
is calculated for the transaxial ,  frontal  and sagittal  planes. 

Y=AX+B (6) 

a = { { i ~  a [Yi-(AX~+B)]/xi}Z/(n-2)} ~ (7) 

n-number  of  measurements  (n = 19) 

X,=N,(P~-Py.P~) (8) 

where N~=number  of  voxels, with a count  above the se- 
lected threshold summed th roughout  all the slices in a speci- 
fied spatial  orientation.  Px, Py, Pz is the size of  the elemen- 
tary voxel in the three main  directions. Because this size 
directly influences the final result, a weekly control  is per- 
formed by p h a n t o m  measurements.  

Phantom studies 
1. A small bott le (height = 12.2 cm; diameter  = 6.8 cm; vol- 
ume = 312 ml) was placed in the centre of  a perspex cylinder 
(d iamete r=20 .5  cm; he igh t=20  cm). The concentrat ion 
(Co) of  free pertechnetate  in the central bott le was 2 pCi/ml;  
the concentrat ion (Cb) in the background  cylinder was var- 
ied to change the contrast :  

(Co-- Cb)/Co. (9) 
F o r  each contras t  (100%, 90%, 80%, 70%, 60% and 50%) 
the volume was calculated for different thresholds (Fig. 4). 

2. F o r  a bott le of  229 ml, the volume was calculated 
for different thresholds after reconstruct ion with and with- 
out  a t tenuat ion  compensation.  The a t tenuat ion compensa-  
t ion (Bellini et al. 1979) used a body contour  obta ined by 
acquisi t ion of  Compton  scatter and presumed a constant  
a t tenuat ion factor (Fig. 5). 
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Fi . 6. Influence of the size. The correlation between the actual 
volume (Y-axis) and the threshold, necessary to obtain the exact 
volume, is shown 

3. In another experiment, bottles with different volumes 
(11,121,229, 312 ml) were placed in the centre of the cylin- 
der. The central bottle contained 2 gCi/ml and the contrast 
was 100% (the fluid in the cylinder contained no radioactiv- 
ity). For each bottle the threshold which gave a measured 
volume equal to the actual volume was determined (Fig. 6). 

4. In another experiment, two bottles with their long 
axes diverging by 20 degrees, to simulate a thyroid gland, 
were filled with an homogeneous solution of free pertechne- 
tate. Sixty-four projections of nineteen phantoms with vary- 
ing shape and size (volumes from 9.8 ml to 202.5 ml) were 
scanned using 30 rain continuous rotation (28 s per projec- 
tion). The measured volume (X) was then calculated by 
the two methods (FT and GLH) and the correlation with 
the actual volume (Y) was checked. 

Results 

1. Figure 4, shows the measured volume of a bottle of 
312 ml calculated for different thresholds and contrasts. 

2. For a bottle of 229 ml, the volume was calculated 
for different thresholds after reconstruction with and with- 
out attenuation compensation (Fig. 5). 

3. Figure 6 demonstrates the influence of the actual vol- 
ume on the threshold value that gives an exact calculation 
of the actual volume. 

4. The volumes of all the thyroid phantoms, calculated 
in the transaxial plane, were compared with the true vol- 
umes for three fixed thresholds (30%, 40%, 50%) and for 
the GLH method (Fig. 7). Routinely, the same calculations 
were also performed in the frontal and sagittal planes. This 
is illustrated (Fig. 8) for the GLH and the FT = 30%. The 
parameters of the linear regression and the relative error 
are summarized in Table I for the four thresholds and the 
three reconstruction planes. The influence of the size of 
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Fig. 7. For the nineteen thyroid phantoms, the correlation is 
indicated between the actual volume (Y-axis) and the measured 
volume (X-axis) for three fixed thresholds (30%, 40%, 50%) and 
the gray-level histogram method. The line obtained by minimizing 
the relative error is also shown. The volumes are calculated in 
the transaxial planes 

the ROI and the number of slices selected on the calculated 
volume is shown in Table 2. 

Discussion 

As stated by many authors, functional or afunctional vol- 
ume measurements offer a great potential in every day nu- 
clear medicine. A variety of clinical applications have al- 
ready been described: quantification of viable or nonviable 
myocardium (Caldwell et al. 1982, 1984; Kirsch et al. 1981 ; 
Keyes et al. 1981), liver and spleen volume measurements 
(Strauss and Clarius 1984; Kan and Hopkins 1979), kidney 
volume measurements (Tauxe et al. 1982), thyroid volume 
(Saphiro et al. 1980), local cerebral blood volume (Kuhl 
et al. 1980). Some authors have stated that even measure- 
ments of absolute concentration are possible with homoge- 
neously filled phantoms (Jaszczak et al. 1981 ; Axelson et al. 
1982; Pupi et al. 1983). 

Several factors may influence the quantitative reliability 
of SPECT : 

1) the reconstruction algorithm with the chosen filter, 
2) the angular and linear spatial sampling, 
3) the limited number of events, 
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Fig. 8. For the GLH method and a fixed threshold=30%, the 
correlation is shown between the measured volumes (X-axis) in 
the three main section planes and the actual volume (Y-axis). The 
line of identity is also indicated 

4) the a t tenuat ion  and the scattering of  the gamma pho-  
tons, 

5) the segmentat ion method  used to extract  the object  
of  interest from the image, 

6) the performance of  the gamma camera,  col l imator  
and computer .  The first two parameters  are similar for all 
commercial  systems presently available. Fac to r  three is in- 
herent to nuclear medicine procedures.  The volumes calcu- 
lated in our  phan tom studies are very similar with an with- 
out  a t tenuat ion  compensat ion  (Fig. 5). In  clinical practice 
the problem of  a t tenuat ion  is more  complex because of  
variable a t tenuat ion  due to tissue of  different densities. Un-  
til now, all commercial  software uses a constant  a t tenuat ion  
factor. Only a few methods,  with varying success, have been 
suggested for correct ion of  scatter. The segmentat ion prob-  
lem is usually solved by one of  the following three ap- 
proaches:  thresholding,  edge detect ion or region growing. 

a) Thresholding algorithms presume that  background  
and object have a sufficiently different gray-level distr ibu- 
tion. In  order  to extract the object  pixels from the back-  
ground,  their intensity is compared  with a threshold. The 
major  p roblem here is the selection of  the threshold. Nor -  
mally global  thresholding is used: i.e. the same threshold 

Table 1. Linear regression (Y= A X+ B) between actual volume (Y) 
vs measured volume (x) by minimizing the relative error (a) 

Section plane Histogram Th=30% Th=40% Th=50% 

Transaxial 
A 0.87 0.91 1.23 1.78 
B --27.5 --24.5 --20.7 --20.9 
~r 8.4% 13.3% 15.5% 17.7% 

Frontal 

A 0.83 0.87 1.23 t.71 
B -26.4 -22.6 -24.0 -20.0 
a 15.8% 15.9% 17.2% 18.1% 

Sagittal 

A 0.84 0.86 1.21 1.66 
B -26.6 -21.6 -21.9 -•8.4 
a 11.0% 14.6% 16.7% 20.9% 

Table 2. Operator independence of the GLH method 

A) Influence of the size of the ROI (SI < $2) 
(S = number of pixels in the ROI) 

S1 M1 C1 $2 M2 C2 

Transaxial 754 125 81.7 2,465 129 85.2 
Frontal 1,017 130 86.1 2,956 137 92.2 
Sagittal 602 131 87 3,379 140 94.8 

B) Influence of the number of slices (N1 < N2) 

NI M1 C1 N2 M2 C2 

Transaxial 13 121 78.3 25 131 87 
Frontal 7 118 75.7 19 121 78.3 
Sagittal 12 120 77.4 26 124 80.9 

Note: M=measured volume; C=corrected volume; Actual vol- 
ume = 80.6 ml 

is used for the entire image. The threshold is chosen inde- 
pendent ly  of  the image, or is derived from some gray-level 
histogram. More  complex algori thms use a local threshold, 
which is automat ica l ly  adapted  to local changes in the gray- 
level distr ibution.  

b) Edge detection algorithms presume that  background  
and object are separated by abrupt  changes in gray level 
value (high gradients). A large amount  of  edge detection 
filters has been invented. One class of  algori thms starts 
by convert ing the entire image to a gradient,  or edge, image, 
using a filter or set of  filters. In  a second step they try 
to extract  and link bounda ry  pixels and to eliminate edges 
caused by noise. This second step usually involves a series 
of  processing steps, such as thresholding, erosion, di lata-  
tion, etc. Another  class operates on the original gray-level 
image, and tries to find and t rack the contour  of  the object. 

c) Region growing methods start  with par t i t ioning of  the 
image into small regions. Each region is characterized by 
one or more features. Next, the features of  neighbouring 
regions are compared.  I f  they are not  significantly different 
the regions are merged. This process is repeated until all 
remaining areas differ. 

Split and merge is an extension of  region growing:  inho- 
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mogeneous regions of the image are split into smaller re- 
gions, and regions with similar features are merged. The 
procedure is repeated until the image is partioned into a 
set of internally homogeneous regions, significantly differ- 
ent from their neighbours. 

In general, edge detecting algorithms are more powerful 
and more computation intensive than thresholding algo- 
rithms. The complexity and power of region growing de- 
pend highly on the chosen feature set. Region growing is 
usually computation intensive since a lot of iterations may 
be required to find the desired regions. 

The nature of SPECT images makes them suitable for 
the three classes of segmentation. To avoid a computation 
intensive algorithm in clinical practice, two global thres- 
holding algorithms are compared: an image independent 
fixed threshold and a thresholding algorithm which is based 
on a gray-level histogram (Nobuyuki 1979). 

Most authors use a fixed threshold in clinical and phan- 
tom measurements. Kawanura et al. (1984) have found the 
best correlation between measured and actual volumes of 
kidney phantoms with a threshold of 51% and Tauxe (1982) 
mentions a threshold of 46% for elliptical phantoms of 
more than one 1 and 45% for phantoms smaller than one 
1 and with this threshold value he has found a good correla- 
tion with ultrasound in DMSA kidney studies (Tauxe et al. 
1983). For the calculation of infarct size, a threshold of 
50% of the maximum count within the entire ventricle 
(Wolfe et al. 1985) is used in the case of thallium SPECT 
studies and a threshold of 65% is used in the case of SPECT 
pyrophosphate studies (Corbet et al. 1984). For left ventric- 
ular volume determination with gated SPECT, a threshold 
value of 43% yielded the best correlation with count-based 
plasma techniques (Underwood et al. 1985). 

The fact that only one threshold value gives the exact 
volume in a particular combination of tracer distribution, 
imaging device and reconstruction software, argues against 
a fixed threshold without any additional correction. Even 
with the same collimator-computer-software combination, 
the exact threshold is influenced by the size and the contrast 
of the lesions (Soderborg et al. 1982). As demonstrated 
here, a higher threshold is needed for lower contrast (Fig. 4) 
and a smaller size (Fig. 6). 

The study of thyroid phantoms (experiment 4) reveal 
a systematic error in the volume calculation for both meth- 
ods: in the transaxial plane there is an overestimation of 
the actual volume for all phantoms with the histogram 
method and a fixed threshold of 30%. For a threshold 
of 40% or 50% we found an overestimation of the smallest 
volumes and an underestimation of the largest volumes 
(Fig. 7). As is shown in Fig. 8 for the GLH method and 
a fixed threshold of 30%, roughly the same error is found 
for volume calculations in the three section planes. 

This systematic error can probably be explained by the 
response function of the system. Because of its complexity 
and nonlinearity, it is impossible to define all system in- 
duced errors. The effect of this systematic error is estimated 
by a least square linear regression analysis (Y=AX+B) 
between the actual volume (Y) and the calculated volume 
(X) by minimizing the relative error. The calculated values 
A and B and the relative error for the transaxial, frontal 
and sagittal planes are shown in Table 1 and the regression 
lines are shown in Fig. 7. The dependence of the systematic 
error on other parameters such as contrast and object shape 
is not yet evaluated. The relative error is minimal for the 
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Fig. 9. The straight line represents the profile through to border 
of an organ. The dashed lines represent the noise limits. A lower 
value of the threshold (Thl) cuts the profile on a steeper part 
where the noise influence (A) is smaller than in the case of a higher 
lower threshold (Th2) with a more pronounced noise influence 
(B) 

GLH method (8.47% in the transaxial plane). The relative 
error is larger for the fixed threshold and increases with 
the threshold value. This can be explained by the fact that 
the higher thresholds of 40% and 50% define an edge that 
cuts the objects profile in a region of lower edge gradients 
where the noise has a greater influence than in the region 
of steeper gradients defined by a lower threshold values 
(Fig. 9). For the same method, the relative error was mini- 
mal in the transaxial planes, followed by the sagittal planes 
and, finally, the frontal planes. This is explained by the 
fact that the transaxial planes are nearly perpendicular to 
the long axis of the phantom so that transaxial slices are 
smaller than sagittal slices which, in turn, are smaller than 
frontal slices: the partial volume effect will play a smaller 
role in the transverse slices. On the other hand, the transax- 
ial slices are reconstructed on a 64 x 64 pixel matrix and 
the sagittal and frontal slices in 64 x 32 matrix because the 
slices are two pixels thick. Because of the moderate resolu- 
tion of a rotating gamma camera system (almost 20 mm 
for a rotation diameter of 40 cm), the theoretical lower mea- 
surement limit is approximately 8 ml. We were able to cal- 
culate a thyroid volume of 9.7 ml. 

The GLH method has the advantage of being (semi-) 
automatic. The operator has only to roughly define an ROI 
which contains the studied organ. As indicated in Table 2, 
the size of the ROI and an overestimation of the number 
of slices only slightly influence the final result. 

Because of the assumption of two pixel clones, hypoac- 
tive zones of an organ are counted as background pixels 
and are as such not added to the organ volume. Before 
using an algorithm, we must decide whether the available 
information answers the clinical question. Because of the 
need for evaluation in a clinical environment, we applied 
these volume measurements to calculate the radioactive 
dose required for hyperthyroid patients, spleen volumes 
(hypersplenisme), kidney volumes (influence of treatment 
on DMSA studies), and volume of viable myocardium 
(T1.201), etc. 

It is concluded that the GLH method adapted to various 
conditions of use by regression analysis is a simple, semi- 
automatic, fast method that estimates a functional volume 
by SPECT with a relative error of about 8%, which is 
definitely smaller than the more widespread fixed threshold 
technique. Clinical evaluation and comparison with more 
sophisticated edge detection algorithms are still required. 
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