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Before an SRS procedure commences, accurate 
de termination of the target volume is critical to 
en sure the suitability of performing SRS and the 

dose selection. During SRS treatment planning, vol-
umes of contoured structures of interest are important in 
evaluating treatment plan quality and commonly com-
prise various treatment planning criteria such as Paddick 
indices,18,19 mean dose and integral dose, and various 
dose-volume histogram criteria (for example, the 12-Gy 
volume). After SRS, changes in target volume are the 

means by which treatment responses are judged,3,23,25 and 
segmented volume-based thresholds have recently been 
introduced.8

The most common method used to obtain the volume 
of a structure is based on user-defined planar contours, 
mostly found on serial imaging studies such as CT or 
MR imaging studies. Technically, all contour lines are 
digitally recorded as sets of vector endpoints originating 
from the imaging center during the delineation process. 
The data are then stored under an image-based or ste-
reotactic framed–based coordinate system. These vector 
endpoints are also embedded in the current DICOM-RT 
protocol for the structure data exchange. Currently, there 
is no standardized method for constructing a volume in 
3 dimensions from such a data set. Furthermore, current 
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Object. Determining accurate target volume is critical for both prescribing and evaluating stereotactic radiosur-
gery (SRS) treatments. The aim of this study was to determine the reliability of contour-based volume calculations 
made by current major SRS platforms.

Methods. Spheres ranging in diameter from 6.4 to 38.2 mm were scanned and then delineated on imaging stud-
ies. Contour data sets were subsequently exported to 6 SRS treatment-planning platforms for volume calculations and 
comparisons. This procedure was repeated for the case of a patient with 12 metastatic lesions distributed throughout 
the brain. Both the phantom and patient datasets were exported to a stand-alone workstation for an independent 
volume-calculation analysis using a series of 10 algorithms that included approaches such as slice stacking, surface 
meshing, point-cloud filling, and so forth.

Results. Contour data–rendered volumes exhibited large variations across the current SRS platforms investi-
gated for both the phantom (-3.6% to 22%) and patient case (1.0%–10.2%). The majority of the clinical SRS systems 
and algorithms overestimated the volumes of the spheres, compared with their known physical volumes. An indepen-
dent algorithm analysis found a similar trend in variability, and large variations were typically associated with small 
objects whose volumes were < 0.4 cm3 and with those objects located near the end-slice of the scan limits.

Conclusions. Significant variations in volume calculation were observed based on data obtained from the SRS 
systems that were investigated. This observation highlights the need for strict quality assurance and benchmarking 
efforts when commissioning SRS systems for clinical use and, moreover, when conducting multiinstitutional cross-
SRS platform clinical studies.
(http://thejns.org/doi/abs/10.3171/2012.7.GKS121016)
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SRS treatment platforms use a variety of methods for this 
task, resulting in noticeable variability in target volume 
despite the same contour data set. This phenomenon has 
been noted in our previous study.15

The goal of this study was 2-fold: 1) to investigate the 
extent of such variability across current SRS platforms 
and to benchmark the accuracy of the volume calculation 
process among these systems; and 2) to investigate po-
tential pitfalls that cause such variability and investigate 
solutions to the problem. For this purpose, this study was 
carried out using phantoms of known object sizes as well 
as an analysis of a patient case.

Methods
We investigated the following platforms in this study: 

1) Leksell GammaPlan11,12 (Elekta AB); 2) MultiPlan1 
(Accuray); 3) iPlan2,10,21 (Brainlab AG); 4) TomoPlan16,17 
(TomoTherapy); 5) Pinnacle4,5 (Philips Medical Systems); 
and 6) MIM 526 (MIM Software). Note that third-party 
systems, such as Pinnacle and MIM5, do not manufac-
ture dedicated hardware for SRS treatments, but they do 
support across-platform SRS treatment plan imports and 
evaluations; therefore, they were included in this study for 
the purpose of comparison.

The first step of this study was based on a phantom, 
which was designed using a series of acrylic spheres 
with precisely machined dimensions (TAP Plastics). The 
diameters of the spheres were further verified using a 
digital caliper of submillimeter accuracy. The spheres 
were then embedded into a polystyrene foam block and 
scanned using a CT scanner (Brilliance CT 64-Channel 
Scanner, Philips) and/or an MR imaging unit (Discovery 
750, GE Healthcare). All of the imaging studies were 
obtained using a voxel size of 0.5 × 0.5 × 1.25 mm or 
smaller, according to standard SRS treatment protocols. 
The geometry and location of the spheres obtained from 
a scanned image are shown in Fig. 1 upper.

Four randomly selected spheres measuring 0.645 cm, 
1.610 cm, 2.555 cm, and 3.818 cm in diameter were ini-
tially delineated on the Leksell GammaPlan station for 
the convenience of data exchange. This system only sup-
ported contour export with contour import functionality 
at the time of the study. The contour points were gener-
ated in such a way that the maximum distance along the 
major axis direction matched the known diameter for a 
given sphere. These contour data sets were subsequently 
exported to the other SRS platforms under investigation. 
Finally, the volumes from the contour data sets were de-
termined on all systems using their respective measure-
ment tools. The measured volumes were compared with 
each other and also against their physical volumes as de-
termined from known diameters, and further confirmed 
through a measuring cup filled with water using the Ar-
chimedes method.

Similar procedures were carried out for a single 
clinical case in which the patient had 12 metastatic brain 
tumors. The 12 tumors were distributed widely through-
out the cerebral and cerebellar hemispheres, and both CT 
and MR imaging had been used in the patient. All tumors 
were contoured by the attending physician (D.A.L.). Axi-

al images showing the distribution of the targets are pro-
vided in Fig. 1 lower. The contour data sets for the indi-
vidual tumors were exported via the DICOM-RT protocol 
to a stand-alone workstation, as well as to 5 other clinical 
systems, for volume measurements and comparisons.

To further quantify the results of the aforementioned 
volume measurements, 10 algorithms were implemented 
in the stand-alone workstation for independent checks. 
These algorithms followed 3 general approaches: 1) 3D 
marching cubes; 2) finite element method; and 3) slice 
stacking. The key elements of these 3 approaches are de-
scribed as follows.

Marching Cubes
For this approach, a grid was first generated to en-

compass the contour points based on a user-selected co-
ordinate system or from the data itself. Then 3D cubic 
meshes with fine resolution were generated to cover all 
the points. Afterward, an isosurface envelope was created 
to determine whether a voxel fell inside, outside, or was 
dissected by the enveloping surface. Any dissected voxel 
volume was decomposed into a set of tetrahedrons using 
the marching cube algorithm,13 in which the volume of 
each element was calculated as follows:

where

are the vectors denoting the 4 vertices of a given tetrahe-
dron, and the summation in Equation 1 was performed 
over all tetrahedrons intersecting the surface envelope.

Finite Element Method 
For this approach, the triangular isosurface was ex-

tracted from the Delauney triangulation of the input con-
tour data.22 Then a piecewise linear complex was added 
to ensure the isosurface would be closed in the shape. A 
local finite element repairing process was applied to re-
move isolated vertices, duplicated elements, and nonman-
ifold vertices. Holes, or subregional labels, were then sup-
plied to make the resulting FEM mesh adaptive to hollow 
structures.7 Two surface mesh sizes, maximum radius of 3 
mm and maximum radius of 1 mm, were tested. Gaussian 
smoothing was also tested for the method to evaluate its 
effect on the volume measurement.

Slice Stacking
Since the input contour data were created in a slice-

by-slice manner, slice stacking is a logical step for vol-
ume calculation, because this method intrinsically satis-
fies the initial condition that all input data are distributed 
in a planar fashion. For this reason, slice stacking can be 
more straightforward and accurate than a generic 3D ap-
proach for the purpose of SRS volume calculation.

When implementing the slice-stacking method, the 
contour points on each slice were connected either linear-

Eq. 1

Unauthenticated | Downloaded 05/24/23 11:27 AM UTC



J Neurosurg / Volume 117 / December 2012  

Volume calculation for intracranial stereotactic radiosurgery

205

ly or fitted with a smooth curve such as that interpolated 
via the B-spline method.6 The area of the contour on each 
slice was then determined using Surveyor’s theorem,6 and 
the total volume of the object was calculated as

where N is the total number of slices with the contours (S0 
= SN+1 = 0 by definition) and D is the slice thickness. Evi-
dently, Equation 2 approximates the slice volume enclosed 
by the 2 contours as 2 stepwise n-polygon cylinders with 
each possessing a height of one-half slice thickness. Note 
that other partitions in the height of the cylinders, such as 
one-third or two-thirds of the slice thickness, would yield 
an identical result.

To improve on the aforementioned stepwise approxi-
mation, as imposed on the surface that is mostly continu-
ous and surrounds a structure, we developed the follow-
ing formula for the slice stacking in addition,

where the volume between the ith and (i+1)th contours was 
determined as the volume of a pyramidal/conical frus-
tum using the Cavalieri principle.9 Compared with Equa-
tion 2, Equation 3 improved on volume handling near 
the beginning slice and end slice contours. For example, 
the volume for the end slice extending just beyond the 
first or the last contour (for example i = N) was given 
as VN=SND/3 from Equation 3, matching the volume of 
a pyramid; whereas Equation 2 yielded a slightly larger 
volume of VN=SND/2. Physically, Equation 2 potentially 
creates a slight overestimation of target volume near the 
end slices, particularly for the small targets encountered 
in SRS.

Results
Figure 2 shows the contoured data plotted in 3D via 

Fig. 1. Computed tomography scans showing a Styrofoam block embedded with acrylic spheres (upper) and the brain of a 
patient with 12 metastatic lesions (lower).

Eq. 3

Eq. 2
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point-cloud distributions. An inspection of the plots and 
their planar projection (Fig. 2B) found a large irregularity 
in the end-slice contours even for regular and sizable tar-
gets, suggesting a potential pitfall for volume calculation.

The results for the phantom study are shown in 
Table 1 for cross-platform comparisons, and in Table 2 
for cross-algorithm comparisons. The key elements of 
the algorithms are listed in Table 3. From the results of 
Tables 1 and 2, consistently higher volumes than the ref-
erence values were observed for all platforms including 
the evaluated algorithms. One clinical platform (No. 4) 
matched excellently with the reference values, whereas 
another (No. 2) deviated as much as 20% from the refer-
ence values.

All of the evaluated algorithms in Table 2 exhibited 
consistently higher volumes than the reference values; 
however, all of them agreed with each other well. Even for 
the smallest sphere (Sphere D), all algorithms exhibited a 
high level of agreement with each other as well as with 
the reference values. Overall, the hybrid Cavalieri prin-
ciple–based algorithm (No. 10) and an FEM algorithm 
(No. 7) produced the closest matches.

The upper panel in Fig. 3 shows results in the clinical 
case, in which rendered volumes for 12 targets (metastatic 
lesions) were compared across the 6 clinical SRS plat-
forms. The percentage of variation from the mean value 

TABLE 1: Comparison of contour-rendered spherical volumes 
determined by 6 randomly chosen clinical SRS systems and 
directly measured reference volumes*

Platform 
No.

Volume in cm3 (% error)†
Sphere A Sphere B Sphere C Sphere D

1 29.80 (2.3) 9.01 (1.7) 2.20 (0.0) 0.142 (1.4)
2 30.65 (5.2) 9.38 (5.9) 2.41 (9.6) 0.171 (22.1)
3 29.82 (2.4) 9.01 (1.7) 2.25 (2.3) 0.142 (1.4)
4 29.23 (0.3) 8.79 (-0.8) 2.19 (-0.45) 0.141 (0.7)
5 30.04 (3.1) 9.13 (3.1) 2.30 (4.6) 0.154 (10.0)
6 29.84 (2.4) 9.03 (1.9) 2.26 (2.7) 0.150 (7.1)

ref value 29.13 8.86 2.20 0.140

* ref = reference.
† Percentage errors compared with reference values.

Fig. 2. Plots of contoured data sets for a sphere (A and B) and 2 brain lesions (C and D) from the clinical case reviewed in 
the study. A: Point-cloud view of a phantom sphere approximately 1.61 cm in diameter. B: Planar projection of the sphere 
along the z axis. C: Vector-cloud view of a clinical target approximately 1.09 cm in diameter. D: Another clinical target ap-
proximately 0.40 cm in diameter. Note the irregularity in the contours near the end slices.
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of each target is also given in Fig. 3 lower. A power law 
fit to the data yielded R2 = 0.904 in the semilogarithmic 
scale and provided a general trend of the data. Overall, an 
approximately 3%–10% variation in the rendered target 
volume was noted, with smaller volumes yielding larger 
variations.

The results shown in Fig. 3 were further confirmed 
by those in Fig. 4, in which the same targets are compared 
across 10 volume-calculation algorithms implemented 
from 3 general types of methods described in the Meth-
ods. Variations in the algorithms are categorized in the 
figure caption. Similar trends of the data were noted for 
Fig. 4, compared with Fig. 3. The power fit of the data 
yielded R2 = 0.939. The percentage of variation was ap-
proximately 1%–6%, and it increased with decreasing 
target volumes. This decrease gradually leveled, and the 
turning point for targets shown in both Figs. 3 and 4 was 
determined at a volume of approximately 0.4 cm3. Note 

that the mean target volumes listed on the bar plots in Fig. 
4 were in excellent agreement with those in Fig. 3, which 
highlights the consistency of our results.

To highlight the importance of end-slice handling, 

TABLE 2: Comparison of sphere volume calculations made using 
10 algorithms and directly measured reference volumes

Algorithm 
No.

Volume in cm3 (% error)*
Sphere A Sphere B Sphere C Sphere D

 1 29.87 (2.5) 9.01 (1.7) 2.27 (3.2) 0.146 (4.3)
 2 29.89 (2.6) 9.04 (2.0) 2.27 (3.2) 0.147 (5.0)
 3 29.85 (2.5) 9.03 (1.9) 2.27 (3.2) 0.145 (3.6)
 4 29.87 (2.5) 9.04 (2.0) 2.26 (2.7) 0.145 (3.6)
 5 29.80 (2.3) 9.00 (1.6) 2.25 (2.3) 0.135 (-3.6)
 6 29.86 (2.5) 9.02 (1.8) 2.25 (2.3) 0.144 (2.9)
 7 29.80 (2.3) 8.99 (1.5) 2.25 (2.3) 0.135 (-3.6)
 8 29.80 (2.3) 9.02 (1.8) 2.25 (2.3) 0.143 (2.1)
 9 29.86 (2.5) 9.02 (1.8) 2.25 (2.3) 0.143 (2.1)
10 29.83 (2.4) 9.00 (1.6) 2.24 (1.8) 0.141 (0.7)

ref value 29.13 8.86 2.20 0.140

* Percentage errors compared with reference values.

TABLE 3: Comparison of key features of implemented volume computation algorithms*

Algorithm
No.

Contour Points 
Handling Implementation Method Key Elements

 1 2D trapezoidal approximation slice area computed via convex hull approximation
 2 2D B-spline curve fitting slice contour points connected via 2D curve fitting
 3 3D rigid cubic lattice direct voxel counting; voxel size = image resolution
 4 3D rigid cubic lattice direct voxel counting; voxel size = image resolution/3
 5 3D marching cube tetrahedron surface meshing; voxel size = image resolution
 6 3D marching cube tetrahedron surface meshing; voxel size = image resolution/3
 7 3D FEM local surface meshing via Rmax = 3 mm
 8 3D FEM local surface meshing via Rmax = 1 mm
 9 3D FEM local surface meshing via Rmax = 1 mm + gaussian smoothing (s = 3 × 

 average vertex-to-edge distance)
10 hybrid frustum surface approxi- 

 mation
slice contours connected via frustum surface approximation 

* Rmax = Maximum radius of the local surface mesh.

Fig. 3. Clinical platform comparisons. Variations in target volumes 
among the SRS platforms used in the clinical case. Upper: Bar graph 
with the mean values indicated for individual targets.  Lower: Per-
centage variation from the mean value for all targets. The solid line is 
the power fit of the data with the correlation (R2) value shown.
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Fig. 5 shows a graph plotting the serial area function ver-
sus the slice number for 2 targets, as determined from 
the raw data of Equation 2 (solid line) and the fitted data 
of Equation 3 (dashed line). The line projection plots of 
the contour data illustrated the size and shape of the 2 
targets. Note that little difference was noted between the 
2 algorithms for the relatively large target (Fig. 5 upper), 
whereas there was a significant difference for the rela-
tively small target (Fig. 5 lower). Such an observation also 
supported the results of Figs. 3 and 4.

Discussion
Our study has demonstrated large contour-based vol-

ume calculation variability among current SRS systems. 
To understand such device-dependent results, we tested a 
variety of volume calculation algorithms, which included 
different approaches, for example, slice-by-slice stacking, 
linear interpolation, smooth curve fitting, varying voxel 
size, cubic and tetrahedron meshing, and 3D point cloud 
with or without surface smoothing.

We conclude that there are several potential pitfalls 
in volume calculation based on the methods used in this 
study. First, proper end-slice handling is important for 
SRS targets and, second, a proper grid size (or kernel 
size) is important for 3D-based volume calculation (such 
as the marching-cube algorithm) to avoid oversimplifica-

tion of a shape possessing sharp edges or large changes 
between slices. In our study, such a grid or kernel size 
was governed by the spacing between adjacent contour 
points, and any downsampling was not found to improve 
the results significantly.

Despite these pitfalls, all algorithms performed con-
sistently (within 3%) with each other except when dealing 
with small targets of 0.4 cm3 or less, in which case the 
discrepancy approximately doubled. We conclude that the 
overall variability among mathematical volume-calcula-
tion algorithms tracked well with the level of discrepancy 
observed across clinical SRS platforms. However, wheth-
er the clinical SRS systems under investigation actually 
adopted a calculation or an empirical model–based cor-
rection for volume calculation is unknown to us. Further-
more, other sources of uncertainty, such as contour delin-
eation under different window and level settings, were not 
investigated. For example, spherical contours were taken 
to represent the shape of each object only on the basis of 
independent diameter measurements. For the purposes of 
the study, the volume of an object was also assumed to be 
solely dependent on the contour points, regardless of the 
SRS system being investigated.

Fig. 5. Illustration showing implementation of a Cavalieri principle–
based algorithm in handling the end-slice contours. Upper: Serial 
slice area function for the target illustrated in Fig. 2C.  Lower: Se-
rial slice area function for the target illustrated in Fig. 2D. The planar 
contour projection plots are shown in the insets. Note that the target 
volume equals the area integrated under the curve, whereas the solid 
line shows the non–smoothed surface result and the dashed line shows 
the smoothed surface result.

Fig. 4. Algorithm comparisons. Results of rendered target volumes 
from 10 different algorithms used in the clinical case. Upper: Bar 
graph demonstrating variations in volumes of the targets. Lower: 
Percentage variation from the mean value obtained using a power for-
mula fitting similar to that shown in Fig. 3.
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One potential source of uncertainty lies in the con-
tour points resampling error, which potentially occurs 
when contour points from one system are imported into 
another. This phenomenon was investigated using Algo-
rithm No. 2, in which all data were resampled via the B-
spline fitting. No significant variation in volume calcula-
tions was found, which confirmed sufficient data points 
delineated for all objects in the current study. Nonethe-
less, a resampling error from a limited number of slices 
could significantly affect the volume calculations for 
small objects that appear only on a few slices. The results 
shown in Figs. 3 and 4 supported such a finding, despite 
the fact that more complex algorithms were used in our 
study than simple 2D trapezoidal rule–based algorithms 
such as Algorithm No. 1 and those reported in a previous 
study.24

From the results of this study, it was evident that 
the existing contour-based planar data structure, which 
originated in the DICOM-RT protocol, is not sufficient 
to guarantee consistent and accurate volume calculation 
across SRS platforms. Additional information is needed, 
as are specifications such as embedding key slice-stack-
ing parameters for volume calculation in the protocol to 
ensure consistent results across platforms. Until any stan-
dard becomes available, it is imperative for users to per-
form careful quality assurance and benchmarking studies 
of an SRS system with respect to volume calculation ac-
curacy, before its initial use for clinical practice as well as 
for conducting cross-platform studies.

Although our study has focused on volume calcu-
lation from user-defined target/object contour data sets, 
the general problems and pitfalls remain for volume cal-
culation of 3D distributions, including isodose volumes 
or surfaces. It is known that bin size, or voxel size, af-
fects the results of dose-volume histogram calculations 
and reference dose calculations.14 As SRS evolves to treat 
multiple brain lesions—10 or more—any inaccuracy or 
inconsistency in volumes of individual targets would 
compound the uncertainty concerning total volume of 
targets and surrounding normal structures. This may sig-
nificantly affect the tolerance of normal tissue as well as 
the dose prescribed for the treatment.20 

Conclusions
We found significant variability among the SRS sys-

tems we studied in their contour-based volume calcula-
tion results. This suggests the need for a uniform standard 
or consensus in data-transferring protocols to eliminate 
such systematic uncertainties. 
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