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Abstract 

Rationale and Objectives

To examine the impact of the partial volume effect (PVE) on the imaging of spherical 

objects depending on their size, density and center voxel position.

Materials and Methods

We developed an algorithm for calculating the volume of a sphere wrapped by vox-

els. The algorithm measured the internal volume of each voxel cut by the sphere and 

automatically attributed the average voxel density. The sphere volume was simu-

lated by the sum of voxels with an average density above the Hounsfield Unit (HU) 

cutoff level for that object. Various sphere sizes, densities and positions in the voxel 

grid were examined. The two clinical settings used were nodules (0 HU) in the lung 

(−1000 HU) and kidney stones (1000 HU) embedded in the renal parenchyma (30 

HU).

Results

Small kidney stones appeared magnified by the PVE when a stone cutoff level of 130 

HU was used: the smallest stone simulated with a diameter of 1.4 mm demonstrated 

a volume that was 231% the size of the ground truth (sphere volume as measured 

with the classical formula). A hypothetical stone of 10 cm would still have a PVE of 

2%. The PVE did not affect lung nodules if the cutoff level for the nodule fraction 

was set to the exact mean of both the internal and external density (−500 HU). Lung 

nodules were more affected by the geometrical effect, where tiny nodules appeared 

smaller because of the greater curvature of smaller spheres, often cutting less than 

50% of the volume of a surface voxel.
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Conclusions

This study highlights the potential risks associated with inaccurate raw data postpro-

cessing of CT images with objects that are particularly sensitive to the PVE, such as 

kidney stones and high-density calcifications (Agatston score).

1.  Introduction

In a computed tomography (CT) scanner, the object under examination is crossed 
by an X-ray beam originating from a rotating source and ending on detector ele-
ments located opposite the source. Photons that escape the scanned object are 
captured by the detector elements and converted into a signal. For each full rotation 
(360 degrees) of the X-ray source, the overall absorption, or “attenuation”, of each 
path crossing the object is measured [1,2]. The collected raw projections constitute 
a matrix of voxels whose size is limited by the size of the detector elements and the 
increment of the beam along the object (slice length). For each slice, assuming axial 
acquisition, the absorption values in the field of view (FOV) are typically distributed in 
a 512 × 512 matrix. The projection data are manipulated by mathematical algorithms 
to reconstruct a two-dimensional image of the slice on the basis of the calculated 
individual densities at each imaged location [3–5].

The detector elements of conventional CT scanners, the so-called energy inte-
grating detectors, measure X-ray absorption after converting incident X-ray pho-
tons into visible light photons. Therefore, the spectral resolution is limited, and the 
raw signal in voxels encompassing materials with different attenuation properties, 
e.g., muscle and bone, is equal to the weighted density of both materials, whereas 
information about the density of each material is lost [6,7]. The voxels indeed have 
density numbers corresponding to the average density of both materials combined 
depending on their fractional contribution to the voxel, resulting in an artifact (PVE), 
i.e., an intermediate value that might be very different from the density numbers of 
the original materials [1,8].

The PVE ultimately affects the image resolution because of blurring at the inter-
section between structures with different attenuation properties, e.g., organ boundar-
ies. Depending on the image reconstruction algorithm used and the imaged tissues 
and organs, this effect might be reduced, allowing some spatial information about 
the edges of the tissues to be obtained [9]. The PVE is more pronounced when 
the cross-sectional matrix is smaller (e.g., with an 80 × 80 image matrix than with a 
1024 × 1024 image matrix) [2], and it is worsened by widening the detector width. 
In the early eighties, at the beginning of CT imaging, the PVE appeared especially 
along the z-axis, since the slice thickness (z-axis, 9 mm) was much larger than the 
axial voxel size (0.08 mm in a 512 × 512 image matrix). The most famous example 
of the PVE was the sternoclavicular joint projecting into the upper lungs, simulat-
ing a Pancoast tumor [1]. Since then, CT techniques have improved tremendously 
toward isotropic voxel (isovoxel) imaging [2]. In particular, the slice thickness could be 
decreased to the submillimeter range. The newest CT models even provide potential 
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voxel edges of 0.3 mm with a 1024 × 1024 matrix [2]. Nevertheless, while advancements have been made to mitigate its 
impact, the PVE remains a significant challenge in CT imaging, even with the newest technology [10,11].

In CT imaging, density numbers are expressed in Hounsfield Units (HU), with the signal attenuation of water set to 0 
HU and the signal of air set to −1000 HU [12]. The attenuation coefficient of other substances is calculated on the basis of 
these reference values, e.g., cortical bone has density values ranging from 500–900 HU [13]. Density values are repre-
sented graphically on CT images with a scale of gray shades.

The PVE is particularly prominent when a high-attenuation structure is adjacent to a low-attenuation structure with 
an HU threshold for visibility or volume measurement closer to the density of one of the two structures, causing the 
other structure to appear enlarged. Kidney stones, for example, have densities varying between 879 ± 230 HU (cal-
cium oxalate monohydrate stones), 844 ± 346 HU (apatite stones) and 550 ± 74 HU (cystine stones) [14], whereas the 
surrounding normal renal parenchyma has an average density in the range of 30–50 HU (CT without contrast agent) 
[15]. A voxel encompassing both the renal parenchyma and a calcium oxalate monohydrate stone would be attributed 
a density of over 400 HU, leading to the attribution of the voxel to the stone considering the standard kidney stone den-
sity threshold of 130 HU (calcium) [16]. A similar situation is found in the assessment of the extent of coronary artery 
calcification by the Agatston score and therefore in the evaluation of cardiovascular risk [17,18] or when analyzing 
lung nodules [19–22]. This issue is particularly crucial when considering that nodule size is a key factor in determining 
malignancy risk, and overestimation of the nodule volume due to the PVE may lead to false-positive results in cancer 
diagnosis, particularly in cases of smaller lesions [23,24]. Incorrect nodule size measurement may also compromise 
the assessment of nodule growth, which affects the determination of malignancy risk [22]. Analogously, the PVE is 
crucial for determining the degree of malignancy of other types of lesions, especially small metastases, such as brain, 
liver, bone, and lymph node metastases [25,26]. Size misattributions caused by the PVE are therefore notable and 
have important implications in several key areas, such as diagnostic accuracy, treatment planning, treatment response 
assessment, and patient monitoring.

Although the PVE is a well-recognized artifact that interferes with the diagnostic accuracy of medical imaging, there 
is no specific algorithm to predict its impact on CT images. The purpose of this study was to establish an algorithm to 
simulate the PVE in a theoretical computed tomography imaging model and use the algorithm to quantify the extent of its 
impact on the size assessment of small spherical objects surrounded by a matrix with very different densities, using lung 
nodules and kidney stones as paradigmatic examples.

2.  Materials and methods

2.1.  Establishment of an algorithm to simulate the PVE of a spherical object embedded in a matrix

2.1.1.  Calculation of the number of voxels needed to completely cover a sphere.  A three-dimensional voxel grid 
in an x-y-z coordinate system was used to calculate the number of voxels needed to approximate a sphere of radius r in 
its entirety. The sphere cross-section intersecting the sphere center was represented by a 512 × 512 virtual matrix of pixels 
with a voxel edge length of k. The sphere radius and diameter were multiples of k (Fig 1). In the 3D space, the isovoxels 
were defined by vectors originating in the sphere center and pointing to each of the 8 cube corners (−→v 1

 to −→v 8
, Fig 2). 

A voxel was cut by the sphere when at least one vector was smaller (−→v 1
 dashed arrow in Fig 2) and when at least one 

vector was larger (e.g., −→v 2
, one of the light gray arrows in Fig 2) than the sphere radius. If all vectors were smaller than 

the sphere radius, the whole voxel was contained in the sphere, whereas it was completely outside the sphere when all 
vectors defining its corners were longer than r.

In the simulation, the center of the coordinate system was then randomly shifted inside the center voxel volume to per-
form 100 simulations of the number of voxels needed to wrap the whole sphere in each position.

Python Code Summary (lung nodules; the python code used for the simulation is available in the S1 Appendix):
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1.	 Setup

◦	 Define Hounsfield Units for “inside” (HUi=0) and “outside” (HUo=-1000) the sphere.

◦	 Set a threshold (CUT=-500 HU) for classification of cut voxels.

2.	 Main Loops:

◦	 Iterate over sphere radii (F) and random sphere positions within a 3D matrix.

◦	 For each voxel in the matrix, compute its relationship to the sphere.

3.	 Voxel Classification

◦	 Inside Sphere: If all corners and the center of the voxel are within the sphere, mark it as “inside.”

◦	 Outside Sphere: If all corners and the center of the voxel are outside the sphere, mark it as “outside.”

Fig 1.  Two-dimensional cross-section of a three-dimensional sphere in the x-y plane (black circle). The center of the circle coincides with the mid-
dle point of a pixel with edge length k positioned in a grid of equivalent pixels (7x7=49 pixels). Sixteen pixels (dark gray squares) are partially included 
within the circle area, whereas 5 pixels are entirely included, and 28 pixels lie completely outside of the circle. In the corresponding three-dimensional 
space, 7 voxels lie completely inside, and 66 voxels only partially overlap with the sphere volume (considering the sphere center positioned in the middle 
of the central voxel).

https://doi.org/10.1371/journal.pone.0334597.g001

https://doi.org/10.1371/journal.pone.0334597.g001
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◦	 Cut by Sphere: If some corners are inside and some are outside, the voxel is “cut.”

4.	 Cut Voxel Processing

◦	 Use 125 evenly spaced measurement points within the voxel to determine the volume fraction inside the 
sphere (G).

◦	 Compute the voxel’s average Hounsfield Unit (HU) using G: HU=G×HUi+(1−G)×HUo

◦	 Classify based on HU:

	 ■	 HU>CUT: Count voxel as “inside.”

	 ■	 Otherwise: Count as “outside.”

5.	 Output:

◦	 Track metrics such as total voxels tested, voxels inside, voxels outside, cut voxels, and their fraction inside the 
sphere.

Fig 2.  Isovoxel (gray cube) crossed by a sphere of radius r (outlined by the dotted line). Vectors (gray and dotted black arrows) originating from 
the sphere center define the eight voxel corners in three-dimensional space. The voxel (gray cube) is only partially included in the sphere because one 
vector ((v_1) ⃗) is smaller (dotted black arrow) and at least one vector ((v_2) ⃗) is larger (gray arrows) than the sphere radius r.

https://doi.org/10.1371/journal.pone.0334597.g002

https://doi.org/10.1371/journal.pone.0334597.g002
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The calculation of a voxel volume cut by a sphere is very complicated and time-consuming. Thus, a volume estimation 
using evenly distributed sample points in the voxel was run, and the volume measurement errors for each category of 
sampling points were simulated: 

Sampling Points per Voxel Average Volume Error (%)

1 40.30

8 11.82

27 6.27

64 4.09

125 2.92

216 2.34

343 2.00

512 1.79

729 1.69

1000 1.61

The suggested 125-point method provides a reasonably accurate estimate of the cut volume, with an average volume 
measurement error of less than 3%. Increasing to 1000 points would further improve accuracy (~1.61% average error) but 
at the cost of greater computational effort and with a relatively low impact on the overall results, which would be obtained 
by measuring many voxels per single lung nodule or kidney stone with 100 random shifts in the center of the coordinate 
system (sphere).

2.1.2.  Estimation of the sphere‒voxel intersection volume V
cut

.  Because the sphere surface is bent, the section 
of the sphere surface intersecting the voxel is not on a plane. To outline such a curved surface and estimate the voxel 
volume cut by the sphere, we used a subdivision sampling method in which we fixed 125 reference points homogenously 
distributed within a standard voxel with an edge length k (Fig 3). A number of reference points exceeding 100 was aimed 
for and randomly set to 125. The margin of the sphere surface was traced using vectors originating from the sphere center 
to each of these reference points, located at 0, 1/5 and 2/5 the distance from the voxel center in each of the six directions 
of the x, y, z coordinate system (i.e., ± x, ± y, and ±z). The number of vectors to the 5 × 5 × 5 reference points that were 
shorter than the sphere radius defined the intersection volume. A large object with a radius larger than 100 times the voxel 
edge length would cut the voxel almost on a plane.

The sphere‒voxel intersection volume Vcut was calculated from the number of reference points inside the sphere (Fig 3):

	
Vcut = vI

k3

125	 (1)

vI = number of reference units constituting the sphere‒voxel intersection volume
Consequently, the partial sphere‒voxel intersection volume pcut was given by the following equation:

	
pcut =

vI k
3

125

k3
=

vI
125	 (2)

vI = number of reference units constituting the sphere‒voxel intersection volume
2.1.3.  Comparison between the measured sphere volume and the real sphere volume (ground truth).  The 

volume of a sphere with radius r (Vm_sphere) embedded in n voxels with an edge length k was calculated by adding 
the volume of all voxels completely inside the sphere and the sum of all sphere‒voxel intersection volumes 
(Equation 1):
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Vm_sphere = nI k

3 +

x=nT∑
x=1

vI_x
k3

125
	 (3)

nI = number of voxels completely inside the sphere
nT = number of voxels cut by the sphere
vI_x = number of reference units constituting the sphere‒voxel intersection volume
in voxel vx

For comparison of the sphere volume value obtained from Equation (3) with the real volume (ground truth = Vr_sphere), we 
used the following classical equation:

	
Vr_sphere =

4
3
π r3

	 (4)

Fig 3.  Estimation of the area of pixels cut by a circle. To estimate the area of the pixel with edge length k that is cut by a circle with radius r, a grid of 
25 points was defined within the pixel. In this two-dimensional example of a voxel cross-section, 6 (vI, black dots) of 25 points lie within the circular area 
delineated by the black line. In the corresponding three-dimensional model of the voxel, 125 points were distributed the same way throughout the voxel 
to estimate the volume of the voxel effectively included in the sphere.

https://doi.org/10.1371/journal.pone.0334597.g003

https://doi.org/10.1371/journal.pone.0334597.g003


PLOS One | https://doi.org/10.1371/journal.pone.0334597  October 16, 2025 8 / 20

The voxel size in CT depends on multiple parameters. For example, the average FOV in abdominal and chest CT imaging 
measures 35 cm, which corresponds to a voxel edge k of 0.68 mm in a 512 × 512 image matrix, whereas on a standard 
head CT with an average FOV of 20 cm, the voxel size k would be 0.39 mm. To account for this variability, we used for 
the simulation the radius unit rnorm, corresponding to the radius size normalized to the voxel edge length k, instead of the 
effective sphere radius r (r can always be expressed in multiples of the edge length k (5)).

	
rnorm =

r
k 	 (5)

We calculated the effective sphere volume (Vr_sphere_norm, ground truth) with the following equation:

	
Vr_sphere_norm =

4
3
π rnorm3

	 (6)

The simulation was performed considering a random distribution of the sphere center with respect to the voxel center. The 
precision of the approximation Papprox of the sphere volume with the method described compared with the ground truth was 
a function of the voxel edge k and the normalized sphere radius rnorm:

	
Papprox =

Vm_sphere
Vr_sphere_norm

=
nI k

3 +
∑x=nT

x=1 vI_x k3

125
4 π rnorm3

3

=
3 (nI k

3 +
∑x=nT

x=1 vIx
k3

125 )

4 π rnorm 3
	 (7)

Vm_sphere =  measured sphere volume
Vr_sphere_norm =  normalized, effective sphere volume
nI =  number of voxels completely inside the sphere
nT =  number of voxels cut by the sphere
rnorm =  normalized sphere radius

For Papprox = 1, the simulated normalized sphere volume corresponded to the ground truth (normalized real sphere vol-
ume). For Papprox > 1, the measured volume exceeded the real volume, and for Papprox < 1, the volume of the real sphere was 
underestimated.

2.1.4.  Calculation of the volume of spherical objects in CT images based on voxel density cutoff values.  We 
applied the approximation described in sections 1–3 to calculate the PVE in the raw projection data of 2 paradigmatic 
clinical examples: spherical lung nodules surrounded by air and spherical kidney stones surrounded by renal parenchyma. 
For simplicity, we assumed the X-ray source to consist of a uniform parallel beam and the collimator, detector element 
and acquisition increment (pitch) to be the same size; we also assumed the same isovoxel edge size. Furthermore, 
we assumed zero Compton scattering and a uniform attenuation value for each material. Both kidney stones and lung 
nodules were assumed to be perfectly spherical.

The overall density of voxels containing two materials/tissues was obtained via the following formula:

	 HUtot = p1 HUI + (1 – p1) HUO	 (8)

p1 = volume percentage of the spherical object inside the cut voxel (calculated with Equation (3))
HUI: density of the spherical object (“inside”)
HUO: density of the surrounding matrix (“outside”)
Depending on the density threshold (HUcut-off), voxels in virtual CT images were attributed either to the sphere or to the 
surrounding matrix upon calculation of HUtot for each voxel wrapping the sphere.
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The partial sphere‒voxel intersection volume for a voxel with HUtot = HUcut-off was the following:

	
pcut–off =

HUcut–off – HUO

(HUI – HUO) 	 (9)

Voxels with intersection volume p1 equal to or greater than pcut-off were attributed to the sphere, whereas the others were 
attributed to the matrix (Fig 4).

The volume measured (Vm_sphere_CT) for a sphere with radius r embedded in n voxels with edge k was therefore:

	 Vm_sphere_CT = nsphere k
3
	 (10)

	 nsphere = number of voxels with HUtot ≥ HUcut–off 	

Our calculation did not consider the uneven density distribution within the structures. The HU distribution follows a Gauss-
ian curve; therefore, in reality, the number of voxels reaching the cutoff is not directly proportional to the average cutoff 
volume.

2.1  Use of the algorithm to simulate the PVE in clinically relevant settings (lung nodules and kidney stones)

The simulation for the volume analysis of lung nodules and kidney stones was performed with the following methods.
2.1.1  Lung nodules.  The average density of the lung nodules was set to 0 HU [27] (HUI), and the average density of 

the lung (air) was set to −1000 HU (HUO). Therefore, the HUtot of the resulting voxel was as follows:

	 HUtot = pnodule(0) + (1 – pnodule) – 1000	 (11)

pnodule = partial nodule‒lung (air) intersection volume for the voxel

Fig 4.  Impact of the cutoff position within the density window on the total density of the voxel. A – Example of lung nodules: symmetric density 
distribution above and below the cutoff density value of −500 HU (window −1000 HU–0 HU) with voxels belonging to the nodule when HUtot ≥ −500 HU 
and voxels belonging to the lung (air) if HUtot < −500 HU. B – Example of kidney stones: asymmetric density distribution above and below the cutoff 
density value of 130 HU (window 30 HU–1000 HU), with voxels belonging to the kidney stone when HUtot ≥ 130 HU and voxels belonging to the kidney if 
HUtot < 130 HU. The more asymmetric the density distribution is, the more predominant one object density will be.

https://doi.org/10.1371/journal.pone.0334597.g004

https://doi.org/10.1371/journal.pone.0334597.g004
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A cutoff density of −500 HU was used for the identification of nodules (Fig 4A). The volume of a lung nodule measured 
from our simulation corresponded to the sum of the volumes of voxels with HUtot ≥ −500 HU.

	 Vm = nI k
3
	 (12)

nI = number of voxels with HUtot ≥ −500 HU
In this case, the threshold level was set in the middle of the density window for the two adjacent materials (symmetric 

density distributions above and below the cutoff density value, Fig 4A).

	 –500 = –1000 pnodule_cut–off 	

	
pnodule_cut–off =

500
1000

= 0.5
	 (13)

If a nodule occupied 50% or more of the voxel, the voxel was considered part of the nodule.
2.2.2.  Kidney stones.  The average CT density of kidney stones was set to 1000 HU (HUI), whereas the surrounding 

renal parenchyma, ureter wall or urine was assumed to have an average density equal to 30 HU (HUO). Therefore, the 
HUtot of the resulting voxel was as follows:

	 HUtot = pstone1000+ (1 – pstone)30	 (14)

pstone = partial stone‒parenchyma (kidney) intersection volume for the voxel
The cutoff value for the differentiation of a kidney stone from the surrounding matrix was set to 130 HU, according to 

the threshold originally used for the assessment of coronary artery calcium by the Agatston scoring system [17,18] but 
also used for the isolation of kidney stones in CT images [16, 28] (Fig 4B). The volume of a kidney stone corresponded to 
the sum of the volumes of voxels with HUtot ≥ 130 HU according to Equation (11), with nI corresponding to the number of 
these voxels.

The density cutoff value led to an asymmetric distribution within the density window, as the range of HUtot for the attribu-
tion of the voxel to a kidney stone was much larger than the range for attribution to the matrix.

	 130 = 970 pstone_cut–off + 30	

	
pstone_cut–off =

100
970

= 0.1
	 (15)

If the voxel included even only 10% kidney stone material, it was considered part of the kidney stone. Considering the 
high number of voxels that contained only a small portion of the kidney stone, especially for small stones, the overall stone 
volume was considerably enlarged compared with its real size.

3.  Results

3.1.  Assessment of the precision of the calculated sphere volume vs. the real sphere volume

The results of the simulation of the volume of a sphere with radius r performed as described in Equation (3), positioning 
the sphere center in a random position in the central isovoxel with edge length k of an isovoxel grid in an x, y, z coordinate 
system, are reported in Table 1 for different r/k ratios.
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The approximation was performed by moving the sphere center to random positions within the central voxel. 
nI = number of voxels completely inside the sphere; nT = number of voxels cut by the sphere; %Vr = ratio of voxels 
cut to real sphere volume (geometric effect); mean Vcut = average sphere‒voxel intersection volume; Vr_sphere_
norm = normalized, effective sphere volume; Vm_sphere = measured sphere volume; Psim = precision of the 
simulation.

If the sphere radius and the voxel edge were the same size (r = k, i.e., rnorm = 1), with a random distribution of the 
sphere center in the central voxel, on average, only 0.01 voxels were completely inside the sphere, whereas 20.6 
voxels were cut by the sphere (492% of the real sphere volume). The partial sphere‒voxel intersection volume pcut 
(Equation (2)) was only 20.3% on average in this case because of the high curvature of the small sphere. Doubling 
the sphere radius length (r = 2k) increased pcut to 34.2%, with 76.4 voxels cut (228% of the real sphere volume). Fig 5 
shows the rendering of a sphere wrapped by voxels with edges corresponding to 1/4 of the sphere radius (r = 4k). At a 
radius length 20 times the voxel edge, pcut (48%) was already close to the plateau value of 50% expected for this sim-
ulation, with 7540 voxels cut (22.5% of the real sphere volume). At a radius length 32 times the voxel edge, the voxel 
edge (corresponding to a sphere diameter of 16k) pcut increased to 49% and reached a plateau for r > 70k (sphere 
diameter of 35k) (Table 1 and Fig 6).

The precision of the simulation Psim, i.e., the average ratio Papprox (Equation (7)) between the approximated sphere 
volume (Vm_sphere, Equation (3)) and the ground truth (effective, normalized sphere volume Vr_sphere_norm, Equation (6)) is 1 for 
each sphere size. At smaller sphere levels, the PVE is counteracted by the geometrical effect, where the strongly bowed 
intersection often cuts less than 50% of the volume of a surface voxel.

Off-center positioning leads to smaller volume measurements, especially for small objects (Fig 7). For r = k, the sphere 
occupies 27 voxels when the sphere center is close to the voxel center, whereas when the sphere center is decentral-
ized to the extremes of the voxel edges, only 16–20 voxels are crossed by the sphere (26–40% difference). However, the 
position of larger spheres does not impact the number of voxels crossed by the sphere as much. At r = 40k, the number of 
voxels crossed by the sphere changes by approximately 300 units of 283500 (~1‰) when the sphere center moves away 
from the voxel center.

Table 1.  Approximation of the volume of a sphere with radius r using voxels with edge length k.

r/k Diameter (2r) in conv CT (mm) nI nT %Vr Mean Vcut Vr_sphere_norm Vm_sphere Psim

1 1.4 0.0 20.6 491 0.20 4.2 4.2 1.00

2 2.7 7.4 76.4 228 0.34 33.5 33.5 1.00

3 4.1 46.1 170.8 151 0.39 113.1 113.1 1.00

4 5.5 141.1 302.7 113 0.42 268.1 268.1 1.00

5 6.8 317.9 473.1 90 0.43 523.6 523.6 1.00

6 8.2 601.9 680.8 75 0.44 904.8 904.8 1.00

7 9.6 1016.4 924.7 64 0.45 1436.8 1436.7 1.00

8 10.9 1589.0 1207.5 56 0.46 2144.7 2144.7 1.00

9 12.3 2343.1 1528.2 50 0.46 3053.6 3053.7 1.00

10 13.7 3305.5 1885.6 45 0.47 4188.8 4188.8 1.00

20 27.3 29861.7 7539.9 23 0.48 33510.3 33510.3 1.00

30 41.0 104797.0 16966.5 15 0.49 113097.2 113097.3 1.00

40 54.7 253245.0 30163.3 11 0.49 268082.3 268082.6 1.00

50 68.4 500341.8 47126.5 9 0.49 523598.3 523599.1 1.00

60 82.0 871194.4 67853.0 7 0.49 904777.9 904778.2 1.00

70 95.7 1390993.2 92364.5 6 0.50 1436753.8 1436759.8 1.00

https://doi.org/10.1371/journal.pone.0334597.t001

https://doi.org/10.1371/journal.pone.0334597.t001
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3.2.  PVE assessment for lung nodules

The results of the simulation of the volume of a spherical lung nodule, taking into consideration the threshold of −500 HU 
for the attribution of a voxel to the nodule, are reported in Table 2.

The volume of the lung nodule, as measured on the basis of the average voxel density, is compared with the volume 
calculated in the simulation. The PVE disappears at small lung nodule sizes (column Psim, ratio between simulated vol-
ume and volume based on the average voxel density). nI = number of voxels completely inside the sphere; nT = number of 
voxels cut by the sphere; mean Vcut = average sphere‒voxel intersection volume; Vr_sphere_norm = normalized, effective 
sphere volume; Vm_sphere = measured sphere volume; Psim = precision of the simulation (geometrical effect).

The simulation shows that the geometrical effect of small spheres with the subsequent loss of voxels to air can be 
reduced to only −1% with this approximation method by a nodule radius corresponding to 5 voxels, which corresponds to 
a nodule diameter of 6.8 mm in an average chest CT scan with a FOV of 35 cm and an image matrix of 512 × 512 (Table 
2). The shrinkage becomes negligible (−0.2%) when r is 10k (nodule diameter in conventional chest CT = 1.37 cm) and 
disappears from r = 17k (nodule diameter in conventional chest CT = 2.32 cm).

3.3.  PVE assessment for kidney stones

The results of the simulation for kidney stones, taking into consideration the threshold of 130 HU [16,18] for the attribution 
of a voxel to the kidney stone, are reported in Table 3.

Fig 5.  Spherical object embedded in voxels. Example of a spherical object (e.g., a spherical kidney stone) embedded in the minimum number of 
voxels needed to contain the whole object if its radius corresponds to four times the voxel side (r = 4k). In a 512x512 image matrix (normal abdominal CT 
image), this object would have a radius of 2.72 mm (diameter = 5.44 mm), with a voxel edge measuring 0.68 mm.

https://doi.org/10.1371/journal.pone.0334597.g005

https://doi.org/10.1371/journal.pone.0334597.g005
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The volume of the kidney stone, as measured on the basis of the average voxel density, is compared with the volume 
calculated in the simulation. The volume measurement error is more difficult to eliminate than in the case of lung nodules, 
and it is still present even at kidney stone lengths above the real size (95.7 mm) (column Psim, ratio between simulated 
volume and volume based on the average voxel density). nI = number of voxels completely inside the sphere; nT = number 
of voxels cut by the sphere; mean Vcut = average sphere‒voxel intersection volume; Vr_sphere_norm = normalized, effec-
tive sphere volume; Vm_sphere = measured sphere volume; Psim = precision of the simulation (partial volume effect).

The simulation shows that the volume measurement is difficult to eliminate. For r = 5k (stone diameter in conventional 
abdominal CT = 6.8 mm), the precision still reaches +24%, and it is still +11.7% when r = 10k (stone diameter in conven-
tional abdominal CT = 1.37 cm). The measurement error falls below 5% only at stone diameters >3 cm and is never lower 
than 2%, even when considering stone diameters in the range of 10 cm, which are nonetheless extremely uncommon 
(Table 3).

4.  Discussion

In this study, we created an algorithm for simulating the volume of a spherical object wrapped in a three-dimensional voxel 
grid, moving its center at random positions with respect to the center of the voxel in the middle of the coordinate system. 
As depicted in Fig 6, the volume of the sphere‒voxel intersection divided by the voxel volume was expected to approach 
a plateau of 50% as the sphere radius increased with respect to the voxel edge (r>>k). For a sphere radius 70 times 
the voxel edge size, the intersection should lie almost on a plane, and the intersection volume should be equal to 50% 
on average, whereas due to the high curvature of the intersection surface in the case of a smaller sphere, the average 
intersection volume is reduced (e.g., 20.3% for r = k, geometrical effect). This effect is neutralized by the greater number of 
voxels cut by small spheres than by larger spheres:

The smallest examined lung nodule (r = k) cuts more voxels (20.6), but in return, the average cut voxel volume is only 
20%, which is far from the 50% partial intersection volume with larger spheres (geometrical effect). On the one hand, the 

Fig 6.  Geometrical shrinkage observed at smaller r/k ratios. The reduction in the average sphere‒voxel intersection volume (y axis) at lower r/k 
ratios is due to the bowed intersection surface of the sphere; k = pixel edge length, r = sphere radius.

https://doi.org/10.1371/journal.pone.0334597.g006

https://doi.org/10.1371/journal.pone.0334597.g006
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resulting classic volume measurement is accurate (the number of voxels cut multiplied by the average volume cut); on 
the other hand, the nodule volume assessed by the sum of all voxels with a density above the cutoff level is not accurate, 
since only 20% of the voxel volume equals the internal density of the lung nodule and 80% of the voxel volume has the 
external density of air. These voxels reach an average density of −800 HU, which is below the nodule cutoff level of −500 
HU and will therefore be lost to the air fraction (HU effect). The combination of the geometrical and HU effects leads to an 
underestimation of the volume for small spheres.

The impact of the sphere position in the simulation on the number of voxels crossed by the sphere also appeared to 
decrease with increasing sphere radius/voxel size ratios (Fig 7). As shown in the plots in Fig 7, the position of the sphere 
center with respect to the central voxel plays a relevant role for smaller spheres (r ~ k), with up to 40% more voxels 

Fig 7.  Plot of the number of voxels with edge length k crossed by a sphere with radius r at different sphere center positions with respect to 
the central voxel. The plots show single assessments for each position of the sphere within the central voxel for 4 different r/k ratios (r = 0k, r = 10k, 
r = 20k, and r = 40k). As the r/k ratio increases, the difference in the number of voxels crossed by the sphere as the sphere center moves away from the 
central voxel center becomes negligible.

https://doi.org/10.1371/journal.pone.0334597.g007

https://doi.org/10.1371/journal.pone.0334597.g007
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crossed by the sphere when its center is located in proximity to the middle voxel center, whereas it was negligible at r>>k 
(~1‰ for r = 40k).

We used the algorithm to evaluate the PVE under the following two frequent clinical conditions:

a)	Lung nodules surrounded by air: this condition is representative of situations in which the density cutoff (threshold) for 
differentiating the sphere (nodule) from the surrounding matrix (lung) lies in the middle of the density window between 
the average densities of both materials (symmetric volume threshold level); the cutoff density for the identification of 
lung nodules (average density: 0 HU) in the lung (average density: −1000 HU) is indeed −500 HU.

Table 2.  Lung nodules surrounded by air.

r/k Diameter (2r) in conv CT (mm) nI nT Mean Vcut Vr_sphere_norm Vm_sphere Psim

1 1.4 0.0 20.6 0.20 4.2 3.1 0.75

2 2.7 7.4 76.4 0.34 33.5 31.2 0.93

3 4.1 46.1 170.8 0.39 113.1 109.4 0.97

4 5.5 141.1 302.7 0.42 268.1 263.9 0.98

5 6.8 317.9 473.1 0.43 523.6 518.3 0.99

6 8.2 601.9 680.8 0.44 904.8 899.9 0.99

7 9.6 1016.4 924.7 0.45 1436.8 1430.9 1.00

8 10.9 1589.0 1207.5 0.46 2144.7 2138.6 1.00

9 12.3 2343.1 1528.2 0.46 3053.6 3046.2 1.00

10 13.7 3305.5 1885.6 0.47 4188.8 4181.8 1.00

20 27.3 29861.7 7539.9 0.48 33510.3 33501.0 1.00

30 41.0 104797.0 16966.5 0.49 113097.2 113084.0 1.00

40 54.7 253245.0 30163.3 0.49 268082.3 268067.5 1.00

50 68.4 500341.8 47126.5 0.49 523598.3 523583.5 1.00

60 82.0 871194.4 67853.0 0.49 904777.9 904764.7 1.00

70 95.7 1390993.2 92364.5 0.50 1436753.8 1436740.2 1.00

https://doi.org/10.1371/journal.pone.0334597.t002

Table 3.  Kidney stones surrounded by renal parenchyma/fat/urine.

r/k Diameter (2r) in conv CT (mm) nI nT Mean Vcut Vr_sphere_norm Vm_sphere Psim

1 1.4 0.0 20.6 0.20 4.2 9.7 2.31

2 2.7 7.4 76.4 0.34 33.5 54.7 1.63

3 4.1 46.1 170.8 0.39 113.1 159.6 1.41

4 5.5 141.1 302.7 0.42 268.1 348.4 1.30

5 6.8 317.9 473.1 0.43 523.6 649.8 1.24

6 8.2 601.9 680.8 0.44 904.8 1085.7 1.20

7 9.6 1016.4 924.7 0.45 1436.8 1681.0 1.17

8 10.9 1589.0 1207.5 0.46 2144.7 2460.9 1.15

9 12.3 2343.1 1528.2 0.46 3053.6 3451.5 1.13

10 13.7 3305.5 1885.6 0.47 4188.8 4679.7 1.12

20 27.3 29861.7 7539.9 0.48 33510.3 35459.9 1.06

30 41.0 104797.0 16966.5 0.49 113097.2 117455.2 1.04

40 54.7 253245.0 30163.3 0.49 268082.3 275822.9 1.03

50 68.4 500341.8 47126.5 0.49 523598.3 535682.2 1.02

60 82.0 871194.4 67853.0 0.49 904777.9 922137.4 1.02

70 95.7 1390993.2 92364.5 0.50 1436753.8 1460395.4 1.02

https://doi.org/10.1371/journal.pone.0334597.t003

https://doi.org/10.1371/journal.pone.0334597.t002
https://doi.org/10.1371/journal.pone.0334597.t003


PLOS One | https://doi.org/10.1371/journal.pone.0334597  October 16, 2025 16 / 20

b)	Kidney stones surrounded by renal parenchyma: this condition is representative of situations in which the density cutoff 
for differentiating the sphere (stone) from the surrounding matrix (kidney) lies away from the middle of the density 
window between the average densities of both materials (asymmetric volume threshold level); the cutoff density for the 
identification of kidney stones (average density: 1000 HU) in the kidney (average density: 30 HU) is indeed 130 HU.

The results obtained with our algorithm show that it is possible to almost completely eliminate the PVE only when the 
cutoff density is in the middle of the density window (i.e., the cutoff value is close to the average of the densities of the two 
materials, as in situation a). The voxel matrix performed less well when the threshold density was close to one extremity 
of the density window, especially at wide window widths, as in situation b (asymmetric volume threshold level). With a 
threshold close to the density of the matrix, the size of the object is magnified (positive PVE). The geometrical effect (Fig 
6) somewhat counteracted the size overestimation of the PVE in the simulations.

The PVE might be worsened by windowing if the resulting window width further sharpens the asymmetric distribution of 
the densities of the different materials around the cutoff level, amplifying the PVE. Considering the average kidney stone 
density of 1000 HU and the density of the adjacent tissues (renal parenchyma, ureter wall or urine, 0–60 HU), the clas-
sical diagnostic window for urologic CT reading (window level 50, width 450 HU) strongly emphasizes the PVE. A kidney 
stone with a diameter of two voxels would indeed appear to occupy 27 voxels instead of 4 voxels. On the other hand, size 
estimation or CT volumetry of lung nodules with the default settings of the reading system/software is accurate, especially 
for larger nodules. However, assessing lung nodules with a soft tissue window (window center = 50 HU) results in apparent 
nodule shrinkage and should therefore be avoided.

Fig 8.  Volumetric assessment of calcifications by the Agatston score. The plot shows the Agatston score scaling and the density window limits for 
calcifications in blood vessels (average blood vessel density = 50 HU), as well as calcifications in pericardial fat (average pericardial fat density = −80 
HU). For calcifications with densities greater than 210 HU in blood vessels and 340 HU in pericardial fat, the PVE increasingly affects the accuracy of the 
assessment.

https://doi.org/10.1371/journal.pone.0334597.g008

https://doi.org/10.1371/journal.pone.0334597.g008
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According to the outcome of our simulation in these two typical settings, assessing vessel calcifications with the Agat-
ston score should also be performed with some precautions. The Agatston score is used especially for the diagnostic eval-
uation of coronary artery calcifications [17,18]. The cutoff density for calcifications is set to 130 HU [17,18]. Calcifications 
are evaluated based on a density factor, which depends on the greatest attenuation in the calcified area. If the density 
peak is in the range of 130–199 HU, the density factor is 1; it becomes 2 if the attenuation peak is in the range of 200–299 
HU, 3 if the peak is between 300 and 399 HU, and 4 if the peak is larger than 400 HU. The Agatston score, or “volume”, is 
calculated by multiplying the density factor by the surface of the calcified area [18]. For correct calculation of the Agatston 
score, it is therefore fundamental that the size of the calcified area delineated on the image is as close as possible to the 
real size, particularly for greater density factors. Indeed, according to our results, this is true for calcifications whose densi-
ties dcalc lie within the following window range:

	 dcalc = 130HU ± (130HU – HUmatrix)	 (15)

HUmatrix = density of the material surrounding the calcification
The density of the vessel wall, blood or heart muscle that typically surrounds these calcifications is 50 HU on average 
(HUmatrix), and the volume of only calcifications with attenuation levels in the range of 210 HU would be accurate (Fig 8). This 
means that for density factors greater than 1–2, the Agatston score is overestimated, and the greater the score is, the smaller 
the degree of calcification. In contrast, calcifications embedded in pericardial fat (HUmatrix corresponding to −80 HU) are better 
estimated because of the larger window width, as shown in Fig 8. Calcifications with density factors of 1–3 and, to some 
extent, also 4, are considered to more or less approximate the ground truth, particularly in cases of larger calcifications.

Considering that the amount of calcium in calcifications correlates not only with increasing density but also with increas-
ing cardiovascular risk, the risk of a calcification with a high calcium content might be overrated. Some hard plaques with 
a very high calcium content have attenuation levels similar to those of kidney stones (1000 HU), and the volume assess-
ment of these plaques is consequently very inaccurate, as they appear larger than they actually are. Even though overrat-
ing the risk might be preferable to underrating it, this would still affect the prognosis and thus also therapeutic decisions. 
The assessment of kidney stones (average density = 1000 HU) by the Agatston score is also discouraged because of its 
high degree of inaccuracy.

Our data emphasize the urgency of establishing correction factors for assessment of the Agatston score when dealing 
with highly calcified/high-density structures.

Our approach has several limitations. First, the simplified setting used for the simulation in the clinical cases analyzed 
leads to an incomplete characterization of the extent of the PVE in real case scenarios. In particular, we did not consider 
the physical properties of the object (e.g., the effect of Compton scattering on the signal, especially at higher tube volt-
ages, or the mostly inhomogeneous density distribution within the material) or possible concomitant imaging artifacts or 
alternative scanner characteristics (e.g., fan or cone beam geometry, image magnification, etc.).

Furthermore, our simulation has the disadvantage of being restricted to the study of raw data only, i.e., it does not 
consider any convolution or reconstruction postprocessing, which is part of the standard image reconstruction process 
in CT imaging [3,4,29]. Depending on the purpose of the postprocessing algorithm (e.g., sharpening of bone edges vs. 
reducing noise in soft tissues), tissue edges are modified [3,5,29], which, in cases of lung nodules or kidney stones, might 
ultimately result in a reduction or increase in size, as previously described for some reconstruction algorithms [30–32]. 
The deforming impact of each algorithm used on small objects, such as those described in this study, deserves further 
investigation, especially if the size of such objects is relevant, e.g., for diagnostic purposes or for preoperative evalua-
tions, because the distortions caused by the PVE characterized in this study could even be amplified by inappropriate 
postprocessing. Suitable corrective factors, or guidelines providing the best reconstruction algorithm to use, are needed 
to guarantee the minimization of the PVE, increase diagnostic performance, and support optimal therapeutic decisions. 
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For example, kidney stones up to a threshold size do not undergo surgical treatment because they are often released 
spontaneously [33]. Inaccurate coronary artery calcium scoring performed to measure the coronary atherosclerotic plaque 
burden may lead to an incorrect prediction of cardiovascular disease risk [17,34]. The incorrect size estimation of lung 
nodules may also contaminate the prognostic outcome and lead to incorrect treatment choices [21,35,36].

Our study is also limited to conventional, energy integrating detector CT imaging and does not review the impact of 
very recent innovative CT technology with a photon counting detector (PCD), which was introduced into the clinical rou-
tine in 2021 [37–39], on the PVE. This new detector type (made of semiconductor materials such as cadmium telluride, 
cadmium-zinc telluride or silicon) allows the direct conversion of X-ray photons into current pulses, increasing both spatial 
and spectral resolution and drastically reducing the PVE [40]. This technology is intended to progressively replace con-
ventional CT imaging technology and thus reduce the burden of the PVE in radiology.

5.  Conclusion

Our simulations reveal the extent to which sizing highly contrasted small objects with CT imaging (especially using smaller 
matrix systems) is corrupted by the PVE, particularly when the spherical object analyzed is small compared with the voxel 
size and when the threshold density of the spherical object is not in a region close to the average attenuation values of the 
object and the matrix surrounding it but in the range of the matrix (positive PVE) or the object (negative PVE) density. For 
small spherical objects, we observe a geometrical effect (due to the spherical nature of the cut surface within each voxel) 
and an HU effect, which together counteract the PVE. Nevertheless, the PVE remains a challenge in CT imaging, as it 
impairs diagnostic accuracy and consequently treatment management. This work underlines the importance of finding 
suitable downstream correction factors for the assessment of CT images of structures that are particularly sensitive to 
the PVE. These factors would enhance image quality, improve quantitative accuracy and allow for better lesion detection. 
Overall, this would result in more effective treatment planning.
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