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Abstract
Background Unilateral condylar hyperplasia (UCH) of the mandible is a rare condition 
characterized by asymmetric growth of the mandibular condyles. Bone scintigraphy 
with SPECT(/CT) is commonly used to diagnose UCH and guide treatment. Still, varying 
results have been reported using the traditional threshold of 55%:45% in relative tracer 
uptake. While absolute quantification of uptake on SPECT/CT could improve results, 
optimal correction and reconstruction settings are currently unknown.

Methods Three anthropomorphic phantoms representing UCH were developed 
from patient CT volumes and produced using 3D printing technology. Fillable 
spherical inserts of different sizes (Ø: 8–15 mm) were placed in the condylar positions 
representing symmetrical and asymmetrical distributions. Recovery coefficients 
were determined for SPECT/CT using various reconstruction corrections, including 
attenuation and scatter correction (ACSC), resolution modeling (RM), and partial 
volume correction (PVC) using phantom measurements. Uptake ratios between 
condyles and condyle to clivus were evaluated. Finally, the impact of these 
correction techniques on absolute activity and diagnostic accuracy was assessed in a 
retrospective patient cohort for the diagnostic threshold of 55%:45%.

Results The activity was only partially recovered in all spherical inserts (range: 22.5–
64.9%). However, RM improved relative recovery by 20.2–62.3% compared to ACSC. In 
the symmetric phantoms, the 95% confidence interval (CI) of condyle ratios included 
the diagnostic threshold (57.6%:42.4%) for UCH when using ACSC potentially leading 
to false positives, but not for ACSCRM datasets. Partial volume corrections coefficients 
from the NEMA IQ phantom was positionally dependent, with improvements seen 
performing PVC using coefficients derived from anthropomorphic phantoms. 
Retrospective application in a patient cohort showed only a weak linear correlation (R²: 
0.25–0.67) and large limits of agreement (9.6–12.5%) between different reconstructions. 
Up to 44% of patients were reclassified using the 55%:45% threshold. Using clinical 
outcome data, ACSCRM had highest sensitivity (91%; 95% CI 59–100%) and specificity 
(66%; 95% CI 47–81%), significantly improving specificity (P = 0.038).

http://creativecommons.org/licenses/by-nc-nd/4.0/
http://creativecommons.org/licenses/by-nc-nd/4.0/
http://orcid.org/0000-0003-4194-0974
http://orcid.org/0000-0002-4617-9013
http://orcid.org/0000-0003-0395-3002
http://orcid.org/0000-0002-1793-3822
http://orcid.org/0000-0002-0320-9075
http://crossmark.crossref.org/dialog/?doi=10.1186/s40658-024-00676-6&domain=pdf&date_stamp=2024-8-21


Page 2 of 16De Schepper et al. EJNMMI Physics           (2024) 11:74 

Introduction
Unilateral condylar hyperplasia (UCH) is a rare condition characterized by an asymmet-
ric growth of the mandibular condyles, be it through an increased duration or rate of 
growth on the affected side [1]. In severe cases, the asymmetric growth can result in 
malocclusion, impairing mastication, and oral health-related quality of life [2]. The cause 
of UCH is currently unknown, and treatment is limited to corrective surgery.

Bone scintigraphy using technetium-99m-labeled phosphate analogs such as [99mTc]-
HDP [3] is indicated to identify UCH, by relative quantification of condylar tracer 
uptake as a sign of asymmetric bone remodeling, and to determine the optimal surgi-
cal approach [4]. Both planar scintigraphy and single-photon emission tomography 
(SPECT) acquisitions have traditionally been used for this purpose, considering a rela-
tive activity difference between condyles larger than 10% as evidence of asymmetric 
growth [5]. In addition, comparing condylar uptake with that in the clivus of the skull 
has been used to determine the residual active condylar growth in adolescents.

With the advent of hybrid imaging, SPECT/CT has replaced standalone SPECT for 
many applications, including bone imaging, where the technique has been shown to 
improve diagnostic accuracy and may contribute to improved patient outcomes [6, 7]. 
Despite this technological progress, several studies using SPECT and SPECT/CT for 
the semiquantitative assessment of the mandibular condyles have shown a considerable 
variation in the diagnostic performance for UCH [4, 5, 8–10]. This variability may partly 
result from differences in image acquisition and reconstruction methods, even though a 
formal evaluation is currently lacking. Awaiting further validation, the 55%:45% thresh-
old remains the established clinical reference [4]. 

SPECT/CT also offers the possibility of quantitative reconstructions, using correction 
techniques that compensate for known image degrading effects [11–13]. However, the 
quantification of the mandibular condyles remains challenging because of the high den-
sity of bone causing attenuation and scatter; their close proximity to the articular surface 
of the temporomandibular joint, and their small size increases the partial volume effect 
(PVE). In addition, attenuation correction (AC) and scatter correction (SC) methods 
used in image reconstruction will affect the tracer distribution between condyles and 
the clivus differently, as the latter is located deeper within the skull. Similarly, it is known 
that resolution modeling (RM) within the reconstruction, which attempts to decrease 
the PVE, can introduce artefacts in the activity distribution, depending on the method 
and application [14]. For these reasons, several guidelines on quantitative SPECT/CT for 
dosimetry purposes recommend against the quantification of small tumors, yet guidance 
in other applications, such as bone imaging, is currently lacking [15, 16]. 

With the recent developments in 3D printing technology, increasingly complex 
phantoms have been developed for different anatomic structures and pathologies, 

Conclusions Anthropomorphic phantoms were shown to be essential in determining 
optimal settings for acquisition, reconstruction, and analysis. SPECT/CT reconstructions 
with attenuation and scatter correction and resolution modeling are recommended 
and could improve specificity when using the 55%:45% threshold to assess condylar 
growth.

Keywords Quantitative SPECT/CT, Phantom, 3D printing, Recovery coefficient, 
Mandible, Unilateral condylar hyperplasia
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representing a ground truth to study the accuracy of absolute quantification in SPECT/
CT [17–20]. These anthropomorphic phantoms can now be developed and produced 
with relative ease and reasonable cost, and provide an attractive platform to study situ-
ations where in vivo activity tissue measurements are not feasible. Nevertheless, while 
phantoms representing parts of the skeleton have been produced, there are no prior 
reports on anthropomorphic phantoms recapitulating an actual primary bone disease 
state [21]. 

The present study aimed to establish the optimal reconstruction and corrections for 
absolute quantification of bone SPECT/CT to evaluate bone growth of the mandibular 
condyles. For this, anthropomorphic phantoms of the normal and pathological anatomy 
were developed to serve as ground truth for the quantitative accuracy of SPECT/CT for 
bone-tracer uptake in the mandibular condyles, specifically in the pathological context of 
UCH. Finally, a retrospective patient dataset was used to assess the impact on diagnostic 
classification between the current clinical standard assessment method and thresholds 
based on absolute quantification using optimal reconstruction and corrections.

Materials and methods
Phantom development

Three anthropomorphic phantoms were created representing examples of bone anatomy 
of a normal patient and two patients positive for UCH, based on data from clinical CT 
studies (Fig.  1). Bone structures were segmented in 3D Slicer (v4.11.20210226; www.
slicer.org). A shell of 2  mm thickness was created for the phantom using Meshmixer 
(Autodesk Inc., San Francisco, CA, USA) and divided into four parts for printing. Spher-
ical inserts of different diameters (8 mm, 10 mm, 13 mm, and 15 mm) were placed in the 
phantoms using Inventor (v2021; Autodesk Inc., San Francisco, CA, USA) in the posi-
tions of the mandibular condyles. The spherical inserts are fillable through small access 
tubes.

A resin 3D printer (Form 3, FormLabs, Somerville, MA, USA) was used to print the 
phantoms in parts before final assembly. The quoted resolution of the printer (25 μm) far 
exceeded the ability to visually detect differences between prints of the same phantom. 

Fig. 1 (A) Segmentation of the bone structures of the skull. (B) Model of the corresponding anthropomorphic 
phantom. The red segmentation of the skull is the region representing the phantom. (C) Front view picture of the 
phantom with mounted access tubes for the condyle spheres and the background volume

 

http://www.slicer.org
http://www.slicer.org
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The accuracy of the phantom was determined by the Dice coefficient, comparing the 
volumes of the phantoms with the bone segmentations on their respective patient CT 
studies [22]. A more detailed analysis of the printing accuracy exceeds the scope of the 
current study.

The anthropomorphic phantoms were filled with a clinically relevant spheres-to-back-
ground ratio of 3:1 with concentrations of [99mTc]-pertechnetate of 120 kBq/mL in the 
spheres and 40  kBq/mL in the background similar as determined from patient scans. 
The spheres on both sides were injected with the same activity concentration to test the 
smallest meaningful difference for symmetric size condyles and the PVE on the asym-
metric phantoms. The background volume was filled with an HK2O4P-containing solu-
tion to mimic the attenuation of trabecular bone (1.05 g HK2O4P / g water) [23]. 

Patient cohort

Clinical datasets from consecutive patients referred to the nuclear medicine department 
of the Antwerp University Hospital from 2020 to 2022 to evaluate condylar growth were 
used if all pertinent data on administered activity and time were available. Patients were 
excluded if there was a history of craniofacial trauma or malignancy, or if the CT part 
of the study showed osteoarthritic changes in the temporomandibular joints. Clinical 
follow-up data was collected and used to determine the reference standard based on the 
composite of routine (post-operative) clinical follow-up. This study was approved by the 
ethics committee of the Antwerp University Hospital (N°: 5640).

SPECT/CT acquisition

All scans (patient and phantom) were performed on a GE Discovery 670 NM/CT 16 
slice SPECT/CT camera with 3/8” NaI crystal (GE Healthcare, Haifa, Israel). LEHR col-
limators were used, and 120 projections were acquired. Each projection consisted of a 
100-second (phantoms) or 25-second (patients) acquisition in a 128 × 128 matrix with 
4.4 × 4.4 mm² pixels. Experiments were repeated using a matrix of 256 × 256 pixels, yield-
ing identical findings (data not shown). Following the SPECT acquisition a CT image 
was acquired with tube voltage of 120 kV, tube current of 50 mA and slice thickness of 
1.25 mm. The anthropomorphic phantoms were placed in a box to simulate clinical posi-
tioning and typical detector-to-patient distance in clinical scans.

The SPECT camera and radionuclide calibrator (VDC-405, Veenstra (Comecer), Cas-
tel Bolognese, Italy) are cross-calibrated using the planar sensitivity method according to 
the manufacturer’s recommendations. Afterward, the absolute quantification was veri-
fied using a large cylindrical phantom of 6,283 mL. The camera sensitivity was measured 
and confirmed at 78.97 cps/MBq.

Image reconstruction and analysis

All image reconstructions were based on the ordered-subsets expectation and maximi-
zation (OSEM) algorithm as implemented in MIM (7.2.3, MIM Software Inc, Cleveland, 
OH, USA) and optimized prior to the start of the experiments (data not shown): 5 itera-
tions and 20 subsets had the best activity recovery while limiting noise. Three recon-
structions were made: “NAC” an OSEM reconstruction without corrections (in counts), 
“ACSC” an OSEM reconstruction including AC and SC, and “ACSCRM” an OSEM 
reconstruction including AC, SC, and RM. No post-reconstruction filter was applied. 



Page 5 of 16De Schepper et al. EJNMMI Physics           (2024) 11:74 

The phantom measurements and patient data were reconstructed using identical set-
tings. Image analyses of the phantom and patient data were subsequently performed 
in MIM. Numerical analyses were performed in MatLab (v2021a, The MathWorks Inc, 
Natick, MA, USA). Error estimation on the phantom data was done using the bootstrap 
method [24]. The phantom datasets were Poisson sampled for the error estimation using 
Xeleris IV (GE Healthcare, Haifa, Israel) to include 25% of the data so that the statistics 
would resemble the patient data. All cited error estimates represent a 95% confidence 
interval.

Given the small structures involved spill-over will be apparent and partial volume 
correction (PVC) is required to achieve quantitative accurate results. While several 
approaches have been proposed [25] and developed for PET/CT [26], only resolution 
modeling is currently commercially available. A commonly used method is the applica-
tion of empirically determined recovery coefficients from a NEMA IQ phantom [11]. 
The NEMA phantom was filled with the same activities and activity ratio as the anthro-
pomorphic phantom (120 kBq/mL:40 kBq/mL) and scanned for two different configura-
tions of the spheres, which differed by turning the insert 180° for the second acquisition. 
The acquisition was lengthened to have similar statistics for the second acquisition.

The RCs applied in the PVC are the result of a fit using a two-parameter logistic func-
tion of the sphere volume v [27]:

RC (v) = 1− 1

1 +
(
v
a

)b . (1)

The recovery curves from the NEMA phantom, and separately, using the asymmetric 
anthropomorphic phantoms were used for PVC. The PVC recovery curves were vali-
dated on the symmetric phantom for the ACSC and the ACSCRM reconstruction sets. 
All phantom experiments were repeated twice.

Phantom data

Only the quantitative reconstructions are considered for the phantom scans: “ACSC” 
and “ACSCRM”. The tracer uptake was quantified using spherical volumes of interest 
(VOI). For the spherical inserts, the diameter of the VOI was the same as that of the 
insert. VOIs of 8 mm (symmetric phantom) and 10 mm (asymmetric phantoms) were 
selected for the clivus as they were the largest that could be included while allowing 
some distance to the phantom edges. Recovery Coefficients (RC) were obtained for each 
sphere by drawing a spherical VOI:

RC =
ASPECT

Ainj
 (2)

where ASPECT is the mean activity concentration measured in the VOI and Ainj the activ-
ity concentration injected based on the radionuclide calibrator.

The ratio of tracer uptake in the left sphere was defined as:

AL

AL + AR
 (3)

with AL and AR the activity concentration measured in the left and right condyles, 
respectively.
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The ratio of tracer activity concentration of the condyle versus clivus was defined as:

ACondyle

ACondyle + AClivus
 (4)

Patient data

All three reconstructions (“NAC”, “ACSC”, and “ACSCRM”) were made for each scan to 
assess the potential impact on UCH classification of the applied reconstruction methods 
and the correction techniques. Although the NAC reconstruction is not quantitative, it 
may more closely reflect the SPECT only reconstructions previously reported in litera-
ture as information on reconstruction algorithm and settings were not always provided 
[4]. The clinical reference method of analysis consists of calculating the ratio of mean 
uptake in circular ROIs of the same size for both condyles on the NAC reconstruction. 
A scan is considered positive for UCH when the difference in uptake ratios between the 
pathological and the normal condyle exceeds 10% (55%:45%) [4]. Alternatively, thresh-
olds of 12% and 8% are also considered [10]. Similarly, the mean condylar uptake was 
compared with the clivus using Eq. (4).

It is considered to represent residual condylar growth when the difference in ratios 
exceeds 10% [5]. Surgical intervention is typically postponed in the presence of either 
finding, and patients are followed longitudinally until normalization of uptake.

For PVC, the radius of the mandibular condyles was estimated using the measured 
anteroposterior and mid-lateral condylar lengths [28]. Although the mandibular con-
dyles are not spherical, they can be approximated by an ellipsoid for which it has been 
demonstrated that the RCs are similar to those of a sphere with the same volume [20]. 
The radius of the equivalent sphere was defined using the measured lengths:

R =
3
√
abb

where a and b are the length of the anteroposterior and mid-lateral lengths. The RCs 
from the anthropomorphic phantoms were applied for the equivalent spheres on both 
the ACSC and ACSCRM reconstructions. Identical contours were drawn on the ACSC 
and ACSCRM reconstructions. The Bland-Altman method was used to assess agree-
ment in ratios between methods and the reference method [24]. 

The reclassification rate was calculated for the diagnosis of UCH using the differ-
ent quantitative methods compared to the reference method (NAC). The McNemar 
test was used to assess significant differences compared to the reference method in the 
subsets of patients considered to be positive and negative for asymmetric or residual 
growth according to the clinical reference standard, respectively [29]. As no recovery 
coefficients were available for the clivus, only the asymmetric growth status using the 
55%:45% threshold was considered in the PVC datasets.

Results
Phantoms

Bone segmentation resulted in a clean anatomical model that preserved several pivotal 
anatomical features, including the clivus, occipital condyle and the foramina for the 
internal carotid arteries. The fusion of both CT scans of the phantoms and the patients 
showed good visual agreement. A quantitative comparison through the Dice coefficient 
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[30] confirmed good agreement between the segmented bone structures on the patient 
CTs and their respective phantoms (symmetric phantom: 0.863; asymmetric phantom: 
0.897). Both phantoms were filled with the same bone-equivalent solution, resulting in 
a mean density and standard deviation of 680 ± 334 HU on CT and comparing favorably 
with the mean bone densities in the source CTs, with 791 ± 456 HU and 637 ± 460 HU 
for the symmetric and asymmetric datasets, respectively [31]. Spherical and background 
volumes of the phantoms are summarized in Table 1.

Activity recovery

The activity recovered in the spheres of the symmetric phantom for the ACSC recon-
struction was 22.5% [19.1–25.7%] and 24.3 [22.7–26.5%] for the left and right sphere of 
8 mm diameter, respectively, which increased to 30.8% [26.7–35.0%] and 29.2% [27.3–
31.1%] in the ACSCRM reconstruction set (Table  2). The spheres of the asymmetric 
phantoms are considered according to their size. The activity recovery in the ACSC 
reconstruction was 30.6% [28.9–32.4%], 32.1% [30.9–33.1%], 38.5% [37.2–39.8%], and 
42.6% [41.2–44.3%] for the spheres of 8 mm, 10 mm, 13 mm, and 15 mm, respectively. 
For the ACSCRM reconstruction, these values are increased to 39.8% [36.1–43.5%], 
48.4% [46.2–50.4%], 62.5% [59.7–65.0%], and 64.9% [62.9–67.1%].

The activity recovered for the clivus region in the ACSC reconstruction was 63.1% 
[56.4–71.2%], 78.3% [71.8–83.9%], and 77.1% [72.6–81.8%] for the symmetric phantom, 
asymmetric phantom 1 and asymmetric phantom 2 respectively. When RM was applied, 
the recovery increased to 82.2% [73.9–91.5%], 103.4% [93.4-113.2%], and 94.8% [87.9-
101.5%], respectively.

Ratios

The ratio for the condyles measured in the symmetric phantom was 47.9% [42.4–52.3%] 
for the ACSC reconstruction and 51.1% [47.0-54.9%] for ACSCRM. Although the true 
activity ratio was approached in both reconstructions, the 95% confidence interval of the 
ACSC reconstruction included values beyond the 55%:45% threshold, potentially lead-
ing to a false classification for active growth. The ratio for asymmetric phantom 1 (R > L) 
was 44.3% [42.4–46.2%] in the ACSC reconstruction set and 38.8% [35.9–41.7%] in the 
ACSCRM reconstruction set. The ratio for asymmetric phantom 2 (L > R) was 57.0% 
[56.0-58.2%] in the ACSC reconstruction set and 57.3% [56.2–58.7%] in the ACSCRM 
reconstruction set.

Partial volume correction

There was a large difference in the recovery curves of the spheres in the NEMA phantom 
depending on sphere position relative to the detector for the ACSC reconstruction set 
and ACSCRM reconstruction set (Fig. 2 and Supplementary Table 1). When extrapolat-
ing the recovery curves to an 8 mm sphere, a RC of 39.4% was found for configuration 1 

Table 1 The three anthropomorphic phantoms developed for this work and their main properties
Symmetric phantom Asymmetric phantom 1 Asymmetric phantom 2

Patient CT Normal UCH positive UCH positive
Volume 63 mL 78 mL 78 mL
Left sphere diameter 8 mm 8 mm 15 mm
Right sphere diameter 8 mm 13 mm 10 mm
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and 23.5% for configuration 2 using the ACSC reconstruction set. When these RCs were 
applied to 8 mm spheres of the symmetric condyle phantom, this resulted in an over-
estimation of as much as 80% or an underestimation of up to 40% of the activity con-
centration, depending on the configuration choice. Alternatively, when PVC coefficients 

Table 2 The results from the anthropomorphic phantom scans. The values between brackets 
correspond to the 95% CI

Activity concentration 
[kBg/mL]

Recovery coefficient 
[%]

Ratios

Recon corrections True AC SC AC SC RM AC SC AC SC RM AC SC AC SC RM
Symmetric 
phantom

Left Ø 
8 mm

111.5 25.1
[21.3–
28.6]

34.3
[29.8–39.1]

22.5
[19.1–
25.7]

30.8
[26.7–35.0]

L/
(R + L)

47.9
[42.4–52.3]

51.1
[47.0-54.9]

Right Ø 
8 mm

111.5 27.1
[25.3–
29.6]

32.6
[30.4–34.7]

24.3
[22.7–
26.5]

29.2
[27.3–31.1]

L/
(L + C)

52.5
[47.9–56.5]

53.8
[49.3–
57.8]

Clivus Ø 
8 mm

35.6 22.5
[20.1–
25.4]

29.3
[26.-32.6]

63.1
[56.4–
71.2]

82.2
[73.9–91.5]

R/
(R + C)

54.7
[51.8–57.5]

52.8
[50.7–
55.2]

Asymmet-
ric phan-
tom 1

Left Ø 
8 mm

117.3 36.0
[33.8–
3.80]

46.6
[42.4–51.0]

30.6
[28.9–
32.4]

39.8
[36.1–43.5]

L/
(R + L)

44.3
[42.4–46.2]

38.8
[35.9–
41.7]

Right Ø 
13 mm

117.3 45.1
[43.7–
46.7]

73.3
[70.0-76.2]

38.5
[37.2–
39.8]

62.5
[59.7–65.0]

L/
(L + C)

53.6
[51.0-56.1]

53.0
[49.3–
56.3]

Clivus Ø 
10 mm

40.0 31.3
[28.7–
33.5]

41.3
[37.3–45.2]

78.3
[71.8–
83.9]

103.4
[93.4-113.2]

R/
(R + C)

59.3
[57.0-61.8]

64.0
[61.5–
66.5]

Asymmet-
ric phan-
tom 2

Left Ø 
15 mm

105.3 44.8
[43.4–
46.7]

68.3
[66.2–70.6]

42.6
[41.2–
44.3]

64.9
[62.9–67.1]

L/
(R + L)

57.0
[56.0-58.2]

57.3
[56.2–
58.7]

Right Ø 
10 mm

105.3 33.8
[32.6–
34.8]

50.9
[48.6–53.1]

32.1
[30.9–
33.1]

48.4
[46.2–50.4]

L/
(L + C)

61.8
[60.3–63.3]

66.8
[65.4–
68.1]

Clivus Ø 
10 mm

35.9 27.7
[26.0-
29.3]

34.0
[31.5–36.4]

77.1
[72.6–
81.6]

94.8
[87.9-101.5]

R/
(R + C)

55.0
[53.8–56.2]

60.0
[57.7–
62.2]

Fig. 2 The recovery curves of the 2 configurations of the NEMA IEC body phantom. The lines indicate the fitted 
curve with coefficients a = 581, b = 0.31 (Configuration 1) and a = 2233, b = 0.66 (Configuration 2)
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were derived from the asymmetric phantoms, the activity recovered in the left and right 
spheres of the symmetric phantom increased to 74% [62–85%] and 80% [72-88%] with-
out RM, and 78% [66–92%] and 75% [66–83%] with RM, respectively. There was no 
significant difference in the recovery of the spheres for the ACSC and ACSCRM recon-
structions when their respective recovery curves were used (Fig. 3).

Patient cohort

Datasets from 27 patients were included, 11 female (41%) and 16 male (59%), totaling 43 
bone SPECT/CT studies. One patient was excluded due to increased uptake as a result 
of trauma. No patients showed any signs of degenerative or inflammatory disease. There 
were 8 patients (30%) with a deviation of the jaw to the right, 15 patients (56%) with 
a deviation to the left, and 4 patients (15%) with suspected bilateral residual condylar 
growth. Patients were injected with a mean activity of 659 ± 116 (SD) MBq of [99mTc]-
HDP and scanned after 2.79 ± 0.35 (SD) h. The affected condyles had a mean antero-
posterior and mid-lateral length of 18.0 ± 2.4 (SD) mm and 6.6 ± 1.1 (SD) mm, while the 
contralateral condyles were, on average, smaller at 17.4 ± 3.2 (SD) mm and 6.8 ± 1.3 (SD) 
mm.

The comparisons of the ratios obtained using the ACSC and ACSCRM methods to 
the reference method are shown in Fig. 4. There was a very weak correlation between all 
methods, with correlation coefficients of R² = 0.25 for the NAC and ACSC sets, R² = 0.40 
for the NAC and ACSCRM sets, and R² = 0.32 for the ACSC and ACSCRM sets. Simi-
larly, the Bland-Altman plots show poor agreement between the different methods, with 
limits of agreement ranging from 9.6 to 12.5%.

Compared to the NAC method, the condyle-over-clivus ratio obtained using ACSC 
and ACSCRM methods shows a weak linear correlation (Fig. 5) with R² = 0.67 for the 
ACSC method, R² = 0.51 for the ACSCRM method and R² = 0.56 for the ACSCRM to 
ACSC method. There is a clear bias towards a higher ratio for the NAC method, with 
a mean difference of 5.5% for the ACSC method and 7.9% for the ACSCRM method. 

Fig. 3 The recovery curves obtained by measuring the asymmetric anthropomorphic phantoms. The recovery 
curve for the fully corrected (AC SC RM) reconstructions is fit using the two-parameter logistics function from the 
NEMA recovery curves (a = 553, b = 0.58). The recovery curve for the reconstructions without RM is best fit using a 
linear model (y = 0.018x + 0.16). All clinically relevant values are within the range of the experimental values
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This was expected as attenuation correction will have a larger impact on the deeper lying 
clivus.

When applying the 55%:45% threshold to the quantitative reconstruction subset of the 
scans negative for asymmetric or bilateral growth (Supplementary Table 2), 2/13 (15%; 
95% CI 0–35%) scans previously scored negative using the NAC method were reclas-
sified as positive, and 13/19 (68%; 95% CI 48–89%) positive scans were reclassified as 
negative in the ACSC set (p = 0.004). For the ACSCRM sets, 2/13 (15%; 95% CI 0–35%) 
scans that are reclassified as positive and 10/19 (53%; 95% CI 30–75%) would be reclas-
sified as negative (p = 0.038). Similarly, the subset of the scans positive for asymmetric or 
bilateral growth are classified according to the same 55%:45% threshold. 4/9 (44%; 95% 
CI 12–76%) scans previously scored positive using the NAC method were reclassified 

Fig. 4 The Bland-Altman plots for (A) the ACSC method compared to the reference method, (B) the ACSCRM 
method compared to the reference method, and (C) the ACSC method compared to the ACSCRM method
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as negative, and 0/2 (0%; 97.5% CI 0–84%) negative scans were reclassified as positive 
in the ACSC set (p = 0.250). For the ACSCRM sets, 0/9 (0%; 97.5% CI 0–34%) scans that 
are reclassified as positive and 1/2 (50%; 95% CI 0–100%) would be reclassified as nega-
tive (p = 1.000). The results did not improve when using the suggested thresholds from 
Karssemakers et al. [10] of 12% and 8% (data not shown). Finally, the tracer uptake in 
the condyles was corrected using the partial volume correction factors derived from the 
anthropomorphic phantoms (Supplementary Table 3). However, correcting the ACSC 
and ACSCRM datasets using PVC did not result in significant changes in the reclassifi-
cation in the UCH positive or negative cohorts (all p > 0.25).

Fig. 5 The Bland-Altman plots of the condyle-over-clivus ratio for (A) the ACSC method compared to the refer-
ence method, (B) the ACSCRM method compared to the reference method, and (C) the ACSC method compared 
to the ACSCRM method
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Overall, ACSCRM provided the highest combined sensitivity (91%; 95% CI 59–100%) 
and specificity (66%; 95% CI 47–81%) of all methods, while both ACSC and ACSCRM 
considerably improved specificity compared to the NAC method. No statistically signifi-
cant improvements in sensitivity were seen between the different methods in this lim-
ited dataset (Fig. 6).

Discussion
Several reference structures have been proposed to compare bone tracer uptake in the 
mandibular condyles, including L4 [32] and C3 vertebrae and the clivus [5]. While the 
clivus is conveniently within the SPECT/CT field of view of the mandibular condyles, 
the limited diagnostic accuracy casts doubt it is an appropriate reference. This could be 
due to the differences in the physiology of bone remodeling, histology, pharmacokinet-
ics, or other factors. For example, there is a difference in bone remodeling resulting from 
repeated stress on the mandible through the forces of mastication. Nevertheless, the cli-
vus is the current clinically accepted reference structure [4, 8]. The assessment of bone 
tracer uptake in the mandibular condyles has traditionally been performed using pla-
nar or SPECT-only acquisitions. While SPECT/CT has replaced SPECT as the preferred 
modality for bone imaging [3], a prospective evaluation of the diagnostic accuracy of 
this modality was only recently performed and used the same semiquantitative approach 
described almost 40 years ago [10]. So far, studies have neglected the impact of incre-
mental technological advances on image assessment, including reconstruction methods 
and the availability of absolute quantification. Yet, the mandibular condyles provide sev-
eral challenges that can test the limits of commonly used correction techniques, includ-
ing attenuation and scatter correction, and resolution modeling, justifying an in-depth 
analysis.

In the current study, anthropomorphic phantoms were developed and printed at a 
reasonable cost (purchase: 6k€) to mimic the complex anatomy of the skull base and 
the mandibular condyles, and serve as ground truth to validate bone SPECT/CT quan-
tification in the evaluation of UCH. All prints were of sufficient quality, and excellent 

Fig. 6 The sensitivity and specificity of the classification according to the 55%:45% threshold for each reconstruc-
tion method
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agreement with the volume segmented on the corresponding bone CT was observed, 
thereby providing unprecedented access to ground truth measurements. K2HPO4 as a 
high-density fluid to reproduce bone-like attenuation properties, has previously been 
used in a model of vertebral bone metastases and impacts activity recovery. Neverthe-
less, a direct comparison of the results with the current study is limited due to the higher 
target-to-background ratios in malignant disease, the use of larger size spheres (13 
–28 mm compared to 8 –15 mm), and the routine use of RM by these authors.

For all sizes, only partial recovery was observed. As the same stock solution was used 
for the background regions of the symmetric and asymmetric phantoms, the smaller 
size of the symmetric phantom is the most probable reason for the lack of full recovery 
(range 63.1–82.2%). The recovery of the clivus as a function of its size was beyond the 
scope of this study. Still, it could significantly impact the use of the clivus as a reference 
region. This lack of full recovery, even for larger geometries, confirms the importance of 
anthropomorphic phantoms, as demonstrated, for example, in 2-compartment models 
of the kidney [33]. 

Considering the value of uptake ratios, the 95% confidence interval of the ACSC 
reconstruction included values beyond the 55%:45% threshold, potentially leading to a 
false classification for active growth. This overlap suggests a preference for the inclusion 
of RM in the reconstruction.

While there is already a long history of PVC in emission tomography, there is no 
definitive solution on handling small volumes in SPECT/CT [25]. The results from the 
NEMA IEC body phantom confirm the importance of spatial orientation with the scan 
field, with a significantly different recovery curve for different positions [13]. This is at 
least partially due to the dependence of the spatial resolution on the distance between 
the detector and the object of interest, as confirmed in a recent study using Monte Carlo 
simulation [34]. Given the lack of a general solution to this problem and the earlier 
results demonstrating the influence of local anatomy, a methodology for PVC was pro-
posed using the developed pathology-specific anthropomorphic phantoms. This allows 
for an integration of the correct spatial relationships between the different regions of 
interest with the correct geometry and attenuating properties. Absolute quantification 
was considerably improved when applying the recovery coefficients from the asymmet-
ric anthropomorphic phantom to the symmetric anthropomorphic phantom, with the 
activity recovery increasing to above 74%. Importantly, the improvement was consistent 
for the ACSC and ACSCRM sets and their respective RCs. This highlights the relevance 
of anthropomorphic phantoms over the generally considered NEMA phantom for par-
tial volume correction in SPECT/CT.

In the retrospective analysis, the correlation and agreement for the ACSC and 
ACSCRM methods with the current clinical standard is limited. The largest impact was 
observed on the activity recovery for the clivus with the use of attenuation correction 
which can be explained by the position of the clivus deeper in the skull. Overall, it is clear 
from the comparison of the different techniques that the attenuation and scatter correc-
tion (due to the high density of bone) and resolution modeling (due to the size of the 
condyles) significantly affect the classification of UCH using the historically established 
thresholds. The significant differences in the clinically considered disease-negative pop-
ulation suggest an improvement in specificity when using the quantitative reconstruc-
tions while simultaneously considering asymmetric and bilateral growth thresholds. The 
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retrospective analysis of the clinical data shows that, as the physics of the NAC method 
and ACSC(RM) method(s) are very different, the improvement in quantitative accuracy 
due to the attenuation correction could provide an important contribution to the diag-
nostic accuracy. These findings underscore the importance of validating existing image 
analysis techniques and thresholds whenever novel technology is introduced in clinical 
practice [35]. 

Although this study was performed on a single SPECT/CT system, the results reported 
by Peters et al. demonstrated that vendor-neutral reconstructions allow for reproducible 
results when comparing NEMA phantom scans across Anger-type systems of different 
vendors [36]. For this reason, rather than using the vendor-specific reconstruction and 
analysis platform, a vendor-neutral alternative was used. Currently, these results have 
not been confirmed when including novel ring-geometry systems for 99mTc. However, 
combined results from Peters et al. [37] and Nuttens et al. [38] suggest this should be 
feasible for 177Lu.

In summary, we have shown that application-specific anthropomorphic phantoms are 
superior to generic phantoms to determine the optimal correction methods for bone 
SPECT/CT. In addition, significant improvements in specificity were seen with ACSC 
and ACSCRM methods, while ACSCRM provided the best diagnostic test character-
istics in an initial retrospective analysis. These results suggest that absolute quantifica-
tion may provide independent information beyond the semiquantitative assessment in 
current routine clinical use. Nevertheless, further standardization and harmonization of 
image acquisition, reconstruction and analysis is required when defining thresholds that 
should be universally reproducible in clinical datasets.

Limitations

A limitation of the current phantom study is that it could not be established whether the 
approximation of the condyles as ellipsoids was valid. The retrospective study includes a 
small number of patients (N = 27). Given the small number of positive cases, any analysis 
of the diagnostic sensitivity was limited.

Conclusions
Anthropomorphic phantoms were shown to be essential in determining optimal settings 
for acquisition, reconstruction, and analysis. A significant improvement in partial vol-
ume correction was achieved by using appropriate anthropomorphic phantoms rather 
than the NEMA phantom, which should be avoided when possible. Clinically relevant 
reclassification rates for the diagnosis of UCH were observed between various methods, 
suggesting an improvement in specificity for the quantitative reconstruction sets.

Abbreviations
AC  Attenuation correction
CT  Computed tomography
OSEM  Ordered-subsets expectation maximization
PVC  Partial volume correction
PVE  Partial volume effect
RC  Recovery coefficient
RM  Resolution modeling
ROI  Region-of-interest
SC  Scatter correction
SPECT  Single-photon emission computed tomography
UCH  Unilateral condylar hyperplasia
VOI  Volume-of-interest
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