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Objective: This study aimed to investigate the usefulness of bone single-positron emission tomography/computed tomography
(SPECT/CT) of the hip in predicting the later occurrence of avascular necrosis (AVN) after slipped capital femoral epiphysis
(SCFE) or femoral neck fracture in pediatric patients. The quantitative parameters of SPECT/CT useful in predicting AVN were
identified.

Materials and Methods: Twenty-one (male:female, 10:11) consecutive patients aged < 18 years (mean age + standard
deviation [SD], 11.0 + 2.7 years) who underwent surgery for SCFE or femoral neck fracture and postoperative bone SPECT/CT
were included. The maximum standardized uptake value (SUV), mean SUV, and minimum SUV of the femoral head were measured.
The ratios of the maximum SUV, mean SUV, and minimum SUV of the affected femoral head to the contralateral side were
determined. Patients were followed up for > 1 year after the surgery. The SPECT/CT parameters were compared between
patients who developed AVN and those who did not. The accuracy of SPECT/CT parameters for predicting AVN was assessed.

Results: Six patients developed AVN. There was a significant difference in the ratio of the mean SUV among patients who
developed AVN (mean + SD, 0.8 + 0.3) and those who did not (1.1 + 0.2, p = 0.018). However, there were no significant
differences in the ratios of the maximum and minimum SUV between the groups (all p = 0.205). For the maximum, mean,
and minimum SUVs, no significant differences were observed between the groups (p = 0.519, 0.733, and 0.470, respectively).
The cutoff mean SUV ratio of 0.87 yielded a 66.7% sensitivity and 93.2% specificity for predicting AVN.

Conclusion: Quantitative bone SPECT/CT is useful for evaluating femoral head viability in pediatric patients with SCFE or
femoral neck fractures. Clinicians should consider the high possibility of later AUN development in patients with a decreased
mean SUV ratio.
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INTRODUCTION

Avascular necrosis (AVN) of the femoral head is the
most serious complication following treatment of slipped
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capital femoral epiphysis (SCFE) or femoral neck fracture
in pediatric patients [1]. It has a poor prognosis, and

is debilitating and potentially disabling in children [2].
The incidence of AVN varies according to the severity and
stability of the slip, treatment methods used for SCFE,
status of fracture displacement, and the exact site of
femoral neck fracture [3,4]. Revascularization procedures,
such as using a vascularized fibular graft, femoral and/
or pelvic osteotomy, and hip joint arthroplasty, can be
considered for the treatment of AVN [5,6].

While several studies have suggested various risk factors
for AVN [7-10], femoral head perfusion after surgery is one
of the most important factors in assessing the risk of AVN.
However, in children, the blood supply to the femoral head
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is age-dependent [11]. Blood supply to the femoral head
is relatively low in children, whereas adults have a rich
collateral supply. This is related to a higher risk of AVN in
children with femoral neck fracture, with an overall rate

of 20%-29% [4,12]. The risk is reduced in elderly patients
because of the development of an anastomotic vessel [13].

Early prediction and detection could modify the
progression of the AVN of the femoral head. Among the
multiple imaging modalities, single-positron emission
tomography/computed tomography (SPECT/CT) is considered
effective in evaluating the development of postoperative
AVN. This examination aids in the detection of AVN by
supplementing other techniques, such as conventional
radiography, CT, and magnetic resonance imaging.

Several studies have investigated the utility of bone
SPECT/CT for the evaluation of femoral head viability in
adult patients with femoral neck fractures [14-19]. However,
no study has yet evaluated the usefulness of bone SPECT/
CT in predicting the risk of AVN in children. Therefore, this
study aimed to investigate the usefulness of bone SPECT/
CT of the hip in predicting the later occurrence of AVN after
SCFE or femoral neck fracture in pediatric patients, and
to identify which quantitative parameters of SPECT/CT are
useful in predicting AVN in these patients.

MATERIALS AND METHODS

Ethics

This retrospective study was approved by the Institutional
Review Board of our hospital (IRB No. B-2105-686-102).
The requirement for informed consent was waived due to
the retrospective study design.

Patients

The inclusion criteria were as follows: 1) consecutive
patients who underwent surgery for SCFE or femoral
neck fracture between 2015 and 2020, 2) patients with
postoperative bone SPECT/CT of the hip, 3) patients aged
< 18 years, and 4) patients who were followed up for a
minimum of 1 year. Patients who underwent bilateral hip
surgery were excluded from the study. From the medical
records, patients’ age at surgery, sex, diagnosis (SCFE or
femur neck fracture), involved side, type of surgery, follow-
up duration, and complications were obtained.

Surgical Procedures and Follow-Up
All surgical procedures were performed by two pediatric
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orthopedic surgeons. For SCFE, in situ pinning or modified
Dunn osteotomy was performed according to the degree

of slip. For femoral neck fractures, closed or open

reduction and internal fixation using cannulated screws
were performed. After surgery, the non-weight bearing

was maintained for at least 8 weeks, followed by weight-
bearing as tolerated. Plain hip radiographs were obtained
to assess fracture healing and to periodically identify the
AVN of the femoral head at the outpatient clinic. AVN of the
femoral head was diagnosed when patch sclerosis and cystic
changes, subchondral collapse, or flattening of the femoral
head was detected on plain radiographs.

Bone SPECT/CT

SPECT/CT images were acquired 2-3 hours after Tc-99m
hydroxydiphosphonate (HDP) injection, with NM/CT 670
and NM/CT 670 Pro (GE Healthcare). Dosages of Tc-99m HDP
were administered according to the European Association
of Nuclear Medicine dosage card (15.8 + 6.6 m(i). Patient
height, weight, and net injected activity were used to
calculate the standardized uptake values (SUVs). Planar
images of the hip region were acquired, followed by SPECT
images. SPECT images were acquired under the following
conditions: low-energy high-resolution collimation, energy
window peak at 140 keV with 20% windowing (126-154
keV), scatter window at 120 keV with 10% windowing
(115-125 keV), body contouring, step and shoot mode
(10 s/step, 3° angle, 60 steps/detector), and zoom factor
of 1.14 or 1.5. Next, CT images were acquired under the
following conditions: tube voltage of 120 kVp, tube current
of 60-210 mA with auto mA function, helical thickness of
2.5 mm, table speed of 37 mm/s, table feed per rotation of
18.75 mm/rot, tube rotation time of 0.5 seconds, and pitch
of 0.938:1.

SPECT/CT Quantification

Reconstruction and SUV quantification of the femur
head was performed based on previously described
methods [14]. Image reconstruction was performed with
dedicated software (Xeleris 4DR, GE Healthcare), using
an iterative ordered subset expectation maximization
method with two iterations and 10 subsets. The matrix
size was 128 x 128 with a slice thickness of 2.95 mm or
3.88 mm. A Butterworth filter (frequency, 0.48) with CT-
based attenuation correction, dual-energy window-based
scatter correction, and resolution recovery were applied.
For SUV quantification, the volumes-of-interest (VOIs) of
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the bilateral femur heads were determined by manually
drawing regions-of-interest between the upper contour of
the femur head and the lower line of the epiphysis using
coronal CT images (Fig. 1). The maximum SUV, mean SUV,
and minimum SUV of the VOIs were calculated using the
following equations:

Maximum radioactivity/Volume of voxel

Maximum SUV = - —— - (g/mL)
Injected radioactivity/Body weight
Total radioactivity/Volume of the region
Mean SUV = - —— - (g/mL)
Injected radioactivity/Body weight
Minimum radioactivity/Volume of voxel
Minimum SUV = (g/mL)

Injected radioactivity/Body weight

The converting factors for counts of radioactivity were

Song et al.

151.8 counts/min for NM/CT 670 and 152.8 counts/min
for NM/CT 670 Pro. The ratios of the maximum SUV, mean
SUV, and minimum SUV of the affected femoral head to the
contralateral femoral head were also used for analyses.

Statistical Analyses

Descriptive statistics, such as the mean and standard
deviation, were used to summarize patient demographics. A
comparison of the SPECT/CT parameters between those who
developed and did not develop AVN was performed using the
Mann-Whitney U test. A receiver operating characteristic
(ROC) curve was used to define the optimal cutoff values of
the quantitative parameters for the prediction of AVN, and
the sensitivity and specificity were obtained. All statistical
analyses were performed using SPSS software for Windows
(Version 25.0; IBM Corp.) and MedCalc software for Windows
(Version 18.11; MedCalc®). All statistical tests were two-

c

Fig. 1. Generation of VOIs of bilateral femur heads.

A. ROIs were manually drawn between the upper contour of the femur head and the lower line of the epiphysis (arrows) using coronal CT images.
B. ROIs superimposed to the CT image. C. Accordant SPECT images were visually inspected simultaneously. D. VOIs for the femoral head. ROI =

region-of-interest, VOI = volume-of-interest
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tailed, and a p value of < 0.05, was considered significant.

RESULTS

Our clinical data warehouse included 25 patients who
underwent postoperative bone SPECT/CT after surgery for
SCFE or femoral neck fracture. Among the 25 patients,
three were excluded due to inadequate follow-up duration,
and one was excluded due to bilateral hip involvement.
Therefore, 21 patients were included in this study. The mean
age of the patients and the mean follow-up duration were
11.0 + 2.7 years and 3.3 + 1.4 years, respectively. Of the 21
patients, six developed AVN (four patients with SCFE, two

c

Fig. 2. Representative cases of patients with and without AVN.
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with femur neck fracture) (Fig. 2). Of these six patients,
four underwent femoral valgization osteotomy, and one
underwent both femoral varization osteotomy and Chiari
osteotomy (Table 1).

Table 1. Summary of Patients Demographics

10:11
11.0 + 2.6 (3.7 to 15.8)
3.3+ 1.3 (1.0t0 6.3)

Sex (male:female)
Age at surgery, year
Follow-up duration, years

Side of limbs (right, left) 9,12
Diagnosis (SCFE, femur neck fracture) 15, 6
Avascular necrosis (yes, no) 6, 15

Data are mean + standard deviation (range). Otherwise, the data
are number of patients. SCFE = slipped capital femoral epiphysis

A, B. Planar bone scan (A) and SPECT/CT (B) images of a 3-year-old patient who developed AVN of the left femur head 2 months after open
reduction and internal fixation of the femur neck fracture. Planar scan and SPECT/CT showed a reduced photon count on the left femur head. The
ratio of the mean SUV was 0.22. C, D. Planar bone scan (C) and SPECT/CT (D) images of an 11-year-old patient who underwent in situ pinning
of the right slipped capital femoral epiphysis. The ratio of the mean SUV was 1.09. The patient did not develop AVN of the femur head. AVN =

avascular necrosis, SUV = standardized uptake value
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Table 2. Comparison of SPECT/CT Parameters of Femoral Head between AVN and No-AVN Groups

SPECT/CT Parameters AVN Group (n = 6) No-AVN Group (n = 15) P
Mean SUV, g/mL 8.1+3.5 9.6 +4.2 0.519
Ratio of the mean SUV 0.8+0.3 1.1+0.2 0.018
Maximum SUV, g/mL 24.1+19.5 21.8£9.7 0.733
Ratio of the maximum SUV 0.8+0.4 1.0+0.2 0.205
Minimum SUV, g/mL 1.7 £0.9 2.2x1.0 0.470
Ratio of the minimum SUV 0.9+0.5 3.0+ 4.2 0.205

Data are mean + standard deviation. AVN = avascular necrosis, SUV = standardized uptake value
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Fig. 3. The receiver operating characteristic curve of the ratio
of the mean SUV for predicting avascular necrosis. The area
under the curve was 0.833 (95% confidence interval, 0.608-0.958).
The cutoff mean SUV ratio of 0.87 yielded 66.7% sensitivity and
93.2% specificity. SUV = standardized uptake value

Bone SPECT/CT of the hip was performed after surgery
following a mean interval of 52.3 days (range, 34-83 days).
The mean volume of the VOIs was 21.7 + 8.8 mL for the
affected femur head, and 20.8 + 7.5 mL for the contralateral
femur head. There was a significant difference in the ratio
of the mean SUV among patients who developed AVN (0.8 +
0.3) and those who did not (1.1 + 0.2, p = 0.018). However,
there were no significant differences in the ratios of the
maximum and minimum SUV between the two groups (all
p = 0.205). For the maximum, mean, and minimum SUV, no
significant difference was observed between patients who
developed AVN and those who did not (p = 0.519, 0.733,
and 0.470, respectively) (Table 2).

The ratio of the mean SUV was a useful factor for the
prediction of AVN after SCFE or femoral neck fracture in
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pediatric patients; thus, we performed ROC curve analysis
using the ratio of the mean SUV. The area under the ROC
curve was 0.833 (95% confidence interval, 0.608-0.958;
p =0.001). The cutoff value of the mean SUV ratio of 0.87
yielded a 66.7% sensitivity and a 93.2% specificity for
predicting AVN (Fig. 3).

DISCUSSION

A previous study evaluated femoral head viability in
pediatric patients by visually grading and analyzing bone
scan uptakes by experts [20]. Postoperative bone scan was
proven to be a valuable technique for assessing the risk of
AVN following femoral neck fracture, SFCE, or Legg-Calve-
Perthes disease. However, visual grading and interpretations
have the probability of poor inter-rater reliability, which
can be overcome by using quantitative parameters. A recent
study investigated the utility of quantitative bone SPECT/
CT in assessing femoral head viability in adults with femoral
neck fractures [14]. The minimum SUV of the affected hip
was found to be a novel quantitative parameter.

DosSantos et al. [21] evaluated the role of SPECT/

CT in detecting the viability of the femoral head in
pediatric patients with SCFE. However, only two patients
were included for a qualitative SPECT/CT analysis. To the
best of our knowledge, our study is the first to evaluate
the usefulness of SPECT/CT in quantitatively assessing
femoral head viability in children. We analyzed not only
the individual SUV values of the affected side, but also
the ratio of the SUV values of the affected femoral head
to the contralateral femur head. It was observed that
only the ratio of the mean SUV of the affected femoral
head to the contralateral femoral head was significantly
different between the two groups. The normal reference
range of bone uptake varies according to patient age due
to continuous femoral growth in children. The femoral
epiphysis ossifies and fuses to the femoral physis until the
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age of 14-16 years. Therefore, based on the findings of this
study, it may be reasonable to conclude that the ratio of
the mean SUV is the only valuable quantitative parameter
for the prediction of AVN.

Traumatic AVN in children commonly results in femoral
head collapse with secondary degenerative changes,
resulting in poor clinical outcomes [22]. However, to date,
no clear guidelines exist for the successful treatment of AVN
in pediatric patients. Intravenous bisphosphonate therapy,
closed bhone graft epiphysiodesis, and core decompression
combining implantation of bone marrow-derived cells with
recombinant human bone morphogenetic protein-2 [22-24]
have been suggested as effective therapeutic options for
early stage AVN in pediatric patients. We opine that early
prediction of AVN using quantitative bone SPECT/CT and
intervention may alter the course of AVN. If a postoperative
bone SPECT/CT shows a decrease in the ratio of the mean
SUV, clinicians should consider a prolonged period of non-
weight-bearing and early surgical intervention.

There were some limitations to this study. First, our
sample size was small because of the rarity of the patient
population. A large cohort multicenter study is required to
support our findings. Second, the time interval between
surgery and postoperative bone SPECT/CT varied from 5
to 12 weeks due to the retrospective design of this study,
although the timing of the scans might have affected
the results. Therefore, a prospective study with the same
interval of postoperative bone SPECT/CT is needed. Third,
adjacent uptakes to the femur head, such as the uptake by
the postoperative healing process, femur neck fracture, and
growth plate may be attributed to the unwanted spill-over
effects. However, on visual inspection of SPECT/CT images,
there were no significant interfering uptakes adjacent to
the VOIs of the femoral head. While it may be difficult to
precisely demarcate the true femoral head activity free from
adjacent activities, the ratio of mean SUV values is less
likely to be affected by unwanted adjacent uptakes than
the maximum SUVs.

In conclusion, we demonstrated that quantitative bone
SPECT/CT is useful for evaluating femoral head viability
in pediatric patients with SCFE or femoral neck fractures.
Clinicians should consider the high possibility of later
development of AVN in patients with a decreased mean SUV
ratio.
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