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Abstract

Purpose Bone single-photon emission computed tomography/computed tomography (SPECT/CT) has been widely used for
evaluation of femoral head viability in patients with femoral neck fracture. The current study aimed to investigate utility of
standardized uptake value (SUV) from quantitative bone SPECT/CT for assessment of femoral head viability.

Methods From March 2015 to November 2018, quantitative bone SPECT/CT was performed in 9 patients with non-viable
femoral head post femoral neck fracture and in 31 controls. Maximum (SUVmax), mean (SUVmean), and minimum standard-
ized uptake values (SUVmin) were measured over femoral head and neck. Mann-Whitney U test with Bonferroni correction was
used to compare SUVs of ipsilateral and contralateral femurs from femoral neck fracture patients with those of control femurs.
Results As for femoral head viability, SUVmax and SUVmean were not significantly decreased in non-viable femoral heads
compared to those in controls. Only the SUVmin was significantly reduced in non-viable femoral heads (mean + standard
deviation, 0.57 £0.38) than in controls (0.95+£0.26, p =0.006) and contralateral femoral heads (1.36 +0.59, p =0.008). The
cutoff SUVmin of 0.61 (g/mL) yielded a sensitivity of 77.8% and specificity of 87.1% for detection of non-viable femoral heads
(p=0.006). Contralateral femoral necks of the femoral neck fracture patients showed significantly higher SUVmean and
SUVmin (3.17 £1.20 and 1.64 + 0.63) than those of controls (2.32 £0.53 and 1.04 £0.27; p = 0.021 and p = 0.002, respectively),
which seemed to reflect weight bearing effect or metabolic derangement.

Conclusions The non-viable femoral heads from the femoral neck fracture showed significantly reduced SUVmin. Quantitative
bone SPECT/CT holds promise for objective evaluation of femoral head viability.

Keywords Femur - Fracture - Single-photon emission computed tomography - Computed tomography - Quantitation -
Standardized uptake value
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Introduction

Bone scintigraphy using technetium-99m methylene
diphosphonate (Tc-99m MDP), Tc-99m dicarboxypropane
diphosphonate (DPD), and Tc-99m hydroxymethylene
diphosphonate (HDP) has been widely used for the evaluation
of femoral head viability in patients with femoral neck fracture
[1, 2]. Since the two-dimensional planar imaging in traditional
bone scintigraphy had limitations in properly evaluating the
femoral head, pin-hole collimator imaging or three-
dimensional single-photon emission computed tomography
(SPECT) evolved for accurate evaluation of femoral head vi-
ability [3, 4]. The integration of X-ray computed tomography
(CT) with SPECT, generating the hybrid imaging mode of
SPECT/CT, has further improved the utility of bone scintigra-
phy for femoral head assessment [5, 6]. Thus, bone SPECT/
CT is now advocated as a useful assessment tool for patients
with femoral neck fracture. However, femoral head viability
has been determined using qualitative or semi-qualitative
scores on the uptake degree (i.e., degree of photopenia) of
the bone imaging agents [4—7].

Truly quantitative and unbiased parameters are now being
introduced in the field of SPECT/CT [8, 9]. Due to the sophis-
ticated image reconstruction algorithms of attenuation correc-
tion, scatter correction, and resolution recovery (correction of
the distance variation between the patient and detector), state-
of-the-art SPECT/CT scanners can readily provide a standard-
ized uptake value (SUV) that is almost equivalent to the positron
emission tomography (PET)-derived SUV [10-18]. As the as-
sessment of femoral head viability is an important indication of
bone SPECT/CT, we attempted to apply the quantitative
SPECT/CT technique for patients with femoral neck fracture.
Our primary goal was to demonstrate the usefulness of the
SUV for objective determination of femoral head viability.

Materials and Methods
Patients

From March 2015 to November 2018, consecutive patients
with unilateral femoral neck fracture and control patients,
who underwent quantitative bone SPECT/CT at the
Department of Nuclear Medicine of Seoul National
University Bundang Hospital, were enrolled. The patients
with femoral neck fracture were proven to have osteonecrosis
of'the corresponding femoral head during subsequent total hip
replacement surgery. The bone SPECT/CT was performed
median 4 days (range, 1-12 days) after the fracture events,
while the interval between femoral neck fracture and surgery
was median 6 days (range, 3—13 days). Conversely, the con-
trol patients underwent bone SPECT/CT because of low back
pain, hip pain, multiple joint pain, or acute lower extremity
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lymphedema aggravation without evidence of femoral head/
neck pathology, which was proved by magnetic resonance
imaging (MRI) (n=3) 41, 48, and 1002 days after SPECT/
CT or clinical follow-up (n=28) until median 313 days
(range, 14-1435 days) after SPECT/CT. This study was ret-
rospectively designed and approved by the institutional re-
view committee of the hospital. The need for informed con-
sent was waived by the committee.

Quantitative Bone SPECT/CT

The protocol of quantitative bone SPECT/CT is available in
the previously published literature [10, 12, 18]. First, we
performed a phantom study for cross-calibration between a
dose calibrator (CRC-15R; CAPintec) and SPECT/CT scan-
ners (NMCT/670 and NMCT/670Pro; GE Healthcare): the
system sensitivity (the converting factor for radio-activity
from counts/min) for NMCT/670 was 152.5 until
July 2017 and then updated to 151.8 since September
2017, while the equivalent for NMCT/670pro was
152.8 cpm per uCi throughout the study. Second, SPECT/
CT images were acquired 2-3 h after injection of 20 mCi
Tc-99m HDP. For calculation of the quantitative parameters,
the following data were recorded in every study: radioactiv-
ity and measurement time before and after injection, imaging
start time, and patients’ body weight. Initially, the planar
images over the hip area were acquired. Then, SPECT ac-
quisition was performed under the following imaging condi-
tions: low-energy high-resolution collimation, energy win-
dow peak at 140 KeV (20% windowing of 126-154 KeV),
scatter window at 120 KeV (10% windowing of 115-
125 KeV), step and shoot mode (10 s/step, 3° angle, 60
steps/detector), body contouring, and zoom factor of 1.14
or 1.5. Next, helical CT for image co-registration and atten-
uation correction was obtained using the following parame-
ters: tube voltage 120 KVp, tube current 60-210 mA with
auto mA function with noise level 20, X-ray collimation
20 mm (=16 x 1.25), helical thickness 2.5 mm, table speed
37 mm/s, table feed per rotation 18.75 mm/rot, tube rotation
time 0.5 s, and pitch 0.938:1. SPECT images were recon-
structed using vendor-provided software (Preparation for
Q.Metrix; GE Healthcare) using an iterative ordered subset
expectation maximization (OSEM) algorithm with 2 itera-
tions and 10 subsets into a matrix of 128 X 128 with slice
thickness of 2.95 mm or 3.88 mm. A post-reconstruction
filter (Butterworth with frequency 0.48 and order 10) was
applied. Triple corrections (CT-based attenuation correction,
dual-energy window-based scatter correction, and resolution
recovery) were applied during SPECT reconstruction. CT
images had been reconstructed using an adaptive statistical
iterative reconstruction algorithm (ASiR; GE Healthcare)
with bone plus filtering function into an image matrix of
512 x 512 with a slice thickness of 2.5 mm.
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Quantitative Parameters from the SPECT/CT
The quantitative parameters investigated in the study were the

maximum SUV (SUVmax), mean SUV (SUVmean), and
minimum SUV (SUVmin).

Maximum radioactivity/Volume of voxel

Suv = L
frax Injected radioactivity | Body weight (g/mL)
SUVimean — T otc.zl mdioacfivity./ Yolume of re.gion (g/mL)
Injected radioactivity / Body weight
SUVimin — Minimum radioactivity /| Volume of voxel (g/mL)

Injected radioactivity/ Body weight

The above parameters were calculated over the femoral
head and neck using vendor-provided quantitative software
(Q.Metrix; GE Healthcare). The voxel volume in the current
study was 3.2~7.3 x 107> mL.

Segmentation of Femoral Head and Neck

Volumes-of-interest (VOIs) for each femoral head and neck
were determined using co-registered coronal CT images. For
the femoral head VOI, the region-of-interest (ROI) was man-
ually drawn slice-by-slice along the upper contour of the fem-
oral head and lower line of the epiphyseal plate (Fig. 1a).
Approximately 20~25 ROIs were required to cover the whole
volume of the femoral head (Fig. 1c). For the femoral neck
VOI, 5 rectangles bordering the head-neck junction and
intertrochanteric line were first placed with a regular interval
over the femoral neck (Fig. 1b). The rectangles were interpo-
lated and the femoral neck VOI was then semi-automatically
segmented using the bone density inside the interpolated rect-
angles (Fig. lc).

Statistical Analysis

An expert statistician from the institutional medical research
collaborating center helped analyze, interpret, and present the
data. Values were expressed as mean + standard deviation
(SD). For the control patients, the SUVs from bilateral femurs
were first averaged because there was no significant difference
of SUVs between two side of the femurs (Supplemental ta-
bles), and then compared with those from patients. The
Fisher’s exact test was performed to test the difference in sex
proportion between patients with femoral neck fracture and
control patients. The Mann-Whitney U test was performed
for age comparisons between patients with femoral neck

fracture and control patients. Comparisons of femoral head
parameters between femoral neck fracture patients and control
patients were performed using the Mann-Whitney U test, and
the obtained P values were multiplied by two according to the
Bonferroni correction for the adjustment of type I errors from
multiple comparisons (i.e., non-viable femoral head vs control
group, contralateral femoral head vs control group).
Wilcoxon’s signed rank test was performed to compare pa-
rameters between non-viable femoral head and intact contra-
lateral femoral head. Comparisons of femoral neck parameters
between patients with femoral neck fracture and control pa-
tients were performed using the Mann-Whitney U test. ROC
(receiver-operating characteristic) analysis was conducted to
determine the optimal cutoff value for disease identification.
Statistical tests were performed using SPSS version 25 (IBM,
Armonk, NY, USA), and a P value lower than 0.05 was con-
sidered statistically significant.

Results
Patient Characteristics

Nine patients with unilateral femoral neck fracture
(male/female = 3:6, age = mean + SD, 79.3 + 7.6 years [range,
69-91 years]) and 31 control patients (male/female = 7:24,
age=45.7+14.3 years [range, 22—76 years]) were included
in the present study. Among the nine patients with femoral
neck fracture, eight patients had recent history of trauma and
one patient had unknown cause of fracture. The patients with
femoral neck fracture were significantly older than the con-
trols (p < 0.001), but the sex proportion was similar (p > 0.05).
All nine patients with femoral neck fractures showed complete
cold defect of total femoral heads above femoral neck frac-
tures on visual assessment of SPECT/CT.

SPECT/CT Parameters of the Femoral Head

For the SUVmax, no significant difference was observed
among control (mean + SD, 4.94 4+ 0.97), non-viable (6.60 =
3.74), and contralateral (6.21 £+ 1.90) femoral heads (p > 0.05)
(Fig. 2a). For the SUVmean, the non-viable femoral heads did
not have a significant difference (1.98 £0.68) from that in
controls (2.61 £0.63, p = 0.056), but showed a significant de-
crease compared to the contralateral femoral heads (3.44 +
1.07, p=0.008). In fact, the contralateral femoral heads had
a significantly higher SUVmean than that in the controls (p =
0.048) (Fig. 2b). Interestingly, the non-viable femoral heads
readily showed a decrease in SUVmin compared to that in the
controls and contralateral femoral heads; SUVmin was signif-
icantly and consistently reduced in the non-viable femoral
heads (0.57 +0.38) compared to that in the controls (0.95 +
0.26, p =0.006) and contralateral femoral heads (1.36 +0.59,
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Fig. 1 Segmentation of the femoral head and neck. a ROIs were
manually drawn over the femoral head. Upper contour (long arrows)
and epiphyseal plate line (short arrows) were used as the anatomical
reference. Approximately 20~25 ROIs were required to cover the
femoral head. b Five rectangles bordering the head-neck junction and

p=0.008) (Fig. 2c; Table 1). The failure of the non-viable
femoral heads to show considerably reduced SUVmax and
SUVmean even with an apparently lower uptake by visual
assessment was attributed to spill-over effects from surround-
ing bony structure. Since the femoral heads were segmented
under the base of CT images (Fig. 3a), high radioactivity from
other bones (i.e., acetabulum) often encroached on the
photopenic femoral heads (Fig. 3b). Thus, in most cases,
it was difficult to demarcate the true femoral head ac-
tivity free from the surrounding bone on the SPECT/CT
images (Fig. 3c¢).

SPECT/CT Parameters of the Femoral Neck

The femoral neck fracture sites always revealed variable de-
gree of increased uptake, but the quantitative parameters over
the fracture site are not presented because increased uptake of
the fracture site is already expected and we wanted to investi-
gate potential abnormalities of the intact contralateral femoral
neck. The statistical analyses showed that the femoral necks
from the contralateral side had significantly greater SUVmean
(3.17+£1.20 vs. 2.32+£0.53, p=0.021) and SUVmin (1.64 +

0.63 vs. 1.04+0.27; p=0.002) than those from controls
(Fig. 4; Table 2). Same tendency was observed for the
SUVmax without a statistical significance (4.9141.98 vs.
3.97+1.07; p=0.138).
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intertrochanteric line were placed at regular intervals and then interpolat-
ed. The femoral neck was semi-automatically segmented by the bone
density inside the interpolated rectangles. ¢ VOIs for the femoral head
and neck. ROlIs, regions-of-interest; VOIs, volumes-of-interest

Cutoff Value of SUVmin for Detection of Non-viable
Femoral Head

The SUVmin was the most consistent parameter for detection
of a non-viable femoral head (Figs. 2 and 3); thus, we per-
formed ROC curve analysis for detection/exclusion of
osteonecrosis using the SUVmin compared with the controls.
The area-under-the-curve (AUC) was 0.815 with a 95% con-
fidence interval of 0.661~0.920 (»p =0.006). As a result, the
optimal cutoff SUVmin for detection of osteonecrosis was
0.61 (g/mL) with a sensitivity of 77.8% and a specificity of
87.1% (Fig. 5).

Discussion

In the current study, a novel quantitative parameter of
SPECT/CT, minimum SUV (SUVmin), was proved to
be useful for the diagnosis of femoral head
osteonecrosis in patients with femoral neck fracture.
The SUVmin denotes the lowest SUV in terms of a
voxel in a given region, and it was significantly reduced
in the osteonecrotic femoral heads compared to that in
normal controls and contralateral femoral heads (Fig.
2c). The SUVmax (the highest SUV in terms of a vox-
el) and SUVmean (the average SUV over the given
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Fig. 2 SPECT/CT parameters of the femoral head. a SUVmax, b SUVmean, and ¢ SUVmin. Control: SUV average of the bilateral femoral heads of
controls. Non-viable: SUV of the femoral head with osteonecrosis. Contralateral: SUV of the contralateral femoral head without osteonecrosis

region) were not consistently reduced in the non-viable  viability. In other words, the “normal activity” of
femoral heads (Fig. 2a, b). These findings suggest that a  healthy tissue may be readily reflected by the voxel of

voxel with the lowest SUV may properly assess tissue  the lowest SUV.

Table 1 SPECT/CT parameters

of the femoral heads SPECT/CT parameters Controls (n=31) (mean = SD)

Patients with femoral neck fracture (n=9)
(mean = SD)

Non-viable Contralateral
SUVmax (g/mL) 494 +£0.97 6.60 = 3.74 621 +1.90
SUVmean (g/mL) 2.61 +£0.63 1.98 £ 0.68 344 £1.07
SUVmin (g/mL) 0.95 £ 0.26 0.57 £ 0.38 1.36 £ 0.59

Control: SUV average of the bilateral femoral heads of controls

Non-viable: SUV of the femoral head with osteonecrosis

Contralateral: SUV of the contralateral femoral head without osteonecrosis
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Fig. 3 Spill-over effect on the
femoral head demonstrated by
SPECT/CT of a 91-year-old male
patient with osteonecrosis of the
left femoral head. The red contour
denotes the femoral head
segmentation on CT image (a).
The radioactivity from the
acetabulum (yellow arrows)
invaded the photopenic femoral
head (b). The ball-and-socket
structure of the hip joint made it
difficult to identify the true
femoral head activity on the
SPECT/CT fusion image (c)

c SPECT/CT

b SPECT

Those findings contrast with the high utility of SUVmax
from quantitative bone SPECT/CT for evaluating “abnormal
activity” of disease [10, 12, 18]; the disease activity was ef-
fectively represented by a voxel of the highest SUV. If
SUVmin had been tested for the evaluation of bone/joint dis-
eases, the inclusion of the non-disease component within a
given VOI would have resulted in an erroncous SUVmin,
and ultimately underestimated the disease activity. In fact, this
effect impaired the diagnostic efficacy of SUVmean for TMD
detection, because the true disease activity and non-disease
activity were averaged [10].

Regarding “normal activity” of healthy tissue, such as fem-
oral head viability, it could not be properly assessed by the
SUVmax, because the extra-component within the VOI (i.e.,
activity from the adjacent acetabula bone or femoral neck
fracture itself) resulted in overestimation of the “normal activ-
ity” of the femoral head (Fig. 3). This phenomenon also influ-
enced the SUVmean because the activities from the femoral
head and other bones were averaged. The surrounding activity
might also interfere with the true SUVmin (the lowest SUV in
a given VOI) within the femoral head, but the second, third, or
next lowest SUVmin would still remain to represent the
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“normal activity” of the femoral head. Traditionally, the scin-
tigraphic diagnosis of osteonecrosis has been dependent on
the identification of the photon-deficit area [3—6]. The uptake
of' bone agents over the entire femoral head (typical volume of
20-30 mL) has been determined by visual assessment. In the
current study, the voxel volume for SUVmin was just
3.2~7.3x 107 mL. The radioactivity in such a small VOI
may be affected by other image acquisition/reconstruction
conditions. Therefore, keeping the constant protocol is of par-
amount importance to maintain reliability. A large scale multi-
center study is crucial in this regard.

The innocent contralateral femoral necks of femoral neck
fracture patients showed greater SUVs compared to the con-
trols (Fig. 4) but the underlying cause was not fully addressed
in the current study. The strenuous weight-bearing of the con-
tralateral lower extremity may be one of the causes of the high
uptake of bone agents [19, 20]. Age-dependent osteoporosis,
which has been reported to increase the uptake of bone scin-
tigraphy agents over the femoral neck and shaft [21], may
explain the high SUVs of the contralateral femoral necks:
the patients with femoral neck fracture were significantly
older than the controls (mean 79.3 years vs. 45.7 years) in
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Fig. 4 SPECT/CT parameters of the femoral neck. a SUVmax, b SUVmean, and ¢ SUVmin. Control: SUV average of the bilateral femoral necks of

controls. Contralateral: SUV of the contralateral femoral neck of patients

the current study. As a matter of fact, the high bone uptake of
Tc-99m labeled diphosphonates has been considered to be a
useful non-invasive indicator for the assessment of bone loss
(bone turn-over) in osteoporosis [22] and metabolic bone dis-
eases [23]. Further studies are required to investigate the SUV
changes in deranged conditions of bone metabolism.

There are some limitations of this study. The retrospective
design with limited number of enrolled cases is a critical weak
point of the study. Comparison with other imaging modalities
like MRI [24, 25] was beyond the scope of the current study.
Prognostic implications of the SUVmin in femoral head
osteonecrosis should be evaluated in further studies.

Table 2 SPECT/CT parameters

of femoral necks excluding the SPECT/CT parameters Controls (n=31) (mean + SD) Patients with femoral neck fracture
fracture site (contralateral femoral neck, n=9)
(mean = SD)
SUVmax (g/mL) 397 +£1.07 491 +1.98
SUVmean (g/mL) 2.32+0.53 3.17+£1.20
SUVmin (g/mL) 1.04 +£0.27 1.64 + 0.63

Control: SUV average of the bilateral femoral necks of controls

Contralateral: SUV of the contralateral femoral neck of patients
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Fig. 5 ROC curve analysis using SUVmin for detection/exclusion of
non-viable femoral head. The cutoff SUVmin of 0.61 (g/mL) yielded
the sensitivity of 77.8% and specificity of 87.1% (area-under-the-curve =
0.815; 95% confidence interval = 0.661~0.920; p = 0.006)

Conclusion

Quantitative bone SPECT/CT is promising for the evaluation
of femoral head viability in patients with femoral neck frac-
ture. The novel quantitative parameter, minimum SUV, may
play a role in the objective and unbiased assessment of femo-
ral head viability with a cutoff value of 0.61 (g/mL).
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