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Abstract

Artificial joint replacement surgery is the orthopedic procedure of choice to
relieve pain, correct joint deformities, and help patients resume everyday ac-
tivities. However, the detailed mechanisms regulating peri-implant bone re-
modeling at the bone-prosthesis interface remain elusive. To address this gap
in knowledge, we evaluated the natural postoperative course of bone meta-
bolism by using [**F] NaF positron emission tomography (PET)/computed
tomography in 57 patients (104 joints) who underwent asymptomatic total
knee arthroplasty (TKA). First, we measured total tracer uptake around TKA
to determine the total bone metabolism (TBM) and used the ischial tuberosi-
ty as the reference tissue for normalization of PET images. Second, we calcu-
lated the TBM ratio (TBMR) by dividing the TBM by tracer uptake in the
reference tissue. A moderate increase in TBMR was observed 4 - 5 days after
implantation, and its intensity reached the maximum on the seventh post-
operative day. The TBMR showed no differences until 12 weeks, after which
it decreased slowly and returned to the basal levels. The new parameter
TBMR and the unique pattern of postoperative metabolic changes in the bone
around the prosthesis may help set accurate interpretation criteria to diag-
nose complications such as loosening or infections.
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1. Introduction

Total joint arthroplasty is a surgical procedure in which parts of an arthritic or
damaged joint are removed and replaced with a metal, plastic, or ceramic device
called prosthesis. The prosthesis is designed to replicate the movement of a
normal, healthy joint. Total knee arthroplasty (TKA) as well as total hip arth-
roplasty (THA) is the most commonly performed joint replacement procedures,
although replacement surgery can be performed on other joints as well, includ-
ing the shoulder, elbow, wrist, and ankle.

Knee replacement surgery was first performed in 1968, according to the
American Academy of Orthopaedic Surgeons [1]. Since then, strong efforts have
been made to improve the design and material properties of prostheses. In addi-
tion, advancements in surgical techniques, such as minimally invasive and mus-
cle-sparing approaches, have greatly increased the effectiveness of this tech-
nique. A recent study reported that TKA is one of the most successful proce-
dures in medical practice, and the literature contains a number of reports de-
scribing prosthesis survival rates of more than 90% at the 30-year follow-up ex-
amination [2]. However, there is also a non-zero chance of recurring pain after
TKA due to complications such as infections or loosening.

Nuclear medicine is a branch of medical imaging that uses small amounts of
radioactive material to diagnose and determine the severity of or treat a variety
of diseases, including many types of cancers, heart disease, gastrointestinal, en-
docrine, and neurological disorders, and other abnormalities within the body.
Since nuclear medicine procedures can pinpoint molecular activity within the
body, they offer the potential to identify disease in its earliest stages as well as
show the patient’s immediate response to therapeutic interventions.

[*™Tc] MDP bone scintigraphy is a frequently used radionuclide bone imag-
ing technique, primarily due to its widespread availability. It can help diagnose a
number of bone conditions, including metastasis of bone tumors, bone infec-
tion, and the location of bone inflammation and fractures. However, more re-
cent reports have raised doubts over the previously reported effectiveness of
bone scintigraphy, probably because its spatial resolution and sensitivity are
lower than those of other diagnostic imaging techniques, including computed
tomography (CT) and magnetic resonance imaging (MRI) [3].

Positron emission tomography (PET), which is noninvasive and usually pain-
less with the exception of the intravenous injection, uses a positron emitter, a
scintillator to detect annihilation photons, and a computer to help physicians
diagnose and evaluate biochemical and physiological conditions. By providing
molecular information, PET may identify body changes at the cellular level and
detect the early onset of disease before it is evident on other imaging tests. At
present, almost all PET scanners are combined with CT scanners to produce
fused images and to perform various corrections using CT information. The
combined PET/CT scans, therefore, provide images that pinpoint the anatomic

location of abnormal metabolic activity within the body. These combined scans
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can provide more precise information and more accurate diagnoses than the two
scans performed separately.

The recently developed '*F-sodium fluoride (['*F] NaF) bone PET/CT is a
more accurate diagnostic tool for specific bone disorders with the potential to
replace conventional bone scintigraphy. Most of the NaF transported to the bone
is retained only after a single pass of blood, making it a suitable radiopharma-
ceutical agent for the assessment of subtle changes in bone metabolic activity. By
using a quantification parameter such as standardized uptake value (SUV), this
method can yield more objective assessments than those obtained with conven-
tional [*™Tc] MDP studies. In addition, ['"*F] NaF PET/CT studies are more
convenient for patients because the scanning time is less than that with conven-
tional [*™Tc] MDP bone scans.

In 2016, Son et al [4] firstly reported the visual and quantitative analysis of
['®F] NaF uptake after joint replacement. In their study, however, the interval
between the surgery and the scan was from 3 to 25 months; ['*F] NaF PET anal-
ysis was not performed within 3 months and after more than 25 months after the
surgery. In this study, we investigated the tracer uptake not only within a week
but also after more than 3 years after implantation to further investigate the util-
ity of ['®F] NaF PET/CT bone scans and the natural postoperative course in

asymptomatic patients following joint replacement surgery.

2. Materials and Methods
2.1. Patient Population

From September 2014 to December 2017, a total of 57 patients (104 prostheses)
without symptoms indicating post-TKA complications at the Tokyo Metropoli-
tan Geriatric Hospital were enrolled in the current study, if they met all of the
following inclusion criteria: 1) no subjective symptoms reported by the patient,
2) no radiolucent line on the postoperative plain radiograph, and 3) C-reactive
protein within the normal ranges in the postoperative blood tests. This study was
approved by the Institutional Review Board of Tokyo Metropolitan Geriatric
Hospital and Institute of Gerontology, and all subjects gave their informed con-

sent to participate in the study.

2.2. ['8F] NaF PET/CT Imaging

['®F] NaF PET/CT images were obtained with a dedicated PET-CT scanner
(Discovery PET/CT 710, GE Healthcare, Milwaukee, WI, USA) [5]. PET/CT
imaging was performed 45 min after injection of ['*F] NaF (3.7 MBq per kilo-
gram of body weight). CT images at a rate of 3.27 mm/slice were acquired before
PET acquisition for attenuation correction. PET data were acquired using a lute-
tium based scintillator with an axial field of view of 15.7 cm. The spatial resolu-
tion determined in a performance test in NEMA NU 2-2007 was 4.52 mm at full
width at half maximum (FWHM). The emission scan period per bed position
was 1.5 min; 13 or 14 bed positions were acquired. The average total PET/CT
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examination time was about 20 min. All PET images were reconstructed under the
following conditions: a three-dimensional-ordered-subsets expectation-maximization
algorithm with time-of-flight and point-spread-functions, 192 x 192 matrix size,
3.65 mm/pixel, 3.27 mm/slice, two iterations, 18 subsets, and a Gaussian filter of
4.0 mm (FWHM).

2.3.['8F] NaF PET/CT Image Analysis

First, the PET images were evaluated visually, after which the serial changes in
tracer uptake were analyzed quantitatively based on the volume of interest
(VOI) automatic isocontour method. All image processing procedures and
measurements were performed using AW VolumeShare 7 (GE Healthcare,
Milwaukee, WI, USA). For each image, the CT images were used for gross
localization of bones and placement of the VOI for any given region. The
average reference uptake value was calculated from two reference uptake
values measured by two spherical VOIs placed at the ambilateral ischium. A
three-dimensional cuboid around the prosthesis was systematically generated
using AW VolumeShare 7 by specifying a length with the x, y; and zaxis direc-
tions. In this study, the total VOI was 13 x 13 x 18 cm. Automatic isocontour
detection was then used to refit the VOI around the prostheses by setting a
threshold SUV of 4.0. For each contour, the SUV SUV,.. and SUV

were measured.

mean> peak

2.4. Measurement of Metabolic Bone Volume and Total Bone
Metabolism on [18F] NaF PET/CT

Metabolic bone volume (MBV) was determined with a threshold SUV of 4.0.
The contouring margins around the prostheses were automatically produced by
the isocontour method. MBV was expressed as a volume (cm®) containing an
SUV intensity equal to or greater than 4.0. Total bone metabolism (TBM) was
calculated by multiplying the SUV ., value by the MBV. The TBM corresponds
to the bone-forming activity in the entire area around the TKA.

2.5. Statistical Analysis

Inter-subject variability of SUV g ischiamuberosity 314 SUV efetschiattuberosity Wa$ ana-
lyzed in the whole patient group; for patients with two PET scans, only the first
scan was used (N = 69). Intra-subject variability of SUV  yiiruperosityy Which was
the mean value of SUV g rschiatuberosity @0d SUV efe tschiarmuberosityy Was analyzed in a
subgroup of 16 patients that underwent two scans on separate days. Inter- and
intra-subject variabilities were assessed as standard deviation (SD) of the distri-

bution of the respective SUV.

3. Results
3.1. Patient Characteristics

Seven (12.3%) patients were men and fifty (87.7%) were women; the average age
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of patients was 78.8 + 5.1 years (range of 59 - 89 y). During the postoperative pe-
riod (range of 4 - 4705 days), patients were evaluated during regular follow-ups

and regarded as having no clinical evidence of complications.

3.2. Visual Evaluation of [18F] NaF Distribution around TKA

First, qualitative visual evaluation of tracer distribution was analyzed. One pa-
tient who had undergone left TKA four years previously was evaluated just be-
fore right TKA. As shown in Figure 1(a), mild homogeneous [**F] NaF uptake
was observed in the left knee on the PET images. In contrast, the increased tracer
accumulation in the right knee indicated bone and joint destruction related to
the underlying osteoarthritis. Two weeks after right TKA, a second PET scan
showed intense homogeneous uptake in all areas around the knee prosthesis, al-
though NaF uptake around the left TKA was of very similar magnitude compared
with that in the first scan (Figure 1(b)). To investigate the time course of bone
metabolic activity after implantation of the prosthesis, PET scans of a 74-year-old
woman with osteoarthritis of the right knee were obtained 5 and 23 days after
right TKA. The uptake intensity on postoperative day (POD) 5 appeared to be
lower than that on POD 23 (Figure 2), indicating ongoing up-regulation of
bone-remodeling activity 5 days after surgery. Next, we analyzed PET images
obtained from an 83-year-old woman who underwent left TKA and found that
the uptake intensity on POD 7 appeared to be similar to that on POD 25 (Figure
3), suggesting that the uptake intensity reached the highest level 7 days after
surgery and that the peak activity remained unchanged at least for approximate-

ly one month subsequently.

(b)

NaF PET

Figure 1. An 86-year-old man who had undergone left TKA 4 years ago without any
complications received a right TKA for osteoarthritis of the knee. (a) NaF PET images
obtained 2 weeks before right TKA showed almost normal accumulation around the left
femoral and tibial components. (b) The repeat study performed 14 days after right TKA
shows intensely increased radiopharmaceutical accumulation around the components.
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° POD23
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4

Figure 2. A 74-year-old woman received TKA for osteoarthritis of the right knee. Two
NaF PET scans were performed on POD 5 (a) and POD 23 (b). The right knee showed
less intense tracer uptake on POD 5 than on POD 23. (c) X-ray AP view of both knee
joints after right TKA.

3.3. Quantitative Evaluation of Tracer Distribution around TKA

To evaluate the postoperative osteometabolic changes around the TKA, ["*F]
NaF parameters such as the maximum standardized uptake value (SUV ), peak
standardized uptake value (SUV,,,), and MBV were calculated. The SUV ,, is
commonly used as a semiquantitative parameter in PET/CT studies and is valu-
able for diagnosis of various diseases and therapeutic responses. More recently,
the SUV ., which is defined as the mean tracer uptake within a spheric 1-cm’
region around the area with the highest SUV, has been used to serve as a more
reproducible parameter of maximum lesional uptake [6]. In addition, the MBV,
obtained with a threshold SUV of 4.0 on 3D PET-CT images, is a possible indi-
cator for response assessment of osteometabolic activity around TKA. Quantita-
SUV
course showed that the SUV ., SUV .,
first 7 days after the arthroplasty, reaching the highest levels on POD 7 - 60 (7 - 60

tive analysis of SUV and MBV during the natural postoperative

max>

and MBYV increased with time over the

days after implantation), and returned to the basal level after 1 year (Figure 4).

DOI: 10.4236/0jo0.2018.812046

448 Open Journal of Orthopedics


https://doi.org/10.4236/ojo.2018.812046

M. Kanetaka et al.

2 years after staged bilateral TKA

Figure 3. An 83-year-old woman received TKA for osteoarthritis of the left knee. Two
NaF PET scans were performed on POD 7 (a) and POD 25 (b). There seemed to be no
significant difference in NaF uptake between the two scans. (c) X-ray AP view of both
knee joints in standing position just after left TKA. (d) Two years after staged bilateral
TKA, both knees showed normal patterns of physiologic uptake of [**F] NaF.

3.4. Ischial Tuberosity as the Reference Region for Normalization
of NaF PET Images

To reduce inter- and intra-scanner differences in the NaF PET scans obtained
from PET centers with or without the ['®F] NaF synthesis facility, we hypothe-
sized that normalization of tracer accumulation relative to a suitable reference
tissue may improve accuracy. Uptake of ['®F] NaF is not tumor-specific, and
nonmalignant entities can also demonstrate subtle changes in radiotracer uptake
in the bone and joint, including degenerative arthropathy, degenerative disk
disease, facet arthropathy, rheumatoid arthritis, suspected stress fractures, ear-

ly-stage rib fractures, bone graft viability, fracture nonunion, osteonecrosis of
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Figure 4. Time-activity curves of SUV, . (a) and SUV ., (b) 30 min after intravenous injection of '*F-NaF in pa-
tients. (c) Time-volume curves of metabolic bone volume (MBV) with the threshold SUV of 4.0 were expressed as
volume (cm®) containing SUV intensity of equal to or greater than 4.0.

the femoral head, and complications of joint prostheses. In this study, we fo-
cused on the ischial tuberosity as a reference region for normalization of PET
activity (Figure 5(a)). The ischial tuberosity is a strong widening of the bone on
either side of the frontal portion of the ischium, the lowest of the three major
bones that make up each half of the pelvis. Since the ischial tuberosity is sur-
rounded by soft tissues, including various muscles, and remains stable in com-
parison with the upper and lower extremities, degenerative changes in this re-
gion are relatively rare. To examine whether the ischial tuberosity is a suitable
reference region, a sphere with a diameter of 1.5 cm was placed (drawn) in the
right and left ischial tuberosities and the mean SUV in this region was quantita-
tively evaluated. The mean values of SUV iy richiarmuberosity @04 SUV e tschiartuberosity
across 73 investigated patients were 4.64 + 1.08 and 4.61 + 1.01, respectively.

Quantitative evaluation revealed a high correlation between the mean SUVs
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Figure 5. Ischial tuberosity as the reference region for normalization of NaF uptake. (a) An example of VOI
within the right and left ischial tuberosities is displayed in the 3DCT image of the pelvis. The lower panel
shows an axial fused NaF PET/CT image with two spheres of 1.5-cm diameter drawn in the right (red circle)
and left (white circle) ischial tuberosities. L = left, R = right, A = anterior, P = posterior; (b) Correlation ana-
lyses of SUV .., of bilateral ischial tuberosities (IT). Scatter plots showed high correlations between the SUV
values of the right and left ischial tuberosities, p = 0.567973452; (c) Correlation between the first and second
scans of SUV Scatter plots showed good test-retest reliability, p = 0.796451829.
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obtained from the ischial tuberosities on both sides (R = 0.90793, p =
2.28755E-15) (Figure 5(b)). As shown in Figure 5(c), correlation analysis re-
vealed a linear correlation between the first and second scans in 16 patients re-
ceiving two PET scans on different days. The mean values of SUV puruberosity i
the first and second scans were 4.36 + 0.81 and 4.39 + 0.97, respectively (R =
0.89298, p = 3.23608E-6).

3.5. Measurement of Total NaF Accumulation around TKA
Normalized to the Reference Tissue

Semiquantitative parameters such as the standardized uptake value ratio (SUVR)
require normalization of the radiotracer activity to a reference tissue to allow
monitoring of changes in tracer accumulation [7]. Here, we measured total trac-
er uptake around TKA as TBM, which is calculated by multiplying the SUV .
by the MBV, . Furthermore, we also determined the TBM ratio (TBMR), which
is normalized by dividing the TBM by tracer uptake in reference tissue. As
shown in Figure 6, TBMR showed a time-dependent increase for the first 7 days
after implantation and then remained at the highest level throughout the first 2

months. Thereafter, it gradually declined to the basal levels.

4. Discussion

In this study, we performed both visual and quantitative evaluation of the bone
metabolic activity and investigated natural post-operative serial changes in up-
take intensity (SUV,,, SUV ., MBV, TBM, and TBMR) during the period
spanning from within a week to more than 3 years after surgery.

To date, ®™Tc has been the standard bone imaging radiopharmaceutical agent
for bone scintigraphy, which has been utilized for oncological evaluations and
has been considered to be a routine procedure for the assessment of bone in-

volvement for many decades. The *F-fluoride ion ([**F] NaF) was introduced as
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Figure 6. Changes in TBM or TBMR during the natural postoperative course of knee prostheses.
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a bone-seeking agent by Blau ef al in 1962 [8] and approved by the FDA for de-
tection of osteogenic activity in 1972. Unfortunately, it lost popularity due to the
limited availability of cyclotron generators and its short half-life. In the 1990s,
PET technology spread worldwide, and ["*F] NaF PET regained interest as a
more accurate diagnostic tool for specific bone disorders. With the appearance
of multi-slice PET devices with high resolution and high sensitivity, systemic
three-dimensional tomograms have become easily obtainable, making it possible
to use bone PET to rapidly search for systemic bony lesions (Supplementary
Figure S1). In addition, ['*F] NaF PET/CT studies are more convenient for pa-
tients because the scanning time is less than that with conventional [*"Tc] MDP
studies. Furthermore, NaF PET scans are also useful for assessing subtle changes
in three-dimensional volumetric structures and for measurement of quantitative
parameters. Hence, we believe that ["*F] NaF PET would eventually replace con-
ventional bone scintigraphy for the assessment of bone and joint abnormalities
where PET scanners are available.

SUV,.. is a widely used quantitative parameter in '*F-FDG PET, and other
volume-based PET parameters such as the metabolic tumor volume (MTV) and
total lesion glycolysis (TLG) are dependent on SUV .. [9]. These PET parame-
ters have limited effectiveness in terms of a straightforward assessment of meta-
bolic characteristics, because various factors such as body weight, obesity, blood
glucose level, and post-injection uptake time can affect the SUV ., [10]. In addi-
tion, several studies have reported that the liver is widely used as a reference re-
gion [11] and that the tumor-to-liver ratio of FDG uptake is useful for predicting
treatment responses in malignant patients [12] [13] [14]. In this context, we se-
lected the ischial tuberosity as the reference region for normalization of NaF
PET images, and we believe that the ischial tuberosity is an ideal reference re-
gion for bone PET scans (Figure 5).

The uptake patterns found in our study show some differences from those found
in previous studies [4]. Our study describes a gradual increase in bone-forming ac-
tivity for the first 7 days after surgery. This bone metabolic response to implan-
tation indicates the existence of an unknown mechanism that regulates the
time-dependent biological changes at the bone-prosthesis interface. Since bone
cement [15] was used in all knee arthroplasties in our study, one possible expla-
nation for this response pattern is that cell death at the bone-cement interface
may be induced by hyperthermia immediately after fixation of all the compo-
nents. After thermal injury to bone cells, the subsequent recruitment of osteob-
lastic cells around the cement layer may play an important role in repair of the
damaged bone, leading to the higher bone-forming activity shown in Figures
2-4, and Figure 6.

During TKA, the femoral canal was opened with an intramedullary drill for
insertion of the femoral intramedullary guiding rod for appropriate femoral
component positioning. As shown in Figure 2, the time course of bone meta-

bolic activity in the distal half of the right femur was similar to that of the
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bone-cement interface around the TKA prosthesis, although no implant and
cement were placed in the distal femoral medullary cavity. These results suggest
that thermal injury in bone cells is not involved in the typical time course of
bone metabolic activity around the knee prostheses.

Another possible hypothesis is that the mechanical loading in weight-bearing
activities may be involved in bone metabolic activity around implants following
surgery. Interestingly, we found a higher intensity of radiotracer uptake at the
distal area and the posterior condyle area compared with that at the anterior
flange area as a typical uptake pattern around the femoral components (data not
shown). In general, mechanical loading in the knee, especially at the distal surface
of the femur and posterior condyle area, is much higher than that at the patellar
surface of the femur during three common daily activities: walking, ascending
stairs, and rising from a chair. There is a possibility that the gradual up-regulation
of bone-forming activity for the first 7 days after implantation might be due to ear-
lier and more intensive physiotherapy exercise with full-weight-bearing following
surgery. The time course of bone metabolic activity around shoulder prostheses,
however, was similar to that of the bone-cement interface around TKA prosthe-
ses (data not shown), although the mechanical stress of the nonweight-bearing
upper extremity is supposed to be less than that of the weight-bearing lower ex-
tremity. Those results suggest that mechanical stress does not appear to be in-
volved in the typical time course of bone metabolic activity around knee pros-
theses.

Limitations to the widespread use of PET arise from the high costs of cyclo-
trons needed to produce the short-lived radionuclides for PET scanning and the
need for specially adapted on-site chemical synthesis apparatus to produce the
radiopharmaceuticals after radioisotope preparation. Thus, it is important for
the patient to be on time for the appointment and to receive the radioactive ma-
terial at the scheduled time. Late arrival for an appointment may require re-
scheduling the procedure for another day. These limitations should be overcome

in the future.

5. Conclusion

Using NaF PET scans for the evaluation of peri-implant bone remodeling at the
interface, we revealed the natural postoperative bone metabolic changes with
time after TKA in asymptomatic patients. After arthroplasty, bone metabolic ac-
tivity increased with time over the first 7 days, reaching the highest level on POD
7 - 60, and then returned to the basal level thereafter. Another clinical signific-
ance of our work is that this is the first study providing information concerning
the usefulness of the ischial tuberosity as a reference tissue. Furthermore, this
study has shown that volume-based PET functional parameters such as TBM
and TBMR can provide metabolic information regarding artificial joint prosthe-
ses after surgery. The new parameter TBMR could have significant value for the

detection and diagnosis of delayed complications, including loosening or infec-

DOI: 10.4236/0jo0.2018.812046

454 Open Journal of Orthopedics


https://doi.org/10.4236/ojo.2018.812046

M. Kanetaka et al.

tions, although multicenter studies are required to clarify whether it is useful to
reduce inter-scanner variability. Further investigation of the serial physiological
changes of bone turnover with time after TKA in patients will provide new in-
sights into the molecular mechanisms regulating bone metabolism at the

bone-prosthesis interface.
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Bone scintigraphy NaF PET

Figure S1. A patient with an L3 osteoporotic compression fracture. Bone scintigraphy
(left panel) and NaF PET (right panel) images in the anteroposterior view were obtained
in the same week. In addition to the L3 vertebra, tracer accumulation in the left shoulder
and the left wrist was clearly observed on NaF PET, suggestive of degenerative joint dis-
ease. These lesions are not apparent on bone scintigraphy.
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