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Abstract

Purpose The Taylor Spatial Frame (TSF) is used to correct
orthopedic conditions such as correction osteotomies in de-
layed fracture healing and pseudarthrosis. Long-term TSF-
treatments are common and may lead to complications.
Current conventional radiological methods are often unsatis-
factory for therapy monitoring. Hence, an imaging technique
capable of quantifying bone healing progression would be
advantageous.

Methods A cohort of 24 patients with different orthopedic
conditions, pseudarthrosis (n =10), deformities subjected to
correction osteotomy (n=9), and fracture (n =5) underwent
dynamic ['®F]-fluoride (Na'®F) PET/CT at 8 weeks and
4 months, respectively, after application of a TSF.
Parametric images, corresponding to the net transport rate of
['®F]-fluoride from plasma to bone, K; were calculated. The
ratio of the maximum K; at PET scan 2 and 1 (K;’max ) as well
as the ratio of the maximum Standard Uptake Value at PET
scan 2 and 1 (SUV ) were calculated for each individual.
Different treatment end-points were scored, and the overall
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treatment outcome score was compared with the osteoblastic
activity progression as scored with K; o 01 SUV pay.

Results K;max and SUV y.x were not correlated within each
orthopedic group (p>0.1 for all groups), nor for the pooled
population (p =0.12). The distribution of K; s was found
significantly different among the different orthopedic groups
(p=0.0046) -also for SUV . (p=0.022). The positive and
negative treatment predictive values for K imax Were 66.7 %

and 77.8 %, respectively. Corresponding values for SUV pax
were 25 % and 33.3 %

Conclusions The K;ma obtained from dynamic ['*F]-fluo-
ride-PET imaging is a promising predictive factor to evaluate
changes in bone healing in response to TSF treatment.

Keywords PET/CT - Parametric PET imaging - TSF -
Fluoride - Influx rate - SUV

Introduction

The circular external fixator with adjustable struts, the Taylor
Spatial Frame (TSF) [1-3], is generally used to correct and
treat different orthopedic conditions such as bone deformities,
fractures or unhealed pseudarthrosis. However, long-term
treatment with TSF may be subject to complications.
Conventional radiological methods are not infrequently unsat-
isfactory for therapy monitoring and early identification of
treatment failure.

Currently, a serial planar X-ray is routinely used for follow-
up of bone healing to monitor formation of callus. However,
detection of callus formation on X-ray can be difficult and is
subject to the observer’s experience. Computed tomography
(CT) has, therefore, been suggested to replace conventional
radiography to evaluate bone healing, because it offers better
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visualization [4], although metal artifacts from the TSF may
sometimes hamper the evaluation [5, 6]. Other morphological
imaging modalities like magnetic resonance imaging (MRI)
and ultrasound have not been found to facilitate the early
prediction of delayed healing in long bone fracture non-
unions [7]. Hence, there is a need for a better diagnostic tool
that can offer an objective measure of the bone healing process
in order to detect delayed or arrested bone healing at an early
stage. This would change the patient management as well as
the outcome of the treatment, by, for example, avoiding
prolonged fixation or even further surgery.

The use of PET as a diagnostic tool for bone healing in
patients with a TSF is attractive because it can provide a direct
quantitative assessment of metabolic progression of the ortho-
pedic condition. In this respect, ['*F]-fluoride (Na'®*F) PET
has previously been used to study bone metabolism in differ-
ent metabolic bone disorders [8] and to monitor therapeutic
response [9]. As osteoblasts and osteoclasts are activated at
the site of bone formation, fluoride ions are incorporated into
the bone by exchange with the hydroxyl ions in bone crystals.
Bone metabolic activity measured with ['®*F]-fluoride PET has
previously been reported to correlate well with bone
histomorphometry [10, 11]. However, the well-known PET
quantifier, standardized uptake value (SUV), suitable for
inter-patient and inter-study comparison in PET studies of
tumor glucose metabolism using ['*F]-fluoro-deoxy-glucose,
has not yet been recognized as a validated tool for ['*F]-fluo-
ride quantification in clinical studies [12—14]. A more inter-
esting approach for ['*F]-fluoride quantification is instead the
use of dynamic PET image analysis and tracer compartment
modeling [12—16]. Hawkins et al. 1992 were the first to intro-
duce a three-compartment model to derive the ['*F]-fluoride
kinetics in dynamic PET image analysis. From this analysis,
the net plasma clearance of tracer to bone mineral influx rate
(Ki), is generally used to quantify active bone formation.
Tracer kinetic parameters can be derived from non-linear
fitting of the time activity curves (TAC) obtained at a global
level, from analysis of volumes of interest (VOI) or locally, for
every image voxel (PET parametric imaging).

The aim of this work was to investigate the predictive value
of dynamic ['®F]-fluoride-PET parametric imaging in the
follow-up and treatment outcome of bone remodeling in
adults with three different orthopedic conditions treated with
TSF.

Materials and methods
Patients
Twenty-four consecutive patients treated with TSF in the tibia

were included in this study. The patients’ age ranged from 19—
79 (mean 45.2 £17.0) years and their weights were 52—130
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(mean 79.4 +18.2) kg. The patients were divided into three
clinical groups, according to their initial orthopedic condition
indicating TSF treatment. The three orthopedic conditions in-
cluded in this study were osteotomy because of deformity
(n=9), pseudarthrosis (n=1,0) and fracture (n=5). All pa-
tients had normal renal function at the time of the study. The
patients did not receive any drugs affecting the whole bone
turnover, which could hamper PET image quantification. The
TSF was removed from all patients at the time of completing
this study. The study was approved by the local ethics and
radiation protection committees of the Karolinska University
Hospital, Stockholm, Sweden. All patients gave informed
consent. Three patients were excluded from the study because
they could not complete the study protocol.

['®F]-Fluoride PET/CT study protocol

The patients were examined with ['*F]-fluoride PET/CT at
two different occasions approximately at 6 to 8 weeks and at
4 months post TSF surgical installation, respectively. All pa-
tients were examined on a clinical PET/CT scanner (Biograph
64 TruePoint True V, Siemens Medical Solutions, Erlangen,
Germany) according to the same clinical protocol [17]. Each
patient underwent a low dose CT (120/140 kVp, 50/60 mAs,
0.5/1.0 s per revolution, pitch 1.0) for PET image attenuation
correction and anatomical localization. This was followed by
a 45 min single-bed position dynamic PET acquisition in list-
mode at the site of the correction for osteotomy, fracture or
pseudartrosis and including the Taylor spatial frame. The PET
list-mode acquisition started at the time of the intravenous
single bolus administration of 2 MBq of ['*F]-fluoride per
kilogram of body weight.

Prior to reconstruction, the PET list mode data was sepa-
rated in 26 consecutive time sinogram-datasets, from injection
time, according to; 6 x 10, 4 x 30, 7 x 60, 5 x 180 and 4 x 300
(number of frames x seconds per frame). Sinogram recon-
struction was performed using a 2D-OSEM algorithm with
four iterations, eight subsets (168 x 168 matrix), and a 5 mm
Gaussian filter with photon scatter and attenuation correction,
activity decay, and random coincidence correction.

Reconstruction of the PET parametric images

In this study, a three-compartment model consisting of a vas-
cular compartment (Cpjasma), an extracellular compartment
(Cextra)> and a compartment of bound fluoride to bone mineral
(Cpouna) Was used for the kinetic analysis of ['®F]-fluoride
bone metabolism [12]. The rate constants describing the trans-
port of ['*F]-fluoride between the compartments are K(ml/
min'ml) and k, (min") for forward and reverse transport from
Cplasma and Ceyr, respectively, and k; (min") for the incor-
poration of [18F]-ﬂuoride to bone Cyoung. Release of [ISF]-
fluoride from bone (k) is very small compared to the other
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rates, and; hence, ['*F]-fluoride transport to bone can be con-
sidered an irreversible process without loss of generality [18].
The net transport rate of ['*F]-fluoride from plasma to bone
K;, representing bone osteoblastic activity, can then accurately
and independently be estimated [15] according to;

K; = kffz} (ml/min/ml) (1)

T

T
Kiks /
PET(x,v,z,{)dt =
/ (o2 0dt ==
0

0

T

Cpigsma(t)du | dt—
/Pl (t)du k> + ks
0

The unknown compartment rate constants can be
solved with iterative non-linear least-squares methods
applied to the time activity concentration curves (TAC)
obtained for every PET image voxel. In this work a
more general approach is followed by calculating an
estimate of K; for every PET image voxel according to
the linearized compartment model solution previously
proposed [19].

T

K, /
PET(x,y,2,t) + Cpiasma (1)d1, 2
(x,3,2,) k) (1) (2)

0

where PET(X,y,z,t) is the [lgF]—ﬂuoride activity concentration
(Bg/ml) in the PET image at voxel position (x,y,z) and time (t)
post administration and Cpjasma(t) 18 the partial volume effect
(PVE) corrected ['*F]-fluoride TAC in plasma obtained from a
VOI in the ipsilateral popliteal artery as the input function.
The parameters klj fg}, kzi T and kzli‘k} can then be obtained as
the solution of a multilinear least-squared regression
(y= o X1+ 02 X5 + ...) at each voxel location. PVE correction
of the input function, Cpjasma (1), was performed by using
activity recovery coefficients specifically measured from
phantom experiments with the NEMA IEC body phantom as
described in [20].

PET images analysis

The maximum value of the net transport rate of [' 8F]-fluoride
in bone (K; ,.x) in both the ipsilateral (within the tibial
osteotomy) and in the contralateral tibia (at the same height
as the ipsilateral) were computed from the calculated paramet-
ric PET images, K/, and K520 respectively. For compar-
ison, the ipsilateral and contralateral maximum standard up-
take value, SUVES, and SUVE™ respectively, were also ob-
tained from a 5 min static (1-bed-position) PET image ac-
quired 45 min after tracer administration.

The progression in osteoblastic activity 4 months after in-
stallation of the TSF was quantified by the ratio of K%,
between PET scans

Kipsi,PET 2

7 i,max
Kimax = K PSEPETT (3)

i,max

and similarly for the SUVZs,

S Uvipsi,PETZ
SUVimax = ;E;PETI
suvps

Statistical data analysis
Relationship between K; yax and SUV

The coefficient of determination between K—_,max and SUV pax
for each orthopedic group and pooled data were investigated
using Pearson’s linear correlation coefficient.

Relation between osteoblastic activity progression
and orthopedic condition

The relation between K max and the three orthopedic groups of
patients was investigated. The Kruskal-Wallis statistics was
used to test the null hypothesis that K, i max Was the same across
all three orthopedic groups. The same analysis was performed
between SUV .x and the three orthopedic groups.

Predictive value of ['°F]-fluoride PET imaging in bone
remodeling

To study the predicting value of ['®F]-fluoride PET in bone
remodeling, four TSF treatment end points (pain, mobility,
infection, and total number of days with the TSF treatment)
and one mid-treatment point (callus formation at 4 months)
were scored for each patient, as described in Table 1. Patients
scoring higher than zero all had a positive outcome of the TSF
treatment. Patients scoring less or equal to zero suffer from
complications and/or unsuccessful TSF treatment. A confu-
sion matrix was then created with this clinical scoring against
K imax- An increase in osteoblastic activity with time, corre-
sponding to a K, max >1, was considered as indicative of a
positive bone remodeling progression and a decline (or un-
changed) in osteoblastic activity with time (K-,max <1) was
considered negative or of no progression. A similar confusion
matrix was also built for SUV,, under the same
assumptions.
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Table 1 Clinical parameters and

scoring system used to grade the Clinical parameter

Scoring

course and outcome of the Taylor
spatial frame (TSF) treatment.
Callus formation was quantified
visually from X-ray images by an
experienced radiologist blinded
with respect to the PET results.
Information about each patient’s
TSF treatment end-points (pain
and infection status, extremity
mobility, and treatment duration)
were obtained retrospectively
from the patient’s clinical records

Pain status after TSF removal

Infection status

to the average of the group

Callus formation 4 months after TSF installation

Recovery of mobility after TSF removal

Total number of days treated with TSF compared

—1 absence of callus formation

1 progression of callus formation

—1 pain level increases / similar

1 absence of pain

—1 mobility reduction

1 total stability / no mobility reduction

—1 positive for infection

1 no infection

—1 treatment lasted more days than average

1 treatment lasted fewer days than average

Results

PET parametric images of the influx rate versus SUV
images in bone remodeling

The ['®F]-fluoride distribution in the affected and the contralat-
eral side at different time points post injection (PI) are shown in
Fig. 1. At 10 s PI the ['*F]-fluoride was basically in plasma, and;
hence, only the arteries were visualized. Interestingly, in the ma-
jority of the patients, the tracer bolus delivery on the contralateral
side was some seconds delayed (Fig. 1).

Images between 20 and 50 s PI basically represented the ex-
tracellular compartment. From 50 s PI and on, the tracer uptake
was irreversibly fixed in bone tissue according to the rate Ki.
These findings support the accuracy of the three compartment
modelused in this work to obtain the PET parametric images. The
resulting parametric PET data displaying Ki and the correspond-
ing static PET images (summed data 43—45 min PI), in which the
radioactivity concentration was recalculated as SUV, are illustrat-
edinFig. 2aandb, respectively. In the Ki parametric image, tracer
uptake in the soft tissues was suppressed and enhanced in bone as
compared to the presentation in the static SUV images.

Relationship between K, yox and SUV

There was no inter-group correlation between K. and
SUV max coefficients of determination 0.059 (p =0.49),
0.187 (p=0.15), and 0.023 (p =0.80) for the pseudarthrosis,
correction osteotomy, and fracture groups, respectively. Also,
the pooled data for these three orthopedic conditions showed a
poor coefficient of determination between K;max and

STV max, 0.07 (p=0.12).

Relation between osteoblastic activity progression
and orthopedic condition

Figures 3 and 4 show box-plots of the distribution of K;max
and SUV . for the three orthopedic groups, respectively. The
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Kruskal-Wallis analysis of this data revealed a highly signifi-
cant different K; . distribution between the three orthopedic
conditions. The null hypothesis was rejected at a 1 % signif-
icance level (p = 0.0046). The distribution of SUV ,x among
the different orthopedic conditions was also found significant-
ly different but at the 5 % level (p =0.022). Hence, the K max
was a better discriminator than SUV . to differ the pro gres-
sion in osteoblastic activity between the three orthopedic
conditions.

Predictive value of ['*F]-fluoride PET imaging in bone
remodeling

Tables 2 and 3 show the confusion matrices for K; yq and
SUV maxs respectively.

K max showed a relatively high sensitivity and specificity
of 80 % and 63.6 %, respectively. The corresponding values
for SUV nax Were as low as 33.3 % and 25 %, respectively.
The positive predictive value (the ability to predict a compli-
cation free total recovery) was 66.7 % for K;ma and only
25 % for SUV yax. Even more importantly, the negative pre-
dictive value (the ability to predict unsuccessful TSF treat-
ment) was as high as 77.8 % for K; m.x and merely 33.3 %

for SUV pax.

Discussion

In this study, we found that parametric Ki images, derived
from dynamic ['*F]-fluoride-PET acquisitions, were advanta-
geous to predict bone remodeling during TSF treatment of
three orthopedic conditions, The technical considerations dur-
ing the PET-acquisition have previously been described [17].
A potential problem of examining the patient with a TSF
attached is the metal artifacts in the CT images from the frame
[5, 6]. However, earlier phantom studies on the impact of the
TSF in PET image quantification, revealed that the presence
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180 sec

Fig. 1 Transverse PET images from a dynamic acquisition showing the
['®F]-fluoride distribution in a patient with pseudoarthrosis at different
time intervals post tracer administration

Fig. 2 Transversal PET images of the same patient as in Fig. 1. a
Parametric image representing the net influx rate constant of ['*F]-
fluoride in bone, Ki. b Static PET image (data summed 4345 min post
injection) showing radioactivity concentration as SUV

of small metal artifacts from the TSF on the attenuation cor-
rection map have a negligible influence on the quantitative
properties of the PET images [17].

Another key factor affecting the quality of the calculated
parametric Ki- PET images is the definition of the input func-
tion. Specifically, in parametric PET imaging, the input func-
tion should be taken as close as possible to the tissue region of
interest. The reference method is arterial blood sampling from
the radial artery, which is invasive and time consuming.
Additionally, in the situation in which the distal parts of the
patient’s legs are examined, the validity of an input function
derived from blood collected from the radial artery may be
questioned. In this work we, therefore, derived all input func-
tions from the dynamic PET images of the artery closest to the
fracture/pseudarthrosis/correction osteotomy. The fairly large
axial field of view of the PET camera used (21 c¢cm) allowed in
all patients for including the popliteal artery in the dynamic
one-bed-PET examination. The major advantage of this pro-
cedure is that the input function will correlate both temporally
and spatially with the tracer uptake in the tissue(s) of interest.
This is of importance depending on the patient status and the
presence of comorbidity in, for example, arteriosclerosis, etc.
However, there are major drawbacks when using an image
derived input function, the most important being that the ac-
tivity concentration in plasma and whole blood cannot be
separated. This will slightly overestimate the input function
used to solve the compartment model. Additionally, the image
derived TAC (Bg/ml) obtained from the average activity
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Fig. 3 The distribution of the ' ' '
K max (ratio of the maximum
plasma to bone fluoride net influx 3r 1
rate at PET scan 2 and 1), for the
three orthopedics groups of
. . R 25 1
patients considered in this work
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concentration in the arterial volume of interest (VOI) will be
affected by PVE. If not corrected for, PVE reduces the activity
concentration in blood and, consequently, it may overestimate
the other constant rate factors of the kinetic model.
Generally, there are two main approaches to estimate the
net transport rate (K;) of [ *F]-fluoride into bone from dynam-
ic PET data, by non-linear fitting of the TAC of selected VOIs
plus an input function or by graphical analysis for irreversible
tracers (Patlak plot). The Patlak plot is easily computed, but it
requires a linear relation between the variables. It assumes that
there is a constant ratio between activity concentration in re-
versible tissue and plasma. However, this is only achieved
after some time post tracer administration. Hence, the precise
moment at which steady-state conditions apply is not a priori
known, and the reconstruction scheme of the dynamic PET
influences the goodness of the Patlak analysis. Further, non-
specific binding of the tracer to tissue and plasma proteins
affects the Patlak analysis. On the other hand, non-linear
fitting of the TAC according to the solution to the

compartment model does not present the same vulnerabilities
as the Patlak analysis to the cost of a more computing demand-
ing approach. However, the goodness of the non-linear curve
fitting to the TAC depends on the degree of noise in the TAC
data.

In this study, the K; o and SUV 1ax Were not correlated.
This is most likely due to bias in the SUV quantification.
There are several physical, technical, and biological factors
affecting SUV quantification, which are not exclusive for
[lgF]-ﬂuoride-PET, and that need to be considered, for exam-
ple, the tracer kinetics and partial volume effects [21]. Further,
the SUV metric is basically a measurement of activity concen-
tration in the VOI normalized to administered activity; hence,
competitive uptake of the tracer in other compartments of the
body may reduce its accuracy. Specifically for ['*F]-fluoride
as the tracer, the bone SUV quantification in the VOI may
vary because of competition for ['*F]-fluoride by the kidneys
and by the presence of various bone lesions (e.g., osteoarthri-
tis), which may both vary among patients and during the

Fig. 4 The distribution of the 12 F ' ' ' .
SUV pax (ratio of the maximum |
Standard Uptake Value at PET 10k | 4
scan 2 and 1) for the three :
orthopedic groups of patients sl |
considered in this work
x +
© 6 §
e
> 4t j
2
(9]
2r + 1
—— == =
ok ]
2F B
Pseudarthrosis Deformity Fracture
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Table2 Confusion matrix for the Taylor spatial frame (TSF) treatment
outcome prediction according to ['*F]-fluoride-PET described by K max

(ratio of the maximum plasma to bone fluoride net influx rate at PET scan
2and 1)

n=21 ["®F]fluoride-PET predicted
TSF treatment outcome
Positive Negative
Clinical TSF Positive 8
treatment outcome Negative 2 7

course of the study [22, 23]. This limited value of SUV for
quantification of ['®F]-fluoride-PET has also been previously
reported in treatment of osteoporosis [24] and in patients after
resection of bone tumors of the limb and bone graft surgery
[14].

To the best of our knowledge, we provide for first time,
evidence that ['®F]-fluoride-PET parametric images of K; max
may be used for both discriminating orthopedic conditions
(p=0.0046) and monitoring the bone remodeling process.
We also found a significant predictive value between the tem-
poral changes in [lgF ]-fluoride influx rate K imax (at 4 months
post TSF installation) and the healing progression and clinical
treatment outcome. Patients with an arrested osteoblastic ac-
tivity, as reflected by the ['*F]-fluoride Kimax in bone, also
clinically-radiologically showed delayed bone repair, the lon-
ger TSF treatment period, pain and loss of mobility after TSF
treatment. This important feature of ['*F]-fluoride is lost when
using SUV-based static PET imaging. This is not surprising
because of the well-known bias in PET tracer quantification
introduced by SUV, as previously mentioned.

Another critical point in this type of correlative analysis is
the choice of a scoring system to objectively describe the
clinical TSF treatment outcome. In this respect, radiological
scoring of callus formation is subjective and, additionally, in
the current setting, subject to the course of external manipula-
tion of the TSF struts during treatment (because mechanical
stress may delay the offset of callus formation.) However, the

Table3  Confusion matrix for the Taylor spatial frame (TSF) treatment
outcome prediction according to ['®F]-fluoride-PET described by
SUVmax (ratio of the maximum Standard Uptake Value at PET scan 2
and 1)

n=21 ["®F]fluoride-PET predicted
TSF treatment outcome
Positive Negative
Clinical TSF Positive 3 9
treatment outcome Negative 6 3

other four clinical end points used in the scoring system, pain,
extremity mobility, infection, and number of days during TSF
treatment compared to the mean of the group, are more robust
descriptors for the treatment outcome.

Except for the technical limitations previously discussed,
this study comprised a small number of patients and inclusion
of three orthopedic conditions on which TSF treatment was
applied and calls for a larger longitudinal multicenter study.

Conclusion

To conclude, K, s obtained from dynamic ['*F]-fluoride-
PET imaging is a promising predictive factor to evaluate
changes in bone healing in response to TSF treatment. These
results suggest that the specific bone-phenotype described by
the rate of bone healing could be monitored using K; max of
['®F]-fluoride from dynamic PET/CT imaging, which may
facilitate the management of patients treated with TSF.
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