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Abstract

Purpose Posterior Lumbar Interbody Fusion (PLIF) is a surgical procedure in which stabilization of spinal segments

is achieved by inserting interbody cages filled with bone graft. Positron Emission Tomography (PET) is an imaging
modality to assess physiological processes at cellular level, well before manifestation of morphological changes on
computed tomography (CT). The goal was to determine whether '®F-fluoride PET/CT findings six weeks after PLIF, can
predict bony fusion one year postoperatively on CT.

Materials and methods 20 consecutive PLIF patients (21 levels) were prospectively included. Based on diagnostic
CT one year postoperatively, operated segments were classified as pseudarthrotic or fused. '®F-fluoride PET/CT
scanning was performed at six weeks and one year, yielding parameters related to overall bone metabolism, bone
blood flow and bone mineral incorporation. Differences in PET parameters between groups and follow-up moments
were assessed. The area under the curve from the receiver operating characteristic was calculated for each PET
parameter as a measure of diagnostic accuracy.

Results 11 segments were classified as pseudarthrotic and 10 as fused. Pseudarthrotic segments showed lower
intervertebral overall bone metabolism values compared to fused segments at six weeks. Pseudarthrotic segments
showed lower intervertebral bone blood flow at six weeks and lower intervertebral bone mineral incorporation at one
year compared to fused segments. Overall bone metabolism of the operated intervertebral disc space at six weeks
had the highest diagnostic accuracy for predicting the fusion status at one year.

Conclusions '®F-fluoride PET/CT six weeks after PLIF provides prognostic information on bony fusion at one year.
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Introduction

Posterior Lumbar Interbody Fusion (PLIF) is a surgical
procedure to stabilize spinal segments by pedicle screw
instrumentation and interbody cages filled with bone
graft. The intended outcome is definite bony fusion of
the vertebrae involved. The failure rate of lumbar spinal
fusion is reported between 30 and 46% [1] and non-union
or pseudarthrosis is thought to be the cause of pain in
a significant number of PLIF patients with persisting or
recurrent symptoms [2, 3].

Commonly used imaging modalities for follow-up
of PLIF patients are plain radiography and computed
tomography (CT) [4]. Radiography and CT aim to visu-
alize callus formation and bony bridging between the
involved vertebrae. Since these morphological signs of
fusion occur late in the normal course of bone healing,
radiography and CT are of limited use in the early post-
operative phase [5, 6].

The nuclear imaging modality Positron Emission
Tomography (PET) is able to assess physiological pro-
cesses at a cellular level, well before manifestation of
morphological changes [7]. PET/CT with the bone seek-
ing tracer '8F-fluoride enables localization and quantifi-
cation of bone metabolism. The uptake mechanism of
8F_fluoride is based on ion exchange with the hydroxyl
group of hydroxyapatite. The portion of bone crystal
that is accessible to blood is available for *F-fluoride ion
exchange [8]. Increased uptake of fluoride is thus related
to an increase in bone blood flow and/or an increase in
the exposed bone crystal surface [8, 9].

Besides visual inspection, PET/CT scans can be ana-
lyzed by full pharmacokinetic modelling [10], yielding
the fluoride bone influx rate Ki which correlates with his-
tomorphometric parameters of bone formation [11, 12],
as well as parameters related to regional bone blood flow
and bone mineral incorporation [13]/osteoblastic activity
[14, 15]. As an alternative, the standardized uptake value
(SUV) can be used. SUV is a semi-quantitative measure
for bone metabolism that is more easily obtained. How-
ever, SUV is affected by tracer competition and blood
clearance, while Ki is not [16].

We hypothesize that bone metabolism parameters
obtained from '®F-fluoride PET/CT scans early after
PLIF, can provide prognostic information on the fusion
outcome later on. The purpose of this study was to deter-
mine whether '®F-fluoride PET/CT findings six weeks
after PLIF can predict bony fusion one year postopera-
tively on CT.

Materials and methods

Patients

A consecutive cohort of 20 patients was prospectively
enrolled at the Maastricht University Medical Center
between October 2011 and January 2014 after screening
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86 potentially eligible patients (Fig. 1). Table 1 shows the
patient demographics. One patient underwent PLIF at
two levels. Therefore, the number of operated segments
was 21. All included patients were operated as in stan-
dard care in the Maastricht University Medical Center.
Pedicle screw instrumentation (CD Legacy®, Medtronic,
Memphis, USA) was inserted at the intended level to
ensure primary stabilization. Two Capstone® PEEK cages
(Medtronic, Memphis, USA) filled with autologous bone
of the local lamina were inserted in the excised vertebral
disc space, right and left of the midline. The remaining
disc space was packed with autologous bone chips from
the laminectomy. Dynamic and static '®F-fluoride PET/
CT scans were made at six weeks and one year postop-
eratively as part of the study protocol. The study was
performed in accordance with the Helsinki Declaration
of 1975, as revised in 2013, and was approved by the
medical ethical committee of the Maastricht University
Medical Center (NL.32881.068.11). All subjects signed an
informed consent form.

PET and CT images were acquired with an integrated
PET/CT scanner (Gemini TF 64 PET-CT, Philips, the
Netherlands). After a low-dose CT acquisition (120 kV,
30 mAs, slice thickness 4 mm), dynamic PET scanning
started simultaneously with intravenous injection of Na-
(*8F)-fluoride (mean 194.9 MBgq, range 100-221.6 MBq
at six weeks; mean 199.9 MBq, range 146-219.8 MBq at
one year) and involved a 30-minute list-mode scan of the
lower spine (18 cm axial field-of-view). The list-mode
scan was rebinned into consecutive time frames: 6 x 5s,
3x10s, 9x60s, 10x 120s. One hour after tracer adminis-
tration, another low-dose CT was acquired, followed by
a static PET scan of two bed positions lasting five min-
utes each. PET images were reconstructed into CT based
attenuation corrected images. At one year follow-up, a
diagnostic CT scan (64-slice helical, 120 kV, 250 mAs,
slice thickness 1 mm, increment 0.8 mm) was added to
the protocol. Scans were viewed on clinical software
(EBW, Philips, the Netherlands) and further analyzed on
a research tool (PMOD 3.0, PMOD Technologies Ltd,
Zirich).

Interbody fusion scoring on CT

Interbody fusion was scored on diagnostic CT one year
postoperatively as either 0, 1 or 2, according to the num-
ber of bony bridges between the operated vertebrae
(Fig. 2.) as previously described [17]. A bony bridge was
defined as bone mass progressing from one endplate to
the other without interruptions. Scoring was performed
by three independent blinded observers (experienced
musculoskeletal radiologist RW, experienced nuclear
medicine physician BB, junior nuclear medicine physi-
cian WB). After consensus was reached, segments were
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n=86
Pre-screening on inclusion criteria (n=32):
« Age>68 n=8
» * BMI>35 n=9
* Not able to speak and write Dutch n=2
* More than 1 level PLIF scheduled n=10
* PLIF scheduled at L3-L4 n=3
Examined for eligibility:
n=54
Screening on exclusion criteria (n=29):
*  Willing and able to adhere to follow-up examinations n=14
_| * Previous operative intervention lower lumbar spine n=8
| « Earlier lumbar spondylodiscitis n=1
* An active or recent malignancy n=5
*  Previous radiotherapy of lumbar region n=1
Included:
n=25
Lost to follow-up (n=5):
* Non-compliant n=2
» « Unable to lie down flat in the PET/CT scan at 6 weeks  n=1
* Technical issues PET/CT scan 6w n=1
*  No show at 1 year n=1

Data available for
analysis:
n=20

Fig. 1 Flow diagram of the patient selection process indicating reasons and numbers for non-participation at each stage. 86 patients were considered
potentially eligible. After pre-screening based on inclusion criteria, the 54 remaining patients were further examined for eligibility by screening based on
exclusion criteria. 25 patients were included in the study of which 20 completed the study protocol

classified into either the pseudarthrosis group (score 0)
or the fusion group (score 1 and 2).

Analysis of '8F-fluoride PET/CT scans

PET parameters were calculated based on a region of
interest (ROI) approach as previously reported [16],
by two independent and blinded observers (BB, junior
researcher with experience in analyzing PET/CT scans
MP). For each low-dose CT, six ellipsoid shaped ROIs
were manually drawn following the contours of the ver-
tebrae, including the intervertebral disc space and both
endplates of the operated segment (referred to as inter,
endUP, endLOW) as well as of a control segment two lev-
els above the operated segment (referred to as inter_C,
endUP_C, endLOW_CQC).

For static analysis, the ROIs were transferred to the
static PET image to obtain the maximum SUV (SUVmax
[-]) within each ROI, by correcting the measured radio-
activity concentration (A [kBq/ml]) for the injected dose
of 8F-fluoride (ID [MBq]) and the body weight of the
patient (m [kg]) according to [1].

A
SUVmax = max (ID/m) (1)

For dynamic analysis, the ROIs were applied to the
dynamic frames to generate tissue time-activity curves
(TACs). The arterial input function was determined by an
image derived input function (IDIF) [16]. The IDIF and
ROI TACs were fitted to the 2-tissue compartment model
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Table 1 Patient demographics

Gender Male (n=13),
female (n=7)

Age at surgery 51.7+13.1 years
(18-67)

BMI 27.2+267 kg/
m? (21.6-313)

Indication Low grade lum-
bar spondylolis-
thesis (n=20)

Level operated L4-L5 (n=9),
L5-S1(n=12)

Time interval PLIF- early PET/CT (6 weeks) 6.4+0.62 weeks
(5.7-8.1)

Time interval PLIF- late PET/CT (1 year) 53.3+3.5 weeks
(47.1-61.1)

BMI=body mass index

PLIF =posterior lumbar interbody fusion
PET=positron emission tomography
CT=computed tomography

*mean *standard deviation (range)
"8F-fluoride PET/CT scans

[10, 16], to obtain rate constants K1, k2 and k3. K1 and k2
describe the forward and reverse capillary transport. k3
describes the binding of ®F-fluoride to the bone matrix
[18]. The rate constants were combined into Ki, K1/k2
and k3/(k2+k3) for further analysis. Ki represents the
net transport of ®F-fluoride into bone and is a marker for
regional bone metabolism [10, 11, 19], calculated accord-
ing to [2].
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K1/k2 represents the volume of distribution of tracer in
the unbound pool [20] and is related to bone blood flow.
k3/(k2 +k3) represents the fraction of tracer in the extra-
vascular tissue space that undergoes specific binding to
the bone mineral [21] and is thus related to bone mineral
incorporation.

Statistical analysis

Statistical evaluation was performed using IBM SPSS
Statistics version 23.0 (Armonk, NY: IBM Corporation).
To evaluate the interobserver variability between the
three observers that assessed interbody fusion on CT,
the intraclass correlation coefficient (ICC) was calcu-
lated, using the Two-Way Mixed model. Intergroup dif-
ferences (pseudarthrosis versus fusion) were assessed by
an independent t-test in case of normality and a Mann-
Whitney U-test otherwise. Intraindividual differences
(operated versus non-operated segments, endplate versus
intervertebral) and intertime differences (six weeks ver-
sus one year) were evaluated by a paired samples t-test
in case of normality and a Wilcoxon Signed-Rank test
otherwise. P-values<0.05 were used to indicate statisti-
cally significant differences. Receiver Operating Charac-
teristic (ROC) curves were used to test the performance
of BF-fluoride PET/CT parameters at six weeks for the
prediction of bony fusion one year postoperative. The

0: no bony bridges
PSEUDARTHROSIS GROUP

1: one bony bridge

2: =2 two bony bridges
FUSION GROUP

Fig. 2 Examples of interbody fusion scoring on diagnostic CT one year postoperatively and classification into groups. Score 0 (a): no bony bridges. Score
1 (b): one complete bony bridge within or surrounding the cages, left or right. Score 2 (c): two or more complete bony bridges within or surrounding
the cages
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CT fusion score

CT fusion score

Fig. 3 SUVmax (a) and Ki (b) at six weeks after PLIF for the fusion group (left from the vertical blue line) and for the pseudarthrosis group (right from the
vertical blue line) of the control ROIs (endUP_C, inter_C, endLOW_C in red, green and blue respectively) and the operated ROIs (endUP, inter, endLOW in
pink, yellow and grey respectively). Statistically significant differences between the groups were depicted by a red asterisk

Table 2 P-values for the intergroup differences between the fusion group and pseudarthrosis group in SUVmax, Ki, K1/k2, k3/(k2 +k3)
at six weeks and one year after PLIF for the six ROIs. A red font was used to indicate p-values<0.05

Comparison 6 WEEKS p-values 1YEAR p-values
SUVmax  Ki Ki/k2  k3/(k2+k3)  SUVmax  Ki K1/k2  k3/(k2+k3)

FUSION endUP_C 0.393 0573 0813 0,694 0863 00579 0739 0218
vs. inter_C 0631 0426 0461 0.720 0918 0,654 0.809 0503
PSEUDARTHROSIS  angiow_c 0.208 0918  0.803 0223 1.000 0.863 0512 0468
segments endUP 0315 0152 0036 0175 0.282 0.756 0,605 0,809

inter 0.005 0001 0030 0173 0223 0.251 0387 0043

endLOW 0.79 0552 0554 0882 0,074 0315 0912 0447

SUV=standardized uptake value
ROl =region of interest

area under the curve (AUC) was used as accuracy mea-
sure covering all possible interpretation thresholds [22].
The Youden Index was used to obtain the cut-point at
which each parameter achieved the optimum differenti-
ating ability with an equal weight given to sensitivity and
specificity [23, 24].

Results

Interbody fusion scoring on CT

Of the 21 segments evaluated, eleven levels without bony
bridges (score 0) were classified as the pseudarthro-
sis group, and ten levels with one or more bony bridges
(score 1 and score 2) were classified as the fusion group.
The ICC for the interbody fusion scoring of the three
observers was 0.8.

Analysis of '8F-fluoride PET/CT-scans

Analysis of the PET/CT scans yielded four PET param-
eters for each ROI: SUVmax from the static scan and Ki,
K1/k2, k3/(k2 +k3) from the dynamic scan.

Differences between the fusion group and the
pseudarthrosis group

Figure 3 shows the differences in bone metabolic
parameters SUVmax and Ki between the fusion and
pseudarthrosis group six weeks after PLIF. An over-
view of p-values for intergroup differences is provided
in Table 2. SUVmax and Ki of ROI inter were signifi-
cantly lower in the pseudarthrosis group compared to
the fusion group (SUVmax=13.47+5.88 and SUV-
max =22.59+6.42 respectively, p =0.005; Ki=0.060+0.02
and Ki=0.10+0.02 respectively, p=0.001).

When comparing the operated ROIs to the control
ROIs, significantly higher SUVmax and Ki values were
found in the operated ROIs for both the fusion and the
pseudarthrosis group. Focusing on the operated seg-
ments, the endplates and the intervertebral disc space
were equally metabolically active in the fusion group,
while in the pseudarthrosis group the bone metabolic
activity of the intervertebral disc space was significantly
lower than at the endplates. Focusing on the control
segments, the metabolic activity was significantly lower
in the intervertebral disc space compared to at the
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endplates, similar to the pattern seen in the operated found in all three operated ROIs. While in the pseudar-
pseudarthrotic segments. throsis group K1/k2 was increased in the operated inter-

Fig. 4 shows the intergroup differences between param-  vertebral disc space only. k3/(k2+k3) was significantly
eters related to bone blood flow (K1/k2) and bone min-  higher in all three operated ROIs in comparison to the
eral incorporation (k3/(k2+k3)), at six weeks and one control ROIs for both the fusion and the pseudarthrosis
year after PLIF. group.

At six weeks postoperatively, K1/k2 in the operated At one year postoperatively, no intergroup differences
upper endplate and intervertebral disc space was signifi-  were found for K1/k2 (Fig. 4c). k3/(k2 +k3) in the oper-
cantly higher in the fusion group compared to the pseud-  ated intervertebral disc space was significantly lower in
arthrosis group (p=0.036 and p=0.030 respectively) the pseudarthrosis group compared to the fusion group
(Fig. 4a). No intergroup differences were found for k3/  (p=0.043) (Fig. 4d). K1/k2 and k3/(k2 +k3) values were
(k2 +k3) (Fig. 4b). An overview of the p-values for intra-  significantly higher in all three operated ROIs compared
individual differences for the fusion group at six weeks to the control ROIs for both the fusion and the pseud-
and one year is provided in Table 3. arthrosis group, except for K1/k2 in the operated lower

When comparing the operated to the control ROIs for  endplate of the fusion group. An overview of the p-values
the fusion group, significantly higher K1/k2 values were

a K1/k2 at six weeks b k3/(k2+k3) at six weeks

*

RIE

e iﬁﬁé

k3/(k2+k3)

FUSION PSEUDARTHROSIS

[l endup_C
CT fusion score CT fusion score B/ interc

B endlow C
C K1/k2 at one year d k3/(k2+k3) at one year Bl endup
O inter

* B endlow

K1/k2
k3/(k2+k3)

HI—
il

| iéﬁi .

FUSION PSEUDARTHROSIS

CT fusion group CT fusion group

FUSION PSEUDARTHROSIS

Fig. 4 K1/k2 and k3/(k2 +k3) at six weeks after PLIF (@ and b) and at one year (c and d), for the fusion group (left from the vertical blue line) and for the
pseudarthrosis group (right from the vertical blue line) of the control ROIs (endUP_C, inter_C, endLOW_C in red, green and blue respectively) and the
operated ROIs (endUP, inter, endLOW in pink, yellow and grey respectively). Statistically significant differences between the groups were depicted by a
red asterisk
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Table 3 P-values for the intraindividual differences within the fusion group in SUVmax, Ki, K1/k2, k3/(k2 +k3) at six weeks and one year
after PLIF for the operated rois versus the control rois and for the endplate rois versus the intervertebral rois. A red font was used to

indicate p-values<0.05

Comparison 6 WEEKS p-values 1YEAR p-values
SUVmax Ki K1/k2 k3/(k2+k3) SUVmax Ki K1/k2  k3/(k2+k3)
FUSION operated ROIs vs. endUP vs. endUP_C 0.005 0.005 0.011 0.028 0.007 0.005  0.005 0.007
segments  control ROIs inter vs. inter_C 0.005 0008 0008  0.005 0.005 0005 0022 0008
endLOW vs.endLOW_C  0.007 0008 0028 0008 0036 0009 0333 0005
endplate ROIs endUP_C vs. inter_C 0.005 0005 0066 0063 0.005 0007 0575 0510
vs. endLOW_Cvs.inter_C 0,005 0005 0005 0013 0.005 0005 0005 0021
intervertebral ROIS o\ qp_Cvs endLOW_C 0203 0799 0008 0128 0.386 0114 0022 0508
endUP vs. inter 0386 0441 0767 0678 0646 0721 0169 0047
endLOW vs. inter 0.203 0889 0374 0314 0.161 0203 0721 0169
endUP vs. endLOW 0333 0594 0799 0953 0401 0445 0799 0646

SUV=standardized uptake value

ROl =region of interest

Table 4 P-values for the intraindividual differences within the pseudarthrosis group in SUVmax, Ki, K1/k2, k3/(k2 +k3) at six weeks and
one year after PLIF for the operated rois versus the control rois and for the endplate rois versus the intervertebral rois. A red font was

used to indicate p-values<0.05

Comparison 6 WEEKS p-values 1YEAR p-values
SUVmax Ki K1/k2 k3/(k2+k3) SUVmax Ki K1/k2 k3/(k2+k3)
PSEUDARTHROSIS operated ROIs vs.  endUP vs. endUP_C 0.005 0012 0069 0017 0.004 0005 0017 0022
segments control ROIs inter vs. inter_C 0.005 0.003 0005 0008 0.003 0.003 0004 0008
endLOW vs. endLOW_C  0.005 0003 0.155 0.003 0011 0007 0028 0.008
endplate ROIs endUP_C vs. inter_C 0.005 0012 0484 0017 0.003 0005 0074 0.005
vs. endLOW_C vs.inter_C  0.005 0.003 0003 0.008 0.003 0003 0003 0.003
intervertebral ROIS o qup_C s endlOW_C 0284 0484 0208 0327 0594 0005 0059 0012
endUP vs. inter 0.022 0003 0959 0.109 0.008 0003 0286 0.051
endLOW vs. inter 0.028 0003 0114 0026 0214 0037 0139 0021
endUP vs. endLOW 0074 0086 0248 0021 0214 0721 0575 0214

SUV=standardized uptake value
ROI=region of interest

for intraindividual differences for the pseudarthrosis
group at six weeks and one year is provided in Table 4.

In other words, pseudarthrotic patients exhibit lower
bone blood flow towards the operated segment in
comparison to fused patients at six weeks postopera-
tively, which seems to be related to less bone mineral
incorporation in the intervertebral disc space one year
postoperatively.

Level L4-L5 was operated on in 9 patients and level
L5-S1 in 12 patients. A t-test showed no differences in any
of the variables that were evaluated in the manuscript.

Differences in overall bone metabolism between six weeks
and one year

Figure 5 shows the intertime differences in bone metab-
olism for both the fusion and the pseudarthrosis group.
For the fusion group, a significant decrease in bone
metabolic activity over time was observed in the upper
endplate (p=0.005), intervertebral disc space (p=0.005)
and lower endplate (p=0.012) of the operated segment.
For the pseudarthrosis group, a significant decrease in

bone metabolic activity over time was observed in the
operated lower endplate (p=0.022), but not in the upper
endplate (p=0.575) nor in the intervertebral disc space
(p=0.074). For both groups, the operated ROIs remained
significantly higher than the respective control ROIs
one year after PLIF (p=0.007, p=0.005, p=0.036 for the
upper endplate, intervertebral disc space, lower end-
plate respectively of the fused segments and p=0.004,
p=0.003, p=0.011 respectively for the pseudarthrotic
segments).

ROC curves

The ROC curves in Fig. 6 evaluate the effectiveness of
SUVmax, Ki, K1/k2 and k3/(k2+k3) in the operated
intervertebral disc space at six weeks to predict bony
fusion one year after PLIF. With an AUC of 0.91, Ki
had the highest discriminative power, followed by SUV-
max (AUC=0.86), K1/k2 ((AUC=0.83) and k3/(k2 +k3)
(AUC=0.68). Optimal cut-points for SUVmax and Ki
were 18.21 and 0.0750, resulting in sensitivity values of
0.80, 0.90 and specificity values of 0.89, 0.73 respectively.
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Fig.5 SUVmax for the fusion group (a) and the pseudarthrosis group (b) at six weeks (left from the vertical blue line) and at one year after PLIF (right from
the vertical blue line) of the control ROIs (endUP_C, inter_C, endLOW_C in red, green and blue respectively) and the operated ROIs (endUP, inter, endLOW
in pink, yellow and grey respectively). Statistically significant differences between the groups were depicted by a red asterisk

For K1/k2 and k3/(k2+k3), optimal cut-points were
0.8750 and 0.3500, resulting in sensitivity values of 0.89,
0.80 and specificity values of 0.90, 0.64 respectively.

Discussion

This prospective study evaluated vertebral bone meta-
bolic activity on 'F-fluoride PET/CT at six weeks and
one year after PLIF in relation to bony fusion on CT one
year postoperatively.

The most important finding was that six weeks after
PLIF, the bone metabolic activity (SUVmax, Ki) in the
operated intervertebral disc space was significantly lower
in patients who developed pseudarthrosis as compared
to patients who attained solid interbody fusion one year
postoperatively. In fused segments, the intervertebral
bone metabolic activity equals that of the endplates,
while pseudarthrotic segments show a pattern of high
endplate metabolism and lower intervertebral metabo-
lism, similar to non-operated segments.

Full pharmacokinetic analysis provided deviating pat-
terns between pseudarthrotic and fused segments in
parameters related to bone blood flow (K1/k2) and bone
mineral incorporation (k3/(k2 +k3)). Pseudarthrotic seg-
ments exhibited lower bone blood flow towards the oper-
ated segment in comparison to fused segments six weeks
postoperatively, which resulted in less bone mineral
incorporation in the intervertebral disc space at one year.
This may imply that early blood flow to the bone graft,
which is crucial for bone fusion to develop in a later stage
[25], can be detected with ®F-fluoride PET/CT at six
weeks postoperatively.

Dynamic scanning is inherently restricted to a single
bed position and therefore a limited field-of view. At the
edges of the field-of-view, the measurement uncertainty
is larger as the sensitivity decreases towards the edges

[26]. This might explain some unexpected findings in
the outer ROIs (endUP_C and endLOW). For example,
this might explain why K1/k2 in the lower endplate at six
weeks was not significantly lower in pseudarthrotic seg-
ments compared to fused segments (Fig. 4a).

At six weeks, SUVmax and Ki were superior to K1/
k2 and k3/(k2 +k3) in terms of potential effectiveness in
predicting bony fusion (Fig. 6). However, as can be seen
in Figs. 3 and 6; Tables 2, 3 and 4, the end conclusion in
terms of significance is the same for all ROIs for SUV-
max and Ki. Therefore, SUVmax could be used in clini-
cal practice for ease of calculation. The more elaborate
dynamic modeling technique could be used in research
related studies to understand bone physiology in more
detail.

The level of bone metabolism in successfully fused seg-
ments decreased from six weeks to one year postopera-
tively, but was still increased compared to non-operated
segments. This is consistent with literature showing
elevated bone metabolism values within operated bone
regions over a course of several years after surgery [5,
27]. In contrast, the level of bone metabolism in pseud-
arthrotic segments remained equally elevated over time.
This is in accordance with findings on impaired graft
healing of Brenner et al. [5]. Non-decreased levels of
bone metabolism at one year can indicate ongoing bony
bridging, but other processes such as subsidence can also
elevate bone metabolism values [28]. In this study we did
not differentiate between these processes. In Caius et al,,
18 F NaF uptake measured one month after posterolat-
eral fusion did not correlate to fusion status and/or clini-
cal parameters at one year follow-up [29]. However, only
4 out of the 18 patients were considered as fused and two
different types of graft material were used during sur-
gery, adding an extra confounding factor to the study.
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Fig. 6 ROC curves for SUVmax (a), Ki (b), K1/k2 (c), k3/(k2 +k3) (d) in the operated intervertebral disc space at six weeks after PLIF to predict fusion at one
year. The area under the curve (AUC) is a measure for the diagnostic accuracy. The diagonal dashed line represents the line of equality

A strength of this study was that both fused and pseud-
arthrotic segments were part of the prospective study
cohort. This allowed us to follow-up uncomplicated cases
and look for deviations in the pseudarthrosis group.
Another strength was the addition of pharmacokinetic
modelling to the more commonly used SUV.

A limitation was that the final diagnosis, classifying
segments as either fused or pseudarthrotic, was based
on CT one year after PLIF. The diagnostic accuracy of
CT to diagnose pseudarthrosis is not perfect [4]. How-
ever, in absence of the gold standard surgical explora-
tion, for ethical considerations, CT imaging appears to
be the most reliable noninvasive method to determine

fusion after PLIF [3, 4, 30]. Moreover, in a systematic
review, it was shown that fusion assessment on CT was
best comparable to surgical exploration as opposed to
other noninvasive imaging modalities [31]. CT had the
highest odds ratio, indicating it is the most accurate non-
invasive imaging modality for the detection of pseudar-
throsis after spinal fusion [31]. Furthermore, bony fusion
might occur later than one year postoperatively. Together
with the strict definition of a bony bridge that was used,
this might explain the high level of pseudarthrotic seg-
ments observed in this study. An additional follow-up
moment several years after surgery would be of value to
further differentiate between delayed fusion and definite
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pseudarthrosis. We decided not to include clinical out-
comes in this manuscript, as this would further compli-
cate the interpretation of the results and overall message,
since clinical outcomes and imaging findings do not nec-
essarily correlate. A successful anatomical result after
surgery, does not automatically guarantee a pain free
patient, neither is an anatomical abnormality necessar-
ily associated with symptoms [3, 32, 33]. Clinical out-
comes should be taken into account in a follow-up study.
The relatively low resolution of the PET/CT scanner is
another limitation. We choose to evaluate relatively large
ROIs to minimize the effect of the low resolution. With
advancements in technological features of future scan-
ners, the resolution of PET/CT scanning might increase,
allowing for smaller ROIs to be evaluated. A higher reso-
lution might make comparison of different areas within
the intervertebral disc space feasible.In this study, only
20 patients were included. Our results should be con-
firmed in larger study cohorts and multi-center studies in
order to go towards potential clinical use. In larger study
cohorts, more factors that possibly affect the PET/CT
signal can be taken into account. For example, whether
static PET/CT scanning early after PLIF should be per-
formed in patients that undergo PLIF and are at risk for
the development of pseudarthrosis (for example smokers
[34] or patients with reduced perfusion). In those cases,
aberrant PET/CT findings could hint towards treatment
with bone stimulating medication such as novel bone
morphogenic proteins, growth hormones, and certain
cytokines [35]. Additionally, (dynamic) *F-fluoride PET/
CT could be used as a tool to evaluate bone fracture
treatment, consolidation of different bone graft materials
and ingrowth of coated prostheses or new cage designs
[36] and biomaterials that are new on the market. This
manuscript shows an example of a scientific application
of PET/CT in spinal fusion patients. With regards to the
clinical utility, we would not advise to make PET/CT part
of standard clinical practice in these types of patients. We
would advise to only use PET/CT in complicated cases
where no cause for pain can be found on standard imag-
ing modalities [37] or when testing new graft materials
in a research project. The use of SPECT/CT could be an
alternative to PET/CT in spinal fusion patients [38—40].
However, Varga et al. stated in a systematic review that
there is more evidence to back up the use of PET/CT in
spinal fusion as compared to the use of SPECT/CT [41].

To conclude, '8F-fluoride PET/CT six weeks after
posterior lumbar interbody fusion provides prognostic
information on bony fusion at one year. SUVmax of the
operated intervertebral disc space obtained early after
PLIF could be useful in clinical practice. Differences
between fusion groups in bone blood flow and bone min-
eral incorporation specifically were demonstrated by full
pharmacokinetic modelling.
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