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Abstract
Introduction Although computed tomography (CT) can identify the presence of eventual bony bridges following lumbar 
interbody fusion (LIF) surgery, it does not provide information on the ongoing formation process of new bony structures. 
18F sodium fluoride (18F-NaF) positron emission tomography (PET) could be used as complementary modality to add 
information on the bone metabolism at the fusion site. However, it remains unknown how bone metabolism in the operated 
segment changes early after surgery in uncompromised situations. This study aimed to quantify the changes in local bone 
metabolism during consolidation of LIF.
Materials and methods Six skeletally mature sheep underwent LIF surgery. 18F-NaF PET/CT scanning was performed 6 
and 12 weeks postoperatively to quantify the bone volume and metabolism in the operated segment. Bone metabolism was 
expressed as a function of bone volume.
Results Early in the fusion process, bone metabolism was increased at the endplates of the operated vertebrae. In a next 
phase, bone metabolism increased in the center of the interbody region, peaked, and declined to an equilibrium state. During 
the entire postoperative time period of 12 weeks, bone metabolism in the interbody region was higher than that of a refer-
ence site in the spinal column.
Conclusion Following LIF surgery, there is a rapid increase in bone metabolism at the vertebral endplates that develops 
towards the center of the interbody region. Knowing the local bone metabolism during uncompromised consolidation of 
spinal interbody fusion might enable identification of impaired bone formation early after LIF surgery using 18F-NaF PET/
CT scanning.

Keywords Lumbar interbody fusion · Ovine · 18F sodium fluoride positron emission tomography · Computed tomography · 
Bone metabolism

Introduction

Lumbar interbody fusion (LIF) can be used as operative 
treatment for a wide range of spinal disorders if conserva-
tive treatment has failed [1]. LIF aims to stabilize a painful 
intervertebral segment by stimulating a bony bridge between 
the two adjacent vertebral bodies. Following resection of 
the intervertebral disc and preparation of the endplates, an 
interbody cage filled with bone graft or bone graft substitute 
is inserted [2, 3]. The treatment relies on bony union of the 
two adjacent vertebrae through the cage for long-term suc-
cess [4, 5].

Meng et al. reported that up to 20% of LIFs do not result 
in bony union between the vertebrae of the operated seg-
ment [3]. Non-unions are not symptomatic by definition, but 
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are generally correlated with inferior clinical outcome [4, 
6]. The symptoms secondary to a non-union mainly emerge 
on mid- and long-term follow-up and may require revision 
surgery up to 10 years after the initial treatment [7]. It is, 
therefore, important to predict symptomatic non-unions as 
soon as possible. Surgical exploration is considered the gold 
standard to evaluate bony union, whereas computed tomog-
raphy (CT) is considered as the most reliable non-invasive 
modality [8]. CT is typically used to classify the fusion 
success based on the presence of mineralized bony bridges 
between vertebrae throughout the disc space [9]. Although 
CT provides excellent details on the current presence of 
osseous structures at the fusion site (diagnostic information), 
it does not provide information on local bone remodeling 
activity and whether uncompromised progression of fusion 
is to be expected (prognostic information).

Positron emission tomography (PET) with the bone seek-
ing tracer 18F sodium fluoride (18F-NaF) has been previously 
proposed as a complementary modality to provide quantita-
tive information on local bone metabolism in the operated 
spine [10–12]. 18F-NaF tracer uptake is known to increase 
within skeletal tissue with increasing perfusion, vascular 
permeability, bone turnover, and amount of exposed min-
eral surface [13, 14]. Therefore, increased tracer uptake 
corresponds with increased bone metabolism. Persistently 
increased bone metabolism more than 1 year after LIF 
has been reported to originate from micro-instability and 
increased tissue stresses at the interface of the cage and has 
previously been identified as indicator for impaired bone 
graft healing and painful non-union [11, 15].

In operated segments in which a bony fusion is success-
fully consolidating, interbody bone metabolism is expected 
to strongly increase early after surgery because of active 
new bone formation in the interbody region [16]. On the 
longer term (years), however, interbody bone metabolism is 
expected to approach the bone metabolism of mature bone 
i.e. a bone metabolism corresponding with maintenance of 
bone homeostasis without any signs of under- or overloading 
of the bone. However, it remains elusive how the interbody 
bone metabolism transitions from low intensity (there is no 
bone metabolism in the intervertebral disc space before sur-
gery), towards strongly increased intensity (early after sur-
gery), towards a homeostatic intensity (long after surgery), 
and how these changes in metabolism relate to the status and 
quality of fusion of the operated segment.

To properly interpret PET signals and assess their rel-
evance in clinical research, it is important to understand the 
changes in local bone metabolism following LIF and how 
this relates to the status of fusion. Therefore, the objective of 
this study was to quantify the changes in local bone metabo-
lism during the consolidation process of interbody fusion. A 
preclinical ovine cohort that was subjected to LIF surgery 
was longitudinally monitored by 18F-NaF PET/CT scanning. 

The status of interbody fusion in the cages was quantified 
per scan in a standardized way using CT data, whereas local 
bone metabolism was quantified in the interbody and end-
plate regions based on normalized 18F-NaF uptake values. 
Normalized 18F-NaF uptake values were generated per scan 
by dividing the activity value of every voxel by the mean 
activity of an internal reference site in the spinal column. 
To evaluate the changes in local bone metabolism during the 
consolidation process of fusion, normalized tracer uptake 
was expressed as a function of fusion status.

Materials and methods

Animal model and study design

Six skeletally mature Zwartbles ewes (age 2–4 years, weight 
76–112 kg) were included from an existing ovine cohort 
on LIF surgery with a scheduled postoperative time period 
of 13 weeks [17]. Sheep underwent LIF by insertion of a 
polyether ether ketone (PEEK) cage filled with autologous 
iliac crest bone graft (ICBG) at either level L2–L3 or L4–L5. 
The PEEK cages were custom designed and manufactured 
(Instrument Development, Engineering and Evaluation, 
Maastricht University, Maastricht, the Netherlands) to fit the 
vertebrae of the sheep. Cages were 22 × 9 × 6  mm3 in size, 
contained titanium markers, and had a central graft window 
of approximately 0.5 mL. All animal protocols were con-
ducted in accordance with the European directive 2010/63/
EU and were approved by local animal welfare committees 
at the involved institutions in Belgium (Medanex Clinic, 
Diest; EC MxCl 2018–110) and the Netherlands (Maastricht 
University, Maastricht; AVD1070020185685).

Surgical technique and postoperative course

Surgery on the sheep was performed by an experienced 
spine surgeon (PW) at the Medanex Clinic (Diest, Belgium) 
under general anesthesia with endotracheal intubation with 
the animal in the right lateral decubitus position. Following 
a retroperitoneal approach of the designated intervertebral 
disc space and fluoroscopic confirmation, discectomy and 
endplate rasping was performed. Customized rasp tools that 
gradually increased in height up to 5 mm enabled revascular-
ization of the endplates and preparation of the intervertebral 
space for cage impaction. At the caudal side of the incision, 
the cortical shell of the iliac crest was exposed and opened 
to harvest ICBG. The cage graft window was filled with 
the autologous ICBG before impaction. Additional instru-
mentation could be omitted because the 6 mm high cages 
were tightly compressed by the two adjacent vertebrae. The 
wound was closed layer-by-layer using appropriate sutures.
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After complete recovery from surgery, the sheep were 
transported from the Medanex Clinic (Diest, Belgium) to 
the animal facility of Maastricht University (Maastricht, the 
Netherlands) for PET/CT scanning at six and 12 weeks after 
surgery. The sheep were group housed, were free to move 
throughout the follow-up period, and had ad libitum access 
to hay and water. After 13 weeks, the sheep were euthanized 
and the operated intervertebral segments were isolated for 
histology.

PET/CT acquisition

The sheep were scanned under general anesthesia in a Dis-
covery MI 5 ring PET/CT system (GE Healthcare, Milwau-
kee, WI, USA). Thirty minutes after intravenous injection 
of 1.2–2.4 MBq 18F-NaF tracer per kilogram body weight, a 
low-dose CT (120 kV, 20 mAs, slice thickness 2.5 mm) was 
acquired, which was used for attenuation correction upon 
reconstruction of the positron emission signals. PET acqui-
sition of the complete lumbar spine was performed using 
a single bed position with an acquisition time of 10 min. 
Directly after PET acquisition, a diagnostic CT (140 kV, 300 
mAs, slice thickness 1.25 mm with increment of 0.625 mm) 
of the lumbar spine was made. Standard filtered back projec-
tion was performed to reconstruct CT images as 512 × 512 
matrices. Attenuation-corrected PET images were recon-
structed as 256 × 256 matrices with a block sequential 
regularized expectation maximization algorithm including 
time-of-flight and point spread functions (commercial name 
Q.Clear, GE Healthcare, Milwaukee, WI, USA) [18]. The 
penalization factor of this iterative reconstruction algorithm 
(termed beta) was set to 700.

Quantification of fusion based on diagnostic CT data

The diagnostic CT images were used to quantify the status 
of interbody fusion of the PEEK segments for each sheep 
at both 6 and 12 weeks after surgery. Images were analyzed 
using medical image processing software (Mimics version 

22.0, Materialise, Leuven, Belgium). For visualization pur-
poses, the brightness and contrast settings of the grayscale 
were standardized across all images using the Hounsfield 
units (HUs). For every scan, the titanium markers of the 
customized PEEK cage were segmented by thresholding 
(HU > 1000). Then, the computer aided design file describ-
ing the PEEK cage including titanium markers and central 
graft window was imported into the software. To position 
the design file correctly within each CT scan, the cage was 
automatically repositioned by aligning the titanium markers 
of the design file with the segmented titanium markers from 
the scan (Fig. 1). To yield a percentage of bone volume for 
every scan in a standardized manner, the bone was quanti-
fied (HU > 500) within and normalized to the central graft 
window of the cage.

Quantification of 18F‑NaF uptake

The CT and corresponding attenuation-corrected PET 
images were imported into dedicated research software 
(PMOD version 4.1, PMOD Technologies, Zürich, Swit-
zerland) to quantify 18F-NaF uptake. A volume of interest 
(VOI) with an axial height of 30 mm, surrounding the ver-
tebral bodies of L5 and L6, was centered on intervertebral 
disc L5–L6, and was thresholded for bone (HU > 250). This 
resulted in a reference VOI  (VOIREF) per scan (Fig. 2, upper 
row) of 15–20 mL in volume. For each scan, the mean 18F-
NaF uptake in the  VOIREF was derived in kBq/mL from cor-
responding attenuation-corrected PET images. This value 
was subsequently used to normalize the PET images with 
an internal reference value, i.e. each voxel 18F-NaF uptake 
value (in kBq/mL) was divided by the mean 18F-NaF uptake 
value of the  VOIREF (in kBq/mL) of the scan.

On the axial slices of each CT, VOIs were manually 
drawn in the center of the operated interbody segment 
 (VOIIB) and at the endplates above and below  (VOIEP). 
These VOIs were all 3.75 mm in axial height and surrounded 
the original contours of vertebral bodies in the axial plane. 
 VOIIB and  VOIEP were 2.0–2.7 and 1.7–2.6 mL in volume, 

Fig. 1  Three-dimensional 
render of the polyether ether 
ketone (PEEK) cage design 
(red) including titanium mark-
ers (black) and graft window 
(green). Titanium markers were 
used to appropriately reposition 
the cage into each computed 
tomography (CT) scan
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respectively. To prevent any edge effects from the interface 
of the cage and the vertebral bodies,  VOIIB and  VOIEP were 
drawn at a distance of 3.75 mm from each other (Fig. 2, 
lower row). These VOIs were transferred to the correspond-
ing attenuation-corrected and normalized PET images to 
determine the mean and maximum normalized uptake val-
ues within these specific volumes. To express the relation 
between the normalized uptake value in  VOIIB and  VOIEP, 
the  VOIIB value was divided by the mean of the  VOIEP val-
ues above and below. The normalized activity in  VOIIB and 
the ratio of  VOIIB to  VOIEP were both plotted versus percent-
age of bone volume as derived from the diagnostic CT scans. 
A third-degree polynomial curve was fitted to the set of data 
points using MATLAB (MathWorks, Natick, MA, USA).

Histology

The isolated intervertebral segments were processed for 
undecalcified histology as described before [17]. In short, 
specimens were fixed in formalin, dehydrated through a 
series of ethanol, and polymerized with methyl methacrylate. 
Midsagittal sections of 20 µm were obtained and stained 
with basic fuchsin and methylene blue solutions to visualize 
mineralized tissue in and around the cage. An image of the 
cage region was digitalized using bright light microscopy.

Results

All sheep were longitudinally monitored according to pro-
tocol, so every sheep was scanned using PET/CT at 6 and 
12 weeks after surgery. Figure 3 displays sagittal images of 
every diagnostic CT scan with a uniform grayscale across 
images. The bone volume inside the cage was graphically 
rendered and expressed as percentage below the images. 
Bone volumes varied largely between sheep and time points 
and covered nearly the whole spectrum of consolidation of 
interbody fusion, i.e. from hardly any bone volume (2% for 
scan a) to almost complete ossification of the graft window 
(86% for scan F). The amount of bone volume increased 
within every sheep between 6 and 12 weeks after surgery 
(lowercase versus uppercase letters). One of the sheep pre-
sented higher bone volume at 6 weeks after surgery (scan 
f) than all other five sheep at 12 weeks after surgery (scan 
A-E). In addition, the normalized attenuation-corrected 
18F-NaF PET sagittal images are shown in Fig. 3. Colors 
represent the normalized uptake value and, thus, indicate 
the amount of tracer uptake in that particular voxel with 
respect to the mean tracer uptake in the reference volume. 
Within the interbody and endplate volumes of the interver-
tebral segment, the tracer uptake fluctuated with increasing 
bone volume and could increase up to ten times the reference 

Fig. 2  Upper row shows the volume of interest of the reference  (VOIREF) at the unaffected segment L5–L6 in pink. Lower row displays the inter-
body and endplate volume of interest  (VOIIB and  VOIEP) at the operated segment in green and yellow, respectively
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uptake value. The further away from the surgical site, the 
more the normalized uptake value approached the value of 
one, meaning the tracer uptake in those voxels was equal to 
the mean tracer uptake in the reference volume. Both the CT 

and PET images revealed substantial anterolateral bone for-
mation outside the PEEK cage in every sheep. In addition, 
the corresponding 13-week postoperative histologic midsag-
ittal sections are displayed per sheep in Fig. 3. Per sheep, 

2% 26%19%10%7%

35% 40%

75%

69%64% %68%45

0 1600

Computed Tomography
Hounsfield Units [-]

0 10
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A B C D E

f

F
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A B C D E
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13 Week Postoperative Histology III

II

I

Fig. 3  Diagnostic computed tomography (CT) [panel I], 18F sodium 
fluoride (18F-NaF) positron emission tomography (PET) [panel II] 
sagittal images for each sheep (a-f) at 6 (lowercase) and 12 (upper-
case) weeks after surgery. The contours of the polyether ether ketone 
(PEEK) cage are visualized in red in the CT scans. Additionally, the 
percentage bone volume and the three-dimensional render of the 

bone (in green) within the graft window are displayed per CT scan. 
Corresponding basic fuchsin and methylene blue sections, obtained 
13 weeks postoperatively, are also displayed for each of the six sheep 
[panel III]. Orientation of images: top, cranial; bottom, caudal; left, 
anterior; right, posterior
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the bone in the histologic section matches the anatomy of 
the bone as revealed by the 12-week postoperative CT data.

Figure 4 shows the mean (upper left) and maximum 
(lower left) normalized activity in the  VOIIB over percent-
age of bone within the graft window. When there was hardly 
any bone present within the graft window, the activity in 
the  VOIIB was relatively low. Both mean and maximum 
activity peaked at 25–40% of bone volume. At higher bone 
volumes, the activity declined again. For all data points, 
mean and maximum normalized activity values were con-
tinuously exceeding the value of one, i.e. the uptake values 
in the  VOIIB were found to be consistently higher than the 
mean activity of the  VOIREF. The ratio between the activity 
in the  VOIIB and the activity in the  VOIEP are shown at the 
right-hand side of Fig. 4. When there was a low amount of 
bone present within the graft window, the ratios were found 
to be lower than one, meaning the uptake in the  VOIEP was 
higher than in the  VOIIB. With increasing bone volume, the 
ratio approached and exceeded the value of one, indicating 
higher activity in the  VOIIB with respect to the activity in 
the  VOIEP.

Discussion

This study aimed to evaluate the changes in local bone 
metabolism as measured by 18F-NaF PET/CT during the 
consolidation process of LIF in a sheep model. Although 

the local bone metabolism in the interbody region was con-
sistently higher than the metabolism in reference bone, it 
strongly varied with interbody fusion status. With increasing 
bone volume in the cage, the bone metabolism in the inter-
body region was shown to increase, peak, and decrease after 
which it seemed to stabilize at an activity level above that 
of reference bone. This trend was found for both the mean 
and maximum bone metabolism within the interbody region.

In this study, a bell-shaped curve was found for the bone 
metabolism in the interbody region versus fusion status. The 
development of this characteristic curve can be related to 
the process of bone graft incorporation in interbody fusion, 
which is described to entail three distinct stages [19, 20]. 
First, there is an early inflammatory stage (hours–days) in 
which granulation tissue is formed and vascularized. Sec-
ond, there is a repair stage (weeks-months) in which the 
original bone graft is resorbed and simultaneously replaced 
by new woven bone, a process called creeping substitution 
[21]. Third, the woven bone mass remodels (months–years) 
into lamellar bone with a trabecular architecture which 
adapts to the mechanical loads experienced by the tissue 
[22]. Within these three distinct stages, bone metabolism 
is the most active during creeping substitution in the repair 
stage. To achieve creeping substitution in the center of the 
interbody cage, bone progenitor cells must first migrate 
from the vertebral endplates towards the graft window of the 
cage [23]. Formation of new bone and vascular tissue, thus, 
commences at the endplates before it reaches the interbody 
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Fig. 4  For every scan, the activity in the  VOIIB and the ratio of the 
activity in the  VOIIB to the activity in the  VOIEP were plotted against 
percentage of bone volume (BV). Letters correspond to the individual 

scans as visualized and described in Fig.  3. A third-degree polyno-
mial curve (in red) was fitted to these data points
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region. For this reason, the bone metabolism was found to 
be higher in the endplate region than in the interbody region 
at the onset of fusion. Additionally, the initial absence of the 
bone progenitor cells in the interbody region explains the 
delayed increase that was found in this study for the 18F-NaF 
uptake in the middle of the interbody region during consoli-
dation of fusion. Once new bone formation at the endplates 
was achieved and a vascular connection between bone mar-
row and interbody region was established, bone progeni-
tor cells could enter the interbody region, differentiate, and 
start to actively deposit new bone in the interbody region. 
As a result, the bone metabolism in the interbody region 
peaked and exceeded the bone metabolism in the endplate 
region as fusion progressed. Upon complete ossification of 
the graft window, bone metabolism in the interbody region 
decreased and stabilized at an activity still higher than that 
of unaffected bone. Thus, the fusion mass of the segment in 
which the fusion was most consolidated was still actively 
remodeling.

The method used to quantify the fusion status of each 
individual CT scan in this study yielded the percentage of 
bone volume within the graft window of the cage. This value 
described the percentage of bone inside the cage without 
considering the microarchitecture of the segmented bone 
volume. As a consequence, this quantification method would 
not be appropriate to analyze microstructural changes of the 
bone in the remodeling stage of the healing process. This 
was of no concern in the current study, as it focused on short 
postoperative time periods only and aimed to monitor the 
bone metabolism from surgery up until the remodeling stage. 
It should, however, be acknowledged that the quantification 
of cage bone volume is not a standard clinical procedure 
as it involves relatively high radiation exposure and time-
consuming manual image processing. In clinical practice, 
the number of bony bridges through and around the cage is 
often scored instead [24, 25].

Because bone remodeling activity varied considerably 
between sheep and did not reveal a distinct trend between 
6 and 12 weeks after surgery, the bone remodeling activ-
ity value of each individual PET scan was interpreted as 
a function of bone volume. Current analysis assumed that 
all sheep followed the same uncompromised progression of 
fusion, but with a different speed. To confirm this assump-
tion, all sheep should have been monitored using PET/CT 
at regular (shorter) time intervals up until the remodeling 
stage of the healing process. This was, however, unattain-
able as the sheep originated from an existing cohort with a 
short postoperative time period. Monitoring each sheep at 
regular time intervals up until the remodeling stage would 
generate activity versus bone volume plots as in Fig. 4 per 
individual sheep, which would provide more insight in the 
time and subject dependency of the local bone metabolism 
in an operated segment.

The observed presence of anterolateral bone formation 
outside the PEEK cages in all animals may have resulted in 
inaccuracies in current analyses. First, tracer activity spillo-
ver from the anterolateral bone region outside the PEEK 
cage into the interbody region is expected due to limited 
spatial resolution in PET images [26]. Since the amount of 
spillover depends on the amount and distribution of activity 
in the anterolateral bone region, which varied across scans, 
it was difficult to correct for this spillover. However, it may 
have resulted in slight overestimations of the actual inter-
body tracer uptake. Second, the anterolateral bone forma-
tions may have stabilized the intervertebral segment once 
a complete bony bridge was developed between the two 
vertebrae. This stabilization might in turn have affected the 
formation of bone within the cage, as it has been shown 
before that additional stabilization of a spinal segment might 
increase the chances of intervertebral consolidation [27]. 
Anterolateral bone formation outside the cage has been 
reported before in ovine interbody fusion models [28]. In 
this study, the formation of these bony structures is, how-
ever, expected to mainly originate from the surgical rasping 
which preceded impaction of the cage into the disc space. 
Rasping might have promoted bone formation outside the 
interbody region as the procedure presumably stimulated the 
periosteum surrounding the vertebrae [29, 30]. The rasping 
and cage impaction procedure was included in current surgi-
cal technique to avoid the use of pins in the vertebral bodies 
for distraction, which is generally required for cage inser-
tion. Insertion of vertebral pins would have led to increased 
bone remodeling within the vertebrae, which was unwanted 
since endplate regions were also of interest in our current 
analyses. For future research, if solely focusing on inter-
body bone metabolism, it would be interesting to perform 
vertebral distraction to open up the disc space instead of the 
gradual rasping and impaction procedure. We hypothesize 
that implementation of a distraction step could reduce the 
bone formation outside the interbody region, albeit at the 
expense of an increased background signal at the center of 
the vertebrae in which the distraction pins were inserted.

This study addressed the changes in local bone metabo-
lism following LIF surgery and proposed the underlying 
processes responsible in an ovine model. Since loading 
conditions on the ovine spine resemble those of humans 
and ovine models accurately approach human bone remod-
eling and turnover [31, 32], the presented changes in local 
bone metabolism are believed to hold true for the human 
spine as well. However, the time scale of these changes 
might differ from the clinical situation as bony union is 
generally attained more rapidly in ovine models compared 
to human patients [33, 34]. The bell-curved development 
of bone metabolism in well-consolidating spinal segments 
suggests that short-term PET quantifications for prognostic 
diagnosis should not be too late after surgery. In the initial 
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phase of bone ingrowth an increased metabolic activity 
correlates with well-consolidating segments, whereas after 
this initial phase ambiguity arises as it becomes unknown 
whether the metabolic activity should still increase or 
should already decrease again. On long-term diagnostic 
follow-up (> years), this issue does not play part anymore 
as elevated bone metabolism has been recognized as a sign 
of micro-instability at this time scale [11, 15]. However, 
it is impossible to define a clear postoperative time point 
after which bone metabolism should reduce to homeo-
static values again. Moreover, it remains hard to predict 
how markedly compromised segments will differ in bone 
metabolism from well-consolidating segments.

Previously, Foldager et al. revealed different metabolic 
patterns at 2, 4, and 8 weeks after surgery using PET quan-
tifications in a porcine model in which PEEK interbody 
cages were enriched with autologous ICBG or osteobio-
logics [35]. Although their study proved that PET quantifi-
cations early after surgery could differentiate between two 
substantially different ossification mechanisms, changes 
in bone metabolism were not directly expressed in terms 
of progression of fusion The current study demonstrated 
the changes in local bone metabolism in a consolidating 
segment and clarified the variance in bone metabolism that 
may exist in well-fusing segments early after surgery. The 
location and intensity of the bone metabolism early after 
surgery provides additional information on the ongoing 
fusion process (prognostic) but should remain complemen-
tary to CT analysis (diagnostic) since early PET signals 
can be ambiguous on their own and can vary between sub-
jects significantly. We believe it is important to take this 
variance into account, especially when interpreting PET 
signals of individual patients. Knowing the changes in 
local bone metabolism during uncompromised consolida-
tion of spinal interbody fusion might enable identification 
of impaired bone formation early after LIF surgery using 
PET/CT quantifications. Early identification of impaired 
healing might aid in implementation of timely and efficient 
clinical measures potentially resulting in less non-unions. 
Future studies are warranted to investigate the exact tim-
ing and changes in local bone metabolism in the human 
spine following LIF surgery, and whether these changes 
may be affected by skeletal disorders (e.g. osteoporosis), 
by drug administration (e.g. parathyroid hormones, bone 
morphogenetic proteins), and by the combination of bone 
graft and cage material that is used.
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