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Abstract
Background  Success after glenoid bone augmentation in total shoulder arthroplasty depends on osseous integration and 
non-resorption. Standard imaging techniques, such as computed tomography (CT) and X-rays, cannot quantify bone viability. 
Therefore, we introduce a new technique to assess graft viability using 18F-sodium fluoride (18F-NaF) PET–CT for femoral 
allografts in reverse total shoulder arthroplasty (RSA).
Materials and methods  Patient charts were reviewed following glenoid augmentation using femoral allografts in reverse 
total shoulder arthroplasty. A total of seven patients were included in this study. 18F-NaF PET–CT was used to assess graft 
viability and graft fusion. Semiquantitative assessment of 18F-NaF uptake was performed by means of a standardized uptake 
value (SUV). Radiographs were used to assess fusion. The mean age of the patients at the time of follow-up was 83.4 years 
(range 79–92), and the mean follow-up was 44.4 months.
Results  Viability and fusion were confirmed in all allografts using semiquantitative analysis of 18F-NaF PET–CT by means 
of standardized uptake value (SUVmax). Metabolic activity of medullary region of a vertebral spine was defined as a refer-
ence background. The mean value of maximum tracer activity in the allograft was not statistically different from native bone 
in the reference vertebrae (p = 0.14).
Conclusions  18F-NaF PET–CT is a practicable tool to quantitatively assess viability in large bone allografts after glenoid 
augmentation in RSA. The study shows viability and fusion in all allografts.
Level of Evidence  Level IV, treatment study.
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Introduction

Glenoid bone loss in shoulder arthroplasty (SA) is chal-
lenging for the orthopedic surgeon. To avoid eccentric 
loading and early glenoid loosening, it is crucial in reverse 
total shoulder arthroplasty (RSA) to implant the glenoid 
component in an anatomical position [1, 2]. Therefore, 
central or peripheral bone defects that alter version and 
joint line have to be corrected. In mild peripheral defects, 
eccentric reaming is recommended to correct version [3]. 
However, this procedure is limited to approximately 10° 
of retroversion [3]. In larger defects, bone grafts or aug-
mented glenoid components are used [4, 5]. Although 
bone grafting is an established method to treat glenoid 
bone defects in SA, the results after autograft or allograft 
are heterogeneous [6–9]. An autograft can be harvested 
from the humeral head in primary cases or from the iliac 
crest in both primary and revision cases. Donor site mor-
bidity and limited bone availability, which are the main 
limitations for autografts, remain matters of debate. Ben-
efits of allografts include the lack of donor site morbidity 
and the large and quick availability of bone.

However, concerns about graft incorporation, resorp-
tion and viability of the graft may discourage surgeons to 
use allografts [4, 6, 9, 10].

A prerequisite for successful glenoid component fixa-
tion in SA and bone grafting is fusion and non-resorption 
of the graft. Therefore, graft viability is necessary to keep 
the bone and achieve glenoid ingrowth. Techniques for 
quantification of graft resorption and ingrowth include 
standard X-rays and computed tomography (CT) scans [7, 
11]. However, radiographs and CT have shown to provide 
nearly equal fusion assessment accuracy and both tech-
niques seem to overestimate fusion rates [12, 13]. Addi-
tionally, assessment of viability and metabolic processes 
in bone cannot be displayed and quantified using X-rays 
or standard CT. Molecular imaging techniques, such as 
hybrid positron emission tomography-computed tomog-
raphy (PET–CT) by 18F-sodium fluoride (18F-NaF), have 
already been established for assessment of metabolic pro-
cesses in the skeleton. It showed a promising role for the 
depiction of benign and malignant bone disorders as well 
as early assessment of bone remodeling process.

Although 18F-NaF PET–CT has mainly been investi-
gated in the field of oncology, it has also been described as 
a proper method to assess osseous integration and viability 
of bone allografts after large segmental reconstruction fol-
lowing en bloc spondylectomy [14].

The aim of this pilot study was to introduce this new 
technique for the assessment of bone viability and graft 
fusion using 18F-NaF PET–CT after glenoid reconstruction 
using femoral allografts in RSA. We hypothesized that the 

enrichment pattern of the allograft is significantly different 
to native bone.

Materials and methods

Patients

For this retrospective study, we reviewed patient charts at 
our institution to evaluate all patients who underwent gle-
noid bone augmentation using a femoral allograft in RSA 
(Fig. 1). In the study period from 2006 to 2014, we found ten 
patients who fit this description. Of these ten patients, two 
patients died and one patient denied participating PET–CT 
examination, leaving seven patients in the study (six women 
and one man). The mean age of the patients at the time of 
follow-up was 83.4 years (range 79–92). The mean follow-
up was 44.4 months (range 24–63). The dominant shoulder 
was affected in six patients. The right shoulder was affected 
in six patients and the left was affected in one patient. After 
a minimum follow-up period of 2 years, 18F-NaF PET–CT 
was performed to assess viability and fusion of the femoral 
allograft. Additionally, standard X-rays were used to assess 
fusion. In standard X-rays, fusion was quantified as a per-
cent of the medial side of the graft that was not fused to the 
glenoid side according to the technique described by Iannoti 

Fig. 1   RSA at final follow-up after 36  months. White arrows indi-
cate medial border of the bone allograft. The allograft is incorporated 
without any signs resorption
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and Frangiamore [11]. Fusion and viability were assessed 
by an experienced nuclear medicine board-certified nuclear 
medicine physician together with an orthopedic surgeon. 
This research has been approved by the IRB of the authors’ 
affiliated institutions.

PET–CT scanning

The study was performed with a dedicated PET–CT scanner 
(GE Healthcare, Discovery 710) with an extended field-of-
view full-ring high-resolution LSO PET component and a 
128-slice spiral CT. The PET–CT system consisted of a full-
ring PET scanner with a 15.7-cm transverse field of view, 
an in-plane resolution of 3.75 mm full width at half maxi-
mum at the center of the field of view. All PET scans were 
acquired in 3D time of flight mode (5-min emission per bed 
position), reconstructed with a standard iterative reconstruc-
tion ordered-subset expectation maximization (OSEM) itera-
tive algorithm and reformatted into transverse, coronal and 
sagittal views. Acquisition started 60 min post-intravenous 
injection of 18F-NaF (150 MBq) from in the shoulder (two 
beds position).

NaF binds to the sites of new bone formation and serves 
as a marker of bone blood flow and osteoblastic activity [15].

Two-third of bone is composed of minerals and one-
third of collagen, extracellular matrix and a variety of bone 
lining cells. The mineral matrix is composed of calcium 
hydroxyapatite. The mechanism of uptake is similar for 
18F-NaF and technetium-99 m (99mTc) bisphosphonates. 
Following chemisorption of fluoride ions onto the surface 

of hydroxyapatite, they exchange with the hydroxyl (OH−) 
ions in the crystal, forming fluorapatite. [16]

CT data were captured with a high-beam current 
(120–330 mA) to acquire optimal image quality. The images 
were also reconstructed with a specific bone algorithm pro-
vided by the manufacturer and an ultra-high-resolution slice 
thickness of 0.6 mm. The reformatted, transverse, coronal 
and sagittal views were used for interpretation.

Semiquantitative analysis

Semiquantitative assessment of 18F-NaF uptake was per-
formed by means of a standardized uptake value (SUV).

SUVs were obtained by manually placing a volume of 
interest (VOI, 50% threshold) over the bone allograft on the 
shoulder that had been identified on visual analysis of static 
emission images between the central peg and the inferior 
locking screw of the baseplate (Fig. 2). By using attenuation-
corrected PET data, SUVs were calculated as the ratio of 
regional radioactivity concentration (Becquerel/milliliter) 
divided by the injected amount of radioactivity (Becquerel) 
normalized to body weight in grams. Both maximum SUV 
(SUVmax) and mean SUV (SUVmean) were measured. 
However, to minimize partial volume effects, SUVmax 
within the VOIs rather than volumetric mean SUV was 
used for statistical analysis. In addition, a standard VOI was 
drawn over the medullary region of a vertebral spine as a 
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Fig. 2   18F-NaF PET/CT: coro-
nal CT (left) and fusion PET/CT 
(right) view from the shoulder. 
VOI is manually drawn over the 
allograft for viability assess-
ment. The localization and size 
of VOI were defined based on 
the corresponding transaxial 
and sagittal CT images
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reference background VOI, and the SUVmax was meas-
ured to define the normal background SUV in the skeleton 
(Fig. 3).

Statistical methods

Data consistency was checked, and data were screened for 
outliers and normality using quantile plots. Independent 
Student’s t tests and Whisker plots with 95% confidence 
intervals were used to illustrate the results. All reported 
tests were two-sided, and p values < 0.05 were considered 
statistically significant. All statistical analyses in this report 
were performed using Statistica 13 (Hill T. and Lewicki P. 
Statistics: Methods and Applications. StatSoft, Tulsa, OK).

Results

In the semiquantitative analysis, the mean value of SUVmax 
was 7.1 ± 1 within the allografts and 6.1 ± 1.1 in the refer-
ence vertebrae (p = 0.14, Fig. 4). Therefore, the enrichment 
pattern showed that viability in the allograft was not statisti-
cally different from the native reference vertebrae.

In all cases, fusion was confirmed in all allografts with 
18F-NaF PET–CT and X-rays (100% fusion).

Discussion

The main finding of this study was that metabolic activity of 
the allografts presenting the molecular bone remodeling and 
viability was comparable to normal medullary bone tissue 
on the reference vertebrae and fusion was achieved in all 
cases. Of course, this study has several limitations, the small 
sample size and retrospective design being the main ones. 
To enhance statistical power, larger series must be investi-
gated to draw better conclusions regarding bone viability 
after large allograft augmentation in SA.

Feasibility of 18F‑NaF PET/CT in clinical practice

There is no major concern regarding the toxicity of this 
novel modality.

Furthermore, when comparing with 99Tc-labeled conven-
tional bone scintigraphy, 18F-NaF PET/CT has some advan-
tages such as less plasma protein binding with resultant 
higher ability of the depiction of bone remodeling and faster 
serum clearance as well as shorter uptake time (30–45 min 
instead of 2–3 h), greater spatial resolution (2–4 mm instead 
of 10–15 mm), higher sensitivity and better image quality 
with higher target-to-background ratio [17]. Thus, it is more 
feasible and practicable in the routine clinical practice with 
ability to depict the early bone remodeling at molecular level 
[18].

Additionally, semiquantitative analysis is one of the addi-
tional advantages of 18F-NaF PET/CT, which is not easily 
applicable on conventional imaging modalities. This feature 
allows reliable comparison of the metabolic activity in the 

Fig. 3   18F-NaF PET/CT: a maximum intensity projection (MIP) PET image from thorax. b Transaxial 18F-NaF PET/CT: PET (left), CT (mid) 
and fusion PET/CT (right). c Sagittal 18F-NaF PET/CT: PET (upper), CT (mid) and fusion PET/CT (lower)

Fig. 4   Maximum standardized uptake value (SUV) is illustrated for 
allografts and for reference vertebrae
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allografts with normal bone tissues for the assessment of 
viability.

However, metallic implants, such as shoulder prosthetics, 
may cause a limitation and result in high CT (or Houns-
field) numbers and generate streaking artifacts on CT images 
because of their high photon absorption. This increase in 
CT numbers results in correspondingly high PET attenua-
tion coefficients, which leads to overestimation of the PET 
activity in that region and thereby to a false positive. Non-
attenuated PET images, which do not manifest this error, can 
be used for visual assessment and to rule out metal-induced 
artifacts. However, performing semiquantitative analysis is 
not possible on non-corrected images. In recent years, dif-
ferent metal artifact reduction (MAR) methods have been 
developed for CT; however, these methods have not been 
implemented in PET/CT. MAR could be beneficial for the 
interpretation and quantification of PET/CT scans. Another 
approach is to correct SUV values with a coefficient fac-
tor depending on the type of prosthesis. Although all PET 
images were additionally assessed in non-corrected mode to 
rule out metal-induced artifacts in this study, the quantitative 
results may have been affected by metal-induced artifacts. 
Nevertheless, the objective of this pilot study was to intro-
duce this novel molecular imaging approach for assessing 
bone allografts. Future studies are mandatory to proof valid-
ity of this technique before routine clinical application.

Allografts

Autologous bone grafting has drawbacks due to donor site 
morbidity, limited donor sites, differing bone sizes, shape of 
the graft configuration and limited bone availability.

Therefore, allografts seem to be a viable alternative due 
to their lack of donor site morbidity and the quick availabil-
ity of large amounts of bone.

On the other hand, cryopreserved allografts are known to 
have no remaining vascularity, which is associated with high 
complication rates such as infection, fracture and nonun-
ion. In a postmortem study by Enneking, the authors found 
limited bone remodeling and revascularization over time. 
In another study, the authors found incomplete ingrowth of 
cryopreserved allografts in histological studies [19, 20].

However, in this study we show metabolic processes in all 
allografts, demonstrating an enrichment pattern that is not 
significantly different from normal medullary bone activity 
on reference vertebrae.

In our institution, bone bank allografts are not irradiated. 
This may have contributed to the increased viability in our 
series. In all patients, a femoral allograft from the institu-
tion’s bone bank was used. All allografts were harvested 
during total hip arthroplasty and were immediately frozen 
at − 70 °C without irradiation. Nevertheless, more patients 

need to be investigated to draw conclusions with regard to 
bone viability.

Results in the literature after allograft augmentation are 
heterogeneous [7, 9, 11, 21]. However, the results after RSA 
seem more promising than after hemiarthroplasty or ana-
tomical total shoulder arthroplasty. The main reason is that 
the graft needs a metallic baseplate to support the native 
glenoid bone stock.

In a study by Iannotti and Frangiamore [11], the authors 
investigated 19 patients after large structural femoral allo-
grafts for glenoid reconstruction for shoulder hemiarthro-
plasty. Six of 19 patients showed more than 50% graft 
resorption, and four of those six exhibited less than 50% 
graft incorporation. In 13 patients, 100% graft incorporation 
was found after a minimum follow-up of 2 years.

In a study by Bateman and Donald [10], positive results 
were achieved after glenoid augmentation using a com-
bined allograft–autograft construct. None of their patients 
showed loosening or implant failure after a follow-up of up 
to 36 months.

Jones et al. [6] followed reverse shoulder arthroplasties 
after glenoid augmentation using an autograft or allograft 
and found no difference in the clinical or radiological out-
comes between the two graft types. Ultimately, 81% of all 
grafts fused with the native glenoid. The authors concluded 
that allografts seem to show equal results compared to 
autografts.

Conclusions

To conclude, 18F-NaF PET–CT is a practicable tool to quan-
titatively assess viability in large bone allografts after gle-
noid augmentation in RSA. The study shows viability and 
fusion in all allografts.
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