
Vol:.(1234567890)

Annals of Nuclear Medicine (2025) 39:98–149
https://doi.org/10.1007/s12149-024-01991-9

REVIEW ARTICLE

Validation of quantitative [18F]NaF PET uptake parameters in bone 
diseases: a systematic review

Ruben D. de Ruiter1   · Jolien Zwama1 · Pieter G. H. M. Raijmakers2 · Maqsood Yaqub2 · George L. Burchell3 · 
Ronald Boellaard2 · Adriaan A. Lammertsma4 · Elisabeth M. W. Eekhoff1

Received: 2 June 2024 / Accepted: 7 October 2024 / Published online: 27 December 2024 
© The Author(s) 2024

Abstract
Purpose  [18F]NaF PET has become an increasingly important tool in clinical practice toward understanding and evaluat-
ing diseases and conditions in which bone metabolism is disrupted. Full kinetic analysis using nonlinear regression (NLR) 
with a two-tissue compartment model to determine the net rate of influx (Ki) of [18F]NaF is considered the gold standard 
for quantification of [18F]NaF uptake. However, dynamic scanning often is impractical in a clinical setting, leading to the 
development of simplified semi-quantitative parameters. This systematic review investigated which uptake parameters have 
been used to evaluate bone disorders and how they have been validated to measure disease activity.
Methods  A literature search (in PubMed, Embase.com, and Clarivate Analytics/Web of Science Core Collection) was per-
formed up to 28th November 2023, in collaboration with an information specialist. Each database was searched for relevant 
literature regarding the use of [18F]NAF PET/CT to measure disease activity in bone-related disorders. The main aim was 
to explore whether the reported semi-quantitative uptake values were validated against full kinetic analysis. A second aim 
was to investigate whether the chosen uptake parameter correlated with a disease-specific outcome or marker, validating its 
use as a clinical outcome or disease marker.
Results  The initial search included 1636 articles leading to 92 studies spanning 29 different bone-related conditions in 
which [18F]NaF PET was used to quantify [18F]NaF uptake. In 12 bone-related disorders, kinetic analysis was performed and 
compared with simplified uptake parameters. SUVmean (standardized uptake value) and SUVmax were used most frequently, 
though normalization of these values varied greatly between studies. In some disorders, various studies were performed 
evaluating [18F]NaF uptake as a marker of bone metabolism, but unfortunately, not all studies used this same approach, 
making it difficult to compare results between those studies.
Conclusion  When using [18F]NaF PET to evaluate disease activity or treatment response in various bone-related disorders, 
it is essential to detail scanning protocols and analytical procedures. The most accurate outcome parameter can only be 
obtained through kinetic analysis and is better suited for research. Simplified uptake parameters are better suited for routine 
clinical practice and repeated measurements.
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Introduction

[18F]NaF PET scanning has become an increasingly impor-
tant tool in understanding and evaluating diseases and con-
ditions in which bone metabolism is disrupted. In 1962, 
Blau et al. first demonstrated that there was increased 
uptake of 18F in areas of new bone formation, as com-
pared with normal bone [1]. Since this first report, [18F]
NaF PET has been established as an imaging modality for 
understanding and measuring treatment response in vari-
ous metabolic bone disorders [2].

Bone formation typically occurs in two separate man-
ners, i.e., as endochondral or as intramembranous ossifica-
tion. In endochondral ossification, mesenchymal stem cells 
are stimulated to differentiate into chondrocytes, thereby 
creating a cartilage scaffold. After the cartilage scaffold 
has been established, mesenchymal stem cells differenti-
ate into osteoblasts and start to produce an extracellular 
bone matrix, which slowly but steadily replaces the carti-
lage scaffold [3]. The second is through intramembranous 
ossification, in which mesenchymal stem cells differentiate 
directly into osteoblasts, which similarly create an extra-
cellular bone matrix, but without first creating a cartilage 
scaffold. In the extracellular bone matrix, hydroxyapatite 
crystals are formed. After injection, [18F]NaF is distributed 
throughout the body and eventually binds to the crystal-
lized surface, replacing the hydroxyl ions in hydroxyapa-
tite to form fluorapatite [4, 5]. The tracer eventually accu-
mulates in all sites of accessible bone, including sites of 
bone formation and bone degradation. The rate of accumu-
lation depends on tracer availability, regional blood flow, 
and bone turnover [6].

[18F]NaF PET cannot only visualize, but also quantify 
areas of increased bone turnover. The pharmacokinetics of 
18F-fluoride can best be described by a two-tissue compart-
ment model for irreversible binding. This model was first 
described by Hawkins et al. in 1992 and since then it has 
been recognized as the gold standard for quantifying [18F]
NaF uptake [6, 7]. This model considers plasma delivery 
of 18F-fluoride, its extraction fraction and, finally, its bind-
ing to bone matrix. Upon defining an area of interest, the 
net rate of transfer from plasma to bone binding (Ki) can 
be estimated with a 60-min full dynamic scanning proto-
col, including arterial sampling, through nonlinear regres-
sion analysis (NLR). Even though this is the most accurate 
method for quantifying skeletal 18F-fluoride uptake, the 
procedure is less feasible in clinical practice due to the 
limited axial field of view covered by a dynamic scan, the 
complexity of data acquisition, and the burden it places 
on patients.

This has led to the use of simplified methods as alter-
natives to NLR, such as the Gjedde–Patlak analysis and 

standardized uptake value (SUV). These methods seem 
to correlate well with full kinetic analysis in normal bone 
and have become increasingly important in quantifying 
skeletal 18F-fluoride uptake. Gjedde–Patlak analysis is 
also based on the compartment model, but only requires 
a linear regression analysis once the radiopharmaceutical 
tracer uptake in the target tissue from the plasma occurs 
at a fixed rate [8, 9]. Nevertheless, it remains difficult 
to perform Gjedde–Patlak analysis on a regular basis as 
it still requires blood sampling and a (short) period of 
dynamic imaging. Therefore, SUV has become the most 
widely used parameter for quantification in daily clinical 
routine [10]. SUV is a semi-quantitative measure repre-
senting tissue activity in a volume of interest (VOI) cor-
rected for injected activity and a body anthropometric 
measure such as weight, lean body mass or body surface 
area (Fig. 1). SUV can be calculated without any blood 
sampling and it can be used in association with a whole-
body scan enabling the measurement of tracer distribution 
throughout the body [11]. Note that outcome from all men-
tioned approached depends on the region of interest defini-
tion, and SUV can be reported in a few ways. SUVmean is 
defined as the average SUV (and thus representing average 
[18F]NaF uptake) of all voxels within a VOI. SUVmax is the 
highest single-voxel value within a VOI, and SUVpeak is 
the average of a fixed size volume (often 1 cm3) centered 
around the hottest voxel within a VOI (Fig. 1).

In recent years, many studies have used various uptake 
parameters to quantify [18F]NaF uptake in bone disorders. 
The purpose of this review was to provide an overview of 
the parameters that presently are used to measure [18F]NaF 
uptake in bone disorders, and to assess whether they are 
suitable for assessing disease activity.

Methods

A systematic search was performed in the databases: Pub-
Med, Embase.com, and Clarivate Analytics/Web of Science 
Core Collection. The timeframe within the databases was 
from inception to 28th November 2023 and conducted by 
GLB and RR. The search included keywords and free text 
terms for (synonyms of) ‘Fluorine-18’ combined with (syno-
nyms of) ‘positron emission’ combined with (synonyms of) 
‘bone’. A full overview of the search terms per database can 
be found in the supplementary information (see Appendix 
1). No limitations on date or language were applied in the 
search.

Study selection

Two reviewers (RR and EE) independently screened all poten-
tially relevant titles and abstracts for eligibility using Rayyan 
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(web-tool to screen and select studies). Where necessary, the 
full text of an article was checked against the eligibility crite-
ria. Differences in judgment were discussed and resolved by a 
consensus. Studies were included if they met the following cri-
teria: (i) studies using [18F]NaF PET; (ii) pathological condi-
tion primarily involving bone metabolism and/or healing; (iii) 
[18F]NaF PET-derived uptake parameter reported; (iv) studies 
published in English; and (v) full-text availability. Studies were 
excluded if they concerned: (i) oncological diseases; (ii) car-
diovascular diseases; (iii) studies in otherwise healthy subjects; 
(iv) animal and in vitro studies; and (v) certain publication 
types such as editorials, letters, legal cases, interviews, confer-
ence abstracts, and reviews. The PRISMA flow diagram of the 
study selection is shown in Fig. 2.

Quality assessment

The full text of the selected articles was obtained for further 
review. Two reviewers (RDdR and EMWE) independently 
evaluated the methodological quality of the full-text papers 
using the Study Quality Assessment Tool created by NHLBI 
(National Heart, Lung, and Blood Institute). The results of this 
quality assessment can be found in Supplementary Material 
S2.

Results

Search and selection of results

The literature search generated a total of 2116 references: 
584 in PubMed, 678 in Embase.com, and 623 in Clarivate 
Analytics/Web of Science Core Collection. After remov-
ing duplicates of references that were selected from more 
than one database, 1636 remained. The flow chart of the 
search and selection process is presented in Fig. 2.

After screening titles and abstracts, based on the selec-
tion criteria described above, 166 remained for full-text 
analysis. This analysis excluded a further 74 articles 
(Fig. 2). From the remaining 92 articles, the following 
data were extracted: study type, number of participants, 
age of participants (mean and standard deviation (SD)), 
quantitative parameters examined, chosen method of vali-
dation of the uptake parameters, and purpose of parameter 
quantification, which can be found in Table 1. In addition, 
details of PET methodology were extracted: PET scanner 
type, injected dose and scan time, reconstruction algo-
rithm, and volume of interest (VOI) definition, which can 
be found in Table 2.

Fig. 1   [18F]NaF PET/CT 
image explaining the difference 
between volume of interest, 
SUVmax, SUVpeak and how an 
area of increased uptake can be 
“missed” when using SUVmax 
or SUVpeak
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Quality assessment

Most articles (90/92) were cross-sectional or cohort stud-
ies and were assessed using the National Heart, Lung, and 
Blood Institute (NHLBI) Study Assessment Tool [12]. 
The remaining two articles were considered to describe 

a randomized control trial (RCT) and were, therefore, 
assessed using NHLBI’s RCT study assessment tool. 83 
studies were of good quality (90.2%), 9 of fair quality 
(9.8%) and none were of poor quality. The rating for each 
study can be found in Supplementary Material S2. No arti-
cles were excluded based on their quality rating.

Fig. 2   PRISMA flow diagram of the study selection
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Purpose of [18F]NaF uptake quantification

Evaluation of [18F]NaF uptake as a measure of bone metabo-
lism is of interest in various bone-related disorders. A full 
overview of the studies included and what they investigated 
through quantification of [18F]NaF uptake can be found in 
Table 1. Studies performing [18F]NaF uptake measurements 
can roughly be divided in four categories: cross-sectional 
analysis correlating uptake parameters with existing bio-
markers or disease activity scores, longitudinal analysis 
with multiple [18F]NaF PETs to evaluate disease activity 
over time, incorporation of uptake parameters to improve 
the diagnostic procedure, and comparison of more simplified 
quantitative parameters to the quantification of uptake by full 
kinetic analysis with NLR (Fig. 3).

Comparison with existing biomarkers or diseases activity 
scores

The gold standard for measurement of bone turnover is his-
tological analysis of bone obtained through biopsies. Com-
parison of bone turnover as measured by [18F]NaF uptake 
on the PET scan with histological analysis of bone was only 
performed in patients with renal osteodystrophy. NLR-
derived Ki and Patlak-derived Ki correlated significantly with 
the histological classification of renal osteodystrophy as well 
as specific histological markers of bone turnover such as 
bone formation rate, activation frequency, mineralized sur-
face, and mineral acquisition apposition rate [13–17]. NLR-
derived Ki and Patlak-derived Ki also correlated with other 
markers of turnover in renal dystrophy such as parathyroid 
hormone (PTH) and alkaline phosphatase (ALP) [13].

In metabolic bone diseases where histological analysis 
was not performed, frequently serum markers were used 
to evaluate disease activity. For metabolic bone diseases 
that manifest themselves throughout the body, bone turno-
ver markers such ALP and procollagen type 1 propeptide 
(P1NP) are frequently used in clinical practice. In fibrous 
dysplasia (FD), for example, ALP and P1NP correlated with 
the total metabolic active volume (MAV); defined as the 
volume surpassing a pre-set SUV threshold [18]. To better 
encapsulate overall disease activity, the total lesion fluori-
nation (TLF), defined as MAV multiplied by SUVmean, was 
also examined. TLF proved to be the most reproducible with 
high inter-observer agreement for FD burden, while also 
reflecting changes in serum biomarkers [19]. High MAV 
and TLF were also correlated with FD related complications 
such as fracture risk and frequency of surgical interventions 
[20]. In studies examining Paget’s disease, NLR-derived Ki 
in pagetic bone was significantly higher than that in non-
pagetic bone and correlated with serum ALP levels [21, 22].

Alternatively, [18F]NaF uptake measures have been cor-
related with an existing disease activity score or grade. This Ta
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was done most extensively in osteoarthritis, with various 
measures of [18F]NaF uptake being compared with vari-
ous markers of disease. For instance, in hip osteoarthritis, 
SUVmax correlated with the Kellgren–Lawrence grade, a 
semi-quantitative radiographic osteoarthritis score [23, 
24]. Increasing SUVmax and SUVmean were correlated with 
increasing pain scores [23, 25] and increased BMI [26]. 
Similarly, for osteoarthritis in the knee, increased SUVmax, 
SUVmean correlated with an increased MRI osteoarthritis 
knee score (MOAKS) and was associated with cartilage 
and osteophytic lesions [27–29]. Inverting this relationship 
showed that a SUVmax > 6.5 was indicative of the presence 
of osteoarthritis in the joint [30].

Disease activity scores have also frequently been used in 
rheumatic diseases. The bath ankylosing spondylitis disease 
activity index (BASDAI) score was correlated with various 
approaches attempting to discern [18F]NaF uptake in anky-
losing spondylitis (AS) studies. Lee et al. calculated the 
lesion-to-bone ratio by dividing the SUVmax of the lesion 
with the SUVmean of the L5 vertebra, focusing on the poste-
rior vertebral joints, though no correlation with the BASDAI 
score was found [31]. Kim et al. measured the Ki with NLR 
analysis as well as the SUVmean in the spine, finding a posi-
tive correlation between both parameters and the BASDAI 
score [32]. Similarly, a rheumatoid arthritis disease score, 
the DAS28-ER, correlated positively with the summed 
SUVmax of the 28 joints included in the score [33, 34].

Other studies have evaluated fluoride uptake against a 
marker or scale associated with a disease-specific condi-
tion. Increased SUVmean in the otic capsule was graded 
against increased hearing loss in otosclerosis patients [35]. 
In patients with patellofemoral pain, increased SUVmean and 
SUVpeak in the patellofemoral joint correlated with more 
pain as measured by standardized pain questionnaires [36]. 
Finally, after ankle trauma, increased SUVmax, SUVmean, and 
TLA correlated with a decrease in range of motion [37].

Longitudinal assessment

Performing multiple PET/CT scans over time provides a 
means to study the pathophysiology of diseases affecting 
bone turnover and make it possible to evaluate disease pro-
gression, treatment response, and healing. Bone healing over 
time has been investigated in various surgery-related studies. 
Tracer uptake measured in bone grafts decreased over time, 
with 25% decrease 6 months after surgery and a 60–65% 
decrease 2 years after surgery. The measured decrease was 
comparable between the various reported uptake parameters 
with high correlation between themselves [38]. Multiple 
studies were performed with [18F]NaF PET following a hip 
arthroplasty, inferring an elevated NLR-derived Ki, SUVmax 
or SUVmean to be an indication of successful bone healing 
[39–42]. Subsequently, SUVmax was used to compare the Ta
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effectiveness of different types of cementation and implants 
in hip arthroplasties [43, 44]. However, an increased SUVmax 
was also found to be predictive of sceptic loosening of the 
prosthesis [45, 46].

Lundblad et al. studied tibial bone healing with a Tay-
lor spatial frame using PET/CT, finding a SUVmax differ-
ence > 0.18 per day to be indicative of faster bone healing. 
However, there was no consistent pattern throughout the 
bone-healing process, nor an association with a specific 
treatment outcome [47, 48]. The post-operative course after 
posterior lumbar interbody fusion has also been investi-
gated. An increased SUVmax at the endplates was associated 
with subsidence of the endplates on CT [49, 50]. A higher 
SUVmax was also found around the cage in the intervertebral 
disc space in patients requiring revision surgery [51, 52].

In fibrodysplasia ossificans progressiva, a PET/CT study 
over time elucidated the pathophysiology further by demon-
strating progression in the absence of any clinical signs, but 
also showing that heterotopic [18F]NaF uptake as measured 
by a SUVpeak > 8.2 was predictive of heterotopic ossifica-
tion [53]. One step further, [18F]NaF uptake has also been 
used to evaluate treatment response in other metabolic bone 
diseases. In ankylosing spondylitis, PET/CT was used to 
evaluate treatment response to anti-TNF treatment. [18F]NaF 
uptake in costovertebral and SI joints decreased significantly 
in clinical responders in contrast to non-responders [54].

The diagnostic procedure

By comparing uptake in disease-affected tissue areas with 
that in healthy tissue areas, multiple studies used [18F]
NaF PET/CT to try and improve the diagnostic proce-
dure. In osteomyelitis studies, [18F]NaF PET/CT has been 
used to identify infected areas by measuring SUVmax and 

SUVmean, and comparing it with uptake in healthy bone 
tissue [55–57]. [18F]FDG PET/CT can already be used to 
identify areas of infection in osteomyelitis, but with low 
specificity as it detects all metabolically active cells. As 
such, Christersson et al. combined the [18F]FDG PET/
CT with [18F]NaF PET/CT, finding a positive correlation 
between [18F]NaF and [18F]FDG PET/CT SUVmax and 
SUVmean in affected areas, but also improving outcome of 
the surgical procedures by better identification of the area 
requiring resection [58].

In unilateral condylar hyperplasia, uptake measured 
with NLR-derived Ki [59] and SUVmax [60, 61] were com-
pared between the affected and unaffected (contralateral) 
condyles within the same patient, finding an increased 
uptake in the affected condyle and concluding that a dif-
ference of > 10% was a mark of active disease. Similarly, 
in temporomandibular joint (TMJ) disorders, SUVmax was 
significantly higher in TMJ osteoarthritis than in asymp-
tomatic TMJ [62] with an elevated TMJ-to-skull ratio 
(SUVmean of the TMJ divided by the SUVmean of a separate 
are in the mandibular) indicating the presence of TMD 
osteoarthritis with a sensitivity of 89% and a specificity 
of 81% [63]. Conversely, a decreased NLR-derived Ki and 
SUVmax was indicative of osteonecrosis, also correlating 
with the progression according to the Ficat classification 
stages [64–66].

A different approach to better detect disease was by gen-
erating cut-off values, sometimes followed by ROC analysis. 
In osteoarthritis, a SUVmax > 6.5 was found to be indica-
tive of osteoarthritis in the joint [30] with a SUVmax > 7.2 
being predictive of worsening pain and minimal joint space 
narrowing [25]. Similarly in hip arthroplasty studies, a 
SUVmax > 4.4–5.0 was found to be indicative of sceptic loos-
ening of the prosthesis [45, 46].

Fig. 3   Overview of categories of quantitative [18F]NaF PET studies 
included. The largest group of studies compared uptake with disease 
activity or a different biomarker. Other purposes were to improve 

diagnosis, to assess bone metabolism over time (longitudinal assess-
ment), and to validate simplified parameters
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Comparison with full kinetic analysis

Several studies compared the performance of more simpli-
fied uptake parameters with NLR-derived Ki to validate their 
potential use as a surrogate marker. Twenty-nine studies 
performed full kinetic analysis measuring NLR-derived Ki 
in twenty-six different conditions. Eleven of these studies 
compared various simplified fluoride uptake parameters with 
the gold standard NLR-derived Ki.

There was also variety in the use of input curves for calcu-
lating the Ki. Arterial input curves can be obtained through 
continuous arterial sampling through an arterial line, though 
as this is rather invasive, other alternative methods have been 
developed to estimate the arterial curves. Some studies use 
venous samples to correct arterial curves obtained from 
separate population-based studies to estimate arterial input 
curves [17, 67, 68]. Other studies used an image-derived 
arterial input curve, sometimes corrected with venous sam-
ples, to serve as an acceptable alternative for invasive arte-
rial sampling [69].

Vrist et  al. found a high correlation between Patlak-
derived Ki and NLR-derived Ki in patients with renal osteo-
dystrophy [15]. Brenner et al. also found a high correlation 
between SUVmean, Patlak-derived Ki and NLR-derived Ki 
when evaluating bone graft healing after surgery, validating 
SUVmean as a valid parameter to track bone graft healing in 
future studies. In cross-sectional analyses, Puri et al. found 
high correlations between NLR-derived Ki and both Patlak-
derived Ki and SUVmean when evaluating postmenopausal 
bone turnover in 12 patients [70]. Also in osteoporosis, Frost 
et al. found a good correlation between NLR-derived Ki and 
both Patlak-derived Ki and SUVmean [71] with a positive 
correlation between NLR-derived Ki and BMD being estab-
lished later [67]. However, when evaluating the response to 
teriparatide treatment in osteoporosis, they found a poor cor-
relation between SUVmean and NLR-derived Ki [68], dem-
onstrating the necessity to reevaluate the suitability of sim-
plified markers when using them as a marker for treatment 
response. A nice example of this is a study in AS, where 
Bruijnen et al. first validated the use of SUVAUC​ (area under 
the curve) as a measure of [18F]NaF uptake by comparison 
with NLR-derived Ki over time, before using SUVAUC​ to 
evaluate the response of patients with AS to anti-TNF treat-
ment [54].

PET details

Table 2 summarizes the more technical (protocol) details. Of 
the 92 studies included, 56 used PET/CT systems to study 
the bone disease of interest, 23 used PET only systems, and 
11 used PET/MRI systems. Scanner type and model were 
reported in most of the studies included (90/92). This was 
also true for the dose of [18F]NaF injected (87/92) and for 

the interval between injection and scan (89/92). Thirty-six 
of these studies consisted of dynamic scans, where the PET 
acquisition started at the time of injection of the tracer. The 
injected dose reported ranged from 111 to 421 MBq, with 
most studies reporting an injected activity close to 185 MBq, 
in line with current EANM guidelines. The start time of the 
static sequence varied greatly from 30 up to 90 min post-
tracer injection.

There was also a wide variety in approaches toward defin-
ing VOI. Broadly speaking, VOI methods consisted either 
of manual delineation on either CT or PET images, a semi-
automated approach based on a pre-specified threshold of 
CT- or PET-related values such as HU or SUV, or a com-
bination of these methods. The chosen HU thresholds var-
ied from 80 up to 150 HU, but often were not reported at 
all. No MRI-based values were reported to discern between 
tissues and subsequently determine the VOI. Some studies 
based on their VOI clearly defined anatomical landmarks or 
according to pre-existing radiological classification scores. 
Not all studies provided sufficient details on definition and 
subsequent delineation of volumes of interest to be consid-
ered reproducible.

Discussion

The aim of this systematic review was to investigate which 
(semi-)quantitative parameters were used to measure [18F]
NaF uptake in bone disorders and for what purpose. The lit-
erature search identified 92 studies that examined 29 differ-
ent bone disorders. Most of the studies used SUV to quantify 
[18F]NaF uptake, comparing its uptake with either a separate 
disease marker or outcome to establish clinical relevance. 
In addition to comparing uptake with a separate clinical 
marker, to properly establish whether a change in SUV is 
indeed due to a change in bone formation, studies using 
SUV (or other semi-quantitative parameters) should ideally 
validate it by comparison with NLR-derived Ki obtained, 
obtained from a dynamic analysis, to exclude effects of 
confounding factors affecting tracer distribution. Unfortu-
nately, there was considerable variation in how detailed [18F]
NaF PET/CT protocols and data analysis procedures were 
reported in the studies that were included. Figure 4 provides 
a list of details that should be reported to reliably interpret 
an [18F]NaF uptake parameter as study outcome. This list is 
by no means exhaustive, as which details are reported will 
depend on the type and goal of a study.

The [18F]NaF PET scan visualizes areas of bone forma-
tion and can, thus, be used to investigate pathophysiologi-
cal processes in which this is disrupted. By quantifying the 
amount of tracer uptake, the rate of bone formation can be 
measured in a specific area, providing an advantage over reg-
ular bone turnover markers in serum, which are non-specific 
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in that respect. Most of the studies in this review measured 
[18F]NaF uptake in a certain area of interest and correlated 
that with a more general disease marker, such as validated 
disease activity questionnaires completed by patients, blood 
serum markers associated with disease activity or other radi-
ographical findings (37/92). Uptake in a certain area affected 
by the disease was also often compared with that in an area 
of healthy tissue, sometimes to establish what level of uptake 
is pathological with the aim to subsequently generate cut-
off values predictive of the presence of a particular disease 
(26/92). In cross-sectional analyses, it is possible to correlate 
two markers at a single point, but by performing multiple 
[18F]NaF PET/CT scans over time in a longitudinal analysis, 
it is possible to determine whether a change in uptake also 

correlates with a change in other disease markers. Although 
quite a few studies evaluated the change in uptake over time 
(18/92) most of these studies used this to evaluate the post-
operative healing process without necessarily comparing the 
measured uptake with any other marker or outcome.

Most studies included in this review used SUV to quan-
tify tracer uptake. Several variations of SUV exist, with 
SUVmax being the most frequently reported, followed by 
SUVmean and SUVpeak. This is not surprising, as SUV meas-
urements are simple and can be obtained without blood sam-
pling. Moreover, SUV calculations can be performed in con-
junction with a whole-body scan, making it easier to assess 
a larger area of the body. Simplified parameters obtained 
with a static scan such as SUV have several benefits over 

Fig. 4   Information to be con-
sidered for documentation to 
reliably reproduce the quantifi-
cation of an uptake parameter 
obtained with the [18F]NaF 
PET, PET/CT or PET/MRI
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parameters obtained through full kinetic analysis and are, 
therefore, the preferred method for quantifying tracer uptake 
in routine clinical practice. In general, it is less burdensome 
on the patients undergoing the scan due to a shorter scan-
ning time and no requirement for arterial or venous blood 
sampling. However, SUV is also prone to bias with factors 
affecting its accuracy. This may be due to patient-related 
factors affecting the biodistribution of [18F]NaF such as 
regional blood flow, “steal” phenomenon (systemic vaso-
dilation leading to a transient decrease of perfusion in the 
area of interest) or systemic tracer clearance, but it can also 
be due to technical factors such as varying times between 
injection and scanning and injected dose. One approach is to 
validate a simplified parameter against an unrelated marker 
considered to be a relevant measure of disease activity. Many 
of the studies in our review used this approach, comparing 
uptake measured through SUV against various disease activ-
ity scores or relevant biomarkers [18, 23, 35, 54, 65, 72, 74].

A different approach to validate the use of a simplified 
parameter is by comparing its performance to NLR-derived 
Ki obtained through full kinetic modeling. In studies with 
different tracers, there have been examples of cases where 
the change in a simplified parameter poorly reflected the 
change in uptake as measured by full kinetic analysis, lead-
ing to the use of another simplified parameter [73, 75, 76]. 
Moreover, a new therapy may also affect biological factors 
affecting the biodistribution of the tracer. A change in blood 
flow may result into a change in the rate of tracer uptake, 
without in fact changing the total amount of tracer uptake. 
Full kinetic modeling can evaluate whether therapy-induced 
changes are due to a real therapy effect or due to confound-
ing factors such as a change in perfusion. Ideally, the perfor-
mance of both approaches can be assessed to justify the use 
of more simplified parameters before they are used as routine 
outcome measures. However, the choice of quantification 
method (and validation of it) depends on the application 
of the [18F]NaF PET. In the case of measuring if there is 
increased tracer uptake than normal in the area of interest, a 
static scan with SUV measurement is sufficient and prefer-
able over extensive kinetic modeling analyses.

A key unexpected finding of this survey was the fact that 
the description of the methodology used was insufficient in 
many articles, making it impossible to reliably reproduce 
reported findings. Table 2 summarizes the details of the 
studies and shows a wide variety on what was reported. For 
any quantitative imaging study, the description of the meth-
odology should be detailed enough so that the study can be 
reproduced. Two aspects require better reporting in most of 
the studies included. First, each study should clearly define 
the volume studied (VOI) and how it was delineated on the 
scans. This can be done in several different ways. Some stud-
ies used clear anatomical boundaries to define a VOI, others 
used a threshold based on a radiological unit such as HU or 

SUV. The description should be sufficiently detailed so that 
anyone can delineate a similar VOI if necessary. Second, 
the choice and calculation of the uptake parameter should 
be specified. For example, SUV can be corrected for body 
weight, lean body mass or body surface area. Studies report-
ing SUV values should denote which, if any, anthropomor-
phic measure was used for correction. The uptake measured 
in a target area can also be compared with another area, lead-
ing to uptake parameters such as target-to-background ratio 
(or SUV ratio) and target-to-blood ratio. Target–background 
calculations may be different between studies, as it depends 
on the background chosen, and therefore those studies can-
not be combined. For example, in the studies that examined 
ankylosing spondylitis, some studies used the contralateral 
SI-joint as background bone for the target-to-background 
ratio, while others used the body of the L5 vertebra.

Furthermore, the [18F]NaF PET protocol used in the 
different studies showed variation regarding injected dose 
and the time interval between injection and scan itself. The 
European Association of Nuclear Medicine (EANM) has 
established practice guidelines for standardization, which 
describe recommended image acquisition parameters. The 
EANM [18F]NaF guidelines of 2015 recommend an injected 
dose of 1.5–3.7 mBq/kg (up to max 370 mBq) in adults 
and 2.2 mBq/kg (up to max 185 mBq) in children [7]. 11% 
(10/92) of the studies included appear to have exceeded the 
maximum injected recommended dose and were published 
after 2015. The interval between injection and PET scan 
varied from 30 to 90 min. Tracer uptake is known to depend 
on time interval and therefore the European Organization for 
Research and Treatment of Cancer (EORTC) and National 
Cancer Institute (NCI) provided guidelines in the recom-
mended time interval for the [18F]FDG PET response criteria 
in solid tumors (PERCIST) is 60 min with an acceptable 
range of 55 to 75 min [77] and 60 ± 10 min [78, 79]. The 
EANM procedure guidelines for bone imaging, however, do 
not provide details on this, merely stating that a static scan 
should be performed at least 30–40 min after tracer injection 
when the time–activity curve of the bone changes slowly.

We have provided a list of information studies using the 
[18F]NaF PET/CT should consider to include to adequately 
interpret quantitative study results and make [18F]NaF PET 
studies uptake a reliable and reproducible as a clinical 
marker for future studies. To also ensure reliability and com-
parability between different PET systems and across sites, 
international harmonization programs such as EARL have 
been developed. A combination of standardization of PET 
acquisition and analysis and harmonization should minimize 
the inconsistency in quantitative outcomes across sites and 
different scanners.

In recent years, long-axial field-of-view (LAFOV) PET/
CT scanners have been developed. As the name suggests, 
LAFOV PET/CT scanners can capture large anatomical 
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areas in a single scan with a field of view exceeding 100 cm, 
thereby offering several advantages over regular PET scan-
ners [80]. A larger field of view allows for faster acquisition 
of whole-body PET images with less administered radio-
activity, generating images with a higher detection sensi-
tivity and a higher temporal resolution [81]. Moreover, by 
performing dynamic scans with LAFOV PET/CT scanners, 
it is possible to obtain tracer kinetics over the whole-body 
instead over the circa 30 cm available in conventional PET 
scans. It is likely that in the future, full quantitative kinetic 
analysis will yield more information than single time-point 
semi-quantitative analysis and may, therefore, be preferred 
in a research setting. Studies have also shown that these 
advanced PET/CT systems can obtain excellent PET images 
with lower tracer dosages and thereby reducing radiation 
burden for patients [82]. However, these scanners will not 
be readily available in a routine clinical practice and from a 
patient’s perspective, underlining the necessity to continue 
to perform validation of semi-quantitative markers with full 
dynamic analysis.

In conclusion, this systematic review illustrates substan-
tial heterogeneity in [18F]NaF PET quantification meth-
odology between studies. Ultimately, quantitative param-
eters derived from [18F]NaF PET scans should be carefully 
examined for sensitivity, specificity, accuracy, validity, and 
reproducibility.
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