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Abstract
Background Dynamic [18F]NaF PET has shown promising results in the measurement of bone metabolism in 
patients with renal osteodystrophy. Dynamic PET scans are challenging in clinical practice, and the objective of this 
study was to evaluate whether standardized uptake values measured by [18F]NaF PET could be a feasible method.

Methods Twenty-eight patients on maintenance dialysis with confirmed renal osteodystrophy underwent a dynamic 
[18F]NaF PET scan. As a reference for bone metabolism, a bone biopsy was obtained from the anterior iliac crest 
(AIC). Tracer activity in bone was measured using Patlak analysis and standardized uptake values (SUV). SUV was also 
adjusted to tracer activity measured from the aorta 48–60 min after injection (SUVR).

Results SUV measured in the lumbar spine (L1-L4) and at the AIC did not correlate with histomorphometric 
parameters obtained by bone biopsy. There was no statistically significant difference between SUV in different 
turnover groups. When adjusting the mean bone uptake of fluoride in the lumbar spine, there was a strong 
correlation with the blood clearance of tracer to bone (Ki). SUVR also correlated significantly with histomorphometric 
markers obtained by bone biopsy.

Conclusions These results suggest that measurements of tracer activity in the blood 48–60 min after tracer injection 
could be used to correct SUVs from static [18F]NaF PET scans. However, further research and validation of the method 
is needed.
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Introduction
Dynamic [18F]-sodium fluoride ([18F]NaF) PET scans are 
not presently suitable for clinical practice. However, the 
measurement of standardized bone uptake would be an 
easier way of implementing the method. [18F]NaF is a 
sensitive bone-seeking tracer and enables, in an unique 
way, the measurement of bone turnover [1, 2]. [18F]NaF 
has a half-life of 110  min and has high and rapid bone 
uptake and blood clearance [3]. [18F]NaF reflects bone 
remodeling and osteoblast and osteoclast activity [4–7].

Renal osteodystrophy is present in the majority of 
patients undergoing maintenance dialysis, and bone 
abnormalities cause increased morbidity and mortality 
[8–11]. The treatment of renal osteodystrophy depends 
on the underlying bone disease. Bone biopsy is the gold 
standard in the diagnostics of renal osteodystrophy, but 
invasive, not widely available and is restricted to a single 
site in the bone [12, 13]. Furthermore, biomarkers diag-
nostic accuracy is not sufficient in patients with advanced 
chronic kidney disease (CKD) [8, 14]. [18F]NaF PET has 
shown promising results in patients with renal osteo-
dystrophy. [18F]NaF correlates with histomorphometric 
markers of bone turnover and can distinguish between 
low- and high-turnover bone disease in CKD5D patients 
[4, 6, 7]. A noninvasive diagnostic tool that could rule 
out low-turnover bone disease or confirm high-turnover 
bone disease before surgery or the initiation of medical 
treatment would be highly welcomed in clinical practice.

Since the bone uptake of [18F]NaF is irreversible dur-
ing the PET scan as with the widely used [18F]FDG, simi-
lar quantification methods can be used. Traditionally, 
the [18F]NaF concentration in arterial plasma is consid-
ered the gold standard input function. The concentration 
of [18F]NaF in the plasma and blood cells is in balance, 
and results obtained using plasma and blood are highly 
correlated. The erythrocyte-to-plasma ratio for fluoride 
is ∼0.43 and is stable for at least 2 h [15]. It is however 
important to report whether blood or plasma sampling 
is used, because the time activity curve (TAC) of blood 
is lower than that of the plasma and using blood TAC as 
the input function instead of plasma will lead to higher 
uptake rate estimates. Quantitative dynamic [18F]NaF 
PET studies often use the method described by Hawkins 
[1], a three-compartment model, where the bone time-
activity curve and the arterial input function (AIF) are 
analyzed to determine the blood clearance of [18F]NaF 
to bone. As a more easily performed alternative, the Pat-
lak analysis can be used [16]. Nevertheless, the Patlak 
method still requires a full dynamic PET scan. The frac-
tional uptake rate (FUR) is an approximation of the out-
come of the Patlak method, requiring only a single late 
PET scan, but full input function from the time of admin-
istration is still needed [17].

In most clinical studies investigating [18F]NaF PET and 
metabolic bone diseases, dynamic PET scans of 60  min 
have been used. The challenge of dynamic PET scans in 
clinical practice is the duration of the scan and the need 
for an AIF. AIF can be measured using an arterial blood-
line or substituted with venous blood sampling or nonin-
vasively from the PET image [1, 18]. Arterial cannulation 
is an invasive procedure and is not very practical in the 
clinical use in the setting of an imaging study.

A simpler method of quantitative PET study is to mea-
sure standardized uptake values (SUV). This requires 
only a late single scan and obviates the need of blood 
samples. In this method, tracer radioactivity in the bone 
region of interest (ROI) is normalized for the mean radio-
activity concentration in the body. Therefore, regional 
SUV is affected by changes in tracer uptake in other tis-
sues and excretion into urine. In local bone diseases, such 
as bone tumors, [18F]NaF metabolic values and changes 
in bone metabolism measured by SUV correlate with 
blood clearance in the dynamic PET scan [19]. However, 
when evaluating extensive metabolic or metastatic bone 
disease or the effect of anabolic osteoporosis treatment, 
clearance of the tracer from blood to bone may be a more 
reliable indicator of site-specific bone formation [20].

There is also vascular uptake of [18F]NaF [21], and an 
inverse relationship between the activity of arterial min-
eral deposition and regional bone metabolism has been 
documented [22]. Patients with chronic kidney disease 
have an excessive prevalence of vascular calcification. 
To what extent this affects standardized bone uptake is 
unclear.

The objective of this study was to evaluate whether 
SUVs measured by [18F]NaF PET could be a feasible 
method to distinguish the subgroups of renal osteodys-
trophy. Additionally, we sought to evaluate whether the 
calcification score impacts the correlation between stan-
dardized bone uptake, blood clearance to bone and histo-
morphometric markers of bone turnover.

Methods
The study was approved by the Ethics Committee of the 
Hospital District of South Western Finland and was con-
ducted in accordance with the Declaration of Helsinki as 
revised 1966. All subjects gave written informed consent.

Study subjects
The study subjects were recruited from the Turku Uni-
versity Hospital Kidney Center. The inclusion criteria 
were as follows: end-stage kidney disease (ESKD) and 
ongoing maintenance dialysis, and long-term elevated 
PTH and hyperphosphatemia indicating mineral and 
bone disorder. The exclusion criteria were pregnancy 
and administration of bisphosphonate medication 
in the past 6 months. The medication for secondary 
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hyperparathyroidism remained unchanged during the 
study period. All patients underwent an [18F]NaF PET-
CT scan including a CT scan of the heart. Bone biopsy 
was performed as a part of the study protocol 4–6 weeks 
after the PET scan.

Radiopharmaceutical spesifics
The radionuclide [18F]fluoride ([18F]F−) was produced 
using a cyclotron by 11  MeV proton irradiation of 
18O-enriched water. The irradiated water containing [18F]
F− was applied to a preconditioned solid phase extraction 
cartridge using an automated device in a lead shielded 
hot cell. The cartridge was washed with sterile water to 
remove contaminants and traces of irradiated water. 
Finally, [18F]F− was eluted from the cartridge with saline. 
This solution is formulated for injection using sterile fil-
tration through sterile filters. The quality control tests for 
the tracer conform to the European Pharmacopeia.

[18F]-Sodium fluoride positron emission tomography
We used a Discovery VCT scanner (GE Healthcare) to 
obtain the PET scans. The scanner had an axial field of 
view of 15  cm. A 60-minute dynamic scan of the lum-
bar spine (LS) and a 10-minute static scan of the pelvis 
were performed. The tracer (200 MBq [18F]NaF) was 
injected the moment the PET scan started. Images were 
reconstructed by filtered back-projection, resulting in 
42 × 3.27  mm slices for each frame. ROIs in the LS and 
the pelvis were defined by drawing an ROI within each 
vertebral body and on the anterior iliac crest (AIC). The 
same ROIs were used for calculating SUV. As arterial 
input function, we used an image-derived input func-
tion by placing an ROI over the abdominal aorta [23, 24]. 
Image derived AIFs can present technical challenges and 
extra caution was attended when drawing the aorta ROI, 
see Additional file 1. The method is described in detail in 
a previous publication [4].

Data analysis
The calculations were performed using the medical 
image analysis software CARIMAS, which was developed 
in Turku PET Centre to facilitate the interpretation of 
experimental PET scans ( h t t p  s : /  / t u r  k u  p e t  c e n  t r e .  fi   / c a  r i m  
a s / c  a r  i m a s c e /) [25].

Patlak analysis
The Patlak plot is a graphical analysis technique widely 
used when analyzing dynamic PET scans using the tracer 
[18F]F- [1, 16, 19]. This technique requires that free [18F]F- 
in bone can form a dynamic balance with [18F]F- in blood 
and that [18F]F- bound to the bone mineral compartment 
stays there during the time of measurements. (Patlak plot 
only becomes linear when both of these assumptions are 

valid). To estimate the fluoride bone influx rate, ki follow-
ing equation is used:

 

Ct (t)
Cb (t)

= Ki

[∫ t

0Cb (t) dt

Cb (t)

]
+ V

Using ROI approach, tissue activity concentration is 
Ct(t) at time t and the blood concentration of the tracer 
is Cb(t). V is the effective distribution volume (mL/mL) 
of the tracer. Assuming fluoride is irreversibly bound to 
bone, the net influx rate of fluoride to bone is Ki (mL/
min/mL).

In the static scan of the hip, the FUR is an approxima-
tion of Patlak Ki [26]. The ROI was drawn in the same 
region from where the bone biopsy was obtained. To 
calculate FUR, bone activity concentration by the area 
under the curve (AUC) of blood activity is divided from 
[18F]F− administration time to the time of static scan.

SUV
Standardized uptake values (SUVs) can be measured by 
normalizing the mean concentration of the tracer [18F]F− 
in the bone ROI for body weight and injected activity [19, 
27]. SUVmean was calculated using the following formula:

 
SUV = Ct (t)

ID/m

Ct(t) is the mean tissue activity, ID the injected dose and 
m the patient´s body weight. SUV was calculated within 
three frames (48–60  min from the start of the dynamic 
scan). [18F]F− concentration in bone is relatively stable 
during the last ten minutes of the 60-minute scan; there-
fore, the SUV was calculated in the three last frames of 
the dynamic scan, Additional file 3.

We adjusted the SUVmean of the lumbar spine (L1-L4) 
to the mean uptake of fluoride in blood 48–60 min from 
initiation of the dynamic PET scan → SUV ratio (SUVR).

 
SUV R = SUV mean

SUVaorta

Blood pharmacokinetics
The elimination rate constant (kEL) was estimated by 
plotting the natural logarithm of tracer concentration in 
blood against time from injection and fitting the line to 
the linear end phase of the plot. This method was also 
used to estimate the AUC after the last measurement 
of the aorta concentration at 60  min. The total blood 
AUC0−∞ was used to calculate total blood clearance (CLT) 
as

https://turkupetcentre.fi/carimas/carimasce/
https://turkupetcentre.fi/carimas/carimasce/
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CLT = ID

AUC0−∞

Coronary tomography
All the participants underwent a CT scan of the heart 
and coronary arteries (using GE Discovery VCT 48-slice 
CT/positron emission tomography device (GE Health-
care) prior to [18F]NaF PET. The coronary artery calci-
fication score (CAC) was calculated using the Agatston 
method for each coronary artery [28] expressed in modi-
fied Agatston units (AU).

Bone histomorphometry
Iliac crest biopsies were performed vertically under local 
anesthesia after double labeling with fluorochrome (tet-
racycline 500 mg x 3 po for two days, which was repeated 
after a drug free interval of ten days). The biopsy was 
obtained 7–10 days after the second label using a Snare-
coil Mermaid Medical RBN-86 8G (3.3  mm) x 15  cm 
needle. Bone biopsies were fixed in 70% ethanol for at 
least 48 h before embedding in polymethylmethacrylate. 
A semiautomatic image analyzer (Bioquant Osteo II, Bio-
quant Image Analysis Corporation, Nashville, TN, USA) 
was used to analyze all parameters. If there was only 
a single tetracycline label, a value for MAR of 0.3  μm/
day was used [29]. The method is described in detail in 

a previous publication [4]. Normal turnover values were 
set using the results of Recker et co (mean ± 1SD) [30, 
31]: men: BFR/BS 3.6–18.8 μm/y and Ac.f 0.12–0.6, post-
menopausal women: BFR/BS 6–22 μm/y and Ac.f 0.11–
0.49/y, premenopausal women: BFR/BS 3–13  μm/y and 
Ac.f 0.04–0.26/y.

Laboratory assessment
Serum ionized calcium, phosphate, 25-hydroxyvitamin 
D, 1,25-dihydroxyvitamin D and intact parathyroid hor-
mone were performed in all patients. Laboratory tests 
were performed and analyzed by the Turku University 
Hospital central laboratory (TYKSLAB).

Statistical analysis
Statistical analyses for background variables were per-
formed using SAS 9.4 for Windows and JMP Pro 14. Nor-
mality tests for bone histomorphometric and [18F]NaF 
PET were performed visually together with the Shapiro–
Wilk test. Nonparametric statistical tests were used if the 
parameters failed the normality test. The characteristics 
of the study population are expressed as median and 
interquartile range (IQR) or mean and standard deviation 
(SD). Correlations between bone turnover parameters 
and fluoride activity in the PET scan were assessed using 
the Spearman rank correlation test. Plasma clearance and 
bone uptake were compared according to turnover using 
the Wilcoxon test. P values less than 0.05 (two-tailed) 
were considered statistically significant.

Results
General
The study group comprised 28 patients on maintenance 
dialysis. The mean age was 64 years, and 13 (46%) were 
female. 50% were on peritoneal dialysis, and 50% were 
on hemodialysis. Patient demographics, kidney disease 
characteristics and medication are presented in Table 1.

A sufficient bone biopsy was obtained in 26 patients. 
According to histomorphometric parameters, 23% had 
low turnover bone disease, 35% normal turnover and 
42% high turnover (Table  1). The patient demographics 
of each patient separately are shown in the supplements, 
Additional file 2.

PET studies
Blood clearance to bone, Ki, standardized bone uptake, 
SUV, were measured in the LS (L1–L4), and a mean value 
was calculated. In addition, SUV and FUR were mea-
sured at the AIC. The Ki mean and SUVmean were com-
pared with histomorphometric parameters using the 
Spearman rank correlation test (Table 2). There was a sta-
tistically significant correlation between the Ki mean in the 
LS and FUR at the AIC and histomorphometric param-
eters measuring bone turnover (bone formation rate, 

Table 1 Demographics, disease characteristics and medication 
of the study group
No. of patients 28
Female sex (%) 13 (46)
Age, y (median, range) 64 (37–83)
BMI (mean, SD) 24 (3.6)
History of diabetes (%) 12 (39)
Dialysis vintage, month (median, range) 10 (3–94)
Dialysis modality (PD/HD) (%) 50/50
Laboratory parameters
 fS-calcium-ion 1.16 mmol/l − 1.30 mmol/l (mean, SD)) 1.17 (0.08)
 fP-phosphorus 0.71–1.23 mmol/l (median, IQR) 1.69 (0.49)
 fP-iPTH 15–65 ng/l (median, IQR) 285 

(185–520)
 P- D-25 > 50 nmol/l (median, IQR) 70 (44–91)
 S- D- 1,25 37–216 pmol/l (median, IQR) 30 (24–55)
CAC score (median, IQR) 366 

(111–656)
Bone histomorphometry
 High turnover/hyperparathyreoid bone disease 11 (42)
 Normal turnover/mild hyperparathyroid bone disease 9 (35)
 Low turnover/adynamic bone disease 6 (23)
Medication
 Alfacalcidol, Paricalcitol (%) 18 (64)
 Calcium carbonate (%) 24 (86)
 Calcimimetic (%) 4 (14)
 Cholecalciferol (%) 25 (89)
 Sevelamer/lantane carbonate (%) 17 (60)



Page 5 of 9Aaltonen et al. BMC Nephrology          (2025) 26:170 

activation frequency, osteoblast and osteoclast activity, 
erosion surface and mineralized surface). SUVmean (L1-
L4) correlated weakly with erosion surface (p = 0.02, rs 
= 0.46), but there was no statistically significant correla-
tion with other histomorphmetric parameters (Table 2). 
SUVmean was adjusted with CAC, but this did not impact 
the result. However, the SUVR of the LS significantly cor-
related with histomorphometric parameters (Table  2) 
and blood clearance to bone, Ki, rs = 0.92 and p < 0.001,

Blood clearance to bone and standardized bone uptake 
in vertebras L1–L4 according to turnover are shown in 
Table 3. Ki and SUVR were significantly higher in high-
turnover bone disease than in low-turnover bone dis-
ease, but there was no statistically significant difference 
between SUVs in different turnover groups. The mean ki 
in patients with low turnover was 0.032 (0.029–0.037), 
SUVmean was 5.1 (4.5–7.9) and SUVR was 3.0 (2.3–3.8). 
In patients with normal turnover, the mean Ki was 0.038 
(0.037–0.047), SUVmean was 6.2 (5.1–7.5) and SUVR was 
4.2 (2.8–4.4), and in patients with high turnover, the mean 
Ki was 0.056 (0.051–0.067), SUVmean was 7.4 (6.0–8.5) 
and SUVR was 5.0 (3.9–6.1).

We calculated total blood clearance of fluoride CLT and 
elimination rate of fluoride, kEL. No significant differ-
ence in CLT and kEL was seen in patients with high or low 
turnover bone disease or in patients with normal turn-
over. Figure 1 shows the ratio of bone and blood uptake 
of fluoride in the LS. The ratio continues to increase 1 h 
from the initiation of the dynamic PET scan.

In Additional file 3, the TACs in dynamic [18F]NaF PET 
scan for both bone and blood in a patient with high-turn-
over bone disease, a patient with low-turnover bone dis-
ease and a patient with normal turnover based on bone 
biopsies are shown. The bone and blood curves diverge 
at different time points depending on the underlying 
bone disease. In high-turnover bone disease, bone uptake 
increases rapidly at the beginning of the scan. In low-
turnover bone disease, the increase is slower. In the last 
10 min of the scan, the TACs are straight, and changes in 
tracer uptake are small.

Table 2 Correlation between histomorphometric markers and bone uptake and blood clearance to bone values
Histomorphometry Ki mean L1-L4 SUVmean L1-L4 FURmean hip SUV mean hip SUVR
Bone formation rate rs = 0.64, p < 0.001 p = 0.23 rs = 0.67, p < 0.001 0.21 rs = 0.57, p = 0.003
Activation Frequency rs = 0.64, p < 0.001 p = 0.29 rs = 0.68, p < 0.001 0.13 rs = 0.60, p = 0.002
Osteoclast activity r s= 0.54, p = 0.004 p = 0.59 rs = 0.66, p < 0.001 0.11 rs = 0.66, p = 0.008
Osteoblast activity r s= 0.65, p < 0.001 p = 0.11 rs = 0.62, p < 0.001 0.57 rs = 0.339, p = 0.05
Erosion surface per bone surface rs = 0.62, p < 0.001 rs = 0.45, p = 0.02 rs = 0.64, p < 0.001 rs = 0.46, p = 0.02 rs = 0.61, p = 0.001
Mineralized surface per bone surface rs = 0.52, p = 0.005 p = 0.32 rs = 0.53, p = 0.005 0.23 rs = 0.61, p = 0.005
Bone uptake SUVmean L1-L4 rs = 0.55, p = 0.006 - rs = 0.52, P = 0.005 rs = 0.78, P < 0.001 rs = 0.56, p < 0.002

Table 3 Blood clearance to bone and standardized bone uptake values according to turnover in dialysis patients
Low turnover n = 6 Normal turnover n = 9 High turnover n = 11 p - value

Ki (mL/min/mL)
 L1 0.034 (0.026–0.038) 0.049 (0.036–0.045) 0.056 (0.053–0.065) 0.001
 L2 0.032 (0.027–0.037) 0.037 (0.035–0.048) 0.057 (0.053–0.063) 0.003
 L3 0.030 (0.023–0.030) 0.038 (0.036–0.046) 0.058 (0.051–0.078) < 0.001
 L4 0.032 (0.026–0.037) 0.041 (0.036–0.046) 0.057 (0.048–0.075) 0.005
SUV (g/ml)
 L1 5.4 (4.9–7.7) 6.4 (5.0–7.6) 7.8 (6.6–8.7) 0.3
 L2 5.0 (4.4–7.8) 5.7 (5.1–7.5) 7.4 (6.1–8.2) 0.2
 L3 4.8 (4.1–7.6) 5.9 (4.9–7.2) 7.1 (5.5–8.1) 0.2
 L4 5.1 (4.6–7.6) 6.2 (5.0–7.1) 7.7 (5.2–8.1) 0.2
SUVR
 L1 - L4 3.0 (2.3–3.8) 4.2 (2.8–4,4) 5.0 (3.9–6.1) 0.02
FURmean(mL/min/mL)
 Hip 0.033 (0.029–0.038) 0.041 (0.035–0.048) 0.060 (0.050–0.071) 0.002
SUVmean (g/ml)
 Hip 5.9 (4.6–7.4) 5.9 (5.5–7.0) 7.7 (6.8–9.8) 0.04*
Variables are reported as median and interquartile range. Reported p values are based on comparison between high and low turnover/normal turnover. * The 
p value of SUVmean hip is significant, but when doing pairwise comparison using Tukey´s method, there was no significant difference between the groups. SUVR 
reflects mean bone uptake in the lumbar spine corrected by mean blood uptake of fluoride 48–60 min fron initiation of the dynamic PET scan. Reported p values are 
based on comparisons between high and low bone turnover
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Discussion
In the present study, blood clearance to bone using 
dynamic PET scans was compared to standardized bone 
uptake values measured 48–60 min after tracer injection. 

As a reference test of bone metabolism, we used histo-
morphometric parameters from the bone biopsy. We 
have previously shown a clear correlation between histo-
morphometric parameters measuring bone metabolism 

Fig. 1 The ratio between bone and blood uptake of 18F− in the different categories of renal osteodystrophy
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and dynamic [18F]NaF PET [4, 7]. The ability of [18F]NaF 
PET to distinguish between low- and high-turnover bone 
disease in dialysis patients is good [7]. When measuring 
SUVs in the same study population, there was no cor-
relation with histomorphometric parameters and SUV 
was not able to distinguish between the subgroups of 
renal osteodystrophy. Adjustment for the coronary calci-
fication score did not affect the results. However, when 
adjusting tracer activity in bone to tracer activity mea-
sured from the aorta 48–60  min after injection, SUVR 
correlated strongly with Ki.

An non-invasive imaging method evaluating bone 
metabolism would be a valuable tool of the highest value 
and desperately warranted in clinical practice. Static 
scans are short and easier both for the patients and the 
imaging units. SUVs cannot be used when evaluating 
extensive bone disease in CKD patients. In PET imag-
ing using 18F-FDG, approximately 10% of the injected 
dose is excreted into urine 70 min after the injection, but 
the excretion is highly variable [32]. There are no studies 
evaluating the impact of kidney function, residual func-
tion and urine excretion on tracer uptake into bone in 
ESKD patients. A method where blood clearance to bone 
is estimated from static scans following one injection of 
tracer would be an alternative approach to circumvent 
the problem of dynamic scans. We divided mean bone 
uptake in L1–L4 by the mean blood uptake 48–60  min 
after injection, resulting in a strong correlation with Ki. 
This indicates that static scans obtained 60  min from 
the tracer injection together with blood samples 48 and 
60  min from injection could generate usable images for 
bone metabolism assessment at several sites of the skele-
ton. Image-derived AIF cannot be reliably obtained from 
static scans, which is why venous blood samples might be 
a better option.

Siddique et al. proposed a simplified method where 
bone plasma clearance of [18F]F− could be estimated 
from a static scan after a single injection of tracer [33]. 
In their study, blood samples were obtained at 30, 40, 
50 and 60  min after tracer injection and static images 
30–60 min after tracer injection. Ki was evaluated using 
the Patlak analysis and the static method. Measurement 
of ki from the static scans 30–60 min after injection cor-
related highly with the Patlak results (r > 0.99). Siddique 
et al. also proposed a method using a modified analysis 
that corrects 18F efflux from bone up to 2 h from injec-
tion, enabling multiple static scans [34].

[18F]NaF PET is increasingly used in research settings 
to assess arterial deposition and has been used in the 
research of atherosclerotic disease and diffuse medial 
calcification [35–37]. An inverse correlation between the 
activity of arterial mineral deposition and regional bone 
metabolism measuring standardized bone uptake has 
been shown in one study [22]. To what extent the tracer 

uptake into arterial depositions affects standardized bone 
uptake is not known. This study population was rather 
old with multiple comorbidities and extensive atheroscle-
rotic disease. However, based on our results, the grade of 
CAC did not impact the bone uptake values of fluoride 
measured by [18F]NaF PET.

Standardized bone uptake measurements are used in 
oncology to express tracer uptake in tumors [38]. Usu-
ally, the maximum SUV within heterogeneous tumors is 
reported. In studies of extensive metabolic disease, such 
as osteoporosis, tracer uptake in bone is more uniform, 
and therefore, mean SUV values are used. The limita-
tion of using standardized bone uptake is, that there is 
only a certain amount of tracer that all competing tissues 
share. Therefore, regional bone uptake not only reflects 
local demand of the tracer in the measured site, but also 
the competing areas of the skeleton influence the uptake 
[39]. For example, in the case of a systemic bone disease 
such as Paget’s disease or treatment with a potent ana-
bolic agent [20, 40], the arterial plasma concentration 
could be reduced by the increased tracer competition 
and the local bone uptake, thus reduced (“sink effect”). 
In renal osteodystrophy, similar challenges are possible. 
In high-turnover bone disease, metabolic activity and 
bone turnover are increased, and osteoblasts and osteo-
clasts are highly active, which could lead to reduced local 
tracer uptake of tracers because of increased competi-
tion. In low-turnover bone disease, the metabolic activ-
ity in bone is decreased, osteoblastic activity is very low, 
and SUVs might overestimate metabolic activity in the 
bone because the proportional amount of available tracer 
available is larger.

In our study population, 23% had low-turnover bone 
disease and 42% had high-turnover bone disease based 
on histomorphometric markers obtained by bone biopsy. 
We calculated the fluoride elimination rate from blood, 
kEL, and the total blood clearance, CLT, to assess the 
impact of the type of disturbance in bone metabolism 
(high turnover versus low turnover) on fluoride elimi-
nation and blood clearance. Surprisingly, there were 
no significant differences between the different turn-
over groups. Thus, the so-called sink effect could not be 
observed in this study population, or was rendered indis-
cernible by other conditions. This study population con-
sisted of maintenance dialysis patients, and the residual 
function of the kidneys and the amount of urine per day 
were not documented. The results of this study suggest 
that possible residual kidney function and urine secre-
tion cause a wide dispersion in SUV values, which nul-
lifies the differences in different bone turnover groups, 
not the differences in fluoride elimination from blood or 
blood clearance. This indicates that in patients with CKD 
or in patients on maintenance dialysis, the reliability of 
using standardized bone uptake in PET imaging using the 
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tracer 18F− requires further research and validation of the 
method.

In the research of metabolic diseases, radionuclide 
imaging of the skeleton using the tracer [18F]F− is a valu-
able tool. It enables in a unique way studies of regional 
bone metabolism that reflect bone remodeling and bone 
blood flow [18, 41]. Quantitative [18F]NaF PET studies 
are usually performed using the dynamic scan method 
where AIF is needed to measure blood clearance of tracer 
to bone. In dynamic quantitative scans, the rate of tracer 
uptake into an organ is normalized by its concentration 
in arterial blood. The need for AIF, however, creates chal-
lenges in clinical use. The liver is a plethoric organ and 
could work, being in the imaging frames of dynamic 
scans, but this needs further research.

A number of limitations and potential sources of 
inaccuracies need to be considered. This study popula-
tion was rather small and heterogeneous. The patients 
had multiple comorbidities, the age range was wide and 
residual kidney function or urine output were unknown 
Additionally, the fact that we used an image-derived 
AIF instead of an arterial blood line is a limitation, even 
though there were reasonable arguments to do so.

Conclusions
In conclusion, our study suggests that tracer activity 
in the blood obtained 48–60  min after injection of the 
tracer can be used to correct SUVs from static [18F]NaF 
PET scans. This method does not reach the diagnostic 
accuracy of a 60-minute dynamic [18F]NaF PET scan but 
could be a feasible method in clinical practice. In this 
study, image-derived AIFs was used, but these results 
indicate that also venous blood measurements obtained 
48–60  min after tracer injection could be used. This, 
however, requires further research and validation of the 
method using both image- and venous blood-derived 
AIFs.
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