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A B S T R A C T

Background: The diagnosis of renal osteodystrophy is challenging. Bone biopsy is the gold standard, but it is
invasive and limited to one site of the skeleton. The ability of biomarkers to estimate the underlying bone
pathology is limited. 18F-Sodium Fluoride positron emission tomography (18F-NaF PET) is a noninvasive
quantitative imaging technique that allows assessment of regional bone turnover at clinically relevant sites. The
hypothesis of this study was, that 18F-NaF PET correlates with bone histomorphometry in dialysis patients and
could act as a noninvasive diagnostic tool in this patient group.
Methods: This was a cross-sectional diagnostic test study. 26 dialysis patients with biochemical abnormalities
indicating mineral and bone disorder were included. All the participants underwent a 18F-NaF PET scan and a
bone biopsy. Fluoride activity in the PET scan was measured in the lumbar spine and at the anterior iliac crest.
Dynamic and static histomorphometric parameters of the bone biopsy were assessed. As histomorphometric
markers for bone turnover we used bone formation rate per bone surface (BFR/BS) and activation frequency per
year (Ac.f).
Results: There was a statistically significant correlation between fluoride activity in the 18F-NaF PET scan and
histomorphometric parameters such as bone formation rate, activation frequency and osteoclast and osteoblast
surfaces and mineralized surfaces. 18F-NaF PET's sensitivity to recognize low turnover in respect to non-low
turnover was 76% and specificity 78%. Because of the small number of patients with high turnover, we were
unable to demonstrate significant predictive value in this group.
Conclusions: A clear correlation between histomorphometric parameters and fluoride activity in the 18F-NaF PET
scan was established. 18F-NaF PET may possibly be a noninvasive diagnostic tool in dialysis patients with low
turnover bone disease, but further research is needed.

1. Introduction

As chronic kidney disease (CKD) progress, abnormalities in mineral
homeostasis occur impairing bone remodeling and mineralization
[1–3]. Bone abnormalities are found in the majority of patients with
CKD stages 3 – 5D [1,4–6]. A high incidence of fractures has been re-
ported in patients with abnormal bone turnover [7,8] and fractures are
associated with increased mortality [9]. High and low bone turnover
are also associated with vascular calcification and cardiovascular
morbidity and mortality [10–12].

The diagnosis of mineral bone disorder and the underlying bone

histology in CKD patients is challenging. The treatment of renal os-
teodystrophy (ROD) and especially the treatment of fractures in this
patient group, depends on the underlying bone histopathology and
bone turnover. The gold standard for diagnosing the subtypes of ROD is
bone biopsy [1,13,14], but it is invasive, limited to one site of the
skeleton and requires considerable expertise regarding quantitative
histomorphometry and interpretation [15]. Plasma parathormone
(PTH) measurement is commonly used to evaluate these patients, and
generally extremely high or low PTH levels predict the underlying bone
disorder [16,17]. Still PTHs ability to correctly estimate turnover in
bone is limited [18,19], as guidelines recommend PTH range of 2–9
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times normal values in dialysis patients [1]. Total serum alkaline
phosphatase does not substantially improve diagnostic accuracy [20]. A
recent study showed that biomarkers such as tartrate-resistant acid
phosphatase 5b (TRAP5b) and procollagen type 1 N-terminal propetide
(PINP) can discriminate low from non-low turnover better than PTH
[21]. However, no biomarker in clinical use has yet been proven sui-
table or superior to PTH to estimate overall bone histology.

18F-NaF positron emission tomography (18F-NaF PET) is a non-
invasive quantitative imaging technique that allows assessment of re-
gional bone turnover at clinically relevant sites [22–24]. 18F-NaF is a
bone-seeking tracer, which reflects remodeling of bone and osteoblast
activity [25]. 18F-NaF serves as an efficient tracer to measure metabolic
changes in bone. Quantitative PET imaging enables measurement of
fluoride activity in the bone. The net influx rate of 18F-Fluoride into
bone in the dynamic PET scan is referred to as Ki and the fractional
uptake of 18F-Fluoride in the static PET scan as FUR. A correlation
between histomorphometric markers such as bone formation rate (BFR)
and Ki in 18F-NaF PET scan in CKD patients has previously been shown
in one small study [26]. 18F-NaF PET has also been used to investigate
regional bone formation in patients with osteoporosis and Paget's dis-
ease [27,28] and also to quantify effects of pharmacological treatments
[29].

The aim of our study was to assess the possible correlation between
18F-NaF PET and bone histomorphometry in dialysis patients. In addi-
tion, we wanted to evaluate if 18F-NaF PET can distinguish between
high and low turnover mineral bone disorder. Our hypothesis was that
18F-NaF PET correlates with histomorphometric parameters in the bone
biopsy and could act as a noninvasive diagnostic tool.

2. Materials and methods

The study was approved by the Ethics committee of the Hospital
District of South Western Finland and was conducted in accordance
with Declaration of Helsinki as revised 1966. The study is registered in
ClinicalTrials.gov protocol registration and result system. All subjects
gave written informed consent.

2.1. Study subjects

After consenting, 26 patients with end-stage renal disease on dia-
lysis were enrolled. Inclusion criteria were as follows: dialysis vintage
for at least 3 months and biochemical abnormalities indicating mineral
and bone disorder; long-term elevated PTH-levels and hyperpho-
sphatemia. Exclusion criteria were: pregnancy, previous para-
thyreoidectomy and bisphosphonate medication treatment in the past
6 months.

Ongoing medication for secondary hyperparathyroidism such as
phosphate binders, vitamin D or its active metabolites and calcimi-
metics was continued. During the study period, the medication re-
mained unchanged. All patients were referred to a 18F-NaF PET scan. A
bone biopsy was performed 4–6 weeks after the PET scan, following a
standardized tetracycline labeling period. Biochemical markers in
clinical use were obtained during this period. Also dual-energy X-ray
absorptiometry (DXA) was performed.

In addition, 7 healthy subjects were recruited as a validation group
for the PET-imaging. The healthy subjects underwent a 18F-NaF PET
scan after assessment of routine laboratory tests to rule out underlying
kidney or bone disease. No bone biopsy was performed.

2.2. Laboratory assessment

Serum ionizated calcium, alkaline phosphatase, phosphate, 25-hy-
droxyvitamin D, 1,25-dihydroxyvitamin D, intact parathormone, al-
bumin, acid-base balance, full blood count and creatinine were per-
formed in all patients. Coagulation screen was obtained previous to the
bone biopsy. All tests were performed and analyzed by the local

University Hospital laboratory.

2.3. Bone biopsy and histomorphometry

Iliac crest biopsies were performed vertically under local anesthesia
including one cortex. All patients underwent fluorochrome double la-
beling by receiving 500 mg tetracycline per os three times daily for two
days, followed by a drug free interval of ten days and a further two days
administration of tetracycline. Bone biopsy was completed 7–10 days
after the second label. Bone biopsies were obtained using a Snarecoil
Mermaid Medical RBN-86 8Gx15cm needle. All the patients underwent
a successful bone biopsy procedure without complications.

Bone biopsies were fixed in 70% ethanol for at least 48 h before
embedding in polymethylmethacrylate. The samples were cut into 5-μm
thick sections and then stained with modified Masson-Goldner tri-
chrome stain for static parameters, unstained sections were used for
dynamic parameters. A semiautomatic image analyzer
(BioquantOsteoII, Bioquant Image Analysis Corporation, Nashville, TN,
USA) was used for analyzing of all parameters.

As histomorphometric parameters for bone turnover we used bone
formation rate per bone surface (BFR/BS) and activation frequency per
year (Ac.f). In 2 patients, there were single tetracycline labels only or
the labels were very close to each other and therefore mineral apposi-
tion rate (MAR) could not be calculated. In those patients, we used a
value for MAR of 0.3 μm/day in line with American Society for Bone
and Mineral Research (ASBMR) Histomorphometry Nomenclature
Committee recommendations for biopsies with only single labels [15].
The diagnosis of bone histomorphometry was determined based on
turnover-mineralization-volume (TMV) classification for bone histo-
morphmometry [30]. Bone turnover was classified as normal when Ac.f
was between 0.49 and 0.72/year and/or BFR/BS was 1.80 to
3.80 mm3/cm2 per year [5]. Bone volume/tissue volume (BV/TV) was
considered low when it was below 16.8%. All samples were analyzed by
an experienced independent histomorphometrist, who was blinded to
the PET results.

2.4. 18F-Sodium Fluoride positron emission tomography

The PET scans were acquired using a Discovery VCT scanner (GE
Healthcare). The radionuclide, 18F-Fluoride ([18F]F−) is produced by
11-MeV proton irradiation of 18O-water using a cyclotron. The quality
control tests for the 18F-NaF are conforming to the European
Pharmacopeia. The subjects were positioned supine with the lumbar
vertebrae in the field of view. A 60 minute scan of the lumbar spine
(L1–L4) followed by a 10 minute static scan of the pelvis was done. The
60 minute dynamic scan was begun simultaneously with an intravenous
injection of 200 MBq 18F-NaF. The dynamic scan consisted of twenty-
four 5-second, four 30-second and fourteen 240-second time frames.
Low-dose CT-scans were done for image segmentation and attenuation
correction. To generate bone activity curves (kilobecquerels per milli-
liter), regions of interest (ROI) in the lumbar spine were defined by
drawing a ROI within each vertebral body, avoiding the end-plates and
disk space. In the static PET-scan of the pelvis ROI was defined by
drawing a ROI on the anterior iliac crest, in the same region the bone
biopsy was later obtained, see Fig. 1. Values were calculated both from
the right and the left anterior iliac crest and the mean value was cal-
culated. It is necessary to measure the arterial input function in order to
calculate the plasma clearance of fluoride to bone. We used an image
derived input function by placing a ROI over the abdominal aorta
[31,32]. Patlak analysis was used to estimate the plasma clearance of
18F-Fluoride (net influx rate, Ki) into the bone at the lumbar spine [33].
Patlak analysis cannot be used when analyzing the static scans of the
pelvic bone; instead, fractional uptake rate (FUR), which is an ap-
proximation of Patlak Ki [34], was calculated by dividing the bone
activity concentration by area-under-curve of blood activity from 18F-
Fluoride administration time to the time of static scan. Activity
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measurements were corrected for radioactive decay to the time of in-
jection. In many previous 18F-NaF PET-studies, standardized uptake
value (SUV) is used to estimate the plasma clearance of 18F-Fluoride.
FUR is an approximation of Patlak Ki [34] and Ki is more precise and
better when assessing treatment response [33].

2.5. Statistical analysis

Statistical analyses for background variables were performed using
SAS 9.4 for Windows and JMP Pro 13. Normality tests for bone histo-
morphometric and 18F-NaF PET was done visually together with the
Shapiro-Wilk test. Many of the parameters failed the normality test and
therefore nonparametric statistical tests were used. Correlations be-
tween bone turnover parameters and fluoride activity in the PET-scan
were assessed using the Spearman rank correlation test. Characteristics
of the study population were expressed as median and interquartile
range (IQR) or mean and standard deviation (SD). For estimating the
difference between means in different groups we used one-way analysis
of variance (ANOVA) after logarithm transformation.
Histomorphometric markers and fluoride activity in the PET-scan were
compared based on turnover using Wilcoxon test. We assessed the re-
ceiver operating characteristics (ROC) curve for log transformed data.
Based on the ROC curve we obtained the area under the curve (AUC)

and calculated sensitivity, specificity and positive and negative pre-
dictive values. AUC of 0.6–0.7 was considered as poor, 0.7–0.8 as fair,
08–09 as good and 0.9–1 as excellent. A p value of 0.05 (two-tailed) or
less was considered statistically significant.

3. Results

3.1. General

The patient demographics and disease characteristics are presented
in Table 1. All patients were white, the average age was 68 years.
Average dialysis vintage was 12 months and 50% were on peritoneal
dialysis. 50% were female. A third had a history of diabetes and 24%
were smokers. 65% of the patients were on kidney transplant waiting
list and 8% had a history of kidney transplant. 23% had osteoporosis
based on the bone biopsy. Based on DXA, 38% of the patients had low
bone mineral density. Cause of ESRD, distribution of turnover based on
the bone biopsy and medication are also shown in Table 1. Of 30 eli-
gible patients, 3 were excluded because of insufficient bone biopsy and
one because of problems with data transmission of the PET-imaging.
The flow diagram of the patients is shown in Fig. 2.

ROI of L3 in the 
dynamic  PET-scan, Ki

3-dimensional view

ROI of the anterior iliac 
crest in the sta�c PET-

scan, FUR

3-dimensional view

L1

L2

L3

L4

Fig. 1. Regions of interest (ROI) in the dynamic and static PET scan.

L. Aaltonen, et al. Bone 134 (2020) 115267

3



3.2. Histomorphometric findings

On the basis of bone formation rate per bone surface (BFR/BS) and
activation frequency (Ac.f), only 12% had high turnover, 65% had low
turnover and 23% had normal turnover. Bone histomorphometric
parameters of the study group according to turnover are shown in
Table 2. Patients with low turnover were in average older than patients
with normal or high turnover.

3.3. PET-studies

3.3.1. Correlation between 18F-NaF PET and Histomorphometry
Measurements of 18

fluoride activity in the 18F-NaF PET in the
lumbar region (Ki mean) and at the anterior iliac crest (FURmean) were
directly compared to histomorphometric and laboratory parameters
using the Spearman rank correlation test. There was a statistically
significant correlation between Ki mean and FURmean levels and a ma-
jority of the histomorphometric parameters, such as bone formation
rate (BFR/BS), activation frequency (Ac.f), mineralized surface per
bone surface (MS/BS) and osteoblast-(Ob.s/BS) and osteoclast surfaces
(Oc.s/BS), as shown in Table 3. There was also a statistically significant
correlation between osteoid thickness (O.Th) and fluoride activity at
the anterior iliac crest (FURmean). However, there was no correlation
between Ki mean and FURmean and osteoid volume of bone volume (OV/
BV) or mineralization lag time (Mlt). The correlation between fluoride
activity and several histomorphometric and laboratory parameters is
shown in Fig. 3.

3.3.2. Correlation between 18F-NaF PET and biochemical markers
18F-NaF PET measurements of Ki mean in the lumbar region and

FURmean at the anterior iliac crest were also directly compared to bio-
chemical markers such as PTH using the Spearman rank correlation
test. There was a statistically significant correlation between PTH and

Ki mean and FURmean levels, as shown in Table 3. There was no statistical
correlation between Ki mean and FURmean and ionized calcium and al-
kaline phosphate. A weak correlation between phosphorus and Ki and
FURmean was also observed, see Table 3.

There was some variability between fluoride uptake into bone be-
tween the lumbar spine and anterior iliac crest, however the correlation
between Ki mean in the lumbar spine and FURmean at the iliac crest was
good, Rs = 0.92 and p < 0.001, see Table 3. Dialysis vintage or dia-
lysis modality did not affect fluoride activity in the PET scan. Age af-
fected the fluoride activity by lowering it, the correlation was stronger
in the lumbar spine than in the anterior iliac crest. The healthy subjects
fluoride activity in the lumbar region (Ki mean) was 0.039 (0.038–0.044)
mL/min/mL and at the anterior iliac crest (FURmean) 0.037
(0.032–0.044) mL/min/mL. The mean fluoride activity in the study
group according to turnover is shown in Table 2, and images of PET/CT
in Fig. 4.

3.3.3. Diagnostic accuracy of 18F-NaF PET for low turnover
In the 18F-NaF PET-scan, turnover was defined as low if 18F-activity

was below the cut-off value (0.040 mL/min/mL) in the lumbar region
or at the anterior iliac crest. 18F-NaF PET recognized 13 out of 17 pa-
tients with low turnover based on the bone biopsy. To test 18F-NaF PET
imaging as a diagnostic tool when evaluating dialysis patients, we de-
fined the ROC-curve after equalizing the study group for parametric
measurements using a Natural-logarithm. In ROC analysis for dis-
criminating low turnover from non-low turnover, when turnover was
defined by BFR/BS and activation frequency, fluoride activity in the
PET-scan had an AUC of 0.82. The sensitivity of 18F-NaF PET to dis-
tinguish between dialysis patients with low turnover from those with
normal or high turnover was 76%, specificity 78%, positive predictive
value 87% and negative predictive value 64%, see Table 4.

3.3.4. Diagnostic accuracy of 18F-NaF PET for high turnover
Because of the small amount of patient with high turnover (n = 3),

the ROC-curve could not be defined. 18F-NaF PET recognized all three
patients with high turnover, but there were six false positives. Because
of the small number of patients with high turnover, sensitivity and
specificity of the method could not be calculated.

Diagnostic accuracy of PTH in this study population was poor. In
ROC analysis for discriminating low turnover from non-low turnover,
PTH had an AUC of 0.64. When cut-off of PTH was set at 200 ng/mL,
sensitivity was 35% and specificity 78%, see Table 4.

4. Discussion

This study shows a strong correlation between fluoride activity in
18F-NaF PET imaging and histomorphometric parameters obtained by
bone biopsy in dialysis patients. The strongest correlation was dis-
covered between 18F-NaF PET and activation frequency, bone forma-
tion rate and osteoclast surfaces. This correlation was also significant
between osteoblast surfaces, erosion surfaces and mineralized surfaces.
18F-NaF PET sensitivity to differentiate patients with low turnover from
non-low based on these results was 76% and specificity 78% with an
AUC of 0.82. 18F-NaF PET was superior to PTH to differentiate low
turnover from non-low turnover. 18F-NaF PET recognized all patients
with high turnover in the bone biopsy, but because of too few patients,
sensitivity and specificity calculations could not be performed.

Bone biopsy is currently the gold standard for evaluation of CKD
patients with ROD [1] and also the only method to assess the response
to therapy. With bone biopsy, it is possible to get information about
bone turnover, as well as mineralization and volume. However, bone
biopsy is not easily reproducible and there is probably substantial in-
traindividual variability between patients [35]. In addition, bone
biopsy gives information of only one site of the skeleton. This was
highlighted in a study, where the microarchitecture of the iliac crest
compared to the femoral neck and subtrochanteric femoral shaft using

Table 1
Characteristics of the study group.

No. of patients 26
Female sex (%) 13 (50)
Age, y (median, range) 68 (37–83)
BMI (mean, SD) 24.2 ± 3.8
Smoker (%) 6 (24)
History of diabetes (%) 10 (40)
fS-calcium-ion mmol/l (median, IQR) 1.18 (1.12–1.24)
fP-phosphorus mmol/l (median, IQR) 1.56 (1.30–1.94)
fP-PTH, ng/ml (median, IQR) 285 (177–496)
P-D-25 nmol/l (median, IQR) 70 (47–88)
S-D-1,25 pmol/l (median, IQR) 30 (24–50)
P-tALP U/l (median, IQR) 84 (60–127)
P-Alb g/l (median, IQR) 30.7 (27.0–33.6)
Turnover based on histomorphometry
High turnover (%) 3 (12)
Low turnover (%) 17 (65)
Normal turnover (%) 6 (23)

Osteoporosis (bone biopsy) (%) 6 (23)
Dialysis vintage, month (median, range) 12 (4–94)
Dialysis modality PD/HD % 50/50
Cause of ESRD
Hypertension (%) 3 (12)
Glomerulonephritis (%) 5 (19)
Diabetic nephropathy (%) 9 (34)
Polycystic kidney disease (%) 6 (23)
Other/unknown (%) 3 (12)

On kidney transplantation waiting list (%) 17 (65)
History of kidney transplantation (%) 2 (8)
Medication
Calcimimetic (%) 3 (12)
Alfacalcidol, Paricalcitol (%) 17 (65)
Calcium carbonate (%) 23 (88)
Calcitriol (%) 25 (96)
Sevelamer/lantane carbonate (%) 16 (62)
Corticosteroid (%) 1 (4)
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quantitative histomorphometry was assessed. It demonstrated sig-
nificant heterogeneity in the microarchitecture of bone in different sites
[36]. Bone biopsy can also cause procedural morbidity although severe
complications are rare. Furthermore, the analysis requires time and
highly skilled bone histomorphometrist. The interpretation of histo-
morphometric parameters and how to apply the analysis in clinical
practice is not unambiguous.

Several noninvasive imaging methods have been investigated in
CKD patients with mineral and bone disorder, such as DXA, high-re-
solution peripheral computed tomography (HR-pQCT) and magnetic
resonance imaging. DXA is suitable for screening fracture risk in CKD-
patients, but is not able to specify the underlying histopathology or to
guide treatment [37]. HR-pQCT is a 3-dimensional imaging method,
which can detect microarchitectural changes in trabecular and cortical
bone and enables assessment of bone density and volume [21]. Mag-
netic resonance imaging quantify bone microarchitecture and in one
small study, it showed association with indices from bone biopsy [38].

Still, these are static imaging methods.
18F-NaF PET may have some strengths over bone biopsy and other

noninvasive methods, such as its noninvasiveness, speed, and readiness
to produce reports. More importantly, it can give a more extensive
picture of the whole skeleton. 18F-NaF PET can be applied in a clinical
setting and it is reproducible. No contrast agent is needed. On the other
hand, PET-scans cause radiation. The radiation amount from the 18F-
NaF PET-scan is approximately 6 mSv which is about 50% of the ra-
diation dose of a CT-scan of the abdomen. The radiation of DXA is
approximately 0.01 mSv. PET-scan can also be considered effective, as
the cost, at least in Finland, is less than the costs of a bone biopsy.

18F-fluoride seems to be a suitable tracer for measuring bone me-
tabolism and is often used in clinical settings, for example when diag-
nosing bone metastasis in cancer patients [39]. It has earlier been
shown in a smaller study by Messa et al., that 18F-NaF PET correlates
with bone histomorphometry [26], supporting our results. 18F-NaF PET
has also been proven suitable for evaluating response of teriparatide

Eligible participants

n= 30

Potentially eligible participant

n= 45

Index test: PET-scan

n= 29

PET-scan positive: F18-activity > 0.055

mL/min/mL indicating high turnover

n= 9

PET-scan negative: F18-activity < 0.040

mL/min/mL indicating low turnover

n= 15

PET-scan inconclusive: F18-activity > 

0.040 mL/min/mL or < 0.055 mL/min/mL

n = 5

Average turnover based on 

bonebiopsy (Ac.f and BFR)

n= 6

High turnover based on 

bonebiopsy (Ac.f and BFR)

n= 3

Low turnover based on 

bonebiopsy (Ac.f and BFR)

n= 17

Final diagnosis

Target condition present: n =13

Target condition absent: n= 2

Inconclusive. n =  0

Final diagnosis

Target condition present: n =3

Target condition absent: n= 5

Inconclusive. n = 1

Final diagnosis

Target condition present: n =0

Target condition absent: n= 3

Inconclusive. n = 2

Excluded

n = 15

Reason: participant did not want 

to undergo a bone biopsy or 

participate in the study

No index test

n= 1

Reason: Technical problem with 

data transition 

No reference standard

n=0

biopsy  

No reference standard

n=1

Reason: bone biopsy

not sufficient

No reference standard

n=2

Reason: bone biopsy 

not sufficient 

True positive: 13

True negative: 7

False Positive: 2

False negative: 4

Fig. 2. Flow diagram of patients.
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treatment [29] and risedronate treatment [40] in patients with osteo-
porosis. Several studies have confirmed the differences in regional
skeletal kinetics measured by 18F-NaF PET [24,41,42]. However,
25 years after the study of Messa et al. [26], PET-imaging techniques
have evolved substantially, new indications for PET-imaging have been
developed and especially availability has improved. 18F-NaF PET could
be used in a clinical setting, for example to differentiate low turnover
patients before starting osteoporosis medication, but as a supplement to
other diagnostic tools in use. Further studies are under way to assess,
how well the effect of treatment of renal osteodystrophy and osteo-
porosis can be assessed by PET-imaging in CKD patients.

PTH is widely used when evaluating and treating patients with
ROD, but it's predictive value to estimate underlying bone histology has
been stated to be poor [18]. No biomarker in clinical use has yet been
proven suitable or superior to PTH. In our study, 18F-NaF PET also
correlated with PTH, which was somewhat surprising. This can partly
be explained by the cross-sectional setting of our study. Another ex-
planation can be the narrow range of PTH values in this study popu-
lation, with only a few very low or high values. In our study PTH's
diagnostic accuracy was inferior to the PET-scan.

There are several disconcerting factors to be taken into account,

when interpreting the PET results. Osteoporosis is known to lower the
fluoride activity in the PET-scan compared to osteopenic and healthy
subjects [28]. In our study population, 24% had osteoporosis based on
the bone biopsy. All the patients with osteoporosis in the bone biopsy
also had low turnover, of which 18F-NaF PET recognized 83%. Previous
studies have also shown that age affects fluoride activity [43]. Age
correlation was not corrected in the bone biopsies and therefore we did
not perform age correction in the analyses of PET images either. This
emphasizes the complexity of ROD and the challenge for evaluation of
bone quality and quantity of dialysis patients, especially elderly pa-
tients with osteoporosis.

The limitations of our study are the relatively small number of
studied patients and especially the few patients with high turnover. Due
to this, multivariate analysis was not possible to perform. In most of the
published studies of CKD-MBD, the definition of normal BFR has been
between 1.8 and 3.8 mm3/cm3/y. These reference values come from the
highly cited work of Malluche's group [44]. The cut-off values of
fluoride activity in the PET-scan were set accordingly. In our study,
65% had low turnover according to Malluche's definition of normal
turnover [2], which is in line with previous studies [2,19]. However, it
is possible that age distribution of our study population could have had
an impact on the bone formation rate.

According to the prevailing practice at Turku PET-centre, also 7
healthy subjects underwent a PET-scan to confirm the feasibility of the
PET-method. Their mean Ki (0,039 ml/min/ml) was comparable to the
respective mean Ki (0,035 ml/min/ml) of normal postmenopausal (age
58.5 years) women [28]. The healthy subjects did not undergo a bone
biopsy and were not matched to the study population. The Ki cut-off
used in this study applies to this dialysis population, it is not a universal
cut-off that can be applied to any disease, and it is not applicable to the
healthy controls. Further research is needed to determine possible dif-
ferences of the Ki cut-off in the PET scan in different CKD stages.

In conclusion, the result of our study highlights the possible future
role of 18F-NaF PET as a noninvasive diagnostic tool in dialysis patients
with renal osteodystrophy and low turnover bone disease. However,
further research is needed to determine the PET method's possible role
in clinical practice with a larger patient population.

Data is presented as median (interquartile range). BFR/BS = bone
formation rate per bone surface, Oc.S/BS = osteoclast surface per bone
surface, Ob.S/BS = osteoblast surface per bone surface,
MAR = mineral apposition rate, Mlt = mineralization lag time, MS/
BS = mineralized surface per bone surface, O.th = osteoid thickness,
Ac.f = activation frequency per year, OS/BS = osteoid surface per
bone surface, ES/BS = erosion surface per bone surface, OV/
BV = osteoid volume of bone volume, BV/TV = bone volume of tissue
volume. Mean Ki (L1–L4) reflects the fluoride activity in the PET scan in
the lumbar spine and Mean FUR (hip) the fluoride activity at the

Table 2
Histomorphometric and imaging parameters according to turnover in dialysis patients.

High turnover (n = 3) Normal turnover (n = 6) Low turnover (n = 17) p-Value

BFR/BS (μm3/um2/1 day) 95.9 (93.0–107.6) 66.2 (52.6–83.8) 18.9 (14.3–30.3) <0.001
MAR (μm/day) 1.01 (0.99–1.02) 0.93 (0.7–1.2) 0.7 (0.6–0.9) 0.01
Oc.S/BS (%) 3.5 (1.4–6.7) 2.5 (1.1–4.4) 0.8 (0.001–1.6) 0.02
Ob.s/BS (%) 7.2 (3.2–16.9) 4.7 (2.5–14.9) 1.7 (0.1–3.2) 0.008
Mlt (d) 31.4 (22.3–34.8) 32.1 (23.7–38.9) 66.4 (34.0–99.8) 0.04
MS/BS (%) 9.5 (9.4–10.7) 6.6 (4.9–10.5) 2.7 (1.9–4.9) 0.002
O.th (Lm) 8.7 (7.2–10.0) 7.7 (5.9–10.7) 5.6 (4.9–6.6) 0.01
Ac.f/year 0.82 (0.67–0.83) 0.48 (0.46–0.56) 0.18 (0.13–0.28) <0.001
OS/BS (%) 38.4 (24.1–40.8) 25.5 (20.1–33.9) 23.2 (18.1–31.7) 0.26
ES/BS (%) 4.0 (2.4–6.9) 3.7 (2.4–4.4) 1.6 (0.5–2.9) 0.06
OV/BV (%) 6.8 (5.5–7.8) 3.4 (3.2–5.3) 3.1 (2.4–3.9) 0.03
BV/TV (%) 18.2 (18.1–25.9) 24.0 (16.9–27.3) 18.4 (13.1–24.4) 0.57
DXA BMD T-score (lumbar) −1.1 (−2.3–0.2) −1.65 (−2.65 to −0.7) −0.6 (−2.28–0.45) 0.44
DXA BMD T-score (hip) −2.4 (−2.6 to −1.6) −2.05 (−2.675 to −1.88) −2 (−3 to −0.95) 0.85
Mean Ki (L1–L4) mL/min/mL 0.067 (0.055–0.077) 0.052 (0.038–0.056) 0.038 (0.031–0.043) 0.02
Mean FUR (hip) mL/min/mL 0.065 (0.050–0.066) 0.055 (0.038–0.071) 0.038 (0.032–0.045) 0.01

Table 3
Correlation between 18F-Sodium fluoride positron emission tomography and
bone histomorphometry.

N = 26 Kᵢ mean (L1–L4) FURmean (iliac crest)

BFR/BS (μm3/μm2/1 day) rs = 0.63, p < 0.001 rs = 0.66, p < 0.001
ES/BS (μm/day) rs = 0.57, p = 0.002 rs = 0.60, p = 0.002
Oc.S/BS (%) rs = 0.62, P < 0.001 rs = 0.62, p < 0.001
Ob.S/BS (%) rs = 0.49, p = 0.01 rs = 0.58, p = 0.003
MS/BS (%) rs = 0.55, p = 0.003 rs = 0.57, p = 0.003
Ac.f/year rs = 0.60, p = 0.002 rs = 0.65, p < 0.001
O.Th (Lm) p = 0.10 rs = 0.48, p = 0.01
OV/BV % p = 0.16 p = 0.10
Mlt (d) p = 0.16 p = 0.25
PTH ng/ml rs = 0.55, p = 0.003 rs = 0.58, p = 0.003
Pi mmol/l rs = 0.40, p = 0.04 rs = 0.41, p = 0.04
Ca-ion mmol/l p = 0.85 p = 0.85
tALP U/l p = 0.30 p = 0.30
FURmean (iliac crest) Rs = 0.92, p < 0.001

BFR = bone formation rate, ES/BS = erosion surface per bone surface, Oc.S/
BS = osteoclast surface, Ob.s/BS = osteoblast surface, MS/BS = mineralized
surface/bone surface, Ac.f = activation frequency, O.th = osteoid thickness,
OV/BV = osteoid volume of bone volume, Mlt = mineralization lag time.
PTH = parathormone, Pi = phosphorus, ca-ion = ionized calcium ion,
tALP = total alkaline phosphatase. Ki mean reflects the fluoride activity in the
PET scan at the lumbar spine (L1–L4) and FURmean the fluoride activity at the
anterior iliac crest. p < 0.05 is statistical significant.
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anterior iliac crest. p < 0.05 is statistically.
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Table 4
Dignostic accuracy of 18F-NaF PET and PTH for identifying patients with.

Variables AUC Criterion Sensitivity % Specificity% PPV % NPV %

18F-Fluoride activity in the PET-scan 0.82 Cut-off 0.040 mL/min/mL 76% 78% 87% 64%
PTH 0.64 <200 ng/ml 35% 78% 75% 39%
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