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ABSTRACT

The majority of patients with end-stage kidney disease develop abnormalities in bone
metabolism, referred to as renal osteodystrophy. Bone abnormalities are associated
with cardiovascular morbidity and mortality. The diagnosis of the subgroups of renal
osteodystrophy, such as low- and high-turnover bone disease, is challenging. Bone
biopsy is the gold standard, but it is invasive and not easily available. Biomarkers,
such as parathyroid hormone and alkaline phosphatase, diagnostic accuracy is
insufficient. A noninvasive diagnostic tool in the evaluation of renal osteodystrophy
would be highly welcomed. "*F-sodium fluoride positron emission tomography ('*F-
NaF PET) is an imaging method that measures osteoblast activity and remodeling of
bone.

The aims of this study were to (a) assess the usability of '*F-NaF PET and (b) to
assess the possible correlation between tracer activity and findings obtained from
bone biopsy (c) evaluating whether '®F-NaF PET imaging could replace bone
biopsies in clinical practice. In addition, (d) the association between arterial
calcification and bone metabolism was evaluated.

We observed a correlation between tracer activity measured by dynamic '*F-NaF
PET and parameters obtained by bone biopsy (a). The sensitivity and specificity of
the method to distinguish between high- and low-turnover bone disease was good
(b). Fluoride activity measured in the static '*F-NaF PET scan showed good
correlation with the fluoride activity measured in the dynamic scan, after correction
for tracer activity in the blood (c). A weak association between arterial calcification
and bone metabolism was also established (d).

8F-NaF PET presents as a promising diagnostic tool in the evaluation of renal
osteodystrophy. Our research suggests that a static '*F-NaF PET scan obtained after
a single injection of tracer generates usable images of bone metabolism and could
also work in a clinical setting.

KEYWORDS: '¥F-NaF PET, positron emission tomography, bone histomorpho-
metry, renal osteodystrophy, vascular calcification, dialysis
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Sisatautioppi

LOUISE AALTONEN: Diagnostiset haasteet munuaispotilaiden luusto-
taudin arvioinnissa — Tutkimus, jossa kaytetaan '8F-NaF positroniemissio-
tomografia

Vaitoskirja, 000 s.

Turun Yliopiston kliininen tohtoriohjelma

Huhtikuu 2022

TIVISTELMA

Suurimmalle osalle potilaista, jotka sairastavat vaikeaa munuaisten vajaatoimintaa,
kehittyy poikkeavuuksia luun aineenvaihduntaan. Luustohdirididen tiedetddn
liittyvdn myds sydén- ja verisuonisairauksiin sekéd kuolleisuuteen. Luustohéirididen
alaryhmien kuten hitaan ja nopean aineenvaihdunnan luutaudin diagnosointi on
haastavaa. Nykyisin katsotaan luubiopsian olevan diagnostiikan kultainen standardi,
mutta se on kajoava ja kdytossa vain muutamissa keskuksissa. Laboratoriokokeiden,
kuten alkalisen fosfataasin tai parathormonin diagnostinen tarkkuus tiedetién
puolestaan riittdmattomaksi. Ndin ollen erityisesti kliinisessd tyossd kaivattaisiin
uutta kajoamatonta menetelmdd munuaistaudin aiheuttamien Iuustomuutosten
arviointiin. '®F-NaF positroniemissiotomografia (!*F-NaF PET) on kuvantamis-
menetelmai, joka kuvastaa luuta muodostavien solujen aktiivisuutta ja luun uudel-
leenmuodostumista.

Tamén tutkimuksen tavoitteena oli (a) arvioida '*F-NaF PET -kuvantamisen
kéytettdvyyttd ja (b) arvioida merkkiaineaktiivisuuden mahdollista korrelaatiota
luubiopsiasta saatujen parametrien vélilld. Lisdksi arvioitiin, voisiko (¢) '8F-NaF
PET korvata luubiopsian kliinisessa tyossda. Myos (d) valtimokalkkeutumien ja luun
aineenvaihdunnan héiridéiden vélistd yhteytté selvittiin.

Dynaamisen '|F-NaF PET kuvauksen mitatun merkkiaineaktiivisuuden ja
luubiopsialla saatujen parametrien vililld oli vahva korrelaatio (a). Menetelmé
todettiin sekd herkéksi ettd tarkaksi kyvysséédn erottaa luun alentunut ja kiihtynyt
aineenvaihdunta (b). Staattisen ja dynaamisen '®F-NaF PET —kuvauksen fluori-
aktiivisuus korreloivat hyvin veren merkkiaineen aktiivisuuden korjaamisen jélkeen
(c). Valtimoiden kalkkeutumisasteen ja luun aineenvaihdunnan vélilld puolestaan
pystyttiin osoittamaan heikko assosiaatio (d).

F-NaF PET on lupaava diagnostinen tyokalu munuaispotilaiden luustotaudin
arvioinnissa. Tutkimuksemme viittaa siihen, ettd yhden merkkiaineinjektion jalkeen
saatu staattinen '8F-NaF PET kuvaus voisi toimia myos kliinisessa tydssé.

AVAINSANAT: '¥F-NaF PET, positroniemissiotomografia, luun histomorfometria,
renaalinen osteodystrofia, vaskulaarinen kalsifikaatio, dialyysi
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1 Introduction

Even in the early stages of chronic kidney disease, disturbances in mineral
homeostasis start to develop, leading to abnormalities in bone remodeling and
mineralization (1). The pathophysiology behind these abnormalities is complex and
not fully understood. Chronic kidney disease—mineral and bone disorder is
associated with increased cardiovascular morbidity and mortality (2, 3).
Cardiovascular morbidity is highly prevalent in the CKD population, and
disturbances in mineral homeostasis, including rising levels of fibroblast growth
factor 23, eventually leading to hyperphosphatemia, accelerate mineral deposition in
both the vessels and heart valves (4). Disturbance in bone metabolism, especially
high turnover disease, increase fracture risk in end-stage renal disease (5). Fractures
are associated with both increased morbidity and mortality (6).

The underlying bone abnormalities linked to this disorder are referred to as renal
osteodystrophy. Renal osteodystrophy include changes in bone turnover, bone
mineralization and bone volume (1). The underlying subtype of renal osteodystrophy
guide medication decisions and potential surgical interventions. However, the
diagnosis of the underlying bone disorder is challenging. Bone biopsy is the gold
standard for diagnosing the subtypes of renal osteodystrophy, but it is not easily
available. It is invasive, requires expertise regarding quantitative histomorphometry
and is limited to a single site of the skeleton. Biomarkers in clinical use have limited
ability to correctly estimate the underlying bone disorder in advanced kidney disease
.

The link between arterial calcification and abnormalities in bone metabolism is
also well acknowledged, even though the underlying mechanisms are not yet fully
understood. Several cross-sectional studies indicate a connection between arterial
calcification and impaired bone metabolism in patients with end-stage kidney
disease (8). Reduced progression of vascular calcification linked to improvement in
bone turnover shown in one small prospective study, strengthens this assumption (9).
However, there are no large longitudinal studies to confirm the link between changes
in bone metabolism and development or progression of vascular calcification.

8F-sodium fluoride positron emission tomography ('F-NaF PET) is a
noninvasive quantitative imaging technique that in a unique way enables studies of

12



Introduction

regional bone metabolism (10). '8F-NaF is a bone-seeking tracer that reflects
remodeling of bone and osteoblast activity (11). It serves as an efficient tracer to
measure metabolic changes in bone. A non-invasive imaging method measuring
bone turnover would be a valuable tool in clinical practice. Quantitative dynamic
positron emission tomography scans are used in the research setting, for example,
when measuring the treatment effect of osteoporosis medication (12) but are not
feasible in clinical practice. Measuring standardized uptake values from static scans
would be a more suitable method.

Coronary artery calcification is highly prevalent in advanced kidney disease.
Coronary calcification is associated with cardiovascular disease, myocardial
infarction and all-cause mortality (13). Non-contrast cardiac computed tomography
is highly sensitive for detection of coronary artery calcification (14)

The aim of this study was to assess a possible correlation between
histomorphometric markers obtained by bone biopsy and tracer activity in the '*F-
sodium fluoride positron emission tomography scan. This study also aimed to
evaluate the diagnostic accuracy of the method when evaluating dialysis patients
with renal osteodystrophy and to assess its feasibility in clinical practice.
Cardiovascular morbidity is strongly linked to renal osteodystrophy, and this study
also evaluated the possible association between bone metabolism and arterial
calcification.

13



2 Review of the Literature

2.1 Chronic kidney disease—mineral and bone
disorder (CKD-MBD)

Chronic kidney disease (CKD) affects 8—16% of the population worldwide (15, 16)
and is an increasing health problem. Chronic kidney disease is a significant
contributor to excess morbidity and mortality (17, 18). As kidney function declines,
a disturbance in mineral homeostasis progressively develops, leading to a complex
disorder called chronic kidney disease—mineral and bone disorder (CKD-MBD) (1).
CKD-MBD is defined as a disorder of mineral and bone metabolism due to CKD
manifested by either one or a combination of the following: 1) abnormalities of
calcium, phosphorus, parathyroid hormone (PTH) or vitamin D metabolism, 2)
abnormalities in bone turnover, mineralization, volume, linear growth, or strength or
3) vascular or other soft-tissue calcification (1, 19). CKD-MBD is a unique disorder
linked to chronic kidney disease.

The disturbance in mineral homeostasis in patients with chronic kidney disease
affects bone remodeling. Bone abnormalities are found in a majority of patients with
end-stage kidney disease (1, 20-22). Abnormal bone turnover is associated with an
increased risk of fractures (5, 23-24), and fractures are a major cause of morbidity
and increased mortality (4, 25). Impaired bone metabolism is also associated with
vascular calcification and cardiovascular morbidity and mortality (8, 9, 26).

211 Classification of chronic kidney disease (CKD)

According to the KDIGO (Kidney Disease Improving Global Outcomes) guidelines
(27), the definition of chronic kidney disease is kidney damage for three months or
more, as defined by structural or functional abnormalities of the kidney that can lead
to decreased glomerular filtration rate (GFR). These abnormalities can be manifested
by either pathological abnormalities, markers of kidney damage (including
abnormalities in the composition of the blood or urine or in imaging tests) or GFR <
60mL/min/1.73m? for three months or more, with or without kidney damage. The
estimated glomerular filtration rate is eGFR.

14



Review of the Literature

The classification of CKD is based on the level of GFR. Based on severity, CKD
is classified into five stages; see Table 1. The prevalence of complications linked to
chronic kidney disease increases with declining GFR.

Table 1. Stages of chronic kidney disease.

Stage Qualitative Renal function, GFR

Description mL/min/1.73m?
Kidney damage with normal or 1 GFR 90

2 Kidney damage with mild | GFR 60-89

3a Mild to moderate | GFR 45-59

3b Moderate to severe | GFR 30-44
Severe | GFR 15-29

5 Kidney failure <15 (or dialysis)

2.1.2 Normal physiology of bone

The mature adult skeleton consists of 80 percent cortical bone and 20 percent
trabecular bone (28). Different bones have different ratios of cortical and trabecular
bone. For example, in the vertebra, the ratio of trabecular and cortical bone is 75:25,
in the femoral neck 50:50 and in the radial diaphysis 5:95. The cortical bone provides
maximum resistance to torsion or bending and gives the compressive strength of the
bone. Trabecular bone is metabolically more active than cortical bone and responds
more rapidly to mechanical stimuli (29).

Both trabecular and cortical bone are composed of osteons. Cortical osteons are
called Haversian systems; they are cylindrical in shape and form a branching
network within the cortical bone (28). Trabecular osteons are called packets and are
semilunar in shape. Both cortical and trabecular bone are normally formed in a
lamellar pattern. Collagen fibrils are laid down in variable orientations within the
pattern (28, 29). One can see the lamellar pattern during microscopic examination
with polarized light.

Bone is a combination of osteoid matrix and hydroxyapatite crystal. In addition,
bone contains water, non-collagenous proteins and specialized bone cells. About 10
percent of the bone volume consists of bone cells. The bone cells arise from two
lines, osteoprogenitor cells from mesenchymal stem cells, which differentiate into
osteoblasts and osteocytes, and the osteoclasts, which are hematopoietic cells (29).
Osteoblasts are considered the bone-forming cells and line the surfaces of bone.
Osteoblasts synthesize new bone matrix. Within the osteoblast lineage,
subpopulations of osteoblasts respond to various hormonal, mechanical or cytokine
signals. When osteoblasts are activated, they may remain quiescent osteoblasts lining

15
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bone, become osteocytes or return to the osteoprogenitor cell line (29). Osteocytes
account for 90% of all bone cells. Osteocytes are osteoblasts that have surrounded
themselves with organic matrix and live within vacuoles called lacunae. Osteocytes
can communicate with each other, and they contribute to maintenance of calcium
homeostasis. Osteoclasts are the only cells that can resorb bone. They are
multinucleated cells derived from mononuclear precursor cells of the monocyte-
macrophage lineage (30). Figure 1 shows the different bone cells.

© ©

HSC Osteoprogenitor cell

- |

. f/ ! Bone-lining
& /\ '(O \/. cell
Macrophage Preosteoblast
— = N oG ® D=
e D _ 5 Osteoblast 5 L
L( \,' l l W‘\mlr
& / \ o }\1(4 /\\
/ \ “f'/{ o |Osteoid
A/ (¥ fj __/I '\»,
Osteoclast! AR~
Bone /N Osteocyte
Figure 1. Bone homeostatis. Figure reproduced from Nature Reviews Molecular Cell Biology 2020

Nov;21(11):696. Reproduced with permission. HSC = hematopoietic stem cells.

Bone undergoes dynamic modeling, remodeling and growth throughout life (31).
Both modeling and remodeling involve osteoclastic bone resorption and osteoblastic
bone formation. Bone modeling is the process in which bones change their overall
shape in response to mechanical forces or physiological influences. Bone modeling
is less frequent than remodeling in adults but can still occur in adulthood as an
adaptive response to mechanical loading (32, 33). Bone remodeling is the system’s
way of maintaining bone strength and mineral homeostasis. It is a tightly regulated
process of resorption and replacement of bone and is essential for keeping the bones
healthy. Remodeling also assists in the regulation of calcium and phosphate
metabolism and in the repair of microdamaged bone (34). Anatomically, the
remodeling cycle takes place within a basic multicellular unit (BMU), which consists
of a tightly coupled group of osteoblasts and osteoclasts, which carry out formation
of new bone and resorption of old bone (35). Each BMU undergoes its functions in
the same order: 1) origination and organization of the BMU, 2) activation of
osteoclasts and resorption of old bone, 3) recruitment of osteoblasts and formation
of new bone matrix, and 4) mineralization (36). The end result of each bone
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remodeling cycle, which takes approximately 120-200 days, is production of a new
osteon (37). Osteocytes regulate differentiation of osteoclasts and osteoblasts and
thus regulate bone resorption and formation. The remodeling process is basically the
same in cortical and trabecular bone (38). Bone remodeling increases in early
postmenopausal women, then slows with further aging but stays increased. Bone
remodeling in aging men is thought to increase only mildly.

The remodeling cycle is tightly regulated by signaling pathways and endocrine
regulation (39). There are two major signaling pathways that regulate the resorption
and formation within the remodeling cycle: osteoprotegerin/receptor activator of
NF-jB ligand/receptor activator of NF-jB (OPG/RANKL/RANK) and wingless/int-
1 (Wnt) pathways. Osteoblasts and osteocytes stimulate RANK expression. RANKL
binding to its receptor RANK activates osteoclasts and the expression of osteoclast
genes (30, 37). OPG inhibits osteoclastic bone resorption by binding to RANKL and
thereby preventing its binding to RANK (37). OPG has proven to increase the risk
for CVD morbidity and mortality, probably by direct actions on vascular function
and the effects on the OPG/RANKL/RANK pathway (40). Wnt pathways again are
major regulators of osteoblastic bone formation. PTH is an endocrine regulator of
the bone remodeling cycle. PTH stimulates bone resorption and is a key
physiological mechanism in calcium homeostasis. Continuous PTH excretion
induces both trabecular and cortical bone loss because of modulation of the
OPG/RANKL/RANK signaling system (41). Cortical bone loss is usually more
severely affected. Vitamin D, calcitonin, growth hormone and several other
hormones also affect the remodeling cycle. In addition, glucocorticoids inhibit
osteoblast differentiation and increase osteoblast apoptosis (42). Prostaglandins also
regulate bone resorption and formation, even though the exact role in the remodeling
cycle remains uncertain.

21.3 Pathophysiology of CKD-MBD

The pathophysiology of mineral and bone disorder is complex, and even though
information and new published data have broadened our understanding of the
disorder, further studies are needed to better understand the major impact on both
bone health and cardiovascular disease.

The parathyroid gland is important in regulating mineral homeostasis by cross-
talking with bone and kidneys. As renal function declines, the kidney's ability to
appropriately excrete excess phosphate load declines, usually beginning by the CKD
stages 2-3. This initiates rising levels of fibroblast growth factor 23 (FGF-23), a
bone-derived hormone (43). FGF-23 normally acts to decrease serum PTH (44, 45),
but in CKD, FGF-23 receptors are downregulated in both the kidney and the
parathyroid gland (klotho-FGFR1 receptors) (46-48). FGF-23 increases phosphorus
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Figure 2. The development of secondary hyperparathyroidism in chronic kidney disease. Figure
reproduced from Kidney International 2010 Feb;77(4):292-8. Reproduced with
permission

excretion by the kidneys and decreases calcitriol synthesis by inhibiting la-
hydroxylase (49, 50). The enzyme la -hydroxylase converts 25-hydroxyvitamin D
(25(OH)D) to 1.25-dihydroxyvitamin D (1.25(OH),D), which is the active form.
Lower levels of 1.25(OH).D decrease the absorption of calcium from the intestine
leading to hypocalcemia, which stimulates the secretion of PTH from the parathyroid
gland. One of the main functions of PTH is to correct hypocalcemia. Calcium ion
levels are sensed by the parathyroid calcium-sensing receptors (CaSRs), which also
regulate the synthesis and secretion of PTH (51). PTH acts on bone by activating
both osteoclasts and osteoblasts to increase the efflux of calcium and phosphate. PTH
also acts on the kidney to increase reabsorption of calcium and to increase excretion
of phosphorus. In addition, PTH stimulates the production of 1.25(OH),D. At an
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early stage, the system can correct hyperphosphatemia and hypocalcemia by the
mechanisms described above, but when CKD progresses and kidney function
declines, the remedial mechanisms are exceeded, and persistent hyperphosphatemia
develops. Elevated phosphorus levels also stimulate PTH excretion and this vicious
circle eventually leads to parathyroid cell proliferation (52). As a contributory
mechanism, down-regulation of calcium-sensing receptors, vitamin D receptors and
klotho-FGFR1 receptors contribute to the development of PTH resistance (53, 54).
The chain of events leading to secondary hyperparathyroidism in CKD is shown in
Figure 2.

2.1.3.1 Phosphorus metabolism in CKD

In chronic kidney disease, the disturbance in phosphorus metabolism and the
adaptive mechanisms that are activated due to hyperphosphatemia are likely
involved in several key features of CKD, including cardiovascular complications.
High serum phosphate levels are associated with cardiovascular disease and
increased mortality in patients with CKD (55) and in the general population (56, 57).
High phosphate levels are also an independent risk factor for the development and
progression of renal disease (58, 59). Also, in patients on dialysis, high phosphate
levels independently associate with all-cause and cardiovascular mortality (60, 61).
However, there is a lack of large longitudinal intervention trials that would clarify
the impact of lowering phosphate levels on cardiovascular outcomes.

Phosphorus is a crucial factor for cell life and function, and phosphate balance is
carefully regulated to maintain sufficient phosphate levels. Phosphate uptake from
the intestine occurs via the phosphate channel NaPi-2b. Upregulation of NaPi-2b in
response to 1.25(OH),D leads to an increase in phosphate absorption from the
intestine. Chronic kidney disease does not significantly affect the intestinal uptake
of phosphate, but hyperphosphatemia causes retrieval of NaPi-2b channels in the
kidney (62), leading to increased phosphaturia. FGF-23 and PTH act on the kidney
to achieve NaPi-2b retrieval (49, 63) and hereby increase excretion of phosphate. As
GFR declines, these adaptive mechanisms are exceeded, leading to
hyperphosphatemia. Experimental studies have demonstrated that phosphate induces
vascular calcification and cardiovascular abnormalities in vitro (64, 65), and these
results have also been confirmed in vivo (66). The rising levels of FGF-23 due to
hyperphosphatemia induce additional pathologies, as discussed in the next section.

21.3.2 Fibroblast growth factor 23 and a-Klotho

FGF-23 is a key factor in the pathophysiology of CKD-MBD, and elevated levels of
FGF-23 are the first sign of development of secondary hyperparathyroidism in CKD.
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FGF-23 levels start to rise before increases in phosphate and PTH levels can be
detected (67, 68). FGF-23 levels continue to rise along with phosphate and PTH as
CKD progresses, eventually reaching their peak level during dialysis (68). FGF-23 is
secreted mainly by osteocytes in bone (69). Its physiological effect is to maintain the
balance of phosphorus and vitamin D homeostasis. FGF-23 is also a suppressor of
PTH. FGF-23 actions on the kidney and parathyroid gland are mediated through FGF
receptor 1 (FGFR1). Transmembrane a-Klotho, a co-receptor, is required for FGF-23
to bind to its receptor (70, 71). As a contributor to excess cardiovascular morbidity
linked to CKD-MBD, FGF-23’s association with a numerous different manifestations
of cardiovascular disease (CVD) have been documented. In animal studies, a direct
toxicity of FGF-23 given as an infusion was detected, causing myocyte hypertrophy
resulting in the induction and exacerbation of left ventricular hypertrophy (LVH) (72).
This effect was independent of a-klotho and was explained by the finding that FGF-
23 effects on myocardium are mediated through FGFR4, not FGFR1 (73). The rapid
elevations of FGF-23 when CKD progresses correlate with further progression of left
ventricular hypertrophy (72, 74). Several studies reveal a relationship between
elevated FGF-23 levels and congestive heart failure and atherosclerosis (75, 76), and
elevated FGF-23 levels have also been associated with hypertension (77)
Alpha-Klotho, the co-receptor when FGF-23 binds to its receptor, also has FGF-
23 independent effects. It was originally discovered in 1997 as a gene linked to aging
and has been identified as membrane-bound a-Klotho, which is the co-receptor of
FGF-23, and soluble a-Klotho, which has hormone-like properties (78). Alpha-Klotho
is highly expressed in the kidney (79), and it has multifaceted functions as an inhibitor
of apoptosis and fibrosis and an inducer of autophagy (80, 81). Most experimental data
suggest that o-Klotho has vasoprotective properties (82, 83). It also causes
phosphaturia (84) and has also shown anti-calcifying and antioxidant properties (85).

21.3.3  Wnt signaling pathways and sclerostin

Wnt signaling pathways are important in many biological processes—for example,
in cell proliferation, growth, migration, and differentiation (86). Wnt signaling plays
a key role in bone physiology and in the regulation of cellular activities and
mineralization processes in bone (87). Recent research has focused on understanding
Wnt signaling pathways and their part in the pathophysiology of CKD-MBD and
vascular calcification. It is clear that the balanced activity of Wnt pathways is
important for bone health.

In CKD, the Wnt pathways are disturbed, partly because of increased circulating
concentrations of sclerostin. Sclerostin is a Wnt inhibitor (87) and is produced almost
exclusively from osteocytes. Sclerostin was recently presented as a new possible
biomarker for bone and vascular disease, but further research is needed to establish
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its role in the pathophysiology of CKD-MBD. Sclerostin reduces bone formation by
inhibiting Wnt pathways in the osteoblasts (88). Regulation of sclerostin in bone is
not yet fully understood, but both growth factors and hormones, including PTH,
impact the secretion of sclerostin (87). There is experimental evidence of crosstalk
between PTH and Wnt signaling actions, mediated by sclerostin (89). Sclerostin
showed a negative correlation with PTH and a strong negative association with
parameters of bone turnover in dialysis patients (90).

214 CKD-MBD and vascular calcification

It is well acknowledged that vascular calcification and cardiovascular disease are
overrepresented in patients with chronic kidney disease. CVD is the leading cause of
morbidity and mortality in patients with end-stage renal disease. The prevalence of
vascular calcification increases with decreasing kidney function. In addition to
traditional risk factors of cardiovascular disease (91), multiple non-traditional risk
factors such as uremic toxins, oxidative stress and inflammation, together with
abnormal bone and mineral metabolism, contribute to the excess cardiovascular
burden in patients on dialysis (2, 92). The presence of vascular calcification is also a
non-traditional risk-factor in the CKD population. Vascular calcification is highly
predictive of CVD and mortality (93-95). The risk factor profile of cardiovascular
disease seems to differ in the CKD population compared to the general population
(96), which is supported by the fact that several large randomized controlled trials have
found no survival benefit of different treatment strategies, including lipid-lowering
treatment (97), treatment with angiotensin-converting enzyme inhibitors (98) and
increased dialysis dose (99). CKD and the progression of kidney disease seem to affect
several pathways involved in different tissues’ healthy homeostasis contributing to the
excess development of vascular calcification in the CKD population.

Pathophysiologically there are two types of vascular calcification: deposition of
calcium-phosphate salts occurring in the intima of the blood vessels and deposition
of calcium-phosphate salts in the media of the blood vessels (94). In addition,
valvular calcification, often observed in calcific aortic valve disease, is characterized
by the deposition of calcium salts in the heart valves (100). The impact of vascular
calcification on cardiovascular outcomes depends on the location of the mineral
deposition. Intimal calcification reflects atherosclerosis plaque burden and is a
predictor of cardiovascular events and mortality (101). Medial calcification induces
stiffness of the vessels and left ventricular hypertrophy and can result in heart failure
(102). Vascular calcification of the media is more specific to CKD (103), even
though all types are common in CKD patients. Valvular calcification causes valve
stenosis, and this can contribute to the development of cardiac hypertrophy and valve
and heart failure (104).
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chronic kidney disease. Figure reproduced from Toxins (Basel). 2019 Nov 6;11(11):647.
Reproduced with permission. FGFR4 is the fibroblast growth factor receptor 4 situated
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The development of vascular calcification in the CKD population is strongly
interconnected with disturbance in mineral and bone metabolism (19). The
cardiovascular consequences of elevated FGF-23 and hyperphosphatemia are shown
in Figure 3. The development of vascular calcification is an actively cell-regulated
pathology, and the understanding of the complex molecular mechanisms regulating
this process have increased due to advances in research in this field (105, 106). In
the CKD population, a number of calcification inducers are increased, and at the
same time, active inhibitors are decreased (107, 108). Inducers of calcification
include hypercalcemia as well as increased levels of PTH, uremic toxins and
oxidative stress, and, perhaps most importantly, phosphate (105). As discussed
above, hyperphosphatemia is strongly associated with vascular calcification and
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CVD morbidity and mortality. The mechanisms by which phosphate promotes
vascular calcification are linked to the sodium-dependent Pi cotransporter expressed
by the vascular smooth cells (109). This cotransporter utilizes phosphate uptake and
promote osteochondrogenic phenotype changes, synthesis of bone-related proteins
and calcification of the extracellular matrix (110, 111). Phosphate is also a major
part of hydroxyapatite, and increases in calcium-phosphate product may also
contribute to crystal precipitation in the vasculature (112).

FGF-23 is strongly related to phosphate homeostasis. FGF-23’s role in the
pathophysiology of CKD-MBD is more closely explained in Section 2.1.2.2. In
addition to hyperphosphatemia, high FGF-23 levels have a central role in
pathological cardiovascular remodeling (67, 113). Higher FGF-23 levels are
associated with increased risk of developing hypertension (114, 115), and elevated
FGF-23 levels might also be a causal factor in the development of hypertension in
CKD patients. One theory is that FGF-23, by causing 1.25(OH),D deficiency,
activates the renin-angiotensin-aldosterone system (RAAS), causing hypertension
(116). FGF-23 is also thought to activate RAAS by suppressing the angiotensin-
converting enzyme 2, which eventually results in increased angiotensin II levels
(117). The direct effect of FGF-23 on vascular calcification is controversial. There
are both studies that indicate and that rule out an association of elevated FGF-23
levels and vascular calcification (118, 119). There is strong evidence that FGF-23
contributes to the development of left ventricular hypertrophy, especially under
uremic conditions, where Klotho defiance is also present (68, 120, 121).

Because both phosphate and FGF-23 contribute to the development of
cardiovascular disease in the CKD population by distinct mechanisms, both are
considered as therapeutic targets to improve CKD-associated cardiovascular
morbidity. FGF-23 has been presented as a novel biomarker of cardiovascular risk
(122). Therapeutic options such as blockage of FGFR4 and blockage FGF-23
antibodies in X-linked hypophosphatemia have been considered. The FGFR4
receptor is situated in the heart and is therefore an interesting target. Pre-treatment
with anti-FGFR4 can prevent the hypertrophic effect of FGF-23 in vitro (123).
Ongoing  safety trials of FGFR4  blockade are reported at
clinicaltrials.gov: NCT02476019.

2.1.41 Detection of vascular calcification

Vascular calcification is associated with, and predictive of, worse prognoses in
patients with chronic kidney disease. Several noninvasive imaging techniques can
provide useful prognostic information about the degree of vascular calcification in
CKD patients. Imaging markers of vascular calcification represent the cumulative
results of prolonged exposure to one or several risk factors and might therefore be
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better outcome predictors than serological markers (124). KDIGO (1) suggests a
lateral abdominal radiograph or an echocardiogram as reasonable alternatives to
computed tomography-based imaging for detection of arterial calcification and as a
marker of risk in CKD. KDIGO also suggests that patients with detected vascular or
valvular calcification should be considered at high cardiovascular risk.

Coronary artery calcification as assessed by computed tomography (CT)
represents the golden standard for vascular calcification imaging (125). Non-contrast
CT of the heart used to assess coronary calcification is highly sensitive for detection
of coronary disease (14, 126), and coronary calcification is associated with
cardiovascular disease, myocardial infarction and all-cause mortality in patients with
chronic kidney disease, including patients on dialysis (13, 127, 128). Coronary artery
calcium score (CAC), is the sum of all areas of calcification in the coronary artery
tree and represents the risk for cardiovascular disease in an individual patient, not
the risk for plaque rupture (129). However, among patients on dialysis, both the total
CAC and the CAC calculated from each epicardial coronary artery predicted a
reduced survival (130). In the CKD population, even a minimal amount of
calcification is associated with increased risk of cardiovascular events during follow-
up (131). However, even though computed tomography (CT) shows good sensitivity
and specificity for detecting coronary calcification, simpler imaging tools might be
more eligible in clinical practice when screening these patients.

Lateral abdominal X-rays are a simple imaging method that can be used to detect
abdominal aortic calcification. KDIGO has since 2009 recommended routine lateral
plain radiography in patients with CKD stage 3-5D (1), and it is used in clinical
practice to provide information about aortic calcification and cardiovascular risk
(132). Abdominal aortic calcification (AAC) increases with age (133) and is also
associated with cardiovascular morbidity and cardiovascular outcomes in the CKD
population and in patients on dialysis (95, 134-136). AAC correlates with CAC and
is an independent predictor of obstructive coronary disease (135, 137, 138).

Standard transthoracic echocardiograms can detect cardiac valve calcification
and can discriminate between patients with extensive vascular calcification burden
(139). Cardiac valve calcification is common in patients on dialysis, and up to a 40%
incidence of either mitral or aortic valve calcification has been shown in patients on
hemodialysis (140). Cardiac valve calcification predicts poor outcome in patients on
dialysis, but only mitral valve calcification showed significance association with all-
cause mortality (140).

In summary, the literature available suggests that detection of vascular
calcification as well as detection of vascular calcification progression identify CKD
patients with greater risk of cardiovascular events or of death and can help in the
management of this patient group.
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2142 Calciphylaxis

Calciphylaxis is a rare condition typically affecting patients with end-stage kidney
disease (141), but it can also occur in earlier stages of kidney disease (141) and in acute
kidney injury (142). In rare cases, calciphylaxis can occur in patients with normal
kidney function (143). The pathogenesis of calciphylaxis is uncertain but is linked to
the disturbance in calcium and phosphate homeostasis in CKD patients and depends
on the balance between calcification inducers and inhibitors (144, 145). Calciphylaxis
is characterized by occlusion of microvessels in the subcutaneous adipose tissue and
in the dermis leading to ischemic skin lesions. Histological analysis suggest that
narrowed microvessels lead to chronic ischemia and further occlusion of the vessels
leads to infarction and necrosis of the skin (146). The lesions are very painful and the
prognosis is in general poor (147). A one-year mortality rate of 45 to 80% has been
reported, and sepsis is the leading cause of death. Risk factors for calciphylaxis include
female sex, obesity, diabetes mellitus and dependence on dialysis for more than two
years. Both severe secondary hyperparathyroidism and oversuppressed PTH due to
medication are risk factors for calciphylaxis (141, 148). Hypercalcemia is also an
identified risk factor (148). The use of warfarin increases the risk of calciphylaxis
(149). Warfarin is a vitamin K antagonist, and there is evidence that endogenous
inhibitors of vascular activation also are K-vitamin-dependent for activation, even
though the mechanisms are not fully understood (150).

The diagnosis of calciphylaxis is confirmed by skin biopsy, even though the
clinical manifestations often evoke the suspicion. The treatment includes sufficient
analgesia and wound management including antibiotic and surgical interventions. In
addition, avoiding risk factors and treating secondary hyperparathyroidism
appropriately, even though the optimal level for PTH in calciphylaxis is unknown,
is part of treatment. Intake of vitamin D and calcium substitute should be avoided,
and in patients on dialysis, increasing the length or frequency of dialysis sessions
might accelerate wound healing (151). Warfarin treatment should be avoided.
Sodium thiosulphate has been used as a pharmacotherapeutic agent for the treatment
of calciphylaxis with promising results (152). There are several ongoing intervention
trials evaluating different treatments, such as vitamin K1 and sodium thiosulphate
(clinicaltrials.gov: NCT05018221 and NCT02278692).

215 Renal osteodystrophy (ROD)

The term renal osteodystrophy is used to describe the large range of bone
abnormalities associated with kidney disease and abnormalities in bone and mineral
homeostasis. Bone disease resulting from CKD was first noticed in 1890, and already
by the 1940s, the term renal osteodystrophy was used (153). During the last
centuries, our understanding about the complexity of the pathophysiology of this
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bone disease has developed greatly. Renal osteodystrophy is responsible for major
morbidity in CKD patients, including fractures. The classification has been updated,
and the description and terminology have evolved. Still, one problem has been that
different investigators use non-standardized nomenclature. In addition, universal
reference values for different stages of the bone disease in different patient groups
are lacking, which challenges research settings in this field.

2.1.5.1 Classification of renal osteodystrophy

The classification of renal osteodystrophy is based on determining bone turnover, bone
mineralization and bone volume, the TMV classification (19). These parameters are
obtained from bone biopsies. The subgroups of renal osteodystrophy can be divided
into high-turnover, low-turnover, and normal-turnover bone disease. In the literature,
high-turnover bone disease is often referred to as hyperparathyroid bone disease or
osteitis fibrosa cystica in severe cases. Low-turnover bone disease is referred to as
adynamic bone disease. In addition, the patient can have a mineralization defect or
increased or decreased bone volume. In high-turnover bone disease, bone formation
rate is elevated, and PTH and alkaline phosphatase levels are typically elevated. PTH
activates osteoclasts and osteoblasts in the bone and increases calcium and phosphate
release from the bone into the circulation. PTH secretion has an anabolic effect on
bone, but sustained elevated levels lead to excess bone resorption (154) and increased
disordered bone formation (155), which impact both the quality and the quantity of
bone. High levels of PTH are also associated with low bone density in CKD (156).
Low-turnover bone disease is a medically induced state. In low-turnover bone disease,
the bone formation rate is low, and PTH levels are also low, leading to excess calcium
and phosphate in circulation because of diminished uptake into bone. Both high- and
low-turnover bone disease impact the quality and strength of bone and contribute to
increased vascular calcification. Histomorphometric findings of each category of renal
osteodystrophy are described in detail in Section 2.3.2.3.

2152 Renal osteodystrophy and osteoporosis

Fracture risk increases with decreasing kidney function four- to six-fold in end-stage
kidney disease (157). Also, many other conditions common in CKD patients such as
diabetes, malnutrition and advanced age contribute to fracture risk. Fractures are a
major cause of morbidity in the CKD population, and fractures are associated with
hospitalization and mortality (158). The World Health Organization defines
osteoporosis as a T-score < 2.5; also, the presence of low trauma fracture regardless
of bone density can be defined as osteoporosis. However, T-score is not validated in
the CKD population.
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CKD-related osteoporosis is a state of bone fragility, with reduced skeletal
resistance to trauma. Multiple risk factors, both traditional and non-traditional,
contribute to the increased fracture risk in CKD patients (159). As the prevalence of
CKD increases with age, there is a significant overlap with primary age-related
osteoporosis. In addition, oxidative stress caused by kidney insufficiency accelerates
the aging process, further increasing the impact on bone. Kidney patients have
multiple comorbidities, such as inflammatory diseases and diabetes that impact bone
health, as well as medication (160). In kidney disease, the uremic environment
includes time spent on dialysis, uremic toxins, chronic metabolic acidosis, ongoing
inflammation, and disturbed mineral metabolism, all of which contribute to the
metabolic bone disease renal osteodystrophy (159). Abnormal turnover can affect
both the quantity and the quality of bone. High turnover causes excess bone
resorption and accumulation of unmineralized osteoid (161). In the case of low
turnover, which is a medically induced state, both bone resorption and formation are
depressed (162), and this combined suppression might be harmful to bone health
(163). Bone histomorphometry also reveals lower trabecular volume and reduced
trabecular thickness in low-turnover bone (164). Mineralization defects have
diminished significantly due to improved dialysis, water purification and
discontinuation of aluminum-based phosphate binders (165). Vitamin D deficiency
can contribute to a mineralization defect (166), and sufficient phosphate levels are
needed for proper mineralization, but this is rarely a problem in CKD patients.

The relationship between bone histomorphometry in renal osteodystrophy and
fracture risk is not yet fully established. A small study shows more axial fractures in
patients with low-turnover disease and more peripheral fractures in high-turnover
(167), but in a recent published study there was no association between subtypes of
ROD and fractures (168). However, the incidence of fracture in this study was low,
and this may have underpowered the endpoint.

The evaluation and treatment of end-stage kidney disease patients with fractures
is challenging. KDIGO guidelines (169) from 2017 recommended that bone density
measured by dual-energy X-ray absorptiometry (DXA) can be used in fracture risk
assessment, together with other risk factors for osteoporosis. DXA, however, cannot
estimate the underlying bone disease. The fracture risk assessment tool (FRAX) can
also be used to assess fracture risk in CKD patients, but again, it is not validated in
this population.

The treatment of osteoporosis and fractures in ESKD is a matter of contradiction.
Also, antifracture agents have not been developed for or adequately studied in
patients with mineral and bone metabolism disorder, which is a challenge in clinical
decision-making. In addition, data on the effect to prevent fractures is lacking.
Treating secondary hyperparathyroidism through control of vitamin D deficiency,
hyperphosphatemia, and hyperparathyroidism is recommended before initiating
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osteoporosis therapy (170). In patients with CKD grades 1-3, antiresorptive
osteoporosis treatment—that is, bisphosphonates—can be used safely. However, in
patients with CKD 4-5D, the role of the subgroups of renal osteodystrophy and bone
turnover becomes more important. Bone biopsy is not easily available in many units,
and reliable biomarkers of turnover are not yet in clinical use. The use of
antiresorptive medication in this patient group needs further clarification.

2.2 Biomarkers in renal osteodystrophy

Many available treatments for renal osteodystrophy target bone turnover, such as
calcimimetics, bisphosphonates, denosumab and teriparatide. The effects on
mineralization and volume are a result of the intervention on osteoclasts and
osteoblasts. Bone biopsy is the gold standard for assessing dynamic parameters of
bone, but it has several limitations, including taking into consideration that bone
formation is a cyclic process (171), that bone biopsy is not easily repeated and that
it is not available in every unit. Therefore, circulating biomarkers that measure bone
turnover are needed in longitudinal assessment of bone turnover for clinical decision-
making to select and initiate treatment and to monitor treatment effects. A few
biomarkers of renal osteodystrophy are already in clinical use, such as PTH and
bone-specific alkaline phosphatase, even though the ability to reliably estimate high
or low turnover is limited. Several biomarkers are used only in clinical studies. CKD
diminishes the clearance of many biomarkers or alters their metabolism, which is
important to remember. It is also important to remember that even though bone
formation and bone resorption usually are in balance in renal osteodystrophy (171,
172), there are stages, such as postmenopause (173), and situations, such as the use
of glucocorticoids (174), where this might differ.

2.2.1 Parathormone

Parathormone, PTH is the most frequently used biomarker in clinical practice for
estimating bone turnover. In contrast to most other biomarkers of bone turnover,
PTH is not produced in bone tissue but in the parathyroid glands. Guidelines in
nephrology provide PTH target ranges for CKD grade 5D patients (1); the
definition of these ranges is, however, predominantly based on studies that show
association between PTH levels and mortality (175). There is limited information
about the optimal PTH level in patients not on dialysis. There is also lack of
evidence when it comes to what PTH level would be optimal in order to prevent
fractures. KDIGO recommends a target range of PTH of 2-9 times the upper
normal limit for CKD stage 5D patients. However, PTH's ability to correctly
estimate turnover in bone being in this range is limited (7). In cases of extremely
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high or low PTH levels, the accuracy of predicting the underlying bone disorder
improves (176, 177). Sprague et al. (7) showed in a study of 492 dialysis patients
a sensitivity of 65% and specificity of 67% for low-turnover bone disease when
using cut-off levels recommended by KDIGO. The sensitivity for high-turnover
bone disease was 37% and specificity of 84%. In a study of 69 CKD stages 4-5D
patients, PTH's sensitivity and specificity to recognize low-turnover bone disease
was 70 and 53% and 53 and 96%, respectively, to recognize high-turnover bone
disease (178). Still, up-to-date PTH is currently the most useful biomarker for
measuring bone turnover in CKD.

2.2.2 Bone-specific alkaline phosphatase

A little less than 50% of circulating alkaline phosphatase is bone-derived alkaline
phosphatase (BSAP) (179). BSAP is produced by the osteoblasts, and it serves as a
marker of bone turnover and bone formation. Both BSAP and total alkaline
phosphatase are associated with both cardiovascular and all-cause mortality and with
fractures (180, 181). When it comes to the diagnostic accuracy of BSAP, the evidence
is controversial. In recent studies, (7, 178) BSAP seems to recognize low-turnover
bone disease slightly better that PTH, but PTH was better in recognizing high-turnover
bone disease. The study of Sprague (7) did not support the combined use of PTH and
BSAP for better diagnostic accuracy. BSAP might be useful in clinical practice,
especially when evaluating patients with low-turnover bone disease.

2.2.3 Tartrate-resistant acid phosphatase

Tartrate-resistant acid phosphatase 5b (TRAPS5b) is mainly an osteoclast-derived
enzyme (182), which is directly released during the process of bone resorption.
TRAPS5D is not affected by CKD (174), not even by hemodialysis or peritoneal
dialysis (183, 184), and therefore makes it an attractive biomarker for measuring
bone resorption in CKD. In the study of Salam and co-workers (178), TRAPSb
showed a positive correlation with bone-formation rate. The sensitivity and
specificity for recognizing low turnover disease was 89 and 71% and for recognizing
high-turnover bone disease 81 and 58%, respectively. Further research is needed to
establish whether TRAP5b could work in a clinical setting in the diagnosis of the
subtypes of renal osteodystrophy in CKD patients.

224 Procollagen type 1 N-terminal propeptide

Procollagen type 1 N-terminal propeptide (P1NP) is formed by the osteoblasts and
is a marker of bone formation (185). When using P1NP, it is important to know the
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specific assay characteristics, thus only intact PINP assay is reliable in the CKD
population (186). PINP showed a positive correlation with bone-formation rate in
the study of Salam and co-workers (178). PINP diagnostic accuracy to recognize
low-turnover bone disease was better than PTH, and P1NP diagnostic accuracy to
recognize high turnover was the same as PTH. More research is needed to establish
whether PINP could work also in a clinical setting.

2.2.5 Collagen type 1 crosslinked C-telopeptide

Collagen type 1 crosslinked C-telopeptide (CTX) is a marker of bone resorption and
is used in clinical practice in patients with normal kidney function when evaluating
treatment response of osteoporosis. Unfortunately, CTX has kinetic characteristics
that limit its use in the CKD population. Its removal from the circulation is highly
dependent on kidney function (185), and therefore it cannot be recommended as a
biomarker in the evaluation of renal osteodystrophy.

2.3 Bone biopsy in renal osteodystrophy

Bone biopsy is the gold standard in the characterization of renal osteodystrophy.
Despite this, only a limited number of centers in Europe perform bone biopsies. The
bone biopsy procedure is experienced as painful, costly and time consuming, and the
histopathological expertise is lacking in many countries (187). In Finland, bone
biopsies are available routinely in Turku and Helsinki.

The KDIGO 2017 guideline update (169) on diagnosis, evaluation, prevention
and treatment of CKD-MBD suggest that a bone biopsy is indicated in CKD 3-5D
patients when the knowledge of the type of ROD impacts treatment decisions. A
European expert group of CKD-MBD agreed upon the following clinical indications
for performing a bone biopsy (187):

1. low-impact fracture

2. unexplained bone pain prior to parathyroidectomy, to confirm high-
turnover bone disease before a surgical intervention

3. unexplained hypercalcemia or radiologic abnormality

4. before initiation of antiresorptive drug, to exclude low-turnover bone
disease

5. suspected or proven overload or toxicity from heavy or rare metals

Part of the expert group also suggested a bone biopsy if there is a discordance
between PTH and alkaline phosphatase. In addition, KDIGO (169) suggests
considering a bone biopsy in cases of suspicion of osteomalacia, inconsistent PTH
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trends, unexplained fractures, refractory hypercalcemia or atypical response to
standard therapies for elevated PTH. KDIGO guidelines do not suggest a bone
biopsy before initiating antiresorptive medicine in CKD stages 3—4. In summary one
can state that the goal of taking a bone biopsy would be to determine if the patient
has high- or low-turnover disease before treatment decisions, especially before
parathyroidectomy, to identify a mineralization defect or to rule out unexplained
bone pathology.

2.3.1 Bone biopsy techniques

The preferred site for a bone biopsy when evaluating renal osteodystrophy is the
anterior iliac crest. The technique has been proven safe in clinical practice and is
associated with minimal morbidity. Anticoagulation medication is disrupted before
the biopsy, and routine laboratory tests are obtained, including full blood count and
coagulation screen. The bone biopsy is usually performed under local anesthesia in
outpatient facilities. Bone biopsies from the anterior iliac crest can be obtained either
in a horizontal or a vertical direction. The most widely used approach is the
horizontal transiliac approach (187, 188), even though some physicians prefer the
vertical approach, which might be safer and the bone samples might be less damaged
(189). The horizontal direction provides information about both outer and inner
cortices. The vertical direction allows assessment of both subcortical and deep
cancellous bone.

Bone biopsies should be obtained with minimal surgical invasiveness but still be
sufficient for histomorphometric analysis. Previously, bone samples of + 8mm in
diameter and 1.5-2 cm in length were considered appropriate, but current knowledge
indicates that bone samples of a diameter between 4.0 and 4.5 mm may be sufficient.
Smaller needles may decrease complication rates, even though they are low even
using larger needles (190). Anyhow, operator skills and the use of appropriate
instruments determine adequate quality of bone sampling.

2.3.2 Bone histomorphometry

Bone histomorphometry allows the assessment of both qualitative and quantitative
qualities of bone. In order to obtain information about dynamic histomorphometric
parameters, such as mineralization state, bone formation rate and bone turnover,
double labeling of the bone surface with fluorochrome compounds needs to be
performed prior to the bone biopsy. As fluorochrome compounds, demeclocycline
or tetracycline can be used; these compounds are incorporated into bone. Usually,
the schedule consists of a few days of the dosing period, then a drug-free interval of
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ten days and then further a few days of the dosing period. The bone biopsy is then
performed 7-14 days after the second dosing period.

After the procedure, the samples are immediately transferred to 70% ethanol for
fixation (191). Bone sections must be conserved without previous decalcification in
order to do complete evaluation of the bone biopsy sample. Thus, after ethanol
fixation the samples are dehydrated and embedded in polymethyl methacrylate. Bone
histomorphometric measurements are obtained numerically by using computerized
image analysis systems, and they should be reported according to the nomenclature
recommended by the American Society of Bone and Mineral Research (191).
Histomorphometric parameters are derived from primary measurements such as
perimeter, thickness and area and can be divided into remodeling parameters and
structural parameters (191, 192). Standard bone histomorphometry is typically
limited to the analysis of cancellous bone.

KDIGO (19) suggests that bone biopsies in patients with CKD should be
characterized by bone turnover, mineralization, and volume (TMV). The exact
methods of ensuring these parameters or universal reference values were, however,
not reported.

2.3.2.1 Remodeling parameters

Static parameters provide information about the extent of absorption cavities and the
amount of unmineralized bone. Osteoid volume (OV/BV, %) means the percent of a
given volume of bone tissue that consists of osteoid (unmineralized bone). Osteoid
surface (OS/BS, %) is the percent of bone surface covered in osteoid, and osteoid
thickness (O.Th) is the thickness for osteoid seams. Eroded surface (ES/BS, %) is
the percent of bone surface occupied by resorption cavities. Large resorption cavities
are characteristic to hyperparathyroidism. Also, osteoblast and osteoclast surfaces
(Ob.S/BS and Oc.S/BS) are static parameters. They reflect the percent of bone
surface covered with osteoblasts or osteoclasts.

Dynamic parameters give information about bone-formation rate and bone
turnover. These parameters can only be measured after double-labeling with
tetracycline or demeclocycline prior to the bone biopsy. Dynamic parameters are
measured on the unstained sections, viewed under UV light. The basic parameters
follow. Mineralizing surface (MS/BS, %), which is the percent of the bone that displays
a tetracycline label, reflects active mineralization. It is a measure of the proportion of
the bone surface upon which new mineralized bone is being deposited during a period
of tetracycline labeling. Mineral apposition rate (MAR, microm/day) is a measurement
of linear rate of new bone deposition. It is measured by calculating the mean distance
between double labels divided by the time interval between them. Bone formation rate
(BFR/BS microm*/microm %day) is the amount of new bone formed in unit time per
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unit of bone surface. It is calculated by multiplying the mineral apposition rate and
mineralizing surface (MS/BS % x MAR um/d). Adjusted apposition rate (Aj.AR)
indicates the amount of new bone being reported per unit of osteoid surface (when BFR
is adjusted to the entire osteoid surface) per unit of time. Mineralization lag time
(Mlt/day) represents the average time interval between osteoid formation and its
mineralization. It is calculated by dividing the osteoid width by the apposition rate.
Activation frequency (Ac.f) estimates bone remodeling rate and is calculated by
dividing BFR/BS by wall width. Activation frequency represents the probability that a
new remodeling cycle will be initiated on the bone surface at any point.

2.3.2.2 Structural parameters

Structural parameters are related to the three-dimensional geometry of the bone, and
they are calculated from measurements of the total bone perimeter and the total area.
Structural parameters can provide information about bone mass and structure. The
bone structure is associated with bone strength (193). One structural parameter is
cancellous bone volume (BV/TV %), which is the percent of marrow cavity that is
occupied by cancellous bone. Also trabecular thickness (Tb.Th) and wall width or
thickness (W.Th) are structural parameters. W.Th means the distance from the
cement line to the marrow of space of completed bone osteons. There is a large error
from one biopsy to another when measuring bone volume (194), and even though
volume is recommended in the TMV classification of bone biopsies (19), there is no
research linking bone volume to the subgroups in renal osteodystrophy; each
category may have patients with high or low bone volume (195). However, it is
expected that patients with low bone volume have higher fracture risk, even though
more research is needed in this area

2.3.2.3 Histomorphometric parameters in renal osteodystrophy

In general, bone abnormalities related to renal osteodystrophy may be categorized
under three headings: 1) abnormalities of turnover; 2) abnormalities of bone balance,
in other words bone volume, which gives information about whether the patients is
losing or gaining bone; and 3) abnormalities in mineralization (19); see Figure 4. In
renal osteodystrophy, the patient can have high-turnover bone disease or low-turnover
bone disease with or without a mineralization defect. In addition, the patient can, for
example, have loss of bone volume that is negative bone balance, as in osteoporosis.
These three categories tell the physician whether the patients have abnormal bone
remodeling, bone loss or bone gain or abnormalities in mineralization (21).
High-turnover bone disease refers to the term hyperparathyroid bone disease,
which is still used in the literature. Severe cases are referred to as osteitis fibrosa
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cystica. High-turnover bone disease is defined by increased turnover, demonstrated by
high bone formation rate, and increased eroded, osteoid and mineralizing surfaces. In
addition, osteoclast and osteoblast activities are elevated, and osteoid width and
peritrabecular fibrosis are increased (172, 196-198). The double tetracycline labels are
usually seen clearly in high-turnover bone disease; see Figure SAb.

Low-turnover bone disease refers to the term adynamic bone disease. Low-
turnover bone disease is defined by low turnover, demonstrated by low bone
formation and low erosion rates and reduced osteoblast and osteoclast activities
(Figure 5Ba). When the bone formation is very slow, the tetracycline labels do not
show separation, and it is difficult to tell if a label is a double or a single label (Figure
5Bb). The labels can also be missing when bone formation is very low (199). If a
mineralization defect is observed together with high-turnover disease, it is called
mixed uremic osteodystrophy. If a mineralization defect is observed together with
low-turnover bone disease (200, 201), it is called osteomalacia. The osteoid is
thickened when there is a mineralization defect (171, 202).

Figure 4. Theoretical construction of the Turnover-Mineralization-Volume framework in renal
osteodystrophy. Figure reproduced from Curr Osteoporos Rep. 2017 Jun;15(3):187-
193. Reproduced with permission.
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2.3.2.4 Histomorphometric reference values

The assessment of normal values of histomorphometric parameters is challenging.
Race, gender, and age may cause variance in these parameters, making it difficult to
set normal values. The range of different histomorphometric parameters varies in
different studies (21, 161, 200, 201, 203-205). In the field of nephrological research,
Malluche’s reference values are the most cited (21, 197, 204). The static
histomorphometric parameters are based on biopsies from 84 normal American
subjects, but the dynamic parameters are based on bone biopsies taken from 14
healthy men and 14 healthy women, ages 20—83 years (204). Malluche et al. have
suggested reference values for bone turnover, bone balance and bone mineralization
(149): 1) bone turnover: Ac.f: 0.49-0.72 /year, BFR 1.8-3.8 mm*/mm?*/y, 2) bone
balance: BV/TV 16.8-22.9%, and 3) bone mineralization: Mlt < 50 days, O.th <20
um. However, in the studies of Recker, for example (200, 201), where both healthy
men and women (before and after menopause) underwent bone biopsies, bone-
formation rate values were substantial lower than in the studies of Malluche (21, 203,
204). In the studies of Recker and co-workers, altogether 96 healthy men and women
underwent biopsies. Many histomorphometric parameters show differences in men
and women (164, 206), and the result of statics parameters such as osteoclast and
osteoblast activity also show variation with age. In addition, the microarchitecture in
different sites of the skeleton shows intra-individual variability (207). Universal
reference values for different histomorphometric parameters, especially the dynamic
parameters, would be helpful in the comparability of research results in this field.

Figure 5. Histomorpho-
metric images of a patient
with high turnover bone
disease (A) and low-
turnover bone disease (B).
In  high-turnover  bone
disease, osteoblast activity
is increased, and the osteoid
thickness is increased (Aa).
The double labels are clear
(Ab). In low-turnover bone
disease, no osteoblasts or
osteoclasts can be identified
(Ba), and the double labels
are blurred (Bb).

35


http://o.th/

Louise Aaltonen

Table 2. Strengths and weaknesses of bone biopsy and different imaging modalities used in
renal osteodystrophy.
Strengths Weaknesses
Gold standard Information about only one small
Information about bone turnover, spot of the skeleton
Bone biopsy mineralization and volume Low reproducibility and high costs
(histomorphometry) Procedural morbidity
Information about bone quality Is not available in every unit
Measurement of bone mineral Information about only quantitative
density measurement of bone,
DXA Estimation of fracture risk No information about bone quality,
Low costs such as bone turnover and bone
Low radiation architecture
Measurement of trabecular No information about dynamic
microarchitecture parameters such as bone turnover
TBS Estimation of fracture risk and bone-formation rate
Low costs
Low radiation
Good spatial resolution Costly
Differentiation between trabecular Static measurement of bone
HR-pQCT and cortical bone
Volumetric BMD
Low radiation
Measurement of microarchitecture ~ Complicated scan protocols, largely
of bone replaced by HR-pQCT in research
bald Measurement of cortical porosity settings
Causes no radiation
Noninvasive Costly
Measurement of bone turnover Not available in every unit
8F-NaF-PET Gives a wider picture of the skeleton Causes radiation

High reproducibility
Fast

The terms for different imaging modalities are explained in the text and in the Abbreviations section

2.4

Imaging techniques in renal osteodystrophy

Medical imaging has provided a significant contribution to clinical decision-making,
and the development of bone imaging has contributed to the creation of several
treatment algorithms (208). Although novel imaging techniques used in the evaluation
of renal osteodystrophy are promising in terms of their ability to noninvasively quantify
components of ROD, only a few imaging modalities can measure bone turnover. Of the
imaging methods presented here, only dual-energy X-ray absorptiometry is used in
clinical practice in Finland. Plain radiographical findings, e.g., in hands were previously
used in diagnosing severe hyperparathyroid bone disease. This technique is currently
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not routinely in clinical use and is not presented here. The other imaging techniques are
for the time being used only in research settings.

241 Dual-energy X-ray absorptiometry

Dual-energy X-ray absorptiometry (DXA) is a valuable diagnostic tool for
quantification of bone mineral density (BMD) and evaluation of fracture risk (209).
The most common modality is axial measurement of the lumbar spine and the hip
using a stationary scan table. DXA produces little radiation and obtains a rapidly
acquired two-dimensional image with good resolution. The WHO international
reference standard for osteoporosis is a T score of -2.5 or less at the femoral neck in
the DXA. An important limitation of DXA is that surrounding calcifications may
reduce the accuracy of two-dimensional BMD assessment. In the CKD population,
BMD measured by DXA is a measurement of both trabecular and cortical bone. A
low BMD may indicate any combination of osteopenia, osteoporosis or changes in
bone due to renal osteodystrophy. Still, DXA is a valid tool also recommended by
the KDIGO guidelines (169) to assess fracture risk and as a baseline measure before
initiating treatment or for monitoring treatment response (209). BMD measured by
DXA is predictive of fracture also in the CKD grades 3—5D population (210, 211).
BMD does not provide information about bone turnover or the changes of
microarchitecture in bone, and therefore, in clinical practice, additional information
is needed before initiating treatment.

24.2 DXA-derived trabecular bone score

DXA-derived trabecular bone score (TBS) is a recently developed diagnostic tool
for assessing the image texture obtained from standard DXA. TBS provides
information about trabecular microarchitecture independent of BMD (212). TBS can
be derived from available DXA images and requires no additional scanning. An
advantage of TBS is that degenerative changes or overlapping vascular calcifications
do not interfere with its measurement. Lower TBS at the lumbar spine is associated
with higher risk of fragility fractures in patients with GFR less than 60ml/min
independently of BMD or other risk factors (213). TBS scores are lower in
hemodialysis patients than in controls without osteoporosis (214), and TBS
correlates with T- and Z-scores measured by DXA at the lumbar spine and proximal
femur in hemodialysis patients (215). Previous studies have demonstrated that TBS
associates with trabecular microarchitecture and cortical width measured by bone
histomorphometry and high-resolution peripheral computed tomography (216, 217).
Still, in the diagnosis and management of osteoporosis in CKD grades 4-5D, further
evaluation is needed before implementation of TBS into clinical practice is possible.
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24.3 High-resolution peripheral computed tomography

High-resolution peripheral computed tomography (HR-pQCT) provides excellent
spatial resolution and can differentiate between trabecular and cortical bone using a
low radiation dose. HR-pQCT scans are usually performed on the distal tibia and
radius. The distal tibia and radius consist mainly of cortical bone. Bone loss in CKD
is partially due to cortical bone deterioration, and cortical bone loss can be more
rapid than trabecular bone loss in CKD patients (218). HR-pQCT is associated with
prevalent fractures in dialysis patients, and the association was stronger than between
DXA and fractures (219). Parameters of distal radius HR-pQCT showed a negative
correlation with bone-formation rate obtained by bone biopsy in one small study
(178). Nevertheless, HR-pQCT is restricted to examination of the distal forearm and
leg and requires expensive equipment. Therefore, HR-pQCT is used only in research
settings.

244 Magnetic resonance imaging

Magnetic resonance imaging (MRI) was used in the past for imaging trabecular
architecture but has largely been replaced by HR-pQCT due to complicated scan
protocols that are not routinely available. MRI’s main advantages are the direct
acquisition of images and acquisition of functional information from bone, beyond
the mineralized component (220). Advanced MRI techniques might provide useful
additional information in the future about microarchitecture in bone, hopefully
including the CKD population.

245  '8F-sodium fluoride positron emission tomography

Positron emission tomography (PET) is an imaging method that enables
measurement of molecular function in tissues and organs. PET utilizes the
distribution of different positron-emitting tracers without interfering with normal
body functions. Many different biological molecules can be labeled with short half-
lived positron-emitting isotopes, and these labeled molecules can be measured and
quantified by using PET scanners.

8F-sodium fluoride positron emission tomography ('*F-NaF-PET) enables
noninvasive quantitative studies of regional bone turnover (10, 221). '8F-sodium
fluoride ('®F-NaF) is a bone-seeking tracer, with a half-life of 110 minutes, that
provides a unique way of assessing regional bone turnover (222). "*F-fluoride has
rapid and high affinity for bone and rapid plasma clearance, resulting in high tissue-
to-background ratios and therefore high-quality images. '®F-fluoride incorporates
into bone at sites of high osteoblastic activity and newly mineralized bone (223). The
highest uptake is seen in trabecular bone. The binding of '8F-fluoride to plasma
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protein is minimal, allowing imaging to be performed rather quickly after tracer
administration (11). '®F-Na" is produced by 11-MeV proton irradiation of '*O-water
using a cyclotron.

There are two types of measurements that can be made with the tracer '*F-NaF:
bone uptake and blood clearance to bone. In order to measure blood clearance,
dynamic PET scans are needed. Bone uptake can also be measured from static scans.
It is important to understand the difference between these two measurements,
because it can affect the interpretation of the results. In molecular imaging, uptake
measurements are used most widely in oncology.

Standardized uptake values (SUVs) are common when expressing the PET tracer
uptake in tumors (224). SUV is calculated by taking the activity concentration
(kBg/ml) in the region of interest (ROI) and normalizing for injected activity and the
subject’s body weight. In oncology, where the tumors often are heterogeneous, the
maximum SUV within the tumor is reported. In studies of metabolic bone disease,
the uptake of tracer in bone is more uniform, and it is therefore preferable to express
SUV by the mean value in bone, not the maximum. The limitation of measurements
of bone uptake is that there is only a finite amount of tracer available to be shared
between all competing tissues. Regional bone uptake measurements not only reflect
the local demand for tracer at the measurement site but are influenced by competing
demands from the other areas of the skeleton (225). In extensive metabolic disease
of bone, this can cause flaws in the interpretation of the results.

Blood clearance to bone measurements differ from standardized bone uptake
because blood clearance normalizes the rate of uptake of tracer into an organ by its
concentration in arterial plasma. In PET studies, blood clearance is expressed as the
clearance per mL of tissue (mL/min/mL). For example, in patients with extensive
bone disease, such as Paget’s disease, or those being treated with potent anabolic
agents such as teriparatide (226, 227), the arterial plasma concentration of tracer is
reduced by the increased competition for tracer, and thus the local bone uptake is
also reduced. Measurements of blood clearance are free of this limitation because
the uptake is expressed relative to the de facto arterial concentration of tracer being
delivered. Blood clearance may therefore be more reliable as an indicator of site-
specific bone function than SUV (223). Plasma clearance should be used when
measuring treatment response in osteoporosis and in cases where the bone disorder
is systemic and affects the whole skeleton, as in renal osteodystrophy.

In quantitative '*F-NaF-PET imaging, the Hawkins method was the first
molecular imaging technique designed to measure plasma clearance (222). In this
method, a 60-minute dynamic PET scan is performed. PET scanners have a limited
field of view, approximately 15 centimeters, and therefore the dynamic scan is
limited to this sized region of the skeleton—for example, the lumbar spine. When
performing dynamic PET scans, a CT scan is also acquired for attenuation correction
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of the PET images and for more precise definition of the ROIs. In the Hawkins
method, a dynamic scan protocol consisting of twenty-four 5-second, four 30-second
and fourteen 240-second time frames is performed, which give adequate time
resolution to study the complete bone time activity curve (TAC). In order to calculate
blood clearance of fluoride to bone, one must also measure the arterial input function
(AIF). AIF can be measured by direct sampling using an arterial blood line (228),
which is the most precise method. AIF can also be measured by using an image-
derived input function from an ROI placed on the aorta (228) or by using a semi-
population method using venous blood samples (229). The AIF and TACs for the
various ROIs defined on the dynamic PET scans are combined in order to measure
the blood clearance to bone in each ROI. The archived TACs and AIF can be
analyzed using the Hawkins method to find the effective plasma flow (K;) and
plasma clearance to the bone K; in each ROI. The Hawkins method is a
compartmental model, where four constants are estimated: K; describes effective
bone plasma flow to unbound bone, K, the reverse transport of tracer from the
unbound pool back to plasma, K3 describes the forwarded transport from unbound
bone pool to bone mineral and K4 the reverse flow; see Figure 6.

K1 K3
— —
Plasma Extravascular Bone
Compartment Compartment Compartment
P — C—
Kz Ka
Figure 6.

Kj is calculated using the equation: K; = K; x Ks/(K, — K3) mL/min/mL (222). K;
stands for the plasma clearance of the tracer to bone. An alternative method to
Hawkins is the Patlak analysis (230), which is a more easily performed alternative.
The Patlak method still acquires a full dynamic PET scan to obtain a full input
function from the time of tracer administration. The Patlak method assumes that K4
(reverse flow) is small and enables the estimation of K; (bone plasma clearance) from
a straight-line graph.

8F-NaF-PET has previously been used to investigate regional bone formation in
patients with osteoporosis (12, 231). ®F-NaF-PET has also shown potential to
measure treatment effects of both anabolic and antiresorptive medications in
osteoporosis patients with normal kidney function (12, 232). A few studies have
evaluated the correlation between histomorphometric parameters from bone biopsy
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and fluoride activity in the PET scan (233, 234). In a small study of patients on
dialysis with renal osteodystrophy, there was a correlation between dynamic
histomorphometric markers such as bone-formation rate and tracer activity in the
PET scan (233).

In Table 3, strengths and weaknesses of bone biopsy and different imaging
modalities are compared. In Figure 7, the progression of CKD-MBD, bone
abnormalities that develop when CKD progresses and the imaging modalities that
can be used in the evaluation of ROD are shown.

Systemic
Disorder
-
Silent Disease Volume Bone Density
Growth Noninvasive Radiography
Strength and static DXA
evaluation B RA
Laboratory
Findings
S
1 Bone
Bone Microarchitecture Formation
Fracture || e e
Mineralization Remodeling TBS
i a Qcr
Collagen structure Bone HR-pQCT

Bone proteins and Minerals resorption MRI
Marrow and Fat composition | PET

Crystal size Microdamage o
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Dynamic,
Metabolic or

Functional
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Figure 7. Progression of CKD-MBD from asymptomatic disease to bone fracture, bone
parameters and associated imaging techniques. Figure reproduced from Diagnostics
(Basel). 2021 Apr 26;11(5):772. Reproduced with permission.

As kidney disease progress, abnormalities in bone homeostasis develop, leading
to changes in bone turnover, mineralization and volume, referred to as renal
osteodystrophy. Bone density can be measured by DXA in order to estimate bone
volume and strength. The microarchitecture of bone can be estimated using TBS or HR-
pQCT. Bone turnover can be quantified using '®F-NaF-PET imaging.

CKD-MBD - chronic kidney disease — mineral and bone disorder, DXA — dual-
energy X-ray absorptiometry, RA — Radiographic absorptiometry, TBS- Trabecular bone
score, QCT — Quantitative computerized tomography, HR-pQCT - High resolution-
peripheral quantitative computerized tomography, MRI — Magnetic resonance imaging,
PET - Positron emission tomography
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2.5 Management of CKD-MBD

The management of patients with chronic kidney disease and disturbance in mineral
homeostasis leading to impairment of bone remodeling and mineralization includes
both risk assessment and medical treatment. Taking into consideration both the
increased fracture risk in patients with chronic kidney disease and the high
cardiovascular mortality and morbidity, it is important to assess risk factors in this
patient group and optimize treatment. The treatment of osteoporosis and fracture is
a complex entity, and in this review, the focus is set on the treatment of secondary
hyperparathyroidism. However, there are several ongoing trials evaluating the effect
of teriparatide in low-turnover bone disease and the effect of antiresorptive treatment
in ESKD patients (clinicaltrials.gov NCT04522622 and NCT02792413). Treatment
of secondary hyperparathyroidism is dependent on measurable surrogates of
disordered mineral and bone disorder (235), such as calcium, phosphate, PTH and
25-hydroxyvitamin D. KDIGO guidelines recommend treatment decisions based on
serial trends of these biomarkers (169), not a single measurement.

A major challenge in the treatment of patients with CKD-MBD is that the ability
of the biomarkers in clinical use to estimate underlying bone disorder is limited, and
bone biopsies are not easily available. Treatment decisions, especially the treatment
of fractures or surgical interventions in CKD 4-5D patients, demand knowledge
about the underlying bone disease, especially turnover. Diagnostic tools that could
help in the evaluation of the subtypes of renal osteodystrophy would also be helpful
in clinical practice.

251 Treatment of hyperphosphatemia and hypocalcemia

When it comes to the treatment of hyperphosphatemia in patients with CKD G3-5D,
there is high-quality evidence that higher concentrations of phosphate are associated
with mortality and cardiovascular outcomes (see Section 2.1.3.1) but no data
demonstrating that lowering phosphate levels improves cardiovascular outcomes.
This includes both treatment with phosphate-lowering agents and dietary restriction.
KDIGO guidelines 2017 suggest that the prevention of hyperphosphatemia might be
more important than treatment or normalization of phosphate levels, even though
research supporting this assumption and the safety of such an approach is lacking.
The recommendation is to focus on patients with persistent and progressive
hyperphosphatemia aiming towards normal phosphate levels.

2511 Dietary phosphate restrictions

Three major sources of phosphate can be recognized in the diet: 1) natural phosphate
in unprocessed food (organic phosphate), 2) phosphates added to food during
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processing (inorganic phosphate) and 3) phosphates in dietary supplements and
medications. Organic phosphate is predominantly found in high-protein foods, such
as meat and dairy products (235). Approximately 35—-86% of phosphate is absorbed
from these sources (236). From plant-derived food, < 50% is absorbed (237). The
bioavailability of additives is thought to be nearly 100% (237). Dietary restriction of
phosphate should not be obtained by reducing protein intake, as low protein intake
worsens patient survival over time (238). Instead, education about the best food
choices should be given, towards fresh and homemade foods rather than processed
food, which contains excess additives.

251.2 Phosphate-lowering therapies

There are two types of phosphate binders: calcium-containing phosphate binders and
calcium-free phosphate binders. Calcium-containing phosphate binders have raised
concerns because there is evidence that the use of calcium-containing phosphate
binders might increase calcification in CKD G3—-G#4 patients (239), and in addition,
their effects on phosphate balance is weak (240). A meta-analysis of 140 trials
evaluated the potential benefits and harms of different phosphate binders (241). No
clinically important benefits of any phosphate binder on cardiovascular death,
myocardial infarction, stroke, fracture or coronary calcification were found. In the
dialysis population, sevelamer, a calcium-free phosphate binder, might lower all-
cause mortality compared to calcium-based binders and causes less treatment-related
hypercalcemia. The meta-analysis concluded that the effects of calcium-free
phosphate binders on cardiovascular disease, vascular calcification and bone
outcomes compared to placebo in CKD G2—-G5 patients are uncertain.

Secondary hyperparathyroidism also raises phosphate levels by the impact of
PTH releasing phosphate from bone (239), and thereby, treating high levels of PTH
also will help the management of hyperphosphatemia (242).

2513 Maintaining serum calcium

Epidemiological data linking higher calcium concentrations to increased mortality
in the CKD population (243, 244) and novel studies linking higher concentrations of
calcium to nonfatal cardiovascular events (245) have resulted in increased awareness
of the calcium balance and the treatment of hypocalcemia in CKD-MBD. KDIGO
guidelines 2017 (169) suggest an individual approach to the treatment of
hypocalcemia, and mild hypocalcemia, especially if it is related to cinacalcet
treatment in dialysis patients, does not need to be corrected. However, symptomatic
or severe hypocalcemia should be corrected.
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2572 Treatment of abnormal PTH levels

KDIGO guidelines 2009 recommends a target range of PTH of 2-9 times the upper
normal limit for the assay used for CKD stage 5D (1). However, in patients with
CKD G3a to G5, the optimal level of PTH is not known. Elevated PTH levels might
be an appropriate adaptive response to declining kidney function, and therefore,
treatment should not be based on a single elevated PTH level in patients not yet on
dialysis. However, when PTH is progressively rising or persistently above upper
normal limits, modifiable factors such as hypocalcemia, hyperphosphatemia,
phosphate intake and vitamin D deficiency should be addressed (169)

2.5.21 Calcitriol and vitamin D analogs

Calcitriol and other D vitamin analogs have been the primary treatment option for
secondary hyperparathyroidism in CKD patients. These agents can successfully
suppress PTH levels (246, 247), but again, trials that demonstrate improvement in
patient-centered outcomes are lacking. Instead, several studies confirmed that
calcitriol and D-vitamin analogs significantly increase the risk of hypercalcemia
(248, 249). In CKD G3-G5 patients, KDIGO recommends not to use calcitriol or D-
vitamin analogs routinely, but only in cases of severe and progressive secondary
hyperparathyroidism (169). In CKD G5D patients, calcitriol and D-vitamin analogs
are considered equal to cinacalcet medication. There are still no trials, which
demonstrate clear benefits on patient-level outcomes with calcitriol or vitamin D
analog treatment.

2522 Calcimimetics

Cinacalcet increases the sensitivity of the calcium-sensing receptors in the
parathyroid gland, thereby decreasing PTH synthesis and secretion (250). Cinacalcet
effectively reduces PTH levels also in severe hyperparathyroidism (251) and
simultaneous reductions in serum phosphate and calcium levels. Cinacalcet is a
treatment option in patients on dialysis.

It is well established that cinacalcet treatment decreases PTH levels. However,
the effects of cinacalcet treatment on cardiovascular morbidity and mortality and all-
cause mortality are not that clear. Two randomized controlled trials, ADVANCE
(252) and EVOLVE (253), were performed to investigate the impact of cinacalcet
on hard clinical outcomes. In the ADVANCE study, which evaluated the effect of
cinacalcet + low-dose vitamin D on vascular calcification, the primary outcome was
negative, but in a post hoc analysis, calcification progression in the treatment group
compared to high-dose vitamin D was slower. The primary outcome of the EVOLVE
study, which evaluated whether treatment with cinacalcet in hemodialysis patients
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reduces risk of mortality and cardiovascular events, was also negative. Subgroup
analysis, however, showed a reduction in death and cardiovascular events in patients
over the age of 65. Cinacalcet might also have a positive effect on fracture risk (254).

2.5.2.3 Parathyroidectomy

In patients with CKD stages 3—5D with severe hyperparathyroidism that is not
responding to medical and pharmacological treatment, parathyroidectomy 1is
recommended (169). Whether cinacalcet treatment or parathyroidectomy is
preferable is not unambiguous (255, 256). A recent meta-analysis suggested a
beneficial effect of parathyroidectomy on all-cause and cardiovascular mortality, but
future trials are needed that compare outcomes between cinacalcet treatment and
parathyroidectomy (257).
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Aims

The aim of this study was to evaluate whether "*F-sodium fluoride positron emission
tomography can measure turnover in dialysis patients with renal osteodystrophy and
to evaluate the relationship between bone turnover and vascular calcification. The
following research questions were addressed in one or more studies, which are
referred to by their Roman numerals:

1)

2)

3)

4)

S)

46

To investigate whether fluoride activity measured by dynamic '*F-NaF PET
scan correlates with histomorphometric parameters obtained by bone biopsy

)

To evaluate whether '®F-NaF PET could work as a diagnostic tool in the
evaluation of the subgroups of renal osteodystrophy in dialysis patients (I-II,
IV)

To compare bone turnover—based classification of renal osteodystrophy with
the unified classification system that includes parameters of turnover, volume
and mineralization and to compare the two classifications to 'F-NaF PET (II)

To evaluate the relationship between vascular calcification and bone qualities,
such as bone mineral metabolism and bone density (III)

To evaluate the relationship between two different ways of measuring fluoride
uptake in the '8F-NaF PET scan, bone uptake and plasma clearance to bone
av)



4 Materials and Methods

4.1 Study population

Thirty-two patients with end-stage renal disease were recruited from the Kidney
Center in Turku. The patients received either hemodialysis or peritoneal dialysis.
The inclusion criteria included dialysis vintage for at least three months and
biochemical abnormalities indicating mineral and bone disorder. These
abnormalities included long-term elevated PTH and hyperphosphatemia. The
patients were excluded in cases of pregnancy, previous parathyroidectomy or
bisphosphonate medication in the past six months. During the study period, ongoing
medication for secondary hyperparathyroidism remained unchanged.

For validation of the PET scan, seven healthy subjects were also recruited.
Assessment of routine laboratory tests to rule out underlying kidney or bone disease
was done. The control group underwent a dynamic and static PET scan; no bone
biopsy was performed (LII). Features of the study group in studies I-IV are shown
in Table 3.

Table 3. Features of the study group.

Study N Group Bone biopsy PET scan
26 Dialysis patients | 26/26 26/26
land Il
7 Healthy controls | 0/7 77
28/32
Il 32 Dialysis patients g‘n}ygtggge”ts 31/32
measurements
1\ 28 Dialysis patients | 26/28 28/28
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Table 4. Disease characteristics and medication of the whole study group.

No. of patients 32
Female sex (%) 13 (41)
Age, years (median, range) 66 (37-83)
History of diabetes (type | and Il) (%) 12 (38)
History of cardiovascular disease (%) 19 (59)
History of myocardial infarction (%) 6 (19)
Dialysis vintage, months (median, IQR) 10 (6-30)
Dialysis modality (PD/HD) (%) 50/50
Cause of ESRD
Diabetic nephropathy (%) 11 (34)
Hypertension/arteriosclerosis (%) 4 (13)
Polycystic kidney disease (%) 7 (22)
Glomerulonephritis (%) 6 (19)
Other/unknown (%) 4 (13)
Laboratory parameters
fS-calcium-ion 1.16 mmol/I-1.30 mmol/l (mean, SD)) 1.17 (0.08)
fP-phosphorus 0.71-1.23 mmol/l (median, IQR) 1.68 (0.48)
fP-iPTH 15-65 ng/l (median, IQR) 319 (188-508)
P- D-25 > 50 nmol/l (median, IQR) 70 (49-95)
S- D- 1.25 37-216 pmol/l (median, IQR) 31 (24-52)
P-tALP 35-105 U/l (median, IQR) 84 (57-128)
Medication
Calcimimetic (%) 5(16)
Alfacalcidol, Paricalcitol (%) 21 (66)
Calcium carbonate (%) 28 (88)
Cholecalciferol (%) 29 (91)
Sevelamer/lanthanum carbonate (%) 18 (56)
Corticosteroid (%) 2 (6)

Data are presented as mean (SD) for normal distribution variables or median (interquartile range)
for non-normal distribution variables. Modified from Aaltonen et al 2020 (1)

4.2 Clinical study design

This study was a cross-sectional cohort. All the participants underwent a dynamic
and static '"8F-NaF-PET scan. Before the dynamic scan, a CT scan for attenuation
was obtained, and after that a CT scan of the heart for estimating calcification score
of the coronary arteries. The injection of '®F-NaF was given simultaneously with the
initiation of the dynamic PET scan. A 60-minute dynamic PET scan was done,

followed by a 10-minute static PET scan.
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Blood tests  CT scan (attenuation) Dynamic Static scan Bone
DXA CT of the coronary arteries  PET scan of the pelvis biopsy
J—1. 160min (24x5s, 4x30s,14x240s)—/—10min —/ AN |—-AAAA |

Injection of '®F-NaF

Figure 8. General study outline.

A bone biopsy was performed within 4—6 weeks after the PET scan. The bone biopsy
was performed as a part of the study protocol. Dual-energy X-ray was done within
one year of the PET scan (III). Aortic calcification score was collected from medical
records and was used if the scan was done within two years of the PET scan (I1I).

4.3 Laboratory assessment

The laboratory tests and biochemical markers were obtained in the morning before
dialysis sessions or on the morning of the bone biopsy. In all study participants,
excluding the control group, serum ionized calcium, alkaline phosphatase,
phosphate, 25-hydroxyvitamin D, 1.25-dihydroxyvitamin D, intact parathyroid
hormone, albumin, acid-base balance, full blood count, and creatinine were
performed. In addition, a coagulation status including full blood count, activated
partial thromboplastin time (APTT) and the international normalized ratio (INR) was
obtained prior to the bone biopsy. The laboratory tests were performed, and analysed
by the laboratory of Turku University Hospital.

4.4 Bone biopsy and histomorphometry

A bone biopsy was obtained from the anterior iliac crest vertically under local
anesthesia. The bone biopsies were performed in the outpatient clinic in Turku
University Hospital. A SnareCoil Mermaid Medical RBN-86 8Gx15cm needle
(Mermaid Medical Inc., USA) was used to obtain the bone biopsy. All the patients
received oxycodone 10 milligram per os one hour before the procedure. Double
labelling was achieved by tetracycline. Tetracycline 500 milligrams was
administered three times a day for two days, followed by a ten-day drug-free interval,
followed by a further two days of administration of tetracycline. The bone biopsy
was performed 7—10 days after the second label.

The bone biopsies were fixed in 70% ethanol immediately after the procedure
and transported to the Musculoskeletal Research Unit of Kuopio, where the
histomorphometric analyses are done. The biopsies were first embedded in 70%
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ethanol for at least 48h, then moved to stronger ethanol solutions before embedding
in polymethyl methacrylate. The samples where then cut into 5-um thick sections
and stained with modified Masson-Goldner trichrome stain for static parameters. For
the dynamic parameters, unstained sections were used. A semiautomatic image
analyzer was used for analyzing all histomorphometric parameters (Bioquant Osteo
II, Bioquant Image Analysis Corporation, Nashville, TN, USA).

Histomorphometric markers, both structural and remodeling parameters, were
measured, including static and dynamic histomorphometric parameters. In cases of
single tetracycline labels, the ASBMR Histomorphometry Nomenclature Committee
recommendation for single labels was used (191), and a value for MAR of 0.3
pum/day was used when calculating BFR. All the bone biopsies were analysed by an
independent histomorphometrist, who was blinded to the PET-results and to the
clinical history and detail of the study.

Two ways of classifying the subgroups of renal osteodystrophy were used: bone
turnover—based and TMV-based classification of ROD. In the bone turnover—based
classification, Malluche’s reference values of bone turnover was used (I). In the unified
TMV-based classification system, the whole histopathological picture was evaluated,
i.e., bone formation rate, activation frequency and mineralized surfaces as well as
osteoclast and osteoblast activities, eroded surfaces, osteoid width and the existence of
peritrabecular fibrosis (19). Analysis was done by an experienced histomorphometrist
(H.Kroger) (LII). In bone turnover —based classification of ROD, bone turnover was
classified as normal when Ac.f was between 0.49 and 0.72/year and/or BFR/BS was
18.0-38.0 um/year (21, 203, 204). In the unified TMV classification of ROD, the values
for normal turnover were set based on the results of Recker et al. (200, 201). The range
for normal turnover in men was Ac.f 0.12-0.6 and BFR/BS 3.6-18.8 um/year; in
postmenopausal women, Ac.f 0.11-0.49/year and BFR/BS 6-22 pm/year; and in
premenopausal women, Ac.f 0.04-0.26/year and BFR/BS 3-13 um/year.

4.5 18F-sodium fluoride positron emission
tomography

The PET scans were performed in the Turku PET Centre using a Discovery VCT
scanner (GE Healthcare). The production of '*F-fluoride, [18F]F— was done by 11-
MeV proton irradiation of 180-water using a cyclotron. The quality control tests of
the tracer '®F-NaF are conformed to the European Pharmacopeia.

The study subjects were positioned supine, so that the lumbar vertebra was in the
field of view. The width of the dynamic scanner is 15 centimeters. A cannula was
inserted in a peripheral vein for injection of the tracer. A 60-minute dynamic scan of
the lumbar spine (L1-L4) was done, followed by a 10-minute static scan of the
pelvis. An intravenous injection of 200 MBq '*F-NaF was given simultaneously as

50



Materials and Methods

the dynamic PET scan was initiated. The dynamic PET scan consisted of twenty-
four 5-second, four 30-second and fourteen 240-second time frames. In addition,
low-dose CT scans were done for attenuation correction and image segmentation.

4.5.1 Region of interest

In order to generate bone-specific time-activity curves (TACs) (kilo becquerels per
milliliter), we manually drew the region of interest (ROI) in the lumbar spine. Images
from the attenuation CT were fused with the PET images for optimizing the correct
anatomic location.

ROIs were defined by drawing an ROI within each vertebral body (L1-L4),
avoiding the end-plates and disk space. In the static PET scan of the pelvis, we drew
ROIs on the iliac crest on both the left and the right side, in the region from which the
bone biopsy was later obtained. The mean values for the right and the left ROI where
reported. The ROIs of the lumbar spine and the iliac crest are shown in Figure 9.

The picture frames and the activity of the injected tracer '*F-NaF, were
determined together with the physicist in charge of the VCT scanner to ensure that
the reconstruction produced quantitative image voxel values in all time frames.
Images were reconstructed by filtered back-projection resulting in 44 x 3.27 mm
slices for each frame. CARIMAS, a medical image analysis software invented in

Figure 9. Fused positron
emission and CT images. Tube-
shaped region of interest (the
green boxes). ROIls are drawn
in coronal (A), sagittal (B) and
horizontal (C) projections of the
lumbar spine and iliac crest.
Modified from Aaltonen et al.
2020 (1)

ROI in the dynamic PET scan
of the lumbar spine (L3) t

ROI in the static PET scan of
the anterior iliac crest —»
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Turku PET Centre to facilitate the interpretation of experimental PET scans
(downloadable at https://turkupetcentre.fi/carimas/carimasce/), was used for
analyzing the images (Figure 9).

4.5.2 Arterial input function

It is necessary to measure the arterial input function in order to calculate plasma
clearance of fluoride to bone. In this study we used blood clearance of fluoride to bone.
["®F]F- in plasma and blood cells is in balance, and results obtained using plasma and
blood input correlate perfectly. We used an image-derived input function (AIF) by
placing an ROI over the abdominal aorta (258). Extra caution was exercised when
drawing the aorta ROI, because image-derived AIFs can present technical challenges.

4.5.3 Patlak graphical analysis

Patlak analysis was used to estimate the blood clearance off ['*F]F- to bone, that is,
the net influx rate, K; from the dynamic PET scans. Graphical analysis for a three-
compartment model as described by Hawkins was used (222) to calculate the
fluoride bone influx rate. In Patlak analysis (230), the fluoride to bone rate, K, is
estimated based on the following equation:

@ _ [ Gt
G | G

Tissue activity concentration is Cy(t) at time t measured using the ROI approach. The
blood concentration of the tracer is Cy(t) and V is the effective distribution volume
of the tracer; mL/mL. K; (mL/min/mL) is the net uptake of fluoride to bone,
assuming that fluoride is irreversibly bound to the bone. The Patlak method assumes
that K4 (reverse flow) is small and enables the estimation of K; (bone plasma
clearance) from a straight-line graph (Figure 10).

Figure 10. Patlak graphical analysis estimating Kifrom a straight-line graph in a 60-minute dynamic
PET scan. Modified from Aaltonen et al. (1V).
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Fractional uptake rate (FUR), which is an approximation of Patlak K; (259), was
calculated for the static scan of the pelvis. FUR is calculated by dividing the bone
activity concentration by area-under-curve of blood activity from '8F-fluoride
administration time to the time of static scan. Activity measurements were corrected
for radioactive decay to the time of injection.

454 Standardized bone uptake values (V)

Standardized uptake value (SUV) measurements provide a simple method of
quantifying ['*F]F- uptake to bone. This method does not require dynamic scans or
knowledge of the AIF (258). SUV was calculated using the mean activity
concentration within the ROIs of L1-L4 in the lumbar spine. Bone uptake (SUV) of
['®F]NaF was estimated by the following formula:

_G®

SUY =15 /m

Ci(t) stands for the mean tracer activity within the ROI, /D is the injected dose and
m is the body weight of the patient.

4.6 Arterial calcification (lI1)

4.6.1 Abdominal aortic calcification score

In order to estimate the abdominal aortic calcification (AAC) score, lateral lumbar
radiography that included the abdominal aorta was performed using standard
radiographic equipment. The scoring system described by Kauppila et al. (133) was
used to calculate the AAC score. In this method, the posterior and anterior prospects
of the abdominal aorta are divided into four segments; this division is bound by the
first four lumbar vertebrae (L1-L4). A total of eight segments are evaluated, both
the anterior and the posterior walls of the aorta. The calcification was graded 0, 1, 2
or 3, which means that the total score could range from 0—24 when the severity score
for the anterior and posterior walls of the aorta were summed. All the radiographs
were analysed by two independent researchers. The mean score was used in the
analysis.

4.6.2 Coronary artery calcification score

Before initiation of the 'F-NaF-PET scan a computed tomography (CT) of the heart
was done on all the participants. CT scans were performed using a GE Discovery
VCT 48 slices CT/PET device (GE healthcare). For calculation of the coronary artery
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calcification (CAC) score, the method presented by Agatston et al. (260) was used.
In this method, the calcification score for each coronary artery is calculated, and the
score is expressed in Agatston units (AU). In the absence of CAC, Agatston score is
0 and in the presence of CAC Agatston score is 1 or greater. CAC grade is reported
as 0, 1-100 (mild), 101400 (moderate), or >400 (severe).

4.7 Dual-energy X-ray absorptiometry (lll)

Dual-energy X-ray absorptiometry (DXA) is an X-ray based imaging method that is
widely used in the diagnosis of osteoporosis (261). Bone mineral density (BMD) was
measured from the proximal femur (femoral neck) and the lumbar spine (L1-L4). A
DXA imaging device (Hologic QDR 4500C, Hologic Inc., USA) was used. We
reported BMD as grams per centimeter. The results of individual patients were
reported as T-scores.

4.8 Statistical analysis

SAS 9.4 for windows and JMP Pro 13 and 14 were used for statistical analysis for
background variables. Characteristics of the study population were expressed as
mean and standard deviation (SD) and/or median or range and interquartile range
(IQR). Normality tests for fluoride activity in the '®F-NaF PET scan and bone
histomorphometric parameters were done both visually and together with the
Shapiro-Wilk test. Nonparametric statistical testing was used if the parameters failed
the normality test.

For estimating the correlation between histomorphometric parameters and
fluoride activity, the Spearman rank correlation test was used (I). For estimating the
difference between means in different groups, we used one-way analysis of variance
(ANOVA) after logarithm transformation (I, II), and for pairwise comparison of
different groups, we used Tukey's method (II). Fluoride activity in the PET scan and
histomorphometric parameters were compared based on turnover using the
Wilcoxon test (I, II, IV).

The receiver operating characteristics (ROC) curve for log-transformed data
were assessed, and based on the ROC curve, we obtained the area under the curve
(AUC) and calculated sensitivity, specificity, and positive and negative predictive
values. AUC of 0.6-0.7 was considered poor, 0.7—0.8 fair, 0.8—-0.9 good and 0.9-1
excellent (I, II). Kappa statistics were calculated to estimate the reliability of two
different methods, '*F-NaF PET and bone histomorphometry (II).

Association between aortic and coronary calcification score (AAC and CAC)
and different bone qualities was studied with a linear model including relevant
background variables in the model (gender, age, smoking, calcium carbonate
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medication, dialysis vintage and diabetes). Assumptions for the model were checked
using studentized residuals. Logarithmic transformation was used for some variables
to fulfill the model assumptions. Pearson correlation coefficients were calculated
between two continuous variables (II1). A p value of 0.05 (two-tailed) or less was
considered statistically significant.

4.9 Ethical considerations

This study was conducted in accordance with the Declaration of Helsinki as revised
in 1964. The study was approved by the Ethics Committee of the Hospital District
of South Western Finland. All subjects gave written informed consent. The study is

registered in clinicaltrials.gov protocol registration and result system
(NCT02967042).
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5 Results

5.1 Correlation between ®F-NaF-PET and bone
histomorphometry (1)

In study I, 26 patients underwent a bone biopsy and an '*F-NaF-PET scan. The
average age was 68 and an equal number of females and males participated. Fifty
percent were on hemodialysis, and 50% on peritoneal dialysis. Average dialysis
vintage was 12 months. Based on bone histomorphometry, using Malluche’s
reference values of normal bone turnover, 12% had high-turnover bone disease, 23%
normal-turnover and 65% low-turnover bone disease. In the 'F-NaF-PET scan,
turnover was defined as high if fluoride activity was 0.055 mL/min/mL or higher
and as low if fluoride activity was 0.040 mL/min/mL or lower. The cut-off values of
fluoride activity in the PET scan were set according to the reference values of
turnover based on the studies of Malluche. The flow diagram of patients is shown in
Figure 11.

Fluoride activity in the "*F-NaF-PET scan was measured in the lumbar spine and
at the iliac crest. A mean value of the fluoride activity in L1-L4 was calculated, K;
mean, @S Was the mean value for the fluoride activity in the left and right anterior iliac
crest, FUR mean. Ki mean @and FURpean were directly compared to both static and
dynamic histomorphometric variables using the Spearman rank correlation test.

As dynamic variables, we used bone formation rate (BFR/BS), activation
frequency (Ac.f), and mineralized surfaces (MS/BS) and mineralization lag time
(M1t). As static variables, we used osteoclast and osteoblast activities (Oc.S/BS and
Ob.S/BS) and eroded surfaces (ES/BS). There was a statistically significant
correlation between fluoride activity in the lumbar spine and anterior iliac crest and
a majority of the static and dynamic variables measured (Table 5.) In Figure 12 are
shown the correlations between K mean and BFR and FUR mean and Ac.f.
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Target condition absent: n=3
Inconclusive. n=2

Figure 11. Flow chart of the pati

ents. Modified from Aaltonen et al.

2020 (1).
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Table 5. Correlation between histomorphometric markers and fluoride activity in the PET scan.

No. of patients = 26 Ki mean (L1-L4) FURmean (iliac crest)
Bone formation rate (um®/um?/1 day) rs= 0.63, p < 0.001 rs = 0.66, p < 0.001
Erosion surface per bone surface (um/day) rs = 0.57, p = 0.002 rs = 0.60, p = 0.002
Osteoclast surface per bone surface (%) rs =0.62, P <0.001 rs =0.62, p <0.001
Osteoblast surface per bone surface (%) rs=0.49,p =0.01 rs =0.58, p = 0.003
Mineralized surface per bone surface rs= 0.55, p = 0.003 rs= 0.57, p = 0.003
Activation frequency (/year) rs=0.60, p = 0.002 rs=0.65, p < 0.001
Osteoid thickness (Lm) p=0.10 rs=0.48, p = 0.01
Osteoid volume per bone volume (%) p=0.16 p=0.10
Mineralization lag time (day) p=0.16 p=0.25
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Figure 12. Correlation between fluoride activity in the PET scan and dynamic histomorphometric
parameters. Modified from Aaltonen et al. 2020 (I).

In order to test '*F-NaF-PET’s diagnostic accuracy to discriminate low-turnover
bone disease from non-low-turnover, we defined the ROC curve after equalizing the
study group for parametric measurements using a natural logarithm. In ROC analysis
for discriminating low turnover from non-low turnover in patients on dialysis,
fluoride activity in the PET scan had an AUC of 0.82. The sensitivity was 76% and
specificity 78%. In Figure 13 are shown images of the lumbar spine of patients with
high-turnover bone disease, normal bone turnover and low-turnover bone disease.

High-turnover bone disease Normal-turnover bone disease Low-tumnover bone disease

Figure 13. Images of patients with high, normal and low bone turnover using Carimas image
analysis software. Modified from Aaltonen et al. 2020 (I).
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5.2 Comparison between bone turnover—-based
and TMV-based classification of renal
osteodystrophy (I1)

The second publication focused on comparing ways of classifying renal
osteodystrophy and how these classifications correlate with the fluoride activity in
the PET scan. All the bone biopsies were re-evaluated. The study population was the
same as in article I, except for one more included patient and one excluded by the
histomorphometrist (the bone biopsy did not reach required standards). The
classification of the subgroups of renal osteodystrophy was done based on
Malluche’s reference values, turnover-based classification of ROD, and the unified
TMV-based classification, where the range of normal turnover was set based on the
results of the group of Recker et al. In bone turnover—based classification of ROD,
61% had low-turnover bone disease and 12% had high-turnover bone disease. In
unified TMV-based classification of ROD, 23% had low-turnover bone
disease/adynamic bone disease and 42% had high-turnover/hyperparathyroid bone
disease; see Figure 14.

Unified TMV—-based classification Bone turnover—based classification
High Low
Norma
Low
Normal
0, . 27%
35% High 61%
e

Figure 14. Distribution of high-, normal- and low-turnover bone disease in unified TMV-based
classification of ROD and in bone turnover—based classification of ROD (lI).

In Table 6 are shown histomorphometric parameters and fluoride activity in the PET
scan in the lumbar spine and at the anterior iliac crest according to the classification
of ROD in both groups. Even though the distribution of the subgroups of ROD differ
in the two classification groups, the two classifications are statistically associated
with each other. In cases of low bone turnover/adynamic bone disease, when unified
TMV-based classification was used, all cases matched, but in cases of
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hyperparathyroid bone disease, only three cases of 11 matched. Patients with normal
bone turnover/normal bone or mild hyperparathyroid bone disease in the unified
TMV-based classification were classified as low turnover when using Malluche’s
reference values, and patients with high turnover/hyperparathyroid bone disease
were classified as normal bone turnover.

Table 6.
disease.

Normal-turnover

Imaging and histomorphometric parameters in high-, normal- and low-turnover bone

High-turnover Mild hyper-
hyperparathyroid parathyroid Low-turnover
bone bone/normal Adynamic bone
Unified TMV-based classification (n=11) (n=9) disease (n=6) | p-value
BFR/BS (um®um?ly) 26.0 (20.2-34.0) 9.7 (7.5-16.3) 5.2 (2.3-5.7) < 0.001
Ac.f (1/year) 0.56 (0.46-0.67) | 0.25(0.16-0.39) | 0.13(0.11-0.17) | <0.001
Erosion surface / bone surface (um/day) 3.8 (2.8-4.8) 1.9 (0.90-3.2) 1.5 (0.09-2.1) 0.01
Osteoclast surface / bone surface (%) 2.5(1.4-3.5) 0.9 (0.23-1.31) 0.7 (0.001-1.9) 0.01
Osteoblast surface / bone surface (%) 4.9 (3.2-14.0) 2.92.0-4.0) 0.12 (0.001-0.3) | <0.001
Mineralized surface / bone surface 6.6 (5.1-9.5) 3.2 (2.6-6.9) 1.9 (1.4-2.7) 0.002
Osteoid thickness (Lm) 7.4 (6.6-10.0) 5.6 (4.5-6.7) 5.5 (4.9-6.7) 0.02
Osteoid volume / bone volume (%) 5.1 (3.4-6.1) 3.6 (2.1-4.6) 2.6 (2.2-5.2) 0.09
Mineralization lag time(day) 33.8 (25.5-35.9) | 44.4 (30.3-79.6) |106.7 (99.6.0-174)| 0.009
Mean K; (L1-L4) mL/min/mL 0.056 (0.051-0.067) | 0.039 (0.037-0.047) | 0.032 (0.026-0.037) | 0.003
Mean FUR (hip) mL/min/mL 0.060 (0.050-0.071) | 0.041 (0.035-0.049) | 0.032 (0.029-0.038) | 0.002
High-turnover Normal-turnover Low-turnover

Turnover-based classification (n=3) (n=7) (n=16) p-value
Bone formation rate (um®um?/1 day) 35.0 (33.9-39.3) 24.8 (20.2-30.0) 7.5 (53-12.5) < 0.001
Activation frequency (/year) 0.82 (0.67-0.83) 0.49 (0.46-0.57) 0.19 (0.15-0.31) |<0.001
Erosion surface / bone surface (um/day) 4.0 (2.4-6.9) 3.8 (2.8-4.8) 1.6 (0.7-2.9) 0.03
Osteoclast surface / bone surface (%) 3.5(1.4-6.7) 2.5(1.4-3.3) 0.8 (0.11-1.7) 0.02
Osteoblast surface / bone surface (%) 7.2 (3.2-16.9) 4.9 (3.2-14.0) 2.0 (0.2-4.6) 0.005
Mineralized surface / bone surface 9.5 (9.4-10.7) 6.5 (5.1-9.2) 2.9 (2.0-5.5) 0.002
Osteoid thickness (Lm) 8.7 (7.2-10.0) 7.4 (6.1-10.6) 5.7 (5.0-6.8) 0.02
Osteoid volume / bone volume (%) 6.8 (5.5-7.8) 3.5(3.4-5.7) 3.0 (2.4-4.0) 0.02
Mineralization lag time(day) 31.4 (22.3-34.8) 33.8 (25.5-35.9) | 57.6 (33.1-100.5) | 0.05
Mean K; (L1-L4) mL/min/mL 0.067 (0.055-0.077) | 0.053 (0.032-0.059) | 0.038 (0.031-0.045) | 0.02
Mean FUR (hip) mL/min/mL 0.065 (0.050-0.066) | 0.056 (0.041-0.073) | 0.039 (0.032-0.046) | 0.01

In unified TMV-based classification, the reference values for normal turnover (Recker et al., mean
+ 1SD) in men was BFR/BS 3.6-18.8 um/y and Ac.f 0.12-0.6; in postmenopausal women BFR/BS
6—22 um/y and Ac.f 0.11-0.49 /y; and in premenopausal women BFR/BS 3—13um/y and Ac.f 0.04—
0.26 /y. In turnover-based classification, Malluche’s reference values for normal turnover were used:
BFR/BS 18-38 um/y and Ac.f 0.49-0.74 /y. Ki mean (L1-L4) reflects the fluoride activity in the lumbar
spine and FURmean (hip) at the anterior iliac crest. p < 0.05 is statistically significant. Modified from

Aaltonen et al. 2021 (II).
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In Figure 15 is shown the mean fluoride activity in the lumbar spine K; mean (L1-L4)
in the two classification groups: turnover-based and unified TMV-based
classification. In addition, the mean fluoride activity of the control group is shown
(Tukey’s box-plot figure). The mean fluoride activity of the control group in the
lumbar spine 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. In the unified TMV-based
classification, the mean fluoride activity for normal turnover was 0.039 (0.037—
0.047) in the lumbar spine (Kj mean) and 0.041 (0.035-0.049) at the anterior crest
(FURmean). In turnover-based classification, fluoride activity in the lumbar region (k;
mean) fOr normal turnover was 0.053 (0.032-0.059) and at the anterior iliac crest 0.056
(0.041-0.073).

Unified TMV —based classification Wxsenier~based clessification
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Figure 15. Fluoride activity in the lumbar spine according to unified TMV-based and turnover-
based classification of ROD and in the control group. Modified from Aaltonen et al. 2021

().

In order to test 'F-NaF-PET as a diagnostic tool in the evaluation of the subgroups
of ROD, we defined the ROC curve. High turnover/hyperparathyroid bone disease
was defined as fluoride activity higher than the cut-off value 0.055 mL/min/mL. Low
turnover/adynamic bone disease was defined as fluoride activity below 0.038
mL/min/mL. We also assessed the ROC curve to test PTH’s ability to discriminate
between the subgroups of ROD. The cut-off value for PTH to discriminate between
high turnover/hyperparathyroid bone disease and other types of ROD was set at 450
ng/ml. The cut-off value for PTH to discriminate between low turnover/adynamic
bone disease from other types of ROD was set at 180 ng/ml.

In ROC analysis using unified TMV-based classification of ROD, '*F-NaF-
PET’s ability to discriminate between high turnover/hyperparathyroid bone disease
and other types of ROD was good. The area under the curve (AUC) was 0.86,
sensitivity 82% and specificity 100%. When assessing ROC analysis for '*F-NaF-
PET to discriminate between low turnover/adynamic bone disease and non-low-
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turnover bone disease, AUC was 0.87, sensitivity 100% and specificity 70% (Table
7a).

In ROC analysis using bone turnover—based classification of ROD using
Malluche’s reference values for turnover, the ROC curve could not be defined for
patients with high turnover, because of the scarcity of patients. When assessing ROC
analysis for '8F-NaF-PET to discriminate between low turnover/adynamic bone
disease and non-low-turnover bone disease, AUC was 0.83, sensitivity was 63% and
specificity 80% (Table 7b).

In ROC analysis for PTH to discriminate high turnover/hyperparathyroid bone
disease from other types of ROD, PTH had an AUC of 0.69, sensitivity was 55%
and specificity 87%. When assessing ROC analysis for PTH to discriminate between
low turnover/adynamic bone disease and non-low turnover using unified TMV-
based classification, PTH had an AUC of 0.78, sensitivity was 67% and specificity
85% (Table 7a and 7b).

Table 7. aand b '®F-NaF PET’s diagnostic accuracy in low- and high-turnover bone disease.

7a. '8F-NaF PET strength to recognize Sensitivity | Specificity
low turnover AUC Criterion % %
T TMV_based 078 | <185ng/ml 67% 85%
ZT:o;er-based 0.68 <185 ng/ml 31% 80%
7b. '®F-NaF PET strength to recognize Sensitivity | Specificity
high turnover AUC Criterion % %
Errif'?ea TMV-based 0.69 > 450ng/ml 55% 87%

Modified from Aaltonen et al. 2021 (ll)

53 Association between vascular calcification and
bone histomorphometry (llI)

The study group in the third publication comprised 32 end-stage renal disease
patients, of whom 41% were female. 50% were on peritoneal dialysis and 50% in
hemodialysis. The average age was 66 years. Thirty-eight percent had diabetes and
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22% were smokers; 33% had osteoporotic values in the DXA scan (T-score -2.5 or
less). According to histomorphometric parameters, 22% had low turnover/adynamic
bone disease, 39% had high turnover/hyperparathyroid bone disease and 39% had
normal turnover or mild hyperparathyroid bone disease.

The median AAC score was 8 (range 0—17) and the median CAC was 397 (range
0-1980). CAC score was calculated in all patients, and AAC score was estimated in
24/32 patients. Only 6.3% had CAC scores equal to 0, and as many as 50% had CAC
scores higher than 400. Respectively, 12.5% had AAC scores equal to 0 and 62.5%
had AAC scores higher than 8/24 (Figure 16). Fifty-nine percent of the study
population had a history of cardiovascular disease. Both CAC and AAC were
significantly higher in patients with verified cardiovascular disease. Overall, a
substantial percent of the study population had severe and extensive atherosclerotic
disease.

Aortic calcification score Coronary artery calcification score

CAC1-100
15.6%

CAC101-399
28.1%

Figure 16. Distribution of aortic calcification and coronary artery scores in the study population.
Modified from Aaltonen et al. (lll).

There was no difference between fluoride activity measured by '|F-NaF-PET,
histomorphometric parameters or in bone density when comparing patients on
hemodialysis and peritoneal dialysis, non-diabetic to diabetic patients, or patients
with high and low calcification scores.

Association between vascular calcification (AAC and CAC) and bone
metabolism measured by 'F-NaF-PET, bone histomorphometry, laboratory
parameters and bone density measured by DXA were tested using a model adjusted
to age and sex. We tested both log-transformed calcification scores and calcification
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scores. We found a positive association between CAC and Ki, adjusted for age and
sex, p = 0.01. In addition, a positive association between CAC and PTH, p = 0.04
and between ES/BS and AAC, p = 0.04 was discovered, both adjusted for age and
sex. We found no association between calcification scores and any other parameter
measured.

54 Standardized bone uptake and blood clearance
to bone in "®F-NaF-PET scan (1V)

The study population in the fourth publication comprised 28 patients. Dynamic PET
scan data were available for 31 patients, but in three patients, static calculations could
not be done and they were excluded. As in the third study, 50% were on peritoneal
dialysis treatment and 50% on hemodialysis. Median dialysis vintage was 10 months,
range 3—94 months. The median coronary calcification score was 266, range 0—1979.
Distribution of the subtypes of renal osteodystrophy was the same as in study II: 42%
had high-turnover bone disease, 35% normal turnover and 23% low-turnover bone
disease.

Pet studies

Blood clearance to bone, Ki mean, Wwas measured in the lumbar spine, L1-L.4, and
fractional uptake rate, FUR nean, at the anterior iliac crest. These measurements were
obtained from the dynamic 'F-NaF-PET scan. In addition, standardized uptake
values (SUVs) were measured in both the lumbar spine and at the anterior iliac crest,
SUVmean. These parameters were obtained from the static '*F-NaF-PET scan 48-60
minutes from the initiating of the tracer. Both the dynamic and static measurements
were compared to histomorphometric parameters using the Spearman rank
correlation test. As shown in studies I and II, there was a clear correlation between
fluoride activity in the dynamic '*F-NaF-PET scan and histomorphometric
parameters. When comparing histomorphometric parameters to SUVs, a weak
correlation between SUVmean (L1-L4) and erosion surface (p=0.02, s = 0.46) was
shown, but no statistically significant correlation with any other parameter.

In order to test a simplified measurement of fluoride activity in the PET scan, we
adjusted the fluoride activity measured in the lumbar spine, SUVpean to the mean
uptake of fluoride in blood 48—60 minutes from initiation of the dynamic PET scan,
resulting in corrected SUV (SUVcom. This mean uptake of fluoride in blood was
obtained from the image-derived arterial input function. SUV . of the lumbar spine
correlated significantly with blood clearance to bone, K;in the lumbar spine, r;=0.92
(Figure 17). SUVorralso correlated significantly with histomorphometric parameters
(Table 8).
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Table 8. Correlation between standardized bone uptake values and histomorphometric
parameters.

Histomorphometry SUVmean L1-L4 SUV mean hip SUVeorr

Bone formation rate p=0.23 0.21 rs=0.57, p=0.003
Activation frequency p=0.29 0.13 rs=0.60, p = 0.002
Osteoclast activity p=0.59 0.11 rs=0.66, p = 0.008
Osteoblast activity p=0.11 0.57 rs=0.339, p=0.05
Erosion surface per bone surface rs=0.45,p=0.02 | r,=046,p=0.02 | rs=0.61, p=0.001
Mineralized surface per bone surface p=0.32 0.23 rs=0.61, p=0.005

Modified from Aaltonen et al. (1V)

KimeanL1 — L4

Figure 17. Correlation between corrected bone uptake values and blood clearance to bone.
Modified from Aaltonen et al. (V)

Elimination rate of fluoride and total blood clearance were calculated in all patients.
There was no significant differences in either elimination rate or total blood
clearance of fluoride when comparing patients with high-, normal- or low-turnover
bone disease. There was not a statistically significant difference in SUV between
different turnover groups, but SUV.. was significantly higher in patients with high-
turnover bone disease compared to patients with low-turnover bone disease.
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6.1 Correlation between '8F-NaF-PET and
histomorphometric parameters obtained by
bone biopsy in patients on dialysis (I)

Study I showed a strong correlation between histomorphometric parameters obtained
by bone biopsy and fluoride activity measured at the lumbar spine and at the anterior
iliac crest in dynamic PET scans in patients on dialysis. A few studies have been
published prior to this study (233, 262) showing a correlation between
histomorphometric parameters in dialysis patients and dynamic PET scans using '*F-
fluoride as a tracer. Both studies were small. The study of Messa in 1993 included
11 patients on dialysis in which bone biopsies were obtained in eight patients. As
histomorphometric markers, they used bone formation rate; reference values were
not reported. In the study of Frost et al., seven patients on dialysis with suspected
adynamic bone disease were included together with 12 osteoporotic women; as
histomorphometric parameters for turnover, they used mineral apposition and bone
formation rate.

In our study, fluoride activity in the dynamic PET scan correlated strongly with
dynamic parameters such as bone formation rate and activation frequency, which
represent turnover. Fluoride activity also correlated with several static
histomorphometric parameters such as osteoclast and osteoblast activity and eroded
surfaces. As reference values for normal bone turnover, we used the results of
Malluche et al., being the most cited in this field of nephrological research (21, 203,
204). When using Malluche s reference values for normal turnover, a majority of the
patients presented with low-turnover bone disease (65%) and only three out of 26
patients had high-turnover bone disease. '®F-NaF-PET had an AUC of 0.82 to
identify patients with low turnover, when the cut-off level of tracer activity was set
at < 0.04 mL/min/mL. PET imaging was superior to PTH to diagnose low-turnover
bone disease. Because of too few patients, AUC for high turnover could not be
performed.

Bone biopsy is the gold standard for diagnosing the subtypes of renal
osteodystrophy. It is also the only available method to reliably measure treatment
response. However, bone biopsy is not widely available, is not easily reproducible
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and gives information of only one site of the skeleton. Bone biopsy is an invasive
procedure. Both the procedure and the analysis require expertise that is not on hand
in every center and not even in every country in Europe. In addition, the
histomorphometric analyses are slow. A limitation of bone biopsies is that there are
no universally accepted reference values for normal bone turnover.

Several noninvasive imaging methods have been evaluated in research settings
in the CKD population, such as DXA and HR-pQCT. DXA is recommend to assess
fracture risk also in the CKD population but is not able to identify the underlying
bone disorder (169). HR-pQCT can detect microarchitectural changes in cortical and
trabecular bone and can measure bone density (178). However, these imaging
methods are static and are not able to measure bone turnover. '®F-NaF-PET generates
information of dynamic qualities of bone and quantifies bone turnover. This method
gives a more extensive picture of the skeleton than bone biopsy and is noninvasive.
8F_NaF-PET has been used successfully in studies evaluating osteoporosis
medication (12, 232).

However, several disconcerting factors must be taken into account when
interpreting the PET results. Previous studies indicate that patients with osteoporosis
have lower tracer uptake in bone than patients with osteopenia or healthy controls
(231). Also age can affect tracer uptake, even though more research is needed to
estimate the significance of this finding (263). Dynamic PET scans are not feasible
in clinical practice, and more simplified methods are needed.

The results of this study highlight that bone metabolism can be measured by '8F-
NaF-PET imaging also in patients on dialysis and that '®F-NaF-PET appears to be a
promising future diagnostic method in the evaluation of the subgroups of renal
osteodystrophy.

6.2 Comparison between bone turnover—based
and unified TMV-based classification of renal
osteodystrophy (I1)

In study II, a clear disproportion between bone turnover—based and unified TMV—
based classification of renal osteodystrophy was discovered. This study is to our
knowledge the first to compare different reference values of normal bone
histomorphometry and to compare the results to '*F-NaF-PET imaging, an objective
measurement of bone metabolism. Reference values for normal histomorphometric
parameters differ across studies. It is well established that many histomorphometric
parameters show differences in men and women (200, 201, 206). There is variation
according to age in several parameters, such as bone formation rate and osteoblast
and osteoclast activities (205, 206). In addition, osteoclast activity increases and
bone formation rate decreases in women after menopause (201).
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In the majority of nephrological studies investigating bone biopsies, the
reference values of Malluche et al. are used (21, 203, 204). The dynamic reference
values of normal turnover from the studies of Malluche et al.—that is, bone
formation rate and activation frequency—were obtained from 14 healthy males and
14 healthy females 20 — 83 years of age. In the studies of Recker et al., 96 healthy
women and men underwent bone biopsies. The women underwent bone biopsies
before and after menopause. In the studies of Recker et al. (200, 201), the normal
range of dynamic histomorphometric parameters of bone turnover was substantially
lower than in the studies of Malluche et al.

We used the reference values of Malluche et al. in the bone turnover
classification of renal osteodystrophy. In unified TM V-based classification, we used
the results of the studies of Recker et al., together with the overall histopathological
picture, including osteoclast- and osteoblast activities, eroded surfaces, osteoid width
and the existence of peritrabecular fibrosis. When using turnover-based
classification of renal osteodystrophy, 61% of the patients had low-turnover bone
disease and only 12% high-turnover bone disease. When using unified TMV-based
classification of renal osteodystrophy, 42% has high-turnover bone disease and only
23% low-turnover bone disease. It seems that the reference values of Malluche
overestimate low-turnover bone disease and underestimate high-turnover bone
disease.

We tested the diagnostic accuracy of "*F-NaF-PET in both classification groups.
The cut-off value for fluoride activity in the PET scan was set at <0.038 mL/min/mL
for low turnover/adynamic bone, which agrees with the median fluoride activity of
the control group. The cut-off value for high turnover was set at > 0.055 mL/min/mL.
When using TMV-based classification of renal osteodystrophy, the diagnostic
accuracy of '®F-NaF-PET improves compared to turnover-based classification. The
specificity of 'F-NaF-PET to recognize high-turnover bone disease is 100% and
sensitivity 82% with an AUC of 0.86. '8F-NaF-PET’s specificity to recognize low
turnover is only 70%, but sensitivity is 100%, with an AUC of 0.87. In clinical
practice, this suggests that '8F-NaF-PET would confirm high-turnover bone disease
with no false positive results, which is important before recommending
parathyroidectomy or before initiating antiresorptive medication in cases of fractures
in dialysis patients. In cases of low-turnover bone disease, '*F-NaF-PET sensitivity
is excellent with no false negative results, which is important when considering
anabolic osteoporosis treatment. It is, however, good to acknowledge that '*F-NaF-
PET cannot, at least based on the knowledge we have at the moment, discriminate
between patients with a mineralizing defect.

In the last decade, many studies have focused on finding a biomarker that can
measure bone turnover in the CKD population. PTH is the main biomarker used for
the evaluation of renal osteodystrophy in patients on dialysis (7, 197), even though
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its diagnostic accuracy is limited. Biomarkers reflect the overall bone formation or
bone resorption in the skeleton, and it is not unambiguous how well these parameters
correlate with a bone biopsy from one small site of the skeleton. The assumption that
bone metabolism differs in different sites of the skeleton is supported by PET studies
confirming regional differences in bone metabolism (264). Also the lack of universal
reference values of normal bone turnover challenge the reliability and comparability
of different studies. PET imaging gives a wider picture of the skeleton. PET imaging
could be an interesting research tool when investigating the usefulness of different
biomarkers of bone turnover in the CKD population.

The results of this study challenge our conception of what reference values of
normal bone turnover we should use in the CKD population. Should we consider
age- and gender-adjusted reference values? More research and cooperation between
units in different countries are needed to establish reference values for normal bone
turnover in the CKD population. A  European register, EUROD
(https://www.eurod.net/welcome), was created in 2016, and one initiative is to
update reference values for histomorphometric parameters in renal osteodystrophy.
As in study I, "®F-NaF-PET appears to be a promising new noninvasive diagnostic
tool in patients with chronic kidney disease, even though further research is needed
to establish the feasibility of the method in clinical practice.

6.3 Methodological aspects (|, I1)

Bone biopsy is unquestionably the gold standard in evaluation of renal
osteodystrophy in patients with CKD. There are, however, many challenging aspects
when it comes to bone biopsies. Bone biopsies reflect only one small site of the
skeleton. Even though bone biopsies are in clinical use and used also in clinical
decision-making, no universal reference values for histomorphometric parameters
are available. The histomorphometrist considers the overall histomorphometric
picture when analyzing the bone biopsy, but in research settings, fixed reference
values are needed. The techniques when obtaining bone biopsies also vary in
different studies, and this also challenge the comparability of different studies.
Studies I and II aimed at evaluating '®F-NaF-PET feasibility as a diagnostic tool
in patients with renal osteodystrophy. Dynamic '®F-NaF-PET scans have in previous
studies proven to be precise in measuring bone turnover (11). As reference, we used
histomorphometric parameters from the bone biopsy. The lack of reference values
for histomorphometric parameters complicated the interpretation of the results. We
used the historical reference values of Malluche (21, 203, 204) in study I. In study II
we compared these reference values to unified TM V-based classification, where the
results of the group of Recker (200, 201) were used when defining reference values
for turnover. Studies I and II highlighted the need for universal histomorphometric
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reference values in the CKD population. PET imaging gives a wider picture of the
skeleton and could be a valuable tool also when searching for new clinical
biomarkers to distinguish between the subgroups of renal osteodystrophy. The
challenge when interpreting '"*F-NaF-PET scans is that dynamic scans are not
feasible in clinical practice. PET scans also cause radiation, which must be taken into
consideration.

6.4 Association between vascular calcification and
bone mineral metabolism in end-stage renal
disease (llIl)

Several studies have indicated a link between arterial calcification and bone
turnover, and there is also evidence that improvement of bone turnover reduces
progression of vascular calcification (8, 9, 26, 265). However, contradictory results
have also been published (3, 266). In this study, there was a weak positive association
between CAC and fluoride activity measured in the lumbar spine. However, there
was no association between fluoride activity at the anterior iliac crest and CAC.
Weak associations between CAC and PTH, and eroded surfaces and AAC, were also
discovered. There were no associations between vascular calcifications and any other
parameter measured.

This study cohort represents the typical dialysis population in Western countries.
When comparing our cohort to the studies in which an association between arterial
calcification and bone turnover was found, the patients in this study were older and
the incidence of diabetes was greater. The median dialysis vintage was only 10
months, which could have had an impact on the results; the dialysis vintage range
was, however, wide at 3—20 months. As many as 50% had manifested cardiovascular
disease, and their CAC and AAC scores were on average higher. Fifty percent of the
study population had CAC > 400, indicating extensive and severe atherosclerotic
disease. In addition, the percentage of patients with low-turnover bone disease was
much smaller than in the studies indicating a link between turnover and arterial
calcifications, and this might have had an impact on the significance of the results.
The results of this study strengthen the assumption of a link between vascular
calcification and bone metabolism. However, one should keep in mind when
interpreting the results that this was a cross-sectional, rather small study. PTH is a
biomarker of turnover but has limited ability to diagnose the subgroups of renal
osteodystrophy (7). The significance of the association between PTH and CAC
remains unclear. Overall, some challenges when comparing different studies
reporting associations between arterial calcifications and parameters of bone
metabolism are the variability of study populations, the methods used to define bone
turnover and calcification scores.
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The strength of this study was that bone turnover was measured using both *F-
NaF-PET imaging, which gives a more extensive picture of the skeleton, and
histomorphometric parameters obtained by bone biopsy. Bone histomorphometry
was analysed using the ASBMR Histomorphometry Nomenclature Committee
recommendation for single labels (191), which is recommended by KDIGO. In
addition, both coronary calcification score and aortic calcification score were
measured. Both imaging methods are precise and validated to detect arterial
calcifications.

A recent study showed an inverse association between trabecular bone score,
including bone density, and vascular calcification (267). In our study, there was no
association between arterial calcification and bone density and volume. Again, the
small study population and the heterogeneity of the study population might diminish
the association between arterial calcification and bone metabolism

In summary, one can state that indications of an association between arterial
calcification and bone metabolism was also established in our study. However, our
study also highlights the complexity when evaluating the link between arterial
calcification and bone turnover in patients with extensive atherosclerotic disease and
multiple comorbidities. In the presence of multiple factors contributing to the
development of arterial calcifications, the impact of bone metabolism might be
diminished. Future prospective studies are needed to establish the impact of
improvement in bone turnover on vascular calcification,

6.5 Bone metabollc activity in dialysis patients
using "®F-NaF-PET—comparison between
static and dynamic measurements (V)

Dynamic "*F-NaF-PET scans are precise and accurate in measuring bone metabolism
but are not very practical in clinical practice. Standardized uptake values (SUVs) are
widely used in the diagnostic field of oncology but are not validated for extensive
metabolic bone diseases.

We have shown in study I and II that dynamic '"*F-NaF-PET can distinguish
between high- and low-turnover bone disease. In this study, SUVs were measured
from static scans in the lumbar spine and at the anterior iliac crest 48—60 minutes
after tracer injection. SUVs did not correlate with histomorphometric parameters
reflecting bone turnover and could not distinguish between high- and low-turnover
bone disease. However, we detected that when correcting the SUVs with mean blood
uptake of tracer 48—60 minutes from tracer injection, there was a strong correlation
between SUV.orrand blood clearance to bone, K, in the dynamic PET scan.

Radionuclide imaging using a dynamic '*F-NaF-PET scan is a valuable tool when
examining metabolic bone diseases. In dynamic PET scans, an arterial input function
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is needed in order to measure blood clearance of fluoride to bone. In these scans, the
rate of tracer uptake into an organ is normalized by the tracer concentration in blood.
This method is very precise, because the tracer activity in the organ is proportional
to the tracer activity in blood, and therefore kidney function or how extensive a
metabolic bone disease is, does not affect the results.

One theory is that SUVs cannot be used in extensive metabolic bone disease.
There is only a finite amount of tracer to be distributed into all competing bones, and
therefore it is thought that regional bone uptake not only reflects the local demand
for tracer but is also influenced by the competing areas of the skeleton (11). Similar
challenges are likely to appear in the evaluation of renal osteodystrophy. In high-
turnover bone disease, the metabolic activity in bones is high, and one would think
the demand for tracer is high compared to low-turnover bone disease, where the
metabolic activity of the bones is very low.

An unexpected result that has not been reported earlier was that there was no
significant difference between the different turnover groups. We calculated fluoride
elimination rate from blood and total blood clearance of fluoride in order to evaluate
the impact of the distribution of fluoride to bone. There was no significant difference
between the different turnover groups, which was unexpected. This indicates that
other conditions overruled this possible effect and did not explain why SUVs
measured from static scans did not work in this study population. All patients in this
study were on dialysis, and their possible residual kidney function was not
documented. One study using '®F-FDG concluded that about 10 percent of the
injected tracer dose was excreted in urine 70 minutes from the injection, but the
excretion was highly variable (268). This could affect the SUV measurements. The
patients in that study had normal kidney function. Studies of the impact of residual
kidney function in the CKD population on standardized tracer uptake to bone have
not been done.

Siddique et al. have proposed a simplified PET imaging method, where *F
fluoride blood clearance to bone can be estimated from static scans (269). In that
study, venous blood samples were obtained 30—60 minutes after a single tracer
injection. These measurements correlated strongly with Patlak results. The
conclusion was that '8F-fluoride blood clearance to bone can be estimated from static
scans and venous blood samples with a single injection of tracer.

This study suggests that blood clearance to bone can be estimated from static
scans also when taking blood test 48—60 minutes from tracer injection. This method
could also be useful in clinical practice before initiating osteoporosis medication in
patients on dialysis or before considering parathyroidectomy. However, further
research is needed to validate the method.
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6.6 Limitation of the study

The limitation of the studies [-IV was the relatively small number of patients. The
study population was heterogeneous, which could lead to challenges when
interpreting the results. However, this study population was a valid example of the
current dialysis population treated in clinical practice in Western countries. The
histomorphometric parameters obtained by bone biopsy were not adjusted to age,
and therefore we did not correct PET results for age either. Bone biopsies were
obtained vertically, which could possibly have an impact on the interpretability and
the comparability of studies in which bone biopsies were transiliac. One major
limitation was that the control group was small and did not undergo a bone biopsy.
It is not easy to get permission from an ethics committee to obtain bone biopsies
from healthy controls. The fact that there are no universally accepted reference
values for histomorphometric parameters, especially parameters measuring turnover,
was a major challenge and could also be considered a limitation in testing a possible
diagnostic imaging method. Also the fact that only PTH was measured as a
biomarker for turnover is a limitation of this study.

Dynamic PET scans have successfully been used in a research setting in
evaluation of regional bone metabolism. We used an image-derived input function,
which is inferior to arterial blood sampling. One aim of this study was to evaluate
whether "*F-NaF-PET scan could work in clinical practice, and therefore an arterial
bloodline was not an option. Image-derived input functions can present technical
challenges, and therefore extra caution was exercised when drawing the region of
interest on the aorta. The study population consisted of patients on dialysis. The
residual function of the kidneys was not documented in this study population, which
limited the possibilities of understanding the impact of kidney function on
standardized uptake values.

6.7 Future implications

A majority of patients with end-stage kidney disease have abnormalities in mineral
homeostasis impairing bone remodeling and mineralization, and the abnormalities
are associated with increased morbidity and mortality in this patient group. The
diagnostic accuracy of biomarkers in clinical use at this moment is not sufficient in
advanced kidney disease. Bone biopsy is the gold standard, but it is not easily
available. A diagnostic tool that could confirm or rule out high- or low-turnover bone
disease before initiation of medical treatment or surgery would be highly welcomed
in clinical practice.

8F-NaF-PET has shown promising properties in the field of research when
evaluating bone metabolism and treatment response of antiresorptive or anabolic
osteoporosis medication. Based on the results of our study, '®F-NaF-PET appears to
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be an interesting diagnostic tool in clinical practice as well. "*F-NaF-PET’s
specificity to recognize high turnover is excellent and it could be used to confirm
high-turnover bone disease, for example, before parathyroidectomy. An ongoing
prospective trial (clinicaltrials.gov NCT04522622) investigates anabolic treatment
in low-turnover disease using also '*F-NaF-PET for measurement of bone turnover,
giving us more information about both the imaging method and the effect of
treatment. '®F-NaF-PET sensitivity in low-turnover disease is very good. Further
research is needed to validate a method that is feasible in clinical practice in the
evaluation of CKD patients with renal osteodystrophy.

A randomized controlled trial assessing the changes in bone turnover after
initiating cinacalcet medication in high-turnover bone disease with a follow-up of
18-24 months could be a future study design. '®F-NaF-PET, bone biopsy, DXA and
biomarkers of bone turnover would be obtained at baseline and after 18—24 months.
Both dynamic and static measurements from the 'SF-NaF-PET scan would be
measured and both imaging-derived AIF and venous blood tests for measuring AIF
would be used. Research of new biomarkers of bone formation and bone resorption
using '"*F-NaF-PET is also an interesting future field. "*F-NaF-PET could also be a
valuable research tool to assess the pathways and interactions between bone
metabolism and the vasculature.
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Y4 Conclusions

Fluoride activity measured by '*F-NaF PET in patients on dialysis correlates with
both static and dynamic histomorphometric parameters obtained by bone biopsy.
The result of this study highlights that bone metabolism can also be measured by
8F-NaF-PET imaging in patients on dialysis.

A clear disproportion between bone turnover—based and unified TMV-based
classification of renal osteodystrophy was discovered. In nephrological research,
bone turnover—based measurements using Malluche’s reference values are most
commonly used. A discussion is needed to assess what reference values of bone
turnover should be used in the CKD population. '*F-NaF PET seems a promising
diagnostic tool to evaluate patients with renal osteodystrophy and to guide
medication or surgical decisions. 'F-PET diagnostic accuracy when using unified
TMV-based classification of ROD was good, with both high specificity and
sensitivity.

In this study population, there was a weak association between bone turnover
measured by ®F-NaF PET and coronary calcification. There was no association
between histomorphometric parameters obtained from the bone biopsy. The
association between bone turnover and arterial calcification is still controversial;
both positive and negative studies have been published. This study population
presented with extensive atherosclerosis, and the result of this study highlights the
complexity of evaluating the link between vascular calcification and bone
metabolism in patients with multiple comorbidities. In the presence of multiple
factors contributing to the development of arterial calcification, the impact of bone
metabolism might be diminished.

A simplified imaging method using '*F-NaF PET, where static scans and venous
blood samples are obtained 48—60 minutes after tracer injection, could provide an
imaging method also feasible in clinical practice. More research and validation of
the method are needed, however, before this method can be implicated in clinical
practice.
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