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DEFINITION AND CLASSIFICATION
OF CKD-MBD

Chronic kidney disease (CKD) leads to distur-
bances of bone and mineral metabolism. The former
term, renal osteodystrophy (ROD), has been inte-
grated into the term “chronic kidney disease-mineral
and bone disorder” (CKD-MBD) thus indicating the
close relationship between mineral disorder and
bone and renal disease®. Renal osteodystrophy con-
sists of several subtypes with important differences
in aetiology and fundamental differences in treat-
ment strategies. Long-term dialysis patients exhibit
a nearly 100% prevalence of some type of ROD,
which illustrates the importance of this sort of
comorbidity?2.

The TMV nomenclature, explained in the recent
KDIGO guidelines, discriminates between several
variants of MBD?. In this system T classifies bone
turnover, M bone mineralisation and V bone volume.
Bone turnover and bone volume may both be
ranked as high, normal or low. Bone mineralisation
may be categorised as normal or abnormal. Alterna-
tive to volume, the bone balance may be consid-
ered34, According to this classification, six types of
bone pathology in CKD-MBD can be distinguished

Table |
NKF-K/DOQI guidelines and renal osteodystrophy classification
— Hyperparathyroid (high-turnover) bone disease.
— Mixed (high-turnover with mineralisation defect) bone disease.
— Osteomalacia.
— Adynamic bone disease (ABD).
— Additionally, two distinct causing agents for ROD are explicitly men-
tioned: amyloid bone disease and aluminium bone disease.

(Table I). Despite concerns about the importance of
histomorphometric parameters, a CKD-MBD classi-
fication is helpful in clinical practice and widely used
as the basis for therapeutic approaches.

DEFINITION OF ABD

The term “adynamic” bone disease, introduced in
the early 1980s5:®, describes a low-bone turnover
with a reduced number and/or activity of osteoblasts
and without osteoid accumulation. Low levels of
osteoid differentiate ABD from the other low-turnover
ROD, i.e. osteomalacia. The “original” ABD is char-
acterised by reduced collagen synthesis, whereas
osteomalacia, a defect in bone mineralisation, leads
to impaired bone formation?-8. Peritrabecular fibro-
sis, or marrow fibrosis, is minimal or absent (in
contrast to osteitis fibrosa). As a consequence, the
bone formation rate is substantially diminished and
the number of remodelling sites is low”.
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ABD IN BONE HISTOMORPHOMETRY

The actual KDIGO guidelines recommend bone
biopsy in various settings such as unexplained frac-
tures, persistent bone pain, unexplained hypercal-
caemia, unexplained hypophosphataemia, possible
aluminium toxicity and prior to therapy with bispho-
sphonates in patients with CKD-MBD. This is in line
with the K/DOQI guidelines with one exception. The
K/DOQI guidelines also recommend performing a
biopsy at intact PTH (iPTH) levels between 100 und
500 pg/ml, if the BAP and phosphate levels are also
increased or if there is bone pain (see Table IlI).

The NKF-K/DOQI guidelines suggest a number of
histomorphometric parameters for the classification
of ROD (Table I1).

Besides static histomorphometric parameters such
as bone area and osteoid area, dynamic parameters
such as activation frequency (AF), bone formation rate
(BFR) and mineral apposition rate (MAR) are of impor-
tance3. AF is defined as the reciprocal value of the
total remodelling time. The latter is the net result of
bone resorption, reversal, formation and quiescent
periods. Therefore, the activation frequency assesses
both osteoclast (resorption) and osteoblast (forma-
tion) activity®'°. In contrast, BFR focuses only on
osteoblast activity9:1°, As the correlation between
these two parameters of bone turnover is excellent
in ROD®, both activation frequency as well as bone
formation rate may be used for assessment of bone
turnover. KDIGO guidelines recommend measuring the
TMV parameters BFR, mineralisation lag time and
bone volume (in relation to tissue volume, BV/TV).

Table I

Histomorphometric parameters and normal levels according to K/DOQI

Parameter Normal
1) bone volume relative to total tissue volume 16 - 23 (%)
2) osteoid thickness 4—20 (um)
3) osteoid surface relative to total bone surface 1-39 (%)
4) osteoblast surface relative to total bone surface | 0.2-10 (%)

5) osteoclast surface relative to total bone surface | 0.15-1.2 (%)
0.49 —0.72 | (year?)
absent (%)
(days)
-> ABD is diagnosed in the presence of subnormal values in criteria 2 to

6 in the absence of fibrosis

6) activation frequency”

7) fibrosis volume relative to total tissue volume

8) mineralisation lag time <50

* see text for comment
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Figure 1

Bone biopsy from a patient with mixed uraemic nephropathy: Character-
istic high cellular activity with osteoid accumulation and peritrabecular
fibrosis. Goldner stain. 100x. (Courtesy of G. Lehmann, Jena)

Figure 2

A bioptic sample of adynamic bone disease. The histograph shows signs
of osteopaenia: an absence of cellular activity, fatty bone marrow, no
osteoid, low cancellous bone volume. Goldner stain, 100x. (Courtesy of G.
Lehmann, Jena)
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For a clearer differentiation of hyperparathyroid
bone disease, osteomalacia as well as mixed and
adynamic bone disease, the parameters bone turn-
over, fibrosis quantification and bone mineralisation
assessment are necessary. Usually three histomor-
phometric parameters are suitable for this assess-
ment: BFR, osteoid accumulation and presence or
absence of fibrosis?**4, However, cut-off levels are
inconsistent, which leads to divergent data about
the quantification of patients with bone disease.

ABD frequently occurs before end-stage renal dis-
ease is reached?7, Bone biopsies in patients new on
dialysis or with advanced CKD (mean age 54+12 years)
revealed ABD in 23% of the patients?>. None of these
patients had received calcitriol or aluminium during the
course of CKD. An even higher ABD prevalence, 49%,
was reported in predialysis CKD stage 5 patients'®. The
prevalence of ABD in advanced CKD or ESRD depends
largely upon age, comorbidities, ethnic background,
geographical region and also treatment modalities.

DISTINCTION BETWEEN
THE SUBTYPES OF RENAL
OSTEODYSTROPHY

The gold standard for the diagnosis and classifica-
tion of CKD-MBD is the histomorphometric analysis of
an undecalcified bone sample®. A preceding tetracycline

Table IlI

Possible indications for iliac crest bone biopsy in renal osteodystrophy:

— A CKD patient with unexplained hypercalcaemia, bone pain, or an
increase in bone alkaline phosphatase activity in combination with
serum levels of iPTH between 100 and 500 pg/mL (11.0 to 55.0
pmol/L).

— Inconsistencies among biochemical parameters that do not allow a
definitive interpretation of bone metabolism.

— Unexplained skeletal fracture or bone pain.

— Severe progressive vascular calcification.

— Unexplained hypercalcaemia.

— Suspicion of aluminium overload or toxicity, especially before chela-
tion treatment due to possible side effects of DFO.

— Before parathyroidectomy if there has been significant exposure to
aluminium in the past or if the results of biochemical determinations
are not consistent with advanced secondary or tertiary hyperparathy-
roidism.

— Consider biopsy before beginning treatment with bisphosphonates.

* modified after' and K/DOQI guidelines.

labelling, as well as amyloid and aluminium stains, are
required for a thorough diagnostic process. To obtain
a complete overview of bone metabolism, a combina-
tion of dynamic as well as static bone parameters, of
cortical and trabecular bone is necessary3*9. A mini-
mum biopsy diameter of 4-5 mm is regarded as being
optimal. The sample should be taken 2 cm posterior
and 2 c¢m inferior to the anterior iliac crest”.

HOW TO PERFORM OPTIMAL
TETRACYCLINE LABELLING

To facilitate the assessment of the dynamic bone
parameters, bone formation rate, activation frequency
and mineral apposition rate, in vivo labelling is nec-
essary using tetracycline42°. Tetracyclines are fluores-
cent in ultraviolet light and bind to actively forming
bone areas. The administration of calcium-containing
phosphate binders should be avoided during tetracy-
cline labelling. For patients with severely impaired
renal function, one possible scheme for tetracycline
labelling is shown in Table IV. Information is enhanced
by using two different tetracylines with different fluo-
rescent properties2?. After the second labelling period,
4-6 days should elapse to give the second tetracycline
line sufficient time to become incorporated into
osteoid. Alternatively, tetracycline hydrochloride and
demeclocyclin may be used. A modified, short-term
“emergency” labelling scheme is possible7-2%,

Table IV

Time table of tetracycline labelling in patients with suspected renal
osteodystrophy:

— First label: daily single dose of doxycyclin 100 mg for three days

— Second label, 14 days after first label: minocyclin 50 mg bid for three
days (2 to 4 days)

-> Biopsy after 4-6 days

(Several alternatives to the tetracycline family are available; see text.)

ASSESSMENT OF RENAL
OSTEODYSTROPHY WITHOUT
A BONE BIOPSY

Due to the discomfort of a bone biopsy for the
patient, physicians often use non-invasive parameters
for the evaluation of CKD-MBD. However, none of the
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known biochemical markers for parathyroid status,
bone formation and bone resorption, have reached
a sufficient level of diagnostic accuracy (reviews
in%2% and none so far can replace the diagnostic
power of a bone biopsy. Measurements of bone
mineral density or planar bone radiographs are not
suitable for a diagnosis of CKD-MBD and are discour-
aged by the new KDIGO guidelines2°:22,

Whereas extreme plasma iPTH levels, i.e. below 50
pg/ml and above 500 pg/ml, are usually associated
with ABD and high-turnover bone disease, respec-
tively, in particular levels between about 100 to 500
pg/ml exhibit variable associations with types of bone
lesions. This diagnostic uncertainty of intermediate,
K/DOQI target-compliant PTH levels has recently been
confirmed by bone biopsy studies from Brazil and
Portugal?3-24, The situation is complicated further by
wide variations in iPTH results when different test
assays are employed?5:26 and by potentially variable
ratios of agonistic (PTH1-84) and antagonistic (PTH7-
84) PTH forms?7. This formed the rationale for a
different iPTH target range in the KDIGO guidelines.

Assessment of bone remodelling using serological
parameters is difficult, but in cases where a biopsy
is not available, serological parameters are the only
indicators for bone diseases. The new KDIGO guide-
lines indicate that iPTH as the single parameter is
insufficient. Several studies have evaluated the role
of serum markers for the non-invasive diagnosis of
ROD14’28'32.

Bone alkaline phosphatase (BAP) is probably the
most useful biochemical parameter for the assessment
of bone formation. BAP correlates well with the
BFR?7:33, Depending on the patients investigated and
the cut-off levels applied, low levels of BAP had PPV
of 89, 91 and 100%%3:'4:33, corresponding to Youden’s
Indices between 0,49 — 0,93. Elevated levels of BAP
largely exclude an adynamic renal bone disease?©:33;
however, elevations of BAP along with total AP may
be seen in cases of severe osteomalacia. Combinations
of biochemical markers like iPTH plus osteoprotegerin?
or iPTH plus bone-specific alkaline phosphatase33 hold
promise to distinguish high-turnover versus adynamic
forms. Currently, the domain of biochemical markers
is the long-term monitoring of ROD evolution. Chang-
es in bone markers, such as bone-specific alkaline
phosphatase (or also iPTH), over time may be suitable
indicators for the assessment of therapeutic effects.
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ALUMINIUM BONE DISEASE

In the 1980s, aluminium overload was the pre-
dominant cause for the development of low-turnover
bone disease in dialysis patients. This is regarded
as being related to the preparation of the dialysate
before the emergence of reverse osmosis34:35. By
reducing both osteoclast resorption and osteoblast
surface, aluminium causes mineralisation defects®.
It profoundly decreases PTH synthesis and release3:37,
even in the presence of excessive hyperphosphatae-
mia38. Clinically, the aluminium-induced ABD forms
appear particularly prone to causing bone pain,
hypercalcaemia and fractures8:39,

Aluminium bone disease has also been described
in CKD patients ingesting aluminium hydroxide with-
out prior dialysis treatment4°. Aluminium-accumulation
may still be of relevance nowadays, as about a
quarter of the patients exhibited positive aluminium
bone staining in 1995 and in a study from France
published in 2004, 57% of the dialysis patients had
been treated with aluminium “in the past”4%.

To test for aluminium overload, the performance
of a desferrioxamine (DFO) test increases diagnostic
accuracy additionally to the basic aluminium serum
levels. Depending on the dosage of DFO adminis-
tered, the aluminium increase in serum regarded as
diagnostic varies, from over 5o pg/l4? to exceeding
200 pg/l43. Candidates for DFO testing are patients
with elevated serum aluminium levels (between 60
to 200 pg/l) and clinical symptoms and/or signs
suggestive of aluminium toxicity.

EVOLUTION OF ABD PREVALENCE
OVER THE LAST DECADES

The prevalence of ABD has increased markedly
over the last 15 to 20 years, despite the fact that
the incidence of aluminium-induced low-turnover
bone disease declined4445, In a mixed cohort of
adult haemodialysis and peritoneal dialysis patients,
non-aluminium-induced ABD was the main lesion45.
In particular in diabetic ESRD patients, a prevalence
of up to 67% has been observed?®. Accordingly, the
former predominance of hyperparathyroid bone
disease has diminished444%, The growing proportion
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of elderly and diabetic patients and relatively high
vitamin D and oral calcium dosages also contribute
to the increase in ABD prevalence.

RISK FACTORS FOR THE
DEVELOPMENT OF ABD

Besides aluminium, low PTH levels are regarded
as an important risk factor for ABD (Table V)47, In
a bone biopsy study in dialysis patients, iPTH
plasma levels below 120 pg/mL were highly predic-
tive of ABD, while levels > 450 pg/mL virtually
excluded it®8,

Table V
Factors associated with a high prevalence of ABD
— High calcium load®
— Low PTH levels!t47
- Over-treatment with active Vitamin D (inducing hypercalcaemia)52-54
—Increasing age of the dialysis patients44:55
— High prevalence of diabetes mellitus44:5¢
— CAPD compared to haemodialysis44-57

The regulation of the PTH/PTHrp receptor on
osteoblasts may play an important role as well.
Down-regulation of this receptor in CKD leads to
skeletal resistance to bone-anabolic PTH actions48:49,
An abolished PTH pulsatility also contributes to the
development of ABD in ESRD5°.

The pathophysiology of ABD is multifactorial. Uraemic
toxins as well as derangements in cytokines and growth
factors further influence the development of ABD8:51,

There is no pathognomonic clinical sign of ABD.
Symptoms are bone pain, fractures and proximal
muscle weakness. Although common in patients with
osteomalacia, skeletal pain may occur in all subtypes
of ROD®. Proximal muscle weakness together with
axial skeletal pain and fractures of the ribs, vertebral
bodies, pelvis and hips are features of aluminium-
induced osteomalacia34. These signs and symptoms
may also occur in the absence of aluminium overload
in patients with osteomalacic bone lesions>8. How-
ever, non-aluminium-induced ABD also carries sig-
nificant morbidity and mortality4* (see below) and
any type of ABD may cause bone pain.

ABD AND ECTOPIC CALCIFICATION

The reduced bone capacity to buffer calcium loads in
ABD has now been widely confirmed>9. As a conse-
quence, the calcium-phosphate product rises even after
minor calcium loading which in turn promotes the devel-
opment of cardiovascular and ectopic calcification. Car-
diovascular calcifications is regarded as the main reason
for the mortality in patients with ESRD®062, Several
studies have noted a relation between bone metabolism
and such calcifications. In 224 prevalent haemodialysis
patients, patients with the lowest bone turnover exhib-
ited the most pronounced coronary artery calcification
(CAQ) scores®3. A study with 38 dialysis patients identi-
fied lower bone volume as a significant risk factor for
coronary calcification in the early years (i.e. < 6 years) of
dialysis®4. Increasing calcification scores of the common
carotid arteries, the abdominal aorta, iliofemoral axis and
legs were associated with decreasing mean iPTH4,

Calcific uraemic arteriolopathy (CUA), formerly
called calciphylaxis, has also been linked to ABD®5.

LOW iPTH AND INCREASED
MORTALITY

In a study by Ganesh et al., a U-curve relationship
in a two-year follow-up study in 12,800 dialysis patients
showed that both very low (< 32 pg/ml) as well as high
iPTH levels (> 496 pg/ml) increased the risk for sudden
death®®. Another investigation in 58,000 ESRD patients
revealed that iPTH plasma levels below 150 pg/mL led
to a significant, 1.4-fold increase in mortality after exten-
sive multivariate adjustments®?. However, such a
U-shaped relationship between PTH and mortality has
not been uniformly confirmed. After multiple adjust-
ments, Block et al. revealed a linear association between
the two parameters®®. Recently, the results of the Euro-
pean ARO-CKD Research Initiative revealed that patients
with iPTH, calcium and phosphate levels outside the
normal range have an increased risk of mortality com-
pared to those with levels within normal range®9.

ABD AND BONE STABILITY

ABD is associated with a reduced ability to repair
microdamage which may result in an increased fracture

Port J Nephrol Hypert 2010; 24(1): 17-25 | 21



Thilo Kriiger, Vincent Brandenburg, Jirgen Floege

risk19-47:79_|In a retrospective study in 9,000 haemo-
dialysis patients, a U-curve relationship between
fracture risk and plasma iPTH levels was detectable”?.
Another study demonstrated a 17-fold increased hip
fracture incidence in ESRD patients’2. One of the
significant predictors of fracture risk was an iPTH
level below 195 pg/mL. Atsumi et al. retrospectively
showed that the lowest tertile of iPTH, in particular in
men, was associated with a 22% increase in the risk
of vertebral fractures’®.

TREATMENT OF THE PATIENT
WITH ABD

In contrast to high-turnover bone disease, the man-
agement of ABD is not well investigated and we are
lacking large-scale prospective randomised controlled
trials. The goals in ABD treatment are the reduction of
calcium and vitamin D load and the restoration of PTH
activity (Table VI). Despite the potential success of
these strategies, there is a need for large controlled
prospective trials in this area.

Table VI
Therapeutic strategies in ABD

- Avoid or diminish calcium-containing phosphate binders, replace with
non-mineral-containing phosphate binders.

- Reduce dietary calcium intake to less than 2000 mg/d.

— Reduce or avoid active vitamin D compounds.

- Lower dialysate calcium to 1.25 mmol/L or below.

— In selected cases consider biopsy to confirm diagnosis and to assess
bone aluminium content and distribution.

— Stop aluminium exposition; consider aluminium mobilisation and
removal (DFO treatment).

— Consider PTH (1-34) in ABD plus severe fracturing bone disease.

— Calcimimetics and calcilytics currently of unknown value.

— Avoid bisphosphonates, strontium and fluoride administration.

In the case of exposure to aluminium, the use of
desferrioxamin is recommended. DFO mobilises
aluminium from bone and decreases the proportion
of protein-bound aluminium in plasma, thereby
facilitating removal by dialysis. Discontinuation of
aluminium and administration of DFO improved signs
of aluminium-induced bone lesions in vivo73:74,
Human data with serial biopsies after DFO treatment
have shown a marked decline in stainable bone-
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surface aluminium that was associated with an
increase in bone formation rate75. Parathyroidectomy
should be avoided in patients with aluminium-
induced bone disease, since the decrease in bone
turnover after surgery may be associated with an
accelerated accumulation of aluminium in bone7®.

Another treatment option is the reduction of intra-
dialytic calcium. A reduced calcium concentration
resulted in improved ABD in haemodialysis and CAPD
patients?7:78 and a high calcium load in the dialysate
resulted in an increased coronary calcium score in
patients with elevated serum phosphate » 4.7 mg/d|79.
Reducing the dialysate calcium concentration from 1.75
or 1.5 mmol/L to 1.25 mmol/L reduced serum-ionized
calcium, diminished episodes of hypercalcaemia, and
increased iPTH (four-fold), bone-specific alkaline phos-
phatase and TRAP-5b levels within 3 to 6 months®°.

The current NKF-K/DOQI guidelines recommend
limiting daily oral calcium intake (dietary calcium plus
phosphate binder) to less than 2000 mg. According
to the new KDIGO guidelines, a dialysate calcium
concentration of 1.25 to 1.5 mmol/l is recommended.

The use of calcium-containing phosphate binders
is regarded as suboptimal by the KDIGO working
group. The potential calcium intake may contribute
to hypercalcaemia. Recently developed calcium- and
aluminium-free phosphate binders now offer alterna-
tives. In two studies investigating the difference
between mineral-free phosphate binders compared
to calcium-containing binders and their effect on
renal bone disease, a benefit for the mineral-free
binders was demonstrated24-81, Nevertheless, trials
with larger populations are needed to underline the
advantage of this therapeutic option.

The indiscriminate administration of active vitamin
D compounds reduces bone turnover in CKD
patients. For example, alphacalcidol treatment sig-
nificantly reduced osteoblast surface, number of
osteoblasts, eroded surface and bone formation
rate®2. Biopsy studies indicate that high dosages of
active vitamin D (calcitriol) in patients with ESRD
may eventually lead to the development of ABD53.
Additionally, in these studies, high-dose active vita-
min D treatment was associated with higher inci-
dences of hypercalcaemia and higher mean serum
calcium levels. Therefore, the KDIGO guidelines rec-
ommend to restrict the dosage of calcitriol or vitamin
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D analogues, although uncertainty remains regarding
the prevailing need for vitamin D in terms of pleio-
tropic effects e.g. on the development of cancer and
vascular calcification.

Preliminary in vitro data point towards the lower
osteoblast activity suppression of novel vitamin D
receptor (VDR) agonists (paricalcitol)®3. Additionally,
paricalcitol increased while calcitriol decreased the
PTH(1-84)/PTH C-fragment ratio in haemodialysis
patients, indicating a positive effect by paricalcitol
on skeletal PTH resistance84. However, no human
bone biopsy data are available to verify whether
newer VDR agonists indeed affect bone turnover
more effectively than calcitriol.

There is an enthralling role for osteoanabolic
agents in the treatment of ABD. Currently, the only
approved osteoanabolic medications for non-renal
osteoporosis are full-length and truncated 1-34PTH.
There is a theoretical option in improving bone
mass and architecture. The only human trial admin-
istering PTH (1-34) in a state of low-bone turnover
included patients with “non-renal” hypoparathyroid-
ism. Over a three-year period, teriparatide led to
significant elevations of bone turnover markers85.
Studies in CKD patients are lacking and may be of
interest concerning an improvement of ABD.

The physiological action of PTH on bone seems
to depend on its pulsatile secretion>°. Calcimimetics
may help to re-establish a pulsatile secretion of PTH
in patients with ABD. Cinacalcet, to date the only
calcimimetic agent, significantly reduces iPTH levels,
but this is followed by a strong iPTH rebound in
plasma so that circadian swings of plasma iPTH
increase®®. The effect on lowering increased PTH
levels has been demonstrated in several animal and
human trials of CKD®7-99, which indicated that cal-
cimimetics may be a tool to induce pulsatility of PHT
levels. The clinical indication is still restricted to
secondary hyperparathyroidism and not ABD,
although a bone anabolic effect has been shown in
in vivo experiments9t,

SUMMARY

ABD is not an innocent bystander in chronic kid-
ney disease. It is possibly the most prevalent bone

lesion in advanced CKD, is associated with impaired
calcium-buffering capacity of the bone and linked to
cardiovascular disease and mortality in CKD patients.
ABD is at least in part often iatrogenic and it is this
part in particular which lends itself to prevention or
therapeutic intervention. Reducing calcium load is
the most widely researched preventive or therapeu-
tic option in non-aluminium-induced ABD.

Conflict of interest statements:

TK has received funding from Amgen, Fresenius Medical Care and
Shire and honoraria for lectures from Genzyme.

VB is a consultant for Abbott and Genzyme, and has receicevd
funding from Amgen and Genzyme and honoraria for lectures
from the following companies: Abbott, Amgen, Genzyme, Roche,
Shire, Novartis.

JF is a regular consultant for Amgen and Genzyme and has
received honoraria for lectures and panels from the following
companies: Abbott, Amgen, Genzyme, and Shire.

References

1 Moe S, Drueke T, Cunningham J, Goodman W, Martin K, Olgaard K, Ott S, Sprague
S, Lameire N, Eknoyan G. Definition, evaluation, and classification of renal osteod-
ystrophy: a position statement from Kidney Disease: Improving Global Outcomes
(KDIGO). Kidney Int 2006;69:1945-1953

* Haas M, Leko-Mohr Z, Roschger P, Kletzmayr J, Schwarz C, Domenig C, Zsontsich T,
Klaushofer K, Delling G, Oberbauer R. Osteoprotegerin and parathyroid hormone as
markers of high-turnover osteodystrophy and decreased bone mineralization in
hemodialysis patients. Am ] Kidney Dis 2002;39:580-586

w

 Malluche HH, Monier-Faugere MC. Renal osteodystrophy: what’s in a name? Presen-
tation of a clinically useful new model to interpret bone histologic findings. Clin
Nephrol 2006;65:235-242

4 Ferreira A: Development of renal bone disease. Eur.) Clin Invest 2006;36 Suppl 2:2-
-12.:2-12

v

* Sherrard DJ, Ott S, Maloney NA. Uremic osteodystrophy, classification, cause, and
treatment, in clinical disorders of bone and mineral metabolism, edited by Frame B,
Potts JRJ, Amsterdam, Excerpta Medica, 1983, pp 254-259

o

* Malluche HH, Faugere MC. Atlas of mineralized bone histology. Basel, Karger, 1986

~

* Spasovski GB. Bone biopsy as a diagnostic tool in the assessment of renal osteod-
ystrophy. Int J Artif.Organs 2004;27:918-923

[

* Cannata-Andia JB. Hypokinetic azotemic osteodystrophy. Kidney Int 1998;54:1000-1016

o

- Hernandez CJ, Hazelwood SJ, Martin RB. The relationship between basic multicellular
unit activation and origination in cancellous bone. Bone 1999;25:585-587

10 Ballanti P, Coen G, Mazzaferro S, Taggi F, Giustini M, Calabria S, Ferrannini M,

Bonucci E. Histomorphometric assessment of bone turnover in uraemic patients:

comparison between activation frequency and bone formation rate. Histopathology

2001;38:571-583

11.

B

Monier-Faugere MC, Malluche HH. Trends in renal osteodystrophy: a survey from 1983 to
1995 in a total of 2248 patients. Nephrol Dial.Transplan 1996;11 Suppl 3:111-20.:111-120
12. Haris A, Sherrard DJ, Hercz G. Reversal of adynamic bone disease by lowering of
dialysate calcium. Kidney Int 2006;70:931-937

13- | ehmann G, Stein G, Huller M, Schemer R, Ramakrishnan K, Goodman WG. Specific

measurement of PTH (1-84) in various forms of renal osteodystrophy (ROD) as
assessed by bone histomorphometry. Kidney Int 2005;68:1206-1214

Port ) Nephrol Hypert 2010; 24(1): 17-25 | 23



Thilo Kriiger, Vincent Brandenburg, Jiirgen Floege

14.

1

[

16.

17.

18.

19.

20.

21,

»

22,

23.

24.

25.

26.

27.

28.

29.

30.

32.

33.

24

Bervoets AR, Spasovski GB, Behets GJ, Dams G, Polenakovic MH, Zafirovska K, Van
Hoof VO, De Broe ME, D’Haese PC. Useful biochemical markers for diagnosing renal
osteodystrophy in predialysis end-stage renal failure patients. Am ] Kidney Dis
2003;41:997-1007

* Spasovski GB, Bervoets AR, Behets GJ, Ivanovski N, Sikole A, Dams G, Couttenye

MM, De Broe ME, D’Haese PC. Spectrum of renal bone disease in end-stage renal
failure patients not yet on dialysis. Nephrol Dial.Transplant 2003;18:1159-1166

Coen G, Mazzaferro S, Ballanti P, Sardella D, Chicca S, Manni M, Bonucci E, Taggi F.
Renal bone disease in 76 patients with varying degrees of predialysis chronic renal
failure: a cross-sectional study. Nephrol Dial.Transplant 1996;11:813-819

Coen G, Ballanti P, Bonucci E, Calabria S, Costantini S, Ferrannini M, Giustini M,
Giordano R, Nicolai G, Manni M, Sardella D, Taggi F. Renal osteodystrophy in predi-
alysis and hemodialysis patients: comparison of histologic patterns and diagnostic
predictivity of intact PTH. Nephron 2002;91:103-111

Torres A, Lorenzo V, Hernandez D, Rodriguez JC, Concepcion MT, Rodriguez AP,
Hernandez A, de Bonis E, Darias E, Gonzalez-Posada JM. Bone disease in predialysis,
hemodialysis, and CAPD patients: evidence of a better bone response to PTH. Kidney
Int 1995;47:1434-1442

Parfitt AM. Renal bone disease: a new conceptual framework for the interpretation
of bone histomorphometry. Curr Opin Nephrol Hypertens 2003;12:387-403

Schwarz C, Sulzbacher I, Oberbauer R. Diagnosis of renal osteodystrophy. Eur.] Clin
Invest 2006;36 Suppl 2:13-22

Malluche HH, Monier-Faugere MC. The role of bone biopsy in the management of
patients with renal osteodystrophy. ] Am Soc Nephrol 1994;4:1631-1642

Kidney Disease: Improving Global Outcomes (KDIGO) CKD-MBD Work Group.:
KDIGO clinical practice guideline for the diagnosis, evaluation, prevention, and
treatment of Chronic Kidney Disease-Mineral and Bone Disorder (CKD-MBD). Kidney
Int 2009;113:51-S130

Barreto FC, Barreto DV, Moyses RM, Neves KR, Canziani ME, Draibe SA, Jorgetti V,
Carvalho AB: K/DOQI-recommended intact PTH levels do not prevent low-turnover
bone disease in hemodialysis patients. Kidney Int 2008;73:771-777

Ferreira A, Frazao JM, Monier-Faugere MC, Gil C, Galvao J, Oliveira C, Baldaia J,
Rodrigues I, Santos C, Ribeiro S, Hoenger RM, Duggal A, Malluche HH. Effects of
sevelamer hydrochloride and calcium carbonate on renal osteodystrophy in hemodi-
alysis patients. ] Am Soc Nephrol 2008;19:405-412

Goodman WG: The evolution of assays for parathyroid hormone. Semin.Dial
2005;18:296-301

Goodman WG. Comments on plasma parathyroid hormone levels and their relation-
ship to bone histopathology among patients undergoing dialysis. Semin.Dial
2007;20:1-4

Monier-Faugere MC, Geng Z, Mawad H, Friedler RM, Gao P, Cantor TL, Malluche HH.
Improved assessment of bone turnover by the PTH-(1-84)/large C-PTH fragments ratio
in ESRD patients. Kidney Int 2001;60:1460-1468

Coen G, Ballanti P, Bonucci E, et al. Bone markers in the diagnosis of low turnover
osteodystrophy in haemodialysis patients. Nephrol Dial Transplant 1998;13:2294-
2302

Urena P, Hruby M, Ferreira A, Ang K, de Vernejoul M. Plasma total versus bone
alkaline phosphatase as markers of bone turnover in hemodialysis patients. ] Am
Soc Nephrol 1996;7:506-512

Couttenye M, D"Haese P, Van Hoof V, Lemoniatou E, Goodman WG, Verpooten G, de
Broe M. Low serum levels of alkaline phosphatase of bone origin: a good marker of
adynamic bone disease in haemodialyisis patients. Nephrol Dial.Transplant
1996;11:1065-1072

* Moore C, Yee J, Malluche HH, et al. Relationship between bone histology and mark-

ers of bone and mineral metabolism in African-American hemodialysis patients. Clin
J Am Soc Nephrol 2009;4:1484-1493

Lehmann G, Ott U, Kaemmerer D, Schuetze J, Wolf G. Bone histomorphometry and
biochemical markers of bone turnover in patients with chronic kidney disease

Stages 3 - 5. Clin Nephrol 2008;70:296-305

Urena P, De Vernejoul MC. Circulating biochemical markers of bone remodeling in
uremic patients. Kidney Int 1999;55:2141-2156

Port ) Nephrol Hypert 2010; 24(1): 17-25

34.

3

36.

37.

2

38.

3

°

40.

4.

4

44

4

46.

4

4

50.

5

52.

53.

k4

©°

w

w

B

©°

»

Nebeker HG, Coburn JW. Aluminum and renal osteodystrophy. Annu.Rev Med
1986;37:79-95

Ott SM, Maloney NA, Coburn JW, Alfrey AC, Sherrard DJ. The prevalence of bone
aluminum deposition in renal osteodystrophy and its relation to the response to
calcitriol therapy. N Engl ] Med 1982;307:709-713

Morrissey J, Slatopolsky E. Effect of aluminum on parathyroid hormone secretion.
Kidney Int Suppl 1986;18:S41-4

Diaz-Corte C, Fernandez-Martin JL, Barreto S, Gomez C, Fernandez-Coto T, Braga
S, Cannata JB. Effect of aluminium load on parathyroid hormone synthesis. Neph-
rol Dial Transplant 2001;16:742-745

Gonzalez-Suarez |, Naves M, Diaz-Corte C, Fernandez-Martin JL, Menendez-Rodriguez
P, Cannata-Andia JB. Effect of aluminium on calcium-sensing receptor expression,
proliferation, and apoptosis of parathyroid glands from rats with chronic renal
failure. Kidney Int Suppl 2003;539-543

Cannata-Andia JB. Pathogenesis, prevention and management of low-bone turno-
ver. Nephrol Dial.Transplant. 15 Suppl 5:15-7.:15-17, 2000

Felsenfeld AJ, Gutman RA, Llach F, Harrelson JM. Osteomalacia in chronic renal
failure: a syndrome previously reported only with maintenance dialysis. Am |
Nephrol 1982;2:147-154

London GM, Marty C, Marchais SJ, Guerin AP, Metivier F, De Vernejoul MC. Arte-
rial calcifications and bone histomorphometry in end-stage renal disease. ] Am
Soc Nephrol 2004;15:1943-1951

* D’Haese PC, Couttenye MM, Goodman WG, Lemoniatou E, Digenis P, Sotornik I,

Fagalde A, Barsoum RS, Lamberts LV, De Broe ME. Use of the low-dose desferri-
oxamine test to diagnose and differentiate between patients with aluminium-
related bone disease, increased risk for aluminium toxicity, or aluminium overload.
Nephrol Dial.Transplant 1995;10:1874-1884

Milliner DS, Nebeker HG, Ott SM, Andress DL, Sherrard DJ, Alfrey AC, Slatopolsky
EA, Coburn JW. Use of the deferoxamine infusion test in the diagnosis of aluminum-
-related osteodystrophy. Ann.Intern.Med 1984;101:775-779

Malluche HH, Mawad H, Monier-Faugere MC. The importance of bone health in
end-stage renal disease: out of the frying pan, into the fire? Nephrol Dial.Transplant
2004319 Suppl 1:i9-13

Sherrard DJ, Hercz G, Pei Y, Maloney NA, Greenwood C, Manuel A, Saiphoo C,
Fenton SS, Segre GV. The spectrum of bone disease in end-stage renal failure-an
evolving disorder. Kidney Int 1993;43:436-442

Martin KJ, Olgaard K, Coburn JW, Coen GM, Fukagawa M, Langman C, Malluche
HH, McCarthy JT, Massry SG, Mehls O, Salusky IB, Silver JM, Smogorzewski
MT, Slatopolsky EM, McCann L. Diagnosis, assessment, and treatment of bone
turnover abnormalities in renal osteodystrophy. Am | Kidney Dis 2004;43:558-
565

Hutchison AJ, Moore PR. Low turnover bone disease. Perit.Dial.Int 1996;16 Suppl
1:5295-9

Picton ML, Moore PR, Mawer EB, Houghton D, Freemont AJ, Hutchison AJ, Gokal
R, Hoyland JA. Down-regulation of human osteoblast PTH/PTHrP receptor mRNA
in end-stage renal failure. Kidney Int 2000;58:1440-1449

Iwasaki-Ishizuka Y, Yamato H, Nii-Kono T, Kurokawa K, Fukagawa M. Downregula-
tion of parathyroid hormone receptor gene expression and osteoblastic dysfunction
associated with skeletal resistance to parathyroid hormone in a rat model of renal
failure with low turnover bone. Nephrol Dial.Transplant 2005;20:1904-1911

Silver J, Bushinsky D. Harnessing the parathyroids to create stronger bones. Curr.
Opin.Nephrol Hypertens 2004;13:471-476

Couttenye MM, D’Haese PC, Verschoren W), Behets GJ, Schrooten I, De Broe
ME. Low bone turnover in patients with renal failure. Kidney Int Suppl 1999;
73:570-6

Baker LR, Abrams SM, Roe CJ, Faugere MC, Fanti P, Subayti Y, Malluche HH.
Early therapy of renal bone disease with calcitriol: a prospective double-blind
study. Kidney Int Suppl. 27:5140-2.:5140-S142, 1989

Goodman WG, Ramirez JA, Belin TR, Chon Y, Gales B, Segre GV, Salusky IB.
Development of adynamic bone in patients with secondary hyperparathyroidism
after intermittent calcitriol therapy. Kidney Int 1994;46:1160-1166



Low-turnover (adynamic) bone disease in CKD patients

54.

5

56.

57-

59.

[2

61.

B

62.

N

63.

[

65.

66.

6

69.

70.

71.

72.

7

7

7

76.

w

o

+

N

w

+

A4

Slatopolsky E, Weerts C, Thielan J, Horst R, Harter H, Martin KJ. Marked suppres-
sion of secondary hyperparathyroidism by intravenous administration of 1,25-dihy-
droxy-cholecalciferol in uremic patients. J Clin Invest 1984;74:2136-2143

Malluche HH, Monier-Faugere MC. Risk of adynamic bone disease in dialyzed patients.
Kidney Int Suppl 1992;38:562-7

Pei Y, Hercz G, Greenwood C, Segre G, Manuel A, Saiphoo C, Fenton S, Sherrard D.
Renal osteodystrophy in diabetic patients. Kidney Int 1993;44:159-164

Kurz P, Tsobanelis T, Roth P, Werner E, Ewald U, Grutzmacher P, Schoeppe W, Vla-
chojannis ). Differences in calcium kinetic pattern between CAPD and HD patients.
Clin Nephrol 1995;44:255-261

* Hernandez JD, Wesseling K, Boechat MI, Gales B, Salusky IB. Osteomalacia in a

hemodialysis patient receiving an active vitamin D sterol. Nat.Clin Pract.Nephrol
2007;3:227-232

Hercz G, Pei Y, Greenwood C, Manuel A, Saiphoo C, Goodman WG, Segre GV, Fenton
S, Sherrard DJ. Aplastic osteodystrophy without aluminum: the role of “suppressed”
parathyroid function. Kidney Int 1993;44:860-866

Kestenbaum B, Belozeroff V. Mineral metabolism disturbances in patients with
chronic kidney disease. Eur.J Clin Invest 2007;37:607-622

Westenfeld R, Jahnen-Dechent W, Ketteler M: Vascular calcification and fetuin-A
deficiency in chronic kidney disease. Trends Cardiovasc.Med 2007;17:124-128

Kalpakian MA, Mehrotra R. Vascular calcification and disordered mineral metabolism
in dialysis patients. Semin.Dial 2007;20:139-143

Asci G. The link between cardiovascular and bone disease in hemodialysis patients
(abstract). (abstract) Nephrol Dial.Transplant 2007;22:217

Adragao T, Herberth J, Monier-Faugere MC, Branscum A)J, Ferreira A, Frazao JM, Dias
CJ, Malluche HH. Low bone volume-a risk factor for coronary calcifications in hemo-
dialysis patients. Clin ] Am Soc Nephrol 2009;4:450-455

Mawad HW, Sawaya BP, Sarin R, Malluche HH: Calcific uremic arteriolopathy in
association with low turnover uremic bone disease. Clin Nephrol 1999;52:160-166

Ganesh SK, Stack AG, Levin NW, Hulbert-Shearon T, Port FK. Association of elevated
serum PO(4), Ca x PO(4) product, and parathyroid hormone with cardiac mortality
risk in chronic hemodialysis patients. ] Am Soc Nephrol 2001;12:2131-2138

Kalantar-Zadeh K, Kuwae N, Regidor DL, Kovesdy CP, Kilpatrick RD, Shinaberger CS, McAl-
lister CJ, Budoff M), Salusky 1B, Kopple JD. Survival predictability of time-varying indicators
of bone disease in maintenance hemodialysis patients. Kidney Int 2006;70:771-780

Block GA, Klassen PS, Lazarus JM, Ofsthun N, Lowrie EG, Chertow GM. Mineral
metabolism, mortality, and morbidity in maintenance hemodialysis. ] Am Soc Neph-
rol 2004;15:2208-2218

Floege J, Kim J, Ireland E, Chazot C, Drueke T, de Francisco ALM, Kronenberg F,
Marcelli D, Passlick-Deetjen J, Schernthaner G, Fougeray B, Wheeler DC. Markers of
Mineral and Bone Metabolism and Risk of Mortality in the ARO Haemodialysis Patient
Population. Nephrol Dial.Transplant submitted: 2009

Atsumi K, Kushida K, Yamazaki K, Shimizu S, Ohmura A, Inoue T. Risk factors for
vertebral fractures in renal osteodystrophy. Am ] Kidney Dis 1999;33:287-293

Danese MD, Kim J, Doan QV, Dylan M, Griffiths R, Chertow GM. PTH and the risks for
hip, vertebral, and pelvic fractures among patients on dialysis. Am ] Kidney Dis
2006;47:149-156

Coco M, Rush H. Increased incidence of hip fractures in dialysis patients with low
serum parathyroid hormone. Am ] Kidney Dis 2000;36:1115-1121

Finch JL, Bergfeld M, Martin KJ, Chan YL, Teitelbaum S, Slatopolsky E. The effects of
discontinuation of aluminum exposure on aluminum-induced osteomalacia. Kidney
Int 1986;30:318-324

Jablonski G, Klem KH, Danielsen CC, Mosekilde L, Gordeladze JO. Aluminium-induced
bone disease in uremic rats: effect of deferoxamine. Biosci.Rep 1996;16:49-63

Andress DL, Nebeker HG, Ott SM, Endres DB, Alfrey AC, Slatopolsky EA, Coburn JW,
Sherrard D). Bone histologic response to deferoxamine in aluminum-related bone
disease. Kidney Int 1987;31:1344-1350

Andress DL, Ott SM, Maloney NA, Sherrard D). Effect of parathyroidectomy on bone
aluminum accumulation in chronic renal failure. N.Engl.) Med 1985;312:468-473

77.

79-

8o.

81.

Py

82,

83.

84.

8s.

86.

87.

89.

90.

91

Spasovski G, Gelev S, Masin-Spasovska J, Selim G, Sikole A, Vanholder R: Improve-
ment of bone and mineral parameters related to adynamic bone disease by diminish-
ing dialysate calcium. Bone 2007;41:698-703

“ Lezaic V, Pejanovic S, Kostic S, Pliesa S, Dimkovic N, Komadina L, Jovanovic D,

Marinkovic J, Djukanovic L. Effects of lowering dialysate calcium concentration on
mineral metabolism and parathyroid hormone secretion: a multicentric study. Ther.
Apher.Dial 2007;11:121-130

Ok E, Asci G, Duman S, Ozkahya M, Ceylan N, Toz H, Monier-Faugere MC, Malluche
HH. Reduction of Calcium Exposure Slows down Progression of Vascular Calcification
and Improves Adynamic Bone Disease. (abstract) ] Am Soc Nephrol 2008;Abstract
Book Renal Week 2008:LB-005

Fujimori A, Yorifuji M, Sakai M, Oyama M, Nakao N, Tokuyama M, Fukagawa M.
Low-calcium dialysate improves mineral metabolism in hemodialysis patients. Clin
Nephrol 2007;67:20-24

D’Haese PC, Spasovski GB, Sikole A, Hutchison A, Freemont TJ, Sulkova S, Swanep-
oel C, Pejanovic S, Djukanovic L, Balducci A, Coen G, Sulowicz W, Ferreira A, Torres
A, Curic S, Popovic M, Dimkovic N, De Broe ME. A multicenter study on the effects
of lanthanum carbonate (Fosrenol) and calcium carbonate on renal bone disease in
dialysis patients. Kidney Int Suppl 2003;573-578

Hamdy NA, Kanis JA, Beneton MN, Brown CB, Juttmann JR, Jordans JG, Josse S,
Meyrier A, Lins RL, Fairey IT. Effect of alfacalcidol on natural course of renal bone
disease in mild to moderate renal failure. BM) 1995;310:358-363

Balint E, Marshall CF, Sprague SM: Effect of the vitamin D analogues paricalcitol and
calcitriol on bone mineral in vitro. Am J Kidney Dis 2000;36:789-796

Monier-Faugere MC, Mawad H, Malluche HH. Opposite effects of calcitriol and pari-
calcitol on the parathyroid hormone-(1-84)/large carboxy-terminal-parathyroid hormone
fragments ratio in patients with stage 5 chronic kidney disease. Clin ] Am Soc Neph-
rol 2007;2:1255-1260

Winer KK, Ko CW, Reynolds JC, Dowdy K, Keil M, Peterson D, Gerber LH, McGarvey
C, Cutler GB, Jr. Long-term treatment of hypoparathyroidism: a randomized controlled
study comparing parathyroid hormone-(1-34) versus calcitriol and calcium. J Clin
Endocrinol.Metab 2003;88:4214-4220

Goodman WG, Hladik GA, Turner SA, Blaisdell PW, Goodkin DA, Liu W, Barri YM,
Cohen RM, Coburn JW. The Calcimimetic agent AMG 073 lowers plasma parathyroid
hormone levels in hemodialysis patients with secondary hyperparathyroidism. J Am
Soc Nephrol 2002;13:1017-1024

Fox J, Lowe SH, Conklin RL, Nemeth EF. The calcimimetic NPS R-568 decreases
plasma PTH in rats with mild and severe renal or dietary secondary hyperparathyroid-
ism. Endocrine 1999;10:97-103

* Lindberg JS, Culleton B, Wong G, Borah MF, Clark RV, Shapiro WB, Roger SD, Husserl FE,

Klassen PS, Guo MD, Albizem MB, Coburn JW. Cinacalcet HCl, an oral calcimimetic agent
for the treatment of secondary hyperparathyroidism in hemodialysis and peritoneal dialy-
sis: a randomized, double-blind, multicenter study. ] Am Soc Nephrol 2005;16:800-807

Moe SM, Cunningham J, Bommer J, Adler S, Rosansky SJ, Urena-Torres P, Albizem
MB, Guo MD, Zani V), Goodman WG, Sprague SM. Long-term treatment of secondary
hyperparathyroidism with the calcimimetic cinacalcet HCl. Nephrol Dial.Transplant
2005;20:2186-2193

Valle C, Rodriguez M, Santamaria R, Almaden Y, Rodriguez ME, Canadillas S, Martin-
Malo A, Aljama P. Cinacalcet reduces the set point of the PTH-calcium curve. ] Am
Soc Nephrol 2008;19:2430-2436

Ishii H, Wada M, Furuya Y, Nagano N, Nemeth EF, Fox J. Daily intermittent decreases
in serum levels of parathyroid hormone have an anabolic-like action on the bones
of uremic rats with low-turnover bone and osteomalacia. Bone 2000;26:175-182

Correspondence to:

Thilo Krueger, MD

Division of Nephrology and Clinical Immunology
RWTH University Hospital Aachen
Pauwelsstrasse 30

D- 52057 Aachen

Germany

E-mail: tkrueger@ukaachen.de

Port ) Nephrol Hypert 2010; 24(1): 17-25 | 25



