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Background and objectives: Although lesions of renal osteodystrophy have traditionally been defined by bone turnover,
alterations in skeletal mineralization and volume are also prevalent and may contribute to significant morbidity in patients
with chronic kidney disease (CKD). The study presented here was undertaken to compare the traditional spectrum of renal
osteodystrophy defined by bone turnover to a new classification system that includes T (turnover), M (mineralization), and
V (volume) and to determine the value of biochemical parameters as predictors of specific TMV lesions.

Design, setting, participants, & measurements: Pediatric patients (n = 161) treated with peritoneal dialysis were enrolled
into the study.

Results: Increased bone turnover and abnormal mineralization were prevalent (57% and 48%, respectively); bone volume
was normal or increased in all subjects. Predictive algorithms for different skeletal diagnoses were established by Classifi-
cation and regression tree analysis. Serum parathyroid hormone (PTH) less than 400 pg/ml in combination with alkaline
phosphatase values less than 400 IU/L provided the highest correct prediction rate for patients with both normal bone turnover
and normal mineralization. Levels of PTH were higher and serum calcium levels were lower in patients with defective
mineralization, irrespective of bone turnover.

Conclusions: Although no single biochemical marker is able to provide a complete assessment of renal osteodystrophy, a
combination of serum calcium, alkaline phosphatase, and PTH levels may lead to a more precise noninvasive assessment of
turnover and mineralization abnormalities in this population.
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enal osteodystrophy, a disorder of bone remodeling,
is a common complication of chronic kidney disease
(CKD). Traditionally, renal osteodystrophy has been
diagnosed by bone histomorphometry and classified accord-
ing to lesions of bone turnover ranging from high rates of
bone formation (mild lesions of secondary hyperparathy-
roidism and osteitis fibrosa) to low turnover (adynamic
bone) (1,2). However, alterations in skeletal mineralization
and bone volume also occur in a substantial proportion of
pediatric patients with CKD (2,3) and may contribute to the
increased fracture rates, boney deformities, poor linear
growth, and chronic bone pain that persist despite adequate
control of secondary hyperparathyroidism (4).
Underscoring the potential of parameters other than bone
turnover to bone disease in CKD, a new definition for renal
osteodystrophy, emphasizing the assessment of three key his-
tologic descriptors—bone turnover (T), mineralization (M), and
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volume (V) (TMV system)—has been recommended in the
interpretation of bone biopsies in all patients with CKD (5).
Although several traditional biomarkers, including serum cal-
cium, phosphorus, parathyroid hormone (PTH), and alkaline
phosphatase, are routinely measured in patients with CKD,
their ability to assess skeletal parameters other than bone turn-
over have not been evaluated. Currently, bone biopsy is the
only available method for assessing all three recommended
areas of bone histology (5,6), but this invasive procedure is not
routinely used in any clinical setting and very few laboratories
are equipped to perform bone histomorphometric analysis.
Thus, the study presented here was undertaken to characterize
the spectrum of renal osteodystrophy on the basis of the TMV
classification system (5), to compare this classification system to
the traditional spectrum of renal osteodystrophy as defined by
bone turnover, and to determine the value of biochemical pa-
rameters as predictors of specific TMV diagnoses in pediatric
dialysis patients.

Materials and Methods

Bone histomorphometric and biochemical data from 161 sequential
pediatric patients treated with continuous cycling peritoneal dialysis
who had undergone bone biopsy at our institution between the years of
1990 and 2005 were reviewed. All of the subjects were part of various
clinical investigations to characterize the spectrum of renal osteodys-
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trophy in pediatric dialysis patients (3,7-11); only baseline biopsies
were used for the current analysis. All patients received calcium-based
phosphate binders at the time of the bone biopsy, and in those treated
with daily oral calcitriol, such therapy was held for 4 weeks before bone
biopsy. Exclusion criteria were parathyroidectomy within the previous
12 months, the presence of aluminum staining on bone biopsy, treat-
ment with immunosuppressive agents, or recombinant human growth
hormone therapy within the 6 months before the bone biopsy.

Patients were admitted to the University of California-Los Angeles
(UCLA) General Clinical Research Center, and full thickness bone
biopsies were obtained from the anterior iliac crest (2 cm below the
anterior superior iliac spine) using a modified Bordier trephine needle
under general anesthesia. Double tetracycline labeling (10 mg/kg per
day for 2 days, followed by a 10-day tetracycline-free period, a subse-
quent 2 days of relabeling, and a final 2- to 4-day tetracycline-free
period) was performed in all patients before bone biopsy. Biopsy
specimens were 0.5 cm in diameter by 1 to 2 cm in length. Specimens
were fixed in 10% phosphate-buffered formalin for 48 hours, then
dehydrated in alcohol, cleared with xylene, and embedded in meth-
ylmethacrylate. Static histomorphometric parameters were evalu-
ated in lamellar portions of undecalcified 5-um sections treated with
Goldner stain; tetracycline labeling was assessed in unstained 10-um
sections of lamellar bone, as previously reported (12).

Primary bone histomorphometric parameters were assessed in tra-
becular bone under 200X magnification. Bone histology was reported
using terminology established by the Nomenclature Committee of the
American Society of Bone and Mineral Research (13) and the TMV
classification for renal osteodystrophy (5). Mineralized bone was de-
fined by green-staining areas; red-staining seams at least 1.5 um in
width were included in measurements of unmineralized osteoid. De-
rived indices were calculated by formulas displayed in the appendix.
Normal values for all histomorphometric parameters were previously
obtained from double-tetracycline-labeled iliac crest bone biopsy spec-
imens from 31 pediatric patients with normal kidney function (mean
age 12.4 = 8.9 years, 71% male, 48% Caucasian, and 26% Hispanic) who
were undergoing elective orthopedic surgery (14). Bone specimen ac-
quisition, fixation, staining, and measurement for these normal volun-
teers were performed as described above for study subjects. At the time
of bone biopsy, serum biochemical variables including calcium, phos-
phorus, alkaline phosphatase, and PTH were obtained.

Bone turnover was determined by bone formation rate/bone surface
(BFR/BS) after tetracycline labeling and was classified as low, normal,
or high on the basis of normal values previously established at our
institution (12,14). Biochemical values were evaluated for each bone
turnover subgroup. Subsequently, all specimens were reclassified, con-
sidering parameters of mineralization and volume in addition to bone
turnover (5). Mineralization was assessed by a combination of osteoid
accumulation and osteoid mineralization rate. Patients with abnormal-
ities in osteoid volume (OV/BV) and osteoid maturation time (OMT)
were deemed to have abnormal skeletal mineralization. To validate the
choice of these two parameters in representing the mineralization sta-
tus of each patient, skeletal mineralization was subsequently re-evalu-
ated using osteoid thickness (O.Th) and mineralization lag time (MLT)
as defining parameters. Bone volume was defined by the parameter of
bone volume/tissue volume (BV/TV). Biochemical parameters were
then re-evaluated according to each new classification subtype.

Serum calcium, phosphorus, and alkaline phosphatase levels were
determined using a Technicon Autoanalyzer II. Serum PTH concen-
trations were determined by first-generation immunometric assay
(Nichols, San Juan Capistrano, CA) (15). The UCLA Human Subjects
Protection Committee approved the study protocols, and informed
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consent was obtained from each patient and from parents or guard-
ians, where appropriate.

Statistical Methods

Results were expressed as mean + SEM. Before analysis, logarithmic
transformation was applied to variables with skewed distributions
(PTH, alkaline phosphatase, BFR, OMT, and MLT). Differences in mean
values of biochemical variables between TMV groups were assessed by
t tests, Mann-Whitney test, or ANOVA. Spearman correlation coeffi-
cients were used to determine relationships between bone and bio-
chemical parameters. A P value less than 0.05 indicated statistical
significance.

Classification and regression tree (CART) analysis (S-Plus statistical
software) was performed to establish predictive algorithms for differ-
ent lesions of renal osteodystrophy. In brief, binary trees were used to
establish biochemical cutoff values for the diagnosis of normal versus
abnormal bone histology. Cutoff values were not determined a priori by
the investigators but were established from the data set such that each
subsequent subset yielded a higher correct prediction rate for the bone
parameter of interest. The biochemical parameter with greatest discrim-
inatory capability was chosen as the first branch point; parameters with
lower predictive capacity determined subsequent branchings. x* test
was used to compare the significance of the values in each split.
Patients with low bone turnover were excluded from CART analysis
because of the small sample size.

Results

The patient characteristics are depicted in Table 1. Patients
were 14.1 = 1.2 (0.7 to 20) years of age and had been treated
with peritoneal dialysis for 13 = 3 months at the time of the
bone biopsy. There was no difference in age, time on dialysis, or
history of previous renal transplantation between the different
subtypes of renal osteodystrophy.

Table 1. Patient characteristics

n %
Age
0 to 5 years 21 13
6 to 12 years 46 29
13 to 20 years 94 58
Gender (male/female) 81/80
Race
Hispanic 102 63
Caucasian 36 23
African American 13 8
Asian 10 6
Primary kidney disease
dysplasia/obstructive/reflux 52 32
glomerulonephritides 62 38
unknown 34 22
others 13 8
Dialysis duration
<12 months 107 66
13 to 24 months 26 17
25 to 60 months 21 13
>60 months 7 4
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Table 2. Bone histomorphometry according to bone turnover with corresponding biochemical values (n = 161)

Turnover (BFR/BS)  Serum Calcium (mg/dl)  Serum Phosphorus (mg/dl)  Alkaline Phosphatase (IU/L) PTH (pg/ml)
Low (n =7) 9.1 £0.6 8.2 £ 0.6 212 =40 163 = 48
Normal (n = 62) 9.3 0.1 6.0 £0.2 214 = 18 356 = 36
High (n = 92) 9.0 £0.1 6.4 0.1 436 + 28* 781 = 497

2P < 0.01 from other two groups.

When patients were classified according to traditional bone
histomorphometric criteria (low, normal, or high bone turn-
over), high turnover bone disease was observed in 57%, normal
bone turnover in 39%, and low bone turnover in 4% of subjects.
Table 2 displays the biochemical characteristics corresponding
to bone turnover. Although there were no differences in serum
calcium levels between groups, serum PTH and alkaline phos-
phatase values were higher in patients with high bone turn-
over, the predominant bone lesion.

Subsequently, patients were reclassified according to the
TMV classifications system. Because bone volume was nor-
mal (73%) or increased (27%) in all individuals and because
no biochemical parameters correlated with indices of bone
volume, subjects were stratified as to bone formation rate
(low, normal, or high) and mineralization status (normal
versus abnormal) alone. Abnormal mineralization (concur-
rent increase in osteoid volume and OMT) was present in
48% of all patients, including 58% of subjects with high bone
turnover, 38% with normal bone turnover, and 29% with low
bone turnover. Table 3 describes the biochemical variables
according to the TMV classification.

Although serum PTH and alkaline phosphatase levels were
both correlated directly with bone turnover and osteoid volume
(PTH: r = 0.61, P < 0.01 [OV/BV] and r = 0.58, P < 0.01 [OMT];
alkaline phosphatase: r = 0.51, P < 0.01 [OV/BV] and r = 0.51,
P < 0.01 [OMT]), serum calcium concentrations were inversely
related to mineralization (osteoid volume: r = —0.35, P < 0.01
and OMT: r = —0.34, P < 0.01) but did not relate to bone
turnover. Overall, for any given level of bone turnover, levels of
PTH were higher and serum calcium values were lower in
patients with a concomitant mineralization defect (Table 3).
Indeed, patients with abnormal amounts of osteoid accumula-
tion and prolonged OMT, despite normal bone turnover, had

lower serum calcium levels and higher serum PTH levels (P <
0.01, Table 3). Similar relationships between PTH, alkaline
phosphatase, and calcium were obtained when mineralization
status was defined by alterations in O.Th and MLT. Bone
volume did not correlate with any biochemical parameters.

CART

To establish algorithms that might simultaneously differentiate
between patients with various combined alterations in bone turn-
over and skeletal mineralization, CART analysis was performed
on the biochemical values of 154 patients with normal or high
bone turnover. The limited number of patients with adynamic
bone disease (1 = 7) made CART analysis impossible for this
patient subset; thus, these subjects were excluded from CART
analysis.

CART 1 (Figure 1).
turnover and mineralization (1 = 39) from all other patients,

To characterize patients with normal

PTH was identified as the first discriminator and alkaline phos-
phatase as the second. Cutoff levels of PTH less than 400 pg/ml
and alkaline phosphatase less than 400 IU/L identified 28 of 39
patients (72%) with both normal turnover and mineralization
(sensitivity: 72%) whereas excluding 79% with abnormalities in
turnover and/or mineralization (specificity: 79%). The overall
correct prediction rate was 77%. A similar correct prediction
rate was obtained when using O.Th and MLT as a measure of
mineralization.

CART 2 (Figure 2).
bone turnover and defective mineralization, 62 of 154 patients

To characterize patients with normal

were identified with normal turnover. Twenty-three of these
had increased osteoid volume in addition to prolonged OMT.
Serum PTH was selected as the first discriminator and calcium
as the second level predictor. In this subset of patients, abnor-
mal mineralization was associated with serum PTH values

Table 3. Bone histomorphometry according to turnover and mineralization with corresponding biochemical

values (n = 161)

e OFR/B)  MPSTEA  Serym Glum - Serum Phosphorus - Alkaling Phosghatse iy g m
Low (n =7) Normal (n = 5) 9.6 =04 82*0.6 197 = 26 116 = 15
Abnormal (n = 2) 8.1+2.0 82+22 250 = 160 282 + 162
Normal (n = 62)  Normal (n = 39) 9.6 £0.1 6.0 £0.2 198 = 16 286 *+ 38
Abnormal (n = 23) 89 +0.2% 59+ 0.3 243 *= 41 477 * 687
High (n = 92) Normal (n = 39) 92*0.2 6.2 +£02 340 = 31 587 + 58
Abnormal (n = 53) 8.8 0.1 6.5*+0.2 506 = 39 924 + 677

?P < 0.01 from subjects with normal mineralization.
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PTH = 400 pg/ml

p<0.01

PTH < 800 pg/ml PTH = 800 pg/ml

10/ 50 0/43

Figure 1. Prediction tree for patients with both normal bone turnover and mineralization. Numbers in the circles and the boxes
define the number of the patients with both normal bone formation rate and normal O.Th over total number of patients in the
cohort (excluding those with adynamic bone). The P value under each circle represents the significance of the split on the basis

of the ¥* test.

greater than 550 pg/ml or serum calcium levels of less than 8.5
mg/dl. The sensitivity, specificity, and correct prediction rate
of these parameters for increased excess osteoid volume and
prolonged OMT in the context of normal turnover were 65%,
77%, and 73%, respectively.

Discussion

The study presented here compared the traditional system
for the classification of renal osteodystrophy (based on bone
turnover) to the recently recommended TMV classification sys-
tem in pediatric patients treated with maintenance dialysis.
Although lesions of low bone volume were not identified in the
current cohort, the new classification system identified a high
prevalence of mineralization defects, which has been previ-
ously underappreciated. Indeed, 57% of this population under-
going bone biopsy between 1990 and 2005 displayed high bone
turnover, and defective mineralization was also present in almost
half of those studied, irrespective of bone turnover. Serum PTH
and alkaline phosphatase values were directly related to bone
formation rate, whereas defective mineralization was associated
with higher serum PTH and lower serum calcium levels.

The study presented here demonstrates the benefit of apply-
ing the new TMV classification system in shedding light on the
large prevalence of skeletal mineralization defects in pediatric
dialysis patients. Although reports from prior decades demon-
strated a prevalence of the mixed lesion of renal osteodystro-
phy in adult and pediatric dialysis patients (1,14), these lesions
were defined primarily by excess osteoid accumulation, which
was attributed to aluminum intoxication and/or to the stimu-
latory effects of PTH on osteoblast matrix secretion. However,
in these findings, the mineralization defect was defined as a
combination of osteoid accumulation and delayed osteoid mat-

uration—a parameter that would not be expected to be altered
by excess PTH alone. Using these criteria, the data presented
here suggest that defective mineralization continues to be a
challenge, even in the postaluminum era, in the pediatric dial-
ysis population. Indeed, although alterations in turnover and
mineralization are present in many patients, a significant per-
centage of the population displayed abnormalities in mineral-
ization despite normal bone turnover.

The etiology and specific clinical consequences of defective
mineralization in pediatric dialysis patients are unknown—
indeed, this problem is widespread despite treatment with
calcium-based phosphate binders, active vitamin D sterols, and
normal to increased phosphate levels (i.e., sufficient substrate to
properly mineralize bone). Interestingly, bone pain, growth
failure, and skeletal deformities that accompany childhood re-
nal osteodystrophy are similar to the phenotypic expression of
vitamin-D-deficient and vitamin-D-resistant rickets in pediatric
patients with normal kidney function (16,17), suggesting that
factors such as 25-hydroxy-vitamin D (25(OH)-vitamin D) de-
ficiency and elevated fibroblast growth factor (FGF)-23 levels
may influence mineralization in the uremic milieu. Although
25(OH)-vitamin D and FGF-23 values were not measured in the
current cohort of patients, recent studies have demonstrated a
high prevalence of 25(OH)-vitamin D deficiency in adults and
children with CKD (18,19), and Langman et al. have previously
demonstrated that 25(OH)-vitamin D therapy is effective in
treating this mineralization defect in children with moderate
(stage 3) CKD (20). Moreover, FGF-23 levels, which are mark-
edly elevated in pediatric and adult patients treated with main-
tenance dialysis (21), have been shown to relate to parameters
of skeletal mineralization in this population (12).

The prevalence of adynamic bone in the cohort presented



1864 Clinical Journal of the American Society of Nephrology

Clin ] Am Soc Nephrol 5: 1860-1866, 2010

PTH < 550 pg/ml RG] w> 550 pg/ml
Ca < 8.5 mg/di Ca = 8.5 mg/dl
p <0.05

5/8

B8/38

Figure 2. Prediction tree for the patients with normal bone turnover and defective mineralization. Numbers in the circles and the
boxes define the number of the patients with normal bone formation rate and high O.Th over total number of patients with normal
bone formation rate. The P value under each circle represents the significance of the split on the basis of the x> test.

here was only 4%, consistent with the relatively low prevalence
of this lesion in pediatric patients over the years (22). Indeed,
adynamic bone in children develops primarily after therapy
with intermittent, high-dose calcitriol and calcium-based
binder therapy (23) and none of the subjects in the cohort
presented here had been exposed to such intensive active vita-
min D sterol therapy before the bone biopsy. These findings are
in sharp contrast to the abundance of low bone turnover com-
monly observed in the adult population because of aging and
diabetes (24,25). The complete absence of low bone volume in
pediatric patients also differs from the osteoporotic lesions
described in older individuals (5,26).

The study presented here also emphasized the importance of
the use of multiple biomarkers in the noninvasive diagnosis of
pediatric renal osteodystrophy. Currently, serum PTH levels
are commonly used as biomarkers for bone turnover; however,
PTH levels, in addition to bone turnover, are also associated
with osteoid accumulation, thus making the simultaneous non-
invasive differentiation between altered turnover and mineral-
ization difficult. However, the use of multiple biochemical
markers in CART analysis allows for the discrimination be-
tween different histologic subtypes. The use of CART also
identified the relationship between serum calcium concentra-
tions and defective mineralization. Indeed, low serum calcium
levels and high serum PTH values were the strongest predic-
tors of mineralization defect in patients with bone turnover
within the normal range, a finding that should be taken into
consideration in view of the availability of therapeutic agents,

such as calcium-free phosphate binders (10,27) and calcimi-
metic agents (28), which maintain serum calcium levels within
the lower normal range. None of the patients included in this
analysis received any of these agents before bone biopsy.

Through use of the TMV classification system, the study
presented here identified a large prevalence of mineralization
defects in pediatric dialysis patients that was previously under-
recognized. These data suggest that a combination of serum
PTH and alkaline phosphatase levels may be useful in discrim-
inating patients with normal turnover and defective mineral-
ization from those with normal mineralization, whereas a com-
bination of serum PTH and calcium levels may be used to
further identify individuals with an increased likelihood of
poor skeletal mineralization. Although no single biochemical
marker is able to provide a complete assessment of renal os-
teodystrophy, a combination of biochemical parameters may
allow for improved assessment of turnover and mineralization
abnormalities in pediatric patients treated with maintenance
dialysis. The effect of these target ranges will need to be con-
firmed by prospective randomized studies.
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Appendix. Formulas used to calculate derived bone histomorphometric indices from primary measurements

Abbreviation Parameter Unit Formula
Structural
BV/TV Bone volume/tissue volume % Bone area/tissue area X 100
Static formation
OV/BV Osteoid volume/bone volume % Osteoid area/bone area X 100
O.Th Osteoid thickness um (Osteoid area/osteoid perimeter) X 2/1.2
Dynamic formation
MS/BS Mineralizing surface/bone % (Double-label perimeter + 1/2 single-label
surface perimeter)/bone perimeter X 100
MAR Mineral apposition rate um/d (Distance between labels/interlabel
period)/1.2
MLT Mineralization lag time days O.Th/AjAr
OMT Osteoid maturation time days O.Th/MAR
BFR/BS Bone formation rate/bone um®/um?>  MAR X MS/BS X 3.65
surface per year
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