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Abstract

Background—Determination of parathyroid hormone (PTH) is the most commonly used surrogate
marker for bone turnover in stage 5 chronic kidney disease patients on dialysis (CKD-5D patients).
The objective of the current study was to evaluate the predictive value of various PTH measurements
for identifying low or high bone turnover rate.

Study design—Diagnostic test study.
Settings & Participants—141 CKD-5D patients from 15 US hemodialysis centers.

Index Tests—Intact PTH, PTH 1-84, and PTH ratio (ratio of level of PTH 1-84 to level of large
carboxy-terminal PTH fragments).

Reference Test or Outcome—Bone turnover determined by bone histomorphometry

Other Measurements—Demographic and treatment related factors, serum calcium and
phosphorus.

Results—Histologically, patients presented with a broad range of bone turnover abnormalities. In
White patients (n=70), the iPTH cut-off of >420 pg/ml resulted in classifying 84% of the patients
correctly as high turnover. A PTH ratio <1.0 when added to an intact PTH <420 pg/ml increased the
positive predictive value for low bone turnover from 74% to 90% in these patients. In Black patients
(n=71), adding a PTH ratio <1.2 to an intact PTH <340pg/ml increased the positive predictive value
for low bone turnover from 48% to 90%. Adding a PTH ratio >1.6 to an intact PTH between 340
and 790 pg/ml increased the positive predictive value for high bone turnover from 56% to 71%.

Limitations—Since the research protocol called for carefully controlled blood specimen handling,
drawing of blood and routine specimen handling might be less stringent in clinical practice. By
limiting study participation to Black and White CKD-5D patients, we cannot comment on the roles
of intact PTH, PTH 1-84 and the PTH ratio in other racial/ethnic groups.

Conclusion—In Black CKD-5D patients, addition of the PTH ratio to intact PTH measurements
is helpful for diagnosing low and high bone turnover. In White CKD-5D patients, it aids in the
diagnosis of low bone turnover.
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INTRODUCTION

Abnormalities of bone turnover are major components of renal osteodystrophy,1=2 and bone
biopsy is considered the gold standard for diagnosis of the turnover component of renal
osteodystrophy.374 Since this procedure is invasive, and requires specialized processing of
bone samples,4~8 it is not suitable for routine monitoring of renal osteodystrophy. Accordingly,
clinicians often rely on measurements of serum parathyroid hormone (PTH) levels for the
noninvasive assessment of bone turnover abnormalities in chronic kidney disease stage 5
patients on maintenance dialysis therapy (CKD-5D patients); this practice, however, carries
several limitations.

The first generation of PTH assays was introduced with the development of a competitive
protein binding radioimmunoassay for human PTH and used polyclonal antisera raised against
PTH purified from animal parathyroid glands.” Although subsequent assays employed
antibodies against human PTH, initial experiments with these single-antibody “first
generation” assays showed considerable variance in sensitivity and specificity.8— Secondary
to the short half-life and the complex metabolism of PTH, there is a large variety of lower
molecular weight PTH fragments present in serum.19-11 The half-lives of these fragments vary
greatly, especially in the setting of decreased glomerular filtration rate.12

Immunometric “sandwich” assays utilizing 2 antibodies were developed in the 1980’s as
“second generation” PTH assays.13714 The first antibody is usually directed toward the
carboxy-terminal region and the second antibody toward the amino-terminal 34 amino acids;
accordingly, it was suggested that these assays are more accurate because they measure the
full-length, or “intact” PTH molecule (iPTH).14 Studies involving bone biopsies in CKD-5D
patients showed, however, that the predictability of bone turnover is limited with the exclusive
use of these PTH assays.15716 This finding could be explained by more recent studies showing
that “second generation” iPTH assays recognize not only the full-length (84 amino acid)
molecule, which is designated PTH 1-84, but also PTH fragments with large truncations at the
amino terminus.17 These large carboxy-terminal PTH fragments have been shown to
biologically antagonize the effect of the full-length protein on bone 18 and to accumulate in
CKD.19 In spite of this new information on the lack of specificity of second-generation PTH
assays, the misleading term “intact” continues to be used.

In an effort to overcome these limitations, a new type of PTH assay was introduced in the late
1990s with an amino-terminal antibody that was altered to more specifically detect PTH 1-
84.20-21 This assay — considered a “third generation” assay — is, however, currently not the
most widely used PTH assay.

In today’s clinical practice, second-generation iPTH measurements are used to non-invasively
assess bone turnover and guide therapeutic decisions. The Kidney Disease Outcomes Quality
Initiative (K/DOQI) guidelines recommend 150-300 pg/ml as the desirable iPTH
concentration in CKD-5D patients, based on measurements using the iPTH Nichols® Allegro
IRMA assay.2 This assay is, however, no longer commercially available, and recent studies
report significant variability between the currently available “second generation” iPTH Kits
and the Nichols® Allegro assay, as well as between the iPTH assays themselves.23725 Most
importantly, comparison of bone histologic changes at similar levels of PTH showed over- or
underestimation of bone turnover with the use of the currently available iPTH assays.26

Considering the serious clinical implications of potential misjudgments of bone turnover based
on information from second generation iPTH assays, it appears highly desirable to look for
additional means to increase the predictive value of PTH measurements for bone turnover. This
study was conducted to evaluate if diagnostic accuracy for histologically determined bone
turnover in Black and White CKD-5D patients could be increased by using results from the
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third-generation PTH 1-84 assay or by considering the PTH ratio (the ratio of the level of PTH
1-84 to level of large carboxy-terminal PTH fragments) in addition to iPTH or to PTH 1-84
measurements.

Study design

Patients

Patients agreeing to participate in the Renal Bone Disease Registry of the University of
Kentucky were enrolled prospectively in this study. Participation in the registry consisted of a
blood draw after overnight fast at time of bone biopsy and agreement to histomorphometric
evaluation of the bone biopsy sample. The protocol was approved by the Institutional Review
Board of the University of Kentucky. The study has been conducted in adherence to the
Declaration of Helsinki, and all patients provided informed consent.

The study was conducted between 2000 and 2006. During this time, 470 patients were enrolled
in the registry. Out of these patients, 172 were biopsied by the investigators. All of these 172
patients agreed to determination of iPTH and PTH 1-84 in blood. These patients were from
15 dialysis centers in Kentucky and surrounding states. All patients were receiving stable
dialysis treatment with standard dialysate calcium (2.5 mEg/L).

Inclusion criteria were age >18 years; Dialysis vintage >3 months; Mental competence;
Willingness to participate in the study; Naive to vitamin D or on a steady dose of vitamin D
analogs for >6 months.

Exclusion criteria were Hematocrit <30%; Parathyroidectomy or failed kidney transplant
during the past 6 months; Pregnancy; Uncontrolled systemic illnesses or organ diseases that
may affect bone (except type 1 or 2 diabetes mellitus); Treatment during the last 6 months with
drugs known to affect bone metabolism such as calcimimetics, bisphosphonates, or steroids
(except treatment with vitamin D analogs as outlined above and phosphate binders); Chronic
alcoholism and/or drug addiction; bone biopsy sample of inadequate specimen quality for
histomorphometry.

Laboratory analysis

Blood was drawn at time of bone biopsy after an overnight fast. Samples were immediately
processed and stored at —80°C. All samples were analyzed at the end of the study at the Registry
laboratory. iPTH levels were determined in plasma by a second-generation iPTH assay (Total
Intact PTH kit, Scantibodies Laboratory Inc, www.scantibodies.com; normal range 14-66 pg/
mL; intra- and interassay CV <5% and <7%). PTH 1-84 levels were measured by a third-
generation PTH assay (Whole PTH immunoradiometric Kit, Scantibodies Laboratory Inc;
normal range 5-39 pg/mL; intra- and interassay CV <5% and <7%). Levels of large carboxy-
terminal PTH fragments were calculated by subtracting the measured value of PTH 1-84 from
iPTH level. Ratios of measured levels of PTH 1-84 to large carboxy-terminal PTH fragments
were computed.

Bone biopsy and mineralized bone histology

Anterior iliac crest bone biopsies were done after tetracycline labeling under local anesthesia
and conscious sedation. The labeling schedule consisted of a 2-day oral administration of
tetracycline hydrochloride (250mg bid) followed by a drug-free interval of 10 days and
subsequent oral administration of demeclocycline hydrochloride (300mg bid) for 4 days. Bone
biopsies were performed 3—4 days after the second label. Bone samples were obtained with
the one-step electrical drill technique (Straumann Medical, www.straumann.com). In the
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Registry bone laboratory, bone samples were processed undecalcified and 4 and 7um sections
were stained with the modified Masson-Goldner trichrome stain, the aurin tricarboxylic acid
stain, and solochrome azurin for assessment of stainable aluminum in bone.> Unstained
sections were prepared for phase contrast and fluorescent light microscopy.
Histomorphometric analysis of bone was done at standardized sites in cancellous bone using
the semi-automatic method (Osteoplan I1, Kontron, www.kontron.com) at 200x magnification.
The ratio of bone formation rate to bone surface was measured. Activation frequency was
calculated by measuring mineralizing surface per bone surface including all double tetracycline
labels and ¥ of single tetracycline labels.

Statistical analysis

RESULTS

Data are presented as meanSD (standard deviation) or frequency counts and percentages
unless otherwise indicated. The classification of “low”, “normal”, and “high” bone turnover
was based on our normative database.> 27 Low bone turnover was defined as activation
frequency <0.49 year~1, normal bone turnover as activation frequency of 0.49-0.72 year 1,
and high bone turnover as activation frequency >0.72 year 1. Differences in patient
characteristics between the bone turnover groups were evaluated using ANOVA tests for
continuous variables and chi-square or Fisher’s exact test for frequency counts. Pearson
correlation coefficients were used to investigate bivariate relationships. Multiple linear
regression analysis was used to determine independent associations of predictor variables with
log(activation frequency). Variables for inclusion were selected based on statistical
significance from bivariate associations (P<0.2). Backward elimination using inclusion P<0.05
determined the final model in each case.

In the next analytical step, classification trees for allocating patients into a bone turnover group
using iPTH and the PTH ratio, or using PTH 1-84 and the PTH ratio, were generated from a
Classification and Regression Tree (CART) analysis. CART provides a flexible, translational
approach for determining multi-parameter clinical decision rules.28 In general, classification
trees are built by sequentially identifying, in order of importance, parameters and cutoffs for
them that can be used for allocating subjects into two or more groups (e.g., low, normal, or
high bone turnover in the present study). The CART procedure automatically evaluates
interactions among parameters which may have linear or nonlinear associations with the
outcome group thus including information from traditional regression analysis techniques. In
addition, CART also provides the optimal parameter cutoff value(s) for the classification(s)
that can be used in clinical practice. Because of its data-driven flexibility, CART can be viewed
as a “nonparametric” classification procedure that eliminates the inherent loss of information
associated with the common practice of dichotomizing continuous diagnostic data and/or with
the use of decision rules that are based on a single input parameter. All calculations were carried
out by the R 2.7.1 statistical package (R Foundation for Statistical Computing,
www.r-project.org). The R function used for cart was “rpart”.

Selection criteria were fulfilled by 141 patients: 22 patients were excluded because of drugs
known to affect bone metabolism (calcimimetic [n=17], dilantin [n=2]; steroid [n=3]), failed
kidney transplant within the previous 6 months [n=5], and bone sample inadequate for bone
histomorphometry [n=4]. The study included approximately the same number of Black and
White patients (71 vs. 70), and none of the patients had stainable aluminum in bone.
Characteristics of the study population are given in Table 1.

Since the two measures of bone turnover (activation frequency and ratio of bone formation
rate to bone surface) were highly correlated (r=0.97, P<0.001), patients were divided into the

bone turnover categories “low”, “normal”, and “high” based on the outcome measure activation
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frequency (see Methods). There were no statistically significant differences between the groups
with respect to age, gender, duration of dialysis, presence of diabetes mellitus, serum calcium
and serum phosphorus levels (all P>0.05). Patients with high bone turnover were more likely
to be black (P=0.01, to be on vitamin D analog (P=0.03) and/or phosphate binder (P=0.02)
therapy. Serum levels of iPTH and of PTH 1-84 correlated well (r=0.91, P<0.001), and they
were higher with higher bone turnover (P<0.001). The PTH ratio was lower in patients with
low bone turnover when compared to normal or high bone turnover (P=0.01).

Since the distribution of PTH measurements and the PTH ratio were skewed to the right, these
variables were log transformed for further statistical analysis. The PTH ratio and measurements
of iPTH and PTH 1-84 covered a wide range and correlated well with activation frequency
(r=0.42; r=0.57, and r=0.66 respectively; all P<0.001). Similar correlations were found with
ratio of bone formation rate to bone surface (r=0.25; r=0.57, and r=0.67 respectively; all
P<0.001).

In White patients, multiple linear regression revealed significant associations between bone
turnover and iPTH (estimated p=0.535, 95%ClI: 0.288-0.781, P<0.001), and the PTH ratio
(estimated p=0.507, 95%CIl: 0.194-0.821, P=0.002) on the one hand and PTH 1-84 (estimated
=0.596, 95%CI: 0.377-0.815, P<0.001), and the PTH ratio (estimated $=0.334, 95%ClI:
0.013-0.654, P=0.04) on the other hand when adjusted for vitamin D usage, serum calcium,
serum phosphorus and phosphate binder use. For Black patients, significant associations were
found between bone turnover and iPTH (estimated p=0.471, 95%CI: 0.198-0.745, P=0.001),
and the PTH ratio (estimated p=0.129, 95%ClI: 0.007-0.251, P=0.04) when adjusted for the
same variables. In this patient population, only PTH 1-84 (estimated =0.482, 95%Cl: 0.228-
0.737, P<0.001) was associated with bone turnover but not the PTH ratio (estimated $=0.090,
95%Cl: -0.024-0.206, P<0.1).

Classification and Regression Tree (CART) analysis (see Methods) was carried out by using
iPTH or PTH 1-84 singly or in combination with the PTH ratio as predictor variables for low,
normal and high bone turnover to identify optimal cut-off values. In White patients, the
iPTH cut-off of >420pg/ml (identified by CART analysis as the optimal cut-off point) resulted
in classifying 84% of the patients correctly as high turnover (Figure 1a). Levels of iPTH
<420pg/ml showed, however, only moderate sensitivity for classification of patients with low
turnover (74%). Adding the PTH ratio with a cut-off of <1.0 (identified by CART analysis as
the optimal cut-off point) to iPTH measurements increased the proportion of correctly
classified White patients with low bone turnover to 90%. CART analysis did not yield a cut-
off value for the PTH ratio that would have increased in a statistically significant way the
positive predictive value (PPV) for high turnover.

When using PTH 1-84 measurements, CART analysis reported a PPV of 89% for high turnover
for values >170pg/ml, and a PPV of 79% for low turnover for values <170pg/ml (Figure 1b).
Addition of the PTH ratio did not result in a statistically significant improvement of the model.

When considering Black patients, the iPTH cut-off <340pg/ml correctly identified only 48%
of patients with low bone turnover (Figure 2a). Adding the PTH ratio with a cut-off <1.2
increased this proportion to 90%. For high bone turnover, an iPTH cut-off >790pg/ml correctly
identified 88% of patients. In the range between 340 and 790pg/ml, 56% of patients presented
with high bone turnover and 33% with normal bone turnover. Adding the PTH ratio with a
cut-off >1.6 to values in this iPTH range increased the yield for patients with high turnover to
71%. Adding the PTH ratio to this iPTH range did not increase in a statistically significant
way the PPV for normal or low bone turnover.

While PTH 1-84 values <150pg/ml had a poor PPV of 55% for low bone turnover in Black
patients, adding a PTH ratio <1.2 increased this PPV to 88% (Figure 2b). A PTH ratio >1.2
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yielded a PPV of 67% for normal or high bone turnover. PTH 1-84 values between 150 and
420pg/ml had a PPV of 55% for high bone turnover; adding the PTH ratio >1.4 increased the
PPV for high bone turnover to 63%. Values of PTH 1-84 >420pg/ml had a PPV for high
turnover of 82%; accordingly, adding the PTH ratio did not increase the predictive value of
the model in a statistically significant way.

DISCUSSION

Diagnosis of bone turnover in CKD-5D patients is of great clinical importance because of the
recently shown associations between low bone turnover and vascular calcifications.2%30 The
gold standard for diagnosis of bone turnover is bone biopsy.22 Histomorphometric
determination of activation frequency gives the probability that a new cycle of remodeling will
be initiated at any point on the bone surface by the event of activation.3132 and is a highly
representative parameter of bone turnover.33 We found activation frequency to correlate
closely with ratio of bone formation rate to bone surface in CKD-5D patients with renal
osteodystrophy.34

During the past decade, the primary focus of renal osteodystrophy therapy was directed toward
avoiding high bone turnover states in CKD-5D patients. More recently, however, the
prevalence of low bone turnover was reported to be as high as the prevalence of high bone
turnover.3® The increasing prevalence of low bone turnover can be explained by the more
frequent initiation of dialysis therapy in CKD-5D patients who are known to be predisposed
to lower turnover such as diabetics and the elderly, and the more excessive use of medications
for lowering bone turnover such as calcitriol, calcitriol analogs, and calcimimetics.36—39

Based on these observations, there is a growing need for the precise noninvasive assessment
of bone turnover abnormalities in CKD patients. Although determinations of serum PTH
concentrations are frequently used for this purpose, recent studies showed significant
differences between different iPTH assays regarding biochemical results. 1% 23 Importantly,
it was recently demonstrated that the 5 most commonly used iPTH assays have limited
sensitivity and specificity for assessing bone turnover in CKD-5D patients.2® These data limit
the usefulness of iPTH measurements for diagnosing specific bone turnover states and restrict
their applications to mere screening for bone turnover abnormalities. Adding results of total
alkaline phosphatase measurements or bone specific alkaline phosphatase to iPTH results does
not improve diagnostic accuracy?8: 34 since alkaline phosphatase can reflect osteoblastic
activity in bone, 0 and osteoblast-like-cell activity in vascular smooth muscle.#1742 QOur data
show that using PTH 1-84 alone does not provide significantly improved PPVs for diagnosing
bone turnover abnormalities over the use of iPTH in CKD-5D patients.

The specific focus of the current study was to address the addition of the PTH ratio to iPTH
and PTH 1-84 for diagnosing the level of bone turnover in this patient population. Previously,
it was shown that a PTH ratio cut-off of 1.0 is helpful in the assessment of bone turnover in
this patient population; the majority of these patients were, however, white.34 Subsequent
findings identified differences in bone response to PTH between Black and White CKD-5D
patients.#3 Divergent results reported by other investigators on the value of the PTH ratio for
diagnosing bone turnover might have been related to differences in racial composition of the
studied populations, to differences in specimen handling, and to an insufficient time between
cessation of vitamin D therapy and PTH measurements.*4~*> The current study was conducted
strictly following specimen handling instructions, included only patients naive to vitamin D
or on a steady dose of vitamin D analogs for at least 6 months, and the data was analyzed
separately for Black and White CKD-5D patients. It is of note that, independent of the use of
vitamin D analogs, White patients presented more often with low bone turnover than Black
patients.
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A particular strength of the present study is the employment of Classification and Regression
Tree (CART) analysis.28 While the conventional method of using regression analyses can be
viewed as the default approach to evaluate the contribution of a diagnostic parameter (such as
iPTH or the PTH ratio) for predicting an abnormality (such as bone turnover in CKD-5D
patients), CART analysis includes regression modeling and improves upon this approach by
searching and identifying the best cut-off values of statistically significant predictive
parameters (taking into consideration test specificity and sensitivity) for different classes of
the studied outcome. When addition of a predictive parameter does not yield statistically
significant improvements in PPV for a specific class of an outcome, CART omits the parameter
from the decision tree. This approach provides novel and clinically useful decision trees which
aid in the interpretation of iPTH and PTH 1-84 results in Black and White CKD-5D patients.
The decision trees also demonstrate the value of adding the PTH ratio for diagnosing specific
bone turnover abnormalities and show that, irrespective of race, it is particularly helpful for
diagnosing low bone turnover. Specifically, there are clear cut-off values for low (iPTH
<420pg/ml in combination with a PTH ratio <1.0; or PTH 1-84 <170pg/ml) versus high bone
turnover in White patients (iPTH >420pg/ml; or PTH 1-84 >170pg/ml). This distinction is not
as easily accomplished in Black patients; while the combination of iPTH <340pg/ml in
combination with a PTH ratio <1.2 clearly identifies patients with low turnover and iPTH
>790pg/ml identifies high turnover, there is an iPTH range between 340 and 790pg/ml where
low bone turnover can not be diagnosed accurately while a PTH ratio >1.6 aids in diagnosing
high turnover. Similar limitations exist for the use of PTH 1-84 in this patient population. The
apparent differences between Black and White CKD-5D patients regarding the precision and
cut-off values for diagnosing bone turnover imply that there might be other factors in addition
to PTH involved in the regulation of bone turnover in Black patients. This interesting finding
justifies larger population based studies evaluating differences between Black and White
CKD-5D patients. Although the above algorithms might appear somewhat complex for use in
everyday clinical practice, the significant enhancements in PPVs for bone turnover and the
avoidance of clinical misjudgments with their potentially serious consequences should justify
their applications.

We would like to acknowledge the following limitations to our study: (1) Our study focuses
specifically on the diagnostic values of iPTH, PTH 1-84 and the PTH ratio for bone turnover
and was not designed to report prevalences of bone turnover abnormalities in unselected
dialysis patients; (2) While our research protocol called for carefully controlled blood specimen
handling, drawing of blood and routine specimen handling might be less stringent in clinical
practice. (3) Since our study is limited to Black and White CKD-5D patients, we cannot
comment on the roles of iPTH, PTH 1-84 and the PTH ratio in other racial/ethnic groups. (4)
Although addition of a second biochemical test for the diagnosis of bone turnover add cost,
recognition and appropriate management of bone turnover abnormalities should prevent
clinical complications that would otherwise create the need for costly interventions. One study
shows that using the PTH ratio together with iPTH versus iPTH alone to guide vitamin D
dosage avoids low bone turnover in Black CKD-5D patients.46

In summary, these results provide an improved multiparameter algorithm for the noninvasive
assessment of bone turnover abnormalities in Black and White CKD-5D patients. These
algorithms address the importance of considering differences in race which shall help to choose
the appropriate level of suppressive therapy for bone turnover. Future studies are needed to
address the utility of this algorithm for improving patient outcomes and whether bone markers
beyond PTH and alkaline phosphatase will provide further aid in diagnosing bone turnover in
this fast growing patient population.
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Figure 1.

Figure 1 a and b: Classification and Regression Tree (CART) analysis using (a) intact PTH
and (b) PTH 1-84 in combination with the PTH ratio for bone turnover assessment in White
chronic kidney disease stage 5 patients.

Abbreviations and definitions: I=low bone turnover; n=normal bone turnover; h=high bone
turnover; PPV low = positive predictive value for low bone turnover; PPV high = positive
predictive value for high bone turnover; iPTH = intact PTH; PTH ratio = ratio of level of PTH
1-84 to level of large carboxy-terminal PTH fragments.
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Figure 2.

Figure 2 a and b: Classification and Regression Tree (CART) analysis using (a) intact PTH
and (b) PTH 1-84 in combination with the PTH ratio for bone turnover assessment in Black
chronic kidney disease stage 5 patients.

Abbreviations and definitions: I=low bone turnover; n=normal bone turnover; h=high bone
turnover; PPV low = positive predictive value for low bone turnover; PPV high = positive
predictive value for high bone turnover; PPV non-low = positive predictive value for normal
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and high bone turnover; iPTH = intact PTH; PTH ratio = ratio of level of PTH 1-84 to level
of large carboxy-terminal PTH fragments.
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