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BACKGROUND: The bone-forming metastases of prostate cancer result from complex stromal–epithelial interactions within the tumour
microenvironment. Autocrine–paracrine signalling pathways between prostate cancer epithelial cells, osteoblasts, and osteoclasts
stimulate aberrant bone remodelling, and the activity of these three cell populations can be quantitatively measured using prostate-
specific antigen (PSA), bone-specific alkaline phosphatase (BAP) and urine N-telopeptide (uNTx), respectively. The purpose of the
present study was to test the hypothesis that serial measurements of BAP and uNTx during therapy would facilitate monitoring of
disease activity and predict the overall survival (OS) in patients with metastatic prostate cancer receiving therapy.
METHODS: Radionuclide bone scan, PSA, BAP, and uNTx data were retrospectively analysed from three clinical trials in patients with
metastatic prostate cancer conducted at our institution. Qualitative changes in bone scans and quantitative changes in PSA, BAP, and
uNTx concentrations during therapy were correlated with OS.
RESULTS: Baseline levels of BAP, but not PSA, were prognostic for OS in both androgen-dependent and castrate-resistant disease.
A reduction in PSA, BAP, uNTx, or BAP/uNTx on therapy was predictive of improved OS in both patient groups. Conversely, an
increase in PSA, or BAP on therapy was predictive of worse OS in both patient groups. Baseline number of lesions and response on
bone scan during therapy were neither prognostic nor predictive of OS in either patient group.
CONCLUSION: These observations support the concept that serial measurements of bone turnover metabolites during therapy
function as clinically informative predictive biomarkers in patients with advanced prostate cancer and skeletal metastases. PSA
measurements and bone scans remain essential to monitor the overall disease activity and determine the anatomic distribution of
skeletal metastases.
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The clinical presentation of advanced, lethal prostate cancer is
dominated by symptoms and findings caused by bone metastases.
The formation of skeletal lesions in malignancy is associated with a
disruption of the normal coupling between bone formation and
bone resorption caused by the cancer epithelial cell (Logothetis
and Lin, 2005; Logothetis et al, 2008). In most epithelial tumour
types (breast, renal, lung), the net phenotype is ‘bone-destructive’,
whereas in prostate cancer the net phenotype is ‘bone-forming’.
Autocrine and paracrine interactions between prostate cancer
epithelial cells (the epithelial compartment) and bone stromal cells
including osteoblasts and osteoclasts (the stromal compartment)
in the bone microenvironment perturb the physiologic balance
between bone-resorption and formation during metastasis devel-
opment. The activity of these three cell populations can be
quantitatively measured using prostate-specific antigen (PSA),
bone-specific alkaline phosphatase (BAP) and urine N-telopeptide
(uNTx), respectively.

The striking predilection for prostate cancer to metastasise to
bone has influenced the strategy to develop therapies that target
the bone microenvironment. One approach has been ‘bone-
targeting’ radionuclides such as strontium, samarium, and radium.
These agents elicit reductions in PSA, BAP, and uNTx, and are
clinically associated with improvements in bone pain and overall
survival (OS) (Tu et al, 2001; Sartor, 2004; Sartor et al, 2011). One
limitation of radionuclide therapy is myelosuppresion resulting
from a lack of target cell specificity, as the delivered radiation dose
kills hematopoietic cells in addition to prostate cancer and stromal
cells. A second approach has been osteoclast–osteoblast inhibitors,
including bisphosphonates (e.g., zolendronic acid) and RANK-
ligand inhibitors (e.g., denosumab). Compared with radionuclides,
these agents more specifically inhibit the stromal compartment
rather than the epithelial compartment, as evidenced by reductions
in bone turnover markers but not PSA (Saad et al, 2002; Fizazi
et al, 2011; Saylor et al, 2011). Interestingly, however, although
bisphosphonates and RANK-ligand inhibitors have consistently
been shown to reduce pain and skeletal-related events, they do not
prolong overall survival.

On the basis of the above considerations, there is continued
interest in developing novel therapies that target both the epithelial
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and stromal compartments in bone (Dayyani et al, 2011). The
development of ‘bone-targeting therapies’, however, has been
hampered by the absence of informative biomarkers that can be
used to monitor disease response in bone and predict clinical
outcome measures such as OS. The currently accepted clinical
instrument to evaluate skeletal metastases in patients with prostate
cancer is the radionuclide bone scan (Dotan, 2008; Messiou et al,
2009). For newly diagnosed asymptomatic patients, bone scans are
an essential tool to screen for the presence of occult skeletal
metastases. In patients with established metastases, bone scans
inform the clinicians about the anatomic distribution of lesions
and facilitate the integration of local therapies (e.g., radiation and/
or surgery).

For several reasons, however, bone scans have limited utility in
monitoring response and/or progression on active therapy. First,
bone scans are not specific for cancer, as other nonmalignant
processes that elicit bone turnover are also detected including
Paget’s disease, fractures, and infections. Second, after initiation of
an effective systemic therapy, bone scans often demonstrate a
‘flare’ phenomenon that suggests disease progression, but in fact
represents bone healing in response to tumour regression (Pollen
et al, 1984). Indeed, bone scan flares can be difficult to differentiate
radiographically from disease progression and oncologists often
distinguish the two, clinically based on whether skeletal pain
symptoms are improving or getting worse. Third, despite
considerable effort, there are presently no accepted or validated
methods to quantify bone scans (Imbriaco et al, 1998; Sabbatini
et al, 1999; Sadik et al, 2006). Thus in clinical trials, bone scan
changes remain a difficult metric on which to evaluate drug
efficacy.

In this study, we sought to explore the potential for biochemical
measurements of bone turnover metabolites measured serially on
therapy to serve as clinically useful biomarkers in monitoring
patients with metastatic prostate cancer receiving therapy. To do
this, we retrospectively analysed data from three independent
randomized clinical trials conducted at our institution. We
evaluated the ability of baseline and serial measurements of BAP
and uNTx on therapy to predict OS, and compared these results to
those generated using PSA and bone scans. On the basis of our
findings, we propose monitoring of BAP and uNTX in addition to
PSA and bone scans in patients with metastatic disease receiving
treatment. PSA levels reflect activity in the tumour epithelial
compartment, BAP and uNTx levels reflect activity in the bone
stromal compartment, and bone scans provide information about
the anatomic location of skeletal metastases.

PATIENTS AND METHODS

PSA, BAP, and uNTx measurements

All PSA, BAP, and uNTx measurements were conducted in the
Core Diagnostics Clinical Laboratory at MD Anderson Cancer
Center. PSA levels were measured using an electrochemilumines-
cent ELISA immunoassy (Roche, Indianapolis, IN, USA). BAP
levels were measured using the Access Ostase test, an electro-
chemiluminescent ELISA immunoassay (Beckman Coulter, Brea,
CA, USA). uNTx levels were measured using a competitive
immunoassay technique (VITROS Eci, Ortho Clinical Diagnostics,
Rochester, NY, USA).

Data collection

To measure the associations between markers of bone metabolism
and clinical outcome in both the androgen-dependent and the
castrate-resistant disease states, data were retrospectively analysed
from three clinical trials completed at MD Anderson Cancer
Center. The first was a randomized phase II study in which patients

with androgen-dependent metastatic prostate cancer received andro-
gen deprivation therapy, doxorubicin (20 mg m� 2 i.v. on days 1, 8,
and 15 every 28 days for 2 cycles), and zoledronic acid (4 mg i.v. every
28 days for a total of 6 doses). Patients were randomized and assigned
to receive either 1 dose of strontium-89 (4 mCi total dose)
administered i.v. on the first day of treatment or no strontium-89
(Bilen et al, 2011). The second was a randomized phase II study in
which patients with progressive metastatic castrate-resistant prostate
cancer received docetaxel with or without imatinib (Mathew et al,
2007). The third was a phase I/II study in which patients with
metastatic castrate-resistant prostate cancer received docetaxel and
dasatinib (Araujo et al, 2012). In the androgen-dependent study, all
patients (n¼ 66) received bisphosphonate therapy, as mandated by
the protocol. In the two castrate-resistant studies (n¼ 125), bispho-
sphonate therapy was not mandated and only a minority of patients
(2% and 13% in each trial, respectively) received it. To assess the
therapy-specific effects on the bone microenvironment in patients
with metastatic castrate-resistant disease, patients who received
bisphosphonates (n¼ 17) were excluded from the subsequent
analyses.

To assess the prognostic value of different biomarkers, baseline
PSA, BAP, uNTx, BAP/uNTx, and bone scan data were correlated
with OS in patients with androgen-dependent (n¼ 67) and
castrate-resistant disease (n¼ 108). Baseline PSA, BAP, and uNTx
values were measured within one month before trial enrolment.
Baseline bone scans were assessed for the number of distinct
lesions. To assess the predictive value of biomarker change in
response to therapy, serial measurements of PSA, BAP, uNTx, and
BAP/uNTx during treatment were compared with baseline
measurements, and changes were correlated with OS.

Definitions

Castrate-resistance Castrate-resistance was defined as disease
progression despite having a serum testosterone level of
p50 ng dl� 1 (Scher and Sawyers, 2005).

Progression PSA, BAP, uNTx, and BAP/uNTx progression were
defined as two consecutive rises X4 weeks apart. Bone scan
progression was defined as the appearance of X2 new lesions,
according to the Prostate Cancer Working Group 2 Criteria (Scher
et al, 2008). Changes in biomarker concentrations were defined by
subtracting the baseline from subsequent measurements during
treatment. The decrease in biomarker concentration was defined as
a difference of less than zero. A biomarker concentration was
classified as not decreasing (no change or increasing), if the
difference was greater than 0.

Overall survival

The OS duration was defined as the time interval from the on trial
date to the date of death. The last follow-up date was the latest date
of any type of test or the date of the last follow-up examination.

Statistical analysis

Descriptive statistics, such as the mean, s.d., median, and range,
were used to summarise the baseline measurements and changes in
concentration of each biomarker during treatment. Frequencies
and proportions were used to summarise the status of progression.
Cox proportional hazards regression models were used to evaluate
the association between OS duration and biomarker levels. The
baseline values of PSA, BAP, and uNTX were log-transformed
before being fitted in the model. To assess the correlation between
the change of PSA and the changes of other markers over time in
response to therapy, a Spearman’s correlation coefficient was
calculated for each patient. Wilcoxon signed-rank test was then
used to determine the statistical significance of the correlations.
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The association between the changes of BAP and uNTX
concentrations on therapy was analysed using Pearson’s w2 test.

To evaluate the association between an increase in biomarkers
and OS duration, patients were grouped into four categories: (1)
time to progression of less than 3 months, (2) time to progression
of 3–6 months, (3) time to progression of 6-12 months, and (4) no
progression greater than 12 months. Kaplan–Meier method was
used to calculate the OS. Patients who were alive at the last follow-
up date were censored in the analyses. A P-value o0.05 was
deemed as statistically significant. All statistical analyses were
conducted using the SAS (version 9.1; SAS Institute Inc., Cary, NC,
USA) and S-PLUS (version 8.0; Insightful Corp., Seattle, WA,
USA).

RESULTS

The primary goal of the present study was to test the hypothesis
that changes in BAP and uNTx in response to therapy could
predict OS in patients with metastatic prostate cancer. We chose
OS rather than progression-free survival, as the relationship
between the two has historically been weak in prostate cancer
(Armstrong and Febbo, 2009). To do this, data were retrospectively
analysed from three clinical trials completed at MD Anderson
Cancer Center (Mathew et al, 2007; Bilen et al, 2011; Araujo et al,
2012). Although OS was not the primary end point of any of these
trials, it was a secondary end point and long-term follow-up
permitted analysis of OS in the present analysis.

The baseline characteristics of the patients are described in
Table 1. Patients were divided into two groups, depending on
whether they had androgen-dependent or castrate-resistant disease
at study entry. Patients in both groups had high-volume bone
disease with an average of X20 lesions per patient. This was
accompanied by high levels of PSA, BAP and uNTx at baseline. As
bone-forming and -resorption processes are biologically coupled,
we also analysed the ratio of BAP and uNTx to capture this
dynamic relationship. This ratio was o1 in both patient groups at
baseline.

We first tested the ability of baseline levels of PSA, BAP, uNTx,
BAP/uNTx, and number of bone lesions to function as prognostic
biomarkers in predicting OS. Table 2 shows results for androgen-
dependent and castrate-resistant patients, respectively. Using a
Cox proportional hazards model, only higher baseline levels of
BAP were associated with reduced OS (hazard ratio 41) in both
patients with androgen-dependent and castrate-resistant disease in
a statistically significant manner. Higher baseline levels of BAP/
uNTx were prognostic in patients with androgen-dependent
disease but not in patients with castrate-resistant disease. Higher
baseline levels of uNTx were prognostic in patients with castrate-
resistant disease but not in patients with androgen-dependent
disease. Higher baseline levels of PSA were prognostic in patients
with castrate-resistant disease but not in patients with androgen-
dependent disease, and baseline number of bone lesions was not
prognostic in either group. Taken together, these data illustrate the
potential for baseline BAP and uNTx measurements to function as
prognostic biomarkers for patients with prostate cancer and
skeletal metastases in both the androgen-dependent and castrate-
resistant disease states.

Table 3 provides the frequency of progression events during
treatment for the androgen-dependent and castrate-resistant
patients, respectively. PSA progression was the most frequent
event and occurred in B50% of the patients in both groups. In
contrast, bone scan progression occurred in B40% of patients
with androgen-dependent disease and in only B11% of patients
with castrate-resistant disease. Progression of at least one marker
of bone metabolism occurred more frequently than bone scan
progression in both groups. In patients with androgen-dependent
disease, uNTx progression was more common than bone scan

progression (B52% vs 40%, respectively), whereas BAP progres-
sion occurred as often as bone scan progression (B40%). In
patients with castrate-resistant disease, both BAP and uNTx
progression occurred more frequently than bone scan progression
(B25% vs B25% vs B11%, respectively). These data highlight the
dynamic process of bone turnover evident in patients with
metastatic prostate cancer receiving therapy.

Although the aberrant bone remodelling that takes place in
prostate cancer is driven by autocrine/paracrine interactions
between the epithelial and stromal compartments, we next tested
whether PSA progression correlated with progression in bone
markers or bone scan in all patients. There was a positive,
statistically significant association between PSA progression with
BAP progression, uNTx progression, and bone scan progression,
but not with BAP/uNTx progression on therapy (Table 4). These
data underscore the biological interaction between the epithelial
and the stromal compartments in the pathogenesis of skeletal
metastases in patients with advanced disease. Disease progression
within the epithelial compartment is associated with increased
modulation of the stromal compartment within the bone
microenvironment.

Table 1 Baseline patient characteristics

Total
patients

Androgen-
dependent

disease

Castrate-
resistant
disease

N 192 67 125
Median age (range) 61 (41–86) 62 (41–77) 60 (42–81)

Race
African American 12/192 5/67 7/125
Caucasian 171/192 60/67 111/125
Latin American 8/192 1/67 7/125
Middle Eastern 1/192 1/67 0/125

Mean PSA (ng ml� 1) 95.72 104.75 97.42
Mean number (bone
lesions)

22 25.82 20

Mean BAP (mg l� 1)
(normal 0–20)

80.35 95.24 52.4

Mean uNTx (nmoles l� 1)
(normal 21–66)

69.16 112.60 42.0

Mean BAP/mean uNTx 0.83 0.78 0.79

Abbreviations: BAP¼ bone-specific alkaline phosphatase; PSA¼ prostate-specific
antigen; uNTx¼ urine N-telopeptide.

Table 2 Cox PH model of overall survival for baseline markers in
patients with androgen-dependent disease and skeletal metastases, and
castrate-resistant disease and skeletal metastases

Androgen-dependent
disease and skeletal

metastases

Castrate-resistant
disease and skeletal

metastases

Variable HR (95% CI) P-value HR (95% CI) P-value

Baseline
number of
lesions

1.02 (1.0, 1.04) 0.06 1.01 (0.99, 1.04) 0.17

Baseline logPSA 1 (0.83, 1.2) 0.99 1.22 (1.04, 1.43) 0.01
Baseline
loguNTx

1.47 (0.95, 2.26) 0.08 1.62 (1.15, 2.29) 0.01

Baseline logBAP 1.46 (1.05, 2.04) 0.03 1.46 (1.11, 1.91) 0.01
Baseline BAP/
uNTx

2.09 (1.01, 4.34) 0.05 1.12 (0.81, 1.55) 0.49

Abbreviations: BAP¼ bone-specific alkaline phosphatase; CI¼ confidence interval;
HR¼ hazard ratio; PSA¼ prostate-specific antigen; uNTx¼ urine N-telopeptide.
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We next tested whether the changes in bone markers in response
to therapy could predict OS. In androgen-dependent disease, a
decrease in PSA or uNTx during therapy was significantly
correlated with better OS when compared with no decrease
(Table 5). In castrate-resistant disease, a decrease in PSA, BAP or
BAP/uNTx was significantly correlated with better OS when
compared with no decrease (Table 5). In contrast, resolution of
one or more lesions on bone scan during therapy did not predict
for an improved OS in either disease state. These results
demonstrate that responses in bone biomarkers, but not bone
scans during therapy, are predictive of better OS in patients with
advanced metastastic prostate cancer receiving therapy.

To test the corollary hypothesis that progression in bone
biomarkers would predict reduced OS, we stratified biomarker
progression times into four categories: (1) o3 months, (2)
between 3 and 6 months, (3) between 6 and 12 months, and (4)

412 months. Kaplan–Meier plots depicting OS for androgen-
dependent (n¼ 67) and castrate-resistant patients (n¼ 108) are
shown in Figures 1A and 2A, respectively. In patients with
androgen-dependent disease, progression in PSA or BAP predicted
for reduced OS in a statistically significant manner (Figures 1B
and C). In contrast, progression in BAP/uNTx did not predict
reduced OS (Figure 1D). For both BAP and BAP/uNTx categories,
there were too few androgen-dependent patients to include a o3
months of progression time group.

In patients with castrate-resistant disease, progression in PSA,
BAP, or BAP/uNTx on therapy each predicted for reduced OS in a
statistically significant manner. (Figures 2B–D). Survival for
patients with PSA, BAP, or BAP/uNTx progression times o3
months was shorter than patients with progression times 412
months. Patients with progression times between 3 and 12 months
experienced the survival probabilities between these two categories
for BAP and BAP/uNTX, but not PSA. Neither bone scan
progression nor uNTx progression on therapy predicted for OS
in either patients with androgen-dependent disease or castrate-
resistant disease (data not shown).

DISCUSSION

Advanced prostate cancer is dominated by bone metastases and
results from clinical studies support the hypothesis that bone-
targeting therapies can improve the OS. For example, alpharadin
(radium-223 chloride) was recently reported to prolong survival in
a double-blind, randomized, Phase III trial (ALYSYMPCA) in
patients with castrate-resistant disease and skeletal metastases
(Parker et al, 2012). At present, however, a relatively limited ability
to monitor prostate cancer bone metastasis during therapy has
impeded research efforts to develop novel bone-targeting agents.
Thus, there is a growing imperative to develop better methods to
monitor skeletal disease activity during therapy that correlate with
clinically meaningful outcomes such as OS. The prevailing strategy
to overcome this limitation includes the development of imaging
techniques that permit improved discrimination between malig-
nant and nonmalignant bone lesions, ‘pixel quantitation’ of
metastatic lesions, and improved standardisation, acquisition,
and reporting of imaging data. Some of these techniques were
build on existing technetium-99m-MDP radionuclide scintigraphy,
while others are incorporating MRI and PET scan methodologies
(Imbriaco et al, 1998; Sabbatini et al, 1999; Sadik et al, 2006;
Messiou et al, 2011). Studies are presently ongoing to determine
the utility of these approaches.

As an alternative strategy, in the present study we describe an
approach to monitor the activity of prostate cancer in bone on
therapy using biochemical markers that reflect the underlying
biology of the complex interaction between cancer epithelial cells,
osteoblasts, and osteoclasts within the tumour bone microenvir-
onment. We found that reductions in BAP and/or uNTx on therapy
function as predictive biomarkers for improved OS in patients

Table 3 Summary of progression events in patients with androgen-
dependent disease and skeletal metastases, and castrate-resistant disease
and skeletal metastases

Androgen-dependent
disease and skeletal

metastases
Castrate-resistant disease
and skeletal metastases

Variable Progression N (%) Progression N (%)

Bone scan No 42 (62.7) No 96 (88.9)
Yes 25 (37.3) Yes 12 (11.1)

PSA No 33 (49.3) No 56 (51.9)
Yes 34 (50.7) Yes 52 (48.1)

BAP No 41 (61.2) No 82 (75.9)
Yes 26 (38.8) Yes 26 (24.1)

uNTx No 32 (47.8) No 81 (75)
Yes 35 (52.2) Yes 27 (25)

BAP/uNTx No 54 (80.6) No 85 (78.7)
Yes 13 (19.4) Yes 23 (21.3)

Abbreviations: BAP¼ bone-specific alkaline phosphatase; PSA¼ prostate-specific
antigen; uNTx¼ urine N-telopeptide.

Table 4 Correlations between progression in PSA and other biomarkers

Progression in
PSA progression

(correlation coefficient) P-value

Bone scan 0.27 0.0002
BAP 0.24 0.0006
uNTx 0.14 0.0076
BAP/uNTx 0.09 0.15

Abbreviations: BAP¼ bone-specific alkaline phosphatase; PSA¼ prostate-specific
antigen; uNTx¼ urine N-telopeptide.

Table 5 Cox proportional hazard’s model of overall survival duration according to changes in marker concentrations in patients with androgen-dependent
disease and changes in marker concentrations in patients with castrate-resistant disease

Changes in marker concentrations in patients with
androgen-dependent disease

Changes in marker concentrations in patients with
castrate-resistant disease

Variable HR (95% CI) P-value HR (95% CI) P-value

Lesion number (decrease vs no decrease) 0.61 (0.25, 1.49) 0.28 0.86 (0.49, 1.49) 0.58
PSA (decrease vs no decrease) 0.18 (0.06, 0.51) 0.001 0.49 (0.3, 0.81) 0.01
BAP (decrease vs no decrease) 0.31 (0.04, 2.47) 0.27 0.31 (0.16, 0.58) 0.0003
uNTx (decrease vs no decrease) 0.25 (0.05, 1.14) 0.05 0.6 (0.35, 1.02) 0.06
BAP/uNTx (decrease vs no decrease) 0.46 (0.14, 1.51) 0.2 0.26 (0.14, 0.49) o0.0001

Abbreviations: BAP¼ bone-specific alkaline phosphatase; CI¼ confidence interval; HR¼ hazard ratio; PSA¼ prostate-specific antigen; uNTx¼ urine N-telopeptide.
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Figure 1 (A) Kaplan–Meier curve for overall survival duration in patients with androgen-dependent disease. (B) Kaplan–Meier curves for overall survival
duration by time to PSA progression in patients with androgen-dependent disease. (C) Kaplan–Meier curves for overall survival duration by time to BAP
progression in patients with androgen-dependent disease. (D) Kaplan–Meier curves for overall survival duration by time to BAP/uNTx progression in
patients with androgen-dependent disease.

1.0
A B

C D

0.8

0.6

0.4

0.2

0.0

0 10 20 30
Time (months)

40 50 60

0 10 20 30
Time (months)

40 50

P<0.01

<3
3–6
6–12
>12

O
ve

ra
ll 

su
rv

iv
al

 p
ro

ba
bi

lit
y

0 10 20 30
Time (months)

40 50

P<0.01

<3
3–6
6–12
>12

1.0

0.8

0.6

0.4

0.2

0.0

O
ve

ra
ll 

su
rv

iv
al

 p
ro

ba
bi

lit
y

1.0

0.8

0.6

0.4

0.2

0.0

O
ve

ra
ll 

su
rv

iv
al

 p
ro

ba
bi

lit
y

0 10 20 30

P=0.01

<3
3–6
6–12
>12

Time (months)
40 50 60

1.0

0.8

0.6

0.4

0.2

0.0

O
ve

ra
ll 

su
rv

iv
al

 p
ro

ba
bi

lit
y

Number of subjects=108
Number of deaths=70
Number censored=38
Median OS (95% Cl)=24 months (20.63, 28.13)

Figure 2 (A) Kaplan–Meier curve for overall survival duration in patients with castrate-resistant disease. (B) Kaplan–Meier curves for overall survival
duration by time to PSA progression in patients with castrate-resistant disease. (C) Kaplan–Meier curves for overall survival duration by time to BAP
progression in patients with castrate-resistant disease. (D). Kaplan–Meier curves for overall survival duration by time to BAP/uNTx progression in patients
with castrate-resistant disease.
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with skeletal metastases receiving cytotoxic therapy in both the
androgen-dependent and the castrate-resistant settings. In con-
trast, increases in BAP and/or uNTX predicted for worse OS in
castrate-resistant but not in androgen-dependent patients. Bone
scan responses during therapy were not predictive of OS. These
data support the hypothesis that serial measurements of bone
turnover markers permit efficient monitoring of response and
clinical efficacy in patients with bone metastases on therapy.

One limitation of our analysis was that we were unable to
specifically test the effects of bisphophonates (e.g., zolendronic
acid) or RANK-ligand inhibitors (e.g., denosumab) as an
independent variable on clinical outcome. In the studies we
analysed, all androgen-dependent patients had received bispho-
sphonates, all castrate-resistant patients had not, and all the 3
studies were conducted before the approval of denosumab. Both
classes of agents have been demonstrated to prevent bone loss in
patients with androgen-dependent disease receiving androgen
deprivation therapy, and modulate BAP and uNTX in patients with
advanced castrate-resistant disease (Smith et al, 2001, 2009; Fizazi
et al, 2011; Smith et al, 2011). In addition, normalisation of bone
markers in response to zolendronic acid predicts for improved OS
in patients with castrate-resistant disease (Lipton et al, 2008).
However, as neither class has been shown to prolong OS, we
conclude that cytotoxic anticancer therapies were responsible for
the dominant effects on survival observed in our study.

Although baseline BAP and uNTx levels have previously been
shown to have prognostic significance in patients with metastatic
prostate cancer, our results are the first to demonstrate the ability
of changes in these measurements during therapy to serve as
predictive biomarkers for OS (Cook et al, 2006). Our data are of
particular interest, as many novel epithelial-stromal bone-
targeting agents are tyrosine kinase inhibitors (including
inhibitors of Src, c-Met and VEGFR2) that demonstrate

significant clinical activity without reductions in PSA. For
example, mCRPC patients treated with the combined c-Met/
VEGR2 inhibitor cabozantinib (XL-184) experience high rates of
pain relief, reductions in lymphadenopathy, and responses in
bone scan associated with declines in bone turnover markers but
not PSA (Hussain et al, 2011). Thus, for some novel drugs that
provide benefit without a corresponding reduction in PSA, a
reduction in bone turnover markers provides additional objective
evidence that the drug is modulating the tumour microenviron-
ment in a therapeutically favourable manner.

At our institution, we have adopted an integrated approach to
evaluate novel therapies in patients with skeletal metastases
(Dayyani et al, 2011). First, our clinical research studies include
the routine incorporation of serial (pre-, on-, and post-therapy)
trans-iliac bone marrow biopsies to permit direct analysis of
therapy effects on the tumour epithelial and the bone stromal
compartments over time (Efstathiou et al, 2012). Second,
prompted by either skeletal symptoms or the need to determine
the anatomic distribution of metastases, we perform serial
radionuclide bone scans. We also routinely incorporate CT scans
to further define clinically relevant anatomic features of individual
lesions, including condition of the bone cortex, risk for fracture,
and presence of atypical osteolytic, ‘bone-destructive’ changes
(seen in a subset of patients with metastatic castrate-resistant
disease). Third, on the basis of the data presented in this study,
serial measurements of PSA, BAP, and uNTx are obtained to
monitor the disease activity in prostate cancer epithelial cells and
the principal host stromal cells (osteoblasts and osteoclasts)
involved in the pathological remodelling of bone. Using this
integrated approach, bone imaging is used to manage symptoms
and determine the anatomic distribution of metastases, PSA is
used to monitor the epithelial compartment, and bone turnover
markers (BAP, uNTx) are used to monitor bone metastases.
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