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Background

Imatinib mesylate inhibits several tyrosine kinases, including BCR-ABL, the C-KIT 
receptor, and the platelet-derived growth factor receptors α and β, all of which are 
associated with disease. We observed that hypophosphatemia developed in some 
patients with either chronic myelogenous leukemia or gastrointestinal stromal tu-
mors who were receiving imatinib.

Methods

We identified 16 patients who had low serum phosphate levels and 8 patients who 
had normal serum phosphate levels, all of whom were receiving imatinib. We per-
formed the following biochemical measurements: whole-blood levels of ionized 
calcium, plasma levels of intact parathyroid hormone, and serum levels of total 
calcium, phosphate, 25-hydroxyvitamin D, 1,25-dihydroxyvitamin D, magnesium, 
and markers of bone formation (bone alkaline phosphatase and osteocalcin) and 
bone resorption (N-telopeptide of collagen cross-links); urinalysis; and phosphate, 
calcium, and creatinine levels in “spot” urine specimens.

Results

Patients in the low-phosphate group (median serum phosphate level, 2.0 mg per 
deciliter [0.6 mmol per liter]; normal level, >2.5 mg per deciliter [0.8 mmol per liter]) 
had elevated parathyroid hormone levels and low-to-normal serum calcium levels, 
were younger, and were receiving a higher dose of imatinib than patients in the 
normal-phosphate group (median level, 3.2 mg per deciliter [1.0 mmol per liter]). 
Both groups had high levels of phosphate excreted in the urine and markedly de-
creased serum levels of osteocalcin and N-telopeptide of collagen cross-links.

Conclusions

Hypophosphatemia, with associated changes in bone and mineral metabolism, 
develops in a proportion of patients taking imatinib for either chronic myelogenous 
leukemia or gastrointestinal stromal tumors. The drug may inhibit bone remodeling 
(formation and resorption), even in patients with normal serum phosphate levels.
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Imatinib mesylate (gleevec, novartis) 
inhibits several tyrosine kinases associated 
with disease. These enzymes include BCR-

ABL in patients with chronic myelogenous leuke-
mia (CML), C-KIT in patients with gastrointesti-
nal stromal tumors, and platelet-derived growth 
factor (PDGF) receptors α and β in patients with 
certain myeloproliferative disorders and derma-
tofibrosarcoma protuberans, respectively.1 Most 
patients appear to tolerate imatinib well, and no 
consistent metabolic abnormalities during rou-
tine electrolyte screening have been reported.2 
However, we noted that hypophosphatemia (a se-
rum phosphate level of less than 2.5 mg per deci-
liter [0.8 mmol per liter]) developed in some pa-
tients with newly diagnosed CML who began 
imatinib therapy as part of a clinical trial.3 We 
subsequently performed biochemical evaluations 
in 16 patients with hypophosphatemia who were 
receiving imatinib (8 with CML and 8 with gastro-
intestinal stromal tumors), 8 patients with nor-
mal serum phosphate levels who were receiving 
imatinib (all with gastrointestinal stromal tumors), 
and 14 healthy adult volunteers.

Me thods

Study Patients

In order to identify patients with low serum phos-
phate levels, we obtained a waiver of authoriza-
tion from our investigational review board to re-
view the pharmacy records of patients who were 
given a prescription for imatinib between April 
2002 and July 2003. Patients with gastrointesti-
nal stromal tumors and normal serum phosphate 
levels, as well as healthy adult volunteers who 
served as internal controls, were studied accord-
ing to protocols approved by the investigational 
review board. All patients and controls provided 
informed written consent. We performed the fol-
lowing biochemical measurements in the patients 
and controls: whole-blood levels of ionized cal-
cium, plasma levels of intact parathyroid hormone 
(PTH), and serum levels of total calcium, phos-
phate, 25-hydroxyvitamin D, 1,25-dihydroxyvitamin 
D, magnesium, and markers of bone formation 
(bone alkaline phosphatase and osteocalcin) and 
bone resorption (N-telopeptide of collagen cross-
links); urinalysis; and phosphate, calcium, and cre-
atinine levels in “spot” urine specimens. Twelve 
of the 16 patients with hypophosphatemia, 6 of the 
8 patients with normal serum phosphate levels, 

and 10 of the 14 controls had blood and urine 
obtained between 9 a.m. and noon when they were 
not fasting; the remaining participants had sam-
ples taken after noon. Once identified, patients 
with hypophosphatemia began oral phosphate re-
placement (Neutra-Phos, Ortho-McNeil Pharma-
ceutical) at a dosage of 250 mg four times per day.

Biochemical Assays

All serum and urine assays were performed in 
the Clinical Chemistry Laboratory at Memorial 
Sloan-Kettering Cancer Center in New York. The 
coefficient of variation from the median value of 
the reference range (unless otherwise noted) was 
used to calculate the differences between assays. 

Serum phosphate levels were determined by 
means of a time–rate method with acidified am-
monium molybdate, and total serum calcium 
levels were measured with the use of an ion-spe-
cific electrode. These samples were analyzed on 
a Beckman LX20 analyzer and had a variance of 
less than 3 percent. Ionized calcium was measured 
with the use of an ion-specific electrode and a 
Nova Biomedical Stat Profile Critical Care Xpress 
analyzer. 

Osteocalcin levels in serum treated with hepa-
rin were measured with the use of a chemilumi-
nescent immunometric assay with an Immulite 
analyzer (Diagnostic Product Corporation). This 
assay measures the intact osteocalcin molecule 
only; it does not detect fragmented forms. Intact 
PTH was measured in plasma anticoagulated with 
EDTA with the use of a solid-phase two-site che-
miluminescent enzyme-labeled immunometric 
assay with the Immulite analyzer. The osteocal-
cin assay had a between-assay variance of 4.5 per-
cent, and the PTH assay had a between-assay vari-
ance of 5.2 percent. 

The serum level of bone-specific alkaline phos-
phatase was measured with an immunoassay in-
volving a microtiter strip (Quidel); the between-
assay variance was 5.4 percent. Serum levels of 
N-telopeptide of collagen cross-links were mea-
sured with the use of a competitive-inhibition 
enzyme-linked immunosorbent assay (Wampole 
Laboratories) and were reported in nanomoles of 
bone collagen equivalents per liter. The between-
assay variance was 6.9 percent. Serum levels of 
25-hydroxyvitamin D were determined with an 
iodine-125–labeled radioimmunoassay after rapid 
extraction of 25-hydroxyvitamin D from the se-
rum with acetonitrile and with the use of re-
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agents supplied by DiaSorin. The between-assay 
variance from the mean 25-hydroxyvitamin D 
level of 33 ng per milliliter (82 nmol per liter) was 
9.1 percent. 1,25-Dihydroxyvitamin D was quanti-
tated in serum with a 125I-labeled radioimmuno-
assay after purification by means of immunoex-
traction (ImmunoDiagnostic Systems).

The fractional excretion (FE) of phosphate was 
calculated by the following equation4:

FE
PO4

 = [(U
PO4

) (P
Cr
 ) × 100] ÷ [(P

PO4

) (U
Cr
 )],

where U refers to the urinary levels and P to 
the plasma levels of phosphate (PO

4
) and creati-

nine (Cr).

Statistical Analysis

The Wilcoxon rank-sum statistic was used to com-
pare variables among the patient and control 
groups.5 To determine whether there were pair-
wise associations among phosphate, PTH, both 
forms of vitamin D, and calcium in serum of pa-
tients with hypophosphatemia, a correlation anal-
ysis was performed. Owing to the small number 
of patients, we used permutation tests.6 For each 
pair, 2000 permutation resamples were generat-
ed and the P value was based on the achieved sig-
nificance level.

R esult s

Study Patients

A total of 77 patients taking imatinib formed the 
basis of this study. The records of 63 patients (48 
with CML, 13 with gastrointestinal stromal tu-
mors, and 2 with other forms of sarcoma) were 
reviewed retrospectively to determine the incidence 
of hypophosphatemia. In addition, 14 patients 
with gastrointestinal stromal tumors were ana-
lyzed prospectively to identify patients with nor-
mal serum phosphate levels. In all, 49 patients 
(32 patients with CML, 16 patients with gastroin-
testinal stromal tumors, and 1 with another form 
of sarcoma) had at least one serum phosphate 
measurement taken; 25 of these patients (51 per-
cent) had hypophosphatemia (15 with CML, 9 with 
gastrointestinal stromal tumors, and 1 with an-
other form of sarcoma). Sixteen of the 25 patients 
with hypophosphatemia (8 with CML and 8 with 
gastrointestinal stromal tumors) continued their 
care at our hospital and constituted the 16 patients 
in the low-phosphate group who underwent fur-
ther biochemical evaluations. Eight of the 14 pa-

tients with gastrointestinal stromal tumors who 
were studied prospectively constituted the normal-
phosphate group that underwent further biochem-
ical evaluations. The 14 controls were 7 men and 
7 women (all premenopausal) with a median age 
of 40 years. None of the controls were taking vi-
tamin supplements.

Biochemical Evaluations

Results of the biochemical evaluations are shown 
in Table 1. The median phosphate level was sig-
nificantly lower in the low-phosphate group than 
in the normal-phosphate group (2.0 vs. 3.2 mg 
per deciliter [0.6 vs. 1.0 mmol per liter], P<0.001). 
Other characteristics that differed significantly 
between the low-phosphate group and the nor-
mal-phosphate group included median age (50 
vs. 63 years, P = 0.02), median daily dose of ima-
tinib (600 vs. 350 mg, P = 0.01), and median PTH 
level (84 vs. 42 pg per milliliter, P<0.001). Pa-
tients in the low-phosphate group tended to have 
serum total calcium values that were lower than 
those in patients in the normal-phosphate group 
(median, 8.7 vs. 9.2 mg per deciliter [2.8 vs. 3.0 
mmol per liter]; P = 0.05). The difference in se-
rum total calcium was particularly apparent when 
the low-phosphate group was compared with the 
control group (8.7 vs. 9.4 mg per deciliter [2.2 vs. 
2.4 mmol per liter]; P<0.001). Patients in the low-
phosphate group also tended to have low levels of 
25-hydroxyvitamin D (for eight patients, less than 
20 ng per milliliter [50 nmol per liter] [see the 
Supplementary Appendix, available with the full 
text of this article at www.nejm.org]), although the 
median values did not differ significantly from 
those in the normal-phosphate group (median, 
18.8 vs. 28.8 ng per milliliter [46.9 vs. 71.9 nmol 
per liter]; P = 0.17).

Both the low-phosphate and normal-phos-
phate groups had elevated fractional excretion of 
phosphate in the urine (median, 24 percent and 
27 percent, respectively; P = 0.62); both percent-
ages were significantly higher than those for the 
control group (16 percent; P = 0.03 and P = 0.04, 
respectively) and higher than the percentage that 
normally would be expected in the setting of hy-
pophosphatemia (less than 5 percent).7

The median osteocalcin levels were decreased 
in both the low-phosphate group and the normal-
phosphate group (2.3 and 3.3 ng per milliliter, 
respectively; P = 0.14), as compared with the con-
trol group (8.4 ng per milliliter; P<0.001 and 
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Table 1. Results of Metabolic Evaluations of Patients with Hypophosphatemia and Those without Hypophosphatemia 
Taking Imatinib and of Controls.

Variable*

Low-
Phosphate

 Group
(N = 16)

Normal-
Phosphate

 Group
(N = 8)

P 
Value

Control 
Group

(N = 14) 
P 

Value†
P

 Value‡

Median age (yr) 50 63 0.02 40 0.05 <0.001

Daily imatinib dose (mg)

Median 600 350 0.01 — — —

Range 400–800 100–800

Serum total calcium (mg/dl)

Median 8.7 9.2 0.05 9.4 <0.001 0.10

Range 8.1–9.5 8.7–9.6 8.7–10.1

Serum phosphate (mg/dl)

Median 2.0 3.2 <0.001 3.5 <0.001 0.09

Range 1.0–2.4 2.7–4.0 2.8–4.1

Fractional excretion of phosphate (%)

Median 24 27 0.62 16 0.03 0.04

Range§ 4–45 2–31 8–24

Serum parathyroid hormone (pg/ml)

Median 84 42 <0.001 43 <0.001 0.54

Range 41–139 27–60 15–57

Serum 25-hydroxyvitamin D (ng/ml)

Median 18.8 28.8 0.17 24.4 0.35 0.37

Range 3.7–97.3 16.5–40.2 11.5–56.9

Serum 1,25-dihydroxyvitamin D (pg/ml)

Median 59 63 0.91 63 0.88 0.96

Range 13–103 31–71 29–105

Serum N-telopeptide of collagen 
cross-links (nmol of bone 
 collagen equivalents/liter)

Median 8.3 10.1 0.34 15.1 0.001 0.04

Range 3.0–13.4 5.3–16.0 9.1–19.4

Serum osteocalcin (ng/ml)

Median 2.3 3.3 0.14 8.4  0.001 0.01

Range NMA–6.7 1.4–10.0 <1–23.4

Serum bone alkaline phosphatase 
(U/liter)

Median 20 22 0.90 25 0.10 0.24

Range 15–53 13–36 17–48

* The Wilcoxon rank-sum statistic was used to compare variables among the patient and control groups. NMA denotes 
no measurable amount. To convert the values for serum calcium to millimoles per liter, multiply by 0.250. To convert 
the values for serum phosphate to millimoles per liter, multiply by 0.3229. To convert the values for 25-hydroxyvitamin 
D to nanomoles per liter, multiply by 2.496. To convert the values for 1,25-dihydroxyvitamin D to nanomoles per liter, 
multiply by 2.599.

† P values are for the comparison of the low-phosphate group with the control group.
‡ P values are for the comparison of the normal-phosphate group with the control group.
§ Urinary excretion of phosphate should be less than 5 percent in the setting of hypophosphatemia.7
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P = 0.01, respectively). Similarly, levels of serum 
N-telopeptide of collagen cross-links were low in 
the low-phosphate group and the normal-phos-
phate group (8.3 and 10.1 nmol of bone colla-
gen equivalents per liter, respectively; P = 0.34), 
as compared with the control group (15.1 nmol 
of bone collagen equivalents per liter; P = 0.001 
and P = 0.04, respectively). There was no signifi-
cant difference in the median serum bone alka-
line phosphatase level between the low-phosphate 
group and the normal-phosphate group (20 and 
22 U per liter, respectively; P = 0.90) or between 
each group of patients and the control group (25 
U per liter; P = 0.10 and P = 0.24, respectively).

Four of the eight patients with CML were treat-
ed according to a protocol that followed serum 
phosphate levels prospectively. All four had nor-
mal phosphate levels before treatment. Hypo-
phosphatemia developed 0.3, 0.5, 1.6, and 4.4 
months after they started imatinib therapy.

A correlation analysis was performed in the 
patients with hypophosphatemia. The analysis 
involved comparisons of phosphate with calcium, 
PTH, 25-hydroxyvitamin D, and 1,25-dihydroxyvi-
tamin D, as well as PTH with calcium and both 
forms of vitamin D (Table 2). Although the num-
ber of observations was small, hypophosphate-
mia was associated with low serum levels of 
25-hydroxy vitamin D (P = 0.005), 1,25-dihydroxy-
vitamin D (P = 0.04), and calcium (P = 0.009).

Discussion

In this study, hypophosphatemia and a series of 
associated changes in bone and mineral metabo-
lism occurred in some patients receiving imatinib 
for either CML or gastrointestinal stromal tumors. 
Although a smaller number of patients with nor-
mal phosphate levels were studied, it appears 

that many of these patients also had similar chang-
es in bone turnover (see the Supplementary Ap-
pendix), suggesting that imatinib may affect bone 
despite the presence of normal serum phosphate 
values. The data also suggest that hypophospha-
temia may be related to the patient’s age and the 
dose of imatinib. However, among patients with 
normal phosphate levels, the three lowest serum 
osteocalcin levels were observed in patients tak-
ing either 300 or 400 mg per day (see the Supple-
mentary Appendix). Hypophosphatemia may de-
velop quickly; two patients were noted to have 
low serum phosphate levels within two weeks af-
ter starting imatinib therapy.

Our study was limited by both the number of 
patients studied and the timing of the blood and 
urine sampling. Serum phosphate was not mea-
sured in a fasting state because imatinib is typi-
cally taken after breakfast, and this schedule was 
not altered. Despite this fact, hypophosphatemia 
was observed in the postprandial state, in which 
dietary phosphate intake would be expected to 
increase serum phosphate levels. Serum levels of 
PTH, osteocalcin, and N-telopeptide of collagen 
cross-links have diurnal variations, with a peak 
in the early morning, between 3 a.m. and 5 a.m.; 
PTH levels also have a second peak at 5 p.m.8-10 

Levels of both osteocalcin and N-telopeptide of 
collagen cross-links have nadirs in the afternoon 
and evening (between noon and 8 p.m.), where-
as PTH levels have two nadirs — at 10 a.m. and 
9 p.m. — that follow the two peaks.8-10 In this 
study, the majority of the blood and urine samples 
were taken between 9 a.m. and noon. Even though 
this period is near the time of the first PTH nadir 
(approximately 10 a.m.), PTH levels were high in 
the low-phosphate group. This finding strongly 
suggests that parathyroid function is in fact ab-
normal in this group.

The results of the correlation analysis (Table 2), 
which was limited by a small sample size, suggest 
that hypophosphatemia is associated with de-
creased levels of calcium, 25-hydroxyvitamin D, 
and 1,25-dihydroxyvitamin D. Some degree of ac-
celerated vitamin D metabolism, similar to that 
seen with phenytoin therapy,11 may account for 
this finding. However, among the 16 patients with 
hypophosphatemia, 6 with elevated PTH levels 
had 25-hydroxyvitamin D levels well within the 
normal range (greater than 25 ng per milliliter12) 
(see the Supplementary Appendix).

The pattern of disordered metabolism in our 

Table 2. Results of Correlation Analysis in Patients with Hypophosphatemia.

Electrolyte Pair in Serum
Correlation
 Coefficient P Value

PO4 and calcium +0.63 0.009

PO4 and PTH –0.43 0.12

PO4 and 25-hydroxyvitamin D +0.54 0.005

PO4 and 1,25-dihydroxyvitamin D +0.59 0.04

PTH and calcium –0.22 0.41

PTH and 25-hydroxyvitamin D +0.11 0.66

PTH and 1,25-dihydroxyvitamin D –0.17 0.55

 

Copyright © 2006 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 9, 2009 . For personal use only. No other uses without permission. 



altered bone and miner al metabolism with imatinib mesylate

n engl j med 354;19 www.nejm.org may 11, 2006 2011

patients differs in some respects from what has 
been reported for natural causes of hypophos-
phatemia with renal phosphate wasting: in-
creased blood levels of fibroblast growth factor 
23,13 low levels of 1,25-dihydroxyvitamin D,14 
and usually, normal levels of PTH.13 In our patients 
with hypophosphatemia, 1,25-dihydroxyvitamin D 

levels were in the upper normal range and PTH 
levels were elevated (see the Supplementary Ap-
pendix).

The serum markers of bone metabolism in our 
patients treated with imatinib suggest that the 
drug may affect bone-cell activity directly. One 
possible explanation for the abnormalities in 

Increased renal
phosphate excretion

Decreased Bone
Formation

Compensatory Increase in Parathyroid Hormone

Decreased osteoblast development and activity

Decreased RANKL–RANK interaction

Decreased osteoclast development

Decreased osteoclast activity

Decreased Bone Resorption

Decreased dissolution of calcium and
phosphate from hydroxyapatite

Decreased efflux of calcium and phosphate
from bone to extracellular space

Decreased serum ionized calcium
Decreased Serum

Phosphate

Correction of 
serum calcium

Decreased renal
calcium excretion

Increased
1,25-dihydroxyvitamin D

Inhibition of PDGF
receptor a

Inhibition of PDGF
receptor b

Imatinib

Figure 1. Proposed Sequence of Events Leading to Hypophosphatemia in Patients Treated with Imatinib. 

PDGF denotes platelet-derived growth factor, RANK receptor for the activation of nuclear factor-κB, and RANKL 
RANK ligand.
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bone and mineral metabolism seen in these pa-
tients is that imatinib, by inhibiting the PDGF 
receptor, affects the formation and resorption of 
bone. The expression of the PDGF receptor α gene 
has been observed in cultured osteoprogenitors 
and osteoblasts from fetal rats,15 and the PDGF 
isoforms PDGF-AA and PDGF-BB have been shown 
to stimulate replication16 and migration17 of rat 
osteoblasts in vitro. PDGF-BB has been shown 
to increase the number of rat osteoblasts in vivo,18 
and the survival of osteoblasts may be stimulated 
by PDGF-BB by way of AKT (protein kinase B) in 
human and murine cells.19 PDGF receptor α also 
plays a critical role in the development of the 
rat skeleton, as has been demonstrated in rats 
with mutations of the PDGF receptor α gene.15

In humans, mature osteoclasts are derived 
from the monocyte–macrophage lineage.20 The 
activities of osteoblasts and osteoclasts are tightly 
coupled because of the interaction of the recep-
tor for the activation of nuclear factor-κB (RANK) 
ligand on osteoblasts and its receptor, RANK, on 
osteoclast precursors.20 The maturation of macro-
phages into osteoclasts also requires the pres-
ence of macrophage colony-stimulating factor 
(M-CSF), which is secreted by stromal cells and 
osteoblasts and binds to the colony-stimulating 
factor 1 receptor (C-FMS) on macrophages.21 
Imatinib has been shown to inhibit the develop-
ment of the monocyte–macrophage lineage 
from normal human bone marrow progenitors 
in vitro by inhibiting the activation of C-FMS by 
M-CSF.22 Although the data are limited, there is 
some evidence that PDGF-BB stimulates bone 
resorption by osteoclasts in humans directly 
through PDGF receptor β.23 Imatinib may there-
fore interfere with osteoclast function directly 
by inhibiting PDGF receptor β on osteoclasts, 
indirectly by inhibiting PDGF receptor α on os-
teoblasts, or indirectly by inhibiting the activa-
tion of C-FMS by M-CSF. On the basis of these 
data, we propose a model (Fig. 1) that may ex-

plain the abnormalities in bone and mineral 
metabolism observed in some patients treated 
with imatinib.

Inhibition of the PDGF receptor may also ex-
plain why some patients with either CML or hy-
pereosinophilia had a decrease in plasma lipid 
levels shortly after starting imatinib. Gottardi et 
al.24 reported that eight of nine patients had a 
rapid reduction in cholesterol levels and three of 
four patients had a decrease in triglyceride levels. 
Since PDGF binds and phosphorylates the low-
density lipoprotein (LDL) receptor–related protein, 
a member of the LDL receptor superfamily,25 the 
authors postulate that inhibition of the PDGF 
receptor may modify the metabolism of lipids.

Hypophosphatemia has also been observed 
in patients with renal cancer taking sunitinib 
(Motzer R: personal communication). This obser-
vation suggests that abnormalities in bone me-
tabolism may be a feature common to tyrosine 
kinases that inhibit the PDGF receptor.

In summary, although imatinib inhibits tyro-
sine kinases associated with specific diseases, 
our data suggest that in vivo inhibition of the 
PDGF receptor may also occur and may have clini-
cal consequences. If this is confirmed, routine 
monitoring of serum phosphate and vitamin D 
during imatinib therapy may be advisable so that 
prompt phosphate replacement can be initiated. 
Chronic, untreated hypophosphatemia can result 
in impaired bone mineralization, rickets, and os-
teomalacia. Further study in this area is impor-
tant, since other tyrosine kinase inhibitors that 
act on the PDGF receptor are now in clinical use 
in patients with renal adenocarcinoma and other 
forms of cancer.26

Dr. Sauter was on the staff of Memorial Sloan-Kettering Can-
cer Center at the time the research was conducted; he subse-
quently became an employee of Novartis. Dr. Maki reports having 
received lecture fees from Novartis. No other potential conflict 
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References

Druker BJ. Imatinib as a paradigm of 
targeted therapies. Adv Cancer Res 2004; 
91:1-30.

Druker BJ, Talpaz M, Resta DJ, et al. Ef-
ficacy and safety of a specific inhibitor of 
the BCR-ABL tyrosine kinase in chronic 
myeloid leukemia. N Engl J Med 2001;344: 
1031-7.

O’Brien SG, Guilhot F, Larson RA, et 
al. Imatinib compared with interferon 

1.

2.

3.

and low dose cytarabine in newly diag-
nosed chronic-phase chronic myeloid 
leukemia. N Engl J Med 2003;348:994-
1004.

Shayman JA. Sodium. In: Shayman JA, 
ed. Renal pathophysiology. Philadelphia: 
J.B. Lippincott, 1995:27-51.

Lehmann EL. Nonparametrics: statis-
tical methods based on ranks. San Fran-
cisco: Holden-Day Press, 1975.

4.

5.

Efron B, Tibshirani R. An introduction 
to the bootstrap. New York: Chapman and 
Hall, 1993.

Halevy J, Bulvik S. Severe hypophos-
phatemia in hospitalized patients. Arch 
Intern Med 1988;148:153-5.

el-Hajj Fuleihan G, Klerman EB, Brown 
EN, Choe Y, Brown EM, Czeisler CA. The 
parathyroid hormone circadian rhythm is 
truly endogenous — a General Clinical 

6.

7.

8.

Copyright © 2006 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 9, 2009 . For personal use only. No other uses without permission. 



altered bone and miner al metabolism with imatinib mesylate

n engl j med 354;19 www.nejm.org may 11, 2006 2013

Research Center study. J Clin Endocrinol 
Metab 1997;82:281-6.

Gertz BJ, Clemens JD, Holland SD, 
Yuan W, Greenspan S. Application of a new 
serum assay for type I collagen cross-linked 
N-telopeptides: assessment of diurnal 
changes in bone turnover with and with-
out alendronate treatment. Calcif Tissue 
Int 1998;63:102-6.

Hannon R, Eastell R. Preanalytical vari-
ability of biochemical markers of bone 
turnover. Osteoporos Int 2000;11:Suppl 6:
S30-S44.

Bouillon R, Reynaert J, Claes JH, Lis-
sens W, De Moor P. The effect of anticon-
vulsant therapy on serum levels of 25-hy-
droxyvitamin D, calcium and parathyroid 
hormone. J Clin Endocrinol Metab 1975; 
4:1130-5.

Hickey L, Gordon CM. Vitamin D defi-
ciency: new perspectives on an old disease. 
Curr Opin Endocrinol Diabetes 2004;11: 
18-25.

Brame LA, White KE, Econs MJ. Renal 
phosphate wasting disorders: clinical fea-
tures and pathogenesis. Semin Nephrol 
2004;24:39-47.

Kronenberg HM. NPT2a — the key to 
phosphate homeostasis. N Engl J Med 
2002;347:1022-4.

9.

10.

11.

12.

13.

14.

Liu F, Malaval L, Aubin JE. Global am-
plification polymerase chain reaction re-
veals novel transitional stages during os-
teoprogenitor differentiation. J Cell Sci 
2003;116:1787-96.

Hock JM, Canalis E. Platelet-derived 
growth factor enhances bone cell repli-
cation, but not differentiated function of 
osteoblasts. Endocrinology 1994;134:1423-
8.

Fiedler J, Etzel N, Brenner RE. To go 
or not to go: migration of human mesen-
chymal progenitor cells stimulated by iso-
forms of PDGF. J Cell Biochem 2004;93: 
990-8.

Mitlak BH, Finkelman RD, Hill EL, et 
al. The effect of systemically administered 
PDGF-BB on the rodent skeleton. J Bone 
Miner Res 1996;11:238-47.

Chaudhary LR, Hruska KA. The cell 
survival signal Akt is differentially activat-
ed by PDGF-BB, EGF, and FGF-2 in osteoblas-
tic cells. J Cell Biochem 2001;81:304-11.

Teitelbaum SL. Bone resorption by os-
teoclasts. Science 2000;289:1504-8.

Wiktor-Jedrzejczak W, Bartocci A, Fer-
rante AW Jr, et al. Total absence of colony-
stimulating factor 1 in the macrophage-
deficient osteopetrotic (op/op) mouse. Proc 
Natl Acad Sci U S A 1990;87:4828-32. 

15.

16.

17.

18.

19.

20.

21.

[Erratum, Proc Natl Acad U S A 1991;88:
5937.]

Dewar AL, Cambareri AC, Zannettino 
AC, et al. Macrophage colony-stimulating 
factor receptor c-fms is a novel target of 
imatinib. Blood 2005;105:3127-32.

Zhang Z, Chen J, Jin D. Platelet derived 
growth factor (PDGF)-BB stimulates os-
teoclastic bone resorption directly: the 
role of receptor beta. Biochem Biophys Res 
Commun 1998;251:190-4.

Gottardi M, Manzato E, Gherlinzoni 
F. Imatinib and hyperlipidemia. N Engl 
J Med 2005;353:2722-3.

Loukinova E, Ranganathan S, Kuznetsov 
S, et al. Platelet-derived growth factor 
(PDGF)-induced tyrosine phosphorylation 
of the low density lipoprotein receptor-
related protein (LRP): evidence for in-
tegrated co-receptor function between 
LRP and the PDGF. J Biol Chem 2002;277:
15499-506.

Herbst RS, Bajorin DF, Bleiberg H, et 
al. Clinical Cancer Advances 2005: major 
research advances in cancer treatment, pre-
vention, and screening — a report from 
the American Society of Clinical Oncology. 
J Clin Oncol 2006;24:190-205.
Copyright © 2006 Massachusetts Medical Society.

22.

23.

24.

25.

26.

PERSONAL ARCHIVES IN THE JOURNAL ONLINE

Individual subscribers can store articles and searches using a feature 
on the  Journal’s Web site (www.nejm.org) called “Personal Archive.” 
Each article and search result links to this feature. Users can create 

personal folders and move articles into them for convenient retrieval later. 

Copyright © 2006 Massachusetts Medical Society. All rights reserved. 
Downloaded from www.nejm.org on November 9, 2009 . For personal use only. No other uses without permission. 


