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Osteonecrosis is a frequent complication of therapy in patients
with acute lymphoblastic leukemia (ALL), particularly children
aged 10 years and older at diagnosis and young adults.1-7 Prior
clinical8 and nonclinical9 data have demonstrated that arterio-
pathy in arterioles supplying the bone and marrow, character-
ized by vascular smooth muscle and endothelial cell injury, is the
initiating lesion in the development of glucocorticoid-induced
osteonecrosis. In patients with ALL, osteonecrosis has been
linked to receptors for the vascular toxin glutamate.1 We therefore
hypothesized that patients may exhibit other evidence of en-
dothelial dysfunction and vascular toxicity before the onset of
osteonecrosis. Because hypertension is a known adverse effect
of glucocorticoid therapy10,11 and has been linked to adverse
vascular remodeling,12,13 we hypothesized that hypertension
represents an early manifestation of therapy-induced vascular
dysfunction, which ultimately contributes to osteonecrosis.

We evaluated this in 254 children aged from 10 to 18.99 years
who were enrolled on the Total Therapy XV14 (NCT00137111)
and XVI15 (NCT00549848) studies, identifying hypertension
during either induction or reinduction, as defined by the
American Academy of Pediatrics fourth report on pediatric
hypertension.16 Patients with ALL were diagnosed with
osteonecrosis by magnetic resonance imaging (supplemental
Methods, available on the Blood Web site).17 Only patients with
osteonecrosis symptoms (Common Terminology Criteria for
Adverse Events [CTCAE] grade 2 or higher) were considered
cases for the primary analysis. All studies were approved by the
institutional review board. Age-appropriate informed consent/
assent was obtained as specified by the Declaration of Helsinki.

Among the 235 evaluable children (supplemental Figure 1;
supplemental Table 1), 94 were categorized as hypertensive.
Treatment on the Total XVI protocol was associated with a
decreased incidence of hypertension (30.6% vs 54.9% in Total
XV; P 5 2.4 3 1024), and patients of mixed or Asian ancestry
had lower rates of hypertension than those of white ancestry
(14.3% vs 43.5%; P 5 .0499); no other clinical factors were
associated with the development of hypertension, including
sex, age, body mass index z-score, or risk group.

Symptomatic osteonecrosis was diagnosed in 103 patients.
Osteonecrosis was more common in girls than in boys (P5 .014),

and more common in ancestral whites than in ancestral blacks
(P 5 .016). There was no association between osteonecrosis and
age (P 5 .36), risk group (P 5 .16), treatment protocol (P 5 .98),
or body mass index z-score (P 5 .06).

Hypertension was associated with an increased risk for symp-
tomatic osteonecrosis (49/94 vs 54/141 in normotensive
patients [P 5 .037]; odds ratio [OR], 1.75; 95% confidence
interval [CI], 1.02-3.01). In a multivariable analysis including
sex, protocol, and ancestry, hypertension’s association with
increased osteonecrosis risk strengthened (P 5 .03; OR, 1.88;
95% CI, 1.1-3.22; Figure 1; supplemental Table 2). Hyper-
tension was also associated with more radiographically ex-
tensive epiphyseal osteonecrosis after reinduction 1 therapy
(P 5 .021; supplemental Methods; supplemental Table 3),
although it was not associated with osteonecrosis when cases
included asymptomatic osteonecrosis (CTCAE grade 1 or
higher) measured at any point during the protocol (P 5 .38;
supplemental Methods; supplemental Table 4).

To validate the association of symptomatic osteonecrosis with
hypertension, we evaluated records of 4950 general medical
patients from the Vanderbilt Synthetic Derivative,18 using a
previously validated strategy.1 All patients received at least
2 weeks of systemic glucocorticoids. Four hundred fifty cases of
osteonecrosis were identified by International Classification of
Diseases, Ninth Revision/10th Revision (ICD9/10), codes and
manually confirmed. Control individuals (without ICD9/10 codes
or keywords for osteonecrosis) were selected in a 10:1 ratio with
case patients and matched on sex, race, and ethnicity. Hyper-
tension (defined by ICD9/10 codes) was categorized according
to timing relative to glucocorticoid administration as before,
during, both, or neither.

Of the 4950 steroid exposed individuals, 2176 were diagnosed
with hypertension on glucocorticoids. Medical patients who
developed osteonecrosis were older (median age, 57 years) than
those who did not develop osteonecrosis (median age, 53 years;
P 5 2.5 3 1024).

Similar to the ALL cohort, patients diagnosed with hypertension
during glucocorticoids had an increased risk for osteonecrosis
(302/2176 vs 148/2774 in normotensive patients; P5 1.183 10223;
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OR, 2.86; 95% CI, 2.32-3.53; supplemental Table 5). Patients
diagnosed with hypertension before glucocorticoids experienced
a smaller increased risk (P 5 .015; OR, 1.32; 95% CI, 1.05-1.65).
The association between hypertension and osteonecrosis was
maintained in multivariable analysis including age (P 5 7.46 3
10221; Figure 1), and in the 3865 patients without pre-
glucocorticoid hypertension (P 5 9.54 3 10222; OR, 3.06;
95% CI, 2.43-3.87).

To test whether antihypertensive therapy could prevent the
increased risk for osteonecrosis, we tested the effect of anti-
hypertensives, using the murine model of osteonecrosis.9 All
mice received dexamethasone 2 mg/L in drinking water con-
tinuously, and PEGaspargase 1200 IU/kg intraperitoneal weekly,
beginning at 26 to 28 days of life and continuing for 6 weeks.
Mice were also randomly assigned to receive quinapril hydro-
chloride 60 mg/L in drinking water continuously vs control or,
in a second experiment, hydralazine 320 mg/L vs control. At
the completion of therapy, mice were humanely euthanized and
were evaluated for osteonecrosis and epiphyseal arteriopathy in
the hind limbs, as described.9 Blood pressures were measured
via tail cuff in identically treated mice. All animal experiments
were approved by the Institutional Animal Care and Use
Committee (supplemental Methods).

Compared with control mice treated with chemotherapy only,
mice treated with chemotherapy and quinapril were less likely to
have osteonecrosis (10/39 vs 26/39 mice; P 5 6.6 3 1024) and
had fewer hind limbs affected by osteonecrosis (12/78 vs 30/78;
P 5 .002; Figure 2). Quinapril did not reduce the development
of epiphyseal arteriopathy in evaluable limbs (23/74 vs 32/75;
P 5 .2), but significantly reduced the progression from arteriopathy
to osteonecrosis (12/23 vs 28/32; P5 .009). Hydralazine similarly
decreased the frequency of osteonecrosis (1/22 vs 17/31 mice;
P 5 4.4 3 1024) and decreased the number of affected limbs
(1/44 vs 20/62; P5 .0035; Figure 2). Hydralazine also decreased
the frequency of arteriopathy (2/40 vs 30/59 in chemotherapy
control; P 5 3.4 3 1026).

As in patients, dexamethasone/asparaginase chemotherapy
induced hypertension. Median systolic pressure was 139.4 mm
Hg in treated mice (N 5 6) compared with 117 mm Hg in un-
treated mice (N 5 6; P 5 1.4 3 1025). Mice receiving dexa-
methasone and asparaginase had attenuated systolic hypertension
when treated with either quinapril (N 5 6; median, 127.2 mm Hg;
P 5 .011) or hydralazine (N 5 8; median, 123.2 mm Hg; P 5 .012;
supplemental Figure 2).

There was no effect of antihypertensives on the antileukemic
efficacy of therapy in vitro or in vivo (supplemental Materials
and Results).
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Figure 1. Hypertension is associated with an increased
risk for osteonecrosis. In children aged 10 years and older
diagnosed with ALL, those with hypertension (dark blue
bar) had an increased risk of developing osteonecrosis
later in therapy compared with normotensive (red bar)
patients (52.1% vs 38.3%; multivariate P 5 .03; odds ratio,
1.88, left). In a general medical population receiving glu-
cocorticoids for any diagnosis, hypertension during glu-
cocorticoids was also associated with an increased risk
of developing osteonecrosis (13.9% vs 5.3%; multivariate
P 5 7.46 3 10221; odds ratio, 2.85, right).
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Figure 2. Antihypertensives decrease osteonecrosis resulting from chemo-
therapy. Mice treated with dexamethasone and asparaginase (Dex1ASP, red) for
6 weeks develop osteonecrosis. Mice who received quinapril in addition to dexa-
methasone and asparaginase (Dex1ASP1Quinapril, dark blue) developed less
osteonecrosis (12/78 vs 30/78; P 5 .0022). In a second experiment, hydralazine given
with dexamethasone and asparaginase (Dex1ASP1Hydralazine, light blue) also
decreased osteonecrosis compared with chemotherapy alone (1/44 vs 20/62;
P 5 .0035).
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We reviewed records of patients with ALL and noted that an-
tihypertensive use (N 5 50 patients) was not associated with an
altered risk for osteonecrosis (P 5 .32). The retrospective nature
of the data makes the reason for this discrepancy unclear, al-
though it appears patients treated for hypertension were more
hypertensive, treated briefly, and had only moderate changes
in blood pressure during antihypertensive therapy (see sup-
plemental Data for further details and discussion). Osteonecrosis
also developed in many patients without documented hyper-
tension, suggesting additional factors contribute to osteonec-
rosis development, although incomplete ascertainment of
hypertension may have also occurred in these retrospective
cohorts. Although hypertension was not associated with
osteonecrosis when asymptomatic cases were included, it
was associated with both symptomatic osteonecrosis (CTCAE
grade 2 or higher) and extensive epiphyseal osteonecrosis.
Although the reason for this discrepancy is unclear, our mu-
rine data indicate that antihypertensive therapy may affect
epiphyseal osteonecrosis, the lesions most correlated with
joint collapse.19

Our data demonstrate that patients who develop hypertension
during glucocorticoid containing portions of ALL therapy are
at increased risk of developing symptomatic osteonecrosis, al-
though the retrospective nature of this study makes causal
determination difficult. Nonclinical data demonstrate that anti-
hypertensives can reduce the risk for osteonecrosis, but that they
must effectively decrease hypertension to affect osteonecrosis.
These findings align with data demonstrating a benefit to deeper
antihypertensive control in diverse adult20,21 and pediatric22 pop-
ulations. Further studies are needed to determine whether similar
control of hypertension will decrease osteonecrosis in patients
receiving ALL therapy.
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Natural killer (NK)–cell enteropathy, also referred to as lym-
phomatoid gastropathy, is a recently described, rare indolent
NK-cell lymphoproliferative disorder (LPD) that involves single
or multiple sites along the gastrointestinal tract.1-3 Patients
often present with vague gastrointestinal symptoms, including
abdominal pain, constipation, diverticulosis, and reflux, but they
have no prior history of celiac disease, inflammatory bowel
disease, or malabsorption. The lesions exhibit a chronic, relapsing
clinical course, and usually do not show prolonged response to
chemotherapy. A distinction from aggressive NK or T-cell lym-
phoma is of paramount importance to avoid unnecessary ag-
gressive therapies. The pathogenesis of NK-cell enteropathy
remains unknown, and whether it represents a true neoplastic
process is still unresolved, partly because of the challenges of
demonstrating clonality in NK cells. In this study, we characterize
the clinicopathologic features and investigate the mutational
profiles and related aberrant signal pathways in this rare entity.

Among the 10 patients, 1 (case 3) was included in our initial
series,3 and the other 9 patients were newly diagnosed (Table 1).
There were 7 females and 3 males with a median age of 61 years
(range, 9-76 years). This research was approved by the Memorial
Sloan Kettering institutional review board. The initial symptoms
included abdominal pain/discomfort,4 reflux,1 and diarrhea.1

Three patients were diagnosed during screening colonoscopy
examination. The sites of involvement were stomach,5

duodenum,6 colon,4 and small intestine (3, including 2 terminal
ileum). Endoscopic findings included superficial ulcers and/or
erosions in 5/7 patients and polyps in 2/7 patients. The only
pediatric patient (case 8) had a mildly enlarged cervical lymph
node that was deemed unrelated. All other patients had no
lymphadenopathy or hepatosplenomegaly. One patient (case
10) had positron emission tomography-computed tomography
imaging showing an standardized uptake value of 4 at the gastric
fundus. The key histologic features were expansion of the lamina

propria by a relatively well-circumscribed but confluent infiltrate
of medium-sized cells with irregular nuclei, inconspicuous nu-
cleoli, finely clumped chromatin, and amoderate amount of pale
cytoplasm (Figure 1A-B). The mucosal glands were displaced in
2 patients (cases 1 and 3) because of the dense atypical cellular
infiltrate, but glandular destruction was not seen. Increased
intraepithelial lymphocytes were only seen in 1 patient (case 8).
Angiocentricity or angiodestructive pattern of growth was ab-
sent. Necrosis was not seen. The muscularis mucosae were in-
tact. There was no villous atrophy or crypt hyperplasia. Other
inflammatory cells such as plasma cells, neutrophils, and eo-
sinophils were often present. Immunophenotypically, the cells
were positive for CD56 (10/10), CD2 (5/8), cytoplasmic CD3 (9/9),
TIA-1 (10/10), granzyme B (10/10), and CD7 (5/6; Table 1; Figure
1C-E; data not shown). Partial CD8 expression was seen in 1 case
(case 10). The cells were negative for CD4, surface CD3, CD5,
T-cell receptor b (TCRb), and TCRg or TCRd (data not shown).
Epstein-Barr virus–encoded small RNA (EBER) in situ hybrid-
ization was negative (10/10; Figure 1F). Helicobacter pylori was
positive by serology in 1 case (case 1), negative by immunostains
in 2 cases (cases 2 and 10), and negative in all 10 cases by mor-
phology. Ki-67 proliferation index was examined in 8 patients and
was variable: high (75%-90%) in 2 cases, moderate (50%-75%) in
1 case, and intermediate (25%-50%) in 5 cases. Clonal gene
rearrangements of both TCRb and TCRg were initially reported
to be positive in 1 patient (case 10), and the patient was mis-
diagnosed as having aggressive NK/T-cell lymphoma and was
prepared for chemotherapy and hematopoietic stem cell trans-
plantation. Repeated PCR studies of the same biopsy and an
additional biopsy specimen confirmed a polyclonal pattern.
Therefore, TCRg gene rearrangements were polyclonal or
showed a restricted pattern in 10/10 patients. A second patient
(case 6) was also misdiagnosed as having T-cell lymphoma,
based on the observed expression of CD3, and received a cycle
of chemotherapy. Follow-up data were available in 8 patients.
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