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Abstract
We conducted a prospective, multicenter investigation of human-leukocyte antigen (HLA)
identical sibling bone marrow transplantation (BMT) in children with severe sickle cell disease
(SCD) between 1991 and 2000. To determine if children were protected from complications of
SCD after successful BMT, we extended our initial study of BMT for SCD to conduct assessments
of the central nervous system (CNS) and of pulmonary function 2 or more years after
transplantation. In addition, the impact on gonadal function was studied. After BMT, patients with
stroke who had stable engraftment of donor cells experienced no subsequent stroke events after
BMT, and brain magnetic resonance imaging (MRI) exams demonstrated stable or improved
appearance. However, 2 patients with graft rejection had a second stroke after BMT. After
transplantation, most patients also had unchanged or improved pulmonary function. Among the 11
patients who had restrictive lung changes at baseline, 5 were improved and 6 had persistent
restrictive disease after BMT. Of the 2 patients who had obstructive changes at baseline, 1
improved and 1 had worsened obstructive disease after BMT. There was, however, significant
gonadal toxicity after BMT, particularly among female recipients. In summary, individuals who
had stable donor engraftment did not experience sickle-related complications after BMT, and were
protected from progressive CNS and pulmonary disease.
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INTRODUCTION
More than a decade ago, several groups showed in prospective clinical trials that it was
possible to eliminate sickle erythropoiesis by human leukocyte antigen (HLA)- identical
bone marrow transplantation (BMT) in symptomatic children [1–3]. After establishing a
high probability of event-free survival (EFS) in most children after HLA-identical sibling
donor BMT, the research focus appropriately has shifted to characterizing the quality of cure
produced by successful transplantation and to expand the availability of transplantation to
those who lack sibling donors. Previously, we showed that children who had stable
engraftment of donor cells no longer experienced sickle-related clinical events after
transplantation, and also that stable donor mixed chimerism was sufficient for this clinical
benefit [4]. We have extended these initial findings by conducting routine evaluations of
organ function after BMT that might detect subclinical evidence of progressive organ
damage. In addition, these studies have generated longitudinal information based on
extended follow-up about the toxicity of transplantation. Together, these assessments offer
reassurance about the durable benefits of transplantation in children who have sickle cell
disease (SCD) and more clearly define the long-term toxicities. The findings also provide
additional information to families and their physicians about the long-term risks and benefits
of this therapeutic option for children with SCD.

METHODS
Patients <16 years of age with symptomatic SCD (SS, SC, or Sβ°-thalassemia) who had an
HLA-identical family member donor (Hb, AA, or AS) were considered for BMT. All
individuals were required to meet eligibility criteria as reported earlier [1]. The initial study
design included follow-up through 2 years after enrollment. A supplemental long-term
follow-up study was initiated after patient accrual was completed in 2000. This extended
study collected additional results of the long-term impact of transplantation 2 years and
longer after initial enrollment, as described later. Patients were enrolled from 27 centers in
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the United States and Europe (see the Appendix for collaborating centers). The study was
approved by the institutional review board of Children’s Hospital and Research Center,
Oakland, and by institutional review boards or their equivalents at each of the collaborating
sites. All patients and/or their parents or guardians gave written informed consent for their
participation.

The National Heart, Lung, and Blood Institute appointed a data safety and monitoring board
(DSMB) for the purpose of monitoring patient safety and the ethical conduct and progress of
this investigation. The board consisted of 5 hematologists, a clinical statistician, and a
patient advocate.

Treatment Regimen
Patients were prepared for transplantation with a combination of oral busulfan (Bu, 14 mg/
kg), cyclophosphamide (Cy, 200 mg/kg) and horse antithymocyte globulin (ATG, 90 mg/kg)
or CAM-PATH Immunoglobulin (10 mg for 5 days) in lieu of ATG.

Three patients (patients 9–11) received Bu (500 mg/m2), Cy (200 mg/kg), and rabbit ATG
(20 mg/kg), and another (patient 6) received Bu (16 mg/kg), Cy (200 mg/kg), and ATG (80
mg/kg), as previously reported [1]. After November 1994, all North American patients had
Bu pharmacokinetics performed with targeted steady-state concentrations adjusted to 400–
600 ng/mL. Patients received a combination of methotrexate (MTX) and cyclosporine (CsA)
for the prevention of acute graft-versus-host disease (aGVHD). Prophylaxis with CsA was
given for 6 months following transplantation. Definition and grading of aGVHD and chronic
GVHD (cGVHD) have been described [5,6]. Before transplantation, patients not receiving
chronic transfusion therapy underwent a partial exchange transfusion to achieve a fraction of
Hb S ≤30%. All patients received supportive care for infection prevention after
transplantation, according to local institutional practice. In response to an apparent increased
incidence of neurologic complications after transplantation [7,8], preventive measures were
employed since June, 1993: anticonvulsant prophylaxis with phenytoin initiated with Bu
dosing and continued for 6 months following transplantation (or until CsA was
discontinued), strict control of hypertension, prompt repletion of magnesium deficiency, and
maintenance of hemoglobin concentrations between 9 and 11 g/dL and platelet counts
>50,000/mm3, as previously described.

Late Effects Evaluation
All 55 long-term survivors had late effects evaluations performed. Brain magnetic resonance
imaging (MRI) examinations were requested in all patients before, 1, and 2 years after
transplantation, and reports by the local radiologist and the MR images were collected
centrally. The MRI examinations were performed for follow-up purposes only, and were not
obtained in response to new neurologic examination findings or clinical complications. The
local radiology reports were compiled to create a summary of the posttransplantation central
nervous system (CNS) outcomes for this analysis. In the long-term follow-up phase of the
study, brain MRI exams were requested through 4 years after transplantation. To test the
validity of the local MRI reports submitted by individual participating centers, a subset of 7
brain MRI pre-and post-BMT exams was evaluated in a blinded fashion by 1
neuroradiologist (J.B.). This blinded assessment included evaluation of the size (in
millimeters), location, and number of cortical and white matter abnormalities, and whether
these had changed since the prior scans. The scans had axial T1-weighted and T2-weighted
(intermediate echo and long echo) images through the entire brain. The lesions were bright
on T2-weighted images and dark on T1-weighted images compared to normal brain. For
each set of images, it was determined if the lesions were new or old and, if old, whether they
were larger than on the prior study. The signal intensity and degenerative character of any
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abnormalities were also noted, and the scoring was compiled using a standardized worksheet
to generate an overall comparison of the blinded pre- and posttransplant MRI exams. An
examination was scored as improved if the number of lesions was fewer and/or if the
diameter of the cortical or white matter abnormalities was smaller compared to the baseline
examination.

Similarly, pulmonary function tests (PFTs; total lung capacity [TLC], forced vital capacity
[FVC], residual volume [RV], and the ratio of forced expiratory volume to FVC [FEV/
FVC]) were measured before and at annual intervals after transplantation. Spirometry and/or
lung volumes (either by Nitrogen washout and/or by body plethysmography) were
measured. Diffusion capacity was measured in 14 patients by the single-breath diffusion
technique. PFT usage was based upon common methods for comparison of reference values
[9]. The raw data were converted to a single set of predicted values according to the method
by Polgar [10]. The following parameters were analyzed: FVC, FEV1, FEV1%, TLC, RV,
and carbon monoxide diffusing capacity (DLCO).

PFT results were segregated into 3 distinct categories of lung function: restrictive,
obstructive, and normal. Two standards were considered in defining these categories: the
American Thoracic Society (ATS) 2007 guideline suggests that restrictive disease is defined
by having a TLC <80%, or by having an FVC <75% if no TLC result is available.
Obstructive disease is defined by having a FEV1/FVC ratio <80%. Lacking any accepted
parameters for significant change after BMT, we made the assumption that a change was
significant if it exceeded the percent predicted measure by >10%, a magnitude of change
that is not likely to be caused by measurement variability, according to current published
guidelines [11–13].

Finally, endocrine function tests (thyroid function tests and luteinizing hormone [LH],
follicle stimulating hormone [FSH], and estradiol or testosterone assays) in serum were
measured before and at annual intervals after transplantation.

Statistical Analysis
Statistical analyses were performed to summarize results. The method of Kaplan and Meier
was used to estimate survival and EFS (where an event was defined as death, graft rejection,
or return of SCD) [14]. A cumulative incidence curve for graft rejection was also calculated
[15]. EFS was defined as survival in the absence of clinical vasoocclusive complications
typical of SCD with evidence of sustained donor engraftment. Student’s t-test was applied to
each of 5 PFT variables to evaluate for any significant changes after BMT. Descriptive
statistics were computed for each pulmonary function variable.

RESULTS
Outcome after Transplantation

The outcome after HLA-identical sibling BMT has been updated from previous reports [4].
Fifty-seven children with SCD (Hb SS), 1 with sickle β+-thalassemia and 1 with sickle/O-
Arab disease from 27 transplant centers in the United States, South America, and Europe
were enrolled in this collaborative study between September 1991 and April 2000, 3 of
whom were included in a previous publication [3]. Fifty-five patients survive, and 50
survive free of the underlying disease. Four patients died of transplantation-related
complications that included intracranial hemorrhage or complications related to GVHD. The
median times to engraftment with an absolute neutrophil count (ANC) >500/mm3 and
platelet count >20,000/mm3 were 19 and 25 days, respectively. Five patients experienced
graft rejection with recurrent SCD. The Kaplan-Meier probabilities of survival and EFS are
93% and 85%, respectively, with a median follow-up of 6.5 years (range: 3.0–12.4) (Figure
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1). The cumulative incidence of recurrent SCD was 9%. Most patients had stable
engraftment with >95% donor cells after BMT. However, 8 patients (15%) had <95% donor
cells, of whom 6 had ≤70 % donor cells (Table 1) in this update of an earlier report [16].
None of these 6 patients experienced sickle-related complications after BMT and 1 patient
received a single red blood cell (RBC) transfusion beyond 90 days after transplantation.
Long-term follow-up evaluations were performed in all survivors, including 4 patients who
had graft rejection accompanied by return of SCD and patients with stable mixed chimerism.
Engrafted patients were defined as having full donor chimerism or having stable persistence
of donor cells sufficient to eliminate clinical and laboratory signs of SCD.

Seven patients (12%) developed grades II-IV aGVHD after transplantation. The clinical
grading, sites of involvement and treatment of GVHD are summarized in Table 2. Eight
patients (14%) developed cGVHD that was limited in 4, and extensive in 4. Three patients
with extensive cGVHD died of this complication, and the other patients with cGVHD
recovered completely and are no longer receiving immunosuppressive therapy.

CNS Disease
Twenty-nine of 59 patients had stroke or other significant CNS disease as an indication for
transplantation and 28 survive after BMT. Surviving patients with stroke who also had
stable engraftment of donor cells (N = 25) experienced no subsequent stroke events after
BMT. However, patients who had graft rejection after BMT were not protected from stroke.
One patient with graft rejection experienced a second stroke when the Hb S fraction reached
60% after BMT and another patient with graft rejection had a subarachnoid hemorrhage
after BMT. In total, 28 of 29 (97%) patients with stroke survive after transplantation, and 26
of 29 (90%) survive stroke-free after BMT.

Most patients who survived after BMT also had stabilization of the underlying cerebral
vascular disease, as evaluated by brain imaging studies (Table 3). Forty-six of 55 surviving
patients who were enrolled in the multicenter study had a brain MRI performed after
transplantation. These studies were compared to pretransplantation baseline exams in all but
4 of the patients. Of the 28 patients with stroke studied after transplantation, except in the 2
patients with graft rejection noted earlier, there was stable appearance or lesions that had
evolved to a smaller size by brain MRI, documented by studies that were performed a
median of 3.2 (range: 0.6–7.3) years after BMT. Ten patients had evidence of silent cerebral
infarction before transplantation. Of these 10, 8 patients had post-BMT studies performed a
median of 1.7 (range: 0.5–4.9) years after BMT, which were stable in 3 patients and 4
patients had lesions that had evolved to a smaller size by brain MRI. In 1 patient who was
enrolled for recurrent episodes of acute chest syndrome and who had silent cerebral
infarction before BMT, additional small watershed lesions were noted 1 month after
transplantation, but this individual had a stable brain appearance in subsequent exams
through 5 years after BMT. There were no clinical strokes after BMT in this group.

Sixteen patients had no documented CNS disease before BMT (Table 3). All 10 studied in
this group had normal MRI appearance a median of 3.1 (range: 0.5–5.2 years) after BMT. In
the 7 cases for which a blinded adjudication was performed, the blinded assessments were
concordant with the MRI reports submitted for review. Together, these observations show
that most patients had stabilization of cerebral vasculopathy after BMT.

Initially in this cohort, seizures were observed commonly after BMT [7]. As a result,
anticonvulsant therapy was routinely administered throughout the duration of CSP use to
reduce the risk of seizures. Overall, 19 individuals had a neurogic event after
transplantation, including 2 episodes of intracranial hemorrhage that was fatal in 1, a second
thrombotic stroke after graft rejection, and 16 with seizures. These events occurred a median
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of 90 days after BMT (range: 6–1488 days). As noted previously, the episodes were
associated with hypertension, thrombocytopenia, or relative polycythemia (hemoglobin level
>11 g/dL), and seizures were commonly associated with absent or inadequate anticonvulsant
blood levels. Generally, these occurred in the first 6 months after transplantation; however,
seizures occurred >6 months after BMT in 2 patients with graft rejection and a history of
stroke. After the routine institution of preventive guidelines to prevent neurologic events, 14
of 40 patients (35%) had events, although these were not associated with long-term
sequelae, and there were no additional episodes of intracranial hemorrhage. Of interest,
these events occurred at a similar frequency in patients who had or did not have preexisting
neurovascular disease, as shown in Table 3.

Pulmonary Function after Transplantation
At the baseline, 25 of the 55 surviving patients had pulmonary function abnormalities, with
restrictive pulmonary disease being the most frequent finding. Pulmonary function testing
was performed in 45 of 55 (82%) surviving patients after BMT, and of these, 26 had
baseline studies for comparing pre and post-BMT pulmonary function results (Table 4).
Twenty-three patients had baseline and post-BMT evaluations that included spirometry
measurements. Thirteen patients had diffusion capacity measured before and after BMT. Of
the 10 patients who had no testing performed after BMT, 5 had normal pulmonary function
before BMT, 4 had restrictive disease, and 1 had no testing before or after BMT. The longest
interval between baseline and post-BMT pulmonary function testing was utilized for this
analysis. The time interval to testing after BMT ranged from 0.2 to 10.6 years, with a
median of 3.2 years.

Of the 23 patients who were evaluable for comparison of spirometry and lung volumetrics
before and after BMT, the mean predicted FEV1 changed from 88% ± 10% to 86% ± 11%
(P = .59) and the mean predicted FVC changed from 78% ± 16% to 81% ± 12% (P = .45)
after transplantation. Before transplantation, 11 had restrictive changes, 2 had obstructive
changes, and 10 patients had normal lung function at baseline (Tables 4 and 5). Among the
11 patients who had restrictive changes at baseline, 4 had normal function after BMT and 7
had persistent restrictive changes. Of these 7, 1 was improved but continued to have a
restrictive pattern, 1 had more restrictive disease, and 5 were unchanged after BMT. Of the 2
patients who had obstructive changes at baseline, 1 had normal pulmonary function after
BMT, and 1 had worsened obstructive disease after BMT. Of the 10 patients who had
normal lung pattern at baseline, 8 remained normal after BMT and 2 developed a restrictive
pattern after BMT.

Compared to pre-BMT measurements, the RV (P = .02) and RV/TLC (P = .03) were
significantly decreased after BMT. The observed difference in RV and in RV/TLC suggests
that there was decreased air trapping and therefore improved lung function after BMT. The
DLCO was improved in 3 of 13 patients after BMT, but this was not statistically significant.
Overall, patients who had normal baseline pulmonary function were likely to remain normal
(8 of 10) after BMT. Patients who had restrictive disease at baseline were likely to have
improved or persistent, but not progressive restrictive disease (10 of 11). Taken together,
these data show that most patients had stable pulmonary function after BMT.

Posttransplantation Gonadal Function
The observations of gonadal function in males and females after transplantation for SCD are
presented in Tables 6 and 7. All the survivors (33 male and 22 female) who were enrolled in
protocol 610 are greater than 14 years of age. The current median ages are 21.6 (range:
16.1–28.5 years) and 21.7 (range: 14.1–27.8 years) among the males and females,
respectively. Among these, 13 males (39%) and 14 females (64%) had posttransplantation
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endocrine studies reported. The LH and FSH levels were normal in 9 males and less than
normal in 4 after transplantation. However, only 3 of 13 had normal testosterone levels
(Table 6), consistent with hypogonadotrophic hypogonadism in most of the pubertal males.
In contrast, 8 of 14 females had increased gonadotropin levels and/or below normal estradiol
levels, a finding consistent with primary ovarian failure in the majority of postpubertal
females. Only 4 of 14 females had normal estradiol levels (Table 6). However, 1 female had
a successful pregnancy 13 years after BMT and another female with graft rejection gave
birth to a healthy baby following preimplantation genetic diagnosis 14 years after BMT,
although she had experienced 2 previous spontaneous abortions several years earlier.

DISCUSSION
These updated results confirm that children who were treated by HLA-identical BMT have
durable engraftment of donor cells and do not experience painful or other clinical events
related to SCD. We have extended these observations with findings that strongly suggest
that most individuals are also protected from subclinical progression of end-organ
pulmonary and CNS dysfunction that is associated with vaso-occlusion or other sickle-
related pathophysiology. Together, these observations reinforce the notion that conventional
BMT offers a favorable risk-benefit balance in children who have severe SCD.
Unfortunately, it was not possible to conduct a comprehensive cross-sectional evaluation of
pulmonary, gonadal, and CNS status at regular intervals in all the subjects after
transplantation because of constraints of the original study design, which was to demonstrate
the safety and feasibility of conducting a multicenter investigation of HLA-identical sibling
BMT for SCD. In the future, however, transplantation study design should include a
systematic evaluation of the quality of survival after successful transplantation and routine
assessments of organ function, particularly of the kidney, lungs, brain, and endocrine
system.

Although children who had stroke as an indication for BMT were protected from clinical
strokes after successful transplantation, the long-term natural history of neurovascular
disease after transplantation remains somewhat uncertain. It was not possible to conduct
routine neuropsychologic testing before and after transplantation as part of the long-term
follow-up evaluations; thus, the impact of successful BMT on functional CNS status remains
undefined in this cohort. Although most patients with stroke or silent cerebral infarction
before BMT had no further changes after BMT, 1 patient in this study had progressive
changes by MRI in the initial month after transplantation that did not change in subsequent
examinations through 5 years after BMT. There is a possibility that the natural history of
neurovascular injury might include reactive gliosis or other changes related to the initial
event that are not altered by the transplantation itself. This possibility is also supported by
another retrospective clinical survey in which radiographic changes were noted in some
patients with SCD who underwent transplantation for stroke [17]. Five of 9 patients had
either new or slightly increased size of cerebral lacunae or leukoencephaly that stabilized 2–
7.5 years after transplantation. Thus, it is possible that these observations reflect the
evolution of cerebrovascular disease that existed before BMT. Of interest, these brain MRI
changes were not associated by progressive neurocognitive deficits.

This study shows that children with stroke are protected from a second stroke after BMT,
when there is durable engraftment of donor cells. Thus, it is clear that transfusions for stroke
prophylaxis can be stopped after BMT. This contrasts sharply with the current practice of
regular RBC transfusions for stroke prophylaxis that remains the standard of care outside
successful BMT. In 1 series of 137 pediatric patients from 14 centers (mean age at first
stroke was 6.3 years) for whom there was a mean follow-up of 10.1 years, 31 (22%) patients
had a second stroke (2.2 per 100 patient years) while receiving regular RBC therapy [18].
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There is also a risk of intracranial hemorrhage in adults who had a childhood stroke [19].
We observed significant CNS events (stroke or intracranial hemorrhage) in 3 of the 59
patients enrolled in this trial, and 1 patient died of intracranial hemorrhage after BMT. Thus,
it appears that the intention to treat by transplantation provides a similar level of protection
from stroke, as do regular transfusions. However, BMT is associated with a risk of mortality
and other significant morbidities such as GVHD in the short-term, although these risks are
balanced by the elimination of chronic RBC transfusions and iron chelation therapy in the
long term. Whether transplantation might also be a suitable alternative in preventing a first
stroke is less certain, although in the series reported here, individuals with silent cerebral
infarction were protected from progressive changes by brain MRI, and in some, the pre-
BMT changes resolved. Thus, it might also be appropriate to consider BMT in children who
have a high risk for stroke and progressive neurologic injury [20–23].

Pulmonary function after BMT was, for the most part, little changed after transplantation.
Primarily, this was interpreted to indicate that there was no additive functional impairment
caused by the conditioning regimen. However, in other pediatric series, progressive
obstructive spirometric changes were observed more frequently after transplantation with Bu
than after total body irradiation (TBI) [24]. However, there is a growing body of evidence to
indicate that the pulmonary toxicity of SCD is progressive, and may be expressed as either
restrictive or obstructive pulmonary disease [25,26]. In a series from the Cooperative Study
of Sickle Cell disease, only 10% of adults had normal PFT results, with restrictive
pulmonary disease (74%) accounting for the most frequent abnormality among 310 adult
SCD individuals tested [27]. The rate of progression of pulmonary function abnormalities is
not certain, but in 1 series of children and adolescents tested over 42 ± 23 months, 56% had
normal PFTs at the baseline, and only 29% remained normal at the second testing, with
obstructive patterns being observed more frequently than restrictive [28]. In another series of
413 children with SCD who had pulmonary function testing results analyzed by a linear
mixed effects model, showed significant serial decline in the percent predicted values for
FEV1, FVC, and FEF25-75 across age [29]. Thus, these data strongly suggest that the
negative impact of sickle vasculopathy on pulmonary function is progressive. This type of
pulmonary injury appears to be halted by the establishment of donor erythropoiesis and
cessation of acute chest episodes that we observed in this transplant cohort. We conclude,
therefore, that successful transplantation protects recipients from this effect of the
underlying disease.

Another pulmonary consequence of SCD is a predilection for pulmonary hypertension, a
condition that is linked to risk of sudden death in adulthood [30]. Hemolysis, which is a
hallmark of SCD, appears to be mechanistically linked with this clinical complication [31].
This is because of impaired nitric oxide (NO) bio-availability, which appears to be the
central feature of endothelial dysfunction in SCD [32]. Thus, one might predict that the
abrogation of hemolysis through correction of SCD by successful BMT should also
eliminate any risk of developing pulmonary hypertension as a consequence of hemolysis and
NO depletion [33,34]. We have commenced a cross-sectional study of tricuspid regurgitant
jet velocity in survivors of successful BMT to explore this prediction.

A significant fraction of individuals developed gonadal insufficiency after transplantation,
and 3 post-pubertal females were treated with hormone-replacement therapy (Table 5).
Together, these observations tend to confirm the gonadal toxicity that occurs after exposure
to myeloablative (MA) doses of Bu, particularly in the females [35–38]. Although
formalized studies of fertility per se were not conducted, many of these survivors would be
predicted to have infertility. Of interest, many of the males exhibited a pattern of
hypogondadotropic hypogonadism, which is often associated with a central etiology, and
which has been observed in the setting of iron overload after transplantation for thalassemia
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major. However, a more likely explanation here is that the timing of puberty in males with
SCD can be delayed compared to unaffected males [39], and that many of the males studied
had not yet achieved postpubertal status when the posttransplant assessments were
performed. Additional follow-up in this cohort, particularly with respect to fertility, will
provide useful information to physicians and families.

In summary, we observe that HLA-identical BMT offers long-term protection from clinical
and subclinical vaso-occlusion, and thus should be offered sooner and with greater
frequency to families that might benefit from this curative therapeutic option. However,
decision making must also take into account the risks of transplantation, which include a
significant risk of infertility and gonadal dysfunction, and warrant the application of
transplantation in those who are most likely to follow a morbid clinical course. Nonetheless,
it is hoped that this report might support a change in the perception that only a very small
fraction of children are appropriate for BMT. The unfolding story of SCD is that the scope
of disease is far wider, rather than more narrow than initially believed, which lends
considerable urgency to establishing and expanding curative therapies for this disorder.
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Figure 1.
Survival probabilities and the cumulative incidence of graft rejection after BMT for sickle
cell disease. Kaplan-Meier probabilities for survival and EFS after BMT for SCD are shown.
An event was defined as death, graft rejection or return of SCD. A cumulative incidence
curve for graft rejection/disease recurrence is also depicted.
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Table 2

GVHD after HLA-Identical Sibling BMT for Sickle Cell Disease

Patient No. aGVHD (Grade/Site) cGVHD (Grade/Site) Treatment Outcome

1 II/skin Limited/skin CsA/pred resolved

9 III/skin Extensive/lung, liver CsA/Pred Died of GVHD

27 None Limited/skin none resolved

30 III/skin, GI, liver Extensive/GI, liver CsA/Pred/ATG/thalidomide Died of GVHD

34 III/skin, GI, liver Limited/oral CsA/Pred resolved

35 III/skin, GI, liver Extensive/skin, liver, GI CsA/tacrolimus/MMF/ATG/OKT3/sirolimus resolved

41 III/skin Extensive/skin, lung, oral Tacrolimus/pred/MMF/azathioprine Died of GVHD

51 II/skin Limited/skin CsA/pred resolved

aGVHD indicates acute graft-versus-host disease; ATG, antithymocyte globulin; BMT, bone marrow transplantation; cGVHD, chronic graft-
versus-host disease; CsA, cyclosporine; GI, gastrointestinal; HLA, human leukocyte antigen; MMF, mycophenolate mofetil; Pred, prednisone.
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Table 3

Neurological Outcomes among Surviving Patients (N = 55)

Pre-BMT Status with
Duration Follow-up
(median, Range)

Ischemic
Stroke after

BMT

Cerebral
Hemorrhage

(ICH) after BMT Seizure after BMT
MRI Appearance after BMT (Median
Duration, Range in Years after BMT)

“Clinical” stroke [n = 29] (7.0,
3.4–12.4 yrs)

N = 1 N = 1 (SAH) N = 7 27/28 studied had stable or improved MRI; 1
not studied (3.2 years, 0.6–7.3)

“silent” stroke [n = 10]* (6.7,
3.4–10.6 years)

N = 0 N = 0 N = 4 All 8 studied had stable [4] or improved [4]
MRI; 2 not studied (1.7 years, 0.6–4.9)

Normal (N = 16)† (6.6, 3.1–
11.1 years)

N = 0 N = 0 N = 5 All 10 studied had normal MRI; 6 not studied
(3.1 years, 0.5–5.2)

BMT indicates bone marrow transplantation; CNS, central nervous system; ICH, intracranial hemorrhage; MRI, magnetic resonance imaging;
SAH, subarachnoid hemorrhage.

†
Including 4 with no baseline exam.

*
“Silent stroke” refers to individuals with MRI evidence of cerebrovascular disease without clinical manifestations.
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Table 5

Pulmonary Function after BMT According to pre-BMT Performance Status

Post-BMT Pulm Function Normal (N = 10) Obstructive (N = 2) Restrictive (N = 11)

Unchanged pattern 8 0 5

 Improved N/A 1 (normal) 5 (normal in 4)

More restrictive 2 — 1

More obstructive — 1 —

BMT indicates bone marrow transplantation.
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