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Abstract
Background—Children with sickle cell disease and abnormal transcranial Doppler (TCD)
ultrasonography have a high risk of stroke, but this risk is greatly reduced when chronic
transfusion therapy is administered. The change in TCD velocities during chronic transfusion
therapy and rate and frequency of normalization of TCD findings have not been studied
extensively.

Procedures—Using data from children with sickle cell disease enrolled as potential subjects in
the Optimizing Primary Stroke Prevention in Sickle Cell Anemia (STOP 2) trial, we characterized
the change in TCD velocities on transfusion therapy and identified predictors of developing a
normal TCD.

Results—Among 88 children with serial TCD data after starting transfusions for abnormal TCD
46 (52%) converted to normal TCD after a mean of 4.3 months (median 3.0; range 0.85-14.3
months) of transfusions. TCD studies remained abnormal in 19/88 (21.6%) after a mean of 2.4
years of transfusion. The median TCD velocity was lowered by 38 cm/s within three months of
initiating transfusions, followed by a more gradual decline then stabilization of velocities,
although with significant individual variation. Factors associated with conversion to normal TCD
included lower initial TCD velocity, younger age, and higher pre-transfusion hemoglobin level
during transfusion therapy.

Conclusion—Younger children with higher pre-transfusion hemoglobin levels and lower
abnormal TCD velocities are most likely to have rapid normalization of TCD on transfusions.
Long-term follow-up of children with persistently abnormal exams or worsening velocities on
transfusion is needed to determine if these children are at higher risk of stroke.

Keywords
sickle cell disease; transcranial Doppler ultrasonography; red blood cell transfusions

*A list of STOP 2 Study Investigators is provided in the Appendix

Presented in abstract form at the American Society of Pediatric Hematology/Oncology Annual Meeting, San Diego, CA. May 23,
2009

The authors state that there are no conflicts of interest relevant to this work.

NIH Public Access
Author Manuscript
Pediatr Blood Cancer. Author manuscript; available in PMC 2012 June 06.

Published in final edited form as:
Pediatr Blood Cancer. 2011 May ; 56(5): 777–782. doi:10.1002/pbc.22951.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Background
Overt stroke is a potentially devastating complication of sickle cell disease (SCD). Stroke
risk can be predicted using transcranial Doppler (TCD) ultrasonography. The risk of stroke
is highest, with a rate of approximately 10%/year, in children with velocities of 200 cm/s or
greater (abnormal) in the internal carotid or middle cerebral arteries (ICA/MCA) compared
with a rate of less than 0.5% per year in those with velocities less than 170 cm/sec (normal)
[1-3]. The Stroke Prevention Trial in Sickle Cell Anemia (STOP) showed that regular red
cell transfusions administered to maintain the hemoglobin S level below 30% of total
hemoglobin reduce the risk of stroke in those with abnormal TCD by more than 90% [3]. In
clinical practice, TCD monitoring is often discontinued after transfusion therapy is initiated;
thus, the change in TCD velocities with chronic transfusion therapy and the rate of
normalization of TCD have not been well documented. Based on the rise in hemoglobin
level with transfusion and perhaps other factors such as reduced hemolysis and vascular
changes, the ICA/MCA velocities should improve in children who are receiving red cell
transfusions for abnormal TCD unless, perhaps, vascular stenosis is severe. In one published
report, just over half of 24 children with abnormal TCD without prior history of stroke
developed normal TCD while receiving transfusions for a median of nine months [5]. In a
second report of six children receiving transfusions for primary stroke prevention showed a
mean reduction in TCD velocity of 26 cm/s after an unspecified period of time [4]. Two of
the six children reduced blood flow velocity to normal (<170 cm/sec) on transfusions, while
three reduced the velocity to conditional (170-199 cm/sec) and one had persistently
abnormal TCD.

Persistently abnormal TCD velocities despite transfusion may indicate more severe
vasculopathy and/or higher stroke risk. In post-trial follow-up of STOP subjects previously
randomized to transfusion or standard care [6], the last interpretable TCD was abnormal in
all six subjects who developed stroke. Two of these six were actively receiving transfusions,
generally quite protective, at the time of the stroke, suggesting that persistently elevated
TCD velocities on transfusion therapy may indicate a worse prognosis.

Optimizing Primary Stroke Prevention in Sickle Cell Anemia (STOP 2) was a follow-up
study to STOP, designed to assess whether transfusion therapy could be safely halted after at
least 30 months of adequate transfusion therapy in those who reverted from abnormal to
normal TCD while receiving transfusions [7]. Over 200 children not yet eligible for
randomization in STOP 2 were enrolled in a prospective observational substudy and
identified as STOP 2 “potentials.” Consent was obtained to monitor their clinical treatment
based on STOP recommendations and to approach them for STOP 2 randomization if/when
they met TCD normalization and other criteria. Data from this substudy are utilized in this
paper to characterize the effect of transfusion therapy on TCD velocities and to identify
predictors of normalization of TCD velocity with transfusion therapy.

Methods
Subjects and Monitoring

Children with SCD-SS or SCD-S-beta0-thalassemia ages 2 to 20 years receiving transfusion
therapy for confirmed abnormal TCD defined as 2 studies with velocity in the MCA and/or
ICA of 200 cm/s or greater or a single study greater than 220 cm/s, were enrolled in the
STOP 2 study as potential subjects. These subjects were identified in one of three ways: 1)
prior participation in the STOP study, 2) no prior participation in STOP, but transfused for
abnormal TCD as part of clinical care and 3) screened and found to have abnormal TCD
during the early phase of STOP 2 and placed on transfusion therapy. All groups were
followed as potential subjects while receiving transfusion therapy prior to meeting eligibility
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criteria for randomization. Laboratory studies (complete blood count, hemoglobin S
quantitation) were obtained prior to each transfusion and lactate dehydrogenase (LDH)
levels were measured annually. TCD examinations were performed every three months. It
was recommended, but not mandated, that TCD studies be performed at least two weeks
after transfusion. Interim TCD results as of June, 2000, have been previously reported for
STOP study participants (group 1)[6]; the current study includes additional follow-up from
July 2000 through late 2004. In the current study, the third group of children (identified with
abnormal TCD during STOP 2) was utilized to characterize changes in TCD velocity over
time from initiation of therapy because TCD studies were obtained at specified time points
from the start of transfusions in these children, while the entire cohort of potential subjects
was assessed to determine factors associated with normalization of TCD. To be eligible for
randomization in STOP 2, potential subjects had to have 1) received 30 months or more of a
regular red cell transfusion protocol (simple, partial exchange, or automated exchange), 2)
maintained pre-transfusion HbS levels < 30% in at least 20 of the last 30 months, 3) reverted
to normal TCD (two normal TCD exams obtained at least two weeks apart), and 4) had no
evidence of moderate to severe vessel stenosis by magnetic resonance angiography [7].
During the last 18 months of the STOP 2 study, study participation was terminated for
potential subjects whose TCD remained in the abnormal range after 30 months of
transfusion because it was felt that they would be unlikely to achieve eligibility for
randomization.

TCD ultrasound
A standard TCD protocol was used at all study sites and all ultrasound examiners were
trained for this protocol [7]. Similar equipment and software were utilized (2-MHz pulsed-
wave Doppler, Nicolet/EME Companion or Nicolet/EME Pioneer). Using right and left
temporal approaches, the highest time-averaged mean of the maximum velocity (TAMMvel)
was recorded in 2 mm increments in the MCA, ICA, anterior cerebral artery, and posterior
cerebral artery and the basilar artery velocity was recorded using the suboccipital approach.
TCD studies were transmitted to central readers unaware of the subject’s transfusion history.
Using the highest TAMMvel in the MCA/ICA, studies were classified as normal (< 170 cm/
s), conditional (170 – 199 cm/s), abnormal (200 cm/s or higher), or inadequate (information
not available from either an ICA or MCA, unless one side was abnormal).

Statistical Analysis
Subjects were divided into two groups by their TAMMvel values: 1) converted to normal
TCD group defined as having two consecutive TAMMvel below 170 cm/sec and otherwise
2) did not convert to normal TCD group. Baseline characteristics of subjects, including
demographics and laboratory values before starting transfusion in the two groups were
compared using Student’s t-tests for continuous variables and chi-square test or Fisher’s
exact test for categorical variables. Mean pre-transfusion laboratory values during
transfusion period were compared by Student’s t-tests. All reported p-values are two-sided
and were not adjusted for multiple testing.

Kaplan-Meier analyses were performed to determine the proportion of participants
converting to normal TCD over time (months) for the overall sample. We explored the
individual effects of converting to normal TCD with Cox proportional hazards analyses. All
factors with a p-value of 0.25 or less in the univariate analysis were included in multivariate
analyses using Cox proportional Hazard model. A combination of backward elimination and
stepwise regression method was used to find the significance of factors including their
interactions and confounding effects. SAS version 9.1.3 was used for all statistical analyses.
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Results
Subjects

A total of 205 potential subjects were enrolled in STOP 2. Of these, 10 were excluded from
this analysis because they did not have any adequate follow-up TCDs. Of the 195 evaluable
subjects, 48 had participated in STOP, including 29 in the transfusion arm who were
receiving transfusions for a mean of 62.8 months (range, 52.3 – 71.2 months) and 19 in the
standard care arm who started transfusions after STOP trial closure and were receiving
transfusions for a mean of 40.1 months (range 34.6 – 44.1 months) at the time of enrollment
in STOP 2. Fifty-nine subjects identified through routine clinical care had been receiving
transfusions for a mean of 23 months (range, 0.7 – 55.4 months) at STOP 2 enrollment. An
additional 88 subjects were identified to have abnormal TCD through screening for STOP 2
and began transfusions during STOP 2. The baseline characteristics of this subgroup of 88
compared with the remainder of the “potential” subjects is shown in the Table. Ultimately,
79 of the potential subjects subsequently were randomized to participate in STOP 2,
including 17 of the 88 identified during STOP 2 screening. No children developed stroke
while receiving transfusion therapy as potential subjects during STOP 2.

Change in TCD velocity on transfusion therapy
The change in TCD velocity over time following initiation of transfusion therapy for the
group of 88 subjects who began transfusions during STOP 2 is shown in Figure 1. There is a
rapid initial decline in TCD velocity with the initiation of transfusion therapy, followed by
an additional, much lower decline over the next three months. At 3 months of transfusion
therapy, the median reduction in TCD velocity from the pre-transfusion value was 38 cm/s,
while a further reduction of 5.1 cm/s was seen at six months. Children with higher initial
TCD velocities experienced a greater absolute magnitude of reduction in TCD velocity on
transfusion therapy with a positive correlation of initial TCD velocity with mean reduction
in final TCD velocity (r=0.24, p=0.0014); however, these children were less likely to
convert to normal TCD. There was little change in median TCD velocity for the overall
group beyond six months of treatment; however, there was significant variability among
patients (Figure 1B).

In this subgroup of 88 children, 46 (52%) converted to normal TCD after a mean of 4.3
months (median, 3.0 months and range 0.9.-14.3 months) of transfusion therapy (Figure 2).
The majority (67%) of conversions occurred within the first 12 months of starting
transfusions. Twenty-four children who had two sequential normal TCD studies
subsequently had fluctuations in their TCD velocities to the abnormal (N=1, TAMMvel =
202cm/s) or conditional (N=23, mean TAMMvel = 181 cm/s) range despite continued
transfusions, but the TCD returned to normal in the majority of these children (Figure 3).
More than half (14 /23, 60%) of the transient TCD elevations into the conditional range,
remained in the low conditional (TAMMvel < 185 cm/s) range. Nineteen children (21.6%)
with a mean follow-up of 2.4 y of transfusion therapy had TCD velocities that remained in
the abnormal range (≥ 200 cm/s). None of these children had developed stroke while
receiving continued transfusion therapy at the time of STOP 2 study termination. These
children had significantly higher baseline (pretreatment) TCD velocities (244 cm/s)
compared with children whose TCD fell to the normal (220 cm/s, p= 0.0005) range.

Factors associated with conversion to normal TCD
Of the 195 evaluable potential subjects, 128 (66%) developed normal TCD on transfusion.
In univariate analysis, lower initial TCD velocity (218 ± 16 vs. 230 ± 30 cm/s, p=0.0004)
and younger age (8.6 ± 4 vs. 9.9 ± 3.7 y, p=0.029) were associated with an increased
probability of normalizing TCD, while there was a trend towards higher pre-transfusion
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hemoglobin levels during chronic transfusion therapy (9.2 ± 0.8 vs. 9 ± 0.7 g/dL, p = 0.083)
in those who converted to normal. Other CBC parameters, both at baseline and during
transfusion, LDH, and HbS levels, as well as sex, were not significantly different between
the groups. In multivariate analysis, only the pre-transfusion hemoglobin level (p=0.05) and
age (p=0.0023) remained significant. The probability of converting to normal TCD on
transfusion therapy increased by 26.6% for each 1 g/dL rise in pre-transfusion hemoglobin
level and decreased by 8.5% for each one-year increase in age after controlling for initial
TCD velocity, reticulocyte count, and average pre-transfusion Hb S level. In the subset of 88
children who began transfusions during STOP 2, only lower initial TCD velocity was
significantly associated with a higher probability of conversion to normal TCD (p=0.015) in
multivariate analysis.

Discussion
In this large cohort of children with SCD and abnormal TCD, followed with close, standard
monitoring, we describe the changes in TCD velocity with transfusion therapy. TCD
velocities generally improved rapidly after initiation of transfusion therapy and, overall,
approximately two-thirds of children receiving transfusions for abnormal TCD ultimately
converted to normal TCD velocities, higher than reported previously [4,5]. Children with
TCD velocities in the lower abnormal range were more likely to develop normal TCD on
transfusion therapy. In addition, in the entire cohort, younger children and those whose pre-
transfusion hemoglobin levels were higher were most likely to develop normal TCD. Age
effect was not significant in the subgroup of 88 children who started transfusions during
STOP 2, likely because this was a younger group of children (Table) and the hemoglobin
effect also was not apparent, possibly due to the smaller sample size.

Intermittent fluctuations in TCD velocities, usually into the low conditional range, occurred
even following two normal TCD studies; however, in children whose TCD studies
normalized, reversion to abnormal TCD with continued transfusion therapy was extremely
uncommon, occurring in only one child in this study. Although the STOP 2 screening
protocol recommended obtaining TCD at least two weeks after transfusion, the timing of
TCD screening in relation to the transfusion was variable. Thus, it is possible that some of
these fluctuations in TCD velocities could have been related to varying time intervals
between transfusion and TCD. Future studies that mandate that TCD be obtained
immediately prior to transfusion might address this issue.

The improvement in TCD velocities in response to transfusion is rapid and the magnitude of
reduction in TCD velocity is proportional to the pre-transfusion TCD velocity. Children with
the highest baseline TCD velocities show the greatest change, though this reduction is often
not substantial enough to reduce velocity to the normal range. A reduction in TCD velocity
and especially conversion to normal TCD may be surrogate markers for reduction in stroke
risk, although the number of children who develop stroke while receiving transfusions for
abnormal TCD is too small to establish this definitively. Although overall TCD velocities
stabilize after about six months of transfusion, there is significant variability and fluctuations
in TCD velocity are common with continued transfusion. The average standard deviation of
TCD velocity within individuals with repeat TCD testing has been reported to be
approximately 15 cm/sec [8], and thus, some fluctuation in TCD velocity over time is
expected. Nonetheless, given the relative stability of TCD velocities after six months of
transfusions, in the occasional patient with persistent larger changes in TCD velocity beyond
this time point, these changes might have clinical significance, such as indicating worsening
vasculopathy and/or higher stroke risk; further evaluation such as magnetic resonance
angiography (MRA) might be warranted. An understanding of the natural history of changes
in TCD velocities also may aid clinicians or researchers in monitoring patients who are
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treated with alternative therapies, as fluctuations beyond that expected with transfusion
therapy may indicate poor treatment response.

The underlying mechanisms by which transfusion therapy lowers TCD velocity and protects
against stroke risk are not fully understood but likely involve a number of factors.
Transfusions raise the hemoglobin level, which is associated with a reduction in cerebral
blood flow velocity. Of note, 19 of 88 children (21.6%) followed closely with TCD
screening in STOP 2 had persistently abnormal TCD velocities despite optimal transfusion
therapy and none of these children had stroke during approximately two and a half years of
therapy, suggesting that reduction in TCD velocity, alone, is not the only protective
mechanism of transfusion. The reduction in abnormal HbS containing red blood cells with
transfusion leads to a reduction in hemolysis and plasma free hemoglobin, which may
protect against stroke; although, interestingly, in the current study, we did not find an
association with HbS level or LDH levels and probability of converting to normal TCD.
Levels of vascular adhesion molecule-1 (VCAM-1), which mediates erythrocyte/leukocyte/
endothelial interactions and is thought to contribute to vasculopathy, also are lower in
transfused compared with non-transfused patients with SCD at steady state [9]. Finally,
transfusions may have a protective effect on the vessel wall and prevent progression of
vasculopathy and brain parenchymal injury, particularly in children with normal MRA
findings prior to initiation of transfusions. This theory is supported by a recent publication
that showed that only three of nine children receiving transfusions for abnormal TCD
showed progression of magnetic resonance imaging (MRI) and/or MRA findings and two of
these three had MRI/A abnormalities prior to starting transfusions [10].

A subset of children with abnormal TCD has rapid normalization of TCD velocities
following initiation of transfusion therapy. These children are younger and perhaps have not
yet developed more extensive vascular changes. While STOP 2 clearly showed that
transfusion therapy cannot be discontinued safely in children with a history of abnormal
TCD whose TCD studies normalize on transfusion therapy [7], the group of children whose
TCD velocities normalize rapidly may be especially good candidates for studies of
alternative therapies for primary stroke prevention, such as hydroxyurea therapy, which has
been shown to lower TCD velocities [11]. In one report, four of seven children who
developed normal TCD velocities on transfusions and switched to hydroxyurea did not
revert to abnormal TCD [5]. It is unclear, however, if the children who successfully
switched to hydroxyurea had more rapid improvement in TCD velocities on transfusions
compared with those who reverted to abnormal TCD on hydroxyurea. Larger studies are
needed to determine if rapid normalization of TCD and other factors can predict which
children may be managed with hydroxyurea therapy.

Conversely, a subset of children, usually with very high pre-transfusion TCD velocities,
maintains persistently abnormal TCD on transfusion therapy. Brain MRI/A studies were not
obtained routinely on potential subjects in STOP 2, and thus we cannot address whether
MRA or MRI abnormalities were associated with a failure to normalize the TCD on
transfusions. Nonetheless, children with higher pre-transfusion TCD velocities are more
likely to have severe vessel stenosis than those with velocities in the lower abnormal range
and, in the absence of treatment, these children have an increased risk of stroke than children
with TCD velocities in the low abnormal range and normal MRA [12]. Furthermore, in the
Bernaudin, et al, report of 24 children receiving transfusions for primary stroke prevention,
children whose TCD velocities remained elevated despite transfusions were more likely to
have stenosis detected by brain MRA than those whose TCD studies normalized [5].

Presumably, children with persistently abnormal TCD velocities remain at higher risk of
stroke than children whose TCD studies normalize, although this needs to be tested in a
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long-term follow-up study. Unfortunately, such long-term follow-up was not included in the
STOP 2 study, but an ongoing follow-up study of STOP and STOP 2 study participants is
currently underway which may address this issue. Nonetheless, more rigorous follow-up of
children with persistently abnormal TCD using TCD and brain magnetic resonance
angiography (MRA) as well as careful neurological examination should be considered to
help to monitor vasculopathy and cerebral injury in these children. If progression of
vasculopathy is detected, these children may benefit from further intensification of
treatment. Thus, follow-up TCD studies on children who are receiving transfusions for
abnormal TCD may be beneficial in guiding future treatments.

In summary, transfusion therapy reduces TCD velocities in children receiving transfusions
for abnormal TCD. The majority of children with prior abnormal TCD develop normal TCD
while receiving transfusions, while a small number of children have persistently abnormal
TCD. Longer follow-up of stroke risk in these children with persistently abnormal TCD
studies is needed to determine if their long-term risk of stroke is higher than children whose
TCD normalizes. Monitoring with TCD during transfusion therapy may alert clinicians to
potential worsening of cerebral vessel disease and may be helpful in tailoring treatment for
these children, a concept that deserves further study. The pattern of change in TCD
velocities also may be useful in the design of future studies of alternative treatment
strategies.
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Fig. 1.
(A) The change in TCD velocity following initiation of transfusion therapy for abnormal
TCD is shown for all children (■), children who converted to normal TCD (▲) and children
who never converted to normal TCD (□). Follow-up was censored at the time of
randomization into the STOP 2 trial (17 subjects). (B) The change in TCD velocity over
time from the prior value (three months before) is shown in the box and whisker plot (N =
88).
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Fig. 2.
Kaplan Meier estimate of the proportion of children with abnormal TCD who converted to
normal TCD while receiving transfusions is shown (N = 88).

Kwiatkowski et al. Page 11

Pediatr Blood Cancer. Author manuscript; available in PMC 2012 June 06.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



Fig. 3.
Follow-up TCD results for the 88 children who began transfusion therapy for abnormal TCD
during STOP 2 are shown.
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