
Introduction

Stroke is one of the most serious complications of sickle
cell disease (SCD) [1]. It occurs in 11% of patients with
homozygous sickle cell disease by the age of 20 years,
and the rates in children are particularly high [2].
Cerebral infarction, the most common stroke type in
children with SCD, results from occlusion/stenosis of

large arteries supplying the brain. The distal intracranial
portions of the internal carotid artery (ICA) and the
proximal middle cerebral artery (MCA) are particularly
prone to stenosis, which can be detected by transcranial
Doppler (TCD) US [3]. Most strokes—(>75%) in SCD
children—are infarctions. There are fewer hemorrhages
in children, and it is less clear how well TCD predicts
hemorrhage.
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Abstract Sickle cell disease is asso-
ciated with a high risk of stroke in
the early years of childhood. The
risk of a secondary stroke can be
significantly reduced through
chronic blood transfusions. Preven-
tion of the first stroke (primary
prevention) was made possible
through the use of transcranial
Doppler (TCD) US and demon-
strated in a randomized clinical trial
called the stroke prevention trial in
sickle cell anemia (STOP). TCD re-
sults were classified as normal, con-
ditional, abnormal or inadequate
based on velocity readings in specific
arterial segments. The MCA and
ICA were carefully searched to find
the highest velocity, and this was
used to stratify patients as to stroke
risk. Those with abnormal or high-
risk TCD received either monthly
blood transfusions or no transfu-
sions, and those randomized to
transfusion had a much better out-
come in terms of stroke (one stroke,
versus ten in the control group) and
also fewer other medical problems

while transfused. TCD screening is
recommended for SCD patients to
begin at 24 months of age and
should be repeated every 6–
12 months during early childhood.
Transcranial Doppler imaging
(TCDI) can be easier to use and
learn and with a few adjustments can
provide equivalent predictive power.
Currently, TCD is the only recom-
mended method for treatment selec-
tion for primary-stroke prevention.
MRI and MRA can provide impor-
tant information on the status of the
brain and the blood vessels and,
when abnormal, indicate greater
risk. Although TCD cannot predict
all strokes, TCD and TCDI offer an
opportunity to apply an effective
therapy for patients in this risk
group and reduce many first-time
strokes.
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Secondary-stroke prevention with periodic red cell
transfusion

Recurrent stroke without transfusion is high (46–90%)
[4]. Chronic transfusion apparently (there were no
randomized trials) brings about a dramatic reduction
in recurrent stroke to less than 10% and has now
become routine practice. Maintenance of the sickle
hemoglobin (Hb S) to below 30% is customary,
although there is debate about whether reduction to
this level is necessary, given its attendant iron overload
problems.

Predicting stroke in SCD: the MCG TCD stroke model

Although children with SCD are at much higher risk
than children with normal hemoglobin, their overall
unselected incidence is still only 0.5–1% per year.
Without a better way to select patients for treatment,
this would mean that one would have to transfuse
more than 100 children for a year to prevent one
stroke. TCD is now well-established as a predictor of
future cerebrovascular symptoms in long-term pro-
spective studies [5, 6]. Silent lesions on MRI have been
reported, and recently the CSSCD group reported that
silent infarcts predict future CNS problems, which are
mostly more silent lesions, but also clinical stroke.
Silent brain infarction has been detected in 10–20% of
SCD patients studied with MRI, but the MRI’s pre-
dictive power is less robust than TCD [7]. From this
paper, the risk of stroke in those with so-called silent
lesions was 1.45%, compared to 0.11% for those
without such lesions. Although the relative risk was 14-
fold, the absolute yearly risk is only about three times
the unselected stroke rate from the CSSCD; MRI from
these data is not as robust a predictor, but it is widely
available and could be used if TCD were not available.
Currently, silent MRI lesions are not an indication for
chronic transfusion, although a trial (SITT) is under-
way to test transfusion in this setting. In this trial,
children are screened prior to entry for a TCD indi-
cation for transfusion, and if an indication does not
exist and they have a silent infarction, they will be
randomized to chronic transfusion or observation.
There are data suggesting that MRA predicts stroke in
patients with abnormal TCD [8], but more data are
needed to relate specific MRA findings with yearly risk.

Primary prevention: the STOP study design and results

Primary prevention, that is, prevention of the first rather
than a recurrent stroke, was made possible by the pre-
dictive power of TCD, which allowed a randomized,
controlled clinical trial (STOP) of chronic blood trans-

fusion [9]. Children with SCD aged 2–16 years with no
history of stroke were screened with TCD for an ele-
vated time-averaged mean of the maximum velocity
(TAMMX). [Note: Acuson (Siemans Medical Solutions,
Mountain View, Calif., USA) labels this velocity time
average of the maximum (TAMX), and Advanced
Technology Laboratories (Philips Medical Systems,
Bothell, Wash., USA) labels this velocity time-average
peak (TAP)]). An elevated TAMMX in either the ICA
or the MCA of ‡200 cm/s was required for randomiza-
tion to either transfusion (regular red cell infusions
sufficient to lower and maintain Hb S to <30% of total
Hb) or standard care (no transfusions). Primary end-
points of cerebral infarction or intracerebral hemor-
rhage were determined by a blinded panel, and the
incidence of stroke in the two groups was compared
using survival analysis. From 1,934 children screened at
14 sites, 130 children with a mean age of 8.3±3.3 years
were randomized to transfusion (n=63) or standard care
(n=67). The two groups were balanced with respect to
important baseline variables, except that the transfusion
group had a slightly lower baseline Hb (7.2 vs 7.6 gm/dl,
P=0.001). Transfusion was associated with a 92%
reduction in stroke by intention-to-treat analysis
(P=0.0009) and a 91% reduction (P=0.0017) if one
patient, who was discovered on day 2 to have a subacute
intracerebral hematoma, is excluded. Regular erythro-
cyte transfusions were associated with a marked reduc-
tion in first stroke in children with SCD who were shown
by TCD to be at high risk (Fig. 1) [10].

Discussion

When can transfusion be safely stopped?

This is the subject of STOP II, but it was halted in late
2004 because of the higher incidence of stroke in those
taken off transfusions. There is yet no agreement on
when transfusion can be safely stopped when it is used
either after a stroke or for prevention of a first stroke.
(See the final article in this mini-symposium.)

How patient results were classified as to stroke risk

Transcranial Doppler was read by selection of repre-
sentative velocities (peak systolic, TAMMX, diastolic)
for each of these 15 arterial segments: right and left
distal to proximal middle cerebral artery (MCA),
bifurcation (BIF), distal internal cerebral artery (dICA),
anterior cerebral artery (ACA), posterior cerebral artery
(PCA), and the basilar (BA). Velocities were used to
classify the study into one of four exclusive categories:(1)
normal; (2) conditional A, B, or C; (3) abnormal; or (4)
inadequate.
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Adequate: the MCA and bifurcation areas had to be
represented with the MCA tracked in 2 mm increments
out to at least 42 mm or less.

Normal: no velocity over 170 cm/s in any artery.
Abnormal: ‡200 cm/s time-averaged maximum mean

(TAMMX) had to be reached in one or more of the
following arterial segments: MCA, BIF, dICA. If this
happened, the study was classified as abnormal regard-
less of the results or the readability of the opposite side
of the TCD study.

Inadequate: as above (unless one side qualified as
abnormal).

Conditional: the remaining adequate studies were
classified as follows: TAMMX velocity of between 170
and 199 cm/s in one or more of the segments M1, MCA,
BIF, or dICA led to classification as a ‘‘conditional 2A’’;
any velocity in the PCA, TOB or BAS ‡170 cm/s was
classified as ‘‘conditional 2B’’; an ACA ‡170 cm/s was
classified as ‘‘conditional 2C.’’ In STOP, screening be-
gan in January 1995 and closed November 1996 after
3,929 TCDs had been performed on 1,934 children
(range, 68–294 cm/s across the 14 sites). The rates
among initial examinations: abnormal )9.4%; condi-
tional )17.3%; normal )67.9%; inadequate )5.4%. The
abnormal TAMMX in the initial examinations ranged
from 200 cm/s to 334 cm/s. The rate of abnormals var-
ied with age: 2–8 years )10.9%; 9–12 years )9.7%; 13–
16 years )6.5% (P=0.027).

How did the STOP examination protocol differ from
most clinical protocols?

The primary differences were: (1) The flow rates even
without stenosis are by other standards pathologically

high, and there might be turbulence even without le-
sions. (2) The examination provides essentially three
levels of information: (a) a detailed listing of systolic,
time-averaged maximum mean and diastolic velocities of
not only the key arterial segments, the MCA and ICA,
but also other arteries including the ACA, PCA and the
basilar; (b) from these data is derived a single number,
comparable in a sense to a cholesterol level or a CD 4
count, on which the patient’s risk is based; (c) based on
this velocity number, the patient’s risk is categorized
into one of the four risk groups described above. The cut
points used in STOP were arbitrary, and although there
is still much to be learned about the risk associated with
different TCD results. These categories worked well, and
the cutoff of 200 cm/s, confirmed with a second exami-
nation and supported by the MCG cohort, was cor-
roborated in the STOP study. The most crucial
difference between the STOP examination and most
clinical examinations is that in STOP, a concerted effort
is made to search carefully along the MCA/ICA to find
the highest velocity. If one gets this number right, then
the prospective data of almost 5,000 TCD examinations
in more than 2,000 children can be drawn upon. If one
does not get this number right, either by underestimating
velocity by not optimizing the examination, or by not
carefully searching the artery, or by overestimating by
allowing the child to go to sleep during the examination,
that examination cannot be accurately related to the
data in the MCG cohort [5, 6] and STOP [10]. It can be
argued that basing the entire interpretation on one
number is simplistic, and in fact, further criteria might
emerge with more data. The reason to keep it simple has
more to do with statistical concerns than anything else.
When using TCD to select for a potentially toxic therapy
such as transfusion, a high degree of specificity is

Fig. 1 A 2.5-year-old child with
SCD was noted to have bilat-
eral MCA velocities between
180 cm/s and 200 cm/s during
initial screening exam. The
patient was lost to follow-up
and returned 2 years later with
clinical symptoms of a stroke.
a Coronally reconstructed
anterior circulation 3-D time-
of-flight MRA demonstrates
marked narrowing and tortu-
osity of the right supraclinoid
ICA and narrowing of the left
anterior communicating artery.
Multiple collaterals extend from
the left MCA. b Axial FSE T2-
weighted imaging of the brain
demonstrates extensive infarc-
tion of the left MCA territory
of varying stages, as well as old
right frontal cortical infarction
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desirable. More criteria might improve sensitivity, but
would almost surely degrade specificity.

Where is the highest velocity—the one used for risk
stratification—typically found?

Among the more than 4,000 TCD studies in STOP,
more than 250 were abnormal. The qualifying, or
highest, velocity was found in the MCA, usually at 46–
50 mm depth, in about 85% of cases; it was found in the
dICA in about 12% of cases, and in the rest it was found
either in the bifurcation area or the more distal segments
of the MCA (Fig. 2).

Do velocities from other arteries figure into risk
stratification?

There are two reasons for doing a complete TCD: (1) we
might somedayfigure out how to employ the other arterial
velocities (such as data from the ACA) into an advanced
predictive score. In fact, a recent analysis of STOP data
suggested that velocity elevation in the ACA did con-
tribute to data fromMCA/ICA arterial segments for risk
prediction [11]; (2) also, although we did not use the ACA
or other arteries in the STOP protocol risk reading, it is
reasonable to comment on major abnormalities seen in
these vessels in interpretationsmade in the clinical setting.

What is learned from the waveform, and what do low
velocities mean?

From a STOP perspective, no waveform information is
used to indicate risk. However, this too, is under study,
and waveforms that show an extremely dampened
appearance (low resistive index) are consistent with se-
vere stenosis, especially when seen with low velocities.
Although only high velocities were used in STOP to
indicate elevated stroke risk, it is known that TCD

velocities might not remain high after vessel stenosis
advances to a critical flow-limiting point. By the time
many patients become symptomatic, they no longer have
high-velocity Doppler signals for several reasons,
including: (a) occlusion of a previously stenotic artery;
(b) development of collaterals with resultant decrease in
flow through the artery in question; and (c) decrease in
blood flow demand caused by infarction, which will be
reflected in arterial decrease in velocity. In a study that
directly compared TCD to cerebral angiography of 31
symptomatic patients, 18 had high velocity (>190 cm/s)
TCD in areas of stenosis, but 11 had abnormally low
velocities, and these generally correlated with internal
carotid artery occlusion on catheter angiography [12].
The criterion found useful in this study was 70 cm/s
(which is about 2SD below normal for a young child
with SCD), or less than 50% of the contralateral artery’s
velocity.

Why have a ‘‘confirmation’’ TCD?

A confirmatory TCD was added because intracranial
velocities can show as much as a 10–15% variation over
minutes to hours due to normal physiological and
pathological factors that alter cerebral blood flow.
About 15% of those restudied did not confirm. Almost
all of these were children with TAMMX near the 200
cm/s cut point on the first examination. In STOP, it was
learned that if a child had a TAMMX of 220 cm/s or
more, they had >95% chance of having a second
abnormal TCD on repeat testing, and for this reason a
single high abnormal TCD (>220 cm/s) is now consid-
ered sufficient to establish high risk.

When should TCD screening start?

Current recommendations are for screening to start at
age 2 years [13, 14]. Because children up to age 10 have
high stroke rates, the younger years are crucial for

Fig. 2 A 9-year-old child with
SCD. a TCD demonstrates
abnormal right MCA time-
average maximum mean veloc-
ities measuring over 240 cm/s
and a peak systolic velocity of
300 cm/s. b Coronally recon-
structed anterior circulation
from 3-D time-of-flight MRA
demonstrates marked narrow-
ing of the right MCA as well as
some narrowing of the right
proximal ACA
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prevention of stroke. TCD can be performed in most
children younger than 2 years, but it is not clear how the
results should be interpreted or used clinically. In the
ongoing study of hydroxyurea in infants with SCD
(BABYHUG) children 6–24 months are being studied.
TCD is an exclusion criterion, meaning that if the TCD
is abnormal, the child would be considered for transfu-
sion rather than enrolled in the study [15].

How often should TCD be repeated?

It has been recommended that TCD be performed every
6–12 months during early childhood, when the risk for
stroke is highest [13, 15]. However, less often might be
sufficient, depending on whether the last TCD was
normal or showed some other result. In STOP, some
patients with normal or conditional study results were
rescreened later and some of these had a different result.
Patients with TCD in the conditional range, especially if
the velocities are close to 200 cm/s, probably ought to be
rescreened relatively soon. New information from STOP
on the risk implications of normal, conditional, and
inadequate TCD after follow-up on the entire screened
population of 2,020 children might help answer the
question of how often to perform TCD [16]. The main
finding from this analysis is that the younger the patient
is and the higher the TAMMX on the last TCD (the
closer to 200 cm/s), the more likely the child is to con-
vert to high-risk TCD with a later examination. Such
children should receive preferential rescreening. Specific
recommendations based on age and velocity are being
developed based on this long-term follow-up data.

Does the TCD imaging (TCDI) technique obtain
velocities similar to the non-imaging technique
used in STOP?

The short answer is that with a few adjustments in
technique and cut-point velocities, TCDI provides
comparable velocity information and might be easier to
learn and use. There have been three studies correlating
same-day TCD STOP protocol (Nicolet EME TC2000
Madison, Wis., USA) with velocity data from various
TCDI systems (Acuson/Siemans Medical Solutions,
ATL/Philips Medical Systems, General Electric) using
the STOP protocol. It appears that TCD imaging
velocities are approximately 10% lower than TCD
velocities [17–19].

If using TCDI, what velocity criteria should be used?

Correlation studies between TCDI systems and TCD
have shown a systematic offset of about 10%, with

TCDI measurements of systolic or time-average of the
mean of the maximum (TAMMX) measured lower than
TCD for the same patient. Accordingly, to be compa-
rable to a 200 cm/s TAMMX using TCDI, the velocity
cutoff of 185 cm/s has been recommended [20].

Can peak systolic be used instead of TAMM?

This question was recently examined using data from the
STOP study by comparing stroke prediction between
systolic and TAMMX velocities from the same exami-
nation [21]. This was possible because in STOP the
reader read both the peak systolic velocity (PSV), the
diastolic (DV) and the TAMMX in a blinded fashion,
although only TAMMX was considered in the STOP
trial itself. In this report, TAMMX and PSV were
superior to DV, and PSV appeared to predict stroke as
well as TAMMX. The authors recommended these cut
points for PSV when using TCDI compared to TAM-
MX from TCD.

Can other tests substitute for TCD?

Currently, only TCD is recommended for primary-stroke
prevention treatment selection. Other tests providing
information on the condition of the brain and the arteries
such as MRI of the brain and magnetic resonance angi-
ography (MRA) might be found with further research to
provide additional or complementary information on
stroke risk. The risk associated with abnormal MRI
(showing a silent infarct) is estimated from CSSCD data
as cited above. One series has reported MRA to be pre-
dictive of future stroke, but prospective data have not
been sufficient to generate quantitative risk stratification
based on particular MRA findings [8]. Many would be-
lieve that anMRAwith significant signal dropout or flow
loss suggests a higher risk for stroke, but precisely which
finding implies a fivefold, tenfold or 20-fold risk beyond
the baseline of 0.5–1% per year for stroke is not clear.

Limitations of TCD

Not all strokes were predicted by TCD. The reasons for
stroke with normal TCD are not known, but might be
the timing or quality of the examinations in some cases.
Some of these strokes might be caused by small-vessel

System used Velocity High risk
(cm/s)

Conditional
(cm/s)

TCD TAMMX 200 170
TCDI PSV 250 200
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disease where large arteries are not involved. In addi-
tion, whether TCD predicts subarachnoid hemorrhage,
an uncommon but important type of stroke in these
children, is not clear [16].

In summary, TCD and TCDI offer an opportunity to
selectively and rationally apply a very effective preventive
therapy, chronic transfusion, andmight also be important
surrogate markers for risk in future studies involving

other agents. Early and repeated screening, with appro-
priate follow-up and action, should reduce first stroke
substantially, and there is evidence from a study per-
formed in California that the rate of first stroke in SCD is
dropping in the post-STOP era [21, 22]. Widespread
screening can make an impact, and pediatric radiologists
play a crucial role in the provision of this service.
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