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              INTRODUCTION 

 Sickle cell disease (SCD), an autosomal recessive blood dis-
order, is characterized by the production of abnormal hemo-
globin. Individuals with SCD have inherited at least one 
gene for S-type hemoglobin (HbS) and another abnormal he-
moglobin (Steinberg,  1984 ). HbSS and HbS β  0  thalassemia 
are two subtypes that are associated with more severe neuro-
logical problems (Charache, Lubin, & Reid,  2002 ), indi-
cating high-risk SCD. The neurological consequences of 
high-risk SCD result from complications associated with the 
symptoms of the disease: hemolytic anemia, cerebral hyp-
oxia, small vessel sludging, and stenosis of the major cere-
bral arteries (Prengler, Pavlakis, Prohovnik, & Adams,  2002 ). 
The neurological consequences of SCD put children at 
elevated risk of suffering a stroke, with 11% of SCD patients 
experiencing clinical stroke syndrome by 20 years of age 
and 22% of children having subclinical evidence of cerebral 
infarction on brain magnetic resonance imaging (MRI) 

(Ohene-Frempong et al.,  1998 ; Wang et al.,  2000 ). Although 
the progression of central nervous system abnormalities in 
sickle cell disease has not been fully delineated, it is possible 
that measures of cerebral blood fl ow velocity (CBFV) ob-
tained by Transcranial Doppler (TCD) predict neurological 
complications before other imaging techniques (e.g., mag-
netic resonance imaging or magnetic resonance angiog-
raphy) (Abboud et al.,  2004 ; Wang et al.,  2000 ). Given that 
the development of neurological complications is usually 
coupled with cognitive dysfunction, TCD measurements 
may not only act as an early indicator of neurological prob-
lems, but also of neurocognitive impairment. 

 TCD reliably predicts risk of stroke in children with SCD 
through measurement of CBFV in the major cerebral arteries, 
particularly in the middle cerebral artery (MCA) (Adams 
et al.,  1997 ). Adams et al.’s (1992) seminal study established 
a criterion to classify normal or abnormal velocities in chil-
dren with SCD, with velocities above 170 cm/s in the MCA 
identifying children who were at increased risk of stroke 
(i.e., normal < 170 cm/s; conditional between 170 and 200 
cm/s; abnormal > 200 cm/s). Abnormal levels of cerebral 
blood fl ow velocity have been observed in children with 
SCD, with 11% of children ages 2–8 years having elevated 
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levels in the Stroke Prevention Trial in Sickle Cell (STOP) 
study (Adams et al.,  1998b ). Children without SCD gener-
ally have CBFV in the range of 90 cm/s in the MCA. By 
comparison, CBFV velocities in the MCA of 110–130 cm/s 
are often found in children with SCD and are not considered 
to increase the risk of stroke (Adams et al.,  1992 ; Adams, 
Ohene-Frempong, & Wang,  2001 ). High cerebral blood fl ow 
velocities seen in this population may be due to a combina-
tion of factors, including lowered viscosity of anemia blood, 
local stenosis and cerebral vasodilation of cortical blood ves-
sels caused by the increased demand for adequate oxygen 
delivery (Venketasubramanian, Prohovnik, Hurlet, Mohr, & 
Piomelli,  1994 ). TCD measurements may act as an early in-
dicator of neurological disease, so high blood velocity may 
also be an important predictor of cognitive functioning. The 
former assertion is bolstered by evidence pointing to the re-
versal of cognitive impairment for patients whose velocities 
decreased after receiving transfusion therapy (Pickett et al., 
1999  ; Stivelman,  2000 ), thus underscoring the sensitivity of 
neurocognitive measures to the early effects of brain dys-
function. 

 Yearly TCD examinations are recommended as part of 
clinical care for SCD children between the ages of 2 to 8 
years, with more frequent examinations for those with ele-
vated velocities. A repeat TCD screening is important for 
accurate detection of long-term increases in velocities, be-
cause intracranial velocities can vary an estimated ±15 cm/s 
between repeat exams over 6 months (Adams,  2005 ; Brambilla, 
Miller, & Adams,  2007 ). Brambilla and colleagues provided 
95% confidence intervals for a single TCD exam, which 
suggested the confi dence limits were CBFV ± 29 cm/s. Over 
an 18-month period, children with SCD displayed a 23% risk 
of converting from conditional to abnormal TCD velocities 
(Hankins et al.,  2008 ). The latter velocity levels correspond 
to those associated with medium  versus  high risk for overt 
stroke as defi ned by Adams et al. ( 1997 ). Longitudinal 
studies of variations in TCD velocities indicate that children 
with abnormally high velocities and of younger age are more 
likely to show elevated velocities on repeat TCD exams 
(Adams et al., 2004; Brambilla et al.,  2007 ; Hankins et al., 
 2008 ). Due to TCD’s major role in standard care for stroke 
prevention, this technique may also be useful in monitoring 
neurocognitive risk in the SCD pediatric population (Adams 
et al.,  1997 , 2004). 

 Cognitive dysfunction in high-risk SCD children is well 
documented, although the literature suffers from a lack of 
consensus in defi ning the most typical neurocognitive symp-
toms of a sickle cell patient. Generally, the literature has 
shown defi cits across a wide variety of cognitive domains, 
including: intelligence, attention and executive function, 
memory, language, visuomotor, and academic achievement 
(Berkelhammer et al.,  2007 ). Measures of verbal intelligence 
such as verbal IQ (VIQ) appear to be more sensitive to SCD-
related impairment than other IQ or achievement-based 
measures (Bernaudin et al.,  2000 ; Schatz, Finke, Kellett, & 
Kramer,  2002 ; Steen et al.,  2005 ; Wang et al.,  2000 ). The 
decrement in VIQ observed in children with SCD has been 

attributed to both the neurological effects and the persistent 
nature of the disease (i.e., pain episodes, school absenteeism) 
(Wang et al.,  2001 ). 

 Global measures of verbal ability, however, may be less 
sensitive to disease effects than more selective assessments 
of this cognitive domain (Schatz et al.,  2002 ). Language 
ability is often categorized by at least three types of linguis-
tic features: semantics, syntax, and phonology. Semantics is 
the study of meaning in language, syntax is the set of rules 
that govern the structure of language, and phonology refers 
to the ability to produce and discriminate different speech 
sounds (Toppelberg & Shapiro,  2000 ). Tests of semantics, 
syntax, and phonology may be more informative as to the 
nature of the child’s language impairment than a composite 
measure such as VIQ. Recently, our group showed the pres-
ence of specifi c language defi cits in pediatric SCD that ap-
peared to be related to the neurological effects of the disease 
(Schatz, Puffer, Sanchez, Stancil, & Roberts,  2009 ). We ex-
amined language skills in young school-aged children by 
comparing SCD groups classifi ed by genotype (high-risk 
and low-risk) and a group without SCD. The low-risk SCD 
group displayed language skills that were similar to the de-
mographically matched non-SCD group. However, the high-
risk SCD group showed broad defi cits in language processing, 
and these defi cits were more strongly associated with neuro-
logic risk group based on genotype than with disease-related 
complications (e.g., number of hospitalizations over past 
year and pain episodes). 

 Previous research has also pointed to language diffi culties 
in children with SCD, as evidenced by decreased scores on 
tests of VIQ (Noll et al.,  2001 ), and, more specifi cally, oral 
vocabulary (Schatz, Finke, & Roberts,  2004 ) and verbal 
comprehension (Steen et al.,  2003 ,  2005 ). In studies of the 
effects of medical treatment on cognition, language ability 
has been shown to improve with treatment (Puffer, Schatz, & 
Roberts,  2007 ; Kral et al.,  2006 ), which suggests that 
language ability may be one of the more sensitive measures 
of underlying disease pathology. Additionally, studies have 
found relationships between neurological risk and language 
ability, with results showing associations of decreased verbal 
ability with lower white matter density (Baldeweg   et al., 
2006) and increased imaging abnormalities (Schatz et al., 
 1999 ; Steen et al.,  2003 ; Wang et al.,  2001 ). 

 If language functioning is affected by cerebrovascular dis-
ruptions, it is possible that TCD can detect language diffi -
culties in children with SCD. Hogan et al. (2006) found that 
increased TCD velocities were correlated with decreased VIQ 
in adolescents with SCD and suggested that this association 
may have refl ected greater impairments in some verbal skills 
than in others. Kral et al. ( 2003 ) found that children with ab-
normal TCD had better verbal ability than those with condi-
tional TCD. The unexpected fi ndings may be accounted for by 
the fact that individuals who had abnormal TCD values were 
receiving transfusion therapy, which may have partially re-
versed the neurocognitive dysfunction attributed to anemia 
(Pickett et al., 1999  ; Puffer et al.,  2007 ; Stivelman,  2000 ). In a 
third study, Strouse et al. (2006  ) found no relationship 
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between standardized TCD maximum velocities and VIQ 
measures in a sample of elementary school-age children with 
SCD. 

 The current study addressed limitations of previous re-
search in this area by: (1) examining cognitive functioning 
that included specifi c areas of language functioning, (2) 
using a representative sample of children, and (3) focusing 
on young children within a relatively narrow age range. Pre-
vious research has examined global measures of verbal 
ability, which may have obscured more subtle effects of in-
creased velocity on specifi c aspects of verbal or language 
functioning. Additionally, this study attempted to utilize a 
highly representative sample from our catchment area. Pre-
vious studies examining TCD velocities and language func-
tioning have typically over-sampled children with high TCD 
velocities. As a result, these samples are not likely to refl ect 
variability in TCD velocities and cognitive function seen by 
clinicians in routine care of this population. Finally, it is un-
clear how age and disease progression may impact the rela-
tionship between blood fl ow velocity and cognitive 
dysfunction. Increases in blood fl ow velocity and incidents 
of stroke typically occur before 12 years of age (Adams et al., 
2004, 1998b). Investigations of the effect of blood flow 
velocities at younger ages might elucidate early relationships 
between cerebral pathology and cognitive functioning. Pre-
vious research has shown relationships between various cog-
nitive measures and elevated TCD velocities; however, it is 
unclear as to how early these cognitive decrements become 
apparent. Early detection of cognitive diffi culties prior to the 
onset of overt stroke or stroke-prevention measures would 
yield more information about the natural course of disease 
progression and associated changes in blood fl ow velocity 
and cognitive functioning. 

 The present study was designed to investigate the effects 
of increased cerebral blood fl ow velocity on language func-
tioning in young school-aged children with high-risk SCD. 
Elevated TCD velocities have been observed primarily in the 
MCA (Adams,  2005 ). Because the MCA is a major source of 
oxygen to traditional language areas of the brain, the aim of 
the study was to examine the relation of CBFV in this region 
to the specifi c language domains of semantic ability, phono-
logical processing, and syntactical ability. We hypothesized 
that elevated CBFV would be more robustly related to chil-
dren’s performance in each of these domains than to other 
cognitive abilities.   

 METHODS  

 Research Participants 

 Children were recruited through routine hematological health 
maintenance visits at one of fi ve regional SCD clinics. These 
clinics are the only source of pediatric hematological care in 
the region, serving an estimated 80% of the children with 
SCD. Participants were children who received voluntary de-
velopmental screenings through the Prevention and Early 
Intervention Program for Sickle Cell Disease. All partici-

pants were African American children 5 to 8 years of age 
with a diagnosis of high-risk sickle cell disease (HbSS or 
HbS β ° thalassemia) and their parent/guardian. Patients were 
excluded from the study if they were receiving blood transfu-
sion therapy or hydroxyurea treatment due to the observed 
reversal of elevated TCD velocities and cognitive symptoms 
with these treatments (Kral et al.,  2006 ; Puffer et al.,  2007 ; 
Zimmerman, Schultz, Burgett, Mortier, & Ware,  2007 ). Pa-
tients were also excluded if they had a history of overt stroke, 
recent illness, seizure disorder, or a major developmental 
disability. Participants who may have had a history of silent 
stroke were not excluded, as MRI data was not available for 
most participants. Among the 49 consecutive children at-
tending clinic visits, one family refused participation, one 
family was not able to complete the testing due to scheduling 
confl icts, two children did not receive TCD examinations, 
two children were tested but were on transfusion therapy, and 
one child completed the testing but his/her data was excluded 
from this study due to a history of overt stroke. Three addi-
tional participants were excluded due to the interval between 
cognitive testing and TCD examination exceeding one year. 

 The remaining 39 children with high-risk SCD (HbSS, 
 n  = 36; HbS β ° thalassemia,  n  = 3) received both cognitive and 
TCD assessments. Schatz and colleagues (2009) previously 
reported on the language skills of a subset of this sample, but 
did not relate these outcomes to TCD velocities. The TCD 
measurement completed closest in time to the neurocogni-
tive testing was obtained through retrospective chart review. 
Of the 39 children in the sample, 23 (59%) were females and 
10 (26%) were born preterm (defi ned as being born earlier 
than 36 weeks,  M  = 31.8 weeks, range = 25–36). One of 
the preterm children was born very preterm (28–31 weeks) 
and 3 others were born extremely preterm (23–27 weeks) 
(classifi cation system based on Tucker & McGuire,  2004 ). 
Ten children (26%) had been hospitalized in the past year. 
Based on parent or guardian report of household income, 12 
families (31%) made less than $10,000, 12 families (31%) 
made between $10,000 and $19,999, 3 families (8%) made 
between $20,000 and $29,999, 6 families (15%) made be-
tween $30,000 and $39,999, and 6 families (15%) made 
more than $40,000. See  Table 1  for other clinical informa-
tion and cognitive testing results. Six (15%) of the 39 partic-
ipants had elevated TCD values according to criteria set by 
Adams et al. (2004), 4 with conditional and 2 with abnormal 
velocities. All 6 participants who exhibited elevated TCD 
velocities received subsequent magnetic resonance imaging 
and magnetic resonance angiography (MRI/MRA) examina-
tions: two of the six exhibited MRI abnormalities and four of 
the six exhibited MRA abnormalities (see  Table 2 ).           

 Procedure 

 Informed consent regarding the use of each child’s data for 
research purposes was obtained from parents as approved 
by Palmetto Health Richland and USC Institutional Re-
view Boards. Participants were offered written feedback 
and a subscription to a children’s magazine as incentives to 
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 Table 1.        Descriptive data for the study sample            

   Variable  Descriptive Statistics     

 Clinical Information  Mean   SD   Range   
  TCD Max  144.13  25.50  102–214   
  Age at cognitive testing (years)  6.34  1.06  4.58–8.08   
  Interval between TCD and cognitive testing (months) *   −1.46  3.57  −8–8   
  Hct (%)  23.68  3.60  17.80–35.30   
  Platelets  505.50  117.85  225–748   
 Language-related Cognitive Testing   
  TOLD Semantics Quotient  89.15  12.78  64–121   
   Picture Vocabulary scaled score  8.33  2.61  4–14   
   Oral Vocabulary scaled score  8.05  2.56  3–15   
  TOLD Syntax Quotient  87.85  14.94  61–115   
   Grammatical Understanding scaled score  7.94  2.79  1–13   
   Sentence Imitation scaled score  8.00  3.00  2–15   
  TOLD Phonological Quotient  83.38  15.19  58–109   
   Word Discrimination scaled score  7.26  3.29  2–14   
   Phonemic Analysis scaled score  7.21  2.91  1–13   
 Other Cognitive Testing   
  Beery VMI SS  84.72  13.51  59–117   
  WJ-III Decision Speed SS  87.56  12.77  64–117   
  WJ-III Memory for Words SS  102.68  15.93  74–139   

   Note.      *  Interval = date of TCD testing – date of cognitive testing. TCD Max = Transcranial Doppler Maximum velocity; Hct = hematocrit; 
TOLD = Test of Language Development Primary, 3rd edition; VMI = visual motor integration; WJ-III = Woodcock–Johnson Tests of 
Cognitive Abilities, 3rd Edition; SS = Standard Score.    

 Table 2.        Timing of cognitive testing and neuroimaging results for subsample with elevated TCD velocities                    

   Participant 

 Interval between 
TCD testing 1 and 
Cognitive Testing 

(months) 

 Interval between 
TCD testing 2 
and Cognitive 

Testing (months) 
 TCD testing 1 
(Right/Left) 

 TCD testing 2 
(Right/Left)  TCD MAX *   MRI  MRA     

 1  0  Not repeated    –    Normal  Normal   
 2  −2  −7  157/172  184/160  171  Chronic cerebral 

 infarction bilateral 
 periventricular 
 white matter 

 Stenosis of left 
 ICA   

 3  0  1  167/98  177/106  172  Chronic cerebral 
 infarction left 
 frontoparietal-
 temporal 

 Occlusion of left 
 ICA, left 
 MCA, 
 Stenosis of 
 right ACA, 
 MCA   

 4  0  −4  157/184  175/193  189  Normal  Normal   
 5  −1  −1  160/205  109/210  203  Normal  Stenosis of left 

 MCA   
 6  −1  4  154/202  190/226  214  Normal  Mild irregularity 

 in left MCA, 
 right ACA   

   Note.           All children tested at Time 1 and repeat testing exhibited elevated TCD velocities. TCD = Transcranial Doppler; TCD Exam 1 = TCD exam closest in 
time to cognitive testing; TCD Testing 2 = TCD exam within 6 months of TCD Exam 1; MRI = Magnetic Resonance Image; MRA = Magnetic Resonance 
Angiography; ICA = Internal Carotid Artery; MCA = Middle Cerebral Artery; ACA = Anterior Cerebral Artery. TCD MAX = Maximum TCD velocity in 
either side. *For these subjects with repeat TCDs, TCD testing 1 and testing 2 were fi rst averaged and then the highest TCD velocity from either side was 
used as the TCD MAX.    

participate. Children were assessed one-on-one by a grad-
uate-level psychometrician who used standardized proce-
dures as described in the test manual. Children were tested 
after their visit with the hematologist. Assessments were 

given in the same fi xed order across participants. Exam-
iners were unaware at the time of testing of disease-related 
measures (e.g., TCD values). Medical records were re-
viewed after cognitive assessment had been completed.   
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 Measures  

 TCD recordings 

 The TCD examination was performed for clinical purposes 
by TCD examiners using a 2-MHz pulsed Doppler device 
using published methods (Adams et al.,  1998a ). Separate 
TCD measures were collected for left and right sides, with 
the highest time-averaged mean of the maximum velocity 
value of the MCA (denoted TCD Max) from either side 
entered into the statistical analysis. In TCD measurement, 
the time averaged mean is the point at which the volume of 
the peak equals the volume of the decline, with velocity on the 
vertical axis and signal amplitude and time on the horizontal 
axis (Lowe & Bulas,  2005 ). For those children who received 
a second TCD exam within 6 months of the TCD exam most 
proximal to cognitive testing, TCD Max was computed by 
averaging the values obtained from the two TCD exams. 
Based on Brambilla et al.’s (2007) exclusion criteria of 
having differences greater than 69 cm/s between TCD exam-
inations, we did not exclude any subjects for large variances. 
A total of 10 participants’ TCD scores were averaged, with a 
mean change of 12.3 cm/s between TCD exams ( SD  = 12.00, 
range = 3–42). In fi ve participants with normal TCD Max 
velocities, TCDs were averaged due to repeat TCD screen-
ings for increased velocities that approximated conditional 
values at the fi rst screening. Five of the 6 participants who 
exhibited elevated TCD velocities underwent a repeat TCD 
within a 6-month period and elevated velocities persisted at 
the repeat exam for all.   

 Cognitive testing  

 Language domain.       Measures of language ability were 
obtained using subtests that comprise the Test of Language 
Development–Primary, Third Edition (TOLD-P:3) (New-
comer & Hammil,  1997 ). Two subtests each were used to 
form composite standard scores (e.g., quotients) for semantic, 
syntax, and phonological abilities. Semantic ability stan-
dard scores were computed using the Picture Vocabulary 
subtest, which requires identifying pictures that show the 
meaning of individual spoken words; and the Oral Vocabulary 
subtest, which requires defi ning individual stimulus words. 
Syntactical skills were assessed using the Sentence Imitation 
subtest, which requires repeating complex sentences accu-
rately; and the Grammatical Understanding subtest, which 
requires identifying the meaning of sentences. Phonological 
processing was measured using the Word Discrimination 
task, which requires differentiating between speech sounds; 
and the Phonemic Analysis subtest, which requires phono-
logical segmentation and manipulation. TOLD subtests have 
high internal consistency reliability in the African American 
population (Newcomer & Hammil,  1997 ).   

 Tests of other cognitive abilities.       Other cognitive measures 
included the Beery-Buktenica Developmental Test of Visual-
Motor Integration, 5th edition (Beery, Buktenica, & Beery, 
 2004 ), which assess visual motor skills, and the Memory for 

Words and Decision Speed tests of the Woodcock-Johnson 
Tests of Cognitive Abilities, 3rd Edition (McGrew & Wood-
cock,  2001 ), which assess short-term verbal memory and 
speed of processing.     

 Data Analysis 

 The dependent measures considered in analysis were age-
adjusted scores for each cognitive domain. Hierarchical 
multiple regression analyses were conducted for each out-
come measure, with CBFV as the primary predictor of in-
terest. Covariates considered in preliminary data analysis 
were age, hematocrit levels, platelet counts, and preterm 
birth, as these factors may account for variation in cognitive 
functioning in pediatric SCD (Bernaudin et al.,  2000 ; Puffer 
et al.,  2007 ; Schatz et al.,  2002 ; Steen, Xiong, Mulhern, 
Langston, & Wang,  1999 ). Hematocrit (Hct) and age were 
correlated with maximum TCD values (Pearson’s  r  = –.38, 
 p  = .02;  r  = –.45,  p  = .00, respectively). Hct was also corre-
lated with some of the cognitive measures, and hence was 
retained as a covariate in the fi nal analysis. However, age, 
platelet counts, and preterm birth were not related to any of 
the cognitive measures; these factors were not included in 
the fi nal regression analysis. A further reason for excluding 
age as a covariate is that disease progression is age-related, 
and thus controlling for age may remove some variance of 
interest in examining cognitive outcomes. As three measures 
of language skills were examined, Bonferroni adjustments in 
alpha were made in evaluating the signifi cance of fi ndings 
within this cognitive domain (i.e.,  p  < .017). Results for the 
other cognitive measures and individual language subtests 
used an alpha of .05, as the individual subtests were consid-
ered exploratory.    

 RESULTS 

 TCD Max values were correlated with the Syntactical Quo-
tient and Phonological Processing Quotient ( r  = –.61,  p  < 
.01;  r  = –.42,  p  = .01, respectively), with poorer performance 
associated with higher CBFV. Scatterplots of these two asso-
ciations are presented in  Figures 1  and  2 . With respect to 
specifi c language subtests, TCD Max values were strongly 
associated with Grammatical Understanding ( r  = –.55,  p  < .01) 
and moderately associated with Sentence Imitation ( r  = –.51, 
 p  < .01). TCD Max velocities were also related to Phonemic 
Analysis ( r  = –.40,  p  = .01), but not to Word Discrimination 
( r  = –.29,  p  = .08). TCD Max values were not related to Semantic 
Quotient ( r  = .20,  p =  .21) or to the other cognitive domains.         

 Results from hierarchical multiple regression analyses 
are summarized in  Table 3 . With Hct entered fi rst as a cova-
riate, TCD Max values accounted for variance in Syntax 
Quotient,  F (2, 36)  =  11.28,  p  = .00,  R  2  = .39, and Phonolog-
ical Quotient,  F (2, 36) = 4.86,  p  = .01,  R  2  = .21. After a 
Bonferroni correction was applied, TCD Max values pre-
dicted only Syntax Quotient. Regression analysis failed to 
reveal associations of TCD velocities with any of the other 
cognitive domains.       
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 Fig. 2.        Scatterplot of relationship between TCD velocity and 
Phonological Quotient  .    

  
 Fig. 1.        Scatterplot of relationship between TCD velocity and 
Syntax Quotient.    

 Table 3.        Summary of regression analyses examining associations 
of TCD velocities with cognitive outcomes            

   Model  B   SE  B   β      

 TOLD Semantics Quotient   
  Constant  100.66  22.91     
  Hct  .10  .62  .03   
  TCD Max  −.10  .09  –.19   
 TOLD Syntax Quotient   
  Constant  125.23  21.46     
  Hct  .46  .59  .11   
  TCD Max  −.33  .08  −.57 *    
 TOLD Phonological Quotient   
  Constant  92.30  24.70     
  Hct  .87  .67  .21   
  TCD Max  −.20  .10  −.34   
 Beery VMI   
  Constant  55.73  23.66     
  Hct  1.14  .65  .30   
  TCD Max  .01  .09  .03   
 WJ-III Decision Speed   
  Constant  124.71  22.31     
  Hct  −.59  .61  −.17   
  TCD Max  −.16  .09  −.32   
 WJ-III Memory for Words   
  Constant  79.40  28.11     
  Hct  1.27  .77  .29   
  TCD Max  −.05  .11  −.08   

   Note.           For the Syntax Quotient,  R   2  = .11 for Hct;  DR   2  = .28 for the addition 
of TCD Max ( p  < .00). TCD Max = Transcranial Doppler maximum 
velocity; Hct = hematocrit; TOLD = Tests of Language Development, 
3rd Edition; Beery VMI = Beery–Buktenica Developmental Test of Visual-
Motor Integration; WJ-III = Woodcock–Johnson Tests of Achievement, 
3rd Edition. * p  < .001.    

 DISCUSSION 

 The present study investigated the relationship between ce-
rebral blood fl ow velocity in the MCA, as measured by TCD, 
and language functioning in children with high-risk SCD. 
We assessed how elevated TCD velocities might affect spe-
cifi c language domains, rather than more global measures of 
verbal ability. We addressed limitations in previous studies 
by including a more representative sample of the pediatric 
sickle cell population and measuring cognitive functioning 
prior to any participants beginning transfusion therapy. 

 The frequency of abnormal and conditional TCD readings 
were similar to that of the Cooperative Study of Sickle Cell 
Disease, an investigation that sought to enroll a representa-
tive sample of sickle cell patients (Gaston et al.,  1987 ). We 
previously reported on a demographically –matched, com-
munity control sample ( n  = 54), who, on average, achieved 
standard scores of 94 ( SD  = 12), 95 ( SD  = 16), and 92 ( SD  = 
15) on the Semantic, Syntax, and Phonological Quotients 
(Schatz et al.,  2009 ). The corresponding mean scores were 
lower for the present sample, suggesting an adverse effect of 

high-risk SCD on language skills that is not attributable to 
socio-environmental factors. 

 Consistent with the study hypotheses, performance on 
tests of syntax was related in the expected direction to TCD 
velocities; however, TCD velocities were not associated with 
semantic ability or with measures of other cognitive skills. 
Phonological ability showed a moderate correlation with 
TCD velocities, which did not persist with Bonferonni cor-
rection. The robust effect sizes demonstrated between TCD 
velocity and the syntax subtests suggest that this language 
domain is most vulnerable to cerebrovascular disruptions. 
This fi nding points to two possible explanations: a purely 
language impairment and/or a defi cit in working memory 
related to language processing. 

 Increased TCD velocities may have a specifi c effect on 
syntactical processing by impairing functionality of the lan-
guage-specifi c cerebral resources. Syntactical processing 
has been found to be critically dependent upon frontal brain 
regions (Brodmann’s Area 44) and also in the perisylvan 
area, which extends posteriorly into the parietal cortex 
(Uylings, Malofeeva, Bogolepova, Amunts, & Zilles,  1999 ). 
These areas are oxygenated by the MCA, the blood supply 
source that was assessed by TCD in this study. Weaknesses 
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in syntax corresponding to higher TCD velocities may thus 
highlight the vulnerability of the frontal cortex and regions 
supplied by the MCA in SCD. Additionally, the present re-
sults are in agreement with previous fi ndings of decreased 
VIQ in SCD, as it is possible that decreased syntactical 
ability may contribute to a lower VIQ, or that syntactical im-
pairment may precede declines in semantic knowledge, with 
declines in semantic ability emerging with age. Furthermore, 
the present study found a moderate relationship between 
phonological skills and elevated TCD levels ( r  = .42,  p  < 
.01). This follows comparable fi ndings in research with spe-
cifi c language impairments, such that defi cits in lexical and 
morphosyntax skills are most often coupled with defi cits in 
phonological skills (Leonard,  1998 ). Although the reasons 
behind having a specialized syntactical defi cit remain un-
clear, the strong relationship between the two variables may 
have clinical utility, in that diffi culties in syntactical ability 
may predict cerebrovascular problems in high-risk SCD, 
and, conversely, elevated TCD readings may predict de-
creased syntax ability. 

 Diffi culties in both syntactical and phonological process-
ing in SCD may also be related, in part, to altered short-term 
memory functions. According to the working memory model 
proposed by Baddeley and colleagues (Baddeley,  1986 , 
 2000 ; Baddeley & Hitch,  1974 ), the phonological loop is re-
sponsible for the storage and rehearsal of verbal material. 
A dysfunctional phonological loop could therefore impair 
storage of multi-word utterances while abstract syntactic 
rules are being extracted, resulting in a syntax defi cit (Laws, 
 2004 ). Impairments in syntax ability could also result from a 
complex working memory or executive functioning defi cit. 
Complex working memory, or the ability to hold and manip-
ulate incoming information within attentional and process-
ing constraints (Gathercole,  1999 ), may be related to the 
defi cits found in syntax processing. Thus, limitations in pho-
nological storage or complex working memory could result 
in reduced repetition accuracy and syntactical understanding, 
skills that were assessed in the two syntax subtests of the 
TOLD. Given that the language subtests did not solely assess 
syntax, but also involved other cognitive processes such as 
phonological short-term memory and complex working 
memory, it is not possible to determine the specifi c processes 
responsible for the associations observed in this study. This 
sample generally performed well on a test of attention/
working memory, Woodcock-Johnson (WJ-III) Memory for 
Words, and no relationship was observed between this test 
and TCD velocities. The WJ-III Memory for Words subtest 
most likely engaged phonological short-term memory. How-
ever, given that this subtest does not require manipulation of 
the word list, only repetition of words in the same order in 
which they were presented, it is less likely that complex 
working memory was engaged. Future studies are needed to 
better delineate the sources of language impairments related 
to elevated CBFV. 

 It was especially notable that TCD velocities showed weak 
associations with other cognitive outcomes. Specifi cally, 
two measures of attention/executive functioning showed 

little relationship to TCD. These fi ndings contrast with pre-
vious literature suggesting a relationship between attention/
executive functioning measures and increased velocities 
(Hill et al.,  2006 ; Kral & Brown,  2004 ; Kral et al.,  2003 ). 
It is possible that our measures were not sensitive to the atten-
tion/executive functioning defi cits that young elementary 
school children present and more sensitive measures are 
needed. However, the Decision Speed task showed the largest 
effect size in the Schatz et al. ( 2009 ) study, suggesting that 
decrements in processing speed may be related to other 
disease factors, such as disease subtype or anemia. Other 
TCD studies with pediatric sickle cell disease patients have 
shown associations with verbal memory (Kral et al.,  2006 ). 
Clearly, more studies are needed that will elucidate the full 
extent of the neurocognitive correlates of elevated TCD ve-
locities. Comprehensive evaluations that include tests of 
memory, executive functioning, and language, among other 
domains, will aid in the understanding of this relationship. 

 Hct levels were related to both TCD velocities and 
language testing, as is consistent with previous literature 
linking anemia and low cognitive scores in school-age chil-
dren (Puffer et al.,  2007 ; Schatz et al.,  2004 ; Steen et al., 
 1999 ). Although age was also related to TCD velocities, this 
association may be accounted for either by age-related phys-
iological changes in blood fl ow or by disease progression. 
The lack of associations of age with cognitive testing is 
likely explained by the use of age-standardized test scores. 
Preterm birth has been shown in the literature to affect cog-
nitive functioning in the general pediatric population (Bhutta, 
Cleves, Casey, Cradock, & Anand,  2002 ; Peterson et al., 
 2000 ), but it is possible that language skills may not be as 
sensitive to the effects of preterm birth as other cognitive 
domains. It is unclear as to why an association between 
platelet counts and cognitive outcomes was not found. 
Although our sample demonstrated higher platelet counts than 
the Bernaudin et al. ( 2000 ) sample, suggesting increased in-
fl ammatory disease, our children were seen at a relatively 
young age; hence, infl ammatory consequences may not have 
persisted long enough to affect cognitive functioning. Rela-
tive to these other factors, elevation in TCD velocities was a 
robust predictor of neurocognitive dysfunction. 

 Limitations of this study include a relatively small sample 
size and less rigorous control over TCD recordings than 
was the case in several prior studies. Although all TCD 
examiners followed STOP protocol, the nature of TCD 
measurement allows for some subjective interpretation on 
the part of the examiner and reliability checks were not 
performed. Future studies might also decrease variance for 
the interval between TCD examination and cognitive 
assessment by performing both on the same day. Additionally, 
we were unable to collect MRI scans on all study partici-
pants, which limited our ability to identify those participants 
who had evidence of cerebral pathology. Future research 
might integrate different imaging techniques (MRA, MRI) 
to gain a greater understanding of the mechanisms under-
lying disease progression and its association with language 
impairment. 
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 One of the study’s strengths is that it assessed a represen-
tative community sample of pediatric sickle cell patients and 
collected TCD data in a manner similar to many routine 
practice settings. Specifi cally, the sample consisted of indi-
viduals recruited through routine hematological health main-
tenance visits, with approximately 80% of children in this 
region regularly attending the clinics. By avoiding biases as-
sociated with selective recruitment of children with specifi c 
clinical complications (Cohen & Cohen,  1984 ), this study 
provides information that clinicians may use in their routine 
care of pediatric SCD patients. Given that syntax ability was 
closely correlated with TCD velocities, syntax impairment 
may serve as an indicator of underlying pathology and of 
broader cognitive dysfunction. Although we are not able to 
specify a specifi c velocity elevation at which syntax impair-
ment occurs, we recommend neurocognitive assessment, in-
cluding examination of specifi c language processing skills, 
for SCD children with elevated TCD velocities. 

 In conclusion, the present study demonstrated the utility 
of assessing specifi c language domains, as opposed to global 
tests of language functioning, in conjunction with measuring 
TCD velocities. Syntactical ability was most closely related 
to CBFV in 5- to 8-year-old children with high-risk SCD. 
Syntax skills appear to be particularly sensitive to early signs 
of cerebrovascular dysfunction (i.e., increased CBFV) prior 
to cerebral infarction. The present study underscores the 
need for clinicians to recommend neuropsychological as-
sessment when higher cerebral blood fl ow velocities are de-
tected, due to the increased risk for cognitive dysfunction.     
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