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Abstrac

[

Almost a@t is known about neurologic and cognitive development in
hemophilj es from the Hemophilia Growth and Development Study, conducted
during an era When treatment regimens and comorbidities differed significantly from
the curremnment. Results suggested hemophilia and HIV had independent
effects a emophilia negatively impacts academic achievement, attention, and
behavior. introduction of prophylaxis treatment in hemophilia has created the
need for luation of the effects of hemophilia on neurodevelopment and
cognit outline the Evolving Treatment of Hemophilia’s Impact on
NeuroEnt, Intelligence and Other Cognitive Functions (eTHINK;

NCT03660774) study, which aims to meet this need.

. -
Introduco

Congenit@l hemophilia is a rare, X-linked bleeding disorder caused by genetic

mutatng in a deficiency of either clotting factor VIII (hemophilia A, 80%) or

factor IX (hemoghilia B, Christmas disease, 20%). This condition is characterized by
internal bleedigg into the joints, muscles, and other tissues (including intracranial

hemormich can cause severe pain, joint damage, and disability. Hemophilia
is classified as mild, moderate, or severe, depending on the amount of clotting factor

in the person's blood.
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Incorporation of routine prophylactic factor replacement therapy, starting in early

childhood for severe disease, now allows patients with this disorder to participate in

{

P

many mor sical activities?> and has reduced missed school and work time.*®

However e more widespread use of factor replacement therapy to limit
]

symptomg of physical disability in children with severe hemophilia, little is known

about thedmpagt of the disease on their cognitive development. In theory, children

with hemo

G

might be at risk of long-term cognitive and behavioral symptoms due

to both d pecific mechanisms, such as cumulative cerebral microbleeds, and

S

more genera chosocial stressors related to chronic iliness that are not addressed

U

by routine replacement.

[

Here we wi jew what is known about neurologic and cognitive development in
hemophil st all of which derives from studies conducted during an era when
treatm Imens and comorbidities (principally HIV/HCV infection) differed

M

signifi rom the current environment. We will then outline a novel proposal to
investigate the impact of hemophilia on neurodevelopment under current standards

of care.

DI

Hemoph wth and Development Study (HGDS)

A

In the eafly 1990s, HGDS formally examined the impact of hemophilia on

neuro nt, including executive functions and intelligence. Funded by the

{

Centers for Disgase Control and Prevention, the National Institutes of Health, and

W

the Maternal Child Health Bureau of the Health Resources and Services

Admin , HGDS was a 4-year observational study initiated in 1988 that was

A

specifically designed to understand the effects of HIV on children and adolescents

with moderate to severe hemophilia in the United States. The analysis population
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included 333 participants born between 1970 and 1982, aged 6 to 18 years at
baseline, of whom 207 (62%) were HIV-positive. For some analyses, siblings without
hemophilll

e used for comparison purposes. HGDS included comprehensive

baseline urologic, immunologic, neuropsychological examinations, and

N —

imaging.s

Baseline valudtions in HGDS revealed several neurologic, neurocognitive, and

radiologiMs (Table 1).

Neurolo ination commonly revealed abnormalities: abnormal cranial nerve
0),

function abnormal deep tendon reflexes (17%), abnormal strength (23%),
abnorma ination (25%), and abnormal muscle tone, bulk, or joint range of
motion (mesults indicated that moderate-severe hemophilia correlated with

substantial neurologic dysfunction and that certain findings, such as abnormal

reflexes or éEased muscle bulk, could reflect neurologic consequences of HIV
infectiomn.

Neuropshgical testing at baseline revealed that HIV-positive participants

were 509 alikely to show scores ~1 SD below the expected range for age in at

least 3£onal areas compared with HIV-negative participants (p = 0.051).°
Neuro ntal assessment did not show statistically significant differences

between EIV- ositive and HIV-negative participants at baseline. The proportion of

Q

participa iting below-average performance in three or more areas assessed
was at{fﬂ:verall. For both groups, mean test scores were within the average
range for age;fapwever, academic and adaptive skills were lower than expected, and
more behavioral/emotional problems were reported compared to published norms.
The HIV-positive participants were relatively free of HIV-related neuropsychological
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impairment at baseline, suggesting that observed differences with the general
population may have been related to moderate-severe hemophilia.® Attention and
informatio cessing are functions that are often found to be sensitive to diffuse
injury to anervous system, including HIV-associated neurodegeneration
and aIs’o @al injury related to hemophilia (e.g., intracranial hemorrhage). Two
measuresgsensitive to attention deficits were used: Continuous Performance Test
(CPT) anupan of Apprehension (Span). CPT results revealed subtle difficulties
with sustWtention and possible impulsivity issues in the HIV-positive group.
Span scores e associated with the presence of a prior intracranial hemorrhage
(ICH) buﬂt sensitive to HIV status or degree of immune suppression in the

HIV-posi ren, suggesting morbidity related to the prior bleed event.®

Neuroimmcluded baseline brain magnetic resonance imaging (MRI) in 310
subje emonstrated multiple acquired lesions, including old hemorrhagic
Iesionzhemorrhagic lesions such as infarction; congenital abnormalities
were uncommon. Diffuse cerebral atrophy appeared to be associated with HIV
infection hs mostly observed in participants with compromised immunologic
function.in HIV-negative males showed abnormalities, some of which were
determin congenital. Eighteen percent of participants had acquired lesions
possib o hemophilia or its treatment.'®'" A comparison of study
participaﬁ scans with those of their unaffected siblings demonstrated that

focal whi

e

Relationship between neurologic, neuropsychological, and MRI findings was

r lesions on T2 images were an incidental finding occurring in both

investigated using least squares modelling to assess neuropsychological scores by
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HIV status, age, and baseline neurologic findings, adjusting for environmental and
medical history variables. Variables associated with lower neuropsychological

performanﬁ' cluded academic problems, coordination and/or gait abnormalities,

parents' and previous head trauma. The analysis concluded that
hemophlls-related complications have a subtle adverse influence on cognitive
performapge. RV infection was not associated with neuropsychological dysfunction

in this gro en when MRI abnormalities were present.

Over the 4-yedr follow-up period, longitudinal findings of the HGDS included the

following from neurologic examination, neuroimaging, and
neurops@cal assessment.
Neurop gical findings over time were evaluated in relation to declining

or stable immune function.'*'* There were significant differences briefly described
below over éliin nonverbal intelligence, perceptual/performance skills, nonverbal
memory, ic achievement, and language, most noticeable in those with low
CD4 cougits. On measures that are known to show a practice effect for repeated

measure s were stable in those with low CD4 counts, suggesting opposing

0

positive e f practice and HIV-related decline. Weaker academic performance

g

relative tallQ was found in all groups. Based on the analysis, hemophilia itself was

t.14

identifi tential risk factor for academic underachievement. ™ Caregivers

{

completed the Wineland Adaptive Behavior Scales and Pediatric Behavior Rating

U

Scale (PBR assess adaptive behavior and emotional and behavior problems.
Vinela munication scores declined in those with low CD4 counts; baseline
PBRS Attention Deficit and Deviation symptoms were more prevalent and decreased

more sharply in this group. Low CD4 counts were associated with more PBRS
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Health and Depression-Anxiety symptoms. Changes in these areas appeared to be

related to immune functioning.'

Neuroc and academic findings were assessed longitudinally in relation
to hermoWorbidity, as measured by abnormalities in coordination and gait
(CG), Iikew:ting impact of recurrent hemarthrosis on joints in patients with more

severe di§ease JOf 333 enrolled participants, 307 (92.2%) had complete data for all

¢

items, an se, 153 (49.8%) had normal CG, 126 (41.0%) were classified as

S

having transiently abnormal CG on the basis of one or more (but less than five)
abnorma mination findings, and 28 (9.1%) had permanently abnormal CG. In

addition, @ati with hemophilia and inhibitors were 2.8 times more likely to have

nu

abnorma mpared with those patients without inhibitors.®

a

Academic problems were reported at baseline for 96 (31.3%) participants in the

group. Altho participants performed within the average range for age on

meas llectual ability, there were significant differences between CG

outcomewat baseline and throughout the 4 years of study. Participants with no

CG abnor, ies had higher Wechsler IQ scores than those with abnormal CG at
Qalysis of Wechsler subtests showed significant cross-sectional and

baseline,

longitudin@al associations between CG and scaled scores on Information, Similarities,

q

Arithmeii ulary, Digit Span, and Coding/Digit Symbol subtests. Participants

L

without CG abngrmalities consistently achieved higher scores than those with CG

i

abnormalitie Reading, Spelling, and Arithmetic subtests of the Wide Range

Achie Test—Revised (WRAT-R), suggesting a relationship between lower

A

achievement and the functional severity of hemophilia. For participants without

academic problems, those with normal CG achieved higher mean scores in Reading,
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Spelling, and Arithmetic (approximately 8 standard score (SS) points higher across
the 5 examinations) than those with abnormal CG. Analysis suggested that lower
academic ﬁ vement is related to the functional severity of hemophilia, reflecting
the degr ieh hemophilia interferes with the ability of these children and

N _ . . "
adolesceSs to interact with their environments and to access opportunities for
developwe observed differences indicate a fairly large downward deviation
from popu mean scores in both intelligence and achievement for the children

who app most affected by hemophilia morbidity. '

S

4

Neurolo uation through four annual assessments included logistic

regressi Xamine at study conclusion the relationship between neurologic

N

findings, HlI tus, CD4 cell counts, and vital status. The risks of non—hemophilia-

a

associat le atrophy, behavior change, and gait disturbance increased over
time i ne-compromised HIV-positive compared with HIV-negative or
immu cally stable HIV-positive participants. The risk of behavior change in

immune-compromised HIV-positive participants rose to 60% by year 4 (vs 10%-17%

for other hups analyzed). Forty-five HIV-positive participants died; participants

who died reased rates of hyperreflexia, non—hemophilia-associated muscle
atrophy, avior change. Analysis demonstrated a high rate of neurologic
abnor! HIV-positive participants over time. Hemophilia per se was

ki

associataﬁ)rogressive abnormalities of gait, coordination, and motor function."

In the Famil ress and Coping Study, which was run as an adjunct to HGDS,
the ca of 162 males completed three youth and family questionnaires
(Personality Inventory for Children-Revised [PIC-R]; Questionnaire on Resources

and Stress [QRS]; and Family Environment Scale). Results suggested that
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10
caregivers perceive psychosocial problems in HIV-positive youths with hemophilia
and their families; some problems were specifically associated with greater immune

COMPromiSges

Additianmms (Table 1)
AIthoughMclearly identified HIV and hemophilia as independent factors

affecting ‘euro ’

I@gic and neurocognitive function and development, and many studies
have idengifi sychosocial issues in children with hemophilia, there are limited

published Subsequent studies focused on specific concerns for neurocognitive

function, Ee of these are recent.

Three st@ggest a higher prevalence of ADHD and learning disabilities than

ior. Assessments (Supplemental Table S1) found that mean IQ
was high@r than expected for age, and the rate of enrollment in gifted programming
among stQticipants was 2.4 times higher than the statewide average.

However, dy reported a disproportionately high prevalence of attention deficit

hyperact‘ity disorder (ADHD; 28.3%), learning disability (LD; 15.8%), and
grapho“kness not related to HIV status or hemophilia severity. Participants
had a hig@f absenteeism, but this was not associated with academic
achievement @, or ADHD/LD diagnoses.® In an initial study of two dimensions of
ADHDmn and hyperactivity) at the Phoenix Children’s Hospital, 29% of the
34 males with hemophilia had pre-study ADHD diagnoses assigned by health care

providers outside the HTC and 38% were participating in special education. Parent
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1
rating scales showed that 26% of the participants exceeded the cutoff for ADHD
inattentive type, 18% for ADHD hyperactive/impulsive type, and 18% for ADHD
combir#1 In a follow-up study in Phoenix, assessments (Supplemental
Table S1&t males with hemophilia were rated significantly higher on
dimensﬂo?hyperactivity and inattention by teachers, and on hyperactivity by
parents. Malesywith hemophilia also committed significantly more impulsive errors on
the standutests. Despite this trend, only one child with hemophilia met
diagnostiw for ADHD.? In the context of earlier studies,'® the authors
suggeste@ales with hemophilia are at risk for ADHD-spectrum problems, and
that desp:&g short of meeting diagnostic criteria for ADHD, they likely struggle

with imp sues.?

Two stud e 1990s focused specifically on intelligence (IQ) and academic
achie . Toronto’s Hospital for Sick Children published (1997) a longitudinal
investi of neuropsychological functioning in children and adolescents with

hemophilia and HIV infection, hemophilia only, and their siblings using a 4- to 6-hour

test battehally completed in two sessions on the same day. All three groups

showed cademic achievement than expected based on levels of intellectual

performagees ever, no differences related to HIV status were observed. The
authorﬁz that HIV-positive children with hemophilia did not show a
progressi rn of neuropsychological impairment.?’ The Academic Achievement
in Childr i emophilia Study included males with severe factor VIl deficiency
(<2%) gwi inhibitors but excluded those with severe developmental disorder,

significant psyCRiatric disorder, or insufficient fluency in English. Assessments
included the Wechsler Individual Achievement Test (WIAT) and the Child Health

Questionnaire (CHQ), a parent-reported measure of the child’s quality-of-life, with a
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focus on the physical health summary (CHQ-PhS) score (Supplemental Table S1).

Most (62%) were on prophylaxis at enroliment or had been on prophylaxis previously

(9%), prov':ﬂ a comparison between children of similar age, hemophilia severity,

and 1Q ever-treated with prophylaxis (2.7 months-7.7 years) and

{

parental
never-#e?with prophylaxis. Overall achievement scores were within the average
range, angsth with 11 or fewer bleeds had better total achievement than those
with 12 ouleeds. The number of bleeding episodes was positively correlated
with schWnteeism. Even after adjusting for the child’s IQ and parents’
education, childgen with more school absences had lower scores in mathematics,
reading, a | achievement. Children with fewer bleeding episodes had better
CHQ-Ph than children in the high bleeding episode category, and the mean
CHQ-thfor children in the higher bleeding episode group was lower than the
mean eral US population. The authors concluded that allowing males with
hemophilia hieve their academic potential is an important medical outcome
distinct from focus on musculoskeletal outcomes, and that in part, the adequacy of

control osleeding via the treatment plan may affect school performance.??

There wross-sectional studies published a few years apart that focused on
comparis, ehavioral/emotional issues and social functioning against a control
group.ﬁtric Hemophilia Clinic at St James's University Hospital (Leeds, UK)
in 2000 eﬂ emotional and behavioral problems in hemophilia and the impact

on family ning by examining families with and without children with

hemo%twc groups were similar in age and the number of children in the
family; however) fewer mothers in the hemophilia group worked outside of the home,
and they were responsible for administering treatment injections in over half the

cases. Across the Child Behavioral Checklist (CBCL) and Family Assessment
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13
Measures (FAM) (Supplemental Table S1), more emotional, behavioral, and family

difficulties were identified within the hemophilia group compared with the healthy

{

school pe oup but the difference did not achieve statistical significance due to

the small

P

ize.?" In the second study, three US treatment centers assessed

m
social, emotional, and behavioral function children with hemophilia using a

combinati ssessments by teachers, classmates, parents, and the participants

G

(Supplem Table S1). In contrast to prior studies, no differences in social
functioni erg identified in comparison with a similar sized group of healthy peers

matched on age and race; children with hemophilia were identified as popular,

ERS

prosocial, di tive, or sensitive by teachers, peers, and the children themselves at

1

rates sim mparable non-hemophilia peers. Social acceptance scores

indicated Idren with hemophilia were liked equally well by classmates and

cl

had si ers of best friends in the classroom. However, children with

hemophilia ed more difficulty with emotional well-being, including more

W

depressive symptomatology and lower self-perception; parents also reported more

difficultie§iwith emotional well-being. In addition, findings suggested that moderate-

severe h ia was associated with increased depression, increased

O

aggressio ction, and less peer-rated aggression/disruption.?

Cons of Intracranial Hemorrhage

th

One pos ariate to cognitive and behavioral problems in children with

U

hemophiliami potential impact of head injury and ICH. Two more recent studies

highli ng-term consequences of ICH in children with hemophilia. The Great

A

Ormond Street™™ospital for Children NHS Trust database identified males with
hemophilia and ICH and controls with hemophilia but no history of ICH. Assessments

with the Strength and Difficulty Questionnaire (assessing emotion, conduct, behavior
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14
and relationships) (Supplemental Table S2) found that children with hemophilia and

ICH were more likely to have problems with motor function and visual-motor

integratiolnf a tendency towards problems compared to controls.?

Using astproach, the pediatric hemophilia clinic at Toronto’s Hospital for Sick
Children Mned that males with hemophilia and ICH had lower intellectual
functioni@l—spatial skill, fine motor skill, vocabulary, reading skills, and math
skills co o males with hemophilia only. However, the study found no
differences between the two groups on attention, socio-emotional functioning,
behaviormms, executive functioning, and adaptive functioning, most likely due
to the srrﬂple size. The authors concluded that “although ICH is not ‘benign,’ it
was not wed with significant cognitive and academic consequences for most

boys” in thgifsayall study.?’

Need for Ep%d Assessment of Neurocognitive Function

Despi ment in recombinant factor replacement and widespread adoption
of routinggprophylaxis, particularly for children with severe hemophilia, no additional
studies h n conducted in recent years to evaluate the impact of hemophilia on
children a emophilia severities (mild-moderate-severe). In addition to a
reductionyin joint-related comorbidities due to prophylaxis, rates of HIV and hepatitis
C are Wegligible in patients with hemophilia younger than ~30 years due to
the initiation of plasma donor screening for HIV (1985) then HCV (1990), improved
viral inactivatiomgmethods, and the availability of recombinant factor replacement
produ¢;1 992). Assessment of aspects of neurodevelopment—particularly
around gross and fine motor performance by physical therapists and academic

performance and behavior by nurses, social workers, and psychologists (in some
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centers)—are actively explored during annual or semi-annual comprehensive visits

to HTCs; however, the focus is typically on documentation of the concerns that are

present a t on screening for potential abnormalities or areas of concern that
may nee tention.

N
Much ashv appreciated that joint microbleeds visible on MRI occur in patients

on routin‘ propb/laxis and may contribute to joint deterioration over time even in the

28,29

absence clinical signs of bleeding, conservative use of imaging studies in

S

the context of Concussions/head injury may be leading us to underestimate the

3

occurren tential cognitive impact of brain microbleeds in the absence of
obvious Eor concussion.*® This may occur in children with severe hemophilia
on routine ylaxis or children with mild or moderate hemophilia who are being
treated oweeded for infrequent bleeding episodes, the latter being more likely
perha ngage in activities that are not thought of as high-risk contact sports
(e.g.b ouse). Combined with psychological impact of living with a chronic

disease, this could be a physical substrate for ongoing cognitive impact in

children/;hdults with hemophilia.
eTHINK O

The eTHgK study (NCT03660774) is a one-time, prospective, cross-sectional,
comerstudy of males aged 1 to 21 years with hemophilia A and B across
severities@atment regimens. The objective of this non-interventional study is to
develop a he hilia normative dataset for neurologic, neurocognitive, and
neurobij‘unction and development in children and young adults with
hemophilia to identify whether children with hemophilia remain at risk for accrual of

cognitive and behavioral problems at higher rates than the general US population.
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Analysis of the data will identify predictors of poor performance/behavior that can be
used to implement screening programs, and this data could be used to assess any

patients ﬂ treatments or treatment regimens with potential positive or

negative cognitive function and behavior.

N
FoIIowinMreview and informed consent, data will be collected on

approxin@O males with hemophilia using a structured developmental and

hemophiljen hi , @ comprehensive neurologic examination, and age-appropriate
assessments 8f neurodevelopment,® including assessment of intelligence, >
emo’[ionamor,34 adaptive behavior,*® executive function,***”*® and attention

and proc@peed with standardized and age-normed instruments.

In the Hlmand pre-prophylaxis era, the HGDS and other studies demonstrated
that hemophilia has an impact on the cognitive performance, behavior, and attention
of affected . Although treatment of children with hemophilia has shifted towards
encou ine prophylaxis for those with severe and in some cases mild and
moderatﬂase, increased participation in activities may mean that children with
hemophilOnue to experience an impact of their disease. Of ~140 HTCs, the

CDC lists incorporate clinical psychologists or neuropsychologists in a

q

compreh&nsive care team, but barriers to reimbursement for neuropsychological

asses limit the ability to routinely refer children with hemophilia for testing,

L

and to specifically evaluate those with prior ICH or head injury, poor school

b

performance behavioral problems noted by parents and teachers. The cross-

sectio INK study will provide an updated assessment across the spectrum of

A

hemophilia severity and potentially point to predictors of risk for children with

hemophilia.
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TABLE 1 Summary of HGDS and follow-up studies

ipt
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Domains/Focus

Study/Cita!n Design Areas Key Findings
Hemophilia
Growth and ) )
Development e Baseline neurologic exam
Stud abnormalities common (e.g.
udy gait, coordination, motor
function)'’
PGy e 12 ICHs on baseline
1993, Bale Males ages magnetic resonance imaging,
1993, frequent non-haemorrhagic
Loveland 6-18 years, _ and white matter lesions "2
1994, Sl groniy «  Academic/adaptive skills
Watkins n=333 with neurologic, lower than expected; more
2000. Mitchell hemophilia, immunologic, behavioral/emotional
1993’ e neuropsychological problems®
1992’ Nislsar 14 US HTCs, functioning, e Lower
R neuroimaging intelligence/achievement
2000, Sirois Initial evaluation and scores associated with more
1998, severe hemophilia'®
Loveland 4-year follow-up ¢ Attention abnormalities
2000, Nichols relatecg to prior ICH (known or
2000, Usner silent) _
1998 Mitchell o Caregiver-perceived
1997’ psychosocial issues
’ associated with immune
Bordeaux compromise®
2003
Males ages 5-17
years, ADHD/learning Higher prevalence of ADHD
Mayes 1996 n=66 with hemophilia, disabilities (282/0)%9Iearn|ng disabilities
US HTC, cross- (16%)
sectional study
Males ages 5-14
years, n=34 with Inattention/ ADHD is over-re -
. - -represented in the
Wodrich 2003 hemophilia, US HTC, S hemophilia population?*
cross-sectional study
Males ages 6-12 , e Teacher ratings endorsed
years, n=19 with Inattention/ more problems with
Spencer 2009 hemophilia, n=22 hyperactivity and hyperactivity/inattention in

controls, US HTC,
cross-sectional study

academic skills
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CwH, while parents endorsed
more hyperactivity only
e CwH committed more



Males ages 6-18
years at study
initiation, n=14 with
hemophilia, n=13 with
hemophilia and HIV,

Smith 1997 n=9 controls,

Canadian HTC,

Longitudinal 3-year
study

Academic
Achievement
Study

Males ages 6-12
years, n=131 with
hemophilia, US HTCs,

Shapiro 2001 cross-sectional study

Males ages 4-15
years, n=24 families of
males with
hemophilia, n=12
controls, United
Kingdom HTC,

Evans 2000

cross-sectional study

Males ages 8-14
years, n=40 with
hemophilia, n=40
control, US HTCs,
cross-sectional study

Trzepacz
2003

Males ages 4-12
years, n=6 with
hemophilia and ICH,
n=11 controls with
hemophilia, United
Kingdom HTC, cross-
sectional study

Bladen 2009

Males ages 3-7 years,
n=16 with hemophilia
and ICH, n=16 with
hemophilia, Canadian

Miles 2012

Neuropsychological

functioning

Academic
achievement

Emotional/

behavioral
functioning

Social/emotional/

behavioral
functioning

Long-term
consequences of
ICH

Impact of ICH on
cognition,
academic

performance,

22

impulsivity errors

e Trend towards lower
math/reading performance,
higher enroliment in special
education *°

Lower than expected academic
achievement in all groups20

Irrespective of regimen, lower
frequency of bleeding episodes
correlated with better
achievement®

More emotional, behavioral and
family difficulties identified in
CwH group?’

e Increased difficulty with
emotional well-being and
lower self-perception

¢ Moderate to severe CwH with
increased depression,
increased
aggression/rejection, and
less peer-rated
aggression/disruption
increased difficulty with
emotional well-being and
lower self-perceptions®

e More likely to have problems
with motor function, visual
motor integration

e Tendency towards elevated
problems on the Strength
and Difficulty Questionnaire®®

¢ No differences between ICH
and control on parent
questionnaires

e Intellectual functioning lower
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HTC, cross-sectional behavior
study

23

in ICH group: visual-spatial
skills, fine motor skills,
vocabulary knowledge, word
reading, math problem
solving

Higher than expected rate of
learning disabilities (16%)>’

ADHD, attention Mactivity disorder; CwH, children with hemophilia; HTC, hemophilia treatment

center; leHgibgacganial hemorrhage
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