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Introduction: Intracranial hemorrhage (ICH), a serious complication in persons with hemophilia A (PWHA), causes high rates of
mortality and morbidity. Identified ICH risk factors from patient data spanning 1998-2008 require reassessment in light of changes in
the current treatment landscape.

Aim and methods: PWHA identified in the ATHNdataset were evaluated retrospectively to assess incidence of ICH and determine
the association between ICH risk and key characteristics using time-to-event analyses (Cox proportional-hazards models, survival
curves, and sensitivity analyses).

Results: Over a median follow-up time of 10.7 patient-years, 135 of 7837 PWHA over 2 years of age in the ATHNdataset (1.7%)
experienced an ICH. Stratification by prophylaxis status and inhibitor status resulted in an incidence rate (IR) ratio (IRR) (IR+/IR—) of 0.63
(95% confidence interval [CI], 0.43-0.94; P=0.020) and 1.76 (95% CI, 0.97-3.20; P=0.059), respectively. Characteristics associated with
greater risk of developing ICH include being aged 2—12 years; being covered by Medicaid; having had HIV, hepatitis C, or hypertension; and
never having received factor VIII or prophylactic treatment. In multivariable analysis with interaction, the estimated hazard ratio for PWHA
never receiving prophylaxis was 7.67 (95% CI, 2.24-26.30), which shrunk to 2.03 (95% CI, 1.30-9.12) in bootstrapping analysis and 3.09 in
the highest-penalty ridge-regression analysis but was still significant. Inhibitor status was found not to be statistically associated with ICH in
all analyses.

Conclusion: These results align with previous studies demonstrating that prophylaxis confers a protective effect against ICH.
Previously, inhibitor positivity had been shown to increase risk for ICH; however, this study did not corroborate those findings.
Keywords: bleeding, factor VIII, health insurance, hematologic disease, prophylaxis, risk factors

Introduction

Hemophilia A (HA) is an X-linked recessive bleeding disorder caused by a deficiency of factor VIII (FVIII)." There are
an estimated 24,000-26,400 males with hemophilia A in the United States; approximately 75% of persons with
hemophilia A (PWHA) have moderate or severe forms of the disease.’* Intracranial hemorrhage (ICH) in PWHA is
associated with a high rate of mortality and morbidity.” ICH risk is 10—20 times higher in people with hemophilia (PWH)
than the general population.” Incidence of ICH from select European countries is estimated at 13.9-38.6 per 100,000
males, while the reported incidence in PWHA is 290-540 per 100,000 PWHA.’

In a US-based study, 1.9% of the cohort with hemophilia, which included individuals with hemophilia A or B,
experienced an ICH, resulting in an incidence rate of 390/100,000 patient-years.® Witmer et al used data from the
Universal Data Collection project, collected by the Centers for Disease Control and Prevention, from >20,000 people
with bleeding disorders from May 1998 through March 2008.° This study found that prophylaxis was associated with
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a significant risk reduction for ICH occurrence in people with severe hemophilia who were negative for HIV or
inhibitors.® Prophylaxis with clotting factor concentrates is currently an established standard of care for people with
severe hemophilia A (factor levels <0.01 IU/mL; <1% of normal) and some people with moderate hemophilia A (0.01—
0.05 TU/mL; 1-5% of normal)."* FVIII inhibitors can develop in response to treatment with FVIII concentrate and are
associated with increased mortality and decreased effectiveness of factor concentrate; however, the effect of inhibitor
status on bleeding phenotype is unclear.””

Risk factors for ICH identified by Witmer et al included being between 2 and 9 years of age or >41 years of age,
presence of a high-titer inhibitor, prior ICH, severe hemophilia, and hepatitis C (HCV) infection.® A 2011 study of an
Italian cohort of PWH also identified an increased risk of ICH in young children, adults aged >40 years, people with
severe hemophilia diagnosis, and people with inhibitors.'® People with hemophilia A or hemophilia B were included in
both studies.®'"

Since publication of the Witmer study in 2010, the standard of care and treatment landscape for PWHA have
changed.” Here, we used contemporary ATHNdataset data to investigate risk factors for ICH and identify possible
associations between time to developing ICH and various analyzed characteristics in individuals with hemophilia A.

Methods

Study Design

This retrospective cohort study included male (assigned at birth) PWHA in the ATHNdataset, with visit information from
January 1, 2010 through September 30, 2020. The American Thrombosis & Hemostasis Network (ATHN) is the steward
of the ATHNdataset, a Health Insurance Portability and Accountability Act-compliant, de-identified patient health
dataset containing data from individuals with bleeding and clotting disorders receiving care in the United States at
ATHN:-affiliated treatment centers. Individuals may opt in or consent to contribute their data to help establish a better
understanding of blood disorders, including complications, social and economic costs, and the effectiveness of treatments
and interventions. With data contributed by >61,000 individuals, ~17,000 of whom have HA, the ATHNdataset is the
largest source of health data of PWH in the world.

Only individuals with moderate (FVIII levels 1-5%)/severe (FVIII levels <1%) HA who opted in or consented to
enrollment in the ATHNdataset were included in this study. While individuals with factor deficiencies other than HA
were not ruled out from this dataset, those with a history of any bleeding disorder as primary diagnosis other than HA
were excluded. Individuals with mild HA or with missing FVIII clotting activity levels were also excluded. ICH cases
were not discriminated as spontaneous or trauma related. ICH status was based on documentation in real-world medical
records, which were extracted anonymously into the ATHNdataset. There is no independent verification of the data in the
ATHNdataset.

Demographics, Variables, and Outcome
The variables assessed in this study included race, ethnicity, age, mortality, Medicaid coverage, HCV status, HIV status,
hypertension (HTN) status, FVIII treatment (plasma derived [pd] and/or recombinant [r]), bypassing agent treatment,
non-factor treatment, prophylaxis status, and inhibitor status. Subgroups for each variable were defined based on relevant
criteria. Mortality, assessed at study end, was evaluated for impact on ICH incidence during the study period. History of
or current HCV/HIV infection and/or HTN were documented in real-world medical records, which were, in turn,
anonymously extracted into the ATHNdataset. Individuals were described as “ever having received prophylaxis™ if at
any time in their medical history they received prophylaxis, defined as the use of any treatment product on a regular basis
to prevent bleeds and/or maintain tolerance to factor. Individuals receiving episodic treatment were classified as never
having received prophylaxis. Information on patient clinical data, individual prophylactic regimens related to frequency
and dose, or temporally restricted inhibitor positivity and inhibitor titers were unavailable for this study.

The primary outcome of interest was time from first recorded visit in the ATHNdataset to the first incidence of ICH or
right-censor (death or end of study period).
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Statistical Methods
Unadjusted Analysis
ICH events were evaluated for frequency over the study period by linear regression. Significance was determined by
P-value of the F-test, with a cutoff of 0.05. The association between incidence of ICH and each individual variable
was measured in a contingency table analysis. Incidence rates (IRs; reported per 1000 patient-years) were calculated
for prophylaxis and inhibitor in subgroup analyses by removing individuals with unknown status for either char-
acteristic. The incidence rate ratio (IRR) was then calculated using the IR values for individuals with or without
history of prophylaxis and FVIII inhibitors, respectively. Significance was determined through chi-square test with
0=0.05.

Unadjusted univariate Cox proportional-hazards (CoxPH) analysis, which considers time to occurrence and incidence
of ICH, was assessed for each subgroup associated with a variable across the cohort. Hazard ratios (HRs) were estimated
and plotted for each variable using the CoxPH model against the subgroup reference. Survival curves were plotted for

key subgroup variables, and significance was determined by P-value of the log rank test, with a cutoff of 0.05.

Multivariable Analyses

All assessed variables were used to develop a multivariable CoxPH model. Three more multivariable CoxPH models
were developed: one included only significant covariates from the unadjusted CoxPH analysis, one additionally included
inhibitor status (regardless of significance in the unadjusted analysis), and one further incorporated an interaction
between inhibitor and prophylaxis. Significance for subgroups associated with a variable was determined using 0=0.05
against the reference subgroup for the variable analyzed.

Sensitivity Analyses

Sensitivity analyses were conducted because of the small number of PWHA who experienced ICH in proportion to the
cohort and were compared with their respective original models. A stratified bootstrapping model was applied to the
unadjusted univariate and multivariable CoxPH models. This approach was done by defining the estimate or coefficient
for bootstrapping specific to the model. Three hundred individuals were randomly sampled from the ICH and no-ICH
populations and were bootstrapped 1000 times. Bootstrap statistics included a mean of estimates, bias, and confidence
interval (CI) and were compared with their respective original model using the full dataset. Three ridge-regression
penalties (small: 6=1, medium: 6=5, large: 6=10) were applied to the CoxPH multivariable model to address bias that
could occur when the number of events of interest is rare, using all data to generate the model. Significance for
subgroups associated with a variable was determined using a=0.05 against the reference subgroup for the variable
analyzed.

Results

Patient Characteristics

The initial cohort consisted of 8065 PWHA. Only male (assigned at birth) PWHA aged between 2 and 75 years with and
without ICH were included (n=7863). PWHA <2 years of age and >75 years of age were excluded because of the lack of
comparator individuals within each age group; all 22 PWHA <2 years of age had a documented ICH incident, and none
of the 95 PWHA >75 years of age experienced an ICH incident. Sixteen PWHA with ICH from this cohort were excluded
from the final analysis because ICH occurrence was before the study period and therefore could not be used to identify
risk factors for new-onset ICH. An additional 10 PWHA were excluded from the final analysis because they did not have
a visit during the study timeframe (n=7837; Supplementary Figure 1). Demographic, clinical, and treatment character-

istics of the final cohort are summarized in Table 1. ICH incidence rate significantly decreased during the 10-year study
period (coefficient: —19.66; P<0.001; Figure 1).
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Table | Demographic, Clinical, and Treatment Characteristics of the Cohort and Incidence of ICH

Characteristic, n (%) Total Cohort No ICH, n (%) ICH, n (%) P-value
(N=7837) (n=7702) (n=135)
Race 0.200
White 5937 (75.8) 5832 (75.7) 105 (77.8)
Black or African American 1156 (14.8) 1132 (14.7) 24 (17.8)
Other 610 (7.8) 604 (7.8) 6 (4.4)
Unknown 134 (1.7) 134 (1.7) 0 (0)
Ethnicity 0.700
Not Hispanic, Latinx, or Spanish origin 6482 (82.7) 6370 (82.7) 112 (83.0)
Hispanic, Latinx, or Spanish origin 1314 (16.8) 1292 (16.8) 22 (16.3)
Unknown 41 (0.5) 40 (0.5) 1 (0.7)
Age, years <0.001
2-12 1003 (12.8) 956 (12.4) 47 (34.8)
13-18 1336 (17.0) 1317 (17.1) 19 (14.1)
19-29 2221 (28.3) 2205 (28.6) 16 (11.9)
3049 2322 (29.6) 2293 (29.8) 29 (21.5)
50-74 955 (12.2) 931 (12.1) 24 (17.8)
Mortality 0.011
Alive 7588 (96.8) 7463 (97.3) 125 (92.6)
Deceased 249 (3.2) 239 (3.1) 10 (7.4)
Current or prior Medicaid 0.018
No 4778 (61.0) 4709 (61.1) 69 (51.1)
Yes 3059 (39.0) 2993 (38.8) 66 (48.9)
Current or prior HCV 0.011
Yes with known start date 463 (5.9) 447 (5.8) 16 (11.9)
Yes with unknown start date 803 (10.2) 792 (10.2) 11 (8.1)
No 6571 (83.8) 6463 (83.9) 108 (80.0)
Current or prior HIV <0.001
Yes with known start date 384 (4.9) 367 (4.8) 17 (12.6)
Yes with unknown start date 335 (4.3) 328 (4.3) 7 (5.2)
No 7118 (90.8) 7007 (91.0) 111 (82.2)
Current or prior HTN 0.001
Yes with known start date 56 (0.7) 53 (0.7) 3 (22)
Yes with unknown start date 143 (1.8) 135 (1.8) 8 (5.9)
No 7638 (97.5) 7514 (97.6) 124 (91.9)
(Continued)
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Table | (Continued).

Characteristic, n (%) Total Cohort No ICH, n (%) ICH, n (%) P-value
(N=7837) (n=7702) (n=135)

Current or prior rFVIII <0.001
Yes with known start date 6334 (80.8) 6235 (81.0) 99 (73.3)
Yes with unknown start date 785 (10.0) 777 (10.1) 8 (5.9)
No 718 (9.2) 690 (9.0) 28 (20.7)

Current or prior pdFVIII 0.034
Yes with known start date 883 (11.3) 859 (11.2) 24 (17.8)
Yes with unknown start date 126 (1.6) 123 (1.6) 3(22)
No 6828 (87.1) 6720 (87.3) 108 (80.0)

Current or prior FVIII (rFVIII and/or pdFVIII) 0.001
Yes with known start date 6612 (84.4) 6504 (84.4) 108 (80.0)
Yes with unknown start date 793 (10.1) 782 (10.2) Il (8.1)
No 433 (5.5) 416 (5.4) 17 (12.6)

Current or prior bypassing agent 0.007
Yes with known start date 601 (7.7) 581 (7.5) 20 (14.8)
Yes with unknown start date 77 (1.0) 75 (1.0) 2 (1.5)
No 7159 (91.3) 7046 (91.5) 113 (83.7)

Current or prior non-factor treatment <0.001
Yes with known start date 1878 (24.0) 1872 (24.3) 6 (4.4)
Yes with unknown start date 145 (1.9) 144 (1.9) 1 (0.7)
No 5814 (74.2) 5686 (73.8) 128 (94.8)

Current or prior prophylaxis 0.120
Yes 5647 (72.1) 5559 (72.2) 88 (65.2)
No 1550 (19.8) 1514 (19.7) 36 (26.7)
Yes with unknown start date 640 (8.2) 629 (8.2) Il (8.1)

Current or prior inhibitor 0.200
Yes 434 (5.5) 422 (5.5) 12 (8.9)
No 6665 (85.0) 6557 (85.1) 108 (80.0)
Yes with unknown start date 738 (9.4) 723 (9.4) 15 (I'1.1)

Abbreviations: FVIII, factor VIII; HCV, hepatitis C virus; HTN, hypertension; ICH, intracranial hemorrhage; pdFVIIl, plasma-derived

recombinant FVIII.

Incidence of ICH

FVIIL; rEVII,

Unadjusted contingency table analysis was performed to test the association between incidence of ICH and each variable

(Table 1). Because of small sample size, pdFVIII and rFVIII treatments were combined (FVIII combined). Bypassing

agent and non-factor treatment parameters were not further analyzed because of low utilization rates in the study cohort.
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Figure | ICH incidence rate during the study period (2010-2020).
Abbreviation: ICH, intracranial hemorrhage.

Over 10 years and 9 months of collected data, 135 of 7837 PWHA (1.7%) had an ICH, with a median follow-up time
of 10.7 patient-years. ICH incidence was found to be dependent on age (P<0.001), Medicaid status (P=0.018), mortality
status (P=0.011), HCV status (P=0.011), HIV status (P<0.001), HTN status (P=0.001), and combined FVIII treatment
status (P=0.001) and not found not to be dependent on race (P=0.200) or ethnicity (P=0.700). No dependence was found
between incidence of ICH and prophylactic treatment (P=0.120) or ICH and inhibitor status (P=0.200).

IRR by prophylactic status (0.63; 95% CI, 0.43—0.94) was significant (P=0.020), showing increased incidence of ICH
among individuals never receiving prophylaxis; the IR for individuals receiving prophylaxis and not receiving prophy-
laxis was 162 and 255 per 100,000 patient-years, respectively. IRR by inhibitor status (1.76; 95% CI, 0.97-3.20) was
nonsignificant (P=0.059) but showed a numerically increased incidence of ICH among individuals with inhibitors; IR for
individuals with and without inhibitors was 303 and 172 per 100,000 patient-years, respectively. No significant
associations were found in the five age groups when stratified by prophylaxis status (Supplementary Table 1).

Most significant variables in the contingency table analysis remained significant in the unadjusted univariate CoxPH analysis,
which provided additional insights into differential ICH risk in analyzed subgroups (Figure 2). Covariates with a significant
protective effect on ICH risk (HR <1) include age >12 years (P<0.001) and no prior HCV (P=0.011), HIV (P<0.001), or HTN
(P=0.049; Figure 3); availability of a start date for the three assessed comorbidities had no apparent bearing on ICH risk relative
to having a history of that comorbidity. Past/current absence of an inhibitor was found not to have a significant effect on ICH risk
(P=0.067; Figure 3) but showed a numerically decreased HR. Covariates indicating a significantly greater ICH risk (HR >1)
include mortality after an ICH (P=0.010), current or past Medicaid coverage (P=0.017), and absence of pdFVIII or rFVIII
treatment (P<0.001; Figure 3). Individuals who had never received prophylactic treatment were found to carry significantly
greater risk of developing ICH than individuals receiving prophylactic treatment (HR 1.56; 95% CI, 1.06-2.30; P=0.024;
Figure 2). Neither race nor ethnicity had a significant impact on risk of developing ICH (Figure 2).

Kaplan—Meier plots largely corroborated the unadjusted univariate CoxPH HR analyses (Figure 3); however, there
were only marginal differences in the survival curves for the three prophylaxis subgroups (P=0.074). Bootstrapping
sensitivity analysis of the unadjusted univariate CoxPH model analysis corroborated significance and directionality of
most key characteristics; however, never having had HCV or HTN no longer had a significant protective effect on ICH
development (Supplementary Table 2).

Multivariable Analysis

Multivariable CoxPH survival analysis with all variables was largely consistent with previous contingency table and
univariate analyses. Although the effect of never receiving prophylaxis was found to be nonsignificant (P=0.070), the HR
was numerically increased when compared with the reference group (Supplementary Figure 2). The risk of developing
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Characteristic (reference) Subgroup Population
HR graph HR 95% CI P value
1
Race (White) Black or African American Heo— 118 0.76-1.85 0.455
1
Other I—Q—{—l 0.60 0.26-1.36 0.220
1
Ethnicity (not Hispanic, Latino, or Spanish origin)  Hispanic, Latino, or Spanish origin —— 1.01 0.64-160  0.955
1
Unknown , : L i 1.73  0.24-12.40 0.585
1
Age, years (2-12) 13-18 —e— ! 0.25 0.14-0.42 <0.001
1
19-29 — — ! 012 0.07-0.22  <0.001
1
30-49 —o— : 0.21 0.13-0.34 <0.001
1
50-74 —e— 0.43 0.26-0.71  <0.001
1
Mortality (alive) Deceased ! —— 2.34 1.23-4.45 0.010
1
Medicaid (never) Ever :l—Q—l 151 1.08-2.11 0.017
HCV (ever) Ever with unknown start date i—.—!i 0.42 0.20-0.91 0.028
Never —e—i E 0.50 0.30-0.85 0.011
HIV (ever) Ever with unknown start date i—.—i—i 0.50 0.21-1.21 0.123
Never —o— : 0.37 0.22-0.62 <0.001
1
HTN (ever) Ever with unknown start date I—'O—! 1.09 0.29-4.11 0.899
1
Never I—Q—il 0.32 0.10-0.99 0.049
1
FVIII — recombinant and/or plasma derived (ever)  Ever with unknown start date —— 1.01 0.55-1.89 0.963
1
Never : —e— 279 1.67-4.66 <0.001
1
Prophylaxis (ever) Unknown —ro— 1.24 0.66-2.33 0.496
1
Never —o—i 156 1.06-2.30  0.024
1
Inhibitor (ever) Unknown ——— 0.72 0.34-1.54 0.397
1
Never —— 0.57 0.32-1.04 0.067
1
I T T T 1
0.01 0.1 1 10 100
< >
l Ll
Lower risk of ICH Greater risk of ICH
compared with reference compared with reference

Figure 2 Risk of ICH in univariate analysis.
Abbreviations: Cl, confidence interval; FVII, factor VIII; HCV, hepatitis C virus; HIV, human immunodeficiency virus; HR, hazard ratio; HTN, hypertension; ICH,
intracranial hemorrhage.

ICH was also not significantly associated with a negative history of HCV (P=0.06) or with mortality in this analysis
(P=0.257; Supplementary Figure 2).

Two additional multivariable CoxPH models were generated, one including only covariates found to be significant in
the unadjusted population CoxPH analysis and another also including inhibitor status (Supplementary Figure 3;

Supplementary Figure 4). In the former, never having received prophylaxis (P=0.064) and never having had HCV

(P=0.072) were both nonsignificant, although HR directionality matched previous analyses (Supplementary Figure 3). In

the latter, similar results were observed in subgroups that never received prophylaxis (P=0.060) and never had HCV
(P=0.071); never having had HTN was also found to be nonsignificant (P=0.051), with a numerically decreased HR
compared with the reference group (Supplementary Figure 4).

Finally, multivariable CoxPH analysis, built using all significant covariates from the unadjusted analysis, inhibitor
status, and with a prophylaxis:inhibitor interaction, was considered (Figure 4). Although most of the covariates were
consistent in both significance and directionality of effect on ICH with the previously analyzed model, the HR for never
having received prophylactic treatment increased exponentially to 7.67, while never having had HCV was found to be
nonsignificant (P=0.098; Figure 4). This analysis also considered the joint impact of prophylaxis and inhibitor status on
ICH risk; compared with the reference group (having had inhibitors [with unknown start date] and having received
prophylaxis [with unknown start date]), never having received prophylaxis and never having had inhibitors, jointly, was
significantly protective against ICH risk (P=0.005; Figure 4).
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Figure 3 Kaplan—Meier curves of key characteristics. (A) Race; (B) Age; (C) Mortality; (D) Medicaid; (E) Hepatitis C; (F) HIV; (G) Any FVIII treatment (pdFVIIl and rFVIIl);

(H) Prophylaxis.

Abbreviations: FVIII, factor VIII; HCV, hepatitis C virus; HIV, human immunodeficiency virus; pdFVIIl, plasma-derived factor VIII; rFVIIl, recombinant factor VIII.
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Characteristic (reference) Subgroup Population
HR graph HR 95% CI P value
Age, years (2-12) 13-18 —o— E 0.25 0.14-0.42  <0.001
19-29 —o— E 0.11 0.07-0.20  <0.001
30-49 —o— E 0.14 0.08-0.24  <0.001
50-74 —0— E 0.14 0.07-0.29  <0.001
Mortality (alive) Deceased |—E—0—| 141 0.67-2.97 0.370
Medicaid (never) Ever :a—.—i 151 1.06-2.14 0.022
HCV (ever) Ever with unknown start date I—O—i—i 0.54 0.23-1.27 0.160
Never I—Q—Ei 0.56 0.28-1.11 0.098
HIV (ever) Ever with unknown start date —e—— 0.68 0.26-1.81 0.441
Never —e— E 0.32 0.17-0.64 0.001
HTN (ever) Ever with unknown start date I—E-.—! 126 0.33-4.83 0.731
Never r—.—qi 0.29 0.09-0.96 0.042
FVIII — recombinant and/or plasma derived (ever) Ever with unknown start date I—Q—E—l 0.86 0.38-1.92 0.712
Never E —o— 265 1.41-4.99 0.002
Prophylaxis (ever) Unknown k E L g ! 296 0.34-25.84 0.327
Never E ——— 7.67 2.24-26.30 0.001
Inhibitor (ever) Unknown I—E—O—I 212 0.72-6.26 0.173
Never IE—.—I 1.90 0.75-4.80 0.177
Prophylaxis (ever): inhibitor (ever) Prophylaxis (unknown): inhibitor (unknown) . E ! 0.36 0.02-7.10 0.498
Prophylaxis (unknown): inhibitor (never) F @ E i 0.53 0.05-5.37 0.592
Prophylaxis (never): inhibitor (unknown) I—O—E| 0.32 0.06-1.72 0.186
Prophylaxis (never): inhibitor (never) ——e— E 0.16 0.02-7.10 0.005
T T i T 1

0.01 0.1 1 10 100

< >

< >

Lower risk of ICH Greater risk of ICH
compared with reference compared with reference

Figure 4 Risk of ICH in multivariable analysis with significant covariates (univariate analysis) and prophylaxis:inhibitor interaction.
Abbreviations: Cl, confidence interval; FVII, factor VIII; HCV, hepatitis C virus; HR, hazard ratio; HIV, human immunodeficiency virus; HTN, hypertension; ICH,
intracranial hemorrhage.

Bootstrapping and penalty-based ridge-regression sensitivity analyses were conducted on a multivariable model with
interaction to confirm results (Table 2 and Table 3). Overall, the bootstrapping analysis minimized HR estimates;
however, directionality and significance were largely maintained compared with the original model (Table 2). Based
on the estimated 95% CI, not having had HTN no longer had a significant protective effect on ICH occurrence. The HR

Table 2 Multivariable CoxPH Model with Interaction and Bootstrap Sensitivity Analyses

Characteristic Population Bootstrap
Sensitivity
HR | 95% CI HR | 95% CI
Age, years (reference: 2-12)
13-18 0.25 | 0.14-0.42 0.38 | 0.23-0.50
19-29 0.1l | 0.065-0.20 | 0.24 | 0.12-0.27
3049 0.14 | 0.077-0.24 | 0.25 | 0.12-0.28
50-74 0.14 | 0.066-0.29 | 0.22 | 0.10-0.34
(Continued)
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Table 2 (Continued).

Characteristic Population Bootstrap
Sensitivity

HR | 95% CI HR | 95% CI

Mortality (reference: alive)

Deceased 1.41 | 0.67-2.97 2.03 | 0.87-3.53

Current or prior Medicaid (reference: no)

Yes 1.51 | 1.06-2.14 1.15 | 0.99-1.67

Current or prior HCV (reference: yes)

Yes with unknown start date 0.54 | 0.23-1.27 0.33 | 0.21-0.89

No 0.56 | 0.28-1.11 0.44 | 0.29-0.92

Current or prior HIV (reference: yes)

Yes with unknown start date 0.68 | 0.26-1.8I 0.90 | 0.34-1.99

No 0.32 | 0.17-0.64 0.39 | 0.24-0.79

Current or prior HTN (reference: yes)

Yes with unknown start date 1.26 | 0.33-4.83 0.81 | 0.22-2.69

No 0.29 | 0.088-0.96 | 0.47 | 0.11-1.05

FVIII (rFVIIl and/or pdFVIIl; reference: yes)

Yes with unknown start date 0.86 | 0.38-1.92 2.01 | 0.00-3.63

No 2,66 | 1.414.99 2.12 | 1.03-3.06

Current or prior prophylaxis (reference: yes)

Yes with unknown start date 2.96 | 0.34-25.84 | 0.74 | 0.00-3.63

No 7.67 | 224-2630 | 2.03 | 1.30-9.12

Current or prior inhibitor (reference: yes)

Yes with unknown start date 2.12 | 0.72-6.26 1.08 | 0.64-3.39

No 1.90 | 0.75-4.80 1.04 | 0.73-3.03

Current or prior prophylaxis, inhibitor interaction
(reference: yes [with unknown start date], yes [with unknown start
date])

Prophylaxis (no) 0.16 | 0.044-0.58 | 0.59 | 0.12-0.92
Inhibitor (no)

Prophylaxis (yes with unknown start date) 0.53 | 0.053-5.37 | 1.08 | 0.33-2.6e6
Inhibitor (no)

Prophylaxis (no) 032 | 0.061-1.72 | 059 | 0.15-2.83

Inhibitor (yes with unknown start date)

Prophylaxis (yes with unknown start date) 0.36 | 0.018-7.10 | 1.27 | 0.00-1.7e6

Inhibitor (yes with unknown start date)

Abbreviations: Cl, confidence interval; CoxPH, Cox proportional hazards; FVIII, factor VIII; HCV, hepatitis C virus; HR, hazard ratio; HTN,
hypertension; pdFVIIl, plasma-derived FVIII; rFVIIl, recombinant FVIIL.
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Table 3 Multivariable CoxPH Model with Interaction and Penalty-Based Ridge-Regression Analyses

Characteristic Population RRI RR2 RR3

HR | P-value | HR | P-value | HR | P-value | HR | P-value

Age, years (reference: 2-12)

13-18 0.25 | <0.001 0.26 | <0.001 0.30 | <0.00I 0.34 | <0.001
19-29 0.12 | <0.001 0.12 | <0.001 0.15 | <0.001 0.18 | <0.001
3049 0.14 | <0.001 0.15 | <0.001 0.18 | <0.001 0.23 | <0.001
50-74 0.14 | <0.001 0.15 | <0.001 0.20 | <0.001 0.26 | <0.001

Mortality (reference: alive)

Deceased 1.41 | 0.370 1.41 | 0.365 1.42 | 0.351 1.42 | 0.337

Current or prior Medicaid (reference: no)

Yes 1.51 | 0.022 .51 | 0.022 I.51 | 0.019 1.50 | 0.018

Current or prior HCV (reference: yes)

Yes with unknown start date 0.54 | 0.160 0.54 | 0.155 0.55 | 0.151 0.57 | 0.150

No 0.56 | 0.098 0.58 | 0.108 0.63 | 0.157 0.68 | 0.219

Current or prior HIV (reference: yes)

Yes with unknown start date 0.68 | 0.441 0.69 | 0.448 0.70 | 0.462 0.72 | 0.477

No 0.33 | 0.001 0.34 | 0.001 0.37 | 0.002 0.40 | 0.004

Current or prior HTN (reference: ever)

Ever with unknown start date 1.26 | 0.731 1.27 | 0.727 128 | 0.716 1.29 | 0.698

Never 0.29 | 0.042 0.30 | 0.046 0.33 | 0.059 0.35 | 0.073

Current or prior FVIII (rFVIII and/or pdFVIIl;
reference: yes)

Yes with unknown start date 0.86 | 0.712 0.86 | 0.713 0.88 | 0.739 0.89 | 0.758

No 2.65 | 0.002 2.66 | 0.002 2.62 | 0.002 2.55 | 0.002

Current or prior prophylaxis (reference: yes)

No 7.67 | 0.001 5.99 | 0.002 4.11 | 0.007 3.09 | 0.0I8

Yes with unknown start date 296 | 0.327 2.32 | 0.420 1.67 | 0.578 1.40 | 0.679

Current or prior inhibitor (reference: yes)

No 1.90 | 0.177 1.64 | 0.246 1.33 | 0.436 1.17 | 0.645

Yes with unknown start date 2.12 | 0.173 1.82 | 0.238 1.46 | 0.402 1.27 | 0.565

Current or prior prophylaxis, inhibitor interaction
(reference: yes [with unknown start date], yes [with
unknown start date])

Prophylaxis (no) 0.16 | 0.005 0.21 | 0.009 0.30 | 0.028 0.39 | 0.068
Inhibitor (no)

(Continued)
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Table 3 (Continued).

Characteristic Population RRI RR2 RR3

HR | P-value | HR | P-value | HR | P-value | HR | P-value

Prophylaxis (yes with unknown start date) 0.53 | 0.592 0.68 | 0.729 0.92 | 0.934 1.08 | 0.935

Inhibitor (no)

Prophylaxis (no) 0.32 | 0.186 041 | 0.273 0.57 | 0.467 0.72 | 0.666

Inhibitor (yes with unknown start date)

Prophylaxis (yes with unknown start date) 0.36 | 0.498 0.46 | 0.596 0.63 | 0.743 0.75 | 0.830

Inhibitor (yes with unknown start date)

Abbreviations: CoxPH, Cox proportional hazards; FVIII, factor VIII; HCV, hepatitis C virus; HR, hazard ratio; HTN, hypertension; pdFVIIl, plasma-derived FVIII;
rFVIIl, recombinant FVIII; RR1, ridge regression penalty |; RR2, ridge regression penalty 2; RR3, ridge regression penalty 3.

of not having received prophylactic treatment decreased from 7.67 to 2.03 following bootstrapping analysis but was
significant based on the estimated CI.

Ridge-regression penalties were also applied to the multivariable CoxPH model with a prophylaxis:inhibitor inter-
action; as expected, smaller penalties impacted HR estimates less than larger penalties (Table 3). Compared with the
original model, mortality and HCV remained nonsignificant, and HTN status went from significant to nonsignificant.
Penalty-based ridge regression minimized HR estimates while maintaining directionality and significance compared with
the population-based multivariable CoxPH model with an interaction term for other variables. The HR of never having
received prophylactic treatment decreased from 7.67 to 3.09 following application of the largest ridge-regression penalty.

Discussion

ICH is a serious complication for PWH. Identifying factors associated with increased ICH risk is critical for its
prevention. Our study identified the following risk factors for ICH in PWHA using the ATHNdataset: being between
2 and 12 years of age, having ever received Medicaid coverage, having had certain comorbidities (HIV and HTN), never
having received factor treatment, and never having received prophylactic treatment.

This is the first US study in over a decade to identify risk factors for ICH and associations between risk factors and
time to developing ICH. Witmer et al reported that any of the following conditions confer significant risk of ICH: age 2—
9 or >41 years, being of Black (non-Hispanic) descent, and having HCV, high-titer inhibitors, severe hemophilia, or prior
ICH.® A significant interaction between prophylaxis and both inhibitor and HIV status could only be found in people with
severe hemophilia, not in the entire cohort; absence of an inhibitor and no documented HIV infection were found to be
protective against development of ICH.>'°

Since the Witmer study, the standard of care and the overall hemophilia treatment landscape have evolved,
necessitating our follow-up study using more recent ATHNdataset data.” Additionally, the Witmer study population
included those with either hemophilia A or B; therefore, the findings in that study are not specific to either type.® Our
study looks at risk factors for ICH specifically in individuals with moderate/severe hemophilia A.

Results from multivariable analysis with an interaction term indicated being aged 13—74 years or never having had
HIV were associated with lower risk of ICH, while ever being covered by Medicaid or never having received either FVIII
treatment or prophylactic treatment were associated with greater risk of ICH during the study period. These results were
largely consistent in directionality and significance following sensitivity analyses. Mortality after study end was found to
increase ICH risk, and never having HTN or HCV was found to decrease ICH risk only in the univariate analyses.

Our findings are in agreement with other real-world studies.>*'*'* Hypertension is a known risk factor for ICH in
the broad population and was the most common comorbidity among adult PWHA with ICH."""'* Prevalence of HTN was
higher in PWHA versus those without, especially among older individuals.'' While HTN was found to be significant only
in the univariate analysis, further analysis of ICH cases by age and hypertensive status may illuminate a role in mediating
ICH risk. Mortality caused by ICH is higher in PWH when compared with the general population (estimated at 20%) and
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is yet higher in young children and in developing countries, emphasizing the need to better understand risk factors for
ICH.>'* In our study, mortality at study’s end was found to be significant only in the univariate analysis and was assessed
as a risk factor for ICH, not an outcome.

Analyses from this study demonstrate that PWHA who have ever been covered by Medicaid have a higher risk of
developing an ICH. Therefore, Medicaid-insured PWHA could represent an important population for ICH risk mitiga-
tion. Medicaid is a public health insurance option in the United States.'® It has previously been shown that people with
Medicaid insurance have worse outcomes after ICH than privately insured individuals;'? whether this disparity in
outcomes exists in Medicaid-insured PWHA requires further study. Given that Medicaid insurance is linked to socio-
economic status, this finding could be further suggestive of an existing health disparity by income and a barrier to
achieving health equity.'®'” Socioeconomic status was not fully captured in the ATHNdataset, opening the possibility
that the impact of Medicaid insurance on ICH incidence could be explained by disparities in health equity. Intriguingly,
this analysis found no effect of race or ethnicity, both notable contributors to health inequity, on ICH incidence,'®
suggesting that health inequity, alone, does not fully describe the factors contributing to ICH incidence.

Inhibitor status was not found to be a significant risk factor for ICH in this study, but previous studies have
demonstrated that presence of inhibitors, particularly high-titer inhibitors, significantly increases ICH risk.®'® This
could be related to the changing landscape of immune tolerance induction. Over time, variations on the original Bonn
protocol and other novel immune tolerance induction regimens have been used to treat persons with FVIII inhibitors."
Synchronously, a wider breadth of hemophilia treatments, including extended—half-life factor products and emicizumab,
have also been available, although their respective effectiveness in immune tolerance induction has not been definitively
established.?’ Altogether, these advances may enable increased use of immune tolerance induction, which may, in turn,
preclude establishing a statistically significant link between ICH incidence and inhibitor status.

Previous studies have also demonstrated the ICH protective effect of prophylactic treatment in people with severe
hemophilia® and in children and adolescents with hemophilia A, corroborating findings from this study.'> As of 2018, the
standard of care for congenital hemophilia A has evolved to include emicizumab, a humanized antibody that mimics
activated FVIII to allow continuation of the coagulation cascade.’ This study’s period includes data from before and
after emicizumab approval in 2018. The ICH rate significantly decreased across the study period, but data from the
periods before and after emicizumab approval cannot be conclusively analyzed because of the limited sample size after
emicizumab approval and the inability to account for all possible confounders (Figure 1).

As in the Witmer study,® results are only generalizable to people receiving specialized care at hemophilia treatment
centers (HTCs). In a study from 1998, HTCs were estimated to treat 60—70% of PWH in the United States; however,
there are no data to confirm this.>*> Newer data suggest that close to 80% of PWH are treated at HTCs.> The
ATHNdataset, which contains data from all ATHN-affiliated treatment centers, only contains information from people
who consent or opt in to contribute their data. Therefore, these data may not be generalizable to all PWHA receiving care
through the United States HTC Network or the broader population of PWHA in the United States.

Adherence to a prophylactic regimen can dictate whether PWHA experience improved outcomes.” In a 2010 survey of
US HTC nurses, 80% of people with severe HA were found to be adherent to their prescribed prophylactic regimen. Data
related to prophylaxis adherence were not available for the people in this study; however, the inclusion of non-compliant
individuals or individuals with a less rigorous prophylactic regimen could lead to an underestimation of the effect of
prophylaxis on occurrence of ICH. This suggests that prophylactic treatment may have a more protective effect on risk of
developing ICH than assessed in this study.

Although only participants with moderate or severe HA were included in this study, hemophilia severity data were not
analyzed because of suspected interactions with clinical and treatment characteristics. Severe hemophilia is a known risk
factor for ICH, and prophylaxis is the standard of care for severe hemophilia.”® In a French survey using data from 1991
through 2001, two-thirds of ICH cases were in people with severe hemophilia, and prophylaxis was associated with
improved ICH-associated outcomes in PWH.*?*

This analysis did not distinguish individuals who have active HIV or HCV infections, or currently have HTN or FVIII
inhibitors, from those who have previously had but do not currently have either comorbidity. This will cause an
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underestimation of the effect of either HCV, HIV, HTN, or inhibitor status on development of ICH, suggesting that not
having either comorbidity may be more protective against ICH occurrence than assessed.

While the Witmer study found a relationship between prophylaxis and inhibitor status in people with severe
hemophilia, in our study prophylaxis:inhibitor subgrouping characteristics and sample sizes prevent strong conclusions
regarding the joint risk of prophylaxis and inhibitor status on ICH, with the notable exception of inhibitor-negative
individuals who have never received prophylaxis.’®

Conclusions

This study, using data from the ATHNdataset, identified the following risk factors for ICH in PWHA: being aged
between 2 and 12 years, having ever received Medicaid coverage, having had certain comorbidities (HIV and HTN),
never having received factor treatment, and never having received prophylactic treatment. These risk factors will need to
be continually reevaluated as the treatment landscape for hemophilia evolves to include increased use of non-factor
products and gene therapy.

Data Sharing Statement
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