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Chapter 5

Abstract

Background

There is a need to identify patients with hemophilia who have a very low or high risk
of developing inhibitors. These patients could be candidates for personalized treat-
ment-strategies.

Aims

The aim of this study was to externally validate a previously published prediction
model for inhibitor development and to develop a new prediction model that incorpo-
rates novel predictors.

Methods

The population consisted of 251 previously untreated or minimally treated patients
with severe hemophilia A enrolled in the SIPPET study. The outcome was inhibitor
formation. Model discrimination was measured using the C-statistic and model cali-
bration was assessed with a calibration plot. The new model was internally validated
using bootstrap resampling.

Results

Firstly, the previously published prediction model was validated. It consisted of three
variables: family history of inhibitor development, F8 gene mutation and intensity of
first treatment with factor VIII (FVIII). The C-statistic was 0.53 (95%Cl: 0.46-0.60) and
calibration was limited.

Furthermore, a new prediction model was developed that consisted of four predic-
tors: F8 gene mutation, intensity of first treatment with FVIII, the presence of factor
VIIl non-neutralizing antibodies before treatment initiation and lastly, FVIII product
type (recombinant vs. plasma-derived). The C-statistic was 0.66 (95Cl: 0.57-0.75) and
calibration was moderate. Using a model cut-off point of 10%, positive- and negative
predictive values were 0.22 and 0.95, respectively.

Conclusion

Performance of all prediction models was limited. However, the new model with all
predictors may be useful for identifying a small number of patients with a low risk of
inhibitor formation.
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Performance of a clinical risk prediction model for inhibitor formation in severe hemophilia A

Background

A major treatment complication in hemophilia A is the formation of neutralizing
antibodies against factor VIl (also called inhibitors) which render subsequent treat-
ment with factor VIII (FVIII) ineffective and are associated with increased morbidity/
mortality.! There is a need to identify patients with a very low/high risk of developing
inhibitors as these patients could be candidates for personalized treatment-strate-
gies.?

Two published prediction models for inhibitor formation have been suggested for
clinical use.>* The second model* (a modified version of the earlier model?), was
developed using data from the CANAL study and PedNet registry. The study popula-
tion consisted of 825 previously untreated patients (PUPs) with severe hemophilia
A, followed from 1-50 days of exposure to FVIIl (EDs). The model contained three
predictors: family history of inhibitors, F8 gene mutation and intensity of the first FVIII
treatment episode. The model C-statistic was 0.69 (95% Cl 0.65-0.73). The calibra-
tion plot overestimated the inhibitor risk in the higher ranges of inhibitor incidences
(> 0.55). This model urgently needs to be externally validated in another dataset.

New risk factors for inhibitor formation have been identified using the SIPPET study
cohort.>” Firstly, the use of recombinant FVIII (rFVII) was associated with a higher
inhibitor risk than plasma-derived FVIII (pdFVIIl) (hazard ratio: 1.87,95Cl: 1.17-2.96).5

Furthermore, the presence of non-neutralizing anti-FVIIl antibodies (NNAs) before
FVIII exposure was associated with an increased risk of inhibitor formation in previ-
ously untreated and minimally treated patients with severe hemophilia A (HR: 1.83,
C195: 0.84-3.99).7 Studies have also shown that NNAs are detectable in non-hemo-
philic subjects. (most of whom were never exposed to blood components such as
fresh-frozen plasma).® This suggests that some autoreactivity against endogenous
FVIIl is relatively common.’

Lastly, a genetic analysis showed that inhibitor prediction based on FVIII mutation
could be improved by also accounting for FVIII antigen production.® A new model
incorporating these new data could be useful for clinical practice.

The first aim of this study was to externally validate the latest published prediction

model for inhibitor development.* The second aim was to develop a new clinical
prediction model that incorporates novel predictors.
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Methods

Study design and population

Data from the SIPPET study were used.® The SIPPET study enrolled 251 severe (FVIII:C
< 1%) hemophilia A patients without previous treatment with FVIII or only minimal
treatment with blood components. Patients were followed-up for 50 EDs or 3 years of
observation (whichever came first). The cumulative number of EDs to FVIII was used
as the timescale.

Defining outcome and predictor variables

Validation of 2015 model

The outcome, inhibitor formation, was defined as any inhibitor higher than 0.4
Bethesda Units (BU), measured using the Bethesda assay with Nijmegen modifica-
tion. The 2015 prediction model consisted of three predictors; family history of inhib-
itors, F8 gene mutation and intensity of the first treatment with FVIIL.*

Family history of inhibitors was analyzed as a categorical variable (not applicable/
negative, positive, unknown). Family history of inhibitors was classified as ‘not appli-
cable’ when the patient had a negative family history of hemophilia.

F8 gene mutation was defined as a categorical variable (missense mutations, null
mutations, other, unknown). The category ‘null mutations’ consisted of deletions of
» 200 base pairs, nonsense mutations, intron 22 inversions and intron 1 inversions.
The category ‘other mutations’ consisted of small deletions of < 200 base pairs, inser-
tions and splice site defects.

Intensity of first treatment was a continuous variable defined as the product of the
number of consecutive EDs at first treatment (ranging from the first ED up to the 10t
consecutive ED) and the mean daily dose in IU/kg of FVIIl used during this period. The
result was expressed as a fraction of 50 IU/kg. (As an example, an individual who was
treated for 5 consecutive EDs with a mean daily dose of 75 IU/kg would have a value
of 5EDsx (75 IU/kg + 50 IU/kg)=5x1.5=7.5.)

Development of new model

To improve clinical applicability, high-titer inhibitor formation, defined as a peak
inhibitor titer of at least 5 Bethesda units, was used as the outcome.
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Performance of a clinical risk prediction model for inhibitor formation in severe hemophilia A

On the basis of literature and subject-matter knowledge, four predictors were consid-
ered: intensity of the first treatment with FVIII, F8 gene mutation, NNA status before
treatment initiation and treatment with pdFVIII or rFVIII.

Treatment intensity was defined as being treated for at least 2 consecutive EDs at
first treatment. For F8 gene mutation, we used the classification by Spena et al.® In
this classification, in silico predicted null mutations were reclassified as non-null if
there were detectable FVIIl antigen levels. Missing values were encoded as a separate
category labeled ‘unknown’. NNA status before treatment initiation was analyzed as
a dichotomous variable (negative or positive), according to cut-off values of the NNA
assay (= 1.64mg/mL of specific anti-FVIII 1gG7). Treatment type was defined as treat-
ment with either plasma-derived FVIII (pdFVIIl) or recombinant-derived FVIII (rFVIII).5

Statistical analysis

Validation of 2015 model
The predicted risk of inhibitor formation was calculated for each individual in the
SIPPET study, using the formula described in the original paper.*

Development of new model

Three different models were fit using logistic regression. The first two models were
developed to be used before any FVIII exposure; the first model contained only F8
gene mutation as a predictor, the second model also included NNA status.

The third model was developed to predict inhibitor risk just after the first treatment
episode and consisted of F8 gene mutation, NNA status, treatment intensity and treat-
ment type. Variable selection was based on the strength of the predictors as well as
subject-matter knowledge. Family history was difficult to ascertain correctly and was
therefore notincluded as a predictor. For treatment intensity, we chose 2 ED’s instead
of 5 ED’s because the aim was to develop a model that could be implemented almost
immediately after the start of treatment. Consequently, patients with an inhibitor
event in the first 2 EDs were excluded from the analysis of the full model.

Internal validation of the new model using a bootstrapping procedure

To correct for overfitting, a uniform shrinkage factor was estimated using the boot-
strap resampling method.® Next, model coefficients were multiplied by the shrinkage
factor and the model constant was re-estimated with the shrunken coefficients.
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Evaluating model performance

Discrimination is the level to which a model can distinguish between patients devel-
oping and not developing the outcome. Discriminative power of each model was
assessed with the C-statistic. The C-statistic can be calculated by taking all possible
pairs in which one subject developed the outcome and the other did not. Pairs in
which the patient with the outcome also had a higher predicted risk of the outcome
are called concordant pairs. The higher the proportion of concordant pairs among all
pairs, the higher the C-statistic. The C-statistic can range from 0.5 (no discrimination)
to 1 (perfect discrimination).

Calibration refers to the degree to which predicted and observed outcomes are
similar. Calibration of each model was reported visually in a calibration plot, with
expected outcome probabilities plotted against observed outcome frequencies, for
each quintile of predicted risk. Furthermore, a LOWESS (Locally Weighted Scatterplot
Smoothing) line was estimated to examine calibration across the whole range.

Sensitivity, specificity, positive and negative predictive values were calculated for
different cut-off values of the new model.

Handling missing values

Missing values for any of the predictors or outcome variable in the SIPPET dataset
were imputed using multivariate imputation by chained equations. Model coefficients
of each imputed dataset, their C-statistics and corresponding standard errors were
pooled using Rubin’s rules to obtain the final estimates.!! Internal validation using
bootstrap resampling was performed within each imputed dataset. The results (i.e. the
calibration intercept, slope, shrinkage factor and optimism corrected C-statistic) were
also pooled using Rubin’s rules. The calibration plot was constructed by combining
the imputed datasets and fitting the shrunken model to this pooled dataset.

Statistical packages

The data was prepared for analysis using IBM SPSS statistics version 25. Analysis
were performed using R version 3.1.0.

Results

General information

Characteristics of the validation cohort are shown in Table 1. Overall, 76/251 patients
developed an inhibitor, 50/76 inhibitor patients had a high-titer inhibitor. Further-
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Performance of a clinical risk prediction model for inhibitor formation in severe hemophilia A

Table 1: Patient characteristics.

Predictors of 2015 model All patients inhibitor-negative inhibitor-positive
(N =251) (N=175) (N=76)

F8 gene mutation type (Hashemi 2015)

Missense 22 (8.8%) 18 (10.3%) 4(5.3%)

Null 166 (66.1%) 111 (63.4%) 55 (72.4%)

Other 46 (18.3) 33 (18.9%) 13(17.1%)

Unknown 17 (6.8%) 13 (7.4%) 4 (5.3%)

Family history

Negative/not applicable

205 (81.7%)

140 (80.0%)

65 (85.5%)

Positive 24 (9.6%) 19 (10.9%) 5(6.6%)
Unknown 22 (8.8%) 16 (9.1%) 6 (7.9%)
Intensive treatment’
Mean (SD) 0.82(SD: 5.9) 0.96 (SD: 6.6) 0.48 (SD: 0.9)
Predictors of new model All patients High-titer inhibitor- High-titer inhibitor-
(N=251) negative positive
(N=201) (N=50)
Study treatment
pd-FVIiI 125 (49.8%) 105 (52.2%) 20 (40.0%)
rec-FVIIl 126 (50.2%) 96 (47.8%) 30 (60.0%)

Pre-treatment NNA status*

Negative

219 (92.4%)

178 (94.2%)

41 (85.4%)

Positive

18 (7.6%)

11 (5.8%)

7 (14.6%)

At least 2 consecutive EDs at first treatment

No

210 (83.7%)

175 (87.1%)

35(70.0%)

Yes

41 (16.3%)

26 (12.9%)

15(30.0%)

F8 gene mutation type (Spena 2018)

Missense 42 (16.7%) 39 (19.4%) 3(6.0%)
Null 189 (75.3%) 144 (71.6%) 45 (90.0%)
Unknown 20 (8.0%) 18 (9.0%) 2 (4.0%)

t Mean intensive treatment was a continuous variable defined as the product of the number of
consecutive EDs at first treatment (ranging from the first ED up to the 10th consecutive ED) and the
mean daily dose in IU/kg of FVIIl used during this period. The result was expressed as a fraction of 50

IU/kg.

$ Pre-treatment NNA status: 14 missing values overall (5.6%).

127



Chapter 5

more, 75% of patients had a F8 null mutation, 9.6% had a positive family history,
7.6% were NNA-positive and 16.3% were treated for at least 2 consecutive days at
first treatment. NNA status was unknown in 14 patients and F8 gene mutation was
unknown in 20 patients.

External validation of the 2015 prediction model

Baseline characteristics of the 825 patients in the development cohort compared to
the 251 patients in the validation cohort are shown in Table 2. In the development
cohort, 228/825 (27.6%) of patients developed an inhibitor. The C-statistic in this
cohort was 0.69 (95% Cl 0.65 - 0.73). In our cohort, we found a C-statistic of 0.53
(0.46 - 0.60). Figure 1A shows the calibration plot of the risk score, as applied to the
validation cohort. Overall calibration was limited, as the model highly overpredicts in
the higher risk ranges.

Development of new prediction models; association between predictors and inhib-
itor formation

Table 3 shows the unadjusted and adjusted associations (of the full model) between
each predictor and high-titer inhibitor formation. In the multivariable model, the
strongest predictors were F8 gene mutation type (odds ratio: 3.94) and NNA status
(odds ratio: 3.38).

Development of prediction models before exposure to FVIII products

The C-statistic of the model with only F8 gene mutation was 0.59 (95Cl: 0.54 - 0.64).
The C-statistic of the model with only F8 gene mutation and NNA status at treatment
initiation was 0.61 (95Cl: 0.52 - 0.71).

Development of full prediction model

The C-statistic of the full model was 0.66 (95Cl: 0.57-0.75). The shrunken regres-
sion coefficients of the final logistic model are shown in Table 4. Figure 1B shows
the optimism-corrected calibration plot of the new model. Overall calibration was low
to moderate, as the model underpredicted in the higher risk ranges. The predicted
inhibitor risk for an individual in the SIPPET cohort ranged from 6% to 62%. Table 5
shows the incidence of inhibitor development across different categories of predicted
risk. Table 6 shows the sensitivity, specificity, positive and negative predictive values
of the model for different model cut-off points. The positive predictive value was very
low when using the low- and medium cut-off values and slightly higher but still low
for the high cut-off value. Conversely, the negative predictive value was high for all
three model cut-off points.
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Performance of a clinical risk prediction model for inhibitor formation in severe hemophilia A

Discussion

Main findings

A published inhibitor prediction model showed limited performance in our cohort.
Furthermore, the performance of a new model that included novel predictors was also
limited.

External validation of 2015 model

The limited performance of the old model may partly be explained by differences in
patient characteristics between development- and validation cohorts. Curiously, a
positive family history of inhibitors was more common among non-inhibitor patients
in our cohort (which reduced model performance). Family history was often difficult to
ascertain, which could explain the aforementioned results. However, we were able to
include the F8 gene mutation in our model. (which explains a large of part of familial
inhibitor risk) Similarly, mean treatment intensity (which is consistently reported to
be associated with inhibitor development) was also higher in non-inhibitor patients.

Compared to the observational development cohort, some patients may have been
underrepresented as the SIPPET trial was interventional. For example, obtaining
informed consent for participation before any FVIII exposure might have been more
difficult for patients with a negative family history of hemophilia presenting with acute
severe trauma at the emergency department. Similarly, neonates with an intracranial
bleed would have been more difficult to enroll if family history of hemophilia was
unknown. Unfortunately, patients with a negative family history of hemophilia and
patients with a positive family history of hemophilia/negative family history of inhibi-
tors were combined into one category (family history ‘Negative/not applicable’) in the
2015 model. (Table 2) It was therefore not possible to directly compare the proportion
of patients with a negative family history of hemophilia in the SIPPET cohort vs. the
development cohort.

Furthermore, the 2015 model used a stepwise predictor selection procedure, which

is known to produce overfitted models.2 However, the study partially corrected for
this by shrinking the final model coefficients through bootstrapping.

Lastly, the poor calibration in the higher risk range (over 50%) was mostly due to the
very low number of patients in this area.
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Table 2. Comparison of participant characteristics in the development cohort and the
validation cohort.

Characteristic 2015 model development SIPPET cohort
cohort (n = 825)t (n=251)%

Age in months

Median (IQR) 10 (6-14) 15 (9-29)

Inhibitor status

Negative (%) 587 (72.4) 175 (69.7)

Positive (%) 228 (27.6) 76 (30.3)

F8 gene mutation type

% Missense 12 9

% Null 59 66

% Other 17 18

% Unknown 13 7

Family history

% Negative/not applicable 83 82
% Positive 9 10
% Unknown 8 9

Treatment intensity
Mean (SD)§ NR 0.82(5.9)

t CANAL study/PedNet registry.

t SIPPET study. NR: not reported in the original article.

§ Intensity of first treatment was a continuous variable defined as the product of the number of consecu-
tive EDs at first treatment (ranging from the first ED up to the 10th consecutive ED) and the mean daily
dose in IU/kg of FVIIl used during this period. The result was expressed as a fraction of 50 IU/kg.

Overall, whether the 2015 model underperforms in general, or is merely poorly gener-
alizable to the type of patients enrolled in the SIPPET cohort remains an open ques-
tion.

Development of pre-FVIIl exposure prediction models

The two simple prediction models were chosen to contain only predictors measur-
able before FVIII exposure. Both models performed poorly. To construct an accurate
pre-FVIII exposure prediction model, additional predictors that can be measured
before treatment are necessary. (e.g. certain gene variants)

Development of full prediction model
The full model performed similarly to the 2015 model. The model included treatment

intensity, which is consistently associated with inhibitor development.’®> However,
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Figure 1. Calibration plot of 2015 model & new model.

Legend: The figure shows the calibration plot of the 2015 model (A), and of the new
model (B). On the X-axis, the predicted probability of inhibitor formation according
to the model is plotted against the observed risk on the Y-axis. (0 = no inhibitor, 1
= developed an inhibitor) The blue dots represent the proportion of patients expe-
riencing an event, stratified by quintiles of increasing predicted risk. Quintiles with
a higher predicted inhibitor risk should have a higher proportion of patients who
develop the outcome. (i.e. a higher observed risk) Alternatively, a LOWESS (Locally
Weighted Scatterplot Smoothing) line was estimated to examine calibration across
the whole range. (shown here as a red dotted line) The grey line represents perfect
prediction, meaning that the predicted risk is exactly the same as the observed risk
across the whole range. Ideally, both the quintiles and the LOWESS line should lie
exactly on top of the grey line.
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our definition of treatment intensity (two consecutive EDs) has some limitations, as
the second dose might have been a prophylactic dose. Also, instead of receiving one
dose, some patients may have gotten two half doses over two days.

The association between FVIII product type and inhibitor development was not statis-
tically significant due to a lack of power caused by not having enough high-titer inhib-
itor events. This predictor was still included based on previous literature and subject
matter-knowledge, as models with predictors selected solely using significance levels
perform poorly when externally validated.

However, model performance was still very limited. The maximum predicted inhibitor
risk was 62% and, except for one outlier, no patients had a predicted inhibitor risk
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over 40%. Therefore, prediction in the higher risk ranges was not possible. However,
calibration in the lower risk ranges was acceptable, and the negative predictive value
of the model using the lowest model cut-off of 10% was 95%. (i.e. of the 41 patients
with a predicted risk below 10% only two developed an inhibitor) Therefore, we can
conclude that the model is useful for identifying low-risk patients. However, only 16%
of patients fell into this low-risk category. These were all patients with a F8 non-null
mutation or an unknown F8 mutation, no detectable NNAs before treatment initiation,
and who were not intensively treated at first treatment.

The model did not include genetic risk factors other than F8 gene mutation, and this
could have impacted performance. Furthermore, we found no association between
family history and inhibitor development in the SIPPET cohort. This result was prob-
ably biased, as family history was difficult to ascertain correctly in our cohort (which
mostly consisted of patient from the developing world). Therefore, we decided to
exclude this predictor from the model.

NNAs are not routinely measured in clinical practice which limits practical implemen-
tation of this model.

Information on ethnicity was not included in the model, as most research on ethnicity
and inhibitor formation has focused on African-American/Latino populations, and
these ethnicities are very uncommon within the SIPPET cohort. Furthermore, many
patients within the SIPPET cohort self-identified as “white” (e.g. patients from Egypt,
Iran, Saudi-Arabia etc.), while the original studies on ethnicity mostly enrolled
“white” patients from a predominantly European background (i.e. from Europe or
North-America), which complicates between-study comparisons.

Lastly, the performance of the new model after external validation in a different popu-
lation remains unknown.

Implications for clinical practice

The overall performance of the original prediction model, as well as the newly devel-
oped models was limited. However, the newly developed full model performed rela-
tively well when identifying patients with a low risk of inhibitor formation.

Currently, pre-authorization trials evaluating FVIII therapeutics often enroll previously

treated patients (PTPs) who have been exposed to FVIII for more than 50 EDs. Enrolling
previously untreated patients (PUPs) with a low predicted risk of inhibitor formation
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Table 3. Unadjusted and adjusted association between each predictor and outcome.

Characteristic All patients High-titer | Univariate Odds Multivariable
(N =251) | inhibitor-positive Ratio (95%Cl) 0dds Ratio
(N=50) (95%C1)*
Study treatment
pdFVvill 125 (49.8%) 20 (40.0%) Ref Ref
rFVII 126 (50.2%) 30 (60.0%) | 1.64(0.88-3.12) | 1.46(0.75-2.84)
Pre-treatment NNA statust
Negative 219 (92.4%) 41 (85.4%) Ref Ref
Positive 18 (7.6%) 7(14.6%) | 2.76(0.97-7.46) | 3.38(1.17-9.80)

At least 2 consecutive EDs at first treatment®

No

209 (83.6%)

34 (69.4%)

Ref

Ref

Yes

41 (16.4%)

15(30.6%)

2.96 (1.41-6.15)

3.20(1.47-6.97)

F8 gene mutation type (Spena 2018)

Missense 42 (16.7%) 3 (6.0%) Ref Ref
Null 189 (75.3%) 45(90.0%) | 4.06 (1.39-17.36) | 3.94 (1.13-13.73)
Unknown 20 (8.0%) 2 (4.0%) 1.44(0.18-9.5) | 1.38(0.20-9.37)

t Pre-treatment NNA status: 14 missing values overall (5.6%) #: For the multivariable model, missing
values were imputed using multiple imputation, one patient with an inhibitor event in the first 2 EDs
was excluded from the analysis, so the total sample size for this analysis was 250. §: 1 missing value,
due to one patient being excluded from the analysis due to experiencing an inhibitor event in the first

2 EDs of treatment.

might be considered as an alternative, as the study population is a better match for
the target population that will actually use the treatment after market approval (not
just PTPs but also PUPs). However, due to the difficulty of enrolling such a rare group
of patients (only 16% of PUPs), this approach is not practically feasible. For non-factor
replacement therapy, this score would not be useful, as these drugs don’t elicit anti-
FVIIl antibodies. The most important use-case for this prediction model would be after
market approval. Novel therapeutics are relatively expensive compared to FVIII, and
many patients will continue to be treated with FVIII. A score such as this could be used
to select low-risk patients who can be safely treated with regular FVIIl concentrates
(which are relatively cheap).
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Table 4. Final logistic regression model.

Regression coefficients

Intercept -2.71
Treatment with rec-FVIII (TRT) 0.29
Positive for NNAs (NNA) 0.95
At least 2 consecutive EDs at treatment initiation (ED) 0.90
F8 gene null mutation (F8-null) 1.07
F8 gene mutation unknown (F8-unknown) 0.25

To calculate the individual risk of inhibitor formation, first calculate the linear predictor: (-2.71 + TRT *
0.29 + NNA * 0.95 + ED * 0.90 + F8-null * 1.07 + F8-unknown * 0.25). The formula is then as follows: 1
/ (1+ exp(-(linear predictor))). As an example, the risk of inhibitor formation within 50 EDs for a patient
treated with plasma-derived FVIIl, who was positive at baseline for NNAs, who was treated for at least 2
consecutive EDs at treatment initiation, and whose F8 mutation is unknown is 1 / (1+ exp(-(-2.71 + 0 *

0.29+1*0.95+1*0.90+0*1.07 +1*0.25))) = 35%.

Table 5. Incidence of inhibitor development across different risk categories.

Predicted risk

No of inhibitor-negative

Inhibitor events

Observed risk

patients*
<10% 39 2 4.9%
10-25% 134 29 17.8%
25-40% 24 13 35.1%
= 40% 4 5 55.6%

*  For the construction of the new model, patients with an inhibitor event in the first 2 EDs were exclud-
ed. (also mentioned in the Methods section) This was the case for one out of 251 patients, the total
number of patients used to construct the new model therefore equals 250.

Table 6. Sensitivity, specificity, positive and negative predictive values of the model
for different model cut-off values.

Categories of predicted Sensitivity Specificity Positive Negative
risk according to model predictive value | predictive value
Low cut-off (10%) 0.96 0.19 0.22 0.95
Medium cut-off (25%) 0.37 0.86 0.39 0.85
High cut-off (>40%) 0.10 0.98 0.56 0.82
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These results could be the first step in developing a model for this aim. However,
these tools should not be used in clinical practice to select high-risk patients, as all
models perform very poorly in this regard. For this reason, the new prediction model
was not converted into a tool that could be used by clinicians. (for example, a nomo-
gram or a score chart)

Implications for future research

All prediction models incorporated the most important pre-treatment risk factors.
But even so, performance of these models was still unsatisfactory. However, these
models did not incorporate time-varying predictors (e.g. the cumulative number of
EDs, FVIIl exposure frequency, on-demand vs. prophylactic treatment, exposure to
FVIII during trauma or during surgery etc.). For example, much information could be
gained by measuring the antibody response over time?®, as was done in a recent study
by Reipert et al.’® Interestingly, this study found that during treatment, the appear-
ance of IgG1 antibodies, followed by IgG3 antibodies, was a strong biomarker of
future inhibitor development. A different approach would be to incorporate genomic
information at baseline, such as HLA class Il haplotypes'” *¢ and/or gene variants of
other genes previously associated with inhibitor formation (e.g. IL-10 and CTLA-4)%°.

Conclusion

Performance of old and new prediction models for inhibitor formation after external
validation is limited. However, the new model with all predictors may be useful for
identifying patients with a low risk of inhibitor formation. Further research is needed
to obtain more precise prediction models for clinical use.
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