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Abstract
Background: In childhood immune thrombocytopenia (ITP), an autoimmune bleeding 
disorder, there is a need for better prediction of individual disease courses and treat-
ment outcomes.
Objective: To predict the response to intravenous immunoglobulins (IVIg) and ITP 
disease course using genetic and immune markers.
Methods: Children aged younger than 7 years with newly diagnosed ITP (N = 147) 
from the Treatment With or Without IVIG for Kids with ITP study were included, 
which randomized children to an IVIg or observation group. A total of 46 variables 
were available: clinical characteristics, targeted genotyping, lymphocyte immune phe-
notyping, and platelet autoantibodies.
Results: In the treatment arm, 48/80 children (60%) showed a complete response 
(platelets ≥100 × 109/L) that lasted for at least 1 month (complete sustained response 
[CSR]) and 32 exhibited no or a temporary response (absence of a sustained response 
[ASR]). For a biological risk score, five variables were selected by regularized logistic 
regression that predicted ASR vs CSR: (1) hemoglobin; (2) platelet count; (3) genetic 
polymorphisms of Fc-receptor (FcγR) IIc; (4) the presence of immunoglobulin G (IgG) 
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1  |  INTRODUC TION

The extensive clinical and molecular heterogeneity of autoimmune 
disorders leads to complex disease classifications and challenges 
for the accurate clinical diagnosis, prognostication, and selection 
of efficacious therapies.1 With the detailed, high-resolution mo-
lecular data that are obtained with current methods, the biological 
stratification of patients may become possible.1 Using such data, 
the identification of clinically relevant subgroups could be achieved 
by the combination of several biomarkers and genetic variants, 
which would have limited discriminative value when considered 
individually. 1,2

Childhood immune thrombocytopenia (ITP) is a rare autoimmune 
bleeding disorder with an annual incidence of approximately 5 per 
100 000 children.3 ITP is characterized by thrombocytopenia with a 
platelet count below 100 × 109/L.4 Although two-thirds of children 
spontaneously recover from the disease within 3 months of the diag-
nosis, the remaining patients exhibit prolonged thrombocytopenia, 
and some eventually develop chronic disease.5,6 The quality of life 
is markedly reduced in patients with prolonged and chronic ITP.7,8 
A key clinical challenge is the early identification of a patient's likely 
disease course (i.e., platelet count and bleeding over time), as well 
as the expected response to treatment. Specifically, an indication of 
a patient's likely disease course may help clinicians in the counsel-
ling of patients and families, as well as guide patient monitoring and 
treatment decisions. The early identification of patients likely to have 
persistent or chronic ITP would enable the clinicians to target mon-
itoring and perform additional diagnostic testing (e.g., screening for 
immune deficiencies, other autoimmune diseases, genetic causes), 
as well as consider adjunctive or alternative forms of treatments. In 
childhood ITP, treatment is only initiated in emergency situations or 
on a case-by-case basis with a significant perceived disease burden.9 
In these situations, knowledge of the expected response to intrave-
nous immunoglobulin (IVIg) is critical for managing bleeding and pre-
venting unnecessary hospitalizations, side effects, and substantial 
costs.7 However, there are currently no sufficient tools that can be 
used to predict the disease course of ITP.

In our recent randomized controlled trial, we observed that al-
though IVIg treatment promoted platelet recovery over the short 
term, it had no effect on the long-term recovery from ITP (i.e., the 
rate of chronic disease) at 1 year postdiagnosis.10 It is well known 
that the administration of IVIg leads to a rapid resolution of throm-
bocytopenia in the majority of children with ITP,4,11 yet a propor-
tion of patients does not respond to treatment. Variable platelet 
response rates to IVIg of 50% to 95% have been reported in the 
literature, with differences between patient cohorts and response 
definitions.12-16 Moreover, it has been reported that IVIg nonre-
sponders are more likely to develop chronic ITP (i.e., have a lower 
likelihood of spontaneous recovery).12,17

The design of prediction models in childhood ITP is challenging. 
First, the broad clinical diagnosis of ITP may lead to a wide range of 
diverse causes of thrombocytopenia (e.g., autoinflammatory and post-
infectious syndromes, early signs of autoimmune diseases, immune 
deficiencies, or, probably more rarely, genetic thrombocytopenia).18-20 
Second, there may be heterogeneity in the underlying pathophysiol-
ogy of ITP (e.g., autoantibodies specific to platelet GPIb/IX,21 or CD8-
mediated cellular antiplatelet immunity22). Third, a further challenge in 
childhood ITP is the association of age at presentation with a skewing 
of the disease prognosis, where both adolescents and adults display a 
different prognosis compared with younger children.23-25 Age is also 
associated with differences in cellular subsets and other molecular 

anti-platelet antibodies; and (5) preceding vaccination. The ASR sensitivity was 0.91 
(95% confidence interval, 0.80-1.00) and specificity was 0.67 (95% confidence inter-
val, 0.53-0.80). In the 67 patients of the observation arm, this biological score was 
also associated with recovery during 1 year of follow-up. The addition of the biological 
score to a predefined clinical score further improved the discrimination of favorable 
ITP disease courses.
Conclusions: The prediction of disease courses and IVIg treatment responses in ITP is 
improved by using both clinical and biological stratification.

K E Y W O R D S
immune thrombocytopenia, intravenous immunoglobulins, molecular epidemiology, pediatrics, 
prognosis

Essentials

•	 Molecular variables may aid in the prediction of the im-
mune thrombocytopenia (ITP) prognosis.

•	 We developed a biological risk score for recovery after 
Intravenous Immunoglobulin treatment.

•	 The biological score also associated with spontaneous 
recovery and bleeding during observation.

•	 The biological score improved discrimination of ITP 
prognosis in addition to a clinical score.
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markers, which needs to be considered (Schmidt et al., manuscript sub-
mitted; https://doi.org/10.1101/2020.06.09.20125385).

In the present study, our objective was to develop a biological 
risk score to identify at the diagnosis children with newly diagnosed 
ITP who show no response versus a complete recovery after IVIg. In 
line with the literature, given the relationship between IVIg response 
and the ITP disease course, we further tested if the factors associated 
with a favorable IVIg response were also associated with spontaneous 
recovery from ITP. Finally, we investigated if these biological factors 
could improve the discrimination of children with a favorable disease 
course, as stratified by a score using clinical characteristics alone.

2  |  METHODS

2.1  |  Study participants

This was a secondary analysis of the Treatment With or Without 
IVIG for Kids With ITP (TIKI) study (Heitink-Pollé et al10; Trial ID 
NTR1563, www.trial​regis​ter.nl). Patients were recruited into an 
open-label multicenter randomized phase 3 clinical trial. In this trial, 
200 children with newly diagnosed ITP and mild bleeding symptoms 
were allocated to a single dose 0.8 g/kg IVIg or careful observation. 
The patients were eligible for inclusion if they had a platelet count 
≤20  ×  109 L−1 and an age of 3 months to 16  years. Patients were 
excluded in cases of severe or life-threatening bleeding at diagno-
sis, or treatment with immunosuppressive therapy in the previous 
3 months. This study was conducted in accordance with the second 
declaration of Helsinki and was approved by the institutional ethi-
cal review board of the University Medical Centre Utrecht. Parents 
and patients aged 12 years or older provided written informed con-
sent before inclusion in the study. All analyses were performed on 
deidentified anonymous data. All biological data used as predictors 
were obtained at the time of diagnosis, before IVIg was administered 
(details in Supplementary Material).

In this study, we only included the children aged younger than 
age 7 years (N  =  147), which reflected 75% of all children origi-
nally included in the trial, for two reasons. First, the immune sys-
tem is undergoing marked changes during child development.26,27 
Children with ITP presenting at various ages also display differ-
ent clinical and biological baseline characteristics.23,25,28 (Schmidt 
et al., manuscript submitted; https://doi.org/10.1101/2020.06.0
9.20125385) Second, the clinical outcomes in ITP changes with 
age (i.e., the probability of a transient vs persistent or chronic ITP 
disease course decreases gradually already from 5 years of age) 
(Schmidt et al.).

2.2  |  Patient data and samples

The clinical follow-up, a standardized bleeding score (modified 
Buchanan score29,30), and complete blood counts were obtained at 
the recruiting centers at diagnosis and after designated intervals.

2.3  |  Clinical outcome definition

A complete sustained response (CSR) after IVIg was defined ac-
cording to the International Working Group criteria,4 with a 
platelet count >100 × 109/L measured at two independent occa-
sions, which in our study were 1 and 4 weeks after IVIg. Other 
patients were classified as having an absence of a sustained re-
sponse (ASR). A partial response was defined as a platelet count 
>30 × 109/L with a two-fold count increase from baseline, and a 
complete response as a platelet count >100 × 109/L. A temporary 
response was defined as an initial complete response, which was 
then lost at the 1-month follow-up.

2.4  |  Statistical analysis

Details are provided in the Supplementary Methods. Missing varia-
bles were imputed by multiple imputation using chained equations.31 
The age-associated changes in immune variables were first removed 
from the data by constructing a linear model for each numerical vari-
able. For the biological risk score, a regularized logistic regression 
model was built on the patients in the IVIg cohort to predict the 
outcome of a complete versus absent sustained response to IVIg, 
with the elastic net by glmnet.32 Model features were selected by the 
inclusion frequency of a variable. The estimates of the coefficients 
were pooled according to Rubin's Rules.33 To assess the predictive 
performance of the biological risk score, cross-validated predictions 
were determined and performance was assessed using receiver op-
erating characteristics.34

2.5  |  Data sharing and code availability

Data may be requested for academic collaborations from the cor-
responding author. All code used for this study is available upon en-
quiry from the corresponding author.

3  |  RESULTS

3.1  |  Lack of a sustained response to IVIg was a 
common phenomenon

In this study, 147 children with newly diagnosed childhood ITP aged 
younger than age 7 years were included (N = 80 from the IVIg arm; 
N = 67 from observation; Figure 1A). The median age of the study 
population was 3 years, and approximately 60% had a preceding in-
fection (Table 1). A total of 48/80 patients allocated to IVIg (60%) 
responded with an increased platelet count and sustained the re-
sponse at the 1-month follow-up (Figure  1B; details and bleeding 
symptoms in Figure  S1), marking them as CSRs. Importantly, all 
patients with CSR remained in clinical remission during the full 1-
year follow-up. The other 40% exhibited either a partial or complete 
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lack of a response to IVIg (Figure 1B), or a transient response and 
recurrence of thrombocytopenia. Together, these patients were 
classified as showing an ASR. Moreover, these platelet responses 

were correlated with bleeding symptoms as expected (Figure  S1). 
Together, these data substantiate that a lack of a sustained response 
to IVIg is common amongst patients with newly diagnosed ITP.

3.2  |  Development of a genetic and immunological 
score to predict the response to IVIg

To identify the predictors of a response to IVIg treatment at the time 
of diagnosis, we collected detailed clinical data, performed periph-
eral immune phenotyping and platelet antigen-specific autoantibody 
tests, and genotyped the candidate genes in the Fc-γ receptor locus 
FCGR2/3 associated with the development of antibody-mediated 
autoimmune diseases, which may affect the efficacy of IVIg35-37 
(Figure  1; a full list of all the 46 considered variables is listed in 
Table S1).

To build a biological risk score, we used regularized logistic 
regression to predict the treatment responses to IVIg (i.e., CSR 
vs ASR). The predictive ability was evaluated by cross-validation 
and showed optimal discrimination with five or eight predic-
tors (Figure  2A, arrows). In out-of-sample validation, patients 
with CSR and ASR who were not included during the modelling 
were discriminated with a receiver-operating characteristic area 
under the curve (AUC) of 0.70, where an AUC of 0.50 indicates 
no discrimination and 1.00 perfect discrimination. Given a sim-
ilar cross-validated receiver-operating characteristic AUC, the 
simpler multivariate model with five predictors was chosen for 
further analysis (Table 2; the eight-predictor model is shown in 

F I G U R E  1  Study design. (A) After the diagnosis, the patients were randomized to a single dose of IVIg or a careful observation group and 
followed for 1 year. Patients with newly diagnosed ITP were systematically characterized, including the clinical data, targeted genotyping, 
and immune phenotyping as well as autoantibody profiling. (B) The response to IVIg correlated with platelet counts during 3 months’ follow-
up. Based on the platelet counts, we categorized patients as either IVIg responders and nonresponders (for details and bleeding symptoms, 
see Figure S2). The complete sustained responders (CSR) showed a platelet count >100 × 109 /L 1 week after treatment and the response 
was sustained 1 month later. If an initial complete response was not maintained at the 1-month follow-up, patients were classified as having 
a transient response. Partial responders (PR) showed an increase to >30 × 109 /L with a two-fold increase of baseline platelet count 1 week 
after IVIg. Nonresponders (NR) showed neither a complete nor a partial response. PR, NR, and transient responders were grouped together 
as absence of a sustained response (ASR). ITP, immune thrombocytopenia; IVIg, intravenous immunoglobulin

TA B L E  1  Baseline characteristics of the study population

IVIg Observation

N 80 67

Female, n (%) 34 (42.5) 30 (44.8)

Age, y 3.09 [2.28, 4.87] 3.04 [1.72, 4.51]

Age, n (%)

0–1 3 (3.8) 5 (7.5)

>1–3.5 46 (57.5) 35 (52.2)

>3.5–7 31 (38.8) 27 (40.3)

Platelet count, ×109 L−1 6.0 [3.0, 8.3] 6.0 [3.0, 10.0]

Duration of 
symptoms, d

3.0 [2.0, 5.3] 3.0 [1.0, 7.0]

Preceding infection, 
n (%)

50 (62.5) 39 (60.0)

Preceding 
vaccination, n (%)

3 (3.8) 2 (3.1)

Buchanan score, n (%)

0 1 (1.2) 0 (0.0)

1 12 (15.0) 13 (19.7)

2 32 (40.0) 27 (40.9)

3 35 (43.8) 26 (39.4)

Note: Continuous variables are median [interquartile range].
IVIg, intravenous immunoglobulin.
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Table S4). There was a clear separation in the predicted scores 
for the response between CSR and ASR (Figure 2B). The receiver-
operating characteristics of the model score showed an AUC 
of 0.84 (fitted predictions; 95% confidence interval [CI], 0.75-
0.93; Figure  S2A). The different subgroups of the ASR—partial 
responders, patients with a transient response who exhibited 
recurrence of thrombocytopenia, and nonresponders—were all 
similarly discriminated from patients with CSR (Figure  S2 B). 
This indicates that they were relatively homogeneous regarding 
the model parameters.

When the biological score was split at a posterior probabil-
ity for ASR of 50% (score of 0, P[ASR]  >0.5), there was a clear 
enrichment of patients with ASR in the group predicted to show 
ASR (Figure 2C). Moreover, a predicted ASR was associated with 
a reduced frequency of complete response over the follow-up 
with a hazard ratio (HR) of 0.63 (95% CI, 0.50-0.80; Figure  2C), 
where an HR of 1.00 would indicate no discrimination of disease 
courses. The same effect was apparent when we assessed the 

platelet count over time (Figure 2D). Patients with chronic disease 
at 12 months were enriched in the group predicted to have ASR at 
the time of diagnosis (Figure 2C,D). Finally, the rate of the patients 
with prolonged or chronic disease trajectories was increased from 
low to high scores (Figure S2 C).

We investigated the discriminative nature of the scores at 
various thresholds. At an optimal cutoff of −0.54, chosen by the 
Youden's J value, which optimizes total sensitivity and specificity, 
patients with ASR were detected with a high sensitivity of 0.91 
(95% CI, 0.81-1.00) and a specificity of 0.67 (95% CI, 0.53-0.80) 
(Table S5). This yielded a positive predictive value of 0.64 (95% CI, 
0.50-0.78). Importantly, most of the patients predicted to have a 
CSR also showed a CSR (i.e., the score had a negative predictive 
value for ASR of 0.91; 95% CI, 0.82-1.00). Discrimination at other 
score thresholds is shown in Table  S6. Taken together, from the 
variables available shortly after the diagnosis, we identified a bio-
logical and immune profile that can discriminate patients with CSR 
and ASR in this cohort.

F I G U R E  2  Prognosis after IVIg-treatment is predicted by the biological risk score. (A) Using cross-validation, the number of variables 
and corresponding elastic net mixture (alpha) values were optimized (out-of-sample). The alpha parameter controls the mixture of lasso and 
ridge penalties in the elastic net. Two parameter combinations yielded optimal discrimination (arrows). The detailed procedure is outlined in 
the Supplementary Methods. (B) The biological risk score predictions (score on log odds scale) displayed discrimination of IVIg responders 
(CSR; N = 48) and nonresponders (ASR; N = 32). (C) A Kaplan-Meier plot of a complete response according to the biological risk score. The 
score was split at 0, yielding posterior probabilities for ASR (P[ASR]) of ≤0.5 and >0.5, respectively. Statistics are provided in the main text. 
(D) Individual patient platelet count trajectories (gray lines) and medians (black line) show an enrichment of the long-term thrombocytopenic 
trajectories in patients who had P(ASR) >0.5 (N = 29) vs ≤0.5 (N = 51). Patients with a score above this cutoff showed a reduced response 
rate to IVIg. Moreover, a slower recovery rate was observed during the 1-year follow-up, and an enrichment of patients who develop 
chronic ITP. ASR, absence of a sustained response; CSR, complete sustained responder; ITP, immune thrombocytopenia; IVIg, intravenous 
immunoglobulin
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3.3  |  Biological predictors and treatment responses 
to IVIg

We next investigated the distribution of the identified variables be-
tween patients with CSR and ASR. Aggregated individual patient 
data are presented in Figure  3A (additional predictors of eight-
parameter model in Figure  S3). Patients with ASR showed lower 
hemoglobin levels and a lower platelet count at the time of diagno-
sis (Figure 3B). Moreover, the patients with ASR displayed a lower 
frequency of circulating IgG antiplatelet glycoprotein antibodies 
and the immune-stimulatory open reading frame variant of FCGR2C. 
When a preceding vaccination was present within 28  days of the 
diagnosis, none of the patients showed CSR (N = 3; Figure 3B). When 
the variables were analyzed together, a dimensional reduction with a 
principal component analysis (Figure S4) displayed a good agreement 
between the observed IVIg responses and the predicted response.

3.4  |  Predictors of the IVIg treatment responses 
were associated with spontaneous ITP recovery

Next, we evaluated whether the biological risk score was also asso-
ciated with the disease course for the patients who were allocated 
to the observation group. Because of the randomization, this tested 
the model's relationship with disease courses independent of IVIg in 

TA B L E  2  The biological risk score for prediction of the IVIg 
treatment response

Biological Risk 
Score

Odds ratio (95% CI*)

Hemoglobin, mmol/L 0.54 (0.41-0.70)

Platelet count, ×109/L 0.70 (0.59-0.82)

FCGR2C-ORF present 0.44 (0.32-0.59)

MAIPA IgG positive 0.47 (0.30-0.74)

Preceding vaccination 3.11 (1.87-5.15)

ROC AUC (95% CI) 0.84 (0.75-0.93)

Nagelkerke R2 0.428

Brier Score 0.163

Note: Odds ratios (OR) are provided for the absence of sustained 
response (ASR; logistic regression with outcome ASR vs. complete 
sustained response). OR for continuous predictors are standardized 
coefficients (i.e., the OR for the effect of a change in one standard 
deviation on the scale of the predictor). All continuous variables were 
adjusted for age as outlined in the Supplementary Methods. The 
calculation of an individual's score is shown in the Supplementary 
Methods. *The 95% confidence intervals (CI) for the coefficients are 
reported to illustrate the model variability using bootstrapping, but 
they are biased because of the use of penalized regression.
AUC, area under the curve; IgG, immunoglobulin G; IVIg, intravenous 
immunoglobulin; MAIPA, monoclonal antibody immobilization 
of platelet antigens; ORF, open reading frame; ROC, receiver-operating 
characteristic

F I G U R E  3  Variables associated with the IVIg response as identified by regularized regression. (A) An overview of the predictors is 
provided as a heatmap for each subject with complete sustained response (CSR; N = 48) and absence of a sustained response (ASR; N = 32). 
Age-corrected values were used as the input and scaled per row (see legend). (B) Regularized regression identified variables associated with 
a lack of response to IVIg (ASR), including lower hemoglobin levels (Welch t test; p = 0.008) and higher platelet counts (Wilcoxon rank-sum 
test; p = 0.051). Statistical testing was performed for the variable residual on age (see Supplementary Methods). Furthermore, patients with 
ASR displayed an absence of anti-platelet glycoprotein antibodies (IgG MAIPA; Fisher's exact test, p = 0.022), the presence of a preceding 
vaccination (p = 0.060), and presence of an open reading frame variant in FCGR2C (p = 0.060). ASR, absence of a sustained response; 
ITP, immune thrombocytopenia; IgG, immunoglobulin G; IVIg, intravenous immunoglobulin; MAIPA, monoclonal antibody immobilization 
of platelet antigens
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patients similar to the ones allocated to IVIg treatment. The score 
discriminated favorable disease courses (Figure 4A; Table 3), and a 
higher score was associated with reduced complete recovery rates 
with an HR of 0.69 (95% CI, 0.52-0.91). In the 37 patients who were 
predicted to have CSR, approximately 95% recovered by the 12-
month follow-up (n/N; 35/37), compared with the 9% overall chronic 
disease rate (6/67). Moreover, the patients predicted to have CSR dis-
played an enrichment of a faster recovery of platelet counts over time 
(Figure 4B). For both the observation cohort and the IVIg-treated co-
hort, the model score differentiated bleeding severity during the full 
1-year follow-up (Table S7). These data indicate that the same biolog-
ical and immune characteristics are associated with the spontaneous 
recovery from ITP and CSR following treatment with IVIg.

3.5  |  Addition of the biological score to clinical 
data improved the prediction of ITP disease courses

Because the biological risk score identified favorable ITP disease 
courses, we were next interested in comparing the biological score 
to a previously proposed clinical score by Edslev et al.38 In short, 
this score uses the six clinical characteristics of age, sex, bleeding 
symptoms, preceding infection, platelet count, and symptom dura-
tion to categorize patients into low, intermediate, and high risk of 
spontaneous recovery groups 3 months after the diagnosis of ITP. 

We assessed this effect in the observation cohort of the TIKI study 
because these data were not included during the derivation of the 
biological risk score. We observed that the biological risk score im-
proved the discrimination of disease courses, as a multivariate Cox 
proportional hazard model for complete recovery from ITP showed 
that both the Edslev score and the biological risk score were inde-
pendently associated with recovery, with an HR of 1.25 (95% CI, 
1.12-1.40) and 0.69 (95% CI, 0.52-0.92), respectively. This is illus-
trated by plotting the predicted ASR and CSR categories of the risk 
groups (Figure  5). We observed a clear discrimination of patients 
with a high chance of spontaneous recovery, particularly in patients 
with intermediate risk by the Edslev score (Figure 5; Table S8). In 
summary, in ITP patients aged younger than 7 years, the use the 
biological risk score in addition to clinical characteristics improved 
the stratification of the disease course and response to IVIg.

4  |  DISCUSSION

4.1  |  Main results

In this study, we show how multimodal clinical, genetic, and im-
mune data can be combined with longitudinal clinical data to 
stratify patients with a complex hematological disease for the 
clinical prediction of disease courses and treatment outcomes. We 

F I G U R E  4  Validation of the biological risk score with disease courses in patients randomized to the observation group. (A) Kaplan-
Meier plot of the recovery stratified by the biological risk score. Similar to the patients treated with IVIg, the score stratified patients with a 
higher rate of complete recovery (CR) and enriched patients with chronic disease with a posterior probability of P(ASR) >0.5. Statistics are 
provided in the main text. (B) This was also observed when the platelet count was assessed over time, as stratified by the predicted response 
P(ASR) >0.5 (N = 30) vs. ≤0.5 (N = 37). The individual patient platelet count trajectories (gray lines) and medians (black line) are shown. IVIg, 
intravenous immunoglobulin

IVIg Observation

Pretest
P(ASR) 
≤0.5

P(ASR) 
>0.5 Pretest

P(ASR) 
≤0.5

P(ASR) 
>0.5

Month 3 0.86 (69/80) 0.94 0.71 0.68 (45/67) 0.81 0.53

Month 6 0.88 (70/80) 0.92 0.79 0.82 (55/67) 0.89 0.73

Month 12 0.92 (74/80) 0.98 0.82 0.91 (61/67) 0.95 0.87

Note: Data are the proportion (n/N) of patients exhibiting a complete recovery at the indicated 
timepoint. P(ASR) given by the biological risk score.

TA B L E  3  Proportion of patients 
exhibiting complete recovery during 1-
year follow-up, stratified by the biological 
risk score
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profiled ITP patients at the time of diagnosis on both immunologi-
cal and genetic parameters. Various datasets were integrated to 
identify the variables that predict the ITP disease course. This ap-
proach relates to systems medicine, and recent studies in the field 
of systems immunology39 have illustrated the strength of such 
combined laboratory and computational work for the identifica-
tion of predictors of clinically important outcomes from a multi-
tude of possible variables, for example, in the context of vaccine 
responses40 or leukemia relapse.41 However, this approach has 
never been applied to ITP.

A key finding in this study was that the patients who were pre-
dicted by biological parameters to respond to IVIg (i.e., with an 
increase in platelet counts that lasted for at least 1 month) would 
otherwise show a self-limiting disease course. This finding is in line 
with the fact that IVIg leads to a short-term resolution of throm-
bocytopenia; however, it has no effect on the long-term recovery 
rates.10 A biological risk score of five variables was able to identify 
the disease course in ITP: hemoglobin; platelet count; FCGR2C gen-
otype; the presence of circulating anti-platelet glycoprotein-specific 
IgG antibodies; and a preceding vaccination. These factors may be 
implicated in the pathophysiology of ITP. By testing the association 
of this immune and genetic profile in the observation group of the 
TIKI study, we ascertained that a favorable disease course in ob-
served patients was also associated with this biological profile.

4.2  |  Findings of others

What determines the disease course in ITP? Although a multitude of 
predictors have been proposed by previous studies, they are often not 
tested for the discriminative potential of prospective disease courses, 
nor integrated into a multivariate prediction.42 In a systematic review, 
the factors of male gender, age ≤11 years, platelet count ≤20 × 109/L, 
abrupt disease onset, mucosal bleeding, the absence of antinuclear 
antibodies, a preceding infection, and leukocytosis at diagnosis have 
all been described as potential predictors of an early resolution of 
thrombocytopenia.43 With the exception of the platelet count, none 
of these predictors were selected by our regression procedure. There 
could be several reasons for this effect: (1) they could correlate with 
predictors that were identified; (2) they have insufficient discrimina-
tory capacity between disease courses; (3) they correlate with age 
(effects of which were removed in our study); or (4) they are relevant 
for a subgroup of patients older than 7 years of age. Importantly, our 
study did not test for causal associations, and variables were only 
selected variables for their ability to predict the disease course.

At large, it remains unknown why some children do not re-
spond to IVIg. The major hypotheses for the working mechanisms 
of IVIg are the enhanced catabolism of pathogenic IgG by the sat-
uration of the neonatal Fc Receptor and the blocking of myeloid 
Fc-receptors (FcγR) that clear IgG-sensitized platelets; however, the 
exact mechanism remains unresolved.44-46 On the one hand, ge-
netic diversity might determine the response to IVIg, including the 
FcγRIIB-p.232 T/T genotype, which has been suggested to be asso-
ciated with a failure to respond to IVIg in mouse studies and limited 
human data.10,37 However, these variants are rare and insufficient to 
explain the large proportion of non-responders. Retrospective case 
series have suggested that IVIg-resistant patients have higher rates 
of leukocyte count ≤7 × 109/L,47 age above 2 years, a platelet count 
<9 × 109/L,48 and a higher expression of IFN-γ in peripheral blood 
mononuclear cells.49 Although the absence of leukocytosis could be 
associated with a noninflammatory phenotype, potentially pointing 
to the absence of autoinflammatory or postinfectious reactive au-
toimmunity, this is in contrast with the increased IFN-γ expression. 

F I G U R E  5  Prediction of the disease course using the biological 
risk score provides enhanced prognostic information for a 
prediction score based on the clinical characteristics alone. Patients 
randomized to the observation group were sorted in prognostic 
strata according to the NOPHO score (Edslev et al. 200738). This 
Bayesian score uses six clinical characteristics to indicate a low, 
intermediate, and high risk of spontaneous recovery 3 months after 
the diagnosis. In particular, the score can accurately enrich patients 
with a low risk of spontaneous recovery, whereas intermediate- 
and high-risk groups display little change between the prior and 
posterior probability.38 A key criterion of the score (age less than 
10 years) was fulfilled for all patients. Therefore, the discriminative 
capacity is already reduced in this group of patients younger 
than seven years of age. Only six patients were found to have a 
low risk and were not included here. Differentiation of disease 
courses by the clinical prediction score. Kaplan-Meier plot for the 
complete recovery in patients with an (A) intermediate NOPHO 
score (N = 19) and (B) high NOPHO score (N = 42). (C) Patients in 
the intermediate risk group stratified by the biological risk score 
showed further discrimination into favorable and unfavorable 
disease courses, with an enrichment of prolonged and chronic 
disease. (D) Stratification of a high NOPHO risk by the biological 
risk score, also showed further discriminatio, although less 
pronounced. Statistics are provided in the main text
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Thus, these findings remain difficult to unify in a conceptual model 
that explains the ITP disease course.

The association between an absence of IgG platelet autoantibod-
ies and nonresponsiveness to IVIg therapy is in line with the findings 
of adult ITP treated with rituximab in ITP.50 Circulating IgG autoanti-
bodies in our patient population were rare. Of note, an ideal predic-
tor of disease courses would be present in only a subset of patients 
(i.e., have a low or moderate sensitivity, such as glycoprotein-specific 
autoantibodies51-53). In contrast to other studies, IgG anti-GP Ib/IX 
autoantibodies in our study were not predictive of a lack of response 
to IVIg.21,35,36 Interestingly, some recently discovered pathogenic ef-
fector functions of antiplatelet antibodies may not be influenced by 
IVIg treatment, such as engagement with the myeloid Fc-γ receptor, 
platelet sialic acid cleavage, or complement activation.54,55

4.3  |  Strengths and limitations

A key strength of this study is the testing and thereby validation of 
the model in patients that were randomized to the observation group 
within the same trial. Our statistical analysis has several advantages 
because regularized regression can identify a limited number of pre-
dictors in an unbiased, data-driven manner among a wide range of 
candidate predictors, whereas overfitting is limited. Nonetheless, a 
variable with a low frequency in the overall population, like preced-
ing vaccination, may represent a spurious association; this can only 
be assessed during external validation. The generalizability of our 
study is limited by the employed inclusion criteria (i.e., children with 
platelet count <20 × 109 /L without severe or life-threatening bleed-
ing). In addition, a maximum age criterion of 7 years was used for the 
present study, which represents 75% of the original study popula-
tion and a majority of children that are clinically diagnosed with ITP. 
This restriction on an age younger than 7 years was introduced be-
cause of the known heterogeneity in the clinical course and charac-
teristics among older age groups within childhood ITP 25,42(Schmidt 
et al., manuscript submitted; https://doi.org/10.1101/2020.06.09.2
0125385). If a greater number of patients older than age 7 years had 
been available, it would have been possible to perform an analysis 
stratified by age.

Finally, the predictive ability may increase if we had analyzed 
other genetic variants associated with thrombocytopathies and im-
mune deficiencies, or performed a deeper immune phenotyping and 
cytokine analysis. Unfortunately, these analyses were not available 
and future studies may take this into consideration.

4.4  |  Implications

Given the limited sample size, our data should not be seen as 
evidence-based diagnostic or therapeutic recommendations. When a 
beneficial response was predicted, patients almost exclusively (91%) 
exhibited CSR and a substantially higher spontaneous recovery rate 
in the observation cohort. In such cases, our data suggest that IVIg 

treatment could be omitted. However, these patients would likely 
respond if IVIg was administered in emergency situations. Moreover, 
the patients could be managed with fewer repeated clinical assess-
ments and laboratory investigations, which may be considered to be 
positive for some patients. At the same time, it is valuable to re-
consider the benefit of IVIg in cases in which a full response can be 
expected. Clearly, the time to recovery can be shortened with the 
administration of IVIg and bleeding episodes can be prevented. In 
the TIKI trial,10 patients in the observation cohort were hospitalized 
at approximately the same rate as the patients in the IVIg cohort for 
bleeding events and treatment side effects, respectively. If IVIg can 
be targeted toward the patients who are expected to achieve the 
greatest benefit (i.e., the patients predicted to exhibit a response 
to treatment), the benefit-to-side effect ratio may shift to become 
more favorable.

Some clinicians regard a failure to respond to IVIg as a reason 
to reconsider the diagnosis of ITP.56 Patients who are predicted to 
display ASR could be targeted for additional diagnostic testing or the 
early screening of both autoimmune diseases and immune deficien-
cies. Overall, the aim of reducing ITP-specific treatments in patients 
with alternative causes of thrombocytopenia is critical to reduce un-
necessary side effects.

5  |  CONCLUSIONS

We were able to show that the ITP patients who were predicted to 
respond to IVIg by biological parameters would show self-limiting 
disease courses without treatment. The biological risk score thus 
allowed for the accurate prediction of transient disease courses, 
which may be of assistance for treatment decisions and aid in 
counselling of patients and their parents. Future studies should 
validate our findings in an unrelated cohort, investigate additional 
immune parameters, the optimal timepoints for additional diag-
nostic testing, and potentially investigate alternative management 
strategies for patients predicted to show unfavorable disease 
courses.
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Supplementary Methods 

 

Samples 

At diagnosis and each follow-up visit, the patient blood samples were transferred to a central 

laboratory facility (Laboratory for Platelet and Leukocyte Serology; Sanquin Diagnostics, 

Amsterdam, The Netherlands). The serum and plasma samples were stored at -20°C. DNA was 

isolated from the whole blood or buffy coat (QIAamp DNA blood mini kit, Qiagen Benelux, 

Venlo, The Netherlands). Heparin-anticoagulated blood was immediately processed for 

immune phenotyping. 

 

Genotyping of IgG Fc-receptors 

Genotyping of the myeloid Fc-g receptor locus was performed by multiplex ligation 

dependent probe amplification (MLPA), as previously described 1,2.  

 

Circulating platelet autoantibodies 

Platelet autoantibody testing was performed in our national reference laboratory (Laboratory 

for Platelet and Leukocyte Serology; Sanquin Diagnostics) by evaluation of reactivity of 

patient sera with preserved healthy donor platelets. Circulating platelet autoantibodies were 

detected by platelet immunofluorescence (PIFT) 3. Glycoprotein-specific autoantibodies to 

platelet GP IIb/IIIa, GP Ib/IX and GP V were detected by monoclonal antibody immobilization 

of platelet antigen technique (MAIPA) 4,5. Low- and high titer controls were used as internal 

controls. Of note, the sensitivity of MAIPA for circulating glycoprotein-specific antibodies in 

childhood ITP is low-to-moderate 5,6.  

 

Plasma Thrombopoietin levels 

A solid-phase sandwich ELISA for measurement of plasma TPO concentrations (AU/ml) was 

performed as previously described 7. One AU equals 9 pg of recombinant Tpo (Research 

Diagnostics, Flanders, NJ, USA). 

 

Peripheral blood immune phenotyping and analysis of flow cytometry data 

Heparin-anticoagulated tubes were transported on the day of venipuncture to our central 

testing laboratory and immune phenotyping was performed (Sanquin Immunodiagnostics). 
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Absolute and relative cell counts for total T, CD4, CD8, B and NK cells stained by CD3 FITC, 

CD16 PE, CD56 PE, CD45 PerCP-Cy5.5, CD4 PE-Cy7, CD19 APC and CD8 APC-Cy7 (BD 

Biosciences; Vianen, The Netherlands; #644611) were performed in TruCount tubes (BD 

Biosciences #340334) using 25µL heparin-anticoagulated whole blood. Regulatory T cell 

staining was performed using CD4 FITC, CD25 PE-Cy7, CD127-Alexa Fluor 647 (BD 560249) 

and CD3 PerCP (BD Biosciences #345766). T-cell subsets were stained by CD3 PerCP (BD 

Biosciences #345766), CD4 APC (BD Biosciences #345771), CD45RO PE (BD Biosciences 

#347967) and CD27 FITC (Sanquin Reagents; Amsterdam, The Netherlands; M1764). T cell 

subsets were defined as previously described8,9: CD4 Treg, CD4+ CD25+ CD127lo cells; naive 

CD4 T, CD4+ CD45RO- CD27+; CD4 central memory T, CD4+ CD45RO+ CD27+; CD4 effector 

memory T, CD4+ CD45RO+ CD27- (Supplementary Figure 5). For evaluation of cell numbers 

and frequencies, FCS files were imported in flowJo or BD FACSDiva and analyzed with a 

standardized workflow. Each sample was separately visualized and inspected.   

 

Statistical analysis 

Statistical analyses were performed in R version 3.5.1 (http://www.r-project.org). Samples 

were included by availability from the clinical trial; no formal sample size calculation was 

performed. Continuous variables were tested with a Welch’s t-test or a Mann-Whitney U test. 

Frequencies were compared with a Fisher’s exact test in case of cells with <5 observations, or 

a Chi-square test. A heatmap was built using age-corrected residuals that were scaled 

separately for each continuous variable. Kaplan-Meier curves were constructed using the 

package survival and hazard ratios of the score calculated by a Cox-proportional hazard 

model, given for a one-unit increase of the score. A two-tailed p-value <0.05 was considered 

as statistically significant. 

 

Molecular risk score to predict the treatment response to IVIg 

The statistical procedure to build the prediction model is summarized in Supplementary 

Figure 6. Missing variables (Supplementary Table 2) were imputed by multiple imputation 

using chained equations 10 for a total number of 100 imputed datasets. In the IVIg group, the 

endpoint was imputed for one patient who exhibited a missing datapoint at one week due to 

a clotted EDTA tube. The age-associated changes in immune variables were first removed 

from the data by constructing a linear model for each numerical variable and using the model 
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residuals as features (see Supplementary Table 3). To prevent spurious associations, the 

eosinophil and basophil counts were excluded due to near-zero variance. The categorical 

variables were dummy-coded; continuous variables were centered at the mean and 

standardized during the model procedure. A classifier was built on the patients in the IVIg 

cohort to predict the binary outcome of a complete vs. absent sustained response to IVIg, 

using regularized logistic regression with the elastic net by glmnet. 11 Elastic net is a penalized 

regression technique that favors sparse models and prevents overfitting through the 

shrinkage of regression coefficients. Elastic net also allows for complex predictor associations 

with the outcome, including multicollinearity. Within each imputed dataset 100-fold 

bootstrapping was performed. Shrinkage parameters were selected by ten-fold cross-

validation. Model features were selected by the inclusion frequency of a variable.  

 

Feature selection using elastic net 

The elastic net penalty provides feature selection by controlling the gap of the lasso (a=1.0) 

and ridge penalty (a=0.0). With a > 0, some coefficients are set to zero. We used this feature 

to assign coefficients an importance metric, the inclusion frequency, defined as the number 

of times a coefficient had a nonzero estimate out of all built models. Coefficients were 

subsequently ranked by their inclusion frequency across all built models. By out-of-sample 

cross-validation, we chose optimal number of ranked coefficients to be included for 

discrimination at a corresponding a parameter, as illustrated in Figure 2A in the main text of 

this manuscript. In case that a factor with >2 categories was included amongst the best ranked 

coefficients, the coefficients of all categories of the factor were included for the final model 

(e.g. for a diallelic SNP with alleles a and b, both heterozygous a/b and homozygous b/b factor 

levels, as compared to the reference a/a).  
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Determination of model coefficients, standard error and 95% confidence intervals 

After feature selection, Rubin’s rules were applied to derive coefficients from the B 

bootstrapped models built in K imputed datasets. The procedure is detailed in chapter 2 of 

Multiple Imputation and its Application; First Edition, James R. Carpenter and Michael G. 

Kenward; 2013 John Wiley & Sons. Under the assumption of missing at random, the multiple 

imputation estimator of each coefficient from K imputed datasets is 𝛽"!" =
#
$
∑ 𝛽"%$
%&#  where 

each imputed dataset has the point estimate 𝛽"% and variance 𝜎&%'. The variance estimator of 

𝛽"!" is given by  

𝑉(!" = 𝑊* + ,1 +
1
𝐾/𝐵

(  

with the within- and between-imputation variance  

𝑊* =
1
𝐾1𝜎&%'

$

%&#

 

and  

𝐵( =
1

𝐾 = 112𝛽"% −	𝛽"!"5
'

$

%&#

 

The standard error of the multiple imputation estimator 𝛽"!" was obtained by 6𝑉(!" and this 

was used to obtain 95% confidence intervals of 𝛽"!". Given that K was large, the variance 

reduces to 𝑉(!" = 𝑊* + 𝐵(  and the Bayesian posterior of 𝛽"!"can be interpreted with 

𝛽"!" 	~	𝑁2𝛽,𝑊* + 𝐵(5. Subsequently a 100(1-a)% confidence interval is given by 

:𝛽"!" − 𝑧#()'
<𝑉(!" 		, 𝛽"!" − 𝑧)

'
<𝑉(!" 		= 

Coefficients that were not included in one of the B x K models due to the feature selection 

properties of the Elastic Net were treated as zero, i.e. 𝛽"% = 0.  

After determining the coefficients, the linear predictor 𝛽𝑋 was calculated, and the model 

intercept was determined by a generalized linear model for response ~ 𝛽𝑋 (in R notation).  
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Calculation of model scores `by hand`  

For all continuous predictors the age-corrected values x’ should be obtained first by 

calculating the residual on the expectation value of x at a certain age, given by the linear 

predictor: 𝑥* = 𝑥 − (𝛽+ +	𝛽,-. ∗ 𝑎𝑔𝑒), where age is given in years. A full list of age 

coefficients for all continuous predictors is given in Supplementary Table 3. 

 

Variable Intercept (𝛽+) Age coefficient (𝛽,-.) 
Platelet count, x10^9/L 7.141 -0.080 
Hemoglobin, mmol/L 7.141 0.100 
Neutrophils, x10^9/L 4.539 -0.194 

TPO, U/L 62.323 -1.972 
 

Non-standardized coefficients 

In the main text of the manuscript standardized coefficients are provided to allow 

comparison, i.e. the odds ratio for a change in one standard deviation of the predictor. For 

calculation of scores directly from the age-corrected predictors, the coefficients below should 

be used that are directly obtained from the elastic net models and pooled by Rubin’s Rules.  

   
 Coefficient  

Molecular risk score  
 Coefficient  

Model #2 
Intercept  𝛽+ 0.590  𝛽+ 0.877 
Hemoglobin, mmol/L  𝛽# -1.180  𝛽# -1.031 
Platelet count, x10^9/L  𝛽' -0.071  𝛽' -0.069 
FCGR2C ORF absent   Ref   Ref 
FCGR2C ORF present  𝛽/ -0.832  𝛽/ -0.677 
MAIPA IgG positive  𝛽0 -0.757  𝛽0 -0.606 
Preceding vaccination  𝛽1 1.133  𝛽1 1.385 
TPO, U/L     𝛽2 0.008 
Neutrophils, x10^9/L     𝛽3 -0.111 
FCGR2B p.232 I/I      Ref 
FCGR2B p.232 I/T     𝛽4 0.048 
FCGR2B p.232 T/T     𝛽5 1.265 

 

The calculation of the score (linear predictor) is performed to obtain the probability of 

absence of a sustained response (ASR). For this, considering all i variables x, the estimated 

coefficients 𝛽#, … , 𝛽6  are multiplied with the respective (age-corrected) value of 	

𝑥6  and summed up with the model intercept 𝛽+: 

𝑠𝑐𝑜𝑟𝑒 = 𝛽+ + 𝛽#𝑥# + 𝛽'𝑥' +⋯+ 𝛽6𝑥6 	 
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The score finally gives the probability for ASR: 

𝑝(𝐴𝑆𝑅) =
1

1 + 𝑒(789:.  

 

Note that 1 - p(ASR) is the corresponding probability for CSR.  
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Supplementary Figures  
 
 
Supplementary Figure 1. Response to IVIg among childhood ITP patients. (A) The response 
to IVIg correlated with platelet counts during three months follow-up. Based on the platelet 
counts, we categorized patients as either IVIg responders and non-responders (Rodeghiero 
et al. Blood 2009; 113(11)). The complete sustained responders (CSR) showed a platelet count 
> 100 x 109 L-1 one week after treatment and the response was sustained one month later. If 
an initial complete response was not maintained at the one-month follow-up, patients were 
classified as having a transient response. Partial responders (PR) showed an increase to >30 
x109 L-1 with a two-fold increase of baseline platelet count one week after IVIg. Non-
responders (NR) showed neither a complete nor a partial response. PR, NR, and transient 
responders were grouped together as absence of a sustained response (ASR). (B) The 
response to IVIg is correlated with bleeding symptoms during the follow-up as expected. 
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Supplementary Figure 2. The molecular risk score provided similar predictions across all 
non-response subgroups and discriminated complete sustained responders from non-
responders by enrichment around the score extremes. (A) Patients with a complete 
sustained response (CR) were discriminated from partial responders (PR), patients with a 
transient response to IVIg (relapse) and non-responders (NR). There were no significant 
differences in the scores between non-responders. (B) A 5-parameter model (Model #1) with 
an alpha of 1.0 (elastic-net penalty of lasso) showed similar discrimination by the area under 
the curve of the receiver operating characteristic as an 8-parameter model (Model #2) with 
an alpha of 0.2 (elastic-net penalty close to ridge). Derivation of these parameters is given in 
the main manuscript, Figure 2A. (C) When the score was split in four quantiles from low to 
high (Q1-Q4), the ratio of complete sustained responders to non-responders decreased from 
Q1 to Q4. Patients with chronic and prolonged ITP were enriched in Q3 and Q4. Line graphs 
indicate individual patient’s platelet trajectories; black line indicates median platelet counts. 
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Supplementary Figure 3. Prognosis after IVIg-treatment as predicted by the alternative 
model (Model #2; a=0.2). (A) Elastic net model (score on log odds scale) displayed 
discrimination of IVIg responders (CSR; N = 48) and non-responders (ASR; N = 32). The 8 
included parameters of the model included all 5 parameters of Model #1 (a=1.0). (B) Variables 
additionally included in Model #2 were TPO (Wilcoxon rank-sum test; P = 0.033) and 
neutrophils (Welch t-test; P = 0.117). Moreover, the FCGR2B-p.232T/T genotype was solely 
present in non-responders (Fisher’s exact test, P = 0.287). Some of these values did not reach 
univariate significance and may not have been selected by traditional modelling strategies. 
(C) Aggregated view on all predictor variables included in the eight-parameter model.  
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Supplementary Figure 4. A principal component analysis (PCA) of the variables that were 
included in the molecular risk score. (A) The first two principal components (PC) are displayed 
along the axes, and the arrows indicate a projection of the loadings. (B) Plotting of the 80 
individuals of the IVIg-treated cohort in the PCA with the observed response to IVIg. (C) Similar 
to B, with the predicted response by the molecular risk score posterior probability of ASR>0.5 
(N = 29) vs. £ 0.5 (N = 51). While some patients were misclassified (switch of the color labels 
between B and C), the overall classification was favorable.  
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Supplementary Figure 5. Determination of T cell subsets frequencies by flow cytometry on 
fresh whole blood. Separate tubes were stained for surface markers of regulatory T cell (A) 
and naive, central memory and effector T cells (B). A preselection was made on CD3+ CD4+ 
cells and lymphocytes in FSC/SSC. Gates were set manually and inspected visually for each 
sample.  
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Supplementary Figure 6. Modeling strategy for determination of the molecular risk score. 
(A) Multiple imputation was performed for missing data using mice. Aging effects present in 
the data were removed by constructing a linear model for each continuous variable and using 
the residuals for further modeling. (B) The 80 IVIg-treated patients in the dataset were 
distributed among 4 folds for external 4-fold cross-validation, using stratified sampling from 
response subgroups (CR/NR/PR/relapse). At each candidate elastic net alpha value, a model 
was built in three folds (training data) and evaluated in the remaining fold (test data). This 
was repeated until all folds were tested once. For building the model in three folds, (1) within 
each imputed dataset K, B bootstrap samples were taken from the training data and glmnet 
was run in each, with the predictor coefficients saved. (2) Coefficients were pooled across the 
imputed datasets using Rubin’s Rules. (3) Using the model’s results, the predictors were 
ranked according to their inclusion frequency and the top s {1, … , 20} predictors were chosen 
to predict the response in the test data. The whole procedure was repeated until all folds 
were predicted exactly once at each alpha. (B) Predictions for a number of s parameters at 
each alpha were compared to select the best performing parameters during cross-validation. 
The discriminative performance (predictive accuracy on cross-validated predictions) was 
evaluated. (C) A final model was built with the determined alpha, and number of s parameters 
by running glmnet in each imputed dataset K for a number of B times with bootstrapping. 
Again, the K x B model results were combined by Rubin’s Rules.  
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Supplementary Tables 

 

Supplementary Table 1. Predictors for molecular risk score. 
 
Variable Type 
gender dichotomous 
precedingInfection dichotomous 
precedingVaccination dichotomous 
CNR2 dichotomous 
F2A_H131R categorical 
F2A_Q27W categorical 
F3B_HNA1c dichotomous 
F2B_I232T categorical 
F2C_nc_ORF dichotomous 
F2B_4 dichotomous 
MAIPA_IgM_GPIIbIIIa_dich dichotomous 
MAIPA_IgM_GPIbIX_dich dichotomous 
MAIPA_IgM_GPV_dich dichotomous 
MAIPA_IgG_GPIb_dich dichotomous 
MAIPA_IgG_GPV_dich dichotomous 
MAIPA_IgG_GPIIbIIIa_dich dichotomous 
MAIPA_IgM_dich dichotomous 
MAIPA_IgG_dich dichotomous 
PIFT_dich dichotomous 
TPObinary dichotomous 
MLPA_ORF dichotomous 
MLPA_CNR1 categorical 
MLPA_HNA1_Nr_a categorical 
MLPA_158_Nr_V categorical 
bleeding_diagnosis dichotomous 
disease_onset dichotomous 
age_years continous 
hb continous 
leukocytes continous 
neutrophils continous 
monocytes continous 
TPO continous 
Total_IgG continous 
IP_lympho_total continous 
CD3_total continous 
CD4_total continous 
CD8_total continous 
CD4CD8ratio_total continous 
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Variable Type 
  
CD19_total continous 
NK_total continous 
CD3_relative continous 
CD4_relative continous 
CD8_relative continous 
CD19_relative continous 
NK_relative continous 
plt continuous 
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Supplementary Table 2. Missing predictor data before multiple imputation 

Variable 
N missing 

(IVIG) 
N missing 

(Observation) 
PIFT 0 7 
precedingInfection 0 2 
precedingVaccination 0 2 
plt 0 1 
BuchananScore 0 1 
leukocytes 0 1 
durationDiagnosis 0 1 
pid 0 0 
gender 0 0 
group 0 0 
age_years 0 0 
plt_month1 1 3 
hb 1 2 
bodyweight 1 2 
plt_week1 1 1 
CNR1 2 16 
CNR2 2 16 
CNR3 2 16 
F2A.H131R 2 16 
F2A.Q27W 2 16 
F3A.V158F 2 16 
F2C.Stop 2 16 
F2C.ORF 2 16 
F3B.HNA1c 2 16 
F2B.I232T 2 16 
F2C.nc.ORF 2 16 
F2B.4 2 16 
F2BC.2B.2 2 16 
lymphocytes 2 3 
MAIPA_IgG_GPIb 3 16 
MAIPA_IgG_GPV 3 16 
MAIPA_IgG_GPIIbIIIa 3 16 
neutrophils 3 5 
monocytes 4 5 
MAIPA_IgM_GPIIbIIIa 6 19 
MAIPA_IgM_GPV 6 19 
MAIPA_IgM_GPIbIX 7 20 
TPO 8 17 
CD4CD8ratio_total 10 22 
CD8_total 11 23 
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Variable 
N missing 

(IVIG) 
N missing 

(Observation) 
   
lympho_total 11 22 
CD3_total 11 22 
CD4_total 11 22 
CD8_relative 11 22 
CD3_relative 11 21 
CD4_relative 11 21 
CD19_relative 11 21 
freqTreg 12 26 
freqTnCD45- 12 25 
freqTcmCD45RO+CD27+ 12 25 
freqTeffCD45RO+CD27- 12 25 
CD19_total 12 22 
NK_total 12 22 
NK_relative 12 22 
Total_IgG 18 33 
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Supplementary Table 3. Coefficients for age correction of numerical variables. A linear 
model was used to correct numerical variables for age (in R notation: variable ~ age) to 
calculate residuals used for downstream modeling. Age was entered in years.  
 
  Intercept Coefficient for age 
hb 7.141 0.100 
leukocytes 11.382 -0.584 
lymphocytes 6.620 -0.565 
neutrophils 4.539 -0.194 
monocytes 0.814 -0.044 
eosinophils 0.280 0.001 
basophils 0.096 -0.013 
mpv 12.728 -0.027 
TPO 62.323 -1.972 
Total_IgG 7.383 0.645 
bodyweight 7.170 2.493 
durationDiagnosis 4.804 0.226 
CRP 1.331 0.196 
IP_lympho_total 6.346 -0.554 
CD3_total 4.214 -0.332 
CD4_total 2.836 -0.294 
CD8_total 1.249 -0.053 
CD4CD8ratio_total 2.596 -0.140 
CD19_total 1.621 -0.196 
NK_total 0.525 -0.038 
CD3_relative 65.605 1.187 
CD4_relative 43.731 -0.673 
CD8_relative 18.746 1.449 
CD19_relative 26.705 -1.644 
NK_relative 7.599 0.367 
plt 7.141 -0.080 
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Supplementary Table 4.  Elastic net-derived model characteristics and coefficients for 

prediction of the IVIg treatment response. 

 

  Model #1 Model #2 

Elastic net alpha 1.0 0.2 

Parameters 5 8 

   

Odds ratio (95% CI*)   

Intercept   

Hemoglobin, mmol/L 0.54 (0.41, 0.70) 0.58 (0.48, 0.70) 

Platelet count, x10^9/L 0.70 (0.59, 0.82) 0.70 (0.62, 0.77) 

FCGR2C ORF present 0.44 (0.32, 0.59) 0.51 (0.43, 0.61) 

MAIPA IgG positive 0.47 (0.30, 0.74) 0.55 (0.42, 0.72) 

Preceding vaccination 3.11 (1.87, 5.15) 4.00 (2.71, 5.88) 

TPO, U/L  1.36 (1.00, 1.36) 

Neutrophils, x10^9/L  0.82 (0.73, 0.91) 

FCGR2B p.232 I/I  Reference 

FCGR2B p.232 I/T  1.05 (0.89, 1.24) 

FCGR2B p.232 T/T  3.54 (2.08, 6.03) 

   

ROC AUC (95% CI) 0.84 (0.75, 0.93) 0.85 (0.76, 0.94) 

Nagelkerke R2 0.428 0.471 

Brier Score 0.163 0.151 

Model #1 and #2 are models with the optimal ROC AUC as determined by cross-validation. Odds ratios (OR) 

are provided for the absence of sustained response (ASR; logistic regression with outcome ASR vs. complete 

sustained response). OR for continuous predictors are standardized coefficients (i.e., the OR for the effect of 

a change in one standard deviation on the scale of the predictor). All continuous variables were adjusted for 

age as outlined in the Supplementary Methods. The calculation of an individual’s score is shown in the 

Supplementary Methods. *The 95% confidence intervals for the coefficients are reported to illustrate the 

model variability using bootstrapping, but they are biased due to the use of penalized regression. 
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Supplementary Table 5.  Contingency table to discriminate patients with different IVIg 

responses. 

  Observed response 

 

 Absent sustained response 

(ASR) 

Complete sustained response 

(CSR) 

Predicted 

response 

ASR 29 16 

CSR 3 32 

Molecular risk score with predicted response dichotomized at the optimal Youden’s J value (cut-off at -0.54).   

Sensitivity: 0.91; Specificity: 0.67; Positive predictive value (predict ASR): 0.64; Negative predictive value 

(predict CSR): 0.91 

 
 
Supplementary Table 6.  Model accuracy at various score cut-offs.  
 

 
Sensitivity maximized Best Youden’s J Specificity maximized 

Model 1    

Threshold  - 1.00 - 0.54 0.76 

Specificity 0.46 0.67 0.98 

Sensitivity 0.97 0.91 0.25 

PPV 0.54 0.64 0.89 

NPV 0.96 0.91 0.66 

    

Model 2    

Threshold  - 1.05 - 0.15 0.56 

Specificity 0.33 0.83 0.98 

Sensitivity 0.97 0.75 0.41 

PPV 0.49 0.75 0.93 

NPV 0.94 0.83 0.71 

Score thresholds as determined by the optimal threshold values using pROC. ROC curves are presented in 

Supplementary Figure 3.  

PPV, positive predictive value; NPV, negative predictive value. 
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Supplementary Table 7. Proportion of patients with bleeding events during one-year follow-

up, stratified by the molecular risk score. 

 IVIg Observation 
 P(ASR) ≤ 0.5 P(ASR) > 0.5 P(ASR) ≤ 0.5 P(ASR) > 0.5 

At least extensive petechiae and/or large bruises (Buchanan Score >1) 
Week 1  0.17 0.25 0.32 0.60 
Month 1 0.12 0.32 0.19 0.27 
Month 3 0.10 0.21 0.03 0.23 
Month 6 0.06 0.18 0.08 0.13 
Month 12 0.04 0.07 0.00 0.07 

  
At least mucosal bleeding (Buchanan Score >2) 
Week 1  0.02 0.11 0.08 0.30 
Month 1 0.04 0.14 0.16 0.13 
Month 3 0.06 0.07 0.03 0.13 
Month 6 0.06 0.11 0.05 0.07 
Month 12 0.02 0.04 0.00 0.03 
Model #1 score. Data are the proportion of patients experiencing the indicated modified Buchanan Score 
(Buchanan J Pediatr 2002; Bennett Blood 2006). 

 

 

Supplementary Table 8. Proportion of patients in observation group exhibiting complete 

recovery during one-year follow-up, stratified by both a clinical prediction score and the and 

molecular risk score. 

 High Probability of Recovery Intermediate Probability Low Probability 
 P(ASR) ≤ 0.5 P(ASR) > 0.5 P(ASR) ≤ 0.5 P(ASR) > 0.5 P(ASR) ≤ 0.5 P(ASR) > 0.5 

Month 3 0.87  
(20/23) 

0.68 
(13/19) 

0.80  
(8/10) 

0.38 
(3/8) 

0/2 0/2 

Month 6 0.96 
(22/23) 

0.84 
(16/19) 

0.91 
(10/11) 

0.62   
(5/8) 

1/2 0/2 

Month 12 1.00 
(23/23) 

0.95 
(18/19) 

1.00 
(11/11) 

0.75 
(6/8) 

2/2 0/2 

Data are the proportion (n/N) of patients exhibiting a complete recovery at the indicated timepoint. Shown is the 
probability of recovery by the clinical prediction score (NOPHO high/intermediate/low) and molecular score (P[ASR]). 
The probability of recovery is indicated by NOPHO groups, high (10-14), intermediate (5-9), low (0-4). For two patients 
the NOPHO score could not be calculated due to missing data. 

 
 




