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Introduction

Background This systematic review aims to comprehensively survey digital technologies
used in the prevention, diagnosis, and treatment of hereditary blood coagulation disorders.
Methods The systematic review was performed according to the PRISMA guidelines.
A systematic search was conducted on PubMed on |anuary 29, 2024. Articles were
excluded if they were reviews, meta-analyses, or systematic reviews. Articles were
included if they were published from January 1, 2014, onward, written in English,
described an actual application of digital tools, were in the context of hereditary
coagulation disorders, and involved studies or trials on humans or human data with at
least three subjects.

Results The initial PubMed search on |anuary 29, 2024, identified 2,843 articles, with
672 from January 1, 2014, onward. After screening, 21 articles met the exclusion and
inclusion criteria. Among these, 12 focused on artificial intelligence (Al) technologies
and 9 on digital applications. Al was predominantly used for diagnosis (five studies) and
treatment (four studies), while digital applications were mainly used for treatment
(eight studies). Most studies addressed hemophilia A, with a smaller number including
hemophilia B or von Willebrand disease.

Discussion The findings reveal a lack of intervention studies in the prevention, diagnosis,
and treatment. However, digital tools, including Al and digital applications, are increasingly
used in managing hereditary coagulation disorders. Al enhances diagnostic accuracy and
personalizes treatment, while digital applications improve patient care and engagement.
Despite these advancements, study biases and design limitations indicate the need for
further research to fully harness the potential of these technologies.

B, von Willebrand disease, and other less common genetic

Hereditary coagulation disorders represent a significant
medical challenge due to their complexity and potential
severity.! These disorders, which include hemophilia A and
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conditions, affect the blood’s ability to clot properly, leading
to excessive bleeding, bruising, joint bleeding, and even
death.”* Managing the disease progression, as well as
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preserving the quality of life of patients, requires ongoing
monitoring, frequent medical consultations, and adherence
to treatment regimens, posing a considerable burden on the
patients and the healthcare system alike.'-3

Digital technologies have revolutionized various aspects
of healthcare, offering new tools and methods to enhance
patient care in recent years.S'6 These innovations encompass
various applications, from mobile health apps and telemedi-
cine to artificial intelligence (Al) systems. Some applications
provide patients with accessible platforms for tracking their
symptoms, managing medications, and communicating with
healthcare providers. Others enable remote consultations,
reducing the need for frequent in-person visits and making
healthcare more accessible, particularly for patients in re-
mote or underserved areas. Al technologies, including ma-
chine learning and statistical methods, have the potential to
improve diagnostic accuracy, predict bleeding episodes, and
personalize treatment plans based on individual patient
data.

This systematic review examines how digital technologies
are currently used in preventing, diagnosing, and treating
hereditary coagulation disorders, aiming to identify common
challenges that could be effectively addressed through digital
solutions. To our knowledge, no systematic review has been
published on integrating digital technologies to manage
these disorders. Furthermore, there are no ongoing reviews
registered on PROSPERO that focus on digital technologies in
this area.

Methods

Search Strategy

A systematic review was conducted according to the PRISMA
guidelines.” The search strategy was designed to identify
relevant articles involving digital tools (search terms: mobile
application, artificial intelligence, Al, machine learning,
computational intelligence, computer reasoning, computer
vision systems, knowledge acquisition, knowledge represen-
tation, machine intelligence, transfer learning, telemedicine,
mobile health, tele-care, tele-icu, tele-intensive care, tele-
referral, telecare, telehealth, virtual medicine, eHealth, and
mHealth) in the context of hereditary blood coagulation
disorders (search terms: blood coagulation disorders
[MeSH term], hemostasis disorder, bleeding disorder). Key-
words were expanded based on MeSH synonyms and addi-
tional related keywords that are not yet present in the
current versions of MeSH (e.g., transfer learning). Review
articles or meta-analyses were excluded from the search.

The search term used was:

((Blood Coagulation Disorders [MeSH Terms] or “hemo-
stasis disorder” or “bleeding disorder”) and (“mobile
application” or “artificial intelligence” or telemedicine
or “mobile health” or “tele-care” or “tele-icu” or “tele-
intensive care” or “tele-referral” or telecare or telehealth
or “virtual medicine” or eHealth or mHealth or Al or
“computational intelligence” or “computer reasoning” or
“computer vision systems” or “knowledge acquisition” or
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“knowledge representation” or “machine intelligence” or
“transfer learning” or “machine learning”)) not (meta-
analysis [pt] or review [pt] or “systematic review” [pt]).

The search was conducted in PubMed on January 29, 2024.
We focused on hereditary coagulation disorders, excluding
nonhereditary ones to highlight digital tools designed for
genetic disorders. This approach provides targeted insights
into digital solutions for the lifelong management and treat-
ment of hereditary bleeding disorders. We excluded acquired
coagulation disorders, as these are most common in acute
and clinical care.

Inclusion and Exclusion Criteria

Initially, a Python script automatically checked all articles
(N=2,843). The script included all articles published from
January 1, 2014, onward and excluded all articles tagged in
PubMed with a language other than English. We decided to
focus on studies from the last 10 years to ensure our
systematic review captures the most relevant and up-to-
date studies. This time frame reflects current advancements
while avoiding outdated research, providing a manageable
and relevant synthesis for contemporary practice.

Next, the titles and abstracts of the remaining articles
were manually screened. Articles were excluded if they were
reviews, meta-analyses, or systematic reviews (not tagged in
PubMed). Articles were included if they met the following
criteria: publication year 2014 or newer, written in English,
described an actual application of digital tools (e.g., mobile
applications, Al, and telemedicine), were in the context of
coagulation disorders, used studies or trials on humans or
human data with at least three subjects, and focused on
hereditary disorders.

Article Selection
The articles (N =645) were divided to ensure a random and
balanced assignment, with each article being reviewed by
two of the seven reviewers (FK., M.K,, LN., LB., M.H., LM.R,,
S.M.].). The reviewers independently screened all titles and
abstracts for eligibility based on the inclusion and exclusion
criteria. If there was a disagreement between the two
reviewers, a third reviewer resolved the conflict by review-
ing the title and abstract with the knowledge of the conflict.
Next, full-text articles of potentially eligible studies
(N=50) were retrieved and independently screened by
two reviewers each. The articles were again divided random-
ly to maintain equal and balanced assignments by six
reviewers (M.K.,, LN., L.B.,, M.H.,, LM.R,, S.M.].), with the
remaining reviewer (EK.) screening all the articles. The
same inclusion and exclusion criteria used in the initial
screening were applied again. Any discrepancies between
the two reviewers were discussed and resolved through
reexamination and consensus.

Data Extraction

We predefined the extraction structure and iteratively ex-
panded and adjusted it during the extraction process to
include additional items as needed. For each of the articles
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from the final set of included articles (N=21), the two
reviewers performing the full-text screening independently
extracted data. They extracted information about the study
characteristics, participant characteristics, intervention
characteristics, digital tool characteristics, and outcome.
The extracted information was then compared and discussed
between the two reviewers to ensure consistency and accu-
racy. Any disagreements were resolved through discussion
and consensus.

Data Synthesis

The extracted data were synthesized qualitatively and quan-
titatively, focusing on study characteristics, participant char-
acteristics, kind of intervention, digital tool characteristics,
and the outcomes reported in the context of digital tools in
hereditary blood coagulation disorders. The results are orga-
nized on study focus (prevention/diagnosis/treatment) and
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digital tool (digital application/Al) to provide a comprehen-
sive overview of the current state of digital tools in this field.
In our definition, statistical models such as logistic re-
gression and random forests were categorized as Al because
they are integral components of Al. These models employed
data-driven algorithms to analyze and predict outcomes
based on datasets, thus enabling decision-making and per-
sonalized treatment strategies in medical contexts.

Results

The initial search on PubMed on January 29, 2024, yielded 2,843
articles. Out of them, 645 articles were automatically included
because they were published in English and published from
January 1, 2014, onward. After applying the remaining inclusion
and exclusion criteria by two to three reviewers, 21 articles were
included for the final synthesis (=~ Fig. 1).

Identification of studies via PubMed

Fig. 1 PRISMA flow diagram of article selection.”
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Articles that exclusively used digital technologies for
calculating ratios, such as the study by Evans et al, which
utilized Excel,? are excluded from consideration. Articles like
Méndez Barrera et al, which predict multiple diseases,
including only one coagulation disorder in their 12 investi-
gated disorders,” instead of focusing on inherited coagula-
tion disorders as the primary object of investigation are also
omitted. Additionally, articles such as Valls et al, which do
not center on human data studies or trials but rather on
adverse event reports,'? are excluded.

In terms of the investigated coagulation disorders, 12
studies focus on hemophilia A."1-22 Three studies address
both hemophilia A and B,>>~?> while two studies examine
hemophilia A and B as well as von Willebrand disease.?®-*’
Three studies focus on general hemophilia,?®° and one
study concentrates on hemophilic arthropathy.>’

The frequency of tool usage varied significantly. Among Al
tools, statistical methods were the most commonly
employed, appearing in 8 out of 21 studies. For digital
applications, e-diaries were the most frequent, used in 5
out of 21 studies (see =Fig. 2).

The 21 articles are split into three tables. ~Table 1
includes four studies on prevention, with three focusing on
A" and one on digital applications.3? ~ Table 2 presents
five studies that discuss diagnosis, all of which focus on
AL1214182231 _1aple 3 lists 12 studies discussing treat-
ment, with four focusing on AI'>'9-2" and eight on digital
applications.'-23-29

Prevention

Artificial Intelligence

All three Al studies employed statistical methods. van Velzen
et al used logistic regression to calculate odds ratios to
identify FVIII concentrate association with inhibitor devel-

A )

8
Telehealth

Quality of Life

Statistical
\ Method

\
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opment, using clinical data, demographics, and genetic data
from 298 participants of the INSIGHT study with nonsevere
hemophilia A. They found no increased risk for inhibitor
development with any FVIII concentrate.'” Li et al used
logistic regression and linear regression to explore the
relationship between interval-time and low-dose immune
tolerance induction in 47 severe hemophilia A children,
using self-collected clinical data and demographics. They
used AUC and found that shorter interval time is associated
with a higher success rate.'® Ai et al used the Cox propor-
tional hazards model and the two machine learning meth-
ods, random survival forest and DeepSurv, to predict
bleeding risk in 98 male children with severe or moderate
hemophilia A. They used self-collected clinical data, demo-
graphics, pharmacokinetics/drug efficacy, and physical/func-
tional assessments. Their random survival forest model
performed best based on evaluation with C-index, Brier
score, and Kaplan-Meier curve."

Digital Application

Babington-Ashaye et al investigated the chatbot Saytu
Hemophilie for improving education and self-management
in participants with hemophilia, using psychosocial/quality
of life assessments from 57 diseased participants. The app
received a system usability scale (SUS) score of 81.7 showing
good usability of the system.3°

Diagnosis

Artificial Intelligence

Singh et al introduced a new preprocessing method called
position-specific mutation, comparing it with one-hot
encoding. They used genetic data from 6,286 participants
with hemophilia A from EAHAD and evaluated their method
with accuracy, recall, and precision, finding it delivered

Machine Learning

Pharmacokinetics

Questionnaire

Digital Application

e-Diary

Fig. 2 Kinds of used tools and their frequencies.

Chatbot M

Models

90U3B||23U] [BIDIYIMY

Preprocessing
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comparable results with reduced computational costs.'*
Shepherd et al employed artificial neural networks to per-
sonalize the prediction of inhibitor risk using genetic data
from 1,262 participants, including 98 participants with non-
severe hemophilia A from HADB. Their evaluation methods
remain unknown.'8

Three studies utilized statistical methods. Lyons et al used
administrative data from 400 labeled and 1,852 unlabeled
participants from the U.S. HealthCore Integrated Research
Database to identify individuals with hemophilia A. They
trained a lasso regression model with 20-fold cross-valida-
tion, achieving high precision and recall results.? Cruz-
Montecinos et al used self-collected physical/functional
assessments from 37 male participants, including 22 with
hemophilic arthropathy, to investigate impaired neural con-
trol of gait, pain, and joints in hemophilic arthropathy. They
evaluated their approach with the kappa statistic, finding
that the dynamic motor control index during walking corre-
lates with joint damage and pain.3' Chowdary et al used
logistic regression and random forests to predict annualized
bleeding in 161 to 166 participants with severe hemophilia
A. They used clinical data, demographics, pharmacokine-
tics/drug efficacy, and physical/functional assessments from
the Pathfinder 2 study, employing area under the receiver
operating characteristic curve (AUROC) to identify prophy-
laxis variables as predictors of clinical response. Their best
logistic regression model achieved an AUROC of 0.724, while
their best random forest model reached an AUROC of 0.785.2

Treatment

Artificial Intelligence
Chelle et al used NONMEM for pharmacokinetic modeling of
Fanhdi/Alphanate in 92 participants with hemophilia A. They
trained the model with 10-fold cross-validation on clinical data,
demographics, and pharmacokinetics/drug efficacy from the
WAPPS-Hemo dataset, measuring outcomes with the objective
function value. The two-compartment model worked best."
Janssen et al validated a proposed deep compartment
model on 500 simulated datasets based on clinical data and
pharmacokinetics/drug efficacy of 119 real participants with
hemophilia A from the OPTI-CLOT trial. They found that their
proposed model remained stable based on accuracy.'® In
another study, Janssen et al investigated the explanation of
interindividual variability for pharmacokinetics using clini-
cal data of the 119 participants with hemophilia A. They
trained random forest and XGBoost models with 10-fold
cross-validation, evaluating feature importance, mean abso-
lute SHAP value, mean absolute error (MAE), root mean
squared error (RMSE), and standard deviation (SD), finding
subtle effects from covariate combinations that are difficult
to detect.?® van Velzen et al used logistic regression to
calculate odds ratios assessing the association between
intensive treatment and increased risk of inhibitor develop-
ment, using clinical data, demographics, and genetic data
from 298 participants of the INSIGHT study with nonsevere
hemophilia A. They found that high-dose FVIII treatment and
surgery increase the risk of inhibitor development.?’

Kahl et al.

Digital Application

Two studies investigate telehealth. Jacobson and Hooke used
videoconferencing to support in case of acute bleeding using
clinical data and psychosocial/quality of life assessments
from 12 self-collected male participants with severe hemo-
philia. Three participants ultimately used the tool, and it was
evaluated using a quantitative questionnaire, finding that
videoconferencing is helpful for patients/families and staff
members.?8 Russell et al compared audio- and videoconfer-
encing tools in terms of treatment plan accuracy improve-
ment, employing eHAB and Queensland Health Telehealth
Portal with 27 patients with severe hemophilia A, severe
hemophilia B, or severe von Willebrand disease. They col-
lected demographics and evaluated their methods with
clinician’s confidence and SUS, finding that clinician’s confi-
dence increased from 70.0 to 93.0% from audio- to
videoconferencing.?®

Five studies investigated e-diaries. Hay et al used Haem-
track to document the treatment of 1,192 participants with
hemophilia A, collecting clinical data and comparing it
against 615 participants with hemophilia A who did not
use the digital application. They used median and ratio to
find improvement in treatment compliance and analysis."!
Cuesta-Barriuso et al investigated adherence to prophylactic
treatment of 43 participants with hemophilia A or B with
Medtep Hemophilia. They collected psychosocial/quality-of-
life assessments and evaluated them with mean and SD. They
found an improvement in prophylactic treatment adherence
and quality-of-life/illness perception.?> Mondorf et al inves-
tigated smart medication for patient self-treatment surveil-
lance. They collected clinical data of 246 participants with
hemophilia A or B and found out that the digital application,
on average, ensured better surveillance of home treatment.?”
Banchev et al investigated the adherence to prophylactic
treatment with Haemoassist, and Tiede et al with Haemoas-
sist 2. Both used administrative data and clinical data. Both
used ratio, mean, and SD and found that digital applications
increased treatment adherence.?*?’

Germini et al employed a quality-of-life questionnaire to
longitudinally assess patient burden and outcomes among 17
individuals with hemophilia. They collected psychosocial/
quality of life assessments using the myPROBE app, available
in 81 countries and 34 languages. It received a SUS score of
85.29

Discussion

In this systematic review, we comprehensively investigated
the use of digital tools in the field of hereditary coagulation
diseases. The search identified a total of 21 publications. Of
these, 12 were focused on Al technologies, while the remain-
ing nine explored digital applications. The integration of
digital tools in healthcare for hereditary coagulation disor-
ders represents a significant advancement. Al-driven
approaches have the potential to enhance diagnostic accu-
racy, predict disease progression, and personalize treatment
plans. Despite these advancements, the current literature
reflects early-stage developments in retrospective studies.
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Larger-scale studies, certification as medical devices, and
broader clinical implementation remain necessary steps to
fully harness the potential of these technologies in practice,
aspects which were notably absent in the reviewed articles.
Furthermore, the studies focusing on digital applications
highlighted the development and implementation of software
aimed at improving patient care. These digital applications
included telehealth platforms and (mobile) health apps, all
designed to facilitate better disease management and patient
engagement. Five out of nine studies were prospective.ze'zg‘31
Among these, four studies involved some form of interven-
tion.26'28‘3ojacobson and Hooke employed videoconferencing
to support cases of acute bleeding events.”® Germini et al
utilized a quality-of-life questionnaire to longitudinally assess
patient burden which could influence treatment decisions
through the study.?® Russel et al compared audio- and video-
conferencing tools, evaluating their effectiveness in improving
the accuracy of treatment plans.?® Babington-Ashaye et al
explored the use of a chatbot to enhance education and self-
management among participants.3? While these interventions
were primarily practitioner-driven through digital applica-
tions, direct patient interventions based on digital applications
or Al-generated decisions are notably absent. For instance, Al
could be utilized to detect patterns indicative of potential
disorders within patient data even before a blood sample is
taken, helping to determine who should undergo further
investigation. Another application could be in customizing
treatment recommendations, such as adjusting dosages based
on specific scenarios or general coaching on lifestyle. Similar
applications and tools are available, for example, in cardiolo-
gy,>233 cancer management,** or pain management.>®

In conclusion, while digital innovations show consider-
able promise for managing hereditary coagulation disorders,
further research and development are imperative to bridge
the gap between feasibility studies and widespread clinical
application. This journey entails rigorous validation, regula-
tory certification, and robust clinical trials to substantiate
their effectiveness and ensure their safe integration into
healthcare practice.

The findings of this review underscore the growing
importance of digital innovations in managing hereditary
coagulation disorders. Further research and development in
this area are essential to fully realize these technologies’
potential.

Study Biases
Most studies were conducted in  Western
countries'!-1217:19-21.23-29 1 did not specify their loca-
tion.'31418.22 Only four studies were conducted outside of
Western countries: two in China,'™'® one in Chile,?" and one
in Senegal.°

Gender ratio information was absent in 15
studies,'13:1416-25.27.29 \yhile some were exclusively con-
ducted on male participants.'>?%3! Only three studies included
data from both genders, but male predominated.'>%%-39 partici-
pant ethnicities were generally unclear, with only two studies
specifying that 96% of participants were Caucasians'”*! and one
specifying that the participants were Chinese.!”

Hamostaseologie  Vol. 44 No. 6/2024 © 2024. The Author(s).
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A majority of studies (12) focused exclusively on hemo-
philia A''?2 or general hemophilia.’®—3° Five studies also
included hemophilia B alongside hemophilia A?*?7 and two
studies included von Willebrand disease in addition to
hemophilia A and B.2%%7 Only one study focused on hemo-
philic arthropathy,®' and none focused exclusively on hemo-
philia B or von Willebrand disease.

Of the 12 Al studies, only four included healthy con-
trols."”-18:21:31 Ope study did not specify its control group,'?
and seven studies did not include healthy
controls,13-16:19.20.22

In summary, while the geographical distribution of the
studies shows a heavy bias toward Western countries, it is
important to note that hereditary coagulation disorders
occur globally,36 and therefore this bias may limit the
generalizability of the findings. Research should ideally
reflect this worldwide prevalence to ensure the generaliz-
ability of findings. The gender distribution, predominantly
male, is understandable given that these disorders, particu-
larly hemophilia, predominantly affect males. The focus on
hemophilia A is justified as it is the most common type of
hemophilia; yet, the lack of studies on other hereditary
coagulation disorders, such as von Willebrand disease and
hemophilia B, indicates a gap in the research. The absence of
healthy controls in many studies also highlights a limitation
in study design, potentially affecting the robustness of the
findings.

Several of the included studies were authored by individ-
uals with conflicts of interest (e.g., received funding from
programs associated with pharmacological companies), po-
tentially influencing the impartiality of their reported
results,!1713.17.18.21-25,27.29.30 gy ¢h bjases may compromise
the validity of the findings and should be considered when
interpreting the conclusions.

Limitations

Since the focus was on medical terminology, the search was
limited to PubMed, which may have excluded relevant
studies indexed in other medical and multidisciplinary data-
bases such as Embase, Cochrane Library, and Web of Science.
The authors found this limitation acceptable, as the focus of
the review is the impact of digital tools on the healthcare
system and not specific digital methodology implementa-
tions that are only validated on clinical for convenience
purposes.

Only English-language articles were considered in the
review, which is a limitation as relevant studies published
in another language are not included. This filter criterion may
lead to a language bias and limits the generalizability of the
results.

Conclusion

This systematic review provides a comprehensive overview
of current research on the application of digital technologies
in managing hereditary coagulation disorders. The integra-
tion of Al and digital applications shows promising advance-
ments in the prevention, diagnosis, and treatment of these
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complex conditions. Al technologies, including machine
learning and statistical methods, demonstrate potential for
enhancing diagnostic accuracy, predicting disease progres-
sion, and personalizing treatment plans based on individual
patient data.

Digital applications, such as mobile health apps and
telemedicine platforms, offer innovative solutions to
improve patient care, enhance adherence to treatment regi-
mens, and facilitate remote consultations. These tools are
particularly beneficial for patients in remote or underserved
areas. These tools not only aim to streamline healthcare
delivery but also empower patients by providing them
with tools to manage their conditions more effectively.

Despite these advancements, several challenges and
limitations were identified. The geographical bias toward
Western countries and the predominance of male partic-
ipants in many studies may limit the generalizability of
findings globally. Additionally, the lack of large-scale pro-
spective studies and standardized clinical trials, especially
with digital interventions, hinders the broader implemen-
tation and validation of these digital innovations in clinical
practice.

Further research is crucial to address these gaps and
validate the effectiveness, safety, and scalability of digital
technologies in managing hereditary coagulation disorders.
Future studies should aim to include diverse patient pop-
ulations, conduct prospective trials, and adhere to rigorous
methodological standards to facilitate the integration of
these technologies into routine clinical care. By overcoming
these challenges, digital innovations hold substantial prom-
ise in improving outcomes and quality of life for patients
with hereditary coagulation disorders worldwide.
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