ORIGINAL ARTICLES

YK 616-056.7:576.311.344]-039-079.4:004.8
https://doi.org/10.20538/1682-0363-2022-2-67-73

An artificial intelligence computer system for differential diagnosis
of lysosomal storage diseases

Kobrinskii B.A.", Blagosklonov N.A.", Demikova N.S.*3, Nikolaeva E.A.?,
Kotalevskaya Y.Y.%, Melikyan L.P.3, Zinovieva Y.M.*

'Federal Research Center “Computer Science and Control”, the Russian Academy of Sciences
44, Vavilova Str., Moscow, 119333, Russian Federation

’Russian Medical Academy for Continuing Professional Education
2/1, Barrikadnaya Str., Moscow, 125993, Russian Federation

$Veltishchev Research Clinical Institute for Pediatrics,
Pirogov Russian National Research Medical University
2, Taldomskaya Str., Moscow, 125412, Russian Federation

‘Medical Genetic Center of the Moscow Regional Clinical Research Institute (MONIKI)
61/2, Shchepkina Str., Moscow, 129110, Russian Federation

ABSTRACT

Aim. To improve the efficiency of diagnosis of hereditary lysosomal storage diseases using an intelligent computer-
based decision support system.

Materials and methods. Descriptions of 35 clinical cases from the literature and depersonalized data of
52 patients from electronic health records were used as material for clinical testing of the computer diagnostic
system. Knowledge engineering techniques have been used to extract, structure, and formalize knowledge from
texts and experts. Literary sources included online databases and publications (in Russian and English). On this
basis, for each clinical form of lysosomal diseases, textological cards were created, the information in which was
corrected by experts. Then matrices were formed, including certainty factors (coefficients) for the manifestation,
severity, and relevance of signs for each age group (up to 1 year, from 1 to 3 years inclusive, from 4 to 6 years
inclusive, 7 years and older). The knowledge base of the expert system was implemented on the ontology network
and included a disease model with reference variants of clinical forms. Decision making was carried out using
production rules.

Results. The expert computer system was developed to support clinical decision-making at the pre-laboratory stage
of differential diagnosis of lysosomal storage diseases. The result of its operation was a ranked list of hypotheses,
reflecting the degree of their compliance with reference descriptions of clinical disease forms in the knowledge
base. Clinical testing was carried out on cases from literary sources and patient data from electronic health records.
The criterion for assessing the effectiveness of disease recognition was inclusion of the verified diagnosis in the list
of five hypotheses generated by the system. Based on the testing results, the accuracy was 87.4%.

Conclusion. The expert system for the diagnosis of hereditary diseases has shown fairly high efficiency at the stage
of compiling a differential diagnosis list at the pre-laboratory stage, which allows us to speak about the possibility
of'its use in clinical practice.
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PE3IOME

He.l]l: — IIOBBIIICHUEC S(bd)eKTI/IBHOCTI/I JUAarHOCTUKU HaCJICACTBCHHBIX JIM30COMHBIX 00JsIe3HEN HAKOIICHHS C HC-
II0JIb30OBAHUEM HHTCJ’IJ’IGKTyaﬂLHOﬁ KOMHL}OTepHOﬁ CHUCTEMBI TOAACPIKKU HpI/IHﬂTHﬁ pemeHI/Iﬁ.

Matepuasbl 4 MeTOABI. B kadecTBe MaTepuana sl KIMHAYECKOW arpoOaIiii KOMIbIOTEPHOM THArHOCTHYECKOM
CHUCTEMBI UCIIOJIb30BaHbI OMUCAHUA 35 KIIMHUYECKUX CIy4aeB U3 JIMTEpaTyphl U JaHHbIE 52 MalUeHTOB U3 AJIEK-
TPOHHBIX MEIUIUHCKHUX KapT (B JIeNepCOHU(UIIPOBAHHOM BHIE). METOIbI HHXEHEPUH 3HAHHUN HCITOIh30BAINACH
JUTSE U3BJICYCHUS], CTPYKTYPH3AUU U (POpPMATH3aIliK 3HAHUN U3 TEKCTOB U Y 3KCIIepTOB. JInTepaTypHbIe HCTOYHH-
KH BKJIFOYAJIH OHJIAIH-0a3b1 JaHHBIX U ITyOJIHKAIUH (PYCCKO- U aHTIIOSI3bIYHbIC). Ha 3TOl 0OCHOBE TS KasKA0# KiTH-
HUYECKOU (hOPMBI JIN30COMHBIX 00JIe3HEH ObUTH C(HOPMHUPOBAHBI TEKCTOJIOTUIECKUE KApThl, HHHOPMAIIUSI KOTOPBIX
KOPPEKTHUPOBAJIach dKCIepTaMu. 3aTeM (HOPMHUPOBAIUCH MATPHUIIBI, BKITIOYARONIHE (PakTOPhl yBEPEHHOCTH (K03(-
(buIMeHTHI) U MaHU(ECTAINH, BEIPAKCHHOCTH M PEJICBAHTHOCTH MPH3HAKOB 110 KaXKI0W U3 BO3PACTHBIX TPYIIT
(mo 1 rona, ot 1 roga 10 3 JeT BKIFOYUTEIBHO, OT 4 110 6 JIeT BKIFOYHTENBHO, 7 JIeT U cTapiue). baza 3HaHuMit 9kc-
MEPTHOI CUCTEMBI peaii30BaHa Ha OHTOJOTUYECKOM CETH U BKIIIOYAET MOJICIb 3a00JICBaHUS C 3TAJIOHHBIMHU BapH-
aHTaMU KIMHIYeCKuX (opm. [IpuHSATHE pelIeHui 0CYIECTBISIETCS ¢ HCIOIb30BAHHEM MPOAYKIIHOHHBIX TPABHIL.

PesyabTaThl. PazpaboTana sKCrepTHAst KOMIBIOTEPHAS CHCTEMa TTOCPIKKH IIPUHATUS KIMHUYECKHX PELICHUH Ha
nonabopaTopHoM dTarne auddepeHnnanbHON AMarHOCTHKY JTM30COMHBIX OOJIe3Hel HakoruieHus. PesympraTtom ee
paboTHI ABISETCS PAHXHUPOBAHHBIN NEPEUCHb IUATHOCTHYECKUX IHITOTE3, OTPAYKAIOIINH CTEIIEHbh HX COOTBETCTBUS
9TAJOHHBIM ONMCAHUAM KIMHHYECKUX Gopm Oone3Hell B 6a3e 3HaHMH. [IpoBeeHa anpodarys CHCTEMBI Ha CITydasx
U3 JIUTEPaTYPHBIX MCTOYHMUKOB M HA JAHHBIX MALMEHTOB M3 3JICKTPOHHBIX MEAMIMHCKUX KapT. Kpurepuem s
OIIeHKH 3P PEKTUBHOCTH PACIO3HABAHKS OOJIE3HH OBIIIO BXOXKICHNE BEPUPHUINPOBAHHOTO AUATHO3A B IIEPEUCHD U3
IISITH THTIOTE3, BBIIABa€MbIX CHCTeMOH. 1o nToram npoBeeHHOH arpoOauy TOYHOCTE cocTaBmia 87,4%.

3akioueHue. QKCHepTHaH cHUCTEeMa JUIsl AMarHOCTHKHU HACJICICTBEHHBIX OOJIC3HEH MoKa3ajia J0CTaTOUYHO BBICO-
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Kyto ¢ dexTrBHOCT Ha dTane popMupoBanus (G epeHIIHaTbHO-THarHOCTHIECKOT0 psiia Ha J1071ab0paToOpHOM
JTare, YTo M03BOJISIET TOBOPUTH O BO3MOXKHOCTH €€ UCTIOIb30BAHHS B KIIMHUUYECKOU MPAKTHKE.

KiroueBsble ci10Ba: HacneICTBEHHBIE 3a0051eBaHNMs, OppaHHbIE O0JIE3HH, TH30COMHBIE O0JIC3HU HAKOTUICHHUS, AU (-
(epeHIManbHas AMArHOCTHKA, SKCIIEPTHAS CHCTEMa, TTOAICPKKA IPHHATHS PeLIeHUH, (PaKTOPbl YBEPEHHOCTH

KOHq).]Il/lKT HHTEPECOB U BKJIAJ AaBTOPOB. ABTOpI)I JACKIApUPYIOT OTCYTCTBUC SIBHBIX W IMOTCHIUAJIbHBIX KOH-
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INTRODUCTION

Lysosomal storage diseases (LSDs) [1,2], includ-
ing mucopolysaccharidoses (MPS), mucolipidoses
(ML), gangliosidoses (GS), and other forms, belong
to the class of hereditary diseases and are charac-
terized by accumulation of a specific substrate. The
disease begins at birth and has progressive nature,
which causes an increase in the severity of pheno-
typic characteristics with age [3]. The importance
of the earliest possible diagnosis of these diseases
has especially increased recently due to the advent
of enzyme replacement therapy [4—7]. With pharma-
cological replacement of the deficient enzyme, the
progression of pathological manifestations stops,
however, reduction of the changes that occurred ear-
lier does not occur.

At the same time, the diagnosis of LSDs in chil-
dren in early stages of disease manifestations can be
extremely difficult due to high variability in the clin-
ical presentation. Therefore, conflicting descriptions
are found in various literary sources, and personal
experience of the physician in providing care for
these patients is very limited. However, early suspi-
cion of a rare disease in children requires knowledge
about minor disease manifestations. Nonspecific ini-
tial symptoms lead to long-term failure to diagnose
the disease or to its misdiagnosis [8]. For example, in
the Netherlands, the timing of diagnosis for patients
with MPS did not change between 1988 and 2017,
and there is still a long delay between the first visit to
the physician with complaints about disease symp-

toms and the final diagnosis [9]. However, a great
number of diseases similar to LSDs in phenotypic
manifestations makes it difficult for the physician
to compare patient’s symptoms with descriptions in
clinical guidelines, monographs, articles, and data-
bases.

At the same time, it is possible to identify certain
patterns of signs that create a certain “portrait” of
the disease. To accelerate and improve the accuracy
of the identification of orphan diseases, it is possible
to use artificial intelligence computer-based decision
support systems. Among the effectively used in the
past and currently existing software tools, the Rus-
sian DIAGEN [10], the French GENDIAG [11], the
Australian POSSUM [12], the British Face2Gene
[13], and the German Ada DX [14] are worth noting.
All of them use expert knowledge to some extent,
although the principles of its construction differ.

It was shown that such systems can increase the
likelihood of early recognition of orphan diseases.
At the same time, there are several reasons that se-
riously hinder the use of foreign-produced software
products:

— partial inconsistency with the accepted Russian
terminology,

— features of ethnic diversity, which are superim-
posed on the phenotypic manifestations of diseases,

— requirements to protection of patients’ personal
data, since some of the foreign-made systems are im-
plemented as cloud applications on foreign servers.

In addition, an important aspect is interpretation
of the diagnostic solutions offered by the system.
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The absence or formal explanation does not contrib-
ute to the understanding of the proposed diagnostic
hypotheses. This makes the development of a Rus-
sian-made computer-based system for the diagnosis
of hereditary diseases relevant.

The aim of this study was to improve the efficien-
cy of diagnosis of genetic disorders using an intelli-
gent clinical decision support system that compiles a
limited differential diagnosis list at the pre-laborato-
ry stage of patient examination.

MATERIALS AND METHODS

When elaborating a computer system for the dif-
ferential diagnosis of LSDs, the main task was to
create a knowledge base. To do this, first, an analysis
of literary sources was carried out: monographs and
publications in Russian and English, with a particular
emphasis on descriptions of cases from clinical prac-
tice, Russian clinical guidelines, and online databas-
es on the area of interest. They served as the primary
material for the creation of a knowledge-based sys-
tem. The knowledge obtained from literary sources
was structured using a specially developed form —
a textological card [15], which recorded not only
the fact of symptom detection, but also the period
of its manifestation, its severity, and the frequency
of its occurrence for a particular diagnosis indicat-
ed by the authors. These structured descriptions of
diseases, aggregating knowledge from a variety of
sources, were subsequently used by the experts in
the formation of symptom complexes describing the
differentiated LSDs.

The experts identified relevant phenotypic
signs and indicated certainty factors characteriz-
ing their level of confidence in the manifestation
of symptoms at a certain age. Some manifestations
were represented by more general concepts, such as
cardiopathy, due to the occurrence of various signs
characterizing morphological or functional chang-
es. Four age groups were identified in which man-
ifestation and / or changes in modality (diagnostic
significance or relevance) and severity of signs
in LSDs were noted: the first year of life, from 1
to 3 years inclusive, from 4 to 6 years inclusive,
7 years and older. Each sign was accompanied by
three expert assessments: modality coefficients and
certainty factors for manifestation and degree of ex-
pression.

Thus, knowledge engineering methods were used
to extract, structure, and formalize knowledge, on

the basis of which the knowledge base of the expert
system was created [16].

Descriptions of the clinical presentation of dis-
eases in 87 patients with verified diagnoses were the
material for the clinical testing of the system. The
sample included 35 clinical cases from the literature
(MPS — 27, GS — 5, ML — 3) and depersonalized
formalized data from health records of 52 patients
(MPS — 46, ML — 6) from the Department of Con-
genital and Hereditary Diseases of the Veltishchev
Research Clinical Institute for Pediatrics of the Piro-
gov Russian National Research Medical University
and the Medical Genetic Center of the Moscow Re-
gional Research and Clinical Institute.

RESULTS

An intelligent (expert) GenDiES system was de-
veloped to support clinical decision making at the
pre-laboratory stage of diagnosing hereditary LSDs.
Knowledge base rules are implemented using the on-
tological approach. In a problem solver, production
rules may contain signs that are not classified by ex-
perts as diagnostically significant for the hypothesis
under consideration. The presence of such signs in
the model does not reject the diagnosis but leads to a
decrease in the rank of the hypothesis in the differen-
tial list. An integrated assessment model [17] allows
to take into account expert assessments of modality,
manifestation, and severity of signs and compares
a new object with reference variants of the known
clinical forms. Based on the detected signs, the mod-
el provides calculations to compare new cases of
LSDs with reference descriptions of these diseases.
As aresult, a differential diagnosis list is compiled.

The GenDiIES system problem solver includes
several steps required to generate and validate hy-
potheses. At the first step, selection of diagnoses takes
place which have no “against” signs in the patient’s
description or signs noted by experts as contradict-
ing a group or a subgroup of diseases. An example of
this group of signs is the “cherry-red spot of the mac-
ula”, which immediately allows to exclude the MPS
group. At the second step, the remaining potentially
possible diagnoses for the patient are ordered by the
number of signs “not related” to the hypothesis — in
ascending order — from zero and then with an inter-
val of one. A sign “not related” to the hypothesis is a
sign that is not included in a list of signs for a partic-
ular clinical form as a diagnostically significant one,
but was not listed as an exclusion sign. At the third
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step, a series of integrated assessments for expert
certainty factors for signs in a certain clinical case
is formed according to the proposed diagnostic hy-
potheses. Then, personal integrated assessments are
compared with the reference ones for clinical forms
of LSDs and the percentage of coincidence is calcu-
lated. Hypotheses are ranked by the percentage of
coincidence with the reference descriptions, starting
with the most similar one. This ranked list of the first
five hypotheses is fed to the output of the system.
However, at the request of the physician, this list can
be expanded.

As an explanation for each hypothesis put for-
ward, the physician receives information about the
patient’s signs, grouped into the following catego-
ries, depending on their importance: main, neces-
sary, secondary. Separately, the user is provided
with information about the signs observed in the pa-
tient, but not included by the experts in the symptom
complex of this disease in the GenDiES system. The
physician also receives a list of signs characteristic
of this clinical form, but not detected in the patient.
This allows to direct the attention of the physician
to the search for additional signs in the patient, the
presence of which could increase the level of confi-
dence in this diagnosis.

According to the results of the expert system test-
ing on 87 cases of MPS, ML, and GS, the accuracy
of including diagnoses in a limited differential di-
agnosis list was 87.4%; i.e. in 76 cases, the correct
diagnosis (corresponding to the verified one) was
among the first five hypotheses at the pre-laboratory
stage of diagnosis.

It is equally important to analyze 11 erroneous
diagnostic hypotheses using the GenDiES system,
which were distributed by clinical forms as follows:
MPS III - 3, MPS IV — 5, MPS VI - 1, MPS VII —
I, ML I — 1. Of 9 patients diagnosed with MPS
III (Sanfilippo syndrome), in 3 cases (age: 4 years, 7
years 3 months, 7 years 8 months), this clinical form
was not listed among the first five possible hypoth-
eses due to the absence of signs of scaphocephaly,
pectus carinatum, kyphoscoliosis, and hand joint de-
formities in the reference descriptions. In 5 cases of
MPS IV (Morquio syndrome), the correct diagnostic
hypothesis was not included in the first five due to the
presence of splenomegaly in the clinical presentation
in all patients, which was also absent in the refer-
ence description in the system. Patients diagnosed
with MPS IV were aged 2 years 3 months, 6 years

11 months, 8 years, 8 years 9 months, and 9 years 2
months. A patient with MPS VI at the age of 1 year
1 month was characterized by an early manifestation
of coarse facial features and lumbar hyperlordosis,
as well as by the presence of an uncharacteristic
sign — pectus excavatum. A patient with MPS VII
at the age of 6 months already had signs that usually
appear much later: hypertrichosis, corneal opacity,
hepatomegaly, splenomegaly, and cardiopathy.

The described phenotypic signs according to the
literature, including clinical guidelines, are extreme-
ly rare or absent. In a patient aged 5 years and 8
months diagnosed with ML III, the correct hypothe-
sis was not included in the limited list of diagnoses,
while the first place was taken by the hypothesis that
the patient had phenotypically very similar ML II.

At the same time, it should be noted that in all
11 cases, the diagnoses corresponding to the verified
ones were presented in the list of the ranked hypoth-
eses, but below the fifth place. They were presented
in the differential diagnosis lists containing 10 pos-
sible diagnoses.

DISCUSSION

Hereditary LSDs are characterized by similar
phenotypic manifestations, but differences in the
timing of manifestations, degree of intensity, and di-
agnostic significance of signs can help identify these
diseases at the pre-laboratory stage of diagnosis.
However, the rarity of this pathology in the practice
of a pediatrician does not allow him to remember the
signs and various combinations of manifestations for
individual clinical forms, depending on the age of
the patient [18].

Help in improving the accuracy and timeliness of
diagnosis can be provided by computer-based clini-
cal decision support systems. At the stage of pre-lab-
oratory diagnosis, they make it possible to form a
differential diagnosis list. In different systems, this
field of hypotheses is different. In the previously
used Russian DIAGEN [10] and French GENDIAG
[11] systems, the physician was offered an ordered
limited list of three to five diagnostic hypotheses. In
the new German system Ada DX [14], the correct
diagnosis is found among the five most appropriate
variants of the disease in 53.8% of cases, and as the
most appropriate variant of the disease —in 37.6% of
cases. In contrast, the British system Face2Gen [13]
derives all possible hypotheses, supplementing them
with probabilistic estimates.
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Based on domestic and foreign best practices,
when creating the GenDiES system, it was decid-
ed to form a list of five hypotheses proposed to the
physician with a possibility of expanding it to ten
or more. However, the expansion of the differential
diagnosis list will lead to inclusion of less probable
diagnostic hypotheses in it.

CONCLUSION

The developed expert system GenDiES for sup-
port of clinical decision making at the pre-laboratory
stage of diagnosing LSDs demonstrated efficiency of
87.4% in the formation of a limited differential diag-
nosis list of five hypotheses. The proposed approach
to the extraction of knowledge, accompanied by ex-
pert assessments, and the implemented mathemati-
cal model of the artificial intelligence system have
shown their effectiveness and possibility of applica-
tion in clinical practice. The system is open and al-
lows to expand the knowledge base for the diagnosis
of other hereditary diseases.
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