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ABSTRACT

The main aim of this study was to develop a comprehensive
nutritional planning expert system for inborn errors of amino
acid metabolism (IEAAM). Metabolic Nutri-Expert System,
integrated in the electronic nutritional history record, was
designed to accelerate either dietitian or patient/parent
knowledge acquisition and education about the particular
disease and propose culturally appropriate low protein diet to
improve metabolic control or maintain the present health
status. The Genetic Metabolic Dietitians International
(GMDI) nutritional guideline was used to estimate the
recommended nutritional values in the proposed system. The
recommended daily Intakes (RDIs) for patients ingesting
amino acid mixture, the U.S. Department of agriculture
(UDSA) nutrient list, and both Iranian and modern low
protein recipes were applied to perform diet planning. The
proposed system also allows the user to modify the diet as
he/she likes, and to propose his/her own low protein cookery
recipes as well. This comprehensive computer system,
through the multidisciplinary viewpoint, aimed to at least
partially replace some of the regular traditional metabolic
dietitian visits and optimize the patient's metabolic control and
adherence outcomes.

General Terms
Expert System
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1. INTRODUCTION

Inborn errors of metabolism (IEM) are a large group of rare
genetic disorders which involve a disruption in metabolic
pathways of macronutrients (carbohydrate, fat, and protein).

Among them are inborn errors of amino acid (blocks of
protein) metabolism (IEAAM), which are characterized by
high blood concentration of one or more amino acids, and are
assumed to result from deficient activity of an enzyme
responsible in protein metabolism [1]. IEAAM has been
neglected over the years in Iran, like many other developing
countries, since although collectively common, they are
individually unusual [1, 2]. Due to advances in medical
technology, characterization of human genome, and expanded
newborn screening (NBS) programs using tandem mass
spectrometry (MS/MS), IEAAM are nowadays more often
detected [3-5].

Along with both acute and chronic medical management,
targeted metabolic nutrition therapy remains the cornerstone
of treatment for IEAAM [6]. Provision of adequate energy
and protein, restriction of disorder-specific amino acid(s)
(DSAA), supplementation of either coenzyme or the
conditionally essential amino acid(s) alone or in combination,
and removal of toxic metabolites are the prominent principles
of nutrition management for affected individuals with IEAAM
[7]. Physician, metabolic dietitian and affected patient (or
his/her parent/caregiver) should, therefore, adequately
communicate to maintain adequate metabolic control of the
disease [3, 8].

Although the efficacy of parental involvement in improving
various aspects of chronic disease management was
previously revealed [9, 10], dietary management of IEEMs
was reported as the biggest challenge faced by parents to
overcome [11]. On the other hand, promoting self-
management of such disorders through increasing the
individual's knowledge and self-esteem was revealed to play a
crucial role in obtaining adequate metabolic control [12, 13].

Nowadays, an increasing number of either computer or web-



based software/systems are available in the medical field and
clinical setting. The introduction of artificial intelligence into
clinical nutrition leads to the ease of implementation of
disorder-specific nutritional information in practice. Up to
now, only a few software have been developed with the goal
of enabling both patient (http://www.metabolicdietapp.org)
and metabolic dietician (http://www.metabolicpro.org) to
reach adequate metabolic control and to design an appropriate
disorder-specific low-protein diet in several IEAAM.

On the other hand, the dietary culture of each country is a
collection of traditional dietary- and food consumption
patterns dependent on the natural environment and available
foodstuff [14]. Iranian culinary culture is very different from
those of western countries; the recipes included in the
mentioned software are, therefore, not much acceptable by
Iranian patients. Thus, the inclusion of local dishes may be
helpful to combat the problem.

Metabolic Nutri-Expert System is developed for prescription
of a culturally suitable DSAA-restricted diet component by
component through the predesigned database, creating alert in
case of selection of lower or higher value of intended diet
components, and recording the composition of diet for a
diverse set of IEEM. The application provides disorder-
specific nutrient recommendations based upon anthropometric
and biochemical parameters, food intake analysis, design of
"sick-day”- and "usual’-diet, and proper nutritional
recommendation. In the present paper, Metabolic Nutri-Expert
System is described for phenylketonuria (PKU), as an
example of IEAAM, following the brief explanation of the
expert system.
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2. EXPERT SYSTEM

An expert system is a computer-based problem-solving
system used to simulate solutions of genuine experts when
facing a real challenge. Indeed, medical expert system
empowers the user to make much more informed medical
decision and, thus, improve health care quality. The major
components of an expert system are: 1) the knowledge base,
i.e. domain knowledge comprised of a set of facts and rules
provided by human expert, 2) interference engine as the
processor of the system which uses the knowledge base to
draw a conclusion or (if not available) the facts obtained from
the user to supplement the rules, and 3) user interface as the
component to interact with the final user.

Metabolic Nutri-Expert System is developed by C Language
Integrated Production System (CLIPS) language, a shell
providing a comprehensive structure for a forward chaining
rule-based expert system.

3. METABOLIC NUTRI-EXPERT

SYSTEM

The proposed Metabolic-Nutri Expert System is developed to
help the user improve his/her knowledge and nutritional skill
levels in order to achieve and maintain adequate metabolic
control and optimal intellectual outcome. It also facilitates
dealing with several emergencies (ex: ‘sick day’ management,
and decrease or increase the levels of disorder-specific blood
parameters). The Metabolic-Nutri Expert System can be
applied for dietary management of several IEAAM, the list of
which and their associated amino acids are shown in Table 1.
The system is comprised of numerous subsets (See Figure 1).

Table 1: IEAAM provided in the proposed expert system and their related DSAA

IEAAM Abbreviation DSAA
Phenylketonuria PKU Phenylalanine (PHE)
Tyrosinemia - Tyrosine (TYR)
Leucine (LEU), Isoleucine (ILE), Valine
Maple syrup urine disease MSUD (VAL)
Isoaleric academia IVA Leucine (LEU)

B -methylcrotonyl-CoA carboxylase deficiency

B -hydroxy-B-methylglutaryl-CoA lyase
deficiency

B—methylglutaconyl-CoA hydratase deficiency (B
—Methylglutaconic aciduria (BMGA)-Type I) T

Mitochondrial acetoacetyl-CoA thiolase (B-
ketothiolase deficiency)

a-Methyl-B-hydroxybutyryl-CoA dehydrogenase
deficiency

Propionic academia PPA or PA
Methylmalonic academia MMA
Glutaric academia type-I GA-I

Homaocystinuria -
N-acetyl-glutamate synthetase deficiency
Carbamyl-phosphate synthetase | deficiency

Ornithine transcarbamoylase deficiency

BMCC deficiency

HMG-CoA lyase deficiency

BMGA Type I

BKT deficiency

MHBD deficiency

Leucine (LEU)

Leucine (LEU)

Leucine (LEU)

Isoleucine (ILE)

Isoleucine (ILE)

Isoleucine  (ILE), Valine (VAL),
Methionine (MET), Threonine (THR)

Isoleucine  (ILE), Valine (VAL),
Methionine (MET), Threonine (THR)

Lysine (LYS)

Methionine (MET)

NAGS deficiency -
CPS deficiency -
OTC deficiency -



Argininosuccinate synthetase deficiency
Argininosuccinate lyase deficiency

Avrginase deficiency
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AS deficiency
ASL deficiency

IEAAM, inborn errors of amino acid metabolism; DSAA, disorder-specific amino acid(s).t Very rare [EAAM

L Metabalic Nutri-Expert System

Please Fill The Form
Birth Date

Amino Acid-Modified Medical formula:
[Phenex@-1

Your Daily Requirment
~

pay: [1 [& Month: |1 |2 Year: [2018 [= Your Energy Is: keal  |Phenex®-2 (unfiavoured)
Phenex-2 (flavoured)
= Protein: XPhe Maxamaid
Weight: /oo 2] ke & XPhe Maxamum
= BMI: kg/m2 . PK Aid-4
Height: o 3 Fhemitete: ™ |pKU Anamix Infant
[] Pregnancy e Phenyl-Free® 1
Head Cramference: 0 5] an bkt M3 |PhenyiFree® 2
i Phenyl-Free® 2P AN
: Fluid: « Lophlex ® Powder l?-
Sex: Mal v o | !
ale [ Lactation Lanaflex ® v
Diagnosis: | Phenylketonuria (PKU) v AnthropometricData | | Previous Recommended Intakes
Diet Formula Recipe Diet Low protein Recipe Diet Content
O Breast Mik B.fast : |Rice flour porridge v Lunch: | Carrot and rice so v/ Naine Amount PHE  TYR  Proten Energy
O Infant Formula Snack: | Apple v Dinner: Mashedpotato v ‘Breast milk/Infant Formula(ar) 4 0 0 0 0
Medical formula 0 0 0 0 o
Details Amount  PHE TR Protein  Energy
Medical Formula
9 Scoop Of 5g
e Total: 0 0 0 0 0 Total: 0 0 0 0 o
Frequently Asked Questions
[ phenylketonuria (PKU) | | Phenyketonuria (PKU) is an inherited genetic disorder that affects approximately one in
| What s phenylalanine (Phe)? 10,000-15,000 babies born worldwide. A person with PKU does not produce enough of  iver
What s amino acid? ‘ enzyme phenylalanine hydroxylase (PAH). This enzyme is needed to break down the amino
| What happens to protein when itis eaten? acid, phenylalanine (Phe).
What does the enzyme phenylalanine hydroxylase (PAH) do?
| What happens when a person with PKU consumes high-protein foods? Save
Do different forms of PKU exist?
|How are different forms of PKU determined?
| What happens if PKU remains untreated?
|How PKU s traeted? v Reset

Fig 1. The whole schema of Metabolic Nutri-Expert System

3.1 Anthropometric Assessment and
Determination of Nutritional

Requirements

To get recommended daily intakes (RDIs) of calorie and
nutrients, the user has to import his/her anthropometric
measurements (body weight, height and if indicated, i.e. for
infants and toddlers, head circumference), diagnosis, and
current blood concentration of DSAA. Daily requirements of
energy, protein, DSAA, and fluids, recommended by the
Genetic Metabolic Dietitians International (GMDI) nutrition
guidelines, can be visualized to the user through user
interface. In the case of lower or higher values of blood
DSAA, the system alerts the user, represents the normal
ranges of the parameter and addresses him/her to follow the
preset protocol to overcome the acute phase of the disorder.

3.2 Introduction of amino acid-modified

medical formula

Long-term administration of a low protein diet in nutrition
management of IEAMM necessitates application of DSAA-
free medical foods. Choosing any of the age-specific medical
formula, with either breast milk or the selected infant formula
(for those under 2 years of age), the 2 components of the
proposed expert system (i.e. the knowledge base and
interference engine) work together to recommend the required
amounts of each (See Figure 2 and Figure 3). For 6-12 month
old patients, recommendations for safe preparation of the
formula and introduction of appropriate complementary
nutrition are also given (See Figure 3)

g Metabalic Nutri-Expert System n
Please Fill The Form Your Daily Requirment Amino Acid-Modified Medical formula:
Birth Date [Phenexe-1
Day: [25 [= Month: 5 |5 Year: [2018 [5 Your Energy Is: [420 keal  [PKAd-4
PKU Anamix Infant
= Protein: 10/ |PhenyiFree® 1
weight: EEEmE E 9 |Penflex@infanteky
BMI: kg/m2 . S Early v
e 5 =t o Phenylalanine: [245 mg | | (N
i I
Head Graumference: [0 [2] am gt bl
= Male > Dlitaceancn Fiuid: 630 «
Diagnosis: | Phenylketonuria (PKU) AnthropometricData | | Previous Intakes | h
Diet Formula Recipe Diet Low protein Recipe Diet Content
® Breast Mk it m B.fasts |Rice flour porridge v Lunch:|Carrot and rice so v = Amount PHE _TYR _ Protein Eneray
2 Infant Formula Snack: | Apple v Dinner: |Mashed potato v Breast milk/Infant Formula(ar) [EEE] 245 282 s 373
Medical formula 7 o 533 s 75
Detais Amount PHE R Protein  Energy
Medical Formula
37 7 Scoop OF 50
TR Total: o o o o o Total: 245 815 10 54
Frequently Asked Questions
[What is phenyketonuria (PKU)? ~ | [ PKU s treated with a low protein (ow-Phe) diet that includes medical formula and foods to be
| What is phenylalanine (Phe)? low in Phe and provide essental nutrients needed for growth and development. Some patients
What is amino acid? | | with PKU are treated with a combination of diet and a medication (Kuvan®, sapropterin,
| What happens to protein when it is eaten? Sapropterin dinydrochioride) which lowers the blood Phe level. A small fraction of patients are
What does the enzyme phenylalanine hydroxylase (PAH) do? treated with medication alone.
| What happens when a person with PKL consumes high-protein foods? e
|Do different forms of PKU exist?
|How are different forms of PKU determined?
\ihat happens if PKU remsins untreated?
T —— | feset

Fig 2. An example of diet calculation using Metabolic Nutri-Expert System for a 15 day-old male infant diagnosed with PKU.
He weighs 3.5 kg and is decided to be placed on breast milk and PKU Periflex® Early Years medical formula
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ol Metabiclic Nutri-Expert System n
Please Fill The Form ‘Your Daily Requirment Amino Acid-Modified Medical formula:
Birth Date [Phenex@-1 ‘
Day: 1 & Month: 12 13- Year: (2017 % Your Energy Is: 830 keal PK Aid-4 -
Pmmxmfan |
: Phenyl-Free® 1 -
ELE 8/ | ko frotee el ] o it PR e ikant_2
BMI:[17/95 | kgfm2 . PKU Periflex® Early Years | Pru o
Height: - = an af Phenylalanine: 290/5 | mg Horypi ot 4 Ee
[[] Pregnancy - NutrExpert System
2 ine: 2597/9 S
Head Cramference: |43 3] an Tinvene A [ma @]
: ==
Sex: Female v [] Lactation Fluid: 1245 cc )
Diagnosis: | Phenylketonuria (PKL) v Anthropometric Data Previous Intakes hi nutrici fpku_anamix_infant
Diet Formula Recipe Diet Low protein Recipe Diet Content
O BreastMik B.fast : |Rice flour porridge v Lunch:| Carrot and rice so v Naine Amount PHE  TYR  Proten Energy
(@) Infant Formula | Nan 2 v Snack: |Apple v Dinner: Mashedpotato v Breast mik/Infant Formula(ar) {4 276 285 6 201
= Medical formula u o 1598 |14/5  [517
Detail Amount  PHE TR Protein  E
2 . Lt e Y, Rice flour porridge B1 1558|157 |0/3  |42/3
10 12/7 8 0/2 13/1
Carrot and rice soup 20 172|117 |0/26  |50/8
Carrot 5 2/6 17 |0/04 17
Butter 5 2 2 0/02 36
Medical Formula
111 9 22 Scoop Of 5g
Formula preparation tips >> Total: 20 17/3 17 0/26 50/8 Total: 309/1 1910/4 21/06 8111

Frequently Asked Questions
[What does medical formula do for an individual with PKU?
| What about the PKU diet?

| What are the foods to be avoided in the PKU diet?
|What are the allowable foods in the PKU diet?

|What does it mean to "Count Phefprotein™?

|How to increase the child's dietary compliance?

|How to keep track of dietary Phe?

|Whatis KUVANG™?
| What s KUVANG® trial"?

Weaning will start at 6 month of age. Introduction of protein free food or those with very low
protein content will start gradually (with fruits and vegetables); then, either breast milk or
infant formula will gradually substtute by food containing protein. The first food given to the
baby shouid be the simplest with the least possible allergenicity. For the purpose, rice flour, in
the form of porridge, is used. Complementary food will start with one to two teaspoons of rice
flour porridge on the first day, immediately after miking, and will continue according to the
baby's desire. Increase the number of spoons gradually to reach to 5-10 teaspoon by the end
of the week. No salt or sugar shouid be added to the infant food.

Save

Reset

Fig 3. An example of diet prescription summery using Metabolic Nutri-Expert System for an older female infant (7 months
old) weighing 8.3 kg who was diagnosed with PKU based on elevated blood PHE concentration at early infancy. She is decided
to be placed on Nan-2 formula, PKU Anamix infant medical formula and complementary nutrition

For older patients, the Metabolic Nutri-Expert System
calculates the amounts of dietary protein and DSAA, supplied

Please Fill The Form Your Daily Requirment

by low protein recipes, as well as the recommended amount of

age-specific medical food (See Figure 4).

ert System

Amino Adid-Modified Medical formula:

Birth Date Phenex-2 (favoured) ~]
Day: [7 [ Month: [11 (2]  vear: 2011 /% YourEnergyIs: [1700 | keal  |XPhe Maxamaid |
PK Aid-4
: = Protein: 35 Phenyl-Free® 2 i
Weight: 2300 2] ka bt <l Phenyl-Free® 24P ="
BMIL: |15/45 | kg/m2 . Phlexy-10 ® Drink Mix = 9 taboli
et - ] Q Phenylalanine: 300 mg e e =y \ - c
[] Pregnancy - . 00 PKU express . Nutri-“Expert System
Head Crrcumference: [0 [2] am yrosine: mg kU gel e e
» — PhenylAde ™40 Drink Mix
. Fluid: « PhenylAde™ 60 Drink Mix %- i
Sex: | Mal v | :
= L Lactaton PhenylAde™ Amino Acid Blends ¥ |
Diagnosis: | Phenyketonuria (PKU) v Anthropometric Data | | Previous Intakes | https:/fsh foroduct/311/perifi o
Diet Formula Recipe Diet Low protein Recpe Diet Content
B.fast : Bread, butter and| v Lunch:| Okra stew v Name Amouni PHE TYR  Protein Energy A
Snack: |Onion rings v Dinner: | Carrots, cooked v Medical formula 94 0 2500 |26/3 |362
Bread, butter andhoney |50 |36/3 |2577 |0/71 |3748
il A it PHI TYR Prote
Detaks mount = rotein  Energy Apple, juice 2% |25 |0 025|115
75 6 6 o/t 32
i 2 2 4 v Okra stew 167/5 |15 |110/4 |35 |a28/5
Okra 2 s |5 |ofe 7 .
Jelly o |o o ops  |133
T it te 15 19/5 99 0/6 12/3
Lo b / / |of 2/ Spaghetti noodles 50 |6ys |33/8 |y3 |219/6
Rice, cooked 50 usz |» 2 104
MecicalBoraia it / 2 Carrots, cooked 25 |15 |s;g |o)2  |se
ol of 3 0 0 [ 302
94 g 19 Scoop Of 5g i, olive Onion rings 15 36 21 o8 61/5 v
e Total: 675 156 10/4 35 428/5 Total: 305/6 26997 3314 1700/3

Frequently Asked Questions -
[What are the foods to be avoided in the PKU diet?
| What are the allowable foods in the PKU diet?

| What does it mean to "Count Phe protein?

~

I s dietary
| How to keep track of dietary Phe?

| What about weaning?

| What s XUVAN®™? ‘
| What is "KUVAN® trial™?

| Whatif blood tyrosine fals down?

|How to use L-tyrosine? v ‘

It would be the key point to incorporate the PKU dietinto the family meal by basing the chid's
PKU meal on the vegetables or grains the rest of the family will be eating. For example, if your
family is having pasta with meat sauce for dinner, you can prepare low protein pasta with
tomato sauce for you or your child with PKU.

Save

Reset

Fig 4. A diet calculation example using Metabolic Nutri-Expert System for a school-age child who was diagnosed with PKU. He
weighs 23 kg is decided to be placed on PKU Periflex® Junior Plus PHE-free formula and a low protein (PHE-restricted) diet

3.3 Low Protein Recipes based on Iranian

and Modern Dietary Culture
Since low protein diet reduces the production of toxic
metabolites produced as a result of incomplete metabolism of
amino acids, it is considered as the main component of
IEAAM nutrition treatment [15].

In the next section of our proposed system, the patient can
attain his/her dietary protein- and DSAA-requirements by
various Iranian and modern low-protein recipes of cookery
(breakfast, lunch, dinner, and snacks) offered by the expert
system (Figures 3 and Figure 4). Metabolic Nutri-Expert
System also allows the user to modify the diet as they like or
make their own low protein recipes based upon the
established standards.

Metabolic Nutri-Expert System calculates the protein-,
DSAA-, and energy intakes of each meal and meals eaten
throughout the day; moreover, it alerts when the protein-,
DSAA-, and/or energy-content of the chosen meal is either
lower or higher than the recommended values.

3.4 Disease-related information

The final section of Metabolic Nutri-Expert System is
dedicated to increasing the knowledge and nutritional skills of
the patient or his/her parent/caregiver about the disease and
particular occasions. Instruction on what to do in special

situations  (ex:

sick day management,

acute illness,

conditionally essential amino acid deficiency) can emerge in
the form of dialog box by choosing the relevant question

(Figure 5).



Frequently Asked Questions

What is phenylketonuria (PKL)?
What is phenylalanine (Phe)?
What is amino add?

What happens to protein when itis eaten?
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When protein is consumed, the string is broken up in the stomach into shorter chains of amino
adds and then into individual amino acids in the digestive tract. These individual amino

acids are then absorbed into the bloodstream and processed for building musde, making other
chemicals in the body, or providing energy.

What does the enzyme phenylalanine hydroxylase (PAH) do?

What happens when a person with PKL) consumes high-protein foods?
Do different forms of PKU exist?

How are different forms of PKU determined?

What happens if PKU remains untreated?

How PKU is traeted?

Frequently Asked Questions

What does it mean to "Count Phe fprotein™?

How to increase the child's dietary compliance?

How to keep track of dietary Phe?

What about weaning?

Whatis KUVANE™?

What is KUVAN® trial?

What if blood tyrosine falls down?

How to use supplemental L-tyrosine?

What are the most common neuropsychological deficits in an individual with PKL?
Does PKU limit the ability to participate in exerdse?

Any supplemental L-tyrosine should be either taken as tablets or mixed with foods (induding
fruit purees, mashed potatoes, or soup), mainly due to its low water solubility. In case of
mixing with medical food, it should be shaken often while feeding to maintain L-tyrosine in
suspension.

Figure 5: Disease-related information for increasing the knowledge and nutritional skills of the user a. An example of general
information b. An example of disorder-specific nutritional information

4. CONCLUSION

The present expert system is proposed for either patient
(his/her parent/caregiver) or metabolic dietitian/nutritionist to
increase awareness on these rare disorders and to cope with
the most important challenge of achieving proper metabolic
control (i.e. prescription of a diet for various types of
IEAAM) to lower the risk of acute metabolic decompensation
and sudden death. The type of IEAAM, blood concentration
of DSAA, and anthropometrical values are the inputs of the
system to attain proper dietary recommendation.

The future scope of the idea of this paper is to improve self-
management of different IEAAM and facilitate achieving
adequate metabolic control. Although there was an attempt to
design a user-friendly expert system, limited computer-skill of
the users may confine its use. However, encompassing both
national and modern low protein recipes makes the proposed
system more acceptable.
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