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ABSTRACT

Introduction: This paper presents mobile application implementing a decision support system for acid-base

disorder diagnosis and treatment recommendation.Material and methods: The application was developed

using the official integrated development environment for the Android platform (to maximize availability

and minimize investments in specialized hardware) called Android Studio. Results: The application iden-

tifies disorder, based on the blood gas analysis, evaluates whether the disorder has been compensated,

and based on additional input related to electrolyte imbalance, provides recommendations for treatment.

Conclusion: The application is a tool in the hands of the user, which provides assistance during acid-base

disorders treatment. The application will assist the physician in clinical practice and is focused on the

treatment in intensive care.

Keywords. clinical decision support systems, acid-base disorder diagnosis, acid-base disorder

treatment.

1. INTRODUCTION

Application for diagnosing acid-base
balance and recommending treatments
falls under the category of decision sup-
port systems.

Decision (DSS)

are systems with primary function to

support systems
gather and interpret information which
can influence and improve the process
of decision making in organizations.
These are interactive, computer based
systems which use models and infor-
mation to aid problem solving and de-
cision making.

Information technologies have found
use in almost all branches of healthcare.
Advances in medicine in recent decades
are in significant correlation with the
advances in the information technology
and modern information technologies
and have enabled faster, more reliable
and comprehensive data collection (1).
Electronic medical records, electronic
prescriptions, diagnostic tools, digital
image processing are just some of the
examples. Additionally, health workers
are increasingly using online reposito-
ries such as PubMed, Google Scholar
and specialized tools like Find Zebra to
aid them in the process of finding an-
swers for complex clinical problems.
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This paper focuses on a subfield of the
DSS, called clinical decision support
systems. The clinical decision sup-
port systems utilize established clinical
knowledge and updated patient infor-
mation with the aim of improving pa-
tient care (2). The focus is to improve
patient-doctor interaction starting with
the initial consultations up to diagnosis
and patient-progress monitoring. Time
constraints imposed on physicians con-
tribute not only to the number of phy-
sician errors but also to postponement
of final diagnosis (3). The consequences
are in damage caused to the patient and
financial costs to the institutions with
average costs for hospital due to mal-
practice lawsuits in the US are 300,000
USD per lawsuit (4). Research con-
ducted in 2009 concludes that 32% of
physician errors were caused by insuf-
ficient amount of time devoted to the
assessment of the patient’s condition (5).

Clinical decision support systems
vary in type and complexity. Systems
can be passive, with user explicitly
creates a request for support, semi-ac-
tive: observation systems which exe-
cute automatically but information is
presented to user only upon request,
and active systems which are auto-
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matically activated, executing and pre-senting information
without waiting for explicit request from the end-user. All of
these systems are implemented to accommodate health care
workers across various specters of expertise and specializa-
tion. As an example, software intended for use in medical stu-
dent population is designed differently than software aimed
at experienced specialists. The basic example of a clinical
decision support system checks the input data entered by a
health worker and checks whether the value is within the ref-
erence range. System of medium complexity includes prog-
nostic calculators and automated guidance in clinical prac-
tice. Prognostic calculators are used for automated diagnosis,
based on clinical scoring systems. An example of the system
is the multiform glioblastom calculator based on scoring
system of the The European Organisation for Research and
Treatment of Cancer (EORTC) (6).

Due to powerful computing resources and widespread use
of smartphones another field is emerging in clinical support
systems in the form of mobile applications. These applica-
tions use the underlying hardware of common smartphones.
Delivery is easy and fast, due to developed infrastructure of
official mobile app stores. It is estimated that the Apple App
Store has over 14 000 applications in the category for medi-
cine (6). The number is somewhat lower for the Google Play
(5000 applications) (6). Most of the applications are distrib-
uted without any charge. Aiming to maximize availability
and minimize investments in specialized hardware this paper
proposes a clinical decision support system for acid-base bal-
ance diagnosis and treatment recommendation implemented
for the smartphones with the Android operating system.

2. ACID-BASE STATUS

The normal variation in acid-base balance implies fluctu-
ation in hydrogen ions in extracellular fluid within narrow
limits from pH 7.36 (44nmol/L) to 7.44 (36nmol/L) (7, 8).
Acid-base status of trans-cellular space is regulated utilizing
active transfer of acids and bases outside of cellular space.
Pathological conditions with an increased concentration of
hydrogen ions are called acidosis. Conversely, states with re-
duced concentrations of hydrogen ions are called alkalosis.
Acidosis and alkalosis are terms associated with systemic dis-
orders in concentration of hydrogen ions. Disturbances in the
concentration of hydrogen ions in blood, are called acidemia
and alkalemia. In order to keep acid-base status within physi-
ological range, organism engages powerful regulatory mech-
anisms: buffer systems, lungs, kidneys and skeletal system.
Buffer systems act immediately, but have relatively small ca-
pacity. Respiratory system is activated after several hours.
Most powerful buffer capacity lies in the kidneys and skeletal
system, but they also require most time to activate. Buffer sys-
tems act within extracellular and intracellular fluid. Most im-
portant extracellular system is the bicarbonate buffer system.
On the other hand, the most important intracellular system
is the protein and phosphate buffer system (8). Considering
their ability to remove carbon dioxide from the organism,
lungs can have a significant impact on acid-base status. If lung
ventilation doubles, pH blood value will increase (alkalosis).
Conversely, the reduction in lung ventilation will decrease
pH value (acidosis). The total buffering power of respiratory
system is almost twice the power of all chemical buffer sys-
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tems combined.

Renal system buffering effect is in conserving filtered bi-
carbonates, regulating titratable acidity and forming ammo-
niac ion. Skeletal system has a role in correcting chronic dis-
orders of acid-base status.

Metabolic acidosis (pH<7.35, reduced level of bicarbonate <
24mmol/L, compensatory hyperventilation- reduced pCO,)
occurs as a result of increase in the amount of hydrogen ions
and due to loss of bicarbonate ions (increased intake of acid,
increased synthesis of volatile acids, the accumulation of
metabolic acids, chronic renal failure, distal renal tubular ac-
idosis, diarrhea, malignant processes, proximal renal tubular
acidosis, Fanconi syndrome, Wilson’s disease) (8). Base deficit
is the basis of metabolic acidosis, and is due to the above
mentioned etiological factors. At the expense of reduction
of plasma bicarbonate concentration (used to buffer the hy-
drogen ions), there is an increase in the concentration of other
anions (in order to achieve and maintain electro neutrality).

The anion may be chloride (Cl) or other anion of a meta-
bolic product acid. Based on this, we distinguish: hyperchlor-
emic metabolic acidosis (kidney disarrangements - interstitial
nephritis with uremia, hydronephrosis, proximal and distal
renal tubular acidosis, gastrointestinal causes - diarrhea, uret-
ero-enterostomy) metabolic acidosis with anion deficit (renal
failure, diabetic ketoacidosis, L-lactacidemia, ingestion of sa-
licylates) and their combination (L-lactacidemia) (9). Anion
gap higher then 15 mmol/L indicates metabolic acidosis, and
greater then 25 mmol/L confirms metabolic acidosis. Fur-
thermore, based on the value of the anion gap it can be de-
termined whether acidosis is with elevated or normal anion
gap (Equation 1).

Equation 1:
Anion gap = [Na+]—[Cl‘]—[HC03'] [mmol/L]

The primary cause of respiratory acidosis pH < 7.35, el-
evated pCO,, compensatory decrease levels of bicarbonate
< 24 mmol/L, is an acute or chronic respiratory system in-
sufﬁciency as: acute airways obstruction, acute restriction
lung disease, acute circulatory insufficiency, depression of
the respiratory center, neurological diseases - poliomyelitis,
polyneuropathy, myasthenia gravis, chronic obstructive pul-
monary disease, chronic inhibition of respiratory center of
the chest wall diseases, diseases of the lung parenchyma.
Metabolic alkalosis pH > 7.45, serum bicarbonate levels >
24mmol/L, compensatory hypoventilation - increased pCO,;
occurs due to loss of acid outside of cellular liquids as due to
loss of HCl by vomiting, hypokalemia, hypercalcemia, use of
diuretics not saving potassium - furosemide, ethacrynic acid;
and because of the influences that increase the concentration
of bicarbonate in the extracellular fluid as milky-alkali syn-
drome, Conn’s disease, Liddle’s syndrome, the therapeutic
use of the mineralocorticoid, the application of organic acids,
post hypercapnic condition (8).

Metabolic alkalosis can be divided into those that are salt
dependent - CI responsible as contraction alkalosis, vom-
iting, use of diuretics, antacids entry; and to those not de-
pendant of salt - CI resistant as when sodium chloride is not
used in treatment and potassium chloride is used, presence of
chloride in the urine (8, 9).
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Respiratory alkalosis pH>7.45, hyperventilation - de-
creased pCO,, compensatory reduction in the level of bicar-
bonate < 24mmol/L is such a disturbance of acid-base balance
in which increased alveolar ventilation causes a decrease in
pCO,, and consequently reduce the level of bicarbonate, and
increasing blood pH values. It is divided into acute as hyper-
ventilation due to anxiety, high temperatures, salicylate poi-
soning, sepsis; and chronic as brain tumors, encephalitis, liver
cirthosis, coma, pregnancy (8). In everyday practice, com-
plex forms of acid-base status disorders, with combintion of
these conditions, are not rare.

Complex forms may be additive, as a combination of resip-
ratory and metabolic acidosis; example in diabetes that lasts
for a long time - a combination of diabetic ketoacidosis and
in uremic acidosis due to diabetic nephropathy - severe aca-
demia (10, 11, 12, 13). Respiratory and metabolic alkaloses
are usually seen in patients on mechanical ventilation and na-
sogastric suction - heavy alkalemia.

3. MOBILE APPLICATION

The application was developed using the official integrated
development environment for the Android platform called
Android Studio, which was at time of writing in version 1.3.

Activites package contains application activities that in-
cludes activity for input of parameters from a blood test, ac-
tivity for displaying diagnosed disorders and entering addi-
tional parameters and an activity for treatment recommen-
dations. In addition, the customized software keyboard was
created as a separate activity. The model package contains a
class that encapsulates blood result data (BloodResult) and
two packages disorders and electrolytes that model disorders
of the acid-base status and electrolyte disturbances.

Disorders package models various types of acid-base status
disorders and their relationships. Bach disorder was inherited
from an abstract class Disorder. This class has only two ab-
stract methods: getTreatment and getName. Input parame-
ters of the method getTreatment are objects of type BloodRe-
sults and body mass, which are relevant for determining the
treatment. Each class that inherits the class Disorder imple-
ments the getTreatment method separetely (which is in accor-
dance with the domain of the problem, since the treatment
varies between disorders).

Not only is the treatment different for each disorder, but
there are variations within individual disorders. Specifically
for treatment of certain disorders, it is necessary to know the
cause that led to the disorder for treatment recommendation
to be correct. For example, in metabolic acidosis, treatment
is different for metabolic acidosis arising from the accumula-
tion of acids in comparison to metabolic acidosis formed due
to the loss of bicarbonate ions. Bearing in mind the above, for
the recommendation of metabolic acidosis treatment, anion
gap should be calculated.

To determine the disorder, the parameters from a blood
test are needed. Within utils package there is Diagnostics
class that contains an algorithm for determining the disorder
Comparison range of key parameters required for diagnosis
(pH, partial pressure of carbon dioxide and the amount of
bicarbonate) is different for venous, arterial and capillary
blood. For this reason the constructor of Diagnostics class re-
ceives these ranges. The class has a method called calculate
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Disorder which takes blood analysis as input (an object of
type BloodResult) and as a result returns the disorder (an ob-
ject of type Disorder).

The algorithm will determine which disorder of the ac-
id-base status it is and whether it is offset by a secondary
disorder. For example, acidosis is often accompanied by hy-
perkalemia and alkalosis is usually accompanied by hypoka-
lemia. Besides potassium, significant values are also values of
sodium, calcium and magnesium.

If the values are outside the normal range, the end user is
promted to enter their respective values. Entered data is then
used to extend treatment recommendations with recommen-
dations for treating electrolyte disorder in addition to ac-
id-base status disorder.

Electrolytes package contains classes that model these elec-
trolytes. In this regard, four classes of Sodium, Calcium,
Magnesium and Potassium have been created, inherited from
an abstract class Electrolyte.

Each child class implements a method that returns the value
of the concentration, a method that returns the name of the
disorder (the method is passed Context of the activity that
calls it since the names of the disorder are within the string
resources of the application), and a method that returns treat-
ment for the disorder.

In clinical practice, besides pH level, for determining ac-
id-base status of the patient the following parameters are
used:

* PaCO, - presents partial pressure of carbon dioxide in
blood and it is the most sensitive indicator of lung function.
This value is indicator of concentration of carbon dioxide in
mixture of alveolar gases and is based on Daltons law which
states that every gas in mixture of gases has partial pressure
which is directly proportional to its concentration. Pressure
is presented in kilo pascal or torr unit. Decrease in PaCO,
is called hypocapnia and points to hyperventilation (forced
and fast breathing), while an increase in PaCO, is called hy-
percapnia and points to hypoventilation (breathing disorder
that is characterized with decreased concentration of air that
comes into the lungs during inspiration). Normal partial
pressure of CO, is within range of 4.7 kPa—5.9 kPa (10).

* PaO, - represents partial pressure of oxygen in the blood
and is an indicator of the adequacy of gas exchange. The ox-
ygen in the arterial blood is transferred in two forms: as dis-
solved and as bound to hemoglobin of the red blood cells.
Decreased PaO, in blood is called hypoxemia. The reference
value of PaO, is within range 9.3-13.3 kPa (10).

* Value of HCO, bicarbonate ions in the blood.

» The base excess - Base excess is a calculated value, which
estimates the level of metabolic disorders regardless of the
value of the partial pressure of CO,. It is defined as the amount
of strong acid (or base), expressed in mmol/ L, which is nec-
essary to bring the pH of 100% oxygenated blood brought by
titration to the value of 7.4 at a temperature of 37°C and CO,
partial pressure of 40 mmHg. The base excess 2 mg/dL indi-
cates a metabolic alkalosis (8, 9).

An additional parameter is the body mass that represents
relevant information in treatment recommendations. The
values of the partial pressure of carbon dioxide and oxygen
can be entered in kilo pascals or in millimeters of mercury
scale. The display for input of parameters is also the applica-
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To eliminate the cause of respiratory
acidosis, the fundamental therapy is
improvement of ventilation (by
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up respiratory center).

Respiratory acidosis with
metabolic
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Are there electrolyte disorders? In case of poisoning with

benzodiazepines Flumazenil is the

O Na* ref 135-145 treatment of choice. _ _
Hypercapnia is best avoided if
oxygen saturation is held around 90%
K+ 3 and Pa02 in the range 60-85 mmHg
Electrolyte disorders
Oca* ref 0.8-2.6 -
Hypokalemia
Compensation of potassium - urgent
O Mg* ref0.7-2.5 conditions - an intravenous infusion of

potassium up to 40mmoll/h,

with strict monitoring of ECG.
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exceed 20mmol/h, especially when
potassium is compensated

through a central venous catheter,

as it may result in transient

hyperkalemia in the

right heart (the possibility of cardioplegia)

RECOMMEND TREATMENT

Figure 1. Disorder diagnosis and treatment recommendation

tions’ home screen and it is shown in Figure 1. The principles
of good design interaction as key parameters include (14):

a) Visibility;

b) Logic;

c) Consistency;

d) Convenient for the purpose;

e) Feedback;

f) Limitations.

Application interface is designed in accordance with the
templates provided for the Android platform, so that all
screens applications rely on predefined and recommended
templates. Consistency is secured using one master layout
for all screens of application. Restrictions refer to entry fields
for which there is validation in terms of restrictions on the
number and types of characters. To enter parameters, a sep-
arate screen is created that represents a form of customized
software keyboard that contains only digits and separator in
the form of dot. In this way it is ensured that the user enters
only numeric values. Additionally, a limit on the size of the
numbers to be entered is introduced. This limit is different
for all parameters. Also, to access the screen with the diag-
nosis, the user must enter all the required parameters. Oth-
erwise, the user is shown Android Toast message notifying
that all parameters are required. This message represents the
type of feedback that informs the user about the error that
occurred. In design of interaction, metaphors were also being
used. Within view of diagnosis, sections are divided into
layout that recall the vertically arranged sheets of paper. This
metaphor visually separates sections and symbolizes theses on
paper, as a way of summarizing information. This view is in
line with the new principles proposed by Google for Android
applications.

Home screen, as presented in Figure 1, prompts the user to
enter values obtained from blood gas analysis along with pa-
tient body mass. For each value, a normal reference range is
show along with help link that describes the meaning of each
parameter. For parameter input, a separate software key-
board was created. For entering partial pressures of CO, and
O, user can choose the unit of measure (kilo Pascal or milli-
meters of mercury scale). Pressing the Diagnosis will open
the screen shown in Figure 1, where the diagnosis of the dis-
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Figure 2. Application home screen and value input screen

order is given. Since disorders in acid-base status are accom-
panied by electrolyte disorders, user is prompted to also enter
this data, if values are out of normal range.

After pressing the Recommend treatment button, the final
screen is shown where treatment recommendations are given.
In the example shown in Figure 2, treatment recommenda-
tions are given for respiratory acidosis with metabolic com-
pensation (Figure 2). Since the disorder caused a decrease in
potassium levels, treatment recommendation for hypopotas-
semia is also given.

4, MAIN RESULTS

The main objective of this research was development of a
mobile clinical decision support system implemented as an
Android application. The mobile application would give the
smartphone a role of an access terminal for service diagnos-
tics. Research has shown that the number of applications in
the field of medicine on leading mobile platforms is rather
low. However a growing trend in using such applications is
noticed. Additional focus of the work was to demonstrate
that the use of formal methods, in collaboration with medical
experts, resulted in a mobile application implementing accu-
rate medical device, with the advantage of high availability
and relatively low cost (15).

Diagnosis and treatment of disorders of acid-base balance
with high level of accuracy requires a significant amount of
time. Although the number of input parameters is not high,
the number of diseases that occur as well as specific treatment
for each significantly complicates the task. This the time that
physicians in clinical practice usually cannot afford. During
development, the biggest challenge was a detailed explora-
tion of the problem domain, with the aim of mapping the
collected information in a suitable algorithm.

Domain knowledge for interpreting the key parameters of
the system was acquired from the experts from the field of
medicine. During the evaluation of the system, the authors
identified possibilities for improvements as parameterization
of the algorithms for diagnosing and treatment. Reference
values of the input parameters are different for arterial, ve-
nous and capillary blood samples. Capillary blood samples
are most commonly used due to simplicity of its collection.
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5. CONCLUSION

The application is a tool in the hands of the user, which
provides assistance during acid-base disorders treatment.
Research into similar applications has shown that there are
mobile applications that define the primary disorder. How-
ever, this application would be a pioneer in recommending
the treatment, taking into account the current state of the
patient, medical history and concurrent diseases (takes into
account the possible existence of electrolyte imbalance). The
application will assist the physician in clinical practice and is
focused on the treatment in intensive care. Distribution via
Google Play would make it easily accessible and convenient.
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