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Abstract

Clinical assessment of fluid volume status in children during malaria can be
taxing and often inaccurate. During malaria, changes in fluid volume are ra-
ther multifarious and estimating this parameter, especially in sick children is
very challenging for clinicians who frequently rely on indices such as long ca-
pillary refill times, tachycardia, central venous pressure and decreased urine
volume as guides. Here, we present the UHAS-MIDA, an open-source soft-
ware tool that calculates the red blood cell (RBC) concentration and blood
volume during malaria in children determined using a stable isotope of
chromium (*Cr as the label) by gas chromatography-mass spectrometry in
selective ion monitoring (GC/MS-SIM) analysis. A key component involves
the determination of the compositions of the most abundant naturally occur-
ring isotopes of Cr (*°Cr, **Cr, *Cr), and converting the proportions into a 3
x 3 matrix. To estimate unknown proportions of chromium isotopic mixtures
from the measured abundances of three ions, an inverse matrix was calcu-
lated. The inverse together with several inputs is then used to calculate the
corrected MS ion abundances. Thus, we constructed the software tool UHAS-
MIDA using HTML, CSS/Bootstrap, JavaScript, and PHP scripting languages.
The tool enables the user to efficiently determine RBC concentration and flu-
id volume. The source code, binary packages and associated materials for
UHAS-MIDA are freely available at

https://github.com/bentil078/Abaye-et-al UHASmida.
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1. Introduction

Central to all cellular processes in living organisms is metabolism which under-
pins life itself. When a compound, such as a nutrient, an antigen or a drug is in-
troduced into the human body, among other responses, enzymes are activated to
act upon these compounds. The metabolites are actively transported through
pathways and they can be converted to other appropriate metabolites, e.g. for
synthesis, into energy molecules, modulated, and or eliminated. Only a few quan-
titative methods really allow for direct determination of metabolic fluxes in living
systems, and one of which is based on in vivo experiments using relatively simple
stable isotope-labeled precursors, such as PC-glucose [1], *H- and “*C-ascorbic ac-
id [2] [3], *C-amino acid [4] [5], 1*C- and **N-amino acid [6], 2H,O [7] and **Cr
[8]. The transfer of the label to the metabolic network and the specific isotope dis-
tribution in the metabolic products can then be taken as confirmation of meta-
bolic pathways and fluxes during the experimental period. An appropriate set of
technological tools is then required to quantitatively determine the abundances
of the isotopes, especially when several metabolites are involved.

In a simple setting such as the growth of bacteria in a controlled environment
with a single carbon or nitrogen source, it is possible to develop accurate meta-
bolic flux distributions from the data [9] [10] [11]. The data are typically gener-
ated using gas chromatography-mass spectrometry (GC/MS) or liquid chroma-
tography-mass spectrometry (LC/MS). The data output is composed of, for ex-
ample, the mass-to-charge ratio (m/2) values of compounds and fragments of
molecules, the number of atoms in a compound, the elemental composition of
compounds, and the relative MS response (intensity). The output is then com-
pared with the unlabeled compounds under the same experimental conditions.
The computational analysis of the isotopomers, especially when data are from
GC/MS results typically contains derivatives (e.g. silylated) and therefore, re-
quires numerical manipulation [12] [13].

In humans, labeling techniques are much more complex and require more ju-
dicious care and ethical issues. During malaria in children, fluid volume man-
agement is crucial for optimum supportive care and depends on knowledge of
changes in fluid balance and red cell mass that occur in the disease [8]. The di-
rect determination of fluid volume loss using stable isotopes, deuterated water
(*H,0) [7], red blood cell loss using **Cr [8] [14] [15] and for “F tracing cardiac

metabolism [16] in disease have been reported.

2. Background

Several computational analytical tools, generally refered to as mass isotopomer
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distribution analysis (MIDA), that is, calculations involving the enrichment of
isotopomeric groups, have been developed and used (e.g [3] [12] [17] [18]).
Generally, the developed algorithm treats experimental raw data generated from
MS; the mass spectrometric response or intensities of metabolic products (either
BC, PN or *Cr) are analysed on the basis of their m/z values and the number of C,
N or Cr atoms, respectively, in the given molecule, derivative or fragment. For ex-
ample, Zeeshan et al [17] [18], calculated the overall *C- or "N-enrichment, and
the relative and molar contribution of isotopomers using Braumann’s least squares
algorithm [19]. Bluck et al [3], however, developed a 3 x 3 matrix and its inverse
matrix to achieve the mass isotopomer distribution of *H- and *C-ascorbic meta-
bolism in adults, and this approach was applied to determine **Cr-labeled red
blood cell loss during malaria in children from Gabon [8]. The key steps in using
»Cr as a label for determing red blood cell loss are described in detail [8] and

summarized in Figure 1.

2.1. Chromium-53 Blood Labeling Procedures

Details of the labelling procedure are in Macallan et al. [8]. Briefly, blood 3 - 6
mL was taken from the subject. One mL was stored for analysis of baseline
chromium-53 (**Cr) concentration (Pre-labelling blood). The remaining blood
was mixed with 0.5 mL solution of *Cr-labeled hexavalent sodium dichromate.
The blood-**Cr, Na,*Cr,0; mixture was incubated at ambient temperature for
30 min. One mL of this fraction of labeled red cells was retained for analysis
(**Cr labeled red cells) and the rest re-injected into the subject. After 30 min, a
further 1 mL of sample blood was taken from the subject for the determination
of post-labeling **Cr enrichment (Post-labeling blood) of peripheral blood
(Figure 1).

An internal standard, a spike of *Cr-chromium chloride was added to the
three sets of samples to quantitatively determine the amounts [8] [14] [15]. Fol-
lowing further processing, chromium-TFA chelate was extracted in hexane, and
readied for GC/MS analysis.

2.2. GC/MS Analysis and Mass Isotopomer Calculations

In the original study [8], the analysis of isotope abundance was performed using
a GC/MS instrument in electron ionisation (EI) and selective ion monitoring
(SIM) mode (ie. GC/MS-EI (SIM)). The dominant ions from the chro-
mijum-TFA derivative containing *Cr, **Cr and **Cr isotopes, with the corres-
ponding m/z 356, 358, 359, respectively, were monitored. Relative ion abun-
dances were resolved to yield the relative abundance of natural (most abundant
isotope) “N”, the “spike” or internal standard chromium, “S” and the “labelled”
chromium “L”. Samples were run in triplicate.

The original study sort to determine the isotopomer composition of the blood
samples, whole unlabeled blood (pre-labeled blood), labeled red blood cells and
the sample taken post-injection blood and, blood volume and RBCs lost during

the incidence of severe and moderate malaria in children.
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Figure 1. Procedures for labeling RBCs with **Cr: sampling, labeling, re-infusion,
re-sampling, derivatisation, processing and GC/MS (SIM) MIDA analysis.

2.3. Data Handling

The output MS and other data was then deposited into Microsoft Excel and
handled in the following steps (see Macallan et a/. [8], Supplementary Informa-
tion): The theoretical isotopomer distribution of each mixture (N, S and L) is
the sum of two molecular components:

A: The abundance of each chromium isotope is given as (Table 1(a));

a. Natural chromium (%): *°Cr 4.35, >*Cr 83.79, **Cr 9.5 and **Cr 2.37 [20].
This is the natural abundance of chromium.

b. The Spike (internal standard, S) chromium (%):*Cr 96.79, **Cr 2.98, **Cr
0.18 and >*Cr 0.05 [14].

c. The label (%): *°Cr 0.0008, **Cr 1.6, *Cr 98.23. (**Cr Na,*Cr,0y; isotopic
purity 98.23%), and

B: The isotopomer distribution of the TFA molecule excludes the chromium
ions, assuming the natural isotopic abundances for C, H, O and F (Table 1(b)).

The expressions in A (a, b, ¢) can be written as a system of equations of the

form:

a.ax+ by+ cz

b. dx+ ey+ £z

c.gx+ hy+ iz
where, X, y; zare the measured abundances of the ions corresponding to the iso-
topes *°Cr, **Cr and *Cr, respectively, depending on whether the blood is N, S or
L, and a, b, c...i are the percent compositions (nine constants). The nine con-
stants together describe the contribution of each mixture to each ion. The com-

position of **Cr is included in the data for completeness of the composion data,
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but it does not contribute to ions below m/z360 (M + 4). The *'Cr isotope is ra-
dioactive and so also makes no contribution. Therefore, a system of equations
was derived for A (a, b, ¢) and then expressed (converting the percent units into
decimal units) as a 3 x 3 square matrix, A (Table 1(a)).
50Cr  52Cr  53Cr
00435 0.8379 0.095 1.0
©0.9679 0.0298 0.0018 1.0
0 0.016 0.9823 1.0

From B, the isotopomer distribution Ze. the theoretical proportion of each ion
(isotopomers; m/z>°Cr 356, *Cr 358 and **Cr 359) of the TFA (C;0HsO.Fs) mo-
lecule but excluding Cr and assuming the natural isotopic abundances for C, H,
O and F, was determined from known enrichments (perfomed separately). This
was also expressed as a 3 x 3 matrix, B (Table 1(b)).

Table 1. Calculation of isotope abundances for chromate isotopomers.

(a) Isotopic composition of chromate

Source of Cr Proportion
Isotope Natural Spike Lable
50Cr 0.0435 0.9679 0.0008
52Cr 0.8379 0.0298 0.0164
53Cr 0.0950 0.0018 0.9823
54Cr* 0.0237 0.0005 0.0005

(b) Theoretical proportion of each isotopomer generated

Source of Cr Natural Spike Lable

Isotopomer (m/2)

356 0.0385 0.8580 0.0008
358 0.7433 0.0384 0.0145
359 0.1682 0.0055 0.8724

(c) Conversion factors: composition of Cr from ion abundances i.e. inverse matrix of B

Ton (m/2) 356 358 359

Source of Cr

Natural —-0.061 1.354 -0.023
Spike 1.168 -0.061 0.000
Label 0.004 —0.261 1.151

Table 1(a) indicates the proportions of Cr isotopes in nature, and the compositions of the
spike (internal std) and the label mixtures. The theoretical proportion of each isotopomer
generated calculated from known enrichments of natural C/H/O/F in chromate is given
in Table 1(b). Table 1(c) is the calculated inverse matrix of B (B'). It gives multiplica-
tion factors from which the relative contributions of the three mixtures can be calculated
by multiplying with the correponding raw abundances of the three ions (isotopomers)
m/z356, 358 and 359.
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To estimate unknown proportions of chromium isotopic mixtures from the
measured abundances of the three ions generated by GC/MS-EI (SIM) from each
isotope of chromium when ionised as the TFA-chelate, the inverse matrix of B
(B!) was calculated (Table 1(c)). The product of the B* and the raw MS ion
abundances give the true or corrected ion abundances.

Thus, for each subject, the generated MS signal intensities are made up of
three treatments: pre-labeling, labeled RBCs and post-label blood, three repeti-
tions each to give nine items in a 3 x 3 matrix) from mass spectra of the three
isotopes, *°Cr, **Cr and **Cr-labelled metabolites, and combining them with ele-
ments of the 3 x 3 inverse matrix (B'), generates the corrected MS data.

The data was handled using Microsoft Excel, and the inverse matrix was cal-
culated using the MINVERSE function.

2.4. Motivation and Significance

Our motivations for constructing the software package are two-fold; 1) The well
established and much used Microsoft Excel application has an in-built inverse
matrix function, MINVERSE, which is suitable for this kind of analysis. Howev-
er, as a relatively new university (est. 2012) and a new unit, we are determined to
have collaborative research within several natural science disciplines: chemical,
biological, physics and computational/mathematical sciences. This would enable
the harnessing and pooling of scant resources to meet desired needs. Therefore,
this short report is on the construction of a database and software tool. The
study used chemical data in an earlier study [8] from human sources, application
of a matrix and its inverse to answer a physiological question. Therefore, since
generating the inverse matrix for the natural abundances of the various elements
of TFA is fundament to the calculation of the corrected ion abundances, we set
out to construct an open-source software and data base, UHAS-MIDA. The
software package would first, handle the 3 x 3 matrix and generate its inverse.
The software package would also receive and manipulate the generated mass
isotopomer data, other inputs and, finally, determine the RBC count and fluid
volume. 2) To further demonstrate the concept of the matrix as repositories of
information and in a chemistry setting. That is, specifically, mass spectrometric
data, generated from a biological query can be stored, manipulated mathemati-
cally, and lead to providing physiological answers.

We intent to improve on the package to handle a larger set of data in our
near-future plans, thus we prepare to conduct a similar study. We envisage that
UHAS-MIDA would be applicable in labeling metabolic investigations where
elements having two or more stable isotopes (e.g. C, O, Ba, Fe, Cr, Cd, Mg, Sr)
may be applicable.

In this short report, as a first study, we used the data generated for one subject
from Macallan et al [8] (Supplementary material) to construct and illustrate the
use of UHAS-MIDA. The details of the metadata, software code languages, li-
cense, tools, and services used to construct the data base are indicated in Table
2.
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Table 2. Code metadata and details of the UHAS- MIDA software package.

No Code metadata description Details

1 Current code version 2022.01

2 fs::i:::;:):nk to code/repository used of this https://github.com/bentil078/Abaye-et-al UHASmida
3 Code Ocean compute capsule

4 Legal Code License MIT license (MIT)

5 Code versioning system used git

6 Software code languages, tools, and services used HTML, CSS/Bootstrap, JavaScript and PHP

7 Compilation requirements, operating OS: Linux, MacOS or Windows.

environments & dependencies

Dependencies: Apache 2.0+, OpenSSL/1+, MySQL 5.x+ and PHP/5.5+

8 Link to developer documentation & manual https://github.com/bentil078/Abaye-et-al UHASmida/tree/main/docs

9 Support email for questions

ebodoom@uhas.edu.gh

3. Results
3.1. Software Architecture and Description

The UHAS-MIDA software package was constructed using HTML, CSS/Bootstrap,
JavaScript and PHP scripting languages due to the web interface which the ap-
plication is hosted (Table 2). The software includes 1) a database to receive,
store and process isotopomer data via a comma-separated values (Excel.csv) file,
2) a parser to upload and translate the data formats, 3) algorithm for handling
the matrix (B) and generating its inverse (B™'), 4) an improved application to
process and convert the MS signal intensities (Figure 2(a)), 5) algorithms to
handle the other key inputs; internal standard (*’Cr), baseline correction, weight
of blood, density of red cells and plasma, in order to calculate 6) the outputs: the
volume of blood/kg body wt. and RBC concentration (ng/mL).

As outlined in Figure 2(b), the software package has three main sub-processes
Le. 1) Data Input and validation, 2) Data management, and 3) Data analysis. The
data input module and validation sub-process allows for either an upload via
a .csv file or manual input. The data includes the theoretical isotopomer distri-
bution of each mixture and experimental values (Table 2(a)) that are used for
the matrix computation and its inverse matrix. The validation module checks for
the validity of data being uploaded or entered and returns the user to the start of
the application if any error is detected else the process moves to the Data man-
agement sub-process. The Data Manager maps the data entered or uploaded to
match with their respective placeholders for computation to take place. And, fi-

nally, the calculations are executed and the output generated.

3.2. Software Functionalities

There are a number of previews that are displayed by the software: 1) Baseline
Blood Preview, 2) Injected labelled Cells Preview, 3) Post-labelling red blood

cells Preview, 4) Blood Volume Preview (Summary Preview). The previews ena-

DOI: 10.4236/jdaip.2022.102009

148 Journal of Data Analysis and Information Processing


https://doi.org/10.4236/jdaip.2022.102009
https://github.com/bentil078/Abaye-et-al_UHASmida
https://github.com/bentil078/Abaye-et-al_UHASmida/tree/main/docs
mailto:ebodoom@uhas.edu.gh

D. A. Abaye et al.

ble the user to check that the desired steps are well executed before proceeding

to the next stage.

INPUT DATA Isotope Data upload DATA READER/
EXCEL (.csv) P P VALIDATER
| Validated data moves to manager
. . DATA ] . i DATA
DATABASE Computations and report generation ANALYZER -Assigns uploaded values to various variables MANAGER

(@)

START

DATA INPUT FILE UPLOAD /

& ANUAL ENTRY MANUAL INPUT
VALIDATION

FILE UPLOAD
ISOTOPOM ER DATA
(.csv)
NO
ARE FIELDS OK?
DATA
MANAGER YES

Assign values

DATA
ANALYZER

Computations, Storage and Reports

MIDA_DB

END

(b)
Figure 2. (a) The workflow of UHAS-MIDA; (b) Process Flowchart of UHAS- MIDA.
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Upon accessing the site, one can download the .csv file, and drag and drop,

then next click on Inverse; this calculates and generates the inverse matrix. And

then at “Raw Mass Data’, the user is invited to input an ID number for the sub-

ject (1, 2, 3....). From the drop down link, the user selects the subject’s gender:

male or female. The user then simply follows through to the steps till step 9.

These steps are shown in Figure 3. In the example given, the subject has the fol-
lowing: ID, 11; gender, female; wt., 12.7 kg; blood haematocrit (Hct) 0.19. The
constant attributes for all participants are density of RBCs: 1.095 g/mL; density

of plasma: 1.02 g/mL. These are input into the .cvs file. The key final outputs are,
concentration of RBCs in blood: 4.26 ng/mL; RBC vol: 7.23 mL/kg; blood vol:
45.86 mL/kg (Figure 3(g)).

UHAS-MIDA UHAS-MIDA
Cr-RBCs Cr-RBG
1 Fle Upload csv File Upload LFile Upload Isotopomer Matrix Calculation
2 Eclopmies Hikitx Gaiulation e upload Instructions
) 2 sotopomer Matrx Calculation Natural Spike Label
Click here
3,Baseline Blood )
3. Baseline Elood “358° 074330 003838 001452
4. Baseline Blood Preview
4 Buseline Blood Preview ‘336" 0o3sst nss30: 00007
5. Injected lsbelled Cell
5. Injected labelled Cells
o e S 016514 000551 087241
& Injected abelled Cells Preview Drag and drop 2 Fle here or click
6.Injected labelled Cells Preview
7. Post-Labelling red blood cells
7.Post-labelling red blood cells
8. Post-labelling red blood cells N
Preview Inverse
. Post-labelling red blood cells
Preview
5. Galculation of blood volume
9. Calculation of blood volume
(a) (b)
UHAS-MIDA UHAS-MIDA
Cr-RBCs
[ 101 Conder | female Baseline Blood Calculation
B 101 enger | female
. 3. Baseline Blood Vieight 1245
Signal by Cr source ?
4. Baseline Blood Preview
Corrected' M5 data
. Injected labelled Cells Rept 5. Injected labelled Cells Signal by Cr source
natursl spike el
Injected Labelled Cells Preview .
& = 51 e93%e51sE 50 2613537086 53 3a5L6871 Gl ool T Comected MS data
~ Rep 1
7.Past-labelling red blood cells 7.Post-Labelling red blood cells
Rep 2 natural spike 1zbel
natursl spike abel
8. Post-labeling red blood cells 8.Post-labelling red blood cells 57 1077823100 50 2820336314 53 7710964
Preview 2 92214973 50 2534996685 53 373088794 Preview
Rep 2
9. Calculation of blood volume Reo s - 9. Calculation of blood volume neturel ke bel -

(o)

(d)
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UHAS-MIDA UHAS-MIDA
Cr-RBCS G-REGS
. . - -
LiFe Upload Baseline Blood Calculation e B e
I 101 Gender | female
Weight 1285 .
Post-labelling red blood cells
Rep1
52 6833366 m/z 50 1673238 m/z 53 1580610 m/z
5. Injected labelled Cells Signal by Cr source S injecied ibeled Cels
Rep 2
6. Injected Labelled Cells Preview 6. Injected labelled Cells Preview 52 6326802 m/z 50 1561773 m/jz 53 1495992 m/z
Corrected’ MS data
Repl .
7. Post-labelling red blood cells 7.Post-iabeling red blood cells Rep 3
natural spike Label
52 6364834 m/z 50 1571065 m/z 53 1458808 m/z
8. Post-labelling red blood cells 52 1077823100 50 12820386314 53 271094 8. Post-{abelling red biood cells
Preview Preview
Rep2
3. Calculation of blood volume natural spike Label - 5. Calculation of blood volume FAFe cmile —ddea T
(e) 69)
UHAS-MIDA UHAS-MIDA
G-RBGs C-RBCs
1.File Upload Calculation of blood volume 1. File Uplosd volume 136 ml -
infusata
2 Isotopomer Matrix Calculation 2 hetinf 011
Calculation of blood volume Volume of red cells
= Flood ID:11 3, Baseline Blood 'n".l:E:lVrﬁ 04116 ml
Gender : female S
o - ed cell volume.
* s Waight : 1265 4, Bassline Blood Preview Vb F14278 ml
5. Injected labeled Cells Hatblood 013
5. Injected labelled Cells
Date: Mon Sep 06 2021
& Injected abelled Cells Preview Elood volume 431513 ml
6. Injected labelled Cells Preview
g F-corrected blood o -
7.Post-labelling red blood cells Concentaton 3530 spzy ng/mi volume =
= 7.Post-iabelling red biood cells
8 Postlabelling red blood cels Concancration of Sehmgive 721 e
ling o - 42631 ng/ml wvolume/weight, 72322 mlkg
53Cr in blood, Cwb . At
n blood, Cw 8. Pustabelling red blood cells Vit
k 96 L
vekme B m Elood 458606 mukg
i T s
9. Caliutation of blood volume -
(g) (Scroll up) (g) (Scroll down)

Figure 3. Summary of UHAS-MIDA. Workflow: (a) download and paste .csv file containing the matrix, raw MS ion abundance
and other inputs, )b) process the inverse matrix, (c) input the subjects ID number and gender, preview and simply follow on (d),
(e), (f). The final output (g) shows the scroll up and scroll down. The key final output (concentration of RBCs in blood: 4.26
ng/mL; RBC vol: 7.23 mL/kg; blood vol: 45.86 mL/kg) is shown in (g).

Thus, UHAS- MIDA software package has been designed to be lightweight and
this makes it a fast tool. It is well structured and it does not contain website ele-
ments such as heavy pictures which would reduce the conversion rate of the
software. The package has a simple layout which makes it responsive, usable,
and easily accessible.

4. Conclusion

We present UHAS-MIDA, a HTML, CSS/Bootstrap, JavaScript, and PHP-based
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utility handling stable isotope MS ion abundance data, which calculates the rate
of red blood cell and fluid volume loss during malaria in children. The software
package generates a 3 x 3 matrix and its inverse as part of the key steps in the
process. The 3 x 3 matrix is as wieldy as the Microsoft “MINVERSE’ functions,
displaying all the elements in the inverse matrix. The study demonstrates an ap-
plication of a matrix and its inverse in a biological setting in answering a chemi-
cal query. We discuss the potential of UHAS-MIDA to be useful and applicable
in labeling investigations where elements having two or more stable isotopes are
involved in the metabolic process and present an illustrative example. Here, we
provide this software tool as a first version and intend to build upon it with
more MS data. It is also available to the wider metabolic, mass spectrometry, and

bioinformatics community.
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