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Prediction of the concentration of CD4 T
lymphocytes based on set theory applied to the
monitoring of patients with HIV
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Dario Dominguez-Cajeli’, Juan Bravo-Ojeda*, Nancy Olarte-Lopez®, Aura Wilches-Betancourt’,
Laura Méndez-Pino? y Laura Valero-Morales?

Abstract

Introduction: A CD4 predictive methodology from the white cell blood count and
lymphocyte blood counts was developed in patients with HIV/AIDS, seeking an alternative
measure to flow cytometry.

Methods: Membership to four sets: A, B, C and D, of triplets of: cells/mm?, leukocytes/
mm?, and CD4 cells/pL, was assessed in samples taken from 33 patients, collecting 3 to
5 samples per patient, for a total of 144 samples. The assessment of (AUC) , (BUD) y
(AUC)N(BU D) allows for predictions based on the percentage of belonging to these
groups. The results were arranged in descending order in nine ranges of 1000 leukocytes.
The number of patients with accurate predictions and the ranges of greater effectiveness
in prediction were established.

Results: The intersection (AUC)N(BUD) showed effectiveness of 85.71% in predicting
CD4 in the range of 4999-4000 leukocytes, 83.33% for 3999-3000, and 100% in the range
lesser than 3,000.

Conclusion: The predictive ability and clinical usefulness of the methodology developed
were confirmed for the prediction of T CD4 lymphocites, allowing to lower costs compared
to flow cytometry in monitoring patients with HIV/AIDS over time.
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Introduction sciences; they have been applied to subject

matter such as that of infectious diseases,
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In mat}.lematlcs, set th‘;lory C}?nSIStS. of particularly in illnesses like infection with
certain basic concepts such as the notion {0 puman  immuno-deficiency  virus

of membership as well as basic operations (HIV). In 2011 alone, close to 34 million
such as union, .inter.section, zdifference. as people were carriers of this infection and
well as symmet.ncal fhﬁference , all of which nearly 60% of those living with HIV were
deﬁne.the relationships amongthe element.s not aware of their serological status, a
of a given set. Thanks to this structure, it g, ¢ yp represents a barrier for timely
becomes possible to discover certain sets .oiooit The most alarming  statistics,
on the basis of information implied or . gh, come from  Sub- Saharan and

contained in more general or larger sets. Southern Africa since they are the world s
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Applications of set theory are not  MOSt affected regions’.

restricted to topics related to the exact
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This illness results in a progressive immune
suppression which is caused by the retrovirus (HIV)
and it affects in this manner, not only the cells called T
lymphocytes which are responsible for co-ordinating the
cellular immune response but also the lymph nodes and
the macrophages, the latter being the cells of the immune
system which express CD4 cells. It affects follicular
dendritic cells (FDC’s) as well.

Based on the facts mentioned above, it becomes
important to evaluate the progression of the illness across
time and to determine the most adequate anti-retroviral
treatment. For this, it is necessary to analyze the total
amount of white blood cells as well as total and also CD4
lymphocytes present in the patient s blood. The first two
measures are easily and inexpensively obtained from the
peripheral blood count whereas to determine the CD4
cell count, it is necessary to carry out a specific test called
flow cytometry which has disadvantages such as its high
cost and low availability in developing countries*. Flow
cytometry also has a low rate of cell transmission which
is a measure of the individual behavior of these cells and
it also requires trained personnel®.

Given the concepts of set theory as well as that of
HIV/AIDS, so as to establish a relationship between
them, some parameters were determined based on
studies of the hematological profile of patients over time,
using as a starting point certain ranges of laboratory
values. Previous observations had determined that
patients having less than 1,500 total lymphocytes, usually
have less than 500 CD4/microliter while those that have
more than 1,500 total lymphocytes, usually have 200
CD4 lymphocytes per microliter®.

With the purpose of finding more precise values
in the CD4 count, several predictive models have been
developed, among them, certain models of an automated
nature which have an 83% degree of precision. One of
the latter models was based on the viral load as well as
the number of weeks since the CD4 count had begun to
be determined’. Others models of an epidemiological
nature which were used in Zambia and South Africa and
which had degrees of precision between 76% and 82%,
respectively, showed patterns of CD4 count variation,
not only for individuals but also for populations with and
without HIV/AIDS?® and these results were confirmed in
three U.S. cohorts’.

Several studies have developed algorithms based
on machine-learning with neural networks which
relate the genotype with information on the treatment
of this illness. These studies have obtained percentages

of accuracy in predicting the viral load of 75%' and
69%"!. Other algorithms which use a predictive approach
to determine the success or failure of the treatment, have
also included the dichotomous response of the virus'?,
with an accuracy of 80%. These have also included
the behavior at a genotypic level of HIV as a result of
combined anti-retroviral therapy.” Even though the
approach toward a specific prediction of the CD4 count
was not a predominant factor, these studies have shown
that it is possible to establish mathematical models or
orders regarding different phenomena associated to the
development of HIV/AIDS.

On the other hand, by means of physical and
mathematical theories, diagnostic tools have been
developed which are objective and reproducible.
Specifically, Rodriguez et al have developed a method to
predict CD4 lymphocyte count on the basis of individual
values of total white blood cells in general as well as
lymphocytes in the blood count by means of set theory.
This was done by determining their membership in three
different sets which define the behavior of leukocytes/
cubic milliliter in regards to lymphocytes per cubic
milliliter and also to CD4 cells per cubic milliliter.

To determine the effectiveness of prediction * ', the
registries were organized on the basis of size from larger
to smaller in accordance with the number of leukocytes,
defining ranges of 1,000 and evaluating the membership
in the sets evaluated of the samples in each range. An
upper range or limit was defined for values larger than
10,000 per cubic milliliter and a lower range or limit for
values lower than 4,000 per cubic milliliter.

The clinical usefulness of this methodology especially
in the lower ranges of leukocytes has been confirmed in
two subsequent studies with 500" and 800 samples'.
Both of these studies had percentages of effectiveness
larger than 81.44% in 5 of the 9 ranges studied as well as
an effectiveness larger than 91.89% in leukocyte ranges
lower than 4,000 and, finally, an effectiveness of 100% in
the prediction of the range lower than 3,000 '**.

From the above, one can see that the purpose of this
paper is not only to apply the method developed based
on set theory but also the mathematical prediction of
CD4 T lymphocytes starting from triplets of different
blood counts as well as to establish the usefulness of the
method in carrying out follow-up of the evolution of
patients across time.
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Methods

Definitions

Ranges of leukocytes: ranges of 1,000 leukocytes,
starting at 3,000 and until 10,000; values greater than
10,000 correspond to a single range and values less or
equal to 2,999 make up another range."”

Sets:
A: ((x,yz) | x26 800Ay=1 800)
B: ((x,y:2) | x =6 800Az=300)
C: ((x.y:z) | x<6 800Ay<2 600)
D: ((x,y,2) | x<6 800Az<570

Where (x,y;z) is defined as a triplet of values whereby
x is the number ofleukocytes, y is number of lymphocytes
and z is the CD4-T lymphocyte count.

Procedure

The study was developed based on information from
the blood count and flow cytometry of 33 patients, 21 of
which had 4 samples and 12 of which had 5 samples, all
taken at different times. The information was gathered
from a database of previous research and was evaluated
by an experienced, infectious disease physician. All the
patients were on anti-retroviral treatment and their ages
ranged between 27 and 46 years; 18 of the patients were
men and 15 were women.

Based on previous research, the triplets of values
were established for leukocytes per cubic millimeter,
lymphocytes per cubic millimeter and CD4 cells per
microliter in each sample. In addition, their membership
in one of four sets was defined; A, B, C and D (see
definitions above). Set A was defined by a number
of leukocytes (x), a number of lymphocytes (y) and
a number of CD-4 T lymphocytes (z), such that the
number of leukocytes (x) was greater than or equal to
6,800 and the number of lymphocytes (y) was greater
than or equal to 1,800. In the same manner, the other
sets were defined as may be seen above.

Afterwards, we determined membership in the set
(A U C), which allowed the evaluation of the specific
relationships among the values of the leukocytes with
regard to the lymphocytes. By the same token, we
evaluated the set (B U D), which evaluates the specific
relationships between leukocytes and CD4 cells. Finally,
we carried out the prediction that, in mathematical

terms, corresponds to the assumption of belonging to
the set (A U C) intersection (B U D), in such a manner
that the said intersection, establishes the mathematical
relationship among the three values. In other words, with
the union, all values are taken into account that belong
to the set A with B and B with D; in contrast, with the
concept of intersection, the only associations are with
the values that simultaneously belong to the sets (A U C)
and (BU D).

Next, the triplets” sets were organized from higher
to lower, according to the amount of leukocytes per
cubic millimeter and they were grouped according
to the defined ranges, with the goal of determining
the number of triplets belonging to each set that was
evaluated, according to each range. Lastly, the ability of
the applied predictive methodology was established so
as to predict accurately the evolution of the patients at
different time periods. For the latter, the conditions seen
among the patients whose evolution in time showed the
more precise predictive percentages were studied as well
as those where the prediction percentages were lower.

At a normative level, it must be pointed out that this
research fulfills the conditions mentioned in Resolution
Number 008430 dated 1993, particularly its paragraph
number 11 which is related to research in human beings,
since our study falls under the category of research
without risks as it was based on information obtained
in previous work. The mathematical calculations do not
affect the patients and the handling of the information
respects their integrity as well as their anonymity.

Results

When the 144 samples corresponding to the 33
patients were evaluated, the values of leukocytes in
peripheral blood were found to be between 1,900 and
17,850 per cubic millimeter, the total lymphocytes were
found to be between 70 and 5,910 per cubic millimeter
and the CD4 T-cell count was found to be 21 and 1,366
per microliter. Due to number of cases used in the
present research, a table was constructed so as to serve as
an example and in it, the triplets of four specific patients
were shown. In Table 1, it may be seen that all the values
fall within the described ranges.

The set (A U C) showed prediction percentages that
varied between 50% and 100%; the set (B U D) similarly,
showed values between 50% and 100% and, finally, the
set comprised of (A U C) intersection (B U D), reported
values between 50% and 100%, also (Table 2).
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Table 1. Complete sample of the triplets of the hematologic indicators obtained for four
patients; the first two have four samples and the last two have five samples; study data are
defined in leukocytes/ mm?, lymphocytes/mm?* and CD4 T lymphocytes /pL.
N° Total leukocytes Total lymphocytes CD4T- cell count(pL)
(mm?) (mm?)
10-1,1 4200 1667 65
10-1,2 4740 1600 128
10-1,3 2880 1150 54
10-1,4 7670 3810 554
101-1,1 5200 1700 569
101-1,2 4980 2520 964
101-1,3 6170 2720 1366
101-1,4 5680 2300 736
158-1,1 5600 2161 293
158-1,2 9080 2160 409
158-1,3 6680 2080 266
158-1,4 4980 1090 172
158-1,5 6450 1750 234
160- 1,1 7820 3980 378
160-1,2 5500 3210 285
160-1,3 6490 2870 285
160- 1,4 5920 2500 218
160-1,5 5830 2960 237

We found prediction percentages equal to or greater
than 75% among 6 of the 9 ranges studied; of the latter,
the ranges of leukocytes lower than 5,000 showed values
belonging to the set

(A UCQ)intersection (B U D) which were progressively
greater; in this way, for ranges that were lower than 5000,
4000 and 3000, a prediction was established of CD4
cell count under 570 which resulted in effectiveness
percentages of 85.71%, 83.33% and 100%, respectively.
We found, besides the above, that the range between
8999 and 8000, showed one of the highest percentages of
effectiveness which was 88, 89% (Table 2).

As a result of the observation of the predictive
capacity of this methodology in the same patient at
periods across time, it was determined that patients
whose illness was in more advanced stages, a fact that
may be observed from the low CD4 values reported in
addition to low leukocyte values (lower than 5,000 per
cubic milliliter) turned out to be the patients who could
be followed in a more reliable fashion at different time
periods using our methodology. This is due to the fact
that the latter set of patients show the highest predictive
values. Thus, it was the case that patients with leukocyte
measurements lower than 5,000 had a predictive value

between 83.33% and 100%. In contrast, those carriers of
the virus who hadn "t developed advanced illness, showed
lower predictive values since they were associated with
leukocyte counts all above 5,000 (Tables 1 and 2).

Discussion

This is the first study to apply a prediction based on
set theory and that establishes a number of CD4 per
microliter, on the basis of leukocyte and lymphocyte
count. This was done in 4 or 5 consecutive samples
across different time periods, thus confirming the
clinical applicability for the follow-up of the evolution
of patients with HIV/AIDS. With this methodology, it
becomes possible to contribute to a timely therapeutic
intervention which is easily available to patients with
HIV, specifically when their CD4 count is at a minimal
level.

We found prediction percentages equal to or higher
than 75% among 6 of the 9 ranges evaluated; the latter
ranges correspond mainly to those where the leukocyte
count was lower than 5,000 so that we were able to
establish predictions of 85%, of 83% and of 100% for the
ranges of 5000, 4000 and 3000 leukocytes, respectively.
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Table 2. Asignation of elements to the operations of union and intersection of sets among
ranges of leukocytes taken from patients
Leukocyte Range Number
ofcases  (AUC) (BUD)  (AUC)N(BUD)
perrange No. % No. % No. %
10,000 or more 4 4 100.00 3 75.00 3 75.00
9,999 to 9,000 9 7 77.78 8 88.89 7 77.78
8,999 to 8,000 9 8 88.89 8 88.89 8 88.89
7,999 to 7,000 4 4 100.00 2 50.00 2 50.00
6,999 to 6,000 22 11 50.00 20 90.91 11 50.00
5,999 to 5,000 27 19 70.37 22 81.48 17 62.96
4,999 to 4,000 35 34 97.14 30 85.71 30 85.71
3,999 to 3,000 6 6 100.00 5 83.33 5 83.33
2,999 or less 5 5 100.00 5 100.00 5 100.00
Total 121 98 80.99 103 85.12 88 72.73

The mathematical approach that we used allowed
the simplification of the problem and its application
to a clinical issue and this remained true, without
regard to age, type of treatment, gender, viral load or
hemoglobin. Our results have  high clinical impact
more so considering that developing countries do not
have access to flow cytometry and similar types of tests.
The analysis of patients’ evolution across time showed
that lower prediction percentages were obtained in those
who had already developed AIDS and who, because of
thissituation, have lower CD4 values as well as lower
values of leukocyte count. This observation has clinical
importance because the latter group requires a more
meticulous follow-up over time so as to establish the
efficiency over a short time period of anti-retroviral
treatment. In contrast, patients with laboratory results
of leukocytes above 5,000 show lower predictive values,
a situation which indicates the need to develop an
improvement in the methodology posed, so that the
prediction percentages in these ranges will increase.

At present, developing countries have problems with
clinical follow-up of patients as well as with therapeutic
decision-making with regard to the administration of
anti-retroviral treatment due primarily to the high cost of
flow cytometry for CD4 cell count. The scant coverage of
this analysis in countries which need it the most reduces
the possibility of anti-retroviral treatment’, in spite
of efforts promoted by the WHO regarding access to
therapy'’. Due to the above, it becomes of great practical
utility to have easily accessible methods and methods
that will be more available at a global level; from this,
it can be seen that the prediction of CD4 count based

on the number of leukocytes and lymphocytes from a
regular blood count, constitutes a practical as well as an
inexpensive option for these issues.

Set theory allowed us to understand the mathematical
behavior of the phenomenon that we are describing;
because of their characteristics, the samples used were
always more likely to belong to sets A and C since
these are the ones which establish the behavior of the
lymphocytes; on the other hand, the values diminish
when sets B and D were evaluated since the latter have
to do with the behavior of CD4 cells. As a result, the
behavior of the intersection between both sets, shows
percentages equal to or lower than the set (B U D). Due
to simultaneous analysis of leukocyte and lymphocyte
behavior associated with evaluation of CD4 cells in the
different ranges, we showed that set theory allows us
to establish a comparison of the behavior of CD4 cells
by indicating that the latter will be less than 570 CD4/
microliter with a confidence of 100% whenever the
leukocyte count is lower than 3000 per cubic millimeter.

During the last decade, models have been developed
which have had a statistical and empirical approach
and these have based their prediction of CD4 on
epidemiological methods or those of neural networks'*"?
and thus, the latter have implied a restriction on their
applicability to the population samples that are used in
such studies. In contrast, the proposed methodology
was developed from inductive reasoning based on
physico-mathematical models and have obtained on the
basis of only 7 cases, predictions applied to each one of
these cases6 which were, subsequently, confirmed by
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increasingly larger population studies so as to guarantee
their clinical applicability’*'*. An additional study which
was conducted based also on set theory as well as on the
theory of probability, allowed us by means of calculating
the quadratic standard deviation, to show that the
behavior of the sets was not equal or equi-probable but
that, instead, there was a “loaded” behavior which allowed
the establishment of predictions whose effectiveness will
depend of the range that is to be evaluated"”.
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