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Abstract

A rule-based expert system, CTSHIV (Customized
Treatment Strategies for HIV) that recommends an in-
dividualized treatment strategy for HIV patients is de-
scribed. Since the HIV virus mutates rapidly, a patient
can develop a resistance to particular antiretroviral
agents. CTSHIV addresses this problem by recom-
mending a treatment strategy that avoids antiretro-
viral agents for which a resistance has developed. By
monitoring the HIV virus of the patient, the treatment
strategy can be switched in response to mutations of
the virus. CTSHIV contains a knowledge base that
encodes information from the medical literature on
drug-resistant mutations. It also contains additional
rules that rank and weight combinations of antiretro-
viral agents based upon antiviral activities, redun-
dant mechanisms of action, and overlapping toxici-
ties. To recommend a treatment for an HIV-infected
patient, plasma is obtained from the patient and the
RNA extracted. Segments of the HIV pol gene en-
coding the entire protease, reverse transcriptase and
integrase proteins are ampli�ed by RT-PCR (using a
total of 3 primer pairs) and cloned. The patient's
HIV sequencing data is entered into the expert pro-
gram and the information is downloaded directly into
the CTSHIV program. The program produces the �ve
most e�ective 2, 3, and 4 drug regimens coupled with
an explanation for their choice. Thus, the CTSHIV
system couples e�cient genetic sequencing with an ex-
pert program that recommends regimens based upon
information in the current medical literature. Clinical
trials are underway to evaluate the e�ectiveness of this
novel approach to the management of HIV-infected
patients.

Introduction

When a patient has a bacterial infection, a
physician attempts to identify the particular type of
bacteria (e.g., Gram Negative or Gram Positive; Aer-
obic or Anaerobic, etc.) and recommends a treatment
that is e�ective against that bacteria. Currently, when
a patient is infected by the HIV virus, in the most ad-
vanced treatment regimen, a combination of antiretro-
viral agents is administered, usually consisting of a
reverse transcriptase inhibitor (AZT, ddI, ddC, d4T,
3TC, Nevirapine, and Delavirdine) and a protease in-
hibitor (Saquinavir, Ritonavir and Indinavir). If the
patient's viral load increases, or the patient's CD4 cell
count (a laboratory marker of the strength of the im-
mune system) decreases, it is assumed that the current
treatment is no longer e�ective due to mutation of
the HIV virus and the patient is switched to another
treatment. However, there is not a mechanism cur-
rently used to determine that the new treatment will
be e�ective. We describe a knowledge-based system
that is intended to manage the information needed to
make treatment of HIV analogous to the treatment of
bacterial infection. In particular, it contains knowl-
edge of which strains of the HIV virus are resistant
to each antiretroviral agent. This knowledge is used
to determine which antiretroviral agents to adminis-
ter, to switch antiretroviral agents when the virus has
mutated but before the immune system is weakened,
and to determine which antiretroviral agents to switch
to. The strains of virus that are most prevalent in the
patient are found by genetic sequencing of the virus.

Background
Many compounds have been reported to inhibit

replication of the Human Immunode�ciency Virus



(HIV) both in vitro and in vivo [1,2]. There are al-
ready 9 antiretroviral agents licensed for use in the
US and many more are currently undergoing preclin-
ical and clinical evaluation. Multiple clinical trials
have demonstrated that treatment with these agents
can improve clinical outcomes such as mortality, oc-
currence of opportunistic infections and progression
to AIDS [3,4,5,6,7]. Therapy with a combination of
agents appears to be superior to monotherapy [8].

Unfortunately, current therapeutic regimens re-
sult in suppression but not eradication of HIV.
Furthermore, antiretroviral therapy is limited by the
invariable development of resistance. A variety of
studies have demonstrated that resistance is associ-
ated with speci�c mutations in the HIV pol gene
[9,10,11,12]. If it were possible to directly moni-
tor the occurrence of such mutations in the HIV
RNA sequence from a given patient, speci�c alterna-
tive therapies might be considered before a surrogate
marker, e.g. CD4 count or viral load, could be ex-
pected to even reect a failure of the current regimen.

The clinical application of sequence information in
an individual patient is currently not feasible because
of the di�culty in interpreting the sequence infor-
mation and relating it to the known body of medi-
cal literature. Fortunately, knowledge-based systems
technology can be applied to solve this information
management problem. Rule-based expert systems
[13,14,15] declaratively represent knowledge of a spe-
cialized problem and facts about a speci�c case and
draw inferences about the case. In the program de-
veloped for the current study (Customized Treatment
Strategies for HIV [CTSHIV]), the rules encode infor-
mation on drug-resistant mutations of HIV and char-
acteristics of current antiretroviral agents, the facts
are the sequences of the HIV genome obtained from
a speci�c individual, and the inference to be drawn
is a set of recommended drug-regimens. The knowl-
edge of the HIV treatment problem is represented as
a set of if-then rules of the form: IF < antecedent >
THEN < consequence >. For example, one such rule
in CTSHIV is:
IF Leucine is encoded by codon 41 of the RT portion of
the pol gene, then do not use AZT [weight=1.0].

The rule is derived from the literature which re-
ports that a Methionine to Leucine mutation at codon
41 confers high-level resistance to AZT (>100-fold re-
sistance [9]). The weight associated with a rule is
not a con�dence as in many expert systems. Rather,
it should be viewed as part of the conclusion. The
conclusions are weighted from 0.1 (low) to 1.0 (high)

based upon expert advise and the reported level of re-
sistance in the literature. The weight reects the level
of resistance to using a particular drug. The weights
are additive. If there are several reasons for not us-
ing a drug, the total amount of resistance of the drug
is the sum of the individual resistances. This reects
the underlying causal mechanism where a mutation
changes the HIV virus in a particular location that is
critical to the activity of the drug.

The level of resistance to each individual drug is
determined by using a set of approximately 40 rules
from the medical literature. Many rules exclude more
than one drug from consideration. Base substitutions
coding for either in vitro and/or in vivo resistance to
speci�c drugs [16,17,18,19,20] were identi�ed in the
literature and included as rules.

CTSHIV also contains a second set of rules that
rate combinations of antiretroviral agents rather than
individual ones. Here, we exclude antiretroviral com-
binations with overlapping toxicities or redundant
mechanisms of action and unproved e�cacy and/or
safety. There are fewer than 10 of these rules in
CTSHIV. For example, one such rule in CTSHIV is:

If the combination contains Indinavir, Ritonavir or
Saquinavir with either Nevirapine or Delavirdine
Then do not use the combination [weight=1.0].

With this information, CTSHIV uses its knowledge-
base to �nd the level of resistance of each drug, and
can �nd the weighting of each combination of drugs.
No more than 4 antiretroviral agents are administered
in practice, so this limits the numbers of combina-
tions considered. For e�ciency, a branch-and-bound
search is used to �nd the �ve best combinations of 2
drugs, the �ve best combinations of 3 drugs and the
�ve best combinations of 4 drugs. CTSHIV associates
citations from the medical literature with each rule
and maintains a trace of rule execution. Therefore, it
can explain its conclusions and point the physician to
the relevant medical literature.

CTSHIV goes through the following stages:

1. Blood is obtained from HIV-infected individu-
als after informed consent was obtained using a
form approved by the Institutional Review Board
at UC Irvine. All patients in the study have
weakened immune systems (CD4 counts < 500
cells/mm3). The protease, reverse transcriptase,
and integrase segments of the HIV pol gene are
cloned. Five clones from each patient are se-
quenced so that di�erent strains of the virus
within the same patient can be detected.



2. The level of resistance of each antiretroviral agent
is found. The weight of the conclusion of each rule
is multiplied by the fraction of the virus of each
patient that has the speci�ed mutation.

3. A branch-and-bound search algorithm �nds the
combinations of antiretroviral agents with the
minimumweight. The weight of a combination is
the sum of the weights of the individual drugs plus
the weight of the combination. At most 10,000
combinations are considered, but the branch-and-
bound search algorithm often reduces this by an
order of magnitude.

4. A ranked ordering of drug regimens and the ex-
planation for excluding any drug is printed. In the
case that two drugs or combinations have equal
weights, a default preference ordering of the drugs
is used to favor one therapy over another.

CTSHIV is implemented in JAVA. Sample output
in Figure 1 shows how CTSHIV displays recommen-
dations (top), and how the recommendations are ex-
plained (lower). CTSHIV displays all mutations of the
HIV virus and highlights the ones that result in drug
resistence.

Clinical trials using CTSHIV were started in Jan-
uary 1997. Subjects in the study are re-evaluated by
CTSHIV every three months to determine whether a
change in therapy is warranted. The initial results of
the clinical trials have been very promising.

Future Work
The CTSHIV system is limited by an incomplete

understanding of the relationship between genomic
mutations conferring drug resistance and clinical and
surrogate marker outcomes. Furthermore, the expert
program can only incorporate rules from the current
literature. Like all knowledge-based systems, CTSHIV
is designed to allow an expert to easily add rules to the
system and to understand the e�ects of adding rules.

Our future research in CTSHIV will involve two di-
rections. First, the weights in the conclusions of CT-
SHIV might be put on a more principled basis. The
weighting of individual drugs and combinations fol-
lows the procedure that was previously done manually.
Automating this procedure in CTSHIV saves a large
amount of tedious and error-prone work. Nonetheless,
the current implementation of weights is somewhat
ad hoc. Fortunately, for the subjects in the current
trial, CTSHIV has been able to �nd combination ther-
apies with weights of 0, reducing the importance of
the particular weighting scheme. Furthermore, the
current procedure used in practice for the treatment

of HIV-infected patients is considerably more ad hoc
and less informed than the procedure implemented in
CTSHIV.

Second, when enough patient data has been col-
lected, a learning algorithm such as FOCL [14] might
be applied to the program to suggest rule modi�-
cations based upon outcome measures from patients
such as CD4 count, viral load, and progression to
AIDS. New rules can be proposed by the learning sys-
tem for review and con�rmation. We hope to focus
the learning of new rules by providing 3-dimensional
structural knowledge of the HIV virus and the an-
tiretroviral agents. By providing knowledge of the
causal mechanisms of drug resistance, it is antici-
pated that a learning algorithm will be able to help
identify possible mutation rules from reasonably-sized
databases containing patients currently enrolled in
HIV studies.
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Figure 1: The output of CTSHIV rank orders combi-
nation therapy and explains the rankings.


