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OPTIMAL SWITCHING IN STRUCTURED TREATMENT
INTERRUPTION FOR HIV THERAPY

Won Hee Kim, Han Byul Chung, and Chung Choo Chung

ABSTRACT

This paper proposes ‘optimal switching control during structured treat-
ment interruption,” which switches RTI and PI to reduce medication and estab-
lish long-term immune response against HIV. The proposed method is com-
pared with ‘optimized STI’ through numerical simulation. The proposed
method results in a more rapid increase of CTLp, and thus total drug intake
and the therapy period are reduced. HIV treatment simulation results are ana-
lyzed in terms of controllability. Due to the effect of PI, ‘optimal switching
control during STI” can achieve greater controllability more quickly than ‘op-

timized STI.

KeyWords: STI, AIDS, LTNP, optimal control, RTI, PI.

I. INTRODUCTION

The Human Immunodeficiency Virus (HIV) destroys
the immune system by infecting CD4 T-helper cells and
macrophages. Recently, numerous drugs to treat HIV have
been developed. Rapid progress in the approval of reverse
transcriptase inhibitors (RTI: AZT, ddl, ddC, D4T, 3TC,
delavirdine, nevirapine, abacavir, succinate, and efavirenz)
and protease inhibitors (PI: ritonavir, saquinivir, indinavir,
and nelfinavir) has been made. These drugs inhibit viral
replication and lead to a rapid decline in viral abundance
within days [1-3]. However, single therapy may result in
virus emergence [4]. Therefore, inhibitor therapy is com-
bined with antiretroviral therapy, where three or more dif-
ferent drugs are administered. In practice, HAART (highly
active antiretroviral therapy) is the most effective combina-
tion therapy for treatment-naive patients infected with HIV
[5,6]. The clinical results of various combination drugs are
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summarized in [7].

Despite its benefits, HAART treatment has many side
effects [8-11]. Specifically, many HIV-infected patients
have died of fatal liver failure due to the adverse effects of
HAART. Furthermore, prolonged HAART may have the
negative effect of decreasing HIV-specific cellular immune
response [12,13], and HAART treatment is not able to
eradicate HIV due to chronic virus latency [9]. Therefore
HIV-infected patients must undergo continuous HAART
therapy to suppress HIV, which may lead to liver failure
and nerve damage [9,14,15].

In response to the adverse effects of HAART, recent
advances in antiretroviral therapy have focused on enhanc-
ing immune response to HIV to achieve patient LTNP
(Long-term non-progressor: HIV-infected patient without
symptoms of AIDS for more than seven years in the ab-
sence of therapy) status [16,17]. Memory CTL (CTLp:
Cytotoxic T Lymphocyte precursor) is a long-lived CTL
and the key effector in establishing protective immunity
against HIV. Thus it is important that any immune response
enhancement treatment increases CTLp [16]. Many optimal
control methods for achieving patient LTNP status during
dosage reduction have been proposed. Model-based predic-
tive control (MPC) methods have been used to construct
treatment schedules that emphasize CTLp increase [18-20].
Zurakowski et al. suggested using MPC methods for cases
involving modeling error or uncertainty [18], but due to the
long sampling time of their study, one week, the virus load
and CD4 T-helper cell count could not be kept within base-
line ranges. Alternatively, optimal control problems can be
solved by continuously varying drug levels [19]. The CD4
T-helper cell count and virus load can be kept within base-
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lines by adjusting the cost function. However, continuous
variation of input levels increases regimen difficulty and
drug resistance [16,18]. Ko et al. proposed that a shorter
sampling time is needed to remain within baseline ranges
[20]. They solved constrained optimal control problems, i.e.
optimized STI by dynamic programming, using a one day
sampling time. The shorter sampling time allowed the CD4
T-helper cell count and virus load to be kept within base-
line ranges.

Ko et al. used a model in which the effect of HAART
is represented by combinations of RTI. However, the re-
duction of total drug intake is limited if only RTI is used.
In addition, the use of RTI alone may increase the risk of
the emergence of drug resistant viral strains and other side
effects [21]. Antiretroviral therapy that switches classes of
drugs has been recently proposed as a potential strategy for
treating metabolic complications [22-24]. In [23], many
clinical data were used to consider a therapy that switches
drugs between RTI and PI in STI. The model proposed in
[25] was modified by adding PI efficacy.

Our goal is to find a control law for two input optimal
control problems whose final state is LTNP. The proposed
method is called ‘optimal switching in STI” while the ther-
apy proposed in [20] is called ‘optimized STI.” We simu-
lated two cases: patient A has been infected with HIV
without therapy for a long time; patient B has undergone
RTI for a long time. In case studies, the two patients each
undergo two treatments: ‘optimal switching in STI’ and
‘optimized STT’. In optimal switching in STI, both RTI and
PI are used, but in optimized STI, only RTI is used. The
proposed method was compared with the previous method
in terms of treatment period and total drug intake. Optimal
switching in STI administrated PI, if necessary, only during
RTI interruption. As expected, the increase of CTLp im-
proved due to the effects of PI. Consequently, the faster
buildup of CTLp of the proposed method allows the use of
fewer drugs to achieve LTNP status more rapidly than op-
timized STI.

This paper is organized as follows: modeling of the
HIV-affected immune system is explained in section II. In
section III, methodologies of optimal control are presented.
Then, simulation results and analysis are presented in sec-
tion IV. In section V, discussions and conclusions are given.

II. WORKING MODEL

To understand the role of CTLp in achieving LTNP,
memory cells and effecter cells are distinguished in the
dynamic model as in [25]. CTLp differentiate to Cytotoxic
T Lymphocyte effectors (CTLe), which destroy infected
cells [14,16]. It is proposed that switching classes of drugs
in antiretroviral therapy is a potential strategy for treating
metabolic complications [22-24]. Therefore, we need con-
sider the effects of PI and RTI in the virus dynamic model.
We modified the model proposed in [25] by adding PI ef-
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Fig. 1. Relationship between compartments in the model (1).
RTI reduces infection rate of CD4T+ and PI decrease
production rate of virus.

ficacy. In [26], PI effectively reduces the reproduction rate
of the virus. To achieve the effects of PI and RTI, we modi-
fied Kubiak’s model, from [25], as follows:

xX(1) = A= dx(t) =Bl = Mgy (1)) x(2) v(2)

Y() = B =Nggy 1y (1)) (1) (1) = ay(2) = py(2) z(¢)

V(1) = k(1="p; uy (1)) y(1) =~ v(2) M
W(t) = ex(1) y(t) w(t) = cqy () w(t) —bw(t)

2(2) = cqy(t) w(t) = hz(?)

where A=1,d=0.1,=0.02,a=02,p=1,¢=0.027,9 =
0.5,6=0.001, h=0.1, k=25, u=1, and n = 0.98 derived
from [25]. x, y, v, w, and z represent uninfected CD4
T-helper cells, infected CD4 T-helper cell, virus load,
CTLp, and CTLe, respectively. A is the uninfected CD4
T-helper cell production rate. dx, ay, bw, and hz are the
natural death rates of x, y, w, and z, respectively. v is
cleared at the rate of wv. P is the infection rate coefficient.
Precursors are generated at the rate of cxyw, and are dif-
ferentiated into effectors at the rate of cqyw. Effectors kill
infected cells at the rate of pyz. The control inputs ; and u,
are the RTI and PI doses (0 < u; < 1,0 <u, < 1). RTI re-
duces the infection rate by 1 — Mgy u;, where Mgy is the
drug efficacy described in (1). PI reduces infection rate by
1 — mp; uy, where np; is the drug efficacy described in (1).
The proposed model (1) is depicted in detail in Fig. 1. The
model (1) has four equilibrium points when no medication
(u; = u, = 0) is administered. The numerical value of each
equilibrium point is summarized in Table I. With given
parameters, the equilibrium points are as follows:

Point 1.
A
X =—"N :Oavl :Oﬁwl :O’Zl =0
d
This is the status of an uninfected patient. This point is
unstable.
Point 2.

ap uv, A—dx,

Xy ,W2=O,Zz=0

sy Vo =

=Bk9y2_ k sz
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This is the status of a patient dominated by HIV with asso-
ciated immune response failure. This point is locally stable.

Point 3.

[cu(A+ dg) — kbB] + \/[CHO»+ dq) —kbB)* —4c” dghp*

3 2cd ’
b h Xz Vo —
y3=—’v3=m,w3= Z3 ,Z3=B3 3 y3
c(x;—q) u cqy; DY

This point is the status of a LTNP patient whose immune
response is established. This point is also locally stable.

Point 4.

[+ dg) — k) —[ch-+ dg) — kBT —4c® dghy’

4 2cdu ’
b hz Bxy vy —ay,
y4:—’v4zﬁ,w4: - » 24 =
c(xy—q) u cqy, DVs

This point is unstable, thus we are not interested in point 4.

Table 1. Numerical values of equilibrium points.

Equilibrium points X=[xy,v,w, Z]T
Point 1 [10,0, 0,0, 0]"
Point 2 [0.4, 4.8, 120, 0, 01"
Point 3 [9.8, 0.004, 0.1, 8751, 4.7]"
Point 4 [0.51,3.72, 93.05, 0.11, 0.06]"

As the point 1 is unstable, it is impossible to return to
the uninfected state after infection by and eradication of the
virus. Therefore the goal of treatment is for the patient to
achieve LTNP status. We consider two cases: patient A and
patient B. The initial condition of patients A and B are X,
and Xj, respectively. Initial conditions are chosen such that

X 4 :=[x(0), »(0), v(0), w(0), z(0)] "
=[0.4, 4.8,119.9, 0.0001, 0.0001]”

and

X 1= [x(0), (0), (0), w(0), 2(0)] "
=[9.94,0.0069, 0.189, 0.0026, 8.43x10-6]"

Due to infection and lack of treatment, virus and infected
cells are dominant in patient A. The CTLp and CTLe
numbers of patient B are low due to extensive treatment.
Recall that our model (1) has five states, X(¢) = [x(?), ¥(?),
W), w(?), z(1)]" and two inputs, U(¢) = [u(?), ux(7)]". There-
fore, we can be represented as

X0 = f(X@,UQ@)).

III. METHODOLOGY

Shim et al. proposed an optimal control method for
continuous regimen HIV treatment [19]. However, con-
tinuously varying drug dosage may cause drug resistant
mutants [18]. The optimal treatment problem was solved in
[18] and [20] by making the input either 0 (no treatment) or
1 (full treatment). However, these works only considered
the efficacy of RTI as the only control input. In this paper,
we consider the effects of PI and RTI. The cost function for
optimization is modified to include the second input such
that

J=(X(t) =X, ) O (X(t,) =X, )+[ ) (Ruf +Ryu3) dt

2

subject to

X(@) = f(X(0),U@),
x(1)>x",v(@t) <V,

where both R, and R, are set to 1, and the terminal cost, O
is diag (500, 500, 500, 500, 500). X,, is the status of the
LTNP, which is represented as Point 3. The initial value for
patients A and B is X(0) = X, and X(0) = Xj, respectively.
The constraint x(#) > x', () < v’ means that the HIV in-
fected person is not regarded as an AIDS patient during
total therapy. That is, baselines for viral load and CD4
T-helper cells are well maintained during therapy. In
[22-24], antiretroviral incorporating switching was pur-
ported to be more effective than therapy without switching.
Therefore, we use a system with two inputs (RTI, PI).

It has been suggested that, when dosed together, RTI
and PI have the same net effect as RTI only [27]. Thus we
do not administer PI and RTI simultaneously. Instead, RTI
is only administrated if either constraint x(f) > x~ or () <
v is violated. To avoid the risk of the emergence of drug
resistant viral strains, we constrained inputs to either 0 or 1.
A sampling time of one day was chosen to achieve baseline
range (maintanance).

In [26,28], Jeffrey et al. proposed that controllability
can be an estimate of drug efficiency within the patient, as
a higher minimum singular value indicates a more control-
lable virus load. Thus the minimum S. V. (singular value)
of a controllability matrix can approximate practical con-
trollability. In [20], it was shown that higher controllability
indicates more effective therapy. In this paper, we analyzed
controllability to assess and compare the effectiveness of
the optimal switching in STI method with the optimized
STI method. To analyze controllability, system (1) can be
linearized such that

X = AX+BU

AX + Bpyy uy + Bpy u, 3)
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where
[—d —Pv 0 —Bex 0 0 |
Bev —a—-pz Pex 0 —py
A= 0 ke - 0 0 1,
aow aw—cgw 0  oy—cgy—-b 0
0 cqw cqy —h |
“4)
B Bgpxv —BNgpxv 0 0 ol )
0 0 —knpy 0 0
By =[BNerr v —Pngy xv 0 0 O]T, (6)
By =[0 0 —knyy 0 07, (7)
€= -y uy),
e=(1-Mp up).

From the linearized system (3), we computed the controlla-
bility matrix such that

Crrierr =[B  AB 4B 4B 4 B],
Crrr =[Brry ABgyy 4 By A By At Byr 1,
Cp =By AB, A*B, A By, A*B,].

We applied S. V. decomposition to the controllability ma-
trix. Plotted minimum S. V. are shown in next section. Re-
fer to [26,28] for detailed explanations of the controllability
analysis.

IV. SIMULATION RESULTS AND
ANALYSIS

System (1) was simulated for patients A and B with
our proposed method, respectively. Figures 2 and 3 suggest
that both methods were successful in yielding LTNP status
for each patient. Figure 4 shows how CTLp increased for
each case. (For easy visibility note that v and w are scaled
by 0.1 and 0.01, respectively.) Figure 2 shows cases where
patients A and B were treated with only RTI using the op-
timized STI method. LTNP status was successfully induced
for each patient. Figure 3 shows the cases where both pa-

tients were treated by switching treatment in STI. From Fig.

3 we see that our proposed method also induces patient
LTNP status. Figures 2 and 3 show that no great difference
exists between the dosing schedule patterns of the two
methods. Note that the first interruption for each case oc-
curred on the same day. During the first interruption, the
increase rate of CTLp is boosted. However, the virus load
increased and CD4 decreased due to therapy interruption.

'\l\,\l‘;\;
o D I e R R Tt~

o T — e i ~— i3
(a) Patient A

Ty o
vty
s LR o

0 50 100 150 200 250
(b) Patient B

Fig. 2. Results of ‘optimized STI.” Cyan shade indicates RTI
input. (a) Therapy duration of patient A is 147 days.
RTI was administered to patient A for 122 days (b)
Therapy duration of patient B was 121 days. RTI was
administered to patient B for 93 days. CTLp increased
during interruption, while CD4 and virus levels re-
mained within baseline ranges due to the one day
sampling time. Consequently, both patients Achieved
LTNP status.
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o 50 o = - =

(a) Patient A

1 T T T
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o] e R S e o

1] o 50 100 150 200 250
(b) Patient B

Fig. 3. Results of ‘optimal switching in STIL.” Each cyan shade
and red shade indicates RTI input and PI input. (a)
Therapy duration of patient A was 107 days. RTI was
administered to patient A for 92 days and PI was given
to patient A for 5 days. (b) Therapy duration of patient
B was 79 days. RTI was administered to patient B for
63 days and PI was given to patient B for 4 days.
CTLp increased and the immune system established
more quickly due to PI administration during the in-
terruptions. Therefore, the total drug intake and the
therapy period were reduced. Note that PI was not al-
ways administrated during RTI interruption.
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RTI is not as effective as PI on patients with a high viral
load and a low CD4 T-helper cell count [24]. Therefore, in
the proposed method, PI is administered to both patients
during the first interruption. Figure 3 shows that treatment
switches to PI from RTI when the viral load is relatively
high and the CD4 T-helper cell count is relatively low.
Taking PI during the interruption does not affect the overall
pattern of the STI. However we observed that CTLp, which
is the main factor affecting the immune system [16], in-
creased more rapidly due to PI. Optimal control simulation
results from [18-20] also show that CTLp increases gradu-
ally when control is successful. Figure 4 confirms that
CTLp increased faster if PI is administered during RTI
interruption. Therefore, the period of therapy and total drug
intake were reduced while still achieving patient LTNP
status. In [19], Shim et al. indicated that gradual drug dose
reduction occurs under optimal control. Ko et al. suggested
that gradual drug dose reduction also occurs under a dis-
crete regimen [20]. The same gradual drug dose reduction
can be observed in Figs. 2 and 3. Figures 5 and 6 compare
controllability of optimal switching in STI with controlla-
bility of optimized STI. In [20], Ko ef al. indicated that
treatment interruption increases the minimum S. V. of the
controllability matrix. For both methods, controllability
increased during interruption. In Fig. 6, the minimum S.V.
of Crreps 1s very close to that of Cryy. RTI has a greater
effect on HIV therapy than PI [27]. Although PI dose not
greatly affect HIV therapy, PI contributes to the overall
increase of controllability. Therefore, optimal switching in
STI is able to achieve high controllability earlier in the
treatment process than optimized STI, while still reducing
the treatment period and the total drug intake. For patient A,
optimal switching in STI was over on the 107th day, while
optimized STI was finished on the 147th day. For patient B,
optimal switching STI was over on the 79th day, while
optimized STI was finished on the 121st day. Table 2
shows that the total drug intake and therapy period were
reduced relative to the total input sum, when both switch-
ing methods were used. For patient A, total drug intake was
reduced by 20 percent and the therapy period was reduced
by 27 percent. For patient B, total drug intake was reduced
by 27 percent and the therapy period was reduced by 35
percent.

Table 2. Total drug intake and therapy period of different
methods.

Total drug | Therapy

Patient Method intake period

Patient A |Optimal switching during STI RTI(92), PI(5) |107days

Patient A |Optimized STI RTI(122) 147days

Patient B |Optimal switching during STI  |RTI(64), P1(4) | 79days

Patient B |Optimized STI RTI(93) 121days

0 50 100 150

0 50 100 150
(b) Patient B

Fig. 4. Comparison of increasing CTLp of ‘optimal switching
in STI” with ‘optimized STI.” w; indicates increasing
CTLp of ‘optimized STI’ and w, indicates increasing
CTLp of optimal switched STI. (a) Result of patient A,
(b) Result of patient B. In ‘optimal switching in ST,
CTLp is increased more due to PI during RTT interrup-
tion. Consequently both patients Are led to LTNP

faster.
107
0 50 100 150 200 250
(a) Patient A
1 0—10
0 50 100 150 200 250

(b) Patient B
Fig. 5. Controllability of ‘optimized STI” for (a) patient A and
(b) patient B. Controllability increased during inter-
ruption.

B L
sty
y \'i\'!','hi:

0 50 100 150 200 250
(a) Patient A

— RTI
--- PI
— RTI&PI

0 50 100 150 200 250
(b) Patient B

Fig. 6. Controllability of ‘optimal switching in STI’ for (a)
patient A and (b) patient B. Controllability increased
during PI administration and during interruption. Fur-
thermore, PI dosage enhanced controllability.
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V. DISCUSSION AND CONCLUSION

Our proposed method was able to establish immune
response similarly to previous treatment methods. The
treatment of HIV should take precedence over the potential
benefits of antiretroviral switching. Therefore, it was pro-
posed that RTI and PI be switched during treatment. We
simulated two cases using our proposed method and a pre-
vious method and compared results. Constrained optimiza-
tion problems for HIV treatment were solved using Dy-
namic Programming. The proposed method is able to re-
duce the total drug intake further while still achieving pa-
tient LTNP status more rapidly than previous methods.
Additionally, our simulation results agree well with re-
ported clinical data. Though PI was incorporated, the over-
all pattern of the therapy did not differ greatly from RTI
monotherapy. However, PI helps increase CTLp, which is
major factor in establishing the immune system. Therefore,
we see a more rapid establishment of the immune system.
Consequently, optimal switching in STI allows the reduc-
tion of total drug intake and the therapy period.

REFERENCES

1. Gulick, R.M., J.W. Mellor, D. Havlir, J.J. Eron, C.
Gonzalez, and D. McMahon, “Treatment with Indi-
navir, Zidovudine, and Lamivudine in Adults with
Human Immunodeficiency Virus Infection and Prior
Antiretroviral Therapy,” New Eng. J. Med., Vol. 337,
No. 11, pp. 734-739 (1997).

2. Gulick, RM., J.W. Mellor, D. Havlir, J.J. Eron, C.
Gonzalez, and D. McMahon, “Potent and Sustained
Antiretroviral Activity of Indinavir (IDV), Zi-
dovudine (ZDV) and Lamivudine (3TC),” Proc. XI
Int. Conf. AIDS, Vancouver, Abstr. Th.B.931 (1996).

3. Benson, C.A., S.G. Deeks, S.C. Brun, R.M. Gulick,
J.J. Eron, and H.A. Kessler, Murphy, “Safety and
Antiviral Activity at 48 Weeks of Lopi-
navir/Ritonavir Plus Nevirapine and 2 Nucleoside
Reverse-Transcriptase Inhibitors in Human Immu-
nodeficiency Virus Type 1-Infected Protease Inhibi-
tor-Ex,” J. Infect. Dis.: Infect. Dis. Soc. Amer., Vol.
185, No. 5, pp. 599-607 (2002).

4. Perelson, A.S. and P.W. Nelson, “Mathematical
Analysis of HIV-1 Dynamics in Vivo,” SIAM, Vol.
41, pp. 3-44 (1999).

5. Capiluppi, B., D. Ciuffreda, G.P. Quinzan, M. Scian-
dra, M, Marroni, B. Morandini, Costig, “Four
drug-HAART in Primary HIV-1 Infection: Clinical
Benefits and Virologic Parameters,” J. Biol. Reg.
Homeos. Ag., Vol. 14, No. 1, pp. 58-62 (2000).

6. Gulick, R.M., “HIV Treatment Stragegies: Planning
for the Long Term,” JAVA, Vol. 279, pp. 957-959
(1998).

7. Casau, N.C. and R.M. Gulick, “HIV Salvage Therapy:

When to Switch and What to Switch to,” Curr. Treat.
Options Infect. Dis., Vol. 4, pp. 339-352 (2002).

8. Altfeld, M., B. Behrens, M. Ostrowski, A. Rubbert, C.

10.

11.

12.

13.

14.

16.

17.

18.

19.

20.

Schieferstein, R.E. Schmidt, B.D. Walker, and E.
Wolf, HIV Medicine, Flying Publish, Available:
http://www.hivmedicine.com (2003).

Bonhoeffer, S., M. Rembiszewski, G.M. Ortiz, and
D.F. Nixon, “Risks and Benefits of Structured Anti-
retroviral Drug Therapy Interruptions in HIV-1 In-
fection,” AIDS, Vol. 14, pp. 2313-2322 (2000).

Highleyman, L., “Adverse Effects Associated with
Antiretroviral Therapy,” B. Exp. Treat. AIDS, Spiring
(2000), Available: http://www.sfaf.org/treatment/
beta/b43/b43adverse.html

—, “Side Effects Reported with Approved Anti-HIV
Drugs,” B. Exp. Treat. AIDS, Spiring (2000). [Online]
Available:
http://www.sfaf.org/treatment/beta/b43/b43adverse
drugs.html

Clerici, M., E. Seminari, and F. Suter, “Different
Immunologic Profiles Characterize HIV Infection in
Highly Active Antiretroviral Therapy Treated and
Antiretroviral-Naive Patient with Undetectable Vi-
raemia,” AIDS, Vol. 14, pp. 109-116 (2000).

Ogg, G.S., X. Jin, S. Bonhoeffer, P.R. Dunbar, M.A.
Nowak, and S. Simo, “Quantitation of HIV-1 Spe-
cific Cytotoxic T Lymphocytes and Plasma Load of
viral RNA,” Science, Vol. 279, No. 5359, pp.
2103-2106 (1998).

Janeway, C.A., Immunobiology, Churchill Living-
stone, Garland (2001).

. Nowak, M.A. and RM. May, Virus Dynamics:

Mathematical Principles of Immunology and Virol-
ogy, Oxford University Press (2000).

Wodarz, D. and M.A. Nowak, “Specific Therapy Re-
gimes Could Lead to Long-Term Immunological
Control of HIV,” PNAS, Vol. 96, pp. 14464-14469
(1999).

Wodarz, D., “Helper-Dependnet vs. Helper-Indepent
CTL Responses in HIV Infection: Implications for
Drug Therapy and Resistance,” J. Theor. Biol., Vol.
213, No. 3, pp. 447-459 (2001).

Zurakowski, R. and A.R. Teel, “Enhancing Immune
Response to HIV Infection Using MPC-Based
Treatment Scheduling,” Proc. Amer. Contr. Conf.,
Denver, pp. 1182-1187 (2003).

Shim, H., S.J. Han, C.C. Chung, S.W. Nam, and J.H.
Seo, “Optimal Scheduling of Drug Treatment for
HIV Infection: Continuous Dose Control and Reced-
ing Horizon Control,” Int. J. Contr., Autom. Syst.,
Vol. 1, No. 3, pp. 282-288 (2003).

Ko, J.H., W.H. Kim, and C.C. Chung, “Optimized

85UBD17 SUOWWOD SA RSO 3(eot|dde 3y} Aq pausenob afe s O ‘SN Jo S9INJ 104 A%eiq1T 8UIUO AB|IM UO (SUO T PUOD-PUe-SWR}ALI0D A8 |IM A eI 1[oul JUO//STNY) SUORIPUOD PUe SWB L 38U 88S *[2202/TT/yz] uo Arigitauluo Aeiim ‘Arigi Aiseaun BuefueH Ag x'08200039002 €609-7E6T  [/TTTT OT/I0p/L00 A8 | M A1 1[oulUO// SNy WO1) papeo|umoq € ‘9002 ‘e6097E6T



296

21.

22.

23.

24.

25.

26.

217.

28.

Asian Journal of Control, Vol. 8, No. 3, September 2006

Structured Treatment Interruption for HIV Therapy
and its Performance Analysis on Controllability,”
Proc. Conf. Decis. Contr., Atlantis, Bahamas, pp.
1055-1060 (2004).

Kojima, E., T. Shirasaka, B.D. Anderson, and S.
Chokekijchai, “Human Immunodeficiency Virus
Type 1 (HIV-1) Viremia Changes and Development
of Drug-Related Mutations in Patients with Sympto-
matic HIV-1 Infection Receiving Alternating or Si-
multaneous Zidovudine and Didanosine Therapy,” J.
Infect. Dis.: Infect. Dis. Soc. Amer., Vol. 171, No. 5,
pp. 1152-1158 (1995).

Phillips, A.N. and A.S. Walker, “Drug Switching and
Virologic-Based Endpoints in Trials of Antiretroviral
Drugs for HIV Infection,” AIDS, Vol. 18, No. 3, pp.
365-370 (2004).

Saag, M.S., W.G. Powderly, M. Schambelan, C.A.
Benson, A. Carr, J.S. Currier, and M. Dube, “Switch-
ing Antiretroviral Drugs for Treatment of Metabolic
Complications in HIV-1 Infection: Summary of Se-
lected Trials,” Top. HIV Med.: Int. AIDS Soc., USA,
Vol. 10 No. 1, pp. 47-51 (2002).

Pozniak, A.L., “Why Switch from Protease Inhibitors
(PI) to Non-Nucleoside Reverse Transcriptase In-
hibitors (NNRTI)?” HIV Med., Vol. 1, No. 1, pp.
7-10 (2000).

Kubiak, S., H. Lehr, R. Levy, T. Moeller, A. Parker,
and E. Swin, “Modeling Control of HIV Infection
Through Structured Treatment Interruptions with
Recommendations for Experimental Protocol,” CRSC
Tech. Rep. (CRSC-TRO1-27)(2001). (Also at
http://www.math.montana.edu/parker)

Jeffrey, A.M., X. Xia, and LK. Craig, “When to Initi-
ate HIV Therapy: A Control Theoretic Approach,”
IEEE Trans. Biomed. Eng., Vol. 50, No. 11, pp.
1213-1220 (2003).

Smith, R.J. and L.M. Wahl, “Distinct Effects of
PRotease and Reverse Transcriptase Inhibition in an
Immunological Model of HIV-1 Infection with Im-
pulsive Drug Effects,” B. Math. Biol., Vol. 66, No. 5,
pp. 1259-1283 (2004).

Jeffrey, A.M., X. Xia, and LK. Craig, “Controllabil-
ity Analysis of the Chemotherapy of HIV/AIDS,”
IFAC, Model. Contr. Agr. Biol. Chem. Syst., Vol. Q,
pp. 127-132 (2003).

Won Hee Kim received the B.S. and M.S.
degrees in electrical and computer engi-
neering from Hanyang University, Seoul,
Korea, in 2003 and 2005, respectively. Cur-
rently, he is an Assistant Engineer at Tele-
communication Network Business, Sam-
sung, Korea. His current research focuses on
optimal control and optical disk drive.

Han Byul Chung received the B.S. degree
in electrical and computer engineering from
the Hanyang University, Seoul, Korea, in
2005. He is currently in the M.S. course at
the same university. His current research
focuses on the control of biological system
and fault tolerant control for vehicle brake
system.

Chung Choo Chung was born in Incheon,
Korea, on 5 September 1958. He received
the B.S. and M.S. degrees from Seoul Na-
tional University, Seoul, Korea, in 1981
and 1983, respectively, and the Ph.D. de-
gree from the University of Southern Cali-
fornia, Los Angeles, in 1993, all in electri-
cal engineering. He worked for LG Elec-
tronics and IBM Korea from 1983 until 1987. From 1993 to
1994, he was a Research Associate in Electrical and Computer
Engineering at the University of Colorado at Boulder. From
1994 to 1997, he was a team leaser at Samsung Advanced
Institute of Technology (SAIT), Korea and finished 21C leader
program of Samsung Group including Samsung Advanced
Management Program at Wharton Business School in U.S.A.
In 1997, he joined the faculty of Hanyang University, Seoul.
He was a chairman of Division of Electrical and Computer
Engineering from 2004 to 2005. Currently, he is an Associate
Professor in Electrical and Biomedical Engineering. He was a
visiting scholar of Mechanical Engineering, University of
California at Berkeley from 2005 to 2006. His current research
interests are in the areas of nonlinear control theory, robotic
system, vehicle dynamics control and data storage systems
including hard disk drives, optical disk drives, holographic
data storage system, and SPM-based storage system. Biologi-
cal control has become one of the new control applications he
is currently working on. Dr. Chung served as an Associate
Editor for the Asian Journal of Control from 2000 to 2002,
Director of Editorial Board for the Transactions on Control,
Automation and Systems Engineering from 2001 to 2002, and
an Editor for the International Journal of Control, Automation
and Systems (IJCAS) from 2003 to 2005. He also served as an
Associate Editor for 2003 IEEE Conference on Decision and
Control. Since 2000, he has been president of Control Theory
Study Society of ICASE, Korea and a publicity chair of 2008
IFAC World Congress.

85UBD17 SUOWWOD SA RSO 3(eot|dde 3y} Aq pausenob afe s O ‘SN Jo S9INJ 104 A%eiq1T 8UIUO AB|IM UO (SUO T PUOD-PUe-SWR}ALI0D A8 |IM A eI 1[oul JUO//STNY) SUORIPUOD PUe SWB L 38U 88S *[2202/TT/yz] uo Arigitauluo Aeiim ‘Arigi Aiseaun BuefueH Ag x'08200039002 €609-7E6T  [/TTTT OT/I0p/L00 A8 | M A1 1[oulUO// SNy WO1) papeo|umoq € ‘9002 ‘e6097E6T




<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (Japan Color 2001 Coated)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Tags
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJDFFile false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /ColorConversionStrategy /UseDeviceIndependentColor
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveEPSInfo true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 600
  /GrayImageDepth -1
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages false
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages true
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 900
  /MonoImageDepth 8
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputCondition ()
  /PDFXRegistryName (http://www.color.org)
  /PDFXTrapped /Unknown

  /SyntheticBoldness 1.000000
  /DetectCurves 0.100000
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /PreserveDICMYKValues true
  /PreserveFlatness true
  /CropColorImages true
  /ColorImageMinResolution 150
  /ColorImageMinResolutionPolicy /OK
  /ColorImageMinDownsampleDepth 1
  /CropGrayImages true
  /GrayImageMinResolution 150
  /GrayImageMinResolutionPolicy /OK
  /GrayImageMinDownsampleDepth 2
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /CheckCompliance [
    /None
  ]
  /PDFXOutputConditionIdentifier ()
  /Description <<
    /ENU (Use these settings to create PDF documents with higher image resolution for high quality pre-press printing. The PDF documents can be opened with Acrobat and Reader 5.0 and later. These settings require font embedding.)
    /JPN <FEFF3053306e8a2d5b9a306f30019ad889e350cf5ea6753b50cf3092542b308030d730ea30d730ec30b9537052377528306e00200050004400460020658766f830924f5c62103059308b3068304d306b4f7f75283057307e305930023053306e8a2d5b9a30674f5c62103057305f00200050004400460020658766f8306f0020004100630072006f0062006100740020304a30883073002000520065006100640065007200200035002e003000204ee5964d30678868793a3067304d307e305930023053306e8a2d5b9a306b306f30d530a930f330c8306e57cb30818fbc307f304c5fc59808306730593002>
    /FRA <>
    /DEU <>
    /PTB <>
    /DAN <>
    /NLD <>
    /ESP <>
    /SUO <>
    /ITA <>
    /NOR <>
    /SVE <>
    /CHT ()
  >>
>> setdistillerparams
<<
  /HWResolution [900 900]
  /PageSize [612.000 792.000]
>> setpagedevice


