2012F % 57% S 8Hi: 666 ~ 672

a3 b &
3

it www.scichina.com csb.scichina.com

HIV BRI S 2

A ‘7‘1&@, x| = FEI®, &l %@, WU HuLin®

O P& TR RZZN HECE R, FEE 710071,
@ Tl R A B 9T 2 o o 34 e PO R, T 475000

Y (rPIEREE ) Al

SCIENCE CHINA PRESS

(3 Department of Biostatistics and Computational Biology, University of Rochester Medical Center, Rochester, New York 14642, USA

E-mail: zhoujie@xidian.edu.cn

2011-10-12 Yicfi, 2012-02-17 %52

&K HARFL2: 342 (60974082, 61075055) 1 H S 5 FEAEMiF b 45 9 & 19 42 (K50510700007) % B

fR%E Bk HIV sy e AL R — AR M o 7 2, a4 CDA+T 40/ R e R fu b o &,
HIV AERTEESNEERPEH, ERETIUSEAH TERTHEZRF LR, UXRA
MARBEBTFFE. A RBERCRE S NS T %, BFETHERNELIERD R, &
BUAKWL it F—F @, i TEREARY W, 2RMBEX T EHME T wm A DTHE,
R XS BEIT R A ANE, #—F o EEREHEAEREE T HIV EA N LT,

Kefiltin]
HIV # A
ot
AT
Cook ¥ &

My T T % o0 247 09 3 58 Cook AL SR &, Jf 40 i A AR A, 38 3R LB il JR B3 2
WA (1) B Gt &7 RN U EwH. Q) AT i, R ax HIV A oy 5 406
WRmEA ETULES®R, BV HIV BBHTEHE T, a0 R g b USSR E. R H
By J7 A T DA B L S e R O AR AL N ST W AL

S0 2 SR I N g R 0 P e, AN 20 el
80 AT 1A T A2 M ARYT I £ ST, DL Ho
2 NG BIE 9T TR S RLmb BT 4R A BT B R
FAEK T N A A7 B) RN T . AR X SemfoE v, X
HIV J%3E 8l J1 22 R A B R 15 T s i SEmtiVE T,
0 X S T s 7 %) 002 A R A 3 2 DA 7 B %) £ 2 [ 1)
A TR B H T 2% 0 O BRI AL X S Ty
BEIRIAT DI R S5 EZ MR R AR E R,
BV X B B R YT R0 AT T BB [R) T AT
SR BEIR YT A MBI, SR B 30 i S I R R T S
K FH 2R 1 00 ) 500 96 9 BT G I ) AR R A R AN TR A
NSRBI FE RE A 250k, REIRUAH N A 2. B
Z, BT EEBREE AT 2E, A s 7 B HIV e
B2 112 1 AR O BOR A N3, Perelson™ X} I
TRMMEER. FIE TN E S R, Eifid# T
PURERIR T 1Y 3G B RN HIV s, ke
IR B Z A Bh A C &R

DT, (t) = A— pT, (1) )T, ()V (1),

DT, (1) = (T, (t)V (t) - 5T, (2), (L

DV(t)=NoT,(t)—cV(t),
Horb Ty(r), Ti(r), V(s BIFRTR ¢ i) 220 £ R 9 oA i J%
Yo CD4+T Y%, TG CDA+T 2% Al
HIV i 82 800 . A BRI N HTE CD4+T 4l i) 3%, p
FIRIEHR CDA+T 4ULAIFET %, nR/RIEH CD4+T
21 B e SR L () R, SR LB CD4AT Al 3E T
N FR A TR YL CDA+T 4 M 7E 58 TR 7= A s 7%
I, ¢ FRARRTERIET 3. BIRLZE IR RS 50
BB 12 R, BEREAR G- s RN S 8 0 5 H A DT .

b R AR R e S O T W AR R R G R

B IS DL S 1 R B SR RAE L Ar LS
AR T ) 0l B A B e AN b g — A ) R
25 7€ O E, B AT SCEk e 32 3 AR ALY
SRR, ar R T R B A Y AR £
P/ Rk By IR T A SRR A5 A B AL AR k1O

FICHIHBA: Zhou J, Liu S Y, Zhou F, et al. Statistical diagnosis of HIV model (in Chinese). Chin Sci Bull (Chin Ver), 2012, 57: 666-672, doi:

10.1360/972011-1978




&
K

KT SR B 2 O AL A 1T,

B HIV BORLEA Z SR I5 1%, (AR
MIGETHE W5 230 B SR Gk i2 o AR
Gt E Ry S 2 —, WG, T LU B
TR BEE SR AR, WIME PR AR A7 AR S AL o
SR RS 7 R DA R RS A A [P, U5 X A 7Y
AT ERA R AT, S GEi R as R, AP
JELRN, W AR 52 B F A 0 £ T 4% Rl 2 LA P A S
BRI A BRIC R A UK R | R R, B
AP AR TR A R, AT R A A 2 R Y
fhHE. EE SIS W, &I HIV B S T i
S EL IR AR, BETT AT LS, A7 B T R A T
AR AR, A BT XM BOVR YT T 5, O Tl R
S B HE A L

ASCERRS B3R HIV @8 ek, 5T 5T
PIALAG TR GETH S W75, BRIV 22 St i) 540 ) A 5
FATAS B 1 7 B M B3 BT J5 2 80Rl 322 Al A4 o 3k
B, R |, i T Cook BUAYIZWISGEIH 4,
WEWT T HAM A WS = AR T o0 A M A T A2 B 4
T, AL A HIV B A PG T, it 5 S
XEF R SR T EAT ORGSR, X
HIV BRIV SR T, BATEE WO A S0 45 7
BRI, IR ER @S 8UG T, AR ST T
GETHS 5 1 1 T A s 00 e R 22 A R
Jife, BATRIHE 77k AT RERIHES 5 Het.

1 HIV BRYw ihF

= RATFE L W — T HIV B 24k T
P XPFELRL(L), WSS VR CD4+T 41l i 7(1)=
To(O+T () TENG PR L2 mT LA A, ) & 45080 0

YVu)=v)+e,, YOu)=T(,)+s,,n=12,N,
Hrhg,, o, FmMEMS I EIRZE, 2 Ea,=Ea,=
0, Var(g,)=o0;, Var(e,,)=0,. Hx LR EE, &
TCH A BRI S50, IBAL (1) i S HUE A AT .
SRy I SCHR F 38 T R ROE — e SO RS E R
200 fE, MG HAEGR S8 X BENMERE S
B HIV B CDA+T 40 T AL T- RN TR, Wle
=0.5, X HLASCHk A B A IR R — 20 B

FAEAL(1)

DT,(t)+ DT, (t) = A— pT,, (1) - 6T, (1),
E X T()=Ty()+T(r), W 3L,

DT(t)= A-p[T()-T,(0]-6T, (),

1 R
T (1) = o vl pre.
p—-0 p-0 p—0
A )RR =K
DV(t)=a,+aT(t)+a,DT(t)-cV (), 2)
Hrp
NoA Nop N6
T = » Oy =
p—0 p—0 p—0
HFEH
/1:_&’ p:ﬂ’ N:ﬂ_az
aZ aZ

KA T ao, on, oo Fl e BARTE, BRI 1981 IR 2404,
p. N, ¢ Wi, TxhRy A2 al #6745 1),
JriEw AL, S E A EHES B Ik U8
w2 A RSO AT V), T S 25k
DV(). DT(r), AIGHEFTAFFIA4 V@), DV, T@)
DT(1) RAQ),
DV(t)=a, +a,T(1)+a,DT(1)—cV (1) + A1),  (3)
Hr
AW =(DV(D)-DV())-a, (T0)-T (1))
~a, (DT~ DT®)+c (V) -V (@),
TEASCH V(0), TRMREZrEAT, 1 DV(r), DT(r)
F R Al 55 220K T ik e/ Mb In] a7 2]
ZH 0= (o, 1, 06,0 I T
0 =arg minS,, )
Hrp
Sy = ZN:([)V(tn) —a,—a,T(t,) -, DT(t,)+cV(1,))

n=1

2

TR PAQMIIEAE, B LIFRX—E Al
— T, G

0=U"U)'U"Y, )
Hrp
1 T@) DT@) -V@,)
1 T@,) DTw) -V,
U = (u,tty,entty) =|
1 Tt,) DT, -V(,)

667



i % B B 2012538 $57% H8H

Y =0 yarre )" = (DY), DV (R, DV(T,)
F BT S A SR T 0 HIA AT, FLHTE o A 2
st

2 HEilisWr: FET AN T B IR
TESR AR A T ik e 2z b, FRATE R
FEFEAEMBREBALN HIV ARG W. iCMBREE
AW JG Vo), T(@), DV(), DTORIEH IRV, 0),
T.(t), DV(1), DT,(1) 5(5)25M, tbimZ%k0 mfsith
4(i)=arg min S, (i) = (UT(i)U(i))’1 Utiya, (6)
Hrp

2

Sy =Y (DVi(t,) -, —a,T(1t,) -, DT (t,) - cV,(t,))

UG FREHERE U PSS @ FTINER, RIRRKITE V@),
T(t,). DT(t,) 535K V(). T,(r,), DT;(t,) i BT 7%
FERE, M Y=y yiv) 2o B & YR i e R M
B, RRPHITE DV (1) Bl DV, ,) J5 it

F B SR, BAEMIBRTTE S8 CR N
g-06(0)

= (i unu:j {u"(i]"_—_Qu"H)+Z[(eflv)(tn) —e;é)un]}

+OPL} ©
P\ Nh

Hrp
0=(Q)yy =UUU)'U",
eVt )=DV(,)-DV(t,),
e, = (O, el (t),el ), ef:)(tn)>T =u,—u,.
H1 (7)1
Nh
o1, (K)
Hrr K A RAG T R R AR, h 1
u,(K)= f x"K(x)dx, i, = (I,T(tn),DT(tn),—V(tn))T,

(é - é(i)) ~N(0.(Eq,ia})"), (8)

n’n

o’ =0 +ala?.
(DAN@):UAYIERA 2 WR 5. HhHE X Cook FRES
N2h2 A A \T - ~T (A Nye 2

i=1##ﬂKﬂ9—ﬂ0)Em%(e—em)~x<®.(%
i BT Cook BEES D i R4 M bR G 2=
B2 (0-00)), Wit (DR, 157 (0-00)) 4 4

668

Wi ey ). €)1, €' (1,), e (1,). HIFSEh5IH 1,
SRR B A 7 B R IR S 7 1 A
S, il R R 58 A ROR Y T R 7 i
PEHITTHEE, BRG] Jhk, i
B DT EA R ARANSE S M Ea )l (i, X H o’
TP 5 28 F A I3 sk 2 A, T
B ] PP S B 028 5 A
SRR A AR FH% 3 Cook Bl D,
FE=RE

o SR C

() HESHO WP 0, %o’ kit

~ ~ o~ 3 1
2 — 12 EunM: E@{EI+NZ f:lzlununT;

an xf 1<n<N, it & V@), Ta,), DT),
Dv(,);

(I X 1<n<N, j =01, i85t %%
i), 1D, GE AT VLB SRS EE 1),

AW 20 FIAREER 100D sk R @), 10 @,)
A @), @) ). €.

A3 RS RAUA 9T Cook FEES D;.

3 Bdlasorbr

3.1 BUBdE P

X — 5 R AR DF 5T 56 — R Y HIV A
UG 52 R S RGN . XA (1), Hd S H0k e
HA=1, p=0.108, n=9x10"°, 6=0.5, N=5, c=5, X
BSOS A AE HIV YL 5 2% 0L FRA TR A by
i Runge-Kutta B3k A BIRIAE X [8][0,20] N %L
fEf#, KR 0.01, IR RIMEEMIC T(L)=Tu()+
Tdt,), V(t,), WEEH
YVa)=vae)+e,, Y"@,)=T,)+&,, n=12,--,N,
Hoh,~N(0,20%), £,~N(0,6%), &1, Fll &, JEAHE I ST [
MR 22, X YV, YO, F R A% % Al
V@) R T@), FIF R~ 0OBOE M fl  Dve) Fi
DT(r), VL ERAG T BT SERBARIE CV i DU B

SR IG: E RA E, REERS 100 AN, F&AT]
XTSRRI T 20 B I (BN b 3RS o, BD

Y(V)(tloo) =V(t,)1+a)+ E1100) >

A2 A2
o +a,0,,



&
K

Y (1100) = T(t,00) (1 + @) + &5 100, -
255 a, RO TR — A EdE 5519 Cook PR ES.
TATTE S 100 A4 556 B Y Cook 1E 2 2 Ir
Bdi S Cook HEE e KAy, WL EARM. X4
— a, BE IR MR, HAARKECHN n, W
ARORE L p=n/M. TAVHIET a PUFPIERE, H
a=0.1, 0.3, 0.6, 1, JFHL M =500, XF 1 (A SRS T
F VM AT, HOMTE BT & = A R Y
B2z, FrhIRATHEIHA T KT 10 AU 10 4
NFSIRARCE, FIFH£ 1S 317,

R 1A, (9 I Cook B X
SRR P ) it B ARSI 2 A AR, R AR N B O A% K
ARG, HR, i 58 ST 3R 52 0 T AR #CR A
FAR K sZ ], FATTIN by ik 2 vh A 6 o 1 4 o BT 5
HHy. APTEAL R8I A T e R A B
BRARM R 2, B U IRl 2 ST A A A
THASRAE A S B B KA 5, W RIAR X F N
SRS HIV B S B TEA E R A R
M. P X HIV BRI AT B A Ak T B e, 75 22X
SR E S E. B’ 1A T AFEWE T Cook 4t

Cook&it B

I I I I |

0 50 100 160 200
M E
0.8 © 2=0.6
0.6 —
1]
=
5 04—
4
[=]
=]
(5]
- hqummLJh
0.0
| | [ | [
0 50 100 150 200
Ik gings)

GEEE Y ONIEN

3.2 IAIALS Bt o b

ARTTIRATIN R G2 W 2 % 2201 PR 56
FR R R ) S B I O . IR ERE B T
K2 B 2E W58 0 (URMC) R4, B 24 SCHkA)
I BCHE 2o S 95 h 2 O R AR T AR O gk
o X PR 57 FEA T 006 1 A AR R T VARYT ) HIV IR,
S3 TERTJE (LA R BRL67) 0, 1, 2, 3, 4, 6, 8, 10, 12
14, 16, 18, 20, 24, 28, 32, 40, 46, 52, 58, 64, 70, 144,
240 W2 HEA T B ARG 7ESE 3, 4, 6, 8, 12, 14, 16, 20,
24, 28, 32, 36, 40, 44 F1 48 JE &M —K. K2 s
T AL E HIV s, CD4+T 21 S AH by &
AR e Ze. nTLUE B, #2075, WAL
B TR B0 S T a3, 1T CDA+T 4 Bl B30 5 o 44
FER

F1 BRPWASENERE

% a=0.1 a=0.3 a=0.6 a=1
HRHE p 0.5% 11% 62% 85.5%
HRE p, 8.23% 60% 85% 96%

a=0.3
04— (b)

Cookéfi i@
(=]
r
|

| | I | I

0 50 100 150 200
ABEIE
1.2 a=1
| @
(] 0.8
P
S —
a2
[=]
S 04—
| [ | | |
0 50 100 150 200
I EETiE)

Bl 1 REMW TH Cook BEE, 4 FiER THEL R MAL Cook FEEBUEHERE K

669



a4 % b & 2012438 £57% H£8H
127 (a) 1 (b)
5 =5
E E ]
S s %
1] ]
e H {4
8 i’
e o~
{0 #o
# #
9.0
T T T I I -0.30 — T I | |
0o 1 2 3 4 0 20 40 60 80
REIE (d) RO (d)
6.6
(e) © (f)
— 0.04 IL
= = N
E = \
= E
= = 0.02— "
g 3 5 ,
- 2
g g ;%_ 0.00
2 2 g
4-1;} o
-0.04 —
[o]
I T T I T T T I T T T T ] I
0 50 100 0 200 400 0 50 100 200

B E (d)

& 2

Xof A B 1 AR e, X AR S R B R
WA AT, H e A R 22 10 A A ok il 26
KRS, T8 BEEERYE CV b, LK R
FIESE, SRS SRR 2 95 2 1T M5 347
g, LGS N BT RN S AT bR 2
K34 TR BB XN A Cook Giitit, WARA
ST S ER AL T B TR RE .

T VR i B A S TR PE T, R XTIk
KM HSHGHEAT R 2w 2 5, fER AT
552 5 XA B A A BAT 3 AN RS T 3 S0
A HURRR S RTS8, SR TR 2 1
JE AT

3 2, ARIREZ RS RA AN
SRR, (IR MbREZAM L, X2 iR SR e
). BT LAZEXT HIV LA 5 Ak 1, andal A1) A i 5
BHRE—ATHER—STHEM RS, X LEEREM
AT AR T A T I A B

670

MBS (d)

BEE (d)

FEGE HIV B RESEHBMITCE 11T, MEREKEHRE R SBHBMEITEE 21T

#F2 HIV EEE St

ZH A P N c

BE1 7.012(2.3) 0.0546(0.03) 5.60(0.023) 0.0248(0.003)
B2 7.61(1.82) -0.0613(0.041) 5.02(0.019) 0.035(0.002)
BE 1 7.036(2.41) 0.0629(0.052) 5.35(0.025) 0.029(0.004)
B2 7.65(1.88) —0.0938(0.047) 5.41(0.023) 0.028(0.006)
4 Hie

HIV 5 (8 G2 T HE DB ] BI7E I PR 527 vh oA 36
BERIRLHT, RS B0 S B T T S AR T
Tr SR KRB ME. AT HIV BRI 20 A
i, BT HIV BEEIZHUG T G2 i, 3
WNARSG: (1) 78 HIV BRI PR AG TR RERE E, 25
T R TR S SR Y Cook I 88 3R 1k I 43
fii. (2) FIHFTS: Cook FEES, %3 HIV BEAI P AL T
B30 B T B RAGTE Ea EECR R R T



&
K

FTMSR 45 00 2 DL B 0 R e

R SCHE 7 3 T 2 P 0
610 W7 1 A Al 2 A B4 7 T o D o B
L, ST HIV RO, A0SR R I, )
ORI 45 AR AL TR PR 3 B I R, TR
IAA2) TP RS T RR, 76 BRI T AR
G AW I o — 2 BRI

ST HIV RO, SCkeR A7 Hofls i 2500 3y
Me, BEUAR L B TR, IRATAE S, ek
T EE R X HIV R 45 G HHL W (e
— —BTRGE. AN A S AR T R R X
R HIV HORTE ATt D% Al B 5 S5 7 o,

' RSB AT, S SRR AT 2 LAY, M, % HIV
B3 P HIV ESE Cook BERF S HORD J% FOHE 6 0 B0 7 B R S5 S WA B I
TG P #6353, L7 Sk TP A 7

Cookéfi it

=
|
-
=)

BREEW, X HIV BRI SEAG T AT A B A R E A, SIS R T AR W B —
SEITEARS SN SCTE, B ANTE AL A T R EE 2, BURTSR.

2PN
1 Ho D D, Neumann A U, Perelson A S, et al. Rapid turnover of plasma virions and CD4 lymphocytes in HIV-1 infection. Nature, 1995, 373:

10

11
12
13

123-126

Perelson A S. Mathematical analysis of HIV-1 dynamics in vivo. SIAM Rev, 1999, 41: 3-44

Bates D M, Watts D G. Nonlinear Regression and Its Application. New York: John Wiley & Sons, Inc, 1988

Ramsay J O, Hook G, Campbell V, et al. Parameter estimation for differential equation: A generalized smoothing approach. J Roy Stat
Soc B, 2007, 69: 741-796

Cao J, Ramsay J O. Parameter cascades and profiling in functional data analysis. Comput Stat, 2007, 22: 335-351

Poyton A A, Varziri M S, McAuley K B, et al. Parameter estimation in continuous time dynamic models using principal differential anal-
ysis. Comput Chem Eng, 2006, 30: 698-708

Liang H, Wu H L. Parameter estimation for differential equation models using a framework of measurement error in regression models. J
Am Stat Assoc, 2008, 103: 1570-1583

Chen J, Wu H L. Efficient local estimation for time varying coefficients in deterministic dynamic models with applications to HIV-1 dy-
namics. J Am Stat Assoc, 2008, 103: 369-384

Chen J, Wu H L. Estimation of time varying parameters in deterministic dynamic models. Statist Sin, 2008, 18: 987-1006

Liang H, Miao H Y, Wu H L. Estimation of constant and time-varying dynamic parameters of HIV infection in a nonlinear differential
equation model. Ann Appl Stat, 2010, 4: 460-483

Fan J, Gijbels I. Local Polynomial Modeling and Its Applications. London: Chapman & Hall, 1996

Cook R D, Weisberg S. Residuals and Influence in Regression. London: Chapman & Hall, 1982

Fr, MEE, WES. SitieW dbat mSFEE R, 2009

Miller K S. On the inverse of sum of matrices. Math Mag, 1981, 54: 67-72

671



i % B B 2012538 $57% H8H

Statistical diagnosis of HIV model

ZHOU Jie', LIU SanYang', ZHOU Fang® & WU HuLin’

! Department of Mathematics, Xidian University, Xi’An 710071, China;
2 Department of Oncology Affiliated Huaihe Hospital, Henan University, KaiFeng 475000, China;
3 Department of Biostatistics and Computational Biology, University of Rochester Medical Center, Rochester, New York 14642, USA

The dynamics of the human immunodeficiency virus (HIV) can be described by ordinary differential equations (ODEs), in which the
unknown parameters include the infected rate and death rate of CD4+ T cell, the death rate of virus etc. Accurate estimation of these
parameters plays a major role in the personalized treatment. Presently the main parameter estimation approaches include numerical
solution based nonlinear OLS, generalized profiling likelihood and two stage estimation. On the other hand, influential analysis for
dynamics of HIV, though important for the reliable parameter estimation, has received little attention in the literatures. Based on the
two stage estimation of HIV dynamics, a nonparametric Cook type statistic is constructed in this paper to detect the influential
measurements. The limit distribution of such Cook type statistic is established. By applying the proposed Cook statistic to the
simulated and clinical trial data we find (1) the middle bias can be detected by the proposed Cook statistic, (2) compared to the interior
measurements, the boundary measurements have more impact on the estimation of the parameters. Based on these observations, we
suggest that the boundary measurements should be paid more attentions than the interior measurements for the parameters estimation
of HIV dynamics. The proposed influential measurements detection procedure can be generalized to other linear ODEs with
measurement error.

HIV modeling, kernel smoothing, influential analysis, Cook distance

doi: 10.1360/972011-1978
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