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Abstract. In this paper we analyse CD4, CD8 and CD4/CD8 ratios of HIV infected
individuals using nonlinear nonparametric models and methods which are a combination of
regression smoothing methods and multivariate techniques. In particular we analyse data ob-
tained from the San Francisco Men's Health Study (SFMHS) and data from the New York
Blood Centre (NYBC). Analysis of subgroups of HIV positive subjects obtained by stratifying
on initial CD4 counts show a curous dramatic change for the better in mean decline of CD4
count and CD4/CD8 ratio around October 1, 1987 for all of the San Francisco subgroups (see
Figure 1(a)). Since AZT was introduced a few months prior to this date, one could speculate
that AZT led to the improvement in mean marker values. However, as seen in Figure l(b),
there is also a turnaround in the CD4 count for the San Francisco control group of HIV nega-
tive men. After calibrating for the turnaround in the marker values for the control group, the
improtement in the infected groups is eliminated. We conjecture that the change in CD4 values
around October 1st 1987 is due to the introduction of more sensitive procedures for obtaining
CD4 counts. Thus studies showing improvement in marker value decline after the introduction
of treatments need to be calibrated using the CD4 counts from control groups. We also analyse
the CD4/CD8 ratio of HIV infected men and find similar, but somewhat larger and less regular,
percentage drops in this marker process. The raw data for the HIV positive men in the NYBC
study do not show a decline in average CD4 counts; however, when we correct for variable entry
times and only include individuals that remain in the study for a certan minimum length of
time, we find a decline comparable to the decline in San Francisco study. .

Key words. HIV positive, HIV negative, stratification, calibration, nonparametric statistical
methods.
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Figure 1. Estimates of mean CD4 count for groups stratified on initial value of CD4.
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1 Introduction
In this paper we use nonparametric methods to analyse disease progression in individuals

for which we have available observations on surrogate markers that indicate the level of the
subject's health. Typical markers will be immune system markers such as CD4 counts, CD8
counts and CD4/CD8 ratios, or some transformation of these. Let to denote the first time the
value of a marker is observed. The level of the marker at time t > to will be represented by
the stochastic process W(t). Our focus will be on the mean marker process function i(t)
E(W(t)).

Our methods are nonlinear and nonparametric in the sense that we do not assume a
linear or other parametric form for p(t) and we do not assume a Normal or other parametric
form for the distribution of the residuals W(t) - u(t), t > to. In Section 2 we use locally
linear smoothing techniques [1, 2] to produce nonparametric estimates of the mean marker
level p(t). Since these techniques do not provide standard errors or test procedures for the type
of data considered here, in Section 3 we use nonlinear nonparametric multivariate techniques
that provide test procedures and standard errors. In this section we use procedures that do not
depend on any imputation or censored data techniques and assumptions.

Throughout this article, we will focus on two data sets. The first is the San Francisco
Men's Health Study (SFMHS) consisting of waves 1 - 13, corresponding to the time period May
1, 1984 - March, 1991 [3]. This data set includes 381 HIV positive men, 549 HIV negative men
and 44 men who seroconverted during the study. Infection times are unknown for the subjects
in the sample and consequently, subjects have been infected for variable lengths of time. CD4,
CD8 and CD4/CD8 measurements were taken at approximately 6 month intervals. In addition,
we have available the calendar time of each visit, the subject's age, sexual orientation as well
as, if applicable, date of diagnosis of AIDS and the interval of seroconversion. We removed the
44 seroconverters from our subsequent analyses.

Our second data set consists of a cohort of men and women who donated blood to the
New York Blood Center (NYBC) between the period April 1, 1985 and February 1988 [4, 5].
In this article we report on blood donors who tested positive for HIV antibodies. Of the 1181
donors, 888 were contacted for notification of their results. 490 (79% male and 21% female) of
the donors agreed to attend the site for follow-up visitsscheduled at 6 month intervals at which
time a number of laboratory markers were measured: Leukocytes, CD4, CD8 and CD4/CD8
ratios. As with the SFMHS cohort, infection times are unknown. We report on information
collected at a total of 4 visits. The donors also answered a questionnaire which provided
demographic and risk information. 48% of those who attended follow-up visits had at least one
of the following "risk" factors: had ever used intravenous drugs, had sex with an iv-drug user
since 1977 or had sex with a homosexual male since 1977.

Since the infection times are not known, we stratify individuals according to initial CD4
count since, according to current immunological theory, the CD4 count is an indicator of health
status for HIV positive individuals. Thus, we group together people with the same health
status and examine their decline in CD4 count over time. Moreover, since there is no evidence
of tracking [6], that is, there is no evidence that an individual with an initial fast rate of decline
of CD4 will persist with a rapid rate of decline of CD4, stratification on initial CD4 count
results in groups of individuals that seroconverted at about the same time.
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Recent results [7, 8] show a leveling off of the mean CD4 count about 25-35 months after
seroconversion as this count reached approximately 500. By stratifying on initial CD4 count for
the SFMHS HIV positive group, thereby obtaining groups of men that seroconverted at about
the same time, we find that the leveling off of the CD4 count does not have any connection
to the level 500 or to the length of time (e.g, 25-35 months) after seroconversion. Rather, the
leveling off occured about October 1, 1987, for each strata. We performed a similar analysis for
the SFMHS HIV negative group and again find a changepoint about October 1, 1987, with the
CD4 count changing from decreasing to increasing. To see if the correlation between low CD4
count and missingness could explain the result, we split the data into two further subgroups:
those for which there were data throughout a specified period and those for which there were
not. The changepoint around October 1, 1987, persisted for both subgroups. The analysis
was repeated for the CD4/CD8 ratio and the October 1, 1987 effect persisted. Searching the
literature, we found that a change in the incubation period distribution of HIV July, 1987, to
stochastically longer period has been postulated [9, 10, 11]. This would indicate a change in
the AIDS epidemic to a less severe state on this date, perhaps because of use of AZT. However,
the change in the CD4 and CD4/CD8 ratios on this date for the HIV negative group would
indicate a change in marker measuring techniques or instruments resulting in more sensitive
procedures; or it could be explained by an infectious disease that boosted marker values among
both HIV negative and positive individuals; or it could be explained by the HIV negative group
using AZT as a "preventative" drug, a very unlikely explanation.

We contacted immunology experts [12, 13] to discuss the plausibility of the hypothesis
that procedures for measuring CD4 became more sensitive in mid 1987. This hypothesis is
indeed plausible. We then used the HIV negative marker results to calibrate the HIV positive
marker results. The changepoint about October 1, 1987 indeed disappears for the CD4 data.

2 Nonparametric Curve Estimation of Marker Means
We describe a smoothing technique which displays average levels of marker values over

time. We start by presenting curves that give overall summaries of the data and proceed
to discuss ways of handling lack of information on infection times, missing observations and
stratification.

The data consist of pairs (ti,, W13) where tij is an actual visit time for subject i and
Wij = W(t,j) is the value of the marker of interest for the ith subject at time tij. The tij's do
not have to be distinct across subjects since several subjects may visit on the same day. Let n
be the number of individuals in the study and let N=n ni denote the total number of pairs
(tij, Wij) for a given marker such as CD4. We describe a locally linear smoothing technique
which provides a convenient and efficient estimate of the mean level p(t) = E(W(t)) of the
marker at time t. The basic idea [1, 2, 14, 15] is to produce a locally linear fit to p(t) as follows.

Let s be a time point of interest. Assume that in an interval [s - k- s + h], h > 0, 1i(t)
can be closely approximated by a line ao + ,@ot. Now let a(s) + b(s)t denote the weighted least
squares line computed from the data (tij,, ij),j = 1,2,*...,ni, i = 1,2,... , n with weights

V7 _}(KK =),j-=1,2,... ,ni, i 1,2,2 ... n
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where K h is zero for tij outside the interval [s-h, s + h]. A good choice for K would be
the quartic kernel [1]

K(u) = (-)(1 - u2)21(l u j< 1)16
The constant 2h is called the window size since the points in the window [s - h, s + h] are the
ones used to produce the local linear fit a(s) + b(s)t. A good choice for 2h would be 15 months
= 450 days, since then the locally linear fit is based on at least two waves but typically no more
than three waves.

Now the estimate of the mean marker process, ,((s), is defined to be

=(S) a(s) + b(s)s
The estimate f(t) can be computed for a sample ofm grid t1,* , ti along the t-axis using

weighted least squares software. Connecting the fitted points, Y-(ii, i(t)), i-= 1,, m,
yields a smooth curve estimate of p(t).

A robustified version of this locally linear approach, called LOWESS, can be computed
using S , a statistical software package [16]. LOWESS robustifies the estimate of 1(t) by
downweighting those Wij's with extreme residuals after a preliminary fit of the data [1, 2].

2.1 Estimated overall marker levels. Results and discussion.
Figure 2.1A presents the LOWESS estimates of mean CD4 count for the 381 HIV positive men
and the 549 HIV negative men from the SFMHS. We used the LOWESS smoothing constant
0.50. Other constants gave qualitatively the same results. Note that for the HIV positive
group, there is a leveling off of the slope around t = 1250 days after the start of the study.
After this time the decline of the estimated mean CD4 count is very slow. Note that t = 1250
corresponds to the date October 1, 1987, which is three months after the date that it has been
hypothesized that the incubation period of AIDS started to lengthen in the Los Angeles cohort
study [9] as well as in the SFMHS [11]. However for the HIV negative group, there is also a
change in the estimated mean CD4 count level around October 1, 1987. It starts to increase
on this date. The introduction of AZT in late 1986 and its increased use in the first half of
1987 would be a possible explanation for the change in mean level for the HIV positive group
but not for the HIV negative group. Two possible explanations for a change in both groups
on the same date are (1) a change in how CD4 counts are obtained or measured and (2) an
infectious disease, such as the common cold, triggered an immune response in the population
under study. Note that Figure 2.1C shows the same trend for the CD4/CD8 ratio: Both the
HIV positive and negative groups have a change point close to October 1, 1987. On the other
hand, the CD8 graph Figure 2.1B shows that the estimated mean CD8 count for both HIV
positive and negative groups do not change much over time, with a higher level for the HIV
positive group (about 1000) than for the HIV negative group (about 760).

Figure 2.2.A shows smooth estimates of marker means for HIV positive NYBC men and
NYBC women. The time axis scale on this graph has been calibrated with the SFMHS data so
that the time point 600 corresponds to January 1, 1986, which is approximately 600 days from
May 1, 1984. There is a turnaround point for the NYBC males where the estimated mean CD4
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count changes from decreasing to increasing around t = 1200, which corresponds to September
1, 1987. The estimated mean ratio has a weak turnaround point near this date, but starts to
decline again about three months later. The estimated mean CD8 count increases from about
790 to 1010 over the time period considered.

There is a changepoint in estimated mean marker values around t = 840 for the NYBC
women with the estimated mean CD4 and CD4/CD8 ratio higher for NYBC females than for
the NYBC males. There is no observable change point around October 1, 1987, however only
9% of the 103 NYBC women had a visit after this date compared to 15% (n = 55), of the
NYBC men and 50% (n = 191 for HIV postive and n = 275 for HIV negative) of the SFMHS
men.

2.2 Stratification on the initial marker value.
The estimated mean CD4 count and CD4/CD8 ratio processes for the HIV positive SFMHS
group both have a change point near October 1, 1987 (figure 2.1). However, we could speculate
that this date is irrelevant. Rather, a possible explanation is that the rate of decline in the mean
CD4 level and mean ratio level diminishes after a certain threshold value is obtained (e.g., from
figure 2.1, threshold of 450 and 0.42 for the observed CD4 and ratio processes, respectively).
However, the threshold explanation was not borne out by our analysis.

We consider the new marker process W(t Iwo) whose distribution is the distribution of the
conditional distribution of W(t) given W(to) = wo. In other words, we stratify on the initial
marker value, and W(tlwo) gives the marker values for those subjects whose initial marker
values at the start of the study was wo. The parameter of interest is now the conditional mean
marker function

p(tlwo) = E(W(t)IW(to) = wo)
There are (at least) two reasons for this stratification:

(i) We can address the question of whether the change point is due to the marker reaching a
certain threshold value or because it reached a certain date.
(ii) It addresses the problem that the infection dates for the subjects are unknown. Thus we
regard subjects with the same marker values at the beginning of the study as being nearly
equally affected by the HIV infection. This means that we can use an estimate f(tjwo) of
p(tlwo) to do backward projection. We can predict when an individual with initial marker
value wo was infected by finding the intersection of /i(t Iwo) with the mean marker value for
HIV negative subjects.

Let I(wo) denote an interval around wo. Our estimate J(tlwo) of p(tlwo) will be the
estimate js(t) of Section 2.1 computed for subjects with initial marker values in I(wo). Again,
we use LOWESS to produce a robust version of f(tlwo).

2.3 Results and discussion for stratified data.

The SFMHS HIV positive group
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Figure 2.3 shows the results for the HIV positive men in SFMH study stratified according to
initial CD4 count as indicated. The shapes of the curves are remarkably similar. They all look
roughly piecewise linear with changepoint around October 1, 1987. The conjectured threshold
value around CD4 = 450 plays no role. When we stratify on initial CD4, the mean curves for
the ratio of CD4 to CD8 show the same behaviour as the mean CD4 curves: they are piecewise
linear with changepoint near the middle of 1987.

Figure 2.4 is the corresponding graph when we condition the CD4/CD8 ratio rather
than the CD4 count. The shapes of the estimated mean ratios corresponding to initial values
wO = 0.4, 0.6, 0.8, 1.0 and 1.3 are also remarkably similar. They are piecewise linear with
changepoint near the middle of 1987. Again, when conditioning on the ratio, the mean CD4
shows a changepoint at a similar time.

All the stratified CD4 and CD4/CD8 ratio curves have the same shape as the overall
unstratified curves of Figures 2.1 and 2.2. There is not much change in the mean CD8 curves.
However, the graphs show that stratification greatly reduces variability.

The SFMHS HIV negative group
FigureS 2.5A and 2.6C show the estimated mean marker curves when we condition on

the initial CD4 count and initial CD4/CD8 ratio, respectively. Figure 2.6C, where we condition
on initial marker values 1.0, 1.4, 1.6 and 2.1, is the most dramatic. The shapes are remarkably
similar with a striking turnaround point from decreasing to increasing around October 1, 1987.
The curve starting at 1.0 is shaped as a dampened version of the curve starting at 2.1. Figure
2.5A show a similar but less striking story when we condition an initial CD4 count rather than
initial CD4/CD8 ratio.

The NYBC data
Figures 2.7A and 2.8A show the corresponding results for the NYBC HIV positive men.

Remarkly, the mean marker curves for the groups with high initial CD4 and CD4/CD8 ratio
have shapes similar to the curves for the SFMHS HIV negative groups except the changepoint
comes three months earlier. However the increase in mean marker values after the changepoint
is less for the NYBC HIV positive men with high initial marker values than for the SFMHS
HIV negative men.

2.4 Rescaled marker processes.
We consider two adjustments to the marker processes:
1) Divide the marker process values in the ith stratum by the average of initial marker values
in that stratum. This turns the marker process in the ith stratum into a process which gives
percentage values relative to the initial stratum mean. We would expect the resulting mean
marker curves to be nearly identical and thus combinable. Figure 2.9 shows how the strata
mean adjusted marker processes corresponding to CD4 and CD4/CD8 values on a square root
scale are much more parallel than the unadjusted processes in Figure 2.3.

Note that in Figure 2.9, we have, after adjusting the slope by dividing by the initial
strata mean, added the average strata mean in order to separate the graphs. Otherwise, the
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curves fall nearly on top of each other and we are unable to distinguish to which strata they
correspond. We also tried dividing by actual initial values rather than by averages over strata.
The results were similar but more erratic due to the great variability of initial values. They are
not presented here.

We also plotted strata adjusted marker processes for processes stratified according to
initial CD4/CD8 ratio values rather than initial CD4 values and found the same results as in
Figure 2.9. They are not shown here.
2) Our second adjustment has already been mentioned. It is to take the square root of the
strata adjusted marker processes. This is done since the distribution of these markers are skew
to the right and the distribution of the logarithms are skewed to the left. The distribution of the
square root values are nearly symmetric and the shape resembles that of a normal distribution.

2.5 Recombination of strata.
In Section 2.4 we saw that plots of rescaled marker processes for different strata are nearly iden-
tical. In this section we combine the rescaled processes across strata by replacing the observed
process for each individual by {marker/initial strata mean marker value}'/2 and smooth this
series.

The SFMHS data
The results are presented in Figure 2.10 for the SFMHS HIV positive and negative

groups. The October 1, 1987, effect is evident. This graph is based on stratification on initial
CD4 values. Stratification on initial CD4/CD8 ratio values led to nearly indistinguishable
results to those based on stratification by initial CD4. Note that for the HIV positive group
the square root of CD4 and CD4/CD8 drop on the average by 24 and 30 percent over the 2500
days of the study, respectively. This corresponds to a 42 and 51 percent drop in the average
CD4 and CD4/CD8 values, respectively. The average CD8 counts for the HIV positive group
remains remarkably constant and, as expected, higher than that of the HIV negative group.

The NYBC data
The rescaled, recombined mean marker processes for the NYBC men are presented in

Figures 2.11 - 2.12 and for the NYBC women, in Figure 2.13. The resulting smoothed curves
are surprising. For the NYBC men, the estimated mean adjusted CD4 does not decrease over
the time interval of the study (1035 days) in fact, in increases slightly (2.5%). This compares
to a 16% drop in mean square root CD4 counts ovr the first 1035 days of the SFMH study. On
the untransformed (no square root) scale (graph not shown) the SFMH study CD4 curve drops
by 30% over the first 1035 days compared to a 2.5% increase in the NY CD4 count for the same
period. Note that the estimated mean CD8 increases and the estimated mean CD4/CD8 ratio
decreases in a nonlinear fashion.

The percentage drop in mean square root CD4/CD8 ratio over the 1035 days for the
men in the NYBC study was 15%. This compares with a 22% drop in the mean square root
CD4/CD8 ratio over the first 1035 days of the SFMH study.

7



Since, for the NYBC men, stratification on CD4 produced different curves than strat-
ification on CD4/CD8 ratio (see Figures 2.7 and 2.8), we give the results for both types of
stratification here. However, the strata mean adjusted curves of Figures 2.11 and 2.12 are not
very different. Note that the NYBC women have not been stratified on initial values due to
the small sample size. The smaller sample size also means that these curves are less reliable.

2.6 The calibrated rescaled curve.
We next calibrate the SFMHS HIV positive curve of Figure 2.10 using the HIV negative curve
of Figure 2.10. More precisely, if the HIV- negative marker process has changed by a certain
percentage from time to to .t, we calibrate the HIV+ marker process by subtracting the corre-
sponding predicted percentage change in the HIV+ marker process. Formally, the calibrated
process WV(t) is

WC (t)-W+(t)- {W+(to)[W (t) - W(to)]/W1 (to)}.
Since the processes have been rescaled to start at one, we set W+ (to) = W-(to) = 1 and arrive
at the calibration formula

{HIV+ marker/initial HIV+ strata mean}1/2
-[{HIV- marker/initial HIV- mean}1/2 - 1].

The results are given in Figure 2.14. The calibrated rescaled CD4 curve is nearly linear. The
October 1, 1987, effect disappears after calibrating for changes in the HIV negative group. The
calibrated curve drops steadily by 30% over the 2500 days of the study. This drop in square
root values correspond to a drop of 51 percent in the average CD4 value over the 2500 study
days. The drop in CD4/CD8 ratio values is not linear due to the strange behaviour of mean
CD8 counts. It has a curious "ski-jump" shape. The CD4/CD8 ratio on the square root scale
drops by 41 percent, which corresponds to a drop of 65 percent on the original scale. The curves
based on stratification on initial CD4/CD8 ratios were very similar and are not presented here.

3 A Multivariate Approach
For the SFMHS, the exploratory nonparametric analysis of Section 2 indicated a dra-

matic change in the rate of decline of CD4 and ratio markers around October 1, 1987. This
change persisted after various stratifications of the data. However, even though these graphs are
extremely informative, statistical inference procedures based on this type of analysis that are
accurate for these small sample sizes have not yet been developed. In this section, we convert
the data and parameters to a form suitable for multivariate analysis where statistical inference
is possible without making any parametric assumptions.

We are interested in i(t) at one or more given time points. However, the observed
time points vary across subjects. One way to deal with this is to use a marked point process
framework [16]. A detailed examination of marker process models is given in [17]. In this
section we use a different approach which consists of using linear interpolant marker processes.
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Let tij denote the number of days from the start of the study to the jth visit for the ith
individual, j = 1,2,... , ni, for i = 1,2,***-, n individuals. For the ith individual in the study
we connect the points (tii, W(til)),.*. , (tin,, W(tin,)) by linear interpolation thereby obtaining
the n independent processes Wi(t),*** , W,n(t), where

WV(t) = WV(t,,) + Wiv(tij+l) - WiH(tij) (t - t ), t.. < t < t j = 1,... , ni.
tij+l- tij

We assume that W1(t),.*. , Wn(t) are independent and identically distributed. That is, at time
zero we regard the n subjects in the study as being selected from some pool 'of subjects, and the
future times that the markers are to be measured as well as the marker values at these times
are independently and identically distributed random vectors across subjects.

The introduction of the linear interpolant processes makes it possible to study the marker
processes at fixed time points, say at six months intervals. The original time points {tij} come
in waves that are on the average six months apart. However, they are quite spread out and
can not be assumed to be at six month intervals. The introduction of the interpolant processes
allows a simple nonparametric analysis based on the multivariate central limit theorem.

At this point we make a convenient reparametrization which consists of replacing the
mean marker level 1(t) by the mean level of the interpolant process, i.e. by

m(t) = E(W2(t)) (1)

Note that m(t) is very close to p(t), in fact, if p(t) = ce + ,t, then m(t) = p(t). In
general, when comparing risk groups or assessing the effect of covariates, differences in m(t)
between risk groups or for different covariate values reflect differences in p(t) between risk
groups and different covariate values. Thus we can make m(t) the object of our inference. Now
our estimate of m(t) is

n

m(t) = n1 Wi(t). (2)
i=l

Clearly mr(t) is unbiased with variance var(mr(t)) = n-1 o2(t) where o-2(t) = var(Wi(t)).
In fact, let tl,.*,tk denote time points of interest, then m(t1),.., m(tk) have, by the multi-
variate central limit theorem, approximately a k dimensional normal distribution with mean
vector m(tl),... , m(tk). The covariance matrix E, of m(tl),...,..(tk) can be estimated using
the sample covariance matrix. Thus, once we have introduced the interpolant processes and the
reparametrization to m(t) we can use the usual multivariate procedures and software packages
designed to analyse longitudinal and other multivariate data.

3.1 Overall marker levels: Correcting for missingness
Next we considered the question of whether there is a difference in mean marker processes
between HIV positive individuals who stay in the study for essentially the entire time period of
the study and those who do not. This, in turn, is to answer the question of whether the change
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in average CD4 and ratio values around Oct. 1, 87 observed in Section 2 can be explained by a
strong association between low marker values and missingness since those with very low marker
values are more likely to be very sick or deceased. In other words, the change around Oct. 1,
1987 could be due to individuals with low marker values dropping out of the study around this
date. Thus we are asking whether the results obtained when individuals with missing values
are included biases the results since, possibly, low marker values and missingness are highly
correlated. To address this question we split the observations into two groups: Those that
stayed in the study the entire time period from 180 days to 2340 days and those that did not.
The first group was defined by selecting those who had at least one visit before 180 days and
at least one visit past 2340 days. Thus their interpolant processes {W,(t)} spanned the time
interval [180,2340].

Figure 3.1 compares the group of subjects that had observation periods spanning [180,2340]
with those that did not. It shows that those that did not remain in the study for the given
time period had lower CD4 counts and CD4/CD8 ratios. Thus we will in this section consider
only the group with observations spanning the entire time period [180, 2340].

Tables 1 and 2 present the estimated mean marker values at eight time points spanning
from 180 to 2340 days from May 1, 1984 for the SFMHS HIV positive and HIV negative
men respectively. The results are consistent with Figure 2.1. The decline in mean CD4 and
CD4/CD8 values for the HIV+ subjects in the SFMHS tapers off around October 1, 1987, while
for the HIV- subjects these marker processes go from decreasing to increasing around this time.
Note that for the HIV+ group the drop in mean CD4 is statistically significant at the 5% level
only for one interval, from 720 to 1080 days. The drop in mean CD4/CD$ HIV+ ratio values
is significant for the two time intervals leading up to Oct. 1, 1987 (t = 1248). The drop in the
mean HIV- CD4 count in the interval prior to Oct. 1, 87, is significant as is the increase in the
two intervals following this date. A similar result holds for the HIV- CD4/CD8 values.

It is also instructive to examine changes over time intervals. Thus we let Ai = expected
change per year in marker values over the time interval (ti, ti+'), i = 1,2,... ,7, that is

=i= 360E[W(ti+1) - W(ti)]
ti+1 - ti

Table 3 gives the estimated changes. All the downward changes in mean CD4 for the HIV+
SFMHS group before Oct. 1, 87 are significant at the 5% level while the changes over the two
time intervals after this date are not. For the HIV- group the downward change in the last
interval before Oct. 1, 87 is significant as is the upward change in the first interval after this
date.

The above significance statements are "one at the time" statements. To get simultaneous
significance across time intervals, we turn to the 90% Bonferroni confidence intervals. They are
given by

=i=Ai±2.45 (standard error Ai), a 1,=...7
Table 4 gives these intervals and confirms the results of Table 3. That is, it shows the

leveling off of the decline in mean CD4 counts for the HIV+ group around Oct. 1, 87, and the
significant increase in mean CD4 counts for the HIV- group after this date.
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3.2 Rescaled multivariate marker processes
In Section 2.3 it was shown that stratification on initial marker values reduces data variability
and that the marker processes corresponding to different strata have remarkably similar shapes.
Thus, as in Section 2.3, we rescale the marker process values for an individual in strata i by
dividing that persons marker process values by the ith strata mean of initial marker values. We
also considered log and square root transformations of the adjusted marker values and found
that the square root transformations gave nearly symmetric distributions of the values at given
time points. Thus we present the analysis on the square root scale; however, the results on the
untransformed scale were very close to what is presented here. Table 5 gives the results for

{marker/initial strata mean}"12

Table 5 shows the same pattern as Tables 1, 3 and 4 as well as Figure 2.10. The Oct. 1,
87, effect is striking. The drop in estimated mean rescaled CD4 and CD4/CD8 on the square
root scale is 20% and 28%, respectively. This compares to 24% and 30% for the slightly longer
time period of Figure 2.10. The careful analysis of this section which avoids problems due
to missingness and provides standard errors largely confirms the results of Figure 2.10. Note
however, that it confirms the pattern of the decline, but not the level of the marker values.
When subjects that did not stay in the study over the entire time period from 180 to 2340 days
are included, the level is lower.

The NY data
Table 6 shows a similar analysis of the NY men. However, here the time axis is no

longer from May 1, 84. For each subject we measured time from the first visit. This was done
because the times at which the subjects were measured varied greatly. Thus when we used
calender time there was no reasonably long time interval for which there was data available on
a reasonable number of subjects. Using the time from first visit, the subjects with observation
period spanning the time interval from 180 to 450 days, and the men that attended all four
scheduled visits, we found the results of Table 6. This is very different from the results of
Section 2. That is, when we have removed the subjects with missing data and used the time
from first visit as our time unit, there is a decline in the rescaled CD4 count on the square root
scale. Moreover, the declines in both the CD4 and CD4/CD8 processes for the NY men are
comparable to the declines in the SFMHS over "time" intervals of the same length.

For the CD4 process of Table 6, the p-values corresponding to the drop in rescaled mean
marker values on the square root scale for the two time intervals from 180 to 360 days and 360
to 450 days were 0.0448 and 0.1244, respectively. For the CD4/CD8 process, the corresponding
p values were and 0.0001 and 0.0006.

3.3 Multivariate calibrated processes
WeV next use the fluctuations in the marker processes for the HIV negative SF men to calibrate
the marker processes for the SFMHS HIV positive group using the calibration formula of Section
2.6. Table 7 shows how calibration has removed the Oct. 1, 87 effect. Note that the calibrated
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CD4 results are very close to linear except for a dip at 720 days. Also note that the curious
ski-jump shape of the calibrated CD4/CD8 curve first noticed in Figure 2.14 persists. The
calibrated mean processes drop by 25% (CD4) and 38% (CD4/CD8), respectively, as compared
to 30% and 51% for the slightly longer time scale of Figure 2.14.

4 Discussion
In this article we used nonlinear nonparametric techniques that do not rely on any parametric
assumptions concerning the mean structure of a process or the form of the distribution of
residuals to analyse marker processes over time. In particular, we examined the CD4 count,
the CD8 count and the CD4/CD8 ratio values for HIV positive and negative subjects from the
San Francisco mens health study and HIV positive men from the New York Blood Center. For
the SF group, we found that in the raw data there was a leveling off of the decline in mean
CD4 and CD4/CD8 values around the middle of 1987, which corresponds to the conjectured
date for a change in the incubation period of HIV (9, 10, 11). We separated the subjects into
groups of comparable health status by stratifying on the initial CD4 and CD4/CD8 values.
The patterns of marker value decline were remarkably similar across strata with change points
near Oct. 1, 1987. When recording the within strata marker processes on a percentage scale
(percent of predicted initial value), they were nearly identical. Figure 2.10 and Table 5 give
summaries resulting from combining strata. They give the percentage change in mean marker
values over time and they clearly show the changepoint around Oct. 1, 1987.

Since there is also a changepoint around Oct. 1, 1987 for the SFMHS HIV negative
group we calibrated the SFMHS HIV positive marker processes using the pattern of change in
the HIV negative marker processes. The results are given in Figure 2.14 and Table 7. They
show a nearly linear decline in the mean calibrated CD4 count except for a downward blip
around May, 1986. The mean calibrated CD4/CD8 ratio values decline in a nonlinear "ski-
jump" fashion. Table 8 below show how these patterns are reflected in the p-values (based on
Wilk's lambda multiple comparison test).

As a final summary of the SFMHS, we give in Figure 4.1 the calibrated CD4 and
CD4/CD8 mean marker process points that correspond to Tables 7 and 8. The May 86 dip is
present in both groups and the ski-jump pattern is evident in the CD4/CD8 marker points.

For the New York group, the raw data shows a puzzling lack of downward trend in the
mean CD4 marker process. However, after the careful analysis of Section 3 where subjects with
an excess of missing values are excluded and the time axis is adjusted for variable entry times,
a downward trend in mean CD4 marker values comparable to that in the SF study is evident.

Our analysis in Section 2 is data analytic with no standard errors or p-values available.
Our analysis in Section 3 is inferential in that it provides standard errors and p-values.
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Table 1. Mean marker process values W(t) with standard errors (se's). HIV positive men.
SFMHS. Subjects with observation period spanning [180, 2340]. n = 99

Days from May 1/84 180 360 720 1080 1440 1800 2160 2340
W(t)_= CD4 721.9 684.0 640.7 545.9 511.9 505.3 514.5 484.5
se(CD4) 26.2 27.0 25.8 22.0 23.6 24.2 29.8 28.6

W(t)_= CD8 994.9 1039.9 1094.4 1115.9 1114.1 1074.7 1169.8 1183.0
se(0D8) 42.48 49.6 52.7 44.4 45.5 45.3 55.1 54.6

W(t)_= ratio 0.79 0.73 0.65 0.56 0.53 0.54 0.51 0.47
se(ratio) .030 .034 .029 .030 .029 .031 .033 .032

Table 2. Mean marker process values W(t) with standard errors (se.'s) HIV negative men.
SFMH. Subjects with observation period spanning [180, 2340]. n = 137.

Days from May 1/84 180 360 720 1080 1440 1800 2160 2340
W(t)_= CD4 1110.3 1123.5 1171.7 1017.6 1040.0 1135.2 1227.3 1218.9

.se(CD4) 26.0 28.5 29.9 25.4 28.2 27.8 30.9 29.1
W(t)_=CD8 868.3 779.5 780.6 805.4 791.1 757.5 804.6 813.9
se(CD8) 26.2 26.5 28.9 26.4 25.5 23.5 28.0 26.3

W(t)_= Ratio 1.41 1.59 1.65 1.38 1.42 1.63 1.68 1.64
se(Ratio) .043 .048 .048 .042 .039 .046 .050 .047

Table 3. Estimated change Ai per year in mean marker values for SFMHS HIV negative
and positive subjects for the ith time interval. Subjects with observation period spanning [180,
2340].

Table 4. Simultaneous 90% confidence intervals for the change Ai per year in mean
marker values over the indicated time intervals. SFMHS HIV positive (n = 99) and negative
(n = 137) subjects. Subjects with observation period spanning [180,2340]. Significance at the
10% level is indicated with a *".

1

-76± 78.4
26±84.8

2
-43* ± 42.9
49±60.8

3

-95* ± 40.4
-54 ± 56.6

4
-34 ± 46.6
22 ± 56.4

5
-7 ± 41.2
95* ± 59.0

6
10 ± 36.5
92* ± 55.6

7
-60*±50.2
-16 ± 69.8

14

Time interval 1 2 3 4 5 6 | 7
HIV+; change per year of mean CD4 -76 -43 -95 -34 -7 10 -60 |

n = 99; standard errors 32.0 17.5 16.5 19.0 16.8 14.9 20.5
HIV-; change per year of mean CD4 26 49 -54 22 95 92 -16

n = 137; standard errors 34.6 24.8 23.1 23.0 24.1 22.7 28.5

Interval
HIV+
HIV-



Table 5. Mean rescaled marker process values with standard errors. Square root scale.
HIV positive men from the SFMlH study. Subjects with observation period spanning [180,2340].
n = 99.

Percentage of Marker Value at Visit 1
Days from May 1/84 180 -360 720 1080 1440 1800 2160 2340

0D40 99.5 97.6 94.8 87.3 84.3 83.6 83.3 80.1
se0CD40 0.96 1.71 1.82 1.74 1.85 1.97 2.42 2.62

_______R_atio 97.4 93.2 87.8 80.5 77.9 78.4 75.6 71.8
se\/UT4i7 1.65 1.99 1.83 1.96 2.00 2.15 2.39 2.47

Table 6 NYBC Men that attended all 4 visits (n = 56)

7. Mean calibrated rescaled marker process values with standard
SFMHS HIV positive men. Subjects with observations spanning

errors. Square root
[180,2340]. n = 99.

Percentage of marker value at visit 1
Days from May 1/84 180 360 720 1080 1440 1800 2160 2340

V'UD4o 99.5 97.2 92.2 91.7 87.7 82.5 78.2 75.3
seVUD 0.96 1.71 1.82 1.74 1.85 1.98 2.42 2.62

Ratio 95.9 85.5 77.8 79.9 75.9 69.0 64.3 62.1
seVRaio 1.65 1.99 1.83 1.96 2.00 2.15 2.39 2.47

Table 8. Multiple comparison p-values for testing that there is no change in mean marker
values across adjacent intervals. The marker processes are the calibrated CD4 and CD4/CD8
marker processes described in Section 3.3.

Intervals
CD4

CD4/CD8

1-2 2-3 3-4 4-5 5-6 6-7 7-8
.0789 .0005 .6666 .0091 .0002 .0003 .0014
.0001 .0001 .0578 .0015 .0001 .0001 .0012

15

Days from First Visit 180 360 450
_C~D4 21.4 20.7 20.3

se 'UiUi 0.64 0.73 0.76
/RiatiHio 0.78 0.73 0.71

seVRaiaio 0.025 0.024 0.024
Percentage of Marker Value at Visit 1

/CD4 98.0 95.1 93.8
se 1.62 2.64 2.88

Rat 95.6 90.5 88.0
se 1.35 2.22 2.19

Table
scale.



FIG. 1. Estimates of mean CD4 count for groups stratified on initial value of CD4. The curves
are for: l(a), the HIV positive men in the San Francisco Mens Health Study; l(b), the HIV
negative men in the San Francisco Mens Health Study.

FIG. 2.1. SFMHS HIV positve men (overall)

FIG. 2.2. NYBC men and women (overall and scaled to may 1/84)

FIG. 2.3. SFMHS HIV positive men stratified by initial CD4 count

FIG. 2.4 SFMHS HIV positive men stratified by initial ratio value

FIG. 2.5. SFMHS HIV negative men stratified by initial CD4 count

FIG. 2.6. SFMHS HIV negative men stratified by initial ratio value

FIG. 2.7. NYBC men stratified by initial CD4 count

FIG. 2.8. NYBC men stratified by initial ratio value

FIG. 2.9. Marker processes rescaled by dividing by the initial strata mean. Stratification on
initial CD4 count. Square root scale. The curves have been separated by adding the strata
means as the last step before plotting. The curves are for the SFMHS HIV positive groups.

FIG. 2.10. Plots of rescaled mean marker processes for the SFMHS. The curves represent
average values of {marker/initial marker strata mean}1/2. The solid curve is the HIV positive
men and is based on the six strata of Figures 2.3 and 2.9. The dotted curve is for the unstratified
HIV negative men.

FIG. 2.11. Plots of rescaled mean marker processes for the NY men. The curves represent
average values of {marker/initial marker strata mean }1/2. Recombined strata after stratification
on initial CD4 counts.

FIG. 2.12. Plots of rescaled mean marker processes for the NY men. The curves represent
average values of {marker/initial marker strata mean}1/2. Recombined strata after stratification
on initial CD4/CD8 ratio values..

FIG. 2.13. Plots of rescaled mean marker processes for the NY women. The curves represent
average values of {marker/initial marker mean})2.

FIG. 2.14. The calibrated rescaled mean marker curves for the SFMHS HIV positive group.
The curves represent the mean level as percent of initial level on the square root scale.

FIG. 3.1. A comparison of "full span" (those with observation period spanning [180, 2340])
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and "partial span" (those with observation period not spanning [180, 2340]) individuals in the
SFMHS. The white box plots corresponds to the "full span" subjects and the black box plots
corresponds to the "partial" span individuals.

FIG. 4.1. The calibrated CD4 and CD4/CD8 mean marker processes for the SFMHS. The
points are mean marker levels as percentage of initial marker levels. Square root scale. The
arrows indicate + two standard errors.
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San Francisco Mens Health Study Data: SMOOTHED MARKERS
Smoothing Fraction - 0.50
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FIG. 2.1. SFMHS HIV positve men (overall)
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New York Blood Donor Data: HIV +ve Men and Women: SMOOTHED MARKERS
Smoothing Fraction - 0.50
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FIG. 2.2. NYBC men and women (overall and scaled to may 1/84)
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San Francisco Mens Health Study Data: HIV +ve Men: SMOOTHED MARKERS
Stratified by Cd4 Value at Vissh 1 (Smoothing Fraction - 0.5)
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San Francisco Mens Health Study Data: HIV +ve Men: SMOOTHED MARKERS
Stratified by Ratio Value at Visit I (Smoothing Fraction - 0.5)
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San Francisoo Mens Health Study Data: HIV wye Men: SMOOTHED MARKERS
Stratified by CD4 Value at Visit I (Smoothing Fraction * 0.5)
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San Francis Mens Health Study Data: HIV -ve Men: SMOOTHED MARKERS
Stratified by Ratio Value at Visit I (Smoothing Fraction = 0.5)
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New York Blood Donor Data: HIV +ve Men: SMOOTHED MARKERS
Stratified By Cd4 Value at Visit 1 (Smoothing Fraction . 0.50)
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New York Blood Donor Data: HIV +ve Men: SMOOTHED MARKERS
Stratified by Ratio Value at Visit I (Smoothing Fraction = 0.50)

\ - I o gj 1 ;; -

600 800 1000 1200 1400

Days from May 1, 198

600 600 1000 1200 1400

Days frm May 1, 1984

a\ rstido I c 0.3 (n-64)

z\.
0.3

c rafo 0.5 (no104)
0.6 -cm mo < 0.7 (nr86)___ _ --- o~~~~~~~~~~~~~~~~~~~.7 -cmraio < .9(r*57)

_ __ _ 0.9 m ratio < 1.1 (n"33)
____ N-_r :Uon1.1 (ron43)

600 S00 1000 1200 1400

Days om May 1, 1964

Tuo Jun 16 19.00:09 EDT 1992

FIG. 2.8. NYBC men stratified by initial ratio value

0
0 _.__

e____

~............ - =

,--..

*. ... .

1,

o -
WI

0

CS

1%%.
l-,.

*111,



San Francisco Mens Health Study Data: HIV +ve Men: SMOOTHED MARKERS
Stratified by CD4 Vaue at Visit 1 (Smoothing Fraction = 0.5)
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initial CD4 count. Square root scale. The curves have been separated by adding the strata
means as the last step before plotting. The curves are for the SFMHS HIV positive groups.
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San Francsco Mens Health Study Data: SMOOTHED MARKERS
Strtified by CD4 Value at Visit 1:

6 strata for HIV +ve Men, I stratum for HIV -ve Men
(Smoothing Fraction - 0.5)
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FIG. 2.10. Plots of rescaled mean marker processes for the SFMHS. The curves represent
average values of {rmarker/initial marker strata mean}1/2, The solid curve is the HIV positive
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HIV negative men.
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New York Blood Donor Data: HIV +ve Men: SMOOTHED MARKERS
Stratified by Ratio Value at Visit I (Smoothing Fraction = 0.50)
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New York Blood Donor Data: HIV +ve Men: SMOOTHED MARKERS
Stratified By Cd4 Value at Visit I (Smoothing Fraction = 0.50)
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New York Blood Donor Data: HIV +ve Women: SMOOTHED MARKERS
(Smoothing Fraction - 0.50)
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San Francisco Mens Health Study Data: CALIBRATED CURVES
6 strata (by cd4j_) for HIV +ve Men, I stratum for HIV -ve Men

(Smoothing Fraction - 0.5)
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FIG. 2.14. The calibrated rescaled mean marker curves for the SFMHS HIV positive group.

The curves represent the mean level as percent of initial level on the square root scale.
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FIG. 4.1. The calibrated CD4 and CD4/CD8 mean marker processes for the SFMHS. The
points are mean marker levels as percentage of initial marker levels. Square root scale. The
arrows indicate ± two standard errors.
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