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Abstract

Highly active antiretroviral therapy (HAART), administered to a HAART-na€ıve patient, perturbs the
steady state of chronic infection. This perturbation provides an opportunity to investigate the existence and

dynamics of different sources of viral production. Models of HIV dynamics can be used to make a com-
parative analysis of the efficacies of different drug regimens. When HAART is administered for long periods

of time, most patients achieve �undetectable� viral loads (VLs), i.e., below 50 copies/ml. Use of an ultra-

sensitive VL assay demonstrates that some of these patients obtain a low steady state VL in the range 5–50

copies/ml, while others continue to exhibit VL declines to below 5 copies/ml. Interestingly, when patients

exhibit continued declines below 50 copies/ml the virus has a half-life of �6 months, consistent with some

estimates of the rate of latent cell decline. Some patients, despite having sustained undetectable VLs, show

periods of transient viremia (blips). We present a statistical characterization of the blips observed in a set of

123 patients, suggesting that patients have different tendencies to show blips during the period of VL
suppression, that intermittent episodes of viremia have common amplitude profiles, and that VL decay

from the peak of a blip may have two phases.
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1. Introduction

The quantitative analysis of HIV-1 infection was made possible in 1993 with the development
of a quantitative assay for HIV-1 RNA in blood [1,2]. Because each HIV-1 virus particle or virion
contains two RNA molecules, this assay allowed the use of HIV-1 RNA as a surrogate for virus
particles. The mathematical interpretation of changes in the level of HIV-1 RNA (the viral load)
during antiretroviral therapy demonstrated for the first time that despite the fact that HIV-
infection generally takes about 10 years to lead to AIDS, rapid dynamics on the time scale of days
underlies HIV-1 infection [3,4]. This observation stimulated modeling work, aimed at interpreting
experimental data, and led to the development of a new field of study called �viral dynamics� [5].
Here we review some basic models and provide insights into the events that occur in patients
treated for long periods of time with anti-HIV drugs.
Basic models of viral dynamics describe the interaction between cells susceptible to infection

(target cells), infected cells and virus. The most common model being
dT
dt

¼ k � dT � kVT ;

dT �

dt
¼ kVT � dT �;

dV
dt

¼ pT � � cV ;

ð1:1Þ
where T represents target cells, mostly CD4+ T cells, T � represents infected cells, and V virus.
Here it is assumed that target cells are created at rate k, die at rate d per cell, and are infected with
rate constant k. Infected cells, T �, die at rate d per cell and produce virus at rate p per cell. Free
virus is assumed to be cleared at rate c per virion.
Within a few months of infection, patients typically attain a constant or set-point viral load,

which is then roughly maintained for years. If we assume that this is a quasi-steady state char-
acterized by dV =dt ¼ dT �=dt ¼ 0, then one can show that at this steady state kT ¼ cd=p. In ad-
dition, if we assume that an infected cell produces a total of N virus particles during its lifetime,
then the average virion production rate p ¼ Nd, since 1=d is the average lifespan of a productively
infected cell. Thus, the quasi-steady state condition, can also be written as c ¼ NkT . This also
implies, that if T is changing on a slow time scale, then one or more of the parameters must also be
slowly changing. Perelson [6] considered the case in which N increased slowly due to evolution of
the virus within infected people, thus leading to a slow decline in T . Other models have invoked a
time dependent increase in k due to viral evolution or an increase in the immune response, but in
general, what determines the viral set-point and the rate of T cell depletion remains controversial,
and is the subject of much modeling [7–9].
When an antiretroviral drug, such as a protease inhibitor, which causes infected cells to produce

immature virus particles that are non-infectious, or a reverse transcriptase inhibitor, which ef-
fectively blocks the successful infection of a cell, are applied to a patient in steady state the viral
load falls. To model this fall, the effectiveness of the drug is introduced into the model. The basic
model (1.1), then becomes



M. Di Mascio et al. / Mathematical Biosciences 188 (2004) 47–62 49
dT
dt

¼ k � dT � ð1� eRTÞkVIT ;

dT �

dt
¼ ð1� eRTÞkVIT � dT �;

dVI
dt

¼ ð1� ePIÞpT � � cVI;

dVNI
dt

¼ ePIpT � � cVNI;

ð1:2Þ
where eRT and ePI are the efficacies of the reverse transcriptase inhibitor and protease inhibitor,
respectively, and VI and VNI, denote infectious and non-infectious virions, respectively. Perelson
et al. [10] analyzed an experiment in which only a protease inhibitor was given and showed that
when ePI ¼ 1, then the viral load is expected to decay as
V ðtÞ ¼ V0 e�ct þ cV0
c� d

c
c� d

fe�dt
h

� e�ctg � dt e�ct
i
; ð1:3Þ
where V0 is the initial steady state viral load. Eq. (1.3) was then fit to patient data obtained over
the first week of therapy and estimates for c and d were determined [10].
2. Analysis of viral load data from the start of therapy down to 50 HIV-1 RNA copies/ml

When the steady state is perturbed with more potent therapies, consisting of a combination of
protease and reverse transcriptase inhibitors, highly active antiretroviral therapy (HAART) [11],
the decay of viral load only follows Eq. (1.3) initially and then a new slower second phase of decay
is usually observed (Fig. 1(a)). To explain the observed biphasic decay various generalizations of
the basic model (1.1) were made. For example, one could incorporate a second population of
infected cells, M�, that died at a slower rate than T �, which then provided the source of second
phase virus. Alternatively, one can model this source as release of viral particles from follicular
dendritic cells in lymph nodes and spleen [12,13], as due to activation of latently infected cells into
a productively infected state [11], or a combination of these sources. Data fitting cannot distin-
guish between these mechanisms [11,12], although due to the small number of latently infected
cells [14] they seem an unlikely source. Fitting the observed viral load decay to the long-lived cell
model led to the estimates that productively infected cells, T �, decayed with a half-life (t1=2) of
about 1 day, and the postulated longer-lived infected population, M�, decayed with a t1=2 ¼ 1–4
weeks [11].
If one assumes that these two populations of cells are the only sources of virus, the second

phase of decay extrapolates to zero residual infected cells in 2–3 years of completely suppressive
antiretroviral therapy [11]. Thus, modeling suggested that even though plasma virus tended to
become undetectable after about 3 months of therapy, therapy needs to be maintained for at least
2–3 years. However, the ultimate failure of therapy to eradicate the virus in large cohorts of
patients treated for much longer than 3 years suggested that either there exists a third very slowly
decaying viral reservoir or HAART does not fully suppress on-going viral replication, or both.
With ongoing replication, i.e., with eRT and/or ePI not equal to one, it is also possible that the viral
load reaches a new steady state that is below the threshold of detection of current assays [15].



Fig. 1. Plasma HIV-1 RNA decay after initiation of therapy. (a) Typical decay profile. (b,c) Plasma HIV-1 RNA decay

in nine HIV-1 infected patients. Theoretical curves (––) were obtained by best-fitting experimental plasma HIV-1 RNA

data (
) to Eq. (2.2) using a (b) two or (c) three – compartment model.

50 M. Di Mascio et al. / Mathematical Biosciences 188 (2004) 47–62



M. Di Mascio et al. / Mathematical Biosciences 188 (2004) 47–62 51
Additional slower phases of decay, although postulated, were not observed in these early ex-
periments. However, the existence of an additional reservoir of virus, latently infected cells, has
been established [16]. These are cells where the virus has entered, and the viral RNA reverse
transcribed into DNA. If this DNA integrates into the cell�s chromosome, but is not read out to
make new virus particles, the cell is said to be latently infected. Resting CD4+ memory T cells were
identified as the latent reservoir [14], and their mean half-life was estimated in different studies as
being as short as 6 months [17] or as long as 44 months [18,19]. When latently infected cells are
activated they read the viral DNA and may begin viral production, i.e., convert into T � cells.
A model containing productively infected cells, T �, long-lived infected cells, M�, and latently

infected cells, L, is given below. The model also incorporates both infectious, VI, and non-infec-
tious virions, VNI with V ¼ VI þ VNI being the total virus concentration. Delays, sRT and sPI, are
incorporated to take into account that antiretroviral drugs are not instantly active (pharmaco-
logical delay) and that the pharmacological delay for reverse transcriptase inhibitors may be
different from that for protease inhibitors.
dT �

dt
¼ ð1� eRThðt � sRTÞÞkTVI þ aL� dT �;

dM�

dt
¼ ð1� eRThðt � sRTÞÞkMMVI � lM�;

dL
dt

¼ ð1� eRThðt � sRTÞÞfkTVI � aL� dLL;

dVI
dt

¼ ð1� ePIhðt � sPIÞÞNdT � þ ð1� ePIhðt � sPIÞÞpMM� � cVI;

dVNI
dt

¼ ePIhðt � sRTÞNdT � þ ePIhðt � sPIÞpMM� � cVNI;

ð2:1Þ
where hðt � sÞ is a Heavyside function, which is 0 for t < s and 1 for tP s.
In this model we assume for simplicity that the number of uninfected CD4+ T cells (target cells,

T ) and long-lived cells, M , remain constant during the period of observation. Productively in-
fected cells, T � andM�, are generated with rate constants k and kM, respectively, and produce virus
at average rates Nd and pM per cell, and are lost with rate constants d and l, respectively. Latently
infected lymphocytes are generated with rate constant fk, smaller than k by a factor f , are as-
sumed to die with rate constant dL and to be activated into productively infected cells with rate
constant a, giving a total rate constant of loss lL ¼ aþ dL. Both infectious and non-infectious
virions are cleared with a rate constant c.
Assuming that both reverse transcriptase and protease are completely inhibited by the anti-

retroviral regimen (eRT ¼ ePI ¼ 1), that sRT ¼ sPI ¼ s, and that the system was at steady state
before treatment, with baseline viral load V0, the level of plasma virus after drug therapy is
predicted to decay as [11]
V ðtÞ ¼ V0½Ae�dðt�sÞ þ Be�lLðt�sÞ þ C e�lðt�sÞ þ ð1� A� B� CÞe�cðt�sÞ�; ð2:2Þ

where
A ¼ NkT
c� d

1

�
� af

d � lL

�
; B ¼ af dNkT

lLðd � lLÞðc� lLÞ
; C ¼

c� NkT 1þ af
lL

� �
c� l

:
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When f ¼ 0, no latently infected T cells are generated and the solution reduces to one for a
model with the second phase being generated solely by long-lived cells (B ¼ 0).
Eq. (2.2) was used to fit the viral load data obtained in nine chronically HIV-1 infected indi-

viduals, treated with a novel potent four-drug combination including both RT and PI drugs
(Quad regimen). The value of c was fixed at 23 d�1, a value previously estimated from an ex-
periment not involving drug therapy [20], and the remaining parameters were estimated. Six out of
nine patients showed viral load over the threshold of 50 copies/ml for a period of less than three
months from the start of therapy (Fig. 1(b)), whereas the remaining three patients showed viral
load over the threshold for a period of more than 7 months from the start of therapy (Fig. 1(c)).
For these latter three patients the viral load data demonstrates a third phase of decay and Eq.
(2.2) was used to fit the experimental data with f 6¼ 0, whereas for the former six patients the
model with f ¼ 0 was used.
We estimated that the mean death rate of productively infected cells, d, was 1.0 ± 0.3 d�1 and

the mean death rate of long-lived cells, l, was 0.04± 0.03 d�1 [21]. Comparing these estimates with
previous estimates obtained in a group of 8 HIV-1 infected patients treated with a less potent
regimen of antiretroviral drugs [11], we observe no difference in the estimate of l, but a statis-
tically significant difference in d (d ¼ 1:0� 0:3 d�1 in the Quad regimen, versus d ¼ 0:7� 0:2 d�1

in a three drug regimen [11], Mann–Whitney test, P ¼ 0:012).
From the biology of the system, the death rate of productively infected cells is not expected to

depend on the drug regimen. The solution (2.2) was obtained with the simplifying assumption
eRT ¼ ePI ¼ 1, i.e., 100% effectiveness of the drugs. If we remove this assumption, we can show
that the slope of the first phase of plasma HIV-1 decay is approximately given by e0d, the product
of the death rate of productively infected CD4+ T cells and the total drug efficacy, where
ð1� e0Þ ¼ ð1� eRTÞð1� ePIÞ [22]. By assuming d ¼ 1:0 d�1, the value obtained in the Quad regi-
men group, as the more reliable estimate of the death rate of productively infected cells, since the
assumption of optimal therapy is more closely satisfied, we can then compute the efficacies of
other less complex drug regimens relative to the Quad regimen [23].
3. Analysis of viral load data below 50 HIV-RNA copies/ml in HAART treated patients

Almost all recent experimental data on viral load (VL) decay has been obtained with assays
that have a lower limit of detection of 50 copies/ml. Recently, new super-sensitive reverse tran-
scriptase–polymerase chain reaction assays that can quantitate viral load in the plasma to 5
copies/ml were developed and used in a research setting to quantitate plasma virus levels [24].
Moreover, this new assay can also detect if at least one amplifiable viral genome is present in the
sample.
In collaboration with R. Pomerantz, Thomas Jefferson University Medical Center, Philadel-

phia, PA, data from five HIV-1-infected men were analyzed with the super-sensitive assay [25].
These patients were a special subset of a larger group of HAART treated patients, who not only
had plasma viral RNA levels < 50 copies/ml but were also known to be adherent to their HAART
therapy and who had no intercurrent illnesses. We felt that this subset of patients best represented
patients with little or no viral replication for whom we might be able to discern continuing plasma
virus decay.
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Viral load data were fit using a maximum likelihood procedure that allowed for �censored data�
[26], i.e., that took into account that some plasma VL values were below the quantitative
threshold of 5 copies/ml or the qualitative threshold of 1 copy/ml. In some samples no viral
transcripts could be detected, and were treated as < 1 copy/ml. In all five patients we observed a
decay of VL over time, and in three patients the decay slope, m, was significantly different from 0.
In Fig. 2 the data and the regression lines, when significant, are shown for each of these patients.
The corresponding half-lives (t1=2) were computed from the estimate of m, t1=2 ¼ ln 2=m. The decay
slope was statistically different from zero only for patients 1, 2 and 5 (P < 2:6� 10�3). For these
patients the plasma viral load decay yielded half-lives of 256, 149 and 138 days, respectively, with
a mean of approximately 6 months [25].
Although the study involved only five patients, it seems relevant that the estimated mean half-

life of 6 months is the same as the estimated half-life of latently infected cells in individuals
consistently maintaining plasma HIV-1 RNA levels of fewer than 50 copies/ml [17,18]. Patients 3
and 4 did not show significant plasma viral load decays. Thus, in these two patients the plasma VL
may have reached a new quasi-steady state in which low level viral replication was balanced by
Fig. 2. Plasma HIV-1 RNA viral loads (
) for five HAART treated patients and best- fit linear regression lines. For

patients 3 and 4 the slope of the regression line was not statistically different from zero and is not shown. Viral load data

were fit using a maximum likelihood procedure that allows for �censored data�, i.e., data given in the form of <5 copies/

ml or <1 copy/ml. We assume values reported as <5 copies/ml are between 1 and 5 copies/ml, thus the data points have

associated vertical bars. Similarly, a measurement of 0 is here reported as anything below 1 copy/ml and a vertical bar

indicates this uncertainty.
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viral clearance or be so close to steady state that the rate of viral decay could not be reliably
established. The existence of such low viral steady states was suggested by the work of Furtado
et al. [27], in which constant low levels of tat, rev and gag messenger RNA were detected in
HAART treated patients with plasma viral loads below 50 copies/ml, and are predicted by dy-
namic models of HIV-1-infection and treatment in which drug sanctuaries exist [15].
4. Analysis of the occurrence of viral blips in HAART treated patients during the period of viral load
suppression

In patients treated with potent antiretroviral therapies, viral loads are frequently driven below
the usual assay limit of 50 copies/ml. When such patients are repeatedly tested, VLs tend to stay
below 50 copies/ml but on occasion a value above threshold is obtained. These occasional mea-
surements above 50 copies/ml are commonly called �blips�. At first, blips were thought to represent
assay errors. However, as we show below, in most patients analysis of blip time series indicates
that this is not the case, and that blips represent a transient episode of elevated viremia. Thus,
viral blips are indicative of increased viral replication and the underlying causes need to be elu-
cidated.
We studied the dynamics of viral blips by analyzing VL data from patients in eight different

clinical studies, differing in the combination of drugs used for therapy, with each combination
containing both reverse transcriptase and protease inhibitors. Patients started therapy at different
times, were tested a different number of times and observed for different lengths of time. The
general pattern of VL decay consisted of a fast first phase followed by a slower second phase, after
which patients usually had VLs of <50 copies/ml with occasional blips.
We define the period of sustained viral load suppression as starting when two consecutive VL

measurements below 50 copies/ml occur and ending at the last VL measurement below threshold.
The eight studies involved 175 patients but only 123 patients showed a long enough period of
sustained viral load suppression for viral blip analysis. Overall, the 123 selected periods of VL
suppression consisted, on average (± s.d.), of 26± 15 VL measurements taken over a period of
810±468 days. Some of the analyses described below were repeated in a �homogeneous subgroup�
of 33 patients with a similar number of VL tests and times of observation (within 25% of the
group�s mean), in order to reject spurious results that might arise from non-homogeneity of
sampling or amount of data.
The mean and median frequencies of viral blips in the 123 patients were 0.09 and 0.06/sample,

respectively. The blip frequency distribution among the 123 patients, plotted in Fig. 3(a), indicates
that the majority of patients show low values of blip frequency. The distribution of frequencies
observed in the homogeneous subgroup is shown in Fig. 3(b) and resembles well the one for the
total population of patients. In the homogeneous subgroup the mean and median frequencies of
viral blips were 0.08± 0.10 and 0.05/sample, respectively, and the mean number of VL mea-
surements per patient was 31± 4.
We now ask if this frequency distribution can be obtained by assuming that viral blips are

independent events, both among patients and for a given patient, and follow a common time-
invariant probability distribution. Under these assumptions there will be a theoretical probability,
ps, for a given patient to show s blips. If patients were tested the same number of times, �n, we can



Fig. 3. Viral blip frequency. (a) Distribution of viral blip frequencies in the total patient population. The histogram was

obtained by subdividing the range of observed blip frequencies per patient into four subintervals and counting the

number of patients having a blip frequency within each subinterval (the extremes of each subinterval are shown on the

x-axis). (b) Distribution of viral blip frequencies in the homogeneous subgroup. (c) Theoretical probability (––), ps, of a
patient showing s blips, under the assumption that patients have a common probability for exhibiting blips, compared

with the observed frequency of patients showing s blips (d).
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reject the null hypothesis that patients have the same blip frequency distribution, by comparing
the observed fraction of patients showing s blips, fs, in �n measurements with the binomial dis-
tribution
ps ¼
�n
s

� �
psð1� pÞ�n�s

: ð4:1Þ
In the homogeneous-subgroup patients were tested a similar but not necessarily identical
number of times. We define xn as the fraction of patients tested n times. The distribution of xn is
unimodal. For simplicity, if we assume that xn is binomially distributed with mean �n and variance
r2, then the density of xn is given by



56 M. Di Mascio et al. / Mathematical Biosciences 188 (2004) 47–62
P ðxn ¼ ~xnÞ ¼
k
n

� �
rnð1� rÞk�n

; ð4:2Þ
where r ¼ 1� r2

�n , k ¼ �n
r.

If xn is binomially distributed, the following expression for ps can be derived [28]:
psðGÞ ¼
k
s

� �
ðrGÞsð1� rGÞk�s

; ð4:3Þ
where G ¼ 1
n

P1
t¼1 tft is the expected value of the fraction of VL measurements that are blips.

In Fig. 3(c) we compare fs, the fraction of patients showing s blips computed for the homo-
geneous subgroup, with the theoretical probabilities ps, computed from (4.3) with �n ¼ 31. We find
that some patients have fewer blips and some have more blips than expected. Using a chi-square
test, we reject the null hypothesis that patients have a common probability, p, for exhibiting viral
blips (P < 0:05). Thus, our analysis argues against random events with a fixed probability of
occurrence, such as assay variation, being the major cause of blips. Further generalization of Eq.
(4.1) where the constraint for xn being binomially distributed is removed also leads to the same
conclusion [28].
Using a bootstrapping procedure to examine the effects of randomizing the VL time series for

each patient, we deduced that blips within one patient obtained by sampling VLs more than 22
days apart appear to be independent events [29], whereas blips less than 22 days apart appear to
be part of the same episode of elevated viremia. Thus, when blips are more than 22 days
apart they appear to occur independently within patients, but with different frequencies among
patients.
The mean and median amplitude of a viral blip in the full dataset were 158± 132 and 104 HIV-1

RNA copies/ml, respectively. The distribution of viral blip amplitudes, shown in Fig. 4 for the
total group of 123 patients and for the homogeneous subgroup, has an interesting pattern, with
most blips having low amplitude and a few blips having large amplitude. The distribution appears
to be exponential at low amplitudes but decreases slower than exponentially at high amplitudes.
It is of interest to determine the VL amplitude profile of one of these episodes of elevated

viremia. If we assume that intermittent episodes of viremia have a common amplitude profile,
then the observed VL amplitude distribution should be generated by randomly sampling the
profile characteristic of an episode of elevated viremia (Fig. 6(a)). The existence of a common
profile for the viral blips implies that we should observe higher maximum blip amplitudes in
patients showing higher numbers of blips, since with greater sampling it is more likely that we
observe the maximum of the common profile.
Let A, a continuous random variable, be the amplitude of a viral blip, with probability density

function, /ðA). Let ðx1; x2; . . . ; xnÞ be the n-tuple of blip amplitudes observed for a given patient.
Reorder the n-tuple so that xð1Þ 6 xð2Þ � � � 6 xðnÞ, with xðnÞ the maximum among the n observed
amplitudes. The probability that the maximum among the n observed values is 6 ~A, is given by
the probability that each amplitude is 6 ~A. If we assume that blips are independent events this
probability is given by
P ðxðnÞ 6 ~AÞ ¼
Z ~A

0

/ðAÞdA
" #n

: ð4:4Þ



Fig. 4. Viral blip amplitudes. (a) Distribution of the number of blips versus viral blip amplitude in the total population

of patients. The histogram was obtained by counting the number of blips (y-axis) with amplitude in each subinterval of
50 HIV-1 RNA copies/ml (the extremes of each subinterval are shown on the x-axis). (b) The same distribution for the

homogeneous subgroup was built with subintervals of 110 HIV-1 RNA copies/ml.
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Differentiating the cumulative distribution, the probability density is given by
Pð~A6 xðnÞ < ~Aþ d~AÞ ¼ n
Z ~A

0

/ðAÞdA
" #n�1

/ð~AÞd~A: ð4:5Þ
Thus, the expected value of the maximum amplitude among n blips observed in a given patient
is
E½xðnÞ� ¼ n
Z 1

0

~A
Z ~A

0

/ðAÞdA
" #n�1

/ð~AÞd~A: ð4:6Þ
Fig. 5 shows that the observed maximum blip amplitude for patients showing n blips overlap
with the theoretical maximum amplitude obtained from (4.6), where the cumulative and density
distributions for the random variable A were numerically obtained from the distribution of blip
amplitudes. Thus, the null hypothesis that intermittent episodes of viremia have common profiles
cannot be rejected based on this observation (P > 0:05).
Now, if we assume that the time a VL is measured is random with respect to the VL changes

occurring during a blip and that intermittent episodes of viremia have a common profile, then one
should be able to generate the observed distribution of viral blip amplitudes by randomly sam-
pling one hypothetical transient episode of viremia. Thus, we investigated different shapes or set of



Fig. 5. Maximum viral blip amplitude (·) versus number of blips, s, per patient. The solid line indicates the expected

value of the maximum viral blip amplitude for a patient showing s blips under the assumption that intermittent episodes
of viremia have a common amplitude profile. (a) The total population of patients. (b) The homogeneous subgroup.
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shapes for an intermittent episode of viremia that are compatible with the measured amplitude
distribution. Although, to our knowledge, no one has ever sampled a patient frequently enough
during a blip to know how the viral load changes during a blip, when a patient is put on HAART
the viral load decays exponentially in a rapid first phase, followed by a slower second exponential
decay. Also, after a therapy interruption, viral loads tend to rise rapidly [30,31]. So we asked what
type of amplitude distribution would we obtain if we sampled a blip with decaying exponential
viral load.
Fig. 6(b) illustrates a hypothetical blip that has a rapidly rising and then decaying exponential

part. To obtain a high VL, say between 400 and 540 copies/ml, the blip would need to be sampled
during a 0.3 + 3.1¼ 3.4 day interval, where the two numbers represent the time spent in the rising
and falling parts, respectively. However, since the blip profile has a longer flat part, to obtain a
low VL measurement, say between 60 and 200 copies/ml, the blip could be sampled during a
1.1+ 11.5¼ 12.6 day interval (Fig. 6(b)). The net result is that, in this example, it would be about
4-fold more likely to observe a low amplitude blip than a high amplitude one. Examining Fig.
4(a), one notices that it is about 10-fold more likely to observe a blip between 60 and 200 copies/
ml than one of 400–560 copies/ml. From a preliminary study of examples of this sort, we believe it



Fig. 6. Hypothetical VL profile for a blip. (a) The distribution of viral blip amplitudes can be theoretically generated by

randomly sampling a hypothetical intermittent episode of viremia. (b) A hypothetical profile with an exponentially

rising part and a decaying exponential part. (c) A hypothetical profile with a two-phase decay. Notice that if the blip in

(b) were sampled randomly it would be about 4-fold more likely to obtain an amplitude between 60 and 200 copies/ml

than an amplitude between 400 and 540 copies/ml; for the blip in (c) it would be 10-fold more likely.
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unlikely that a blip with a single exponential fall (Fig. 6(b)) can explain the amplitude data in Fig.
4. However, since two phases VL decays are observed after therapy initiation, the blip profile is
also likely to have a double exponential decay as shown in Fig. 6(c). Now, with a slow second
phase, low amplitude blips are favored, getting closer to the observed amplitude distribution. In
fact, for the profile in Fig. 6(c) the ratio between the time spent at low and high amplitudes is
about the desired 10:1. Finally, by a non-linear best-fit procedure we estimated the ratio between
the decay slopes of the two phases of the hypothetical profile shown in Fig. 6(c) (where we have
neglected the contribution of the raising part). We found that the ratio is 9.46 (95% conf. interval:
9.13–9.86). Note that a one order of magnitude difference was also found between the first and
second phases of VL decay observed in patients treated with HAART (�d ¼ 0:70 d�1; �l ¼ 0:07 d�1)
[11]. If we use the additional information of a mean duration of a transient episode of viremia of
about 20–30 days [29], then the two decays constants approach the values of 0.6 and 0.06 d�1,
which are similar to the decay constants estimated in previous studies and may reflect the death
rates of short and long-lived subpopulations of infected cells [11].
The above results represent a preliminary analysis. However, this kind of analysis should allow

us to more accurately deduce a shape, or set of shapes, for a blip that are compatible with the
measured amplitude distribution. In mathematical terms we need to solve an �inverse problem�,
i.e., deduce from the amplitude distribution the underlying set of blip shapes that generated the
given distribution. In general, one cannot find a unique solution to an inverse problem unless
additional information is used. Here, the assumption that the decay should be exponential or a
sum of exponentials may provide the required additional information.
5. Conclusions

We have previously shown that, in patients under suppressive therapy, the decay of the latent
reservoir is inversely correlated with the frequency of viral blips [18]. Here we have provided
evidence that in a select set of patients showing no blips it is possible to observe VL decay below
50 copies/ml with a half-life of 6 months, which corresponds to the shortest mean estimated half-
life of the latent reservoir [17,19]. We have also shown that blips do not simply represent mea-
surement errors but might arise from similar, transient perturbations of VLs during prolonged
treatment, and thus probably occur with common etiology that remains to be determined.
However, the fact that blips are observed clearly indicates that virus is persisting despite potent
therapy. Uncovering the mechanism of blip generation may provide insights in the requirements
for eliminating viral persistence.
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