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INTRODUCTION 

With potent antiretroviral drug combinations it is possible to reduce the number 
of HIV RNA copies in plasma to undetectable levels.1 Persistent low levels of 
HIV RNA in plasma are correlated with an improved prognosis.2 However, for 
several sites in the infected host, it is as yet unclear how efficacious combination 
treatment is in suppressing viral replication. One of these sanctuary sites is the 
central nervous system (CNS). 

The presence of HIV and the level of HIV-replication in the brain parenchyma 
are difficult to study, and we have to rely on post-mortem examination of brain 
tissue, animal studies, and cerebrospinal fluid (CSF) levels of HIV RNA. For 
clinical practice, CSF viral load measurements are relatively easy to obtain and 
are potentially useful. 

HIV RNA is detectable in the CSF of most HIV infected individuals. The CSF 
HIV load varies widely (median: 3 log10 copies/mL, range: 0-6 log10 copies/mL), 
but is generally lower than the plasma viral load.310 Patients in whom CSF viral 
load has exceeded plasma viral load have been reported.5 1 1 H Conflicting results 
have been found in the correlation between plasma and CSF viral load. In many 
studies a positive correlation has been noted,4'810-1517 but in others no correla
tion was found.5"791314-18 A further intriguing finding is that in several studies 
a correlation was found between CSF viral load and the extent of damage to 
the blood-CSF-barrier or CSF white cell count,12141519 whereas in others this cor
relation has been disputed.3-6'720 Different study populations and the influence of 
antiretroviral therapy may explain some of these differences. 

Several groups of patients can be described. (Table 1) The first group con
sists of patients with low CD4 cell counts and CNS opportunistic infections (e.g., 
patients with cryptococcal meningitis usually have high CSF viral loads).614 

An elevated CSF white cell count probably contributes to this increased level 
of HIV replication.614 A second group consists of patients with low CD4 cell 
counts and AIDS dementia complex or HIV encephalitis. In these patients, CSF 
HIV load probably reflects the increased CNS (but not plasma) viral replica
tion.613 High CSF viral loads correlate with the presence and degree of cognitive 
impairment3'6-910 or neuropathological abnormalities.13 Furthermore, a correla
tion has been found between brain and CSF levels of HIV RNA in patients with 
AIDS dementia.10 The third and largest group comprises neurologically asymp
tomatic patients who may have detectable CSF viral loads.8-91221 The CSF viral 
load increases with decreasing CD4 cell count.10 In antiretroviral-naive patients 
viral replication within the plasma and CSF compartments occurs independ
ently.12 To our knowledge, no data are available on CSF viral RNA in patients 
with primary HIV infection. It is, however, known that HIV can be cultured from 
the CSF (and not from the blood) during seroconversion.22-23 HIV antigen can 
sometimes be detected in the CSF (before it is present in the blood) from such 
patients.24 

HIV load within the brain parenchyma can only be determined by post-mor
tem examination. In two studies10-25 brain tissue was examined for the presence 
of viral RNA. In the first study HIV RNA could be detected in 50% of the exam
ined brains.25 Quantitative data were given in another study but non-demented 
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Table 1 
Cerebrospinal fluid (CSF) viral load studies 

Stage of infection « ' W I M Finding 

Primary HIV infection2™4 

Early to mid-late HIV infection 
(CD4 cell count >200/mm3>, 
no neurologic disease10-12'2' 

Late HIV infection 
(CD4 cell count < 200/mm3), 
no neurologic disease10-21 

Lafe HIV infection 
(CD4 cell count < 200/mm3), 
cryptococcal meningitis614 

Late HIV infection 
AIDS dementia or HIV 
encephalitis610-13 

HIV may be cultured from CSF 
HIV antigen may be detected in CSF 
Viral replication in CSF compartment and blood 
compartment may occur independently 

CSF viral load increases with decreasing CD4 cell count 
Antiretroviral treatment lowers CSF viral load 
CSF viral load correlates with BBB disruption and CSF 
white cell count 
CSF viral load does not correlate with plasma viral load 

CSF viral load often in 2-3 logio copies/mL range 
Antiretroviral treatment lowers CSF viral load 
CSF viral load correlates with plasma viral load 

CSF viral load is often high (> 5 logio copies/mL) 
CSF viral load correlates with CSF white cell count 
CSF viral load does not correlate with BBB integrity or 
plasma viral load 

CSF viral load is often high (4-5 logio copies/mL) 
CSF viral load increases with severity of dementia or 
neuropathological abnormalities 
CSF viral load does not correlate with CSF white cell 
count or BBB integrity or plasma viral load 

pat ients did not differ from demented patients.10 Although provirus was detected 
in the brain of one patient who had been infected 15 days earlier, generally no 
substant ia l amounts of provirus could be detected in asymptomatic patients. In 
most patients with AIDS, proviral DNA has been found, with the highest levels 
in patients with HIV-encephalitis.2629 

Does antiretroviral t reatment suppress HIV-replication in the CNS? Patients 
with HIV dementia may improve with zidovudine treatment, and the wide
spread use of zidovudine has contributed to the decrease in the incidence of HIV-
dementia.30"32 HIV-specific neuropathological abnormalities are less frequent in 
pat ients who used zidovudine until death, compared with patients who discon
tinued the drug 1 month (or earlier) before death.33 CSF viral load was reduced 
in most patients after the s tar t of zidovudine monotherapy.34 These data suggest 
tha t zidovudine suppresses HIV replication within the CNS. 

Data for all the other antiretroviral drugs are sparse. Reduction of CSF viral 
load has been observed in some patients on didanosine monotherapy.34 In several 
nucleoside-containing combination studies, CSF viral load has been reported to 
be reduced to undetectable levels.812,35-36 In one study using ultrasensitive quan
t i tat ive PCR, viral load decreased to values below 20 copies/mL.21 In two patients 
who had been given triple therapy, the decrease in CSF viral load lagged behind 
the decrease in plasma viral load.37 Ritonavir-saquinavir combination treatment, 
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and other saquinavir or indinavir-containing regimens (sometimes including 
nucleoside analogues) also resulted in undetectable CSF viral loads in several 
patients.17 '3841 

With an increasing number of available antiretroviral drugs, the penetration 
of these drugs in the various body compartments has become an important 
issue in the selection of drug combinations. We have reviewed all the available 
CNS pharmacokinetic studies, conducted with currently available antiretrovi
ral drugs, both in animals and humans. The anatomy of the barriers, t ransport 
across the barriers and pharmacokinetic methodology are discussed and an over
view of the pharmacokinetic studies is presented. Some recommendations for the 
optimal treatment of HIV replication within the CNS are given. 

THE BARRIERS IN THE CNS 

The blood-brain-barrier (BBB; between blood and brain interstitial fluid) and 
blood-CSF-barrier (BCB; between blood and CSF) both protect the brain from 
transient changes in the composition of the blood. Because the surface area of 
the brain capillaries is 5000-fold larger than that of the choroid plexus, t ransport 
across the BBB represents the principal route of entry for most molecules into 
the CNS.42-"1 

The blood-brain-barrier 

The BBB is formed by brain capillary endothelial cells that are fused together 
by tight junctions. These continuous tight junctions, the lack of intercellular 
pores, the paucity of pinocytosis, and the large mitochondrial content to fuel 
the transport pumps of the endothelium form the unique characteristics of the 
BBB. Small lipid-soluble molecules such as ethanol can cross the BBB by simple 
diffusion in the lipid layers of the endothelial cell membrane. Lipid solubility 
and molecular weight largely determine brain endothelial permeability. Several 
lipid-insoluble molecules, such as glucose, are actively transported through car
rier systems.44-45 (Figure 1A) 

The permeability of the BBB is the result of the ratio of transfer constants 
(k) of a substance for influx and efflux. If these transfer constants are equal, free 
concentrations within plasma and brain tissue will eventually become equal in 
a steady-state situation. For higher values of k, the steady state will be reached 
sooner. However, the continuously circulating CSF may act as a sink to the 
brain, keeping the concentration in the brain lower than in the plasma. A further 
asymmetry in transport may be caused by carrier mechanisms, protein or tissue 
binding, and metabolic processes.46,47 

Concentrations of molecules within the brain are not homogeneous. The con
centrations depend on differences in vascularity between, for example, the white 
and gray matter and in the distance from the CSF compartment.46 
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The blood-CSF-barrier 

The choroid plexuses and the arachnoid membrane constitute the BCB. The 
arachnoid membrane has a merely passive role. The choroid plexuses, however, 
actively regulate the composition of the CSF and are therefore often considered 
as 'miniature ' kidneys. The choroid plexuses consist of capillaries surrounded 
by a single layer of epithelial cells. Adjacent choroid epithelial cells are sealed 
togethei- by tight junctions and these form the anatomical basis of the BCB. One 
side of the epithelial cell is in contact with the blood, and the opposite side is in 
contact with the CSF in the ventricle,-. (Figure 1 B) 

The most important function of the choroid plexuses is the secretion of the 
CSF. The total volume of CSF (140 niL) is replaced 4-5 times daily. Only 25 ml, 
flows through the ventricles; the major part moves through the subarachnoid 

Figure 1 

A. The blood-brain barrier (BBB). The BBB is 
formed by brain capillary endothelial cells 
(BCEC) that are fused together by tight junc
tions (TJ). The brain capillary endothelial cells 
and pericytes (P) are surrounded by a base
ment membrane (BM). Astrocyte foot proc
esses (AFP) almost completely surround the 
brain capillary. CL is the capillary lumen. BECF 
is the brain extracellular fluid. 

B. The blood-CSF-barrier (BCB). The choroid 
plexus endothelial cells (CPEC) form fenes
trated capillaries. They are surrounded by a 
basement membrane (BM). The capillaries are 
covered by a single layer of choroid epithelial 
cells (CEC). These choroid epithelial cells are 
sealed together by tight junctions (TJ). One 
side of the choroid epithelial cell is in contact 
with the blood filtrate within the extracellular 
space of the choroid plexus (ECS). And the 
opposite side is in contact with the CSF in the 
ventricles. 

CSF 

VEC D BM 

A
 N 

AFP ft 
BECF Ax CL 

C. The CSF-brain-barrier. The CSF is separated 
from the brain extracellular fluid (BECF) by 
the loosely linked ventricular ependymal cells 
(VEC). These cells do not form an anatomic 
barrier. Diffusion of compounds may occur in 
both directions. The brain extracellular fluid sur
rounds the astrocytes (A) (with their foot proc
esses) (AFP) and neurons (N). Neurons have 
dendrites (D) and an axon (Ax). One capillary 
is shown surrounded by astrocyte foot proc
esses. 

Chapter 1 

14 



space by bulk flow and eventually drains into the venous system through the 
arachnoid granulations in the superior sagittal sinus. Entrance via the choroid 
plexus through active transport systems present in the choroid plexuses only is 
the principal route of penetration into the CNS for some solutes (e.g., vitamins), 
which can reach high CSF concentrations. The choroid plexus also contains 'exit' 
pumps.1248 The permeability of the BCB is also defined by the ratio of the trans
fer constants (k) for influx and efflux of a compound. It is important to note tha t 
differences in concentrations between ventricular and spinal CSF may exist for 
slowly penetrating substances.46 

The CSF-brain-barrier 

The CSF is separated from the extracellular fluid of the brain by the loosely 
linked ependymal cells of the ventricles. These cells do not form an anatomical 
barrier. Diffusion of solutes therefore occurs in both directions.46 (Figure 1C) 

The distributed model for drug delivery addresses the relationship between 
brain tissue and CSF drug concentrations after systemic drug delivery.47 Accord
ing to this model, CSF concentrations will be less than brain tissue drug con
centrations during plasma steady state concentration. Slowly penetrating drugs 
have the steepest gradients within the brain parenchyma. 

It has often been suggested that intrathecal administration of slowly pen
etrating drugs might circumvent the BBB. Unfortunately, brain tissue levels 
rapidly decrease with increasing distance from the ventricular surface.48-49 There
fore, intrathecal administration is far less efficient for treating brain parenchy
mal disease (e.g., AIDS dementia complex) than for intrathecal disease (e.g., 
lymphomatous meningitis). 

ANTIRETROVIRAL DRUG ENTRY INTO THE CNS 

Most experimental studies of antiretroviral drug entry into the CNS have focused 
on nucleoside analogues. The nucleoside analogues undergo intracellular phos
phorylation to the active triphosphate metabolites. It would be ideal to measure 
the concentrations of these triphosphates in the different infected cells in vivo, 
although from a practical point of view this is very difficult. Therefore, most 
approaches have centered on the concentrations of the parent drugs. In early 
reports it was found that none of the nucleoside analogues were measurably 
transported across the BBB, although most drugs had measurable CSF concen
trations. Therefore, it was hypothesized that nucleoside analogues would enter 
the brain tissue interstitial fluid via the CSF.50 In more recent studies it was 
found that zidovudine crosses the BBB (4% versus 1%) and BCB (2.7% versus 
<1%) significantly better than truly inert polar molecules such as mannitol.51 

CNS entry probably occurs purely by diffusion. Nucleoside transporters do 
exist, but modification at the 3'-position of the sugar moiety (as in zidovudine) 
greatly reduces the affinity of the nucleoside analogues for this transport mecha
nism.51 A further argument against an important role for nucleoside transporters 
is the absence of competitive inhibition between nucleoside analogues.51-52 Of all 
nucleoside analogues zidovudine is the most lipophilic molecule. (Table 2) From 
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Table 2 
Characteristics of antiretroviral drugs that are important for penetration into the CNS 

drug 
% protein 
binding 

oil/water 
partition 

coefficients 

molecular 
weight (Da) IC so Omol/L) 

nucleoside analogues 
zidovudine 
stavudine 
zalcitabine 
didanosine 
lamivudine 
abacavir 

protease inhibitors 
saquinavir 
ritonavir 
indinavir 
nelfinavir 

non nucleoside reverse 
nevirapine 
efavirenz 
delavirdine 

34-38 
negligible 

<4 
<5 

<36 
49 

98 
98-99 

61 
>99 

transcriptase inhibitors 
60 
46 
98 

1.1 
0.144 

0.055 

4.1 logio 

2.6 logio 
5.7 logio 

1.8 logio 

267 
224 
211 
236 
229 
404 

767 
721 
712 
568 

266 
316 
516 

0.01-0.05 
0.05-0.5 
0.03-0.5 
1.0-2.5 
0.003-0.09 
0.26 

0.002-0.007 
0.045 
0.025-0.1 
0.022 

0.01-0.1 
0.03* 
0.066 

The following factors impede CNS penetration: protein binding >90% and a molecular weight > 500 Dalton. 
Nevirapine and indinavir have the most favourable oil/water partition coefficients at physiologic pH. 
For several drugs the log 10 oil/water partition coefficients is given because of very high values. 
Drug concentrations that produce 50% inhibition of HIV activity (ICso) were derived from in vitro susceptibil
ity investigations, preferably for clinical isolates tested in peripheral blood cells. These IC 50 values can be 
compared with the CSF concentrations in humans (Table 6). The CSF concentrations in humans ideally 
should exceed the ICso value (several fold). 
* : for evavirenz only the IC95 was available 

the few studies in which influx transfer constants were calculated, it appears 
tha t diffusion of zidovudine into the CSF (&=0.04) is indeed about 20-fold greater 
t han of didanosine (/e=0.002), consistent with a 20-fold higher lipophilicity.53"56 

Because actual CSF concentrations are also dependent on efflux, differences 
in influx-efflux ratio may explain the discrepancies between CNS concentrations 
and lipophilicity, as found for stavudine.52 An active efflux transport system for 
zidovudine, didanosine, and probably stavudine is present in both barriers.57 

It is inhibited by probenecid resulting in increased CSF55 and brain concentra
tions57 58 of didanosine and increased CSF5963 and brain57"5964 concentrations of 
zidovudine. For didanosine, this transport system was found to be identical to 
the one removing benzylpenicillin.65 

Very few studies have concentrated on the influx and efflux mechanisms of 
other antiretroviral drugs. The protease inhibitors were recently found to be a 
subs t ra te for P-glycoprotein present in the BBB. P-glycoprotein is responsible 
for actively pumping back several large (>500 Da) lipid-soluble compounds into 
the blood, thereby preventing their entry into the brain tissue.66 P-glycoprotein 
therefore limits the penetration of protease inhibitors into the brain tissue. This 
is an important field of research, because such efflux mechanisms may cause 
lower brain tissue penetration than expected in view of other drug characteris
tics. 
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Table 2 summarizes the characteristics of the antiretroviral drugs that a re 
important in CNS penetration. CNS penetration is linearly related to lipid sol
ubility divided by the square root of molecular weight.48-67 Substances with a 
molecular weight above 500 Da are often considered physically impeded to cross 
the cell membrane.66 The oil/water partition coefficient is a measure of lipid solu
bility for neutral compounds. For acid and bases lipid solubility is further deter
mined by their degree of ionization, which is pH dependent. For this reason, the 
partition coefficients of such drugs must be determined at physiologic pH and 
these are the distribution coefficients. The optimal oil/water partition coefficient 
is about 100. Drugs with very high oil/water partition coefficients (>1000) have 
lower diffusibility because they do not easily diffuse from the lipid layer into the 
extracellular fluid of the brain. Furthermore, such drugs often have high serum 
protein binding.43-5668"70 Because only the free (non-protein bound) portion of drug 
can enter the CNS, high serum protein binding (>90%) restricts drug entry into 
the CNS.48 Table 2 also includes median inhibitory concentration (IC50) values, 
which range according to the assays, cell lines, virus strains, and duration of 
treatment. IC50 values for clinical isolates tested in peripheral blood cells were 
selected for Table 2.71"82 

QUANTIFICATION OF DRUG TRANSPORT ACROSS THE 
BARRIERS 

Transport of drugs across the BBB 

Quantitative measurement of drug delivery to the brain has been hindered by 
the complexity of experimental techniques. The invasive nature of brain tissue 
sampling generally limits these experiments to animal studies and to only one 
measurement per animal. A single determination of the ratio of brain tissue to 
plasma concentration, however, will not usually represent the dynamics of drug 
entry into the brain.47-48 

Several in vivo and in vitro methods for transport across the BBB have been 
described.43-46-83-84 (Table 3) 

Brain uptake index 
The brain uptake index (BUI) technique represents a single-pass method using 
intracarotid administration of a radiolabelled drug and a highly diffusible refer
ence compound (such as butanol or water) and immediate (after 5-15 sec) decapi
tation of the animal. The BUI determines the proportion of drug removed from 
the blood in a single passage compared with the reference substance; BUI can 
only take values from 0 to 1. For values below 0.04, the accuracy of BUI is lim
ited.84 

In situ brain perfusion 
The in situ brain perfusion method estimates the brain parenchymal uptake of 
radiolabeled tracers from the perfusion fluid after arterial inflow. Because this 
method extends the time of exposure of the brain to the drug of interest to 20-30 
minutes, this method has far greater sensitivity for the uptake of slowly moving 
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drugs than the BUI.51 

Intravenous administration 
BBB permeability can also be assessed by determining the brain tissue-plasma 
concentration ratio after intravenous administration of the drug. Animals receive 
either a constant rate infusion (resulting in steady state plasma drug concentra
tions), or an intravenous bolus (resulting in declining plasma drug concentra
tions), and after a variable period of time, the animal is decapitated and the 
brain tissue is homogenized for the determination of drug concentrations. Using 
mathematical models, transfer rate constants (k) for influx and efflux into the 
brain (or CSF) can be calculated. The unit of k is ml/min x g brain tissue, but 
because the specific gravity of brain is assumed to be 1.0, k is expressed in 
t ime 1 . The ratio between these transfer constants for influx and efflux deter
mines the BBB permeability. The linear two-compartment model (plasma and 
brain), which assumes no drug exchange between the CSF and brain tissue, 
is most often used. The results are model-dependent. In humans, the intrave
nous technique can be extended to measure regional differences by using posi
tron emission tomography.83 Either radiolabelled drug is administered, and the 
brain is counted for total radioactivity, which includes (in)active metabolites, or 
drug concentrations are measured by high performance liquid chromatography 
(HPLC) or radioimmunoassays, which are specific for the unchanged drug.85 

Microanalysis 
A different method used to study in vivo transport is microdialysis. A probe 
is implanted into a specific region of the brain and often a second probe is 
implanted in the ventricle. The tip of the probe is in contact with the intersti
tial fluid. This fluid will then be continuously sampled for drug concentrations 
(the concentration-time curve in a single animal can be constructed). A further 
advantage is that no correction for intravascular drug is necessary. The major 
disadvantage is the possible disintegration of the BBB caused by the procedure, 
resulting in an overestimation of brain tissue penetration. Essentially the same 
mathematical models are necessary to interpret the data as for the intravenous 
method.'1383 

In vitro model 
The in vitro model consists of a bovine brain endothelial cell monolayer, whereby 
values for penetration across the monolayer can be calculated.81 

In vivo intracerebral microinjection 
The in vivo intracerebral microinjection technique is a novel method to meas
ure brain-blood transport.58 A microinjection needle is inserted into the brain 
through which the radioactively labelled drug of interest is administered. The 
animal is decapitated after the sampling of CSF, and brain tissue samples are 
collected for counting of radioactivity. An efflux rate constant is determined. By 
using this technique, it is possible to study the efflux transport systems at the 
BBB in regions distant from the ventricles. However, in brain regions near the 
ventricles, removal of drug at the BCB after diffusion into the CSF is too impor
tant to be neglected. 
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In summary, the simplest method is the BUI, which can act as a screening pro
cedure for gross estimation of affinity for the brain. The in situ brain perfusion 
method is superior for drugs with low diffusibility because of greater sensitivity. 
However, no steady state ratios can be obtained by either of these methods. If 
the goal of the study is to estimate transfer ra te constants, then the intravenous 
method or microdialysis should be used. By using one of the first three meth
ods, the brain tissue is homogenized and includes extracellular fluid, intravas
cular fluid and intracellular fluid. The measured content of drug in the brain 
should therefore always be corrected for the quantity of drug present in the vas
cular compartment. This correction is especially important for poorly penetrat
ing drugs which have significant intravascular fractions of total brain content. 
A major disadvantage of the intravenous method is that one concentration time 
curve has to be constructed from data of different animals.43,83,84 

Transport of drugs across the BCB 

Many studies have dealt with CSF penetration. In the majority of these stud
ies, a CSF sample was taken at variable intervals after bolus administration. 
The ratio between the concentrations in a single plasma-CSF pair is generally 
taken as a measure of CSF penetration. This method is flawed as ratios tend 
to increase in time due to the different shape of concentration-time curves in 
the plasma and the CSF. Because the elimination from the CSF compartment 
is generally slower, ratios may rise above 1.0 for drugs with short plasma half 
lives 17/18-67'68 

For these reasons, the CSF-plasma (p) ratio is only a suitable method in 
steady-state situations. In the absence of steady-state the ratio between the 
area under the curves (AUC) for CSF and plasma should be taken. (Figure 2) 
In the steady-state situation, small lipophilic drugs will have CSF concentra
tions (almost) equal to free (equalling protein unbound) plasma concentrations. 
With all other drugs, CSF concentrations will be lower than plasma concentra
tions.47-48 The AUC(.S1VAUC is considered the gold standard for characterizing 
drug entry.67 

In animal studies the ventricular CSF has been examined most often. Two 
animals were evaluated for both lumbar and ventricular drug concentrations: 
lumbar CSF-plasma AUC ratio (0.41) was higher than ventricular CSF-plasma 
AUC ratio (0.08).86 

Exchange of drugs between the CSF and brain tissue 

The ventriculocisternal perfusion technique measures the efflux from CSF to 
brain (and plasma) during steady-state ventricular drug administration. The 
radioactively labelled compound of interest is perfused through the ventricular 
system, the animal is sacrificed after an interval up to several hours, and the 
brain tissue is subsequently sampled.84 An alternative method to study steady 
s ta te ventricular drug administration is intracerebroventricular administration. 
In this case the microdialysis ventricular probe is used to instill the drug. The 
brain parenchymal probe is used to measure interstitial fluid drug concentra
tions.52-87 
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PHARMACOKINETIC STUDIES OF ANTIRETROVIRAL 
DRUGS 

Brain tissue penetration studies 

A review of all studies on the penetration of antiretroviral drugs into the brain 
tissue has ben conducted, and studies were classified according to the method
ology used. Jus t as single determinations of CSF-plasma ratios are considered 
inadequate, single brain tissue-plasma ratios do not represent the dynamics of 
drug concentrations in the CNS. The discussion will therefore focus on those 
studies in which brain-plasma ratios in steady state after continuous infusion 
were reported, or in which AUC ratios after intravenous bolus administration 
were calculated. (Table 4) 

BUI 
Few studies have used BUI.50,88,89 For dideoxyadenosine (which is degraded to 
didanosine), zalcitabine and zidovudine, a very low uptake (< 0.05) was found, 
comparable to methotrexate.46 BUI is generally considered inaccurate for such 
low values.51 For indinavir, BUI was found to be higher (0.33).89 Because differ
ent reference compounds were used in the above-mentioned studies, the results 
are not entirely comparable. 

In s i tu brain perfusion 
The in situ brain perfusion technique results in a time-dependent brain tissue-
plasma ratio and CSF-plasma ratio of the amount of radioactivity.51-90 One study 
compared zidovudine and stavudine. A significant difference for all time-points 
until the end of the experiment (20 min) was found for penetration into brain 
tissue, and zidovudine (ratio of 3.5%) was found to be superior to stavudine (ratio 
ofl.1%).90 

Intravenous studies 
Several studies evaluated single brain tissue-plasma ratios.56-77-91-103 The fol
lowing antiretroviral drugs were investigated by this inadequate method only: 
abacavir (1592U89), nevirapine, delavirdine and ritonavir.7177100102103 In other 
studies, however, brain-plasma ratios in steady state or AUC ratios were 
given.53-55,85,89.104-108 fij[ studies used HPLC (or radioimmunoassay) for drug con
centration measurements, except for two that measured total radioactivity.89-108 

In these two studies the major source of radioactivity is probably represented 
by inactive metabolites. Therefore, one should be cautious in interpreting their 
results. 

The values found for brain tissue-plasma ratios of a single drug vary widely 
between studies. (Table 4) However, zidovudine appears to penetrate better into 
brain tissue than didanosine. Furthermore, indinavir appears to be superior to 
both nucleoside analogues. CSF penetration ratios are given for comparison in 
Table 4. In intravenous studies that assessed both brain and CSF penetration, 
brain-plasma ratios were greater than CSF-plasma ratios. This difference disap
peared when a correction for the intravascular content was made.53 
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Microdialysis studies 
Brain tissue penetration of zidovudine was most often evaluated by using micro-
dialysis techniques.52-5961,87109"112 By using microdialysis it is possible to directly 
and continuously measure the free extracellular concentrations of drugs in tissue 
and blood. This is an important difference compared with intravenous models in 
which total drug concentration is measured. Therefore, results from microdialy
sis studies can be compared with one another, but for comparison with data from 
intravenous studies, the protein binding should be accounted for. Only two other 
drugs were evaluated by microdialysis: zalcitabine,113 and stavudine.52 Brain 
penetration of stavudine was greater than zidovudine. (Table 4) Furthermore, 
brain penetration of zidovudine was greater than zalcitabine. The results for sta
vudine and zalcitabine cannot be compared directly, because instead of a brain-
plasma ratio, a brain-muscle ratio was determined for zalcitabine.113 

In vitro models 
Three in vitro studies have been published.61 711H Relative values for penetra
tion were given in one study.1" Relative penetration across the monolayer for 
nevirapine, zidovudine and indinavir was 10:2:1. Penetration of delavirdine was 
virtually absent.111 Preliminary data show that abacavir and ritonavir may be 
superior to zidovudine when measured using this method.71 

CSF penetration studies 

Animals 
Only studies in which either the CSF-plasma ratio in steady-state (by continu
ous infusion) or CSF-plasma AUC are considered in this analysis. These stud
ies involved either primates,86'99'115"118 rodents52-55-59'61-63-87-108-109-111 or dogs.94104119120 

(Table 5) CSF-plasma ratios in ventricular fluid were low for zalcitabine (0.03), 
didanosine (0.05), and lamivudine (0.08) in primates. Ratios were much higher 
for zidovudine (0.21) and stavudine (0.50). D4T was not tested in primates but 
in rats . Ratios for specific drugs did not differ much among species. 

Other studies considered only a single CSF/plasma ratio.60-74103118121125 

Three drugs were evaluated by this method only; abacavir, efavirenz and 
524W91.74-103-124'125 Ratios were 0.17, 0.60, and 0.04 respectively at various time 
points after dosing. Interpretation of these ratios is difficult. 

Humans 
For data in humans, two different studies were reported.126128 Both studies eval
uated zidovudine. A steady-state CSF-plasma ratio of 24 +/- 9% was found in 
children, and an AUC ratio of 75 +/- 26% in adults. Absolute CSF concentra
tions as a function of time after last administered dose were compared.12-3739-
j 1.70.79.80.129-is? This comparison focused on CSF concentrations in patients who had 
chronic oral dosing schedules comparable to current schedules.12 37-39-4179129131141 

Table 6 shows CSF concentrations in humans after chronic oral dosing regimens 
of all antiretroviral drugs. Most studies used high-performance liquid chromato
graphic (HPLC) methods for the analysis, with the exception of three, which used 
radioimmunoassay for stavudine132 or zidovudine.12141 CSF concentration-time 
curves in chronic oral dosing are far more stable than plasma concentration-
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Figure 2 
Example of a concentration-time curve in the CSF and plasma after an intravenous bolus 
administration of a drug has been given. The plasma concentration decreases rapidly after 
the intravenous bolus administration. The CSF concentration-time curve lags behind the plasma 
concentration-time curve. The maximum CSF concentration is reached later than the maxi
mum plasma concentration. The CSF to plasma ratio changes during time, and in this example 
becomes > 1 after 3 hours. A single CSF to plasma ratio is therefore an inadequate method to 
estimate CSF penetration. 
The areas under the concentration time curves (AUC) from the start of the infusion to the last 
concentration measured in the plasma can be calculated and extrapolated to infinity. This CSF 
to plasma ratio of the AUC is a far more precise estimate for the availability of a drug in CSF. 
The AUCp]o.mo is shown in red and orange. The AUCCSF is shown in yellow and orange. The orange 
area is the area which is part of both AUCplasm. and AUCCSf. The red part of the AUCpk]v>io shows 
the time course during which plasma concentration > CSF concentration. The yellow part of the 
AUCCSF shows the time course during which CSF concentration > plasma concentration. 

time curves.1 2 1""" (Figure 2) Therefore, these concentrations could be present 
for most of the time, and can be compared with IC.(J values. (Table 2) 

The absolute CSF concentrations (expressed in (imol/L) of the different 
nucleoside analogues in humans did not differ more than two-three-
foU IL'71 in lsi.i.sK.isT.is'M ii £ g p c o n c e n t r a t i o n s of protease inhibitors appeared to be 
below the detection limits of the drug assay, except for indinavir. ; ! ' " j a " - j " 
Of the non-nucleoside reverse transcriptase drugs, some data were available on 
atevirdine, nevirapine, and efavirenz.79 I8 ":i Nevirapine showed by far the most 
promising CSF drug concentration. 

CSF-brain exchange 

Diffusion of zidovudine and stavudine from the CSF to the brain extracellular 
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Table 4 
Brain tissue penetration studies 

drug 

intravenous studies 
zidovudine 

didanosine 

indinavir 

microdialysis studies 
zidovudine 

stavudine 
zalcitabine 

brain uptake index 
zidovudine 

zalcitabine 
ddA (didanosine) 
indinavir 

brain -
plasma 
ratio (%) 

21 +/- 5 
0.85 
4.5 
4.7 
1-2 
3.1 
2 
89 

18 

19 
6 
8 + / - 2 
18 +/- 8 
19+/-5 
15+/-4 
33 +/- 5 

34 +/- 4 
19+/-4 

tudies 
< 1 
<5 
< 1 
< 1 
33 

in situ brain perfusion technique 
zidovudine 
stavudine 

3.5 +/- 0.6 
1.1 +/-0.1 

CSF-
plasma 
ratio (%) 

15 +/- 5 

-
-
1.5 
1.9 

-
2 
<2 

-

-
18 
17+/-5 
26 +/- 8 
29 +/- 6 
25 +/- 8 

-

50 +/- 9 

-

t* 

1.7+/- 0.2 
1.1 +/-0.1 

species 

dog 
rat 
mouse 
rat 
rat 
rat 
rat 
rat 

rat 

rat 
rabbit 
rabbit 
rabbit 
rabbit 
rat 
monkey 

rat 
rat 

rat 
rat 
rat 
rat 
rat 

guinea pig 
guinea pig 

method* 

SS 
AUC 
AUC 
SS 
SS 
AUC 
SS 
SS 

SS 

AUC 
AUC 
AUC 
SS 
SS 
SS 
AUC 

SS 
AUC 

remarksê 

includes 
metabolites 
includes 
metabolites 

sc bolus 

sc bolus; brain-
muscle ratio 

brain-muscle 
ratio 

ref. 

104 
106 
107 
54 
53 
85 
105 
108 

89 

112 
109 
59 
111 
87 
52 
110 

52 
113 

50 
88 
50 
50 
89 

90 
90 

* In intravenous and microdialysis studies, a brain tissue-plasma ratio of the drug was calculated, either in a 
steady state (SS) situation after a continuous infusion or as an area under the curve (AUC) ratio after an 
intravenous bolus administration; zidovudine appears to penetrate better into brain tissue than didano
sine; furthermore, stavudine appears to penetrate better than zidovudine. 

# In two studies a subcutaneous (sc) bolus was administered instead of an intravenous bolus; in two studies 
the total drug concentration instead of the unchanged drug concentration was measured; in two stud
ies a brain-muscle ratio instead of a brain-plasma ratio was calculated; the results of these 5 studies can
not be compared directly with those from the other studies. 

** Values 20 min after start of experiment. In brain uptake index studies, the drug uptake is measured rela
tive to the uptake of a reference compound. In situ brain perfusion technique measures brain-plasma 
ratios for up to 20 min after an intra-arterial bolus administration. Both techniques result in time-depend
ent ratios. Uptake is low, except for indinavir. 

ddA: dideoxyadenosine; ref.: reference 

fluid was found to be considerable during steady-state intracerebroventricular 
drug administration using microdialysis.5287 Using the ventriculocisternal tech-
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Table 5 
CSF penetration after intravenous drug administration in different species 

drug 

primates 
zidovudine 

zalcitabine 
didanosine 

lamivudine 

rodents 
zidovudine 

stavudine 
didanosine 

dogs 
zidovudine 

zalcitabine 
didanosine 

humans 
zidovudine 

CSF-plasma ratio 

0.21 
0.20 +/- 0.08 
0.22 +/- 0.09 
0.03 
0.05 
0.09 +/- 0.04 
0.08 +/- 0.05 
0.41 +/- 0.23 

0.29 +/- 0.06 
0.26 +/- 0.08 
0.25 +/- 0.08 
0.24 
0.1 7+/-0.05 
0.19 
0.15+/-0.02 
0.18 
0.50 +/- 0.09 
0.02 
<0.02 

0.15+/-0.05 
0.32 
0.03-0.07 
0.03-0.11 

0.75 +/- 0.26 
0.24 +/- 0.09 

type of CSF 

ventricular 
lumbar 
lumbar 
ventricular 
ventricular 
lumbar 
ventricular 
lumbar 

ventricular 
cisternal 
ventricular 
cisternal 
ventricular 
cisternal 
cisternal 
ventricular 
ventricular 
ventricular 
ns 

cisternal 
cisternal 
ns 
cisternal 

lumbar 
lumbar 

method 

AUC 

ss 
ss 
AUC 
AUC 
SS 
AUC 
AUC 

SS, M 
SS, M 
SS, M 
SS 
AUC, M 
SS 
AUC 
AUC, M 
SS, M 
SS 
ss 

ss 
AUC 
SS 
SS 

AUC 
SS 

reference 

117 
116 
118 
99 
115 
116 
86 
86 

87 
111 
52 
61 
59 
62 
63 
109 
52 
55 
108 

104 
94 
119 
120 

126 
127.128 

Transport of drugs across the blood-CSF-barrier: CSF-plasma drug concentration ratios were taken from 
studies in which the CSF to plasma ratio was measured during steady state (SS, continuous infusion) or in 
which the ratio between the areas under the curve (AUC) was calculated after intravenous bolus admin
istration. Results indicate that CSF-plasma ratios are low for zalcitabine, didanosine and lamivudine, and 
much higher for stavudine and zidovudine. 
M: microdialysis: ns: not stated 

nique, intraventricular administration appeared to be very inefficient because 
only small amounts of the drug diffused to brain tissue.51 Intraventricular admin
istration has been applied to humans, but its usefulness should be clearly proven 
before considering this technique in clinical practice.5287158 

DISCUSSION 

In the course of HIV infection, the presence and replication of HIV in the CNS 
is important, because in a minority of advanced-stage patients HIV replication 
in the CNS leads to HIV-dementia, and because the CNS is probably the most 
important sanctuary site in HIV-infected individuals. Important questions are 
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Table 6 
CSF concentration in humans during chronic oral dosing regimens 

drug 
dosing 
regimen 

timing of 
lumbar 
puncture (h) 

number of 
patients 

CSF concentration 
Qunol/L) 

ref. 

nucleoside analogues 
stavudine 

didanosine 
lamivudine 

zidovudine 

abacavir 

protease inhibitors 
saquinavir 

ritonavir 

indinavir 

non-nucleoside reverse 
atevirdine 
nevirapine 
efavirenz 

1.3 mg/kg 
1 mg/kg 
2 x 40 mg 

2 x 250 mg 
4-8 mg/kg 
2x 150mg 

1250 mg 
1250 mg 
< lOOOmg 
200- 1250 mg 
600 mg 
3 x 200 mg 

ns 

2 x 400 mg 

2 x 400 mg 

ns 
3 x 800 mg 
3 x 800 mg 
3 x 800 mg 

0.5 
2-3 

2-3 
3-4.5 
4.5-7 
4 
2-4 

2-3 
3-4.5 
4.5-7 
0.25-4 
2-4 
1-4.5 
1-8 
4 

2-3 
3-4.5 
4.5-7 
1.5-2 

5 

ns 

variable 
variable 
2-4 
ns 

transcriptase inhibitors 
3 x 600 mg 
120mg/m2 
1 x 200 mg 

ns 
ns 
1.2-22 

n=l 
n=4* 
n=13 

n=4 
n=2* 
n=21 

n=8 
n=3 
n=15? 
n=39 
n=8? 
n=10 

ns 

n=9 
n=1 
n=1 
n=2 
n=13 
n=10 
n=2 
n=l 

n=10 
n=6* 
n=3 

0.36 
0.07-0.24 

0.21 +/-0.02 
0.20 +/- 0.06 
0.28 +/- 0.08 
0.13-0.20 
0.23-0.31 

0.30 +/- 0.08 
0.29 +/- 0.07 
0.36+/-0.19 
0.43(0.22-0.71) 
< dl - 0.47 
0.153 (0.056-0.27) 
0.28 (0.05 - 1.06) 
0.41 (0.11 -0.66) 

0.12+/-0.02 
0.16+/-0.04 
0.17+/-0.00 
0.5 

<d l 
0.0085 
<d l 
0.048 - 0.079 
0.09 - 0.66 
0.05 - 0.45 
0.1 -0.14 
0.08-0.14 

0.003-0.185 
7.3 +/- 3.6** 
0.017-0.035 

131 
132 
12 

133 
134 
12 

136 
137 
140 
141 
139 
12 

74 

41.39 

41 

142 
40 
129 
37 

138 
143 
79 

* Values measured in children. The interval between the drug administration and the time of CSF 
examination is given as timing of lumbar puncture. The CSF concentrations are given as a single value, a 
mean +/- SD. or a median value and range of values. 
dl: detection limit; ns: not stated; ref.: reference 
** Note added after publication: recent data in 7 patients: 0.005-0.013 Beebe et al. 39th Interscience 
Conference on Antimicrobial Agents and Chemotherapy, San Francisco, CA, USA, 1999 abstract 2189 

as follows: Is it possible to suppress viral replication within the CNS as success
fully as observed systemically with the current available antiretroviral drugs? 
Which drugs should be used for this purpose and how should their efficacy be 
measured? 
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Drug entry into the CNS is hampered by the the BBB and BCB barriers. CNS 
entry probably occurs purely by diffusion, because currently no antiretroviral 
drug transporters have been found.51 Drugs with a very high protein binding 
(i.e., most protease inhibitors) are impeded in crossing these barriers.18 Lipid-
soluble drugs are known to have better CNS penetration; however, an optimum 
lipid solubility exists for drugs with an oil/water partition coefficient of 2 log10. 
The nucleoside analogues therefore have lipid solubility that is too low, and most 
protease inhibitors have lipid solubility that is too high. Nevirapine appears to 
be have the best drug characteristics. Many drugs with a molecular weight above 
500 Da (including protease inhibitors) have been found to be a substrate for 
P glycoprotein, which is responsible for actively removing several lipid soluble 
compounds from the brain parenchyma.66 Different efflux mechanisms seem to 
exist for several nucleoside analogues, further impeding effective CNS drug con
centrations.57 

Even though knowledge on CNS entry of antiretroviral drugs in animals and 
humans is limited, the following summary may be given. Considering brain 
tissue penetration of the nucleoside analogues, zidovudine has brain tissue levels 
that are -20% and stavudine has levels that are -30% of concomitant plasma 
levels. Both drugs appear to be superior to didanosine (-2-4%). For lamivudine 
no data on brain tissue penetration are available. Two studies comparing sta
vudine and zidovudine yielded conflicting results.52-90 Zidovudine was found to 
be superior to stavudine using the brain perfusion technique, but inferior using 
microdialysis a t steady state. This difference, however, may be explained by a 
slower, but not necessarily inferior CNS penetration of stavudine. The steady 
state results should probably be given more weight. CSF penetration studies 
show that zalcitabine, didanosine and lamivudine have low CSF penetration, 
comparable with methotrexate and cephalosporins.68 Zidovudine and stavudine 
have much higher CSF to plasma ratios. However, after chronic oral dosing 
all nucleosides reached comparable absolute CSF concentrations (expressed in 
umol/L) in humans. Because it is believed that the amount of time in which 
the (CSF) drug concentration is above IC50 levels is important, these CSF con
centrations should be compared with IC50 levels.14'159 Because of large variabil
ity in published ICrj0 values, one should be cautious in the comparison of drug 
levels with IC_0 values. Lamivudine and zidovudine appear to have the most 
favourable CSF concentration-IC50 ratios. The data on protease inhibitors and 
non-nucleoside reverse transcriptase inhibitors are still too sparse to draw firm 
conclusions. Indinavir and nevirapine appear promising as they show the best 
CSF concentration-IC50 ratio in humans and in experimental studies.89 Prelimi
nary findings on in vitro penetration showed the most favourable results for 
nevirapine and ritonavir.74111 

Efficacy measured as a reduction in CSF viral load show promising results 
for zidovudine monotherapy, lamivudine/zidovudine, lamivudine/stavudine, and 
other nucleoside-containing multiple drug regimens.8'12,21-35,36 It has thus been 
demonstrated that it is possible to reduce the number of HIV RNA copies in CSF 
to undetectable levels with antiretroviral drug regimens that cross the CNS bar-
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r i e r s . I t is sti l l not c lear ly es tabl ished w h e t h e r C S F v i ra l load reflects vi ra l load 
w i t h i n t h e b r a i n p a r e n c h y m a during ea r ly s t a g e s of HIV infection, b u t C S F v i ra l 
load w a s found to c o r r e l a t e w i t h brain p a r e n c h y m a l v i rus load in p a t i e n t s wi th 
A I D S dement i a . 1 0 B e c a u s e v i ra l load wi th in t he C S F a n d blood c o m p a r t m e n t 
of ten do not co r re l a t e , a lack of response wi th in t h e C N S concomi tan t ly wi th a 
good r e s p o n s e in p l a s m a (so-called 'CNS escape') m a y be possible , a n d h a s indeed 
b e e n p rev ious ly described. 1 6 0 Therefore, C S F sampl ing , even t h o u g h a n invas ive 
p r o c e d u r e , m a y become i m p o r t a n t in r o u t i n e follow-up of p a t i e n t s wi th undetec t 
ab le p l a s m a v i ra l l oads to es tab l i sh w h e t h e r a C N S r e s p o n s e h a s also occurred. 
M o r e d a t a on t h i s subjec t a r e urgent ly needed. 

C o n s i d e r i n g al l t h e ava i l ab l e information, a t p r e s e n t we would r e c o m m e n d e i the r 
l a m i v u d i n e / z i d o v u d i n e or l amivud ine / s t avud ine c o n t a i n i n g d r u g combina t ions 
for o p t i m a l t r e a t m e n t of H I V replicat ion wi th in t h e C N S . W h e n more d a t a on 
o t h e r d r u g s a r e ava i l ab le , t h e s e r ecommenda t ions m a y be b r o a d e n e d to inc lude 
o t h e r t h e r a p i e s . 

We would like to express our appreciation to our colleague Delmar Molenaar for 
providing the cartoons in Figure 1. 
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