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WHAT IS ALREADY KNOWN ABOUT
THIS SUBJECT?
• The naturally occurring interlukin-1 receptor antagonist

(IL-1RA) markedly protects rodents against ischaemic,
excitotoxic and traumatic brain injury, suggesting it may
be of therapeutic value.

• When administered intravenously to patients soon after
stroke, IL-1RA is safe and reduces the peripheral
inflammatory response.

• However, IL-1RA is a large protein (17 kDa), which may
limit brain penetration, thereby limiting its potential
utility in brain injury.

WHAT THIS STUDY ADDS
• The purpose of these experiments was to determine

the pharmacokinetics of IL-1RA in cerebrospinal fluid
(CSF) of patients, to allow modelling that would aid
development of therapeutic regimens.

• Peripherally administered IL-1RA crosses slowly into
and out of the CSF of patients with subarachnoid
haemorrhage and, at steady state, CSF IL-1RA
concentration (range 115–886 ng ml-1) was similar to
that found to be neuroprotective in rats (range
91–232 ng ml-1), although there was considerable
variability among patients.

• However, there is a large concentration gradient of
IL-1RA between plasma and CSF.

• These CSF:plasma data are consistent with very low
permeation of IL-1RA into the CSF and elimination
kinetics from it controlled by the volumetric turnover of
CSF.

AIM
The naturally occurring interlukin-1 receptor antagonist (IL-1RA) markedly
protects rodents against ischaemic, excitotoxic and traumatic brain injury,
suggesting it may be of therapeutic value. The aim was to determine the
pharmacokinetics of IL-1RA in cerebrospinal fluid (CSF) of patients, to allow
modelling that would aid development of therapeutic regimens.

METHODS
When administered intravenously to patients soon after stroke, IL-1RA is
safe and reduces the peripheral inflammatory response. However, IL-1RA is
a large protein (17 kDa), which may limit brain penetration, thereby limiting
its potential utility in brain injury. In seven patients with subarchnoid
haemorrhage (SAH), IL-1RA was administered by intravenous bolus, then
infusion for 24 h, and both blood and CSF, via external ventricular drains,
were sampled during and after stopping the infusion.

RESULTS
Plasma steady-state concentrations were rapidly attained and maintained
throughout the infusion, whereas CSF concentrations rose slowly towards
a plateau during the 24-h infusion, reaching at best only 4% of that in
plasma. Plasma kinetic parameters were within the literature range.
Modelling of the combined data yielded rate constants entering and
leaving the CSF of 0.0019 h-1 [relative standard error (RSE) = 19%] and
0.1 h-1 (RSE = 19%), respectively.

CONCLUSIONS
Peripherally administered IL-1RA crosses slowly into and out of the CSF
of patients with SAH. However, there is a large concentration gradient of
IL-1RA between plasma and CSF. These CSF:plasma data are consistent with
very low permeation of IL-1RA into the CSF and elimination kinetics from it
controlled by the volumetric turnover of CSF.
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Introduction

There is considerable evidence implicating inflammatory
molecules such as interleukin (IL)-1 in disease processes,
not least in the central nervous system (CNS) [1–3]. Rapid
upregulation of IL-1 occurs in response to experimental
brain ischaemia and, when administered to rodents cen-
trally or peripherally, worsens brain injury [4–7]. In rodents,
interleukin-1 receptor antagonist (IL-1RA) markedly inhib-
its neuronal injury induced by focal or global, reversible or
permanent cerebral ischaemia, excitotoxicity, traumatic
brain injury and seizures [7, 8]. IL-1RA has proved safe in
patients with sepsis [9] and is licensed for clinical use in the
treatment of rheumatoid arthritis [10]. We have tested its
safety in a small, randomized, double-blinded study, where
IL-1RA,or placebo,was administered as an intravenous (i.v.)
bolus, followed by infusion, to patients with stroke [11]. No
serious adverse events were observed and IL-1RA mark-
edly attenuated the levels of circulating inflammatory
molecules and cells, which have been correlated with poor
clinical outcome. These data suggest that IL-1RA may be
beneficial in brain disorders associated with ischaemic
or excitotoxic processes, including stroke, subarachnoid
haemorrhage (SAH) and brain trauma.Although brain pen-
etration of IL-1RA may be expected to be limited, due to its
size (17 kDa), a few studies have shown that very high
doses of IL-1RA, given subcutaneously, are neuroprotective
in rodents [12, 13], and an active uptake transport mecha-
nism into brain has been reported in rats [14].The extent to
which a drug is distributed into the cerebrospinal fluid
(CSF) depends on the relationship between rates of
transport into and out of the CSF (i.e. the influx and efflux
clearances) relative to the concentrations driving those
rates. Furthermore, the description of drug transport at the
plasma–CSF barrier requires a parametric (usually com-
partmental) model [15].

The aim of this study was to develop a multicompart-
ment model to describe adequately and interpret the
pharmacokinetic profiles of IL-1RA in plasma and CSF, after
i.v. administration to patients suffering SAH, as a step in the
development of a possible therapeutic regime.

Methods

SAH patients
Eight patients (six female, two male) were recruited
from the Intensive Care or Neuro High Dependency Units
(Hope Hospital, Salford, UK) between September 2002 and
January 2005.Of these,seven were available for analysis.All
patients had confirmed aneurysmal SAH and required
external ventricular drainage for treatment of hydroceph-
alus. Patients were White, with a mean age of 51 years
(range 39–69 years) and a mean weight of 70 kg (range
64–150 kg). The Salford and Trafford NHS Trust Local
Research Ethics Committee and the University of Manches-

ter Research Ethics Committee approved the study, which
was performed in accordance with the Declaration of
Helsinki. Informed written consent was obtained from
patients or, where this was not possible, written assent was
obtained from their representative. Patients were excluded
if they had a clinically significant medical condition, if they
were pregnant or breastfeeding or if they had a history of
sensitivity to products derived from Escherichia. coli, or any
component of IL-1RA. Initial data collected included full
physical examination and clinical history with additional
demographic. The presenting Glasgow Coma Score [16]
ranged from 8 to 15, 6/8 patients being grade �13. The
distribution of subarachnoid blood on computed tomog-
raphy varied greatly, but the majority of patients had thin
or thick vertical patterns of haemorrhage (revised Fisher
grades 2 and 3 [17]). All patients had normal functional
ability as measured by the Barthel index prior to their SAH
[18]. In addition, all patients had good functional status as
measured by the modified Rankin score (mRS 0 or 1 [19]).
Participants were sequentially coded A–H.

Pharmacokinetics in patients with SAH
All patients received the IL-1RA (as Kineret®) within 5 days
of their haemorrhage.Baseline blood samples for measure-
ment of IL-1RA, haematological and biochemical profiles
were obtained within 6 h before IL-1RA infusion. Partici-
pants received an i.v. bolus injection (100 mg) of IL-1RA,
immediately followed by a continuous i.v. infusion at
2 mg kg-1 h-1 (in 0.9% sterile NaCl) for 24 h, via a volumetric
infusion pump (Graseby, Watford, UK). One patient with
impaired renal function (plasma creatinine concentration
>177 mmol l-1; creatinine clearance of 47 ml min-1) received
1 mg kg-1 h-1 infusion as per the manufacturer’s guide-
lines. The parameters used to determine the dosage regi-
mens were based on prior pharmacokinetic information
[20]. Three millilitres of CSF [from the extravascular drain
(EVD)] and 5 ml blood were obtained for measurement
of IL-1RA at each time point. Samples were collected
(pyrogen-free heparinized tubes -10 IU ml-1) and centri-
fuged (15 min at 2000 g). The resulting supernatant was
stored at -70°C until analysis. Assays for IL-1RA were per-
formed using an enzyme-linked immunosorbent assay, as
described previously [11]. An assessment of blood–brain
barrier (BBB) function was made using a ratio of CSF
albumin (mg l-1) to plasma albumin (g l-1), with values >9
taken to signified BBB breakdown [21].

Safety in patients
All adverse events were reported to an independent data
monitoring committee. A full physical examination was
performed on days 0, 1, 2, 3, 4, 10 and 30. Haematology and
blood biochemistry were monitored at these time points
and CSF was obtained for microscopy and bacteriological
culture, where available via EVD.
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Pharmacokinetic analysis
Two- and one-compartment linear models were used to
describe the time course of plasma and CSF drug con-
centrations, respectively. Both the peripheral and CSF com-
partments were linked to the central (plasma)
compartment (Figure 1). However, unlike the peripheral
compartment, as discussed below, drug is eliminated from
the CSF compartment and does not return from it to
plasma. The relevant differential equations defining the
structural pharmacokinetic model are given in the
Appendix. Equation 1 describes the two-compartment i.v.
infusion pharmacokinetic model, which was fit to the
plasma data, whereas Equation 5 represents a one-
compartment pharmacokinetic model used to fit the CSF
data. Equations 2–4 list the interrelationships between the
estimated parameters (rate constants) and the physiologi-
cal parameters.

With the exception of data from the patient with
impaired renal function, which were analysed separately,
the concentration data for all patients were analysed
simultaneously using nonlinear mixed effects modelling in
NONMEM, ADVAN 9 [22, 23]. The plasma data were first
modelled, the resulting estimated parameters then fixed,
before modelling the CSF data. Pharmacokinetic analyses
of the plasma were parameterized using clearances and

distribution volumes, whereas the equation for CSF was
parameterized in terms of rate constants. Initially, the phar-
macokinetic model was developed to fit only the plasma
data. Finally, the plasma and CSF data were combined to
yield the full model. Between-subject variability in the
parameters was modelled with an exponential random
effects term, and the residual error was modelled as
additive, multiplicative or both, independently for plasma
and CSF. Group mean parameter estimates and between-
subject variability together with their associated uncer-
tainties [expressed as relative standard error (RSE), defined
as the percentage ratio between standard error and mean
estimates] were calculated.

Results

A total of eight patients, of whom seven were available for
pharmacokinetic analysis, met the inclusion criteria and
were recruited to the study. Patient demographics are
described in detail in Methods.

Safety in patients and BBB function assessment
Six patients completed the full 24-h infusion of IL-1RA.
Patient B developed diabetes insipidus and hyper-
natraemia, and the infusion was stopped at 8 h. Patient F
developed severe cardiac instability, requiring large con-
centrations of positive inotropic agents, and the infusion
was stopped at 11 h. Pharmacokinetic data for F were
excluded from analysis. In the 30 days of the study, the
single serious adverse event (death) was not attributable
to test treatment, since the patient was extremely unwell
due to haemorrhage prior to study entry. In the same
30-day time scale there were 12 adverse events in six
patients. Of these, eight were infections (two CSF, four res-
piratory, one urinary and one gastrointestinal). The three
remaining adverse events were haematemesis, diabetes
insipidus and bleeding from a surgical wound. All adverse
events were referred to an independent data monitoring
committee, who deemed that none of these was attribut-
able to test treatment. For the duration of the study,
IL-1RA had no significant effect on haemoglobin concen-
tration or circulating leucocyte or platelet numbers. In
addition, there was no significant alteration in biochemi-
cal, renal or hepatic parameters related to infusion of
IL-1RA and it had no apparent effect on heart rate, blood
pressure or aural temperature during the course of the
study.

The proportion of IL-1RA that crosses the BBB was
higher in our study than previously reported [14], where
only a single i.v. bolus dose was administered. This differ-
ence could be attributed to the continuous-rate i.v. infu-
sion regime we used, or possibly enhanced permeability
of the BBB, caused by the stroke or SAH, may have con-
tributed to the increase transfer. Since patients with SAH
have leakage of blood (and consequently albumin) into

A

CLD

CL

Compartment
2

Compartment
1

B

CSF
Compartment

kinCSF koutCSF

Figure 1
(A) Two-compartment model, resulting from analysis of the plasma data.
Compartment 1 is the central compartment (plasma); compartment 2
is the peripheral compartment; CLD, intercompartmental clearance
between the central and peripheral compartments; and CL, total clear-
ance. (B) One-compartment model for CSF. kinCSF is the rate constant for
drug transfer from the central to the CSF compartment; koutCSF is rate
constant out from CSF

IL-1RA plasma and CSF PK model in patients

Br J Clin Pharmacol / 65:3 / 319



the subarachnoid space at the time of haemorrhage, esti-
mating BBB integrity by monitoring entry of plasma pro-
teins is problematic. However, in our series the albumin
concentrations did not rise during the infusion period,
suggesting that there was no further significant compro-
mise of the BBB after the initial bleed. Although this
would represent a limitation in extrapolating these
results to those with a normal BBB, it presents less com-
promise in terms of considering therapeutic potential in
patients with CNS pathology.

Plasma and CSF kinetics
As seen in Figure 2, in all patients the combination of the
bolus followed by the constant-rate infusion immediately
attained and thereafter maintained a relatively constant
plasma concentration of IL-1RA, from which the estimated
clearance ranged from 6.18 to 12.5 l h-1, except for renally
impaired patient B, in whom it was 1.4 l h-1. On stopping
the infusion the plasma concentration of IL-1RA fell initially
rapidly and then more slowly, with a terminal half-life
ranging from 5.3 to 6 h.
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Figure 2
Predicted plasma and CSF concentrations, assuming the model given in Figure 1. Open and closed circles are plasma and CSF data, respectively; solid and
dotted black lines are the individual predictions for plasma and CSF concentrations
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During the infusion, the CSF concentration rose slowly,
tending to reach steady state by about 24 h, mean concen-
tration (range) 358 ng/ml (115–886), although in some
patients it clearly had not reached a plateau even by then
(Figure 2). At 24 h, the end of the infusion, the ratio of CSF
to plasma concentration was very low,ranging from 0.01 to
0.04. After stopping the infusion, unlike events in plasma,
the concentration in CSF fell very slowly at all times, so that
by 24 h post infusion the concentration was either compa-
rable to,or exceeded,that in plasma. In all cases the kinetics
of decline in CSF was either parallel to or slower than the
terminal half-life in plasma.

Pharmacokinetic parameter estimates
A linear two-compartment model, with elimination from
the central compartment (Figure 1a), provided the best fit
to the plasma data. The corresponding mean parameter
estimates are listed in Table 1. The mean clearance of
IL-1RA was 6.96 l h-1 for the patients with normal renal
function with standard error, expressed as a percent coef-
ficient of variation (RSE), of 23%, and only 1.41 l h-1 (with
14% RSE) in the renal impaired patient. The initial volume
of distribution of IL-1RA (Vs) was 5.1 l, and the steady-state
volume (Vss = V1 + V2) 10.1 l. Similar values were found for
the renally impaired patient: specifically, V1 was 3.94 l and
steady-state volume 8.25 l.

The CSF data were best fit globally by a one-
compartment model (Figure 1b). Figure 2 shows the indi-
vidual fits of the total model to both plasma and CSF data
for each patient. The goodness of fit of the model to the
data for IL-1RA is illustrated in Figure 3. The pharmacoki-
netic model was assessed in terms of group-weighted
residuals (Figure 3, lower panel). The residuals appeared to
be distributed evenly around the group mean predicted
concentrations and the majority of the weighed residuals
lay between �2 SD from the mean. The CSF data rate con-
stants, kin,CSF and kout,CSF, characterizing input and output
from the CSF compartment, were calculated by fitting the

model. Mean and RSE estimates for patients with normal
renal function were 0.0019 h-1 (19%) and 0.1 h-1 (19%) for
kin,CSF and kout,CSF, respectively. Data for the one patient with
impaired renal function, analysed separately, yielded
estimates for kin,CSF and kout,CSF of 0.0008 h-1 and 0.1 h-1,
respectively. The residual variability for this patient with
proportional error models in plasma and CSF was 40% and
63%, respectively. Had more patients with renal impair-
ment been available, renal function could have been
included as a covariate in the population model, and all
patients analysed simultaneously.

Discussion

The study design of an i.v. bolus of 100 mg, followed by an
i.v. infusion of 2 mg kg-1 h-1, was chosen to immediately
attain and maintain a steady-state plasma concentration,
based on a regimen used in patients with sepsis and
stroke, and was the maximum daily dose of IL-1RA that had
been given previously to any patient [11, 24]. Within the
realms of safety, this regimen aimed to ensure the most
rapid rise to, and highest CSF concentrations at, steady
state. In most of the patients the 24-h (approximately
steady state) CSF IL-1RA concentration (range 115–
886 ng ml-1) was similar to those found to be neuroprotec-
tive in rats (range 91–232 ng ml-1), although there was
considerable variability among patients [25, 26]. Further-
more, it generally took at least 6 h and sometimes longer to
reach this range, and it would have taken even longer had
not bolus doses supplemented the infusion. Although
these data suggest that, at the employed regimen, IL-1RA
is a promising potential treatment of SAH and cerebral
ischaemia, if higher CSF concentrations are required
earlier, even larger bolus doses or perhaps higher initial
infusion rates would be needed, which are beyond those
that have so far been clinically investigated. Nevertheless,
the information gained from the present study should

Table 1
Population kinetic parameters for IL-1RA in plasma and CSF, assuming the model given in Figure 1. (Patients with normal renal function)

Parameter
Parameter estimates Between-subject variability
Value RSE* CV (%) RSE*

CL (l h-1) 6.96 23 28 57

V1 (l) 5.14 7 22 116

CLD (l h-1) 0.63 21 NA NA

V2 (l) 4.96 26 10 476

kinCSF (h-1) 0.0019 19 66 43

koutCSF (h-1) 0.1 19 41 41

Plasma within-subject variability %
(proportional error model)

25 59

CSF within-subject variability % (proportional
error model)

38 52

*Standard error expressed as percent coefficient of variation; NA not applicable.

IL-1RA plasma and CSF PK model in patients
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allow prediction of likely plasma and CSF concentration
with time associated with various dosing strategies.

IL-1RA reached mean plasma concentrations in
humans similar to those reported previously for the same
bolus dose and infusion rate in sepsis in human [11], and
the observed plasma kinetics were identical to those
observed in healthy volunteers [20]. It is relatively uncom-
mon to have the opportunity for rich longitudinal sam-
pling of CSF. This specific study design allowed a detailed
characterization of exchange of drug between plasma and
CSF, which can be used in the design of larger studies in
the targeted population where sparse data are usually
collected.

A compartment model for IL-1RA was used to quan-
tify and help interpret processes occurring at the plasma–

CSF barrier and within CSF in patients with SAH. Although
it is likely that reversible exchange of IL-1RA occurs
between CSF and plasma, the modelling assumes that
no IL-1RA in CSF returns to plasma. This assumption was
made for practical reasons. Theory dictates that each
peripheral compartment reversibly connected to the
central (plasma) compartment adds an additional expo-
nential term to the plasma concentration–time data. Yet,
even if it occurs, the mass transfer between CSF and
plasma is too small to affect the events in plasma, so that,
had a reversible process been included, the model for
plasma would be overparameterized, yielding poor
parameter estimates. The lack of impact of events in CSF
on those in plasma is also evident from the failure of the
slower fractional decline in CSF in some patients to be
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Goodness-of-fit plots of the two-compartment pharmacokinetic model for plasma and one-compartment model for CSF for IL-1RA. Upper panels: measured
concentrations in plasma vs. predictions for the population (left) and for the individuals (right). Middle panels: measured concentrations in CSF vs.
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noticeably reflected in the terminal decline in plasma.
This procedure of having no return of drug from CSF to
plasma is analogous to the same procedure frequently
employed when modelling pharmacodynamics, based on
the knowledge that in most cases the amount of drug
located at the site of action is only a small fraction of total
drug in the body [27].

We found that IL-1RA had a mean clearance of 6.96 l h-1

in patients with normal renal function, which was reduced
to 1.41 l h-1 in the patient with renal impairment. This
finding is consistent with a previous study [20], which com-
pared plasma IL-1RA pharmacokinetics in healthy volun-
teers with that in patients with renal function impairment.
This yielded clearances of 8.2 and 1.2 l h-1 in the two
groups, respectively, and emphasizes the importance of
the kidney as the major organ for elimination of IL-1RA,
which primarily involves metabolism, as little unchanged
drug is found in urine [20].

The small initial volume of distribution of IL-1RA (5.1 l)
is consistent with the difficulty that this large polypeptide
has in distributing out into tissues. Renal disease does not
appear to influence the extent of distribution, because Vss

values were very similar between the patient with renal
disease (8.25 l) and the other patients (mean 10.1 l), again
in agreement with those published [20], namely Vss of 9.8 l
and 8.7 l for the two groups, respectively.

The mean parameters (Table 1) were estimated with
small RSEs, not exceeding 30%, indicative of high precision
in the estimates. Between-subject variability was <30% for
the plasma parameters and <70% for rate constants to and
from the CSF. However, these random effect parameters
tended to have high standard errors, suggesting lower pre-
cision in their estimation than some other variance terms.
This can be explained by the small group sample size,
which does not allow precise estimation of between-
subject variance. The residual variance terms were 25%
and 38% for plasma and CSF, respectively, with RSEs of 59%
and 52%.

The mean withdrawal rate of CSF (0.073 ml min-1)
during the duration of the study was considerably lower
than the average CSF production rate of 0.28 ml min-1 [28]
and so should have minimal effect on events in CSF. The
slow rise in CSF concentrations during the infusion and
subsequent slow fall on stopping administration, relative
to events in plasma, indicate that the temporal events in
CSF are controlled primarily by processes occurring there
rather than by those in plasma. Certainly, during the infu-
sion period, when the plasma concentration, and hence
rate of entry of drug into CSF, is relatively constant, as with
any such input–output system, the rise in CSF with time to
plateau is controlled only by the output rate constant
koutCSF. But with the plasma concentration, and hence input
rate, falling so precipitously on stopping the infusion, the
decline in CSF IL-1RA is also controlled by kinCSF.

There are two possible routes of loss of IL-1RA from CSF.
One is return of drug from CSF to plasma by passive

diffusion across the plasma–CSF barrier, and the other is
loss by other mechanisms. Both were ignored with respect
to events in plasma, as described above, but obviously
cannot be when considering events in CSF. Of these two
mechanisms, the 25–100-fold steady-state plasma : CSF
concentration ratio of IL-1RA indicates that loss by other
process(es) by far predominates. One possible explanation
is slow passive permeability across the plasma–CSF barrier,
expected for such a large molecule (17 kDa), coupled with
effective active efflux from CSF into plasma. Although this
mechanism cannot be discounted, there is no evidence
that IL-1RA is a substrate for any CSF efflux transporters.
Nor can the present data allow the characterization
of one important feature of a transport process, namely
concentration dependence, as only one infusion rate was
explored. Another possible, and more likely, mechanism is
slow passive penetration followed by volumetric removal
of compound with CSF as it drains down the spinal canal
into the systemic vasculature, as postulated to explain the
very low CSF : plasma concentration gradients of proteins,
such as albumin [29]. One piece of evidence supporting
this latter hypothesis comes from turnover concepts. We
note that CSF turns over three to four times daily, which
gives a CSF turnover time of between 6 and 8 h [30]. Using
the inversely proportional relationship between output
rate constant and turnover time, the value for koutCSF asso-
ciated with the volumetric turnover of CSF lies between
0.17 h-1 and 0.13 h-1, which is close to our estimated value
for koutCSF of 0.1 h-1 in the SAH patients. This would suggest
that the CSF dynamics in SAH patients do not differ sub-
stantially from those in healthy adults.

One would like to know the physiologically relevant
parameters P, the permeability–surface product of the
plasma–CSF barrier, and CLCSF, the CSF clearance of IL-1RA.
However, only kin,CSF (= P/VCSF) and kout,CSF (= CLCSF/VCSF)
can be estimated (see Appendix), so that without
knowing VCSF, the volume of distribution of IL-1RA, no
further interpretation of the CSF data can be made. Esti-
mation of VCSF requires introduction of IL-1RA directly in
the CSF, but given the large relatively polar nature, one
reasonable approximation is to set VCSF equal to the physi-
cal volume of CSF, 150 ml [31]. In doing that, the corre-
sponding mean values of P and CLCSF are 0.29 ml h-1 and
0.3 ml min-1, respectively. The latter value is close to the
reported flow rate of CSF of 8.5 ml min-1 (range 0.4–
18.5 ml min-1) [32], further supporting the view that the
kinetic events of IL-1RA in CSF are controlled by, and
reflect, CSF physiology.

In conclusion, intravenously administered IL-1RA
crosses into the CSF of patients with SAH, but very slowly.
Furthermore, even at steady state there is a large concen-
tration gradient of IL-1RA in favour of plasma. The most
likely explanation for these observations is low permeabil-
ity of the CSF barrier to IL-1RA coupled with its removal
kinetics from CSF being controlled by the turnover of this
fluid.

IL-1RA plasma and CSF PK model in patients
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Appendix
Pharmacokinetic compartmental models For plasma
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For CSF

dA

dt
P C CL CCSF

CSF CSF= ∗ − ∗ (2)

Expressing in terms of concentration by dividing by VCSF

dC

dt

P

V
C

CL

V
CCSF

CSF

CSF

CSF
CSF= ∗ − ∗ (3)

Now

k
P

V
k

CL

V
in CSF

CSF
out CSF

CSF

CSF
, = =, , (4)

Hence

dC

dt
k C k CCSF

in CSF out CSF CSF= ∗ − ∗, , (5)

where A1 (t), A2 (t) and ACSF (t) are the amounts of drug in the
central, peripheral and CSF compartments, respectively, at
any time t, V1, V2 and VCSF are the volumes of distribution of
the central, peripheral and CSF compartments, C and CCSF

are the drug concentrations in the central and CSF com-
partments, CL is the total body clearance, CLD is the inter-
compartmental clearance between the central and
peripheral compartments, CLCSF is the clearance of drug
from CSF, P is the permeability–surface area product of
drug at the plasma–brain barrier, kinCSF is the rate constant
for drug transfer from the central to CSF compartment,
koutCSF is the rate constant out from CSF compartment, and
R0 is the infusion rate.

Kineret was generously provided by the Amgen Corporation,
but the company was not involved in the design, conduct or
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Ageing research fellowship funded by the Oglesby Charitable
Trust (S.R.C.) and MRC Professorship (N.J.R.).We are grateful to
P. Kirkpatrick and E. Warburton (University of Cambridge) for
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