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Computer-controlled Epidural Infusion to Targeted
Cerebrospinal Fluid Concentrations in Humans

Clonidine

James C. Eisenach, M.D.,* David D. Hood, M.D.,* Robin Tuttle, R.N.,t Steven Shafer, M.D.,t

Thomas Smith, Ph.D.,§ Chuanyao Tong, M.D. |

Background: Pharmacokinetically designed infusions have
been demonstrated to achieve rapidly and maintain desired
concentrations of drug in plasma after intravenous adminis-
tration. In this study we tested whether a similar approach,
targeting concentrations in cerebrospinal fluid (CSF), could
be used with epidural administration of the a,-adrenergic an-
algesic clonidine.

Methods: After institutional review board approval and in-
formed consent had been obtained, seven healthy volunteers
received a clonidine infusion through a lower lumbar epidural
catheter. Infusion of clonidine (10 pg/ml) was controlled by
the STANPUMP program for sequential 75-min periods to tar-
geted CSF clonidine concentrations of 25, 50, 75, and 150 ng/
ml. Before reprogramming to the next higher targeted con-
centration, mean arterial blood pressure and heart rate were
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measured; blood was obtained for clonidine and catechol-
amine assays; and visual analog score for sedation and pain
to immersion of foot and hand in ice water were obtained.
CSF was collected during infusion with an indwelling lumbar
intrathecal catheter and was analyzed for clonidine, cate-
cholamines, and acetylcholine.

Results: CSF clonidine concentrations rapidly increased and
were maintained at steady values with the stepped infusion,
although observed concentrations were consistently greater
than targeted. The relation between CSF clonidine concentra-
tion and analgesia in the foot was similar to that previously
observed after epidural bolus administration. Clonidine also
was associated with concentration-dependent sedation; de-
creased mean arterial blood pressure, heart rate, and CSF nor-
epinephrine concentration; and increased CSF acetylcholine
concentration.

Conclusions: This study suggests that pharmacokinetically
designed infusions of drugs in the epidural space in humans
can maintain steady concentrations of drug in CSF. In addition
to providing a useful tool for investigation of mechanisms of
action and drug interactions, this technique may improve an-
algesia and diminish side effects from epidurally administered
analgesics. (Key words: Analgesia: epidural. Anesthesia: epi-
dural. Anesthetic techniques: computer-controlled infusion.
Pain. Sympathetic nervous system, a,-adrenergic agonists:
clonidine.)

PHARMACOKINETIC-PHARMACODYNAMIC  analysis
may improve our understanding of analgesic drug ac-
tion, explain variability among persons in response to
a drug, and improve our ability to titrate drug precisely
to the desired effect. Ideally, drug concentration would
be measured at its site of action, although in practice
drug concentration in blood rather than at its sites of
action is measured. If a precise measure of drug effect
is available, however, an “effect-site’” compartment can
be mathematically modeled and the time course of drug
concentration at this site relative to blood can be cal-
culated.' * Computer-controlled intravenous infusions
of analgesics and anesthetics have been demonstrated
to produce precise targeted blood concentrations of
drug.*™’
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This study tested whether a similar approach can be
used to administer drugs epidurally to targeted con-
centrations in lumbar cerebrospinal fluid (CSF). It is
presumed that analgesia from the spinal action of epi-
durally administered opioids and a,-adrenergic agonists
results from movement of drug from the epidural space
to the spinal cord dorsal horn. This movement does
not appear to occur by a vascular mechanism® but rather
by entrance of drug into CSF and its diffusion from CSF
into the superficial dorsal horn of the cord. Assuming
this diffusion into the dorsal horn is rapid, measurement
of drug concentration in CSF may predict drug effect,
and infusion of drug epidurally to targeted concentra-
tions in CSF may allow rapid and precise titration of
drug to the desired analgesic effect.

The purpose of this study was to determine the ac-
curacy of computer-controlled epidural infusion of the
a,-adrenergic analgesic clonidine to targeted concen-
trations in CSF. We chose clonidine because pharma-
cokinetic analyses of concentrations in CSF after epi-
dural administration of this drug are available.”'’ In
addition to performing a feasibility study, we also ex-
amined the effect of epidurally administered clonidine
on analgesia, sedation, blood pressure, heart rate, sym-
pathetic nervous system activity, and concentrations of
the neurotransmitter acetylcholine (ACh) and cate-
cholamines in blood and CSF. Measurement of these
neurotransmitters may indicate clonidine’s mechanisms
of action in the spinal cord that produce analgesia and
its mechanisms in the spinal cord and periphery that
affect blood pressure. The sympatholytic activity of
epidural clonidine on the cutaneous circulation was
evaluated with laser Doppler fluxmetry on the digit
during an inspiratory gasp. Laser Doppler fluxmetry al-
lows evaluation of the participation of sympathetic
nerve activity on the cutaneous circulation'' and has
been combined with an inspiratory gasp maneuver to
characterize transient sympathetic influences on the
skin microvasculature.'?

Materials and Methods

The study was approved by the Clinical Research
Practices Committee; written informed consent was
obtained; and seven volunteers reported to the General
Clinical Research Center, Wake Forest University Med-
ical Center, at 7:00 am, having had nothing to eat or
drink since midnight. A peripheral intravenous catheter
was inserted for infusion of lactated Ringer’s solution
at 50-100 ml/h and a second intravenous catheter in-
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serted and capped for sampling of venous blood. A 20.
G single-distal-port epidural catheter was inserted 3-
5 cm in the epidural space at the L2-L3 or L3-L4 in.
terspace via an 18-G Tuohy ncedle and tested with
injection of 5 ml 1.5% lidocaine. At the first interspace
caudad to the epidural catheter, a 23-G single-distal-
port catheter was inserted 3—5 ¢m in the intrathecal
space through a ramped 19.5-G Sprotte tipped spinal
needle. Volunteers were studied only after demonstra-
tion of bilateral sensory neural blockade consistent with
an epidural injection of lidocaine and after complete
resolution of blockade (minimum of 90 min from in-
jection).

Outcome Parameters

The following parameters were measured: blood
pressure; heart rate; oxyhemoglobin saturation by pulse
oximetry (SpO,); sedation and analgesia scored by vi-
sual analog scale (VAS); skin blood flow; and CSF sam-
pling for clonidine, catecholamine, and ACh concen-
trations. After baseline measurements were obtained,
epidural clonidine was infused to targeted concentra-
tions in CSF of 25 ng/ml, then 50 ng/ml, then 75 ng/
ml, and finally 150 ng/ml. Each infusion lasted 75 min.
Immediately after the 60-min CSF sampling for each
infusion period, measurements were obtained in the
following order: SpO.; blood pressure; heart rate; VAS
scores of sedation and analgesia; and skin blood flow.
These measurements usually were completed within
10 min of the 60-min sampling of CSF.

Sampling of Cerebrospinal Fluid and Plasma

CSF was sampled for clonidine and ACh analysis at
5, 15, 30, and 60 min after initiation of the infusion
and after each change in the targeted concentration of
the infusion. In each case the initial 0.5 ml CSF, rep-
resenting 1.8 times the catheter dead space, was dis-
carded, and 1.0 ml was obtained for clonidine and ACh
analysis. At each 60-min point an additional 0.5 ml CSF
was obtained for measurement of catecholamine con-
centrations. Blood was sampled before infusion and at
each 60-min point during infusion for clonidine, cat-
echolamine, and ACh analysis.

Cardiorespiratory Monitoring

Blood pressure and heart rate were measured by a
noninvasive oscillometric device at the same times as
CSF sampling and immediately before each change in
the targeted concentration. SpO, was measured before
epidural infusion was begun and at the end of each
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COMPUTER-CONTROLLED EPIDURAL CLONIDINE

targeted concentration infusion period as described
above.

Measurement of S\)'mpatbolyric Activity

Volunteers were trained to perform an inspiratory
gasp by using techniques previously described.'® After
a verbal command, volunteers inspired as quickly and
deeply as they could and held the gasp for 4 s. They
were instructed not to perform Valsalva’s maneuver.

Digital skin perfusion was assessed by attaching a laser
Doppler probe to the pulp on the long finger of one
hand and the second toe of one foot and monitoring
perfusion with a laser Doppler flowmeter (Dual Chan-
nel Laser Doppler flowmeter ALF 21D, Advance Elec-
tronics, Tokyo, Japan). The probe had a lightweight
plastic head (type L probe) that was held on the finger
and toe by double-sided adhesive disks. This flowme-
ter’s laser probe transmitted coherent light at 780 nm,
and the output of the flowmeter was sampled ata 0.1-
s time constraint. The laser Doppler signal from each
channel was recorded on a two-channel strip-chart re-
corder.

We made laser Doppler fluxmetric measurements be-
fore the epidural clonidine infusion, at the end of the
50-ng/ml infusion, and at the end of the 150-ng/ml
infusion. During testing, ecach volunteer performed at
least five inspiratory gasps. The changes in skin per-
fusion accompanying each inspiratory gasp werce av-
eraged.'! The vascular responsiveness to the inspiratory
gasp was calculated as a percentage change in cuta-
neous perfusion from baseline as previously de-
scribed.'” The skin was heated to 37°C with a regulated
heating pad before Doppler flow measurements and
the temperature confirmed by measurement with
thermistors (YSI series 400, Yellow Springs Instru-
ments, Yellow Springs, OH) taped to the finger and
toe. Warming of the skin at the measurement site before
reflex testing reduces variability in laser Doppler mea-
surements within and between subjects.'”

Analgesia

To assess analgesia, pain intensity was assessed by
having the volunteers mark a 10-cm VAS after immer-
sion of a foot. and 5 min later, a hand, in stirred ice
water. A 60-s cutoff time was used, although volunteers
were allowed to remove their hand or foot before this
time if they experienced unbecarable pain. The foot and
hand contralateral to those used for skin blood flow
measurements were used for analgesia testing. The vol-
unteer’s level of sedation was measured with a 10-cm
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VAS, anchored at “‘not drowsy at all”” and “‘as drowsy
as possible.”

Pharmacokinetic Analysis

We modeled previously published data showing the
CSF clonidine concentrations after epidural adminis-
tration of a 700-ug clonidine bolus.'” The model used
was

Ci(t) = dose
X (Cie M + Coe™*F — (C; + Ce ™M (1)

where dose = 700 ug; C,, C,, and —(C, + C,) = the
weighted coefficients; and A, X,, and \; = the positive
exponents of a triexponential relation relating a unit
dose (i.e., a dose = 1 unit) at time O to the intrathecal
concentration over time. The third exponential term
has the coefficient —(C, + C,) instead of C; because
at time O the concentration in the intrathecal space
after administration of an epidural bolus is 0. This can
happen only if each coefficient equals the negative of
the sum of the other two coefficients.

The model was estimated by using the “*solver’ func-
tion in Excel version 4.0 spreadsheet software (Micro-
soft, Redmond, WA) and a spreadsheet incorporating
the iteratively reweighted least-squares objective func-
tion:

Obijective = 2,

. (mc;lsurcd = prcdiclcd)” )
i=1

predicted

A pooled data approach was used in which n = the total
number of samples in the study.

The observations from this study were used to esti-
mate a second set of pharmacokinetic parameters to
relate the dose given in this study to the measured con-
centrations. This second analysis was performed with
the program MKMODEL, modified to incorporate the
complex computer-controlled drug input function

. : 1. 106
used, as previously described.” '

Drug Administration

Clonidine was infused epidurally in a concentration
of 10 ug/ml with a pump (552275, Harvard, Quincy,
MA) connected to a computer running the STANPUMP
program on the MS-DOS (Microsoft) platform. STAN-
PUMP incorporates a control strategy to achieve rapidly
and then maintain a desired concentration at the site
of observation when the site of observations is linked
to the site of injection by a first-order transfer function.
The control policy incorporated into STANPUMP is that
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described by Shafer and Gregg'™ and was implemented
as suggested by Jacobs and Williams. e

STANPUMP was programmed with the pharmacoki-
netic constants estimated as reported above, trans-
formed into Vi, ko, k12, Koy, and Kkeo as described in
the appendix. The algebraic manipulations described
in the appendix were performed with the software
program Mathematica version 2.2 enhanced (Wolfram
Research, Champaign, IL). The transformation was
performed because the STANPUMP program assumces
that when a disequilibrium exists between the site of
injection and the site of observation, there is a com-
partmental model for the plasma pharmacokinetics
(described by V,, ko, ki, and k;)) and a first-order
transfer of drug from the plasma (the site of injection)
to the effect site (described by k). To take advantage
of STANPUMP’s ability to administer drug when dis-
equilibrium exists between the site of drug injection
and the site of observation, it was necessary to convert
the disposition function of the intrathecal space, rel-
ative to epidural drug administration, estimated as de-
scribed above, into a compartmental representation.
STANPUMP, in turn, then computed the disposition
function of the intrathecal space from the parameters
Vi, Kio, K12, k21, and keo.

Analysis of Performance
The measures of performance were based on the per-
formance error (PE), defined for each observation as
measured — predicted

E = X 100%. 3
predicted )

The performance error was based on the prediction
rather than the target because in some settings the target
and prediction may differ, as might occur if the pump
is briefly interrupted while a target concentration is
maintained.

Two summary measures were used to measure the
aggregate trend of the weighted residuals: the median
weighted performance error (MDPE), calculated as

MDPE = median(PE,,PE,, . . . | PE)) (4)

which estimated the overall bias in the results, and the
median absolute performance error (MDAPE), calcu-
lated as

MDAPE = median(|PE, |, |PE,

B A

) 5)

which estimated the overall inaccuracy of the perfor-
mance. These measures of performance are adapted
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from the recommendations of Varvel et al. ' and have
been previously used in pr()spgc_li\'c studies of com-
puter-controlled drug delivery.””

The new pharmacokinetic parameter sct derived from
these data were measured for their ability to predict
these observations as well. Because this second phar-
macokinetic parameter sct was derived from the same
observations, errors in prediction are the “residual er-
rors’’ from the pharmacokinetic analysis. Thus, we cal-
culated the weighted residual precisely as we calcu-
lated the performance errofr, described above, except
that the prediction was based on the new pharmaco-
kinetic parameter set. We then calculated the median
weighted residual and the median absolute weighted
residual based on the weighted residual error, ina way
exactly analogous to the calculations of the median
weighted performance error and the median absolute
performance error described above.

Drug Assay

Clonidine was measured by Harris Laboratories (Lin-
coln, NE) with a radioimmunoassay with limit of sen-
sitivity of 0.13 ng/ml.'"” Plasma clonidine concentra-
tions below this limit were assigned a value of 0. Con-
centrations of catecholamines and ACh were measured
by high-performance liquid chromatography with
electrochemical detection as previously described.”"”!

Drugs

Clonidine hydrochloride, 100 ug/ml in preservative-
free saline, was obtained from Fujisawa Pharmaceutical
Co. (Deerfield, IL) under Investigational New Drug ap-
proval from the United States Food and Drug Admin-
istration and was diluted with preservative-free normal
saline before epidural injection.

Statistics

Unless otherwise indicated, data are presented as
means = SEM. The effect of infusion on continuous
variables, including VAS measurements, was deter-
mined by one-way analysis of variance for repeated
measures followed by Dunnett’s test. The relation be-
tween plasma or CSF clonidine concentrations and VAS
pain scores on foot and hand testing was assessed by
using Pearson’s product-moment correlation.

Results

All volunteers were women, 39 + 2 yr old, height
167 £ 2 cm, and weight 78 + 7 kg. In all cases the
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5%

lidocaine test dose resulted in bilateral sensory changes
consistent with an epidural injection. All volunteers
completed the study, and they received a total of 442
+ 1 pg epidural clonidine. Two volunteers experienced
a postdural puncture headache, although no volunteer
required an epidural blood patch for treatment of the
headache.

Subject 1 had a continuous decrease in concentration
after 210 min, despite an increase in target concentra-
tion and continuous administration of clonidine from
210 to 300 min. This decrease may have been caused
by intravascular migration of the epidural catheter,
which would result in no delivery of clonidine to the
epidural space after 210 min. We therefore excluded
the data from subject 1 from subsequent analysis after
210 min. A single data point in subject 7 also was ex-
cluded from the analysis: at 210 min the observed clo-
nidine concentration was a full order of magnitude less
than the observed concentration at 180 and 230 min,
despite continuous clonidine administration. This sit-
uation is biologically impossible. The observation at
210 min was probably an artifact of unclear cause (such
as mislabeling of a sample or improper dilution in the
assay).

Clonidine Analysis

With one exception, clonidine concentration in the
CSF increased approximately 5 min after initiation of
or changing of the targeted concentration. The phar-
macokinetic analysis predicted a delay of approxi-
mately 15 min between a change in the target concen-
tration and attainment of a new plateau in the CSF.
Observation of the observed concentrations suggests
that there was an initial delay of approximately 5-15
min between a change in target concentration and each
plateau in the concentration in CSF (fig. 1). During the
first platcau (target = 25 ng/ml), the average concen-
tration was 50 + 13 ng/ml; during the second plateau
(target = 50 ng/ml) the average concentration was 92
+ 15 ng/ml; during the third plateau (target = 75 ng/
ml) the average concentration was 140 * 19 ng/ml;
and during the final plateau (target = 150 ng/ml) the
average plateau was 215 £ 37 ng/ml. Clonidine con-
centration in the plasma increased from 0.10 + 0.04
ng/ml after the first infusion to 0.30 = 0.10 ng/ml
after the second, 0.70 = 0.08 ng/ml after the third,
and to 1.1 + 0.12 ng/ml after the last infusion. Onc
hour after discontinuation of epidural clonidine infu-
sion, plasma clonidine concentration was 1.2+ 0.18

ng/ml.
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Fig. 1. Average (= SEM) clonidine concentration in cerebro-
spinal fluid (CSF) versus time (top) and individual data (bot-
tom). Dotted lines = targeted concentrations in CSF.

Pharmacokinetic Results

Table 1 shows the parameters of the triexponential
disposition function relating intrathecal concentration
to a unit epidural bolus dose and the transformation of
those parameters into a compartmental model for use
with the STANPUMP program, as described in the ap-
pendix. Each of the coefficients is the negative of the
sum of the other coefficients, which gives the resulting
curve a convex shape after bolus injection, with an
intrathecal concentration of 0 at time 0, a subsequent
peak, and then a return to an intrathecal concentration
of 0 at time . Table 1 also shows the parameters of
the new pharmacokinetic model estimated from these
data.

The disposition functions of the intrathecal site pre-
dicted by these two models is shown in figure 2. The
original pharmacokinetic parameter set predicted a
peak intrathecal concentration 22 min after epidural
bolus administration. The revised pharmacokinetic pa-
rameter set predicts a much more rapid peak at 5 min
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Table 1. Coefficients, Exponents, and Calculated Parameters
for Intrathecal Clonidine Pharmacokinetics
after Epidural Administration

Revised Estimate

Parameter Original Estimate'®

Estimated parameters

C1 1.80 2.45

A 0.0864 0.707

c2 0.411 0.214

2 0.00646 0.0000242

C3 1.39 2.24

A3 0.0302 0.0289
Transformation of above as discussed in the Appendix

\al 0.271 0.0173

k10 0.0415 0.00648

k12 0.0380 0.698

k21 0.0135 0.00264

ke0 0.0302 0.0289

after epidural bolus injection. The data (fig. 1) suggest
that the peak drug concentration in the CSF after epi-
dural bolus injection occurs closer to the 5 min pre-
dicted by the revised model than the 22 min predicted
by the original model.

Performance

In general, the observed concentrations exceeded the
target concentrations during the plateau phase. The
overshoot ranged from nearly 100% at the lowest target
to about 40% at the highest target. The median
weighted performance error was +55%, and the median
absolute performance error was 60% with the initial
pharmacokinetic parameter set.

The computer-controlled infusion pump did reason-
ably well at achieving pseudo-steady-state concentra-
tions and providing proportional increases in the
pseudo-steady-state concentrations. However, there was
considerable variability in the individual responses, as
shown in figure 1. The variability is demonstrated in
the top graph of figure 3. Each line has a fairly constant
offset from the y = 1 line, indicating that the propor-
tional error was fairly steady at each target.

The weighted residuals with the new pharmacoki-
netics are shown in the bottom graph of figure 3. In
this figure, the systematic overshoot is eliminated, in
that the errors are now evenly divided into overshoot
and undershoot of the predicted concentration. This
comes at the expense of slightly more misspecification,
in that the observed concentrations at 5 min after each
change are, in general, slightly less than the model pre-
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diction. resulting in the sawtooth pattern seen in the
residuals. The addition of a fourth exponential term to
the pharmacokinetic model did not eliminate this pat-
tern, suggesting that additional data about the early
increase in concentration would be necessary to model]
properly the expected concentrations in CSF within
the 1st 5 min of epidural bolus administration. The
median weighted residual for the revised model is —8%,
and the median absolute weighted residual is 37%.

Cardiorespiratory and Sedative Effects

Clonidine decreased mean arterial blood pressure and
heart rate, and this decrease was related to the duration
of infusion (fig. 4) and CSF clonidine concentration
(data not shown). In contrast, clonidine had no effect
on SpO, (fig. 4). Clonidine also caused dose-related
sedation (table 2).

Sympatholytic Activity

The laser Doppler flow in the foot increased from
13.2 = 5.8 mV (arbitrary values) before epidural clo-
nidine to 27.0 £ 3.4 mV after targeted infusion to CSF
clonidine concentration of 150 ng/ml (P < 0.05). The
percentage change in skin perfusion in the foot at the
time of maximum change after a deep gasp with 50
ng/ml clonidine was —63.1 + 6.4% and with 150 ng/
ml clonidine was —54.8 + 8.7%. These changes did
not differ from baseline. The time required to attain
the minimum value of laser Doppler flow after initiation
of the gasp reflex was approximately 7.5 s and did not
vary with clonidine concentration. Similar results were
observed in the hand tests.

Analgesia

Clonidine caused similar dose-related analgesia in
both the foot and the hand (fig. 5). Because this finding
was in contrast to the result of a previous study'’ that
was of similar design but that used a single bolus of
epidural clonidine rather than prolonged infusion, we
examined the relation between lumbar CSF clonidine
concentration and analgesia in the hand and the foot
in both studies. This analysis revealed no difference
between bolus and infusion administration in the linear
regression of CSF clonidine and VAS pain score in the
foot but a significant difference in this relation in the
hand (fig. 6). The VAS pain score in the foot to ice-
water immersion was more tightly correlated to lumbar
CSF clonidine concentration (r = —0.70; P =
0.0000064) than to plasma clonidine concentration
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Fig. 2. Disposition functions describing relative concentration
of clonidine in the intrathecal site using the original phar-
macokinetic parameters (solid line)'® or the revised parame-
ters (dotted line).

(r = —0.53; P=0.0014) in the current study and in
the study of bolus administration."'’

Neurotransmitter Analyses

Clonidine decreased the norepinephrine (NE) con-
centration but did not affect the epinephrine or do-
pamine concentration in plasma or CSF (table 3). ACh
concentration increased in CSF after initiation of clo-
nidine infusion and was maintained throughout the
clonidine infusion (fig. 7).

Discussion

These data provide information regarding the feasi-
bility of infusing drugs into the epidural space to tar-
geted concentrations in CSF and regarding the mech-
anism of action of epidural clonidine analgesia.

Feasibility of Epidural Computer-controlled

Infusion |

Several assumptions implicit in this paradigm require
explanation. We assumed that the presence of the in-
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trathecal catheter would not affect distribution of clo-
nidine in CSF after epidural infusion. Clearly a hole in
the dura in close proximity to the epidural infusion
can enhance the transfer of drug from epidural to in-
trathecal spaces,”” and it is possible that the hole from
the 19.5-G needle used to insert the catheter may have
enhanced such a transfer of clonidine. Because the flux
of drug across the dura is determined by the size of
hole in the dura,*? it is likely that the presence of the
catheter in the hole decreased such flux. It is possible
that the pharmacokinetic parameters calculated to pre-
dict more accurately the CSF clonidine concentrations
in the current study differed from those obtained in
the bolus study'’ in part for this reason, because the
dural puncture was one interspace removed from the
epidural catheter insertion site in the current study,
compared with two interspaces removed in the former
study. CSF was sampled several times during the clo-
nidine infusion, and this procedure may have altered
CSF circulation or movement of drug, although the
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1001
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Fig. 4. Hemoglobin oxygen saturation (percentage) (solid line),
mean arterial blood pressure (millimeters mercury) (circles),
and heart rate (beats per minute) (diamonds) versus time dur-
ing the experiment. Numbers above the graphs = targeted ce-
rebrospinal fluid clonidine concentrations (nanograms per
milliliter) during the infusion.

volume of CSF sampled was small. Confirmation of the
accuracy of these kinetic parameters in the presence
of an intact dura awaits future studies with sampling
of CSF by insertion of a small-gauge spinal needle for
single time points.

A more basic assumption is that the time course of
clonidine concentration in CSF closely reflects the time
course of analgesic effect. Clearly, clonidine is rapidly
absorbed into the systemic circulation after epidural
injection,'” and clonidine can produce analgesia after
systemic administration** by actions at peripheral®* and
central®’ sites as well as spinal sites. Nonetheless, the
major site of analgesia from epidural clonidine is most
likely in the spinal cord, because it is reversed by epi-
dural injection of a specific a,-adrenergic antagonist in
a dose that has no effect when administered systemi-
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Table 2. Sedation after Epidural Clonidine Infusion

Infusion Period VAS Sedation (cm)
Sren ey R e e e o

Baseline 1.2+ 0.9
1 (25 ng/ml) 27+1.3
2 (50 ng/ml) 41+0.9*
3 (75 ng/ml) 58+ 1.1*
4 (150 ng/ml) 8.0 +0.8"

Values are mean + SEM of 7 volunteers 60 min after beginning infusion targeted
at the indicated clonidine concentration in cerebrospinal fluid. VAS = visual
analog scale

* P < 0.05 versus Baseline

cally.?® Two other observations support a near identity
of ti]c time course of clonidine concentration in CSF
after epidural administration and the time course of
the analgesic effect. First is the minimal hysteresis ob-
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Fig. 5. Visual analog scale (VAS) pain scores (centimeters) in
the foot (f0p) or the hand (bottom) versus clonidine concen-
tration at the end of each 60-min infusion period. CSF = ce-

rebrospinal fluid. *P < 0.05 versus baseline. **P < 0.01 versus
baseline.
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Fig. 6. Visual analog scale (VAS) pain scores (centimeters) in
the foot (top) or the hand (bottom) versus clonidine concen-
tration in the current study (squares) and in a previous study'’
after bolus epidural clonidine injection (circles). Regression
lines for the current infusion study (solid line) and the pre-
vious bolus study (dotted line) reveal no difference between
these methods of administration for analgesia in the foot, but
more analgesia in the hand at the end of the end of each hour
of infusion than after a single bolus injection. CSF cerebro-
spinal fluid.
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Table 3. CSF Epinephrine and Dopamine and Plasma
Catecholamines during Clonidine Infusion

Targeted Clonidine Infusion

Baseline 25 ng/ml 50 ng/ml 75 ng/ml 150 ng/ml
Plasma
NE 310 £89 200 +57 150 48" 240+120 130+ 37*
EPI 240+ 44 190+53 240+44 211+ 43 190+60
Dopamine 28 + 11 16+ 5 36+ 8 28+ 12 21 +10
CSF
NE 201 £251 109:£:208 1 60185 S60 = F10F 58 (5 24+
EPI 170£31 180+37 160+31 210+ 52 204 + 34
Dopamine 58 + 27 30 5 26:+ 8 53 £ 25 51+ 9

NE = norepinephrine; EPI = epinephrine; CSF = cerebrospinal fluid.

Values are mean = SEM (pg/ml) of 7 volunteers 60 min after beginning infusion
targeted at the indicated clonidine concentration in CSF.

* P < 0.05 versus Baseline.

served in CSF clonidine versus analgesia over time in
volunteers who received epidural clonidine by a single
bolus.'” This characteristic suggests rapid equilibration
between clonidine in CSF and at its active site for an-
algesia. Second is the nearly identical relation between
CSF clonidine and analgesia in the foot observed in that

study,'’ with constantly changing CSF clonidine con-
Targeted CSF Clonidine (ng/ml)
150
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Fig. 7. Cerebrospinal fluid (CSF) acetylcholine (ACh) concen-
tration versus time of epidural clonidine infusion, beginning
at time 0. Each point represents the mean — SEM of six or
seven volunteers. All time points except the second differ from
baseline.
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centrations after a bolus, and that observed in the cur-
rent study after 60 min of nearly steady CSF clonidine
concentrations (fig. 0).

Clonidine administration by continuous lumbar epi-
dural infusion resulted in analgesia in the upper €x-
tremities of volunteers in the current study, whereas
analgesia in the upper extremitics was not observed
after a single lumbar epidural bolus in our previous
study.'” This result may reflect continuous addition of
clonidine to lumbar CSF, allowing cephalad spread of
drug in CSF as has been observed previously in humans
receiving opioids of lipophilicity similar to that of clo-

e
nidine.?”*"

Pharmacokinetic Considerations

Although the computer-controlled infusion pump
was fairly successful at providing pseudo-steady-state
concentrations and making proportional changes in
those concentrations, its absolute accuracy was poor
because of a large and consistent overshoot. The large
and fairly consistent bias in the results suggests that
the intrathecal pharmacokinetics of epidurally admin-
istered clonidine could be further refined from our ini-
tial estimates after bolus drug administration.'’ Reports
suggest that refining pharmacokinetic parameters in-
tended for use in a computer-controlled infusion pump
are best obtained from studies using computer-con-
trolled infusions.'® The improvement in the median
weighted residual and the median absolute weighted
residual with the revised models suggests that the tech-
nique is very promising for controlling intrathecal
concentrations with rational epidural administration.

Mechanism of Action of Clonidine

As discussed above, the close correlation between
CSF clonidine concentration and analgesia in the cur-
rent study argues strongly for a spinal site of action for
analgesia after epidural clonidine administration. On
the other hand, we observed nearly identical analgesia
in both the hand and the foot after epidural clonidine
infusion in this study. It has been suggested that clo-
nidine produces equivalent (and poor) analgesia after
intravenous or epidural administration.?” This line of
reasoning would suggest that equivalent analgesia in
the hand and the foot after lumbar injection in the cur-
rent study supports a systemic, nonspinal mechanism
of action. However, we did observe analgesia restricted
to the foot after epidural bolus administration of clo-
nidine,'” and “‘spread” of analgesia to the hand in the
current study. This spread may reflect rapid movement
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of clonidine cephalad in CSF and measurement of an-
algesia 60 min after near-steady concentrations in CSF
in the lumbar intrathecal space.

Although many factors affect the concentration of
neurotransmitters in CSF, the effect of drugs on CSF
neurotransmitter concentrations can provide clues
concerning the actions of such drugs on synapses that
release these neurotransmitters. The lack of effect of
epidural clonidine on epinephrine or dopamine is
consistent with the lack of demonstrated interaction
between «,-adrenergic agonists and these neurotrans-
mitters in the spinal cord. Increasing concentrations
of clonidine accompanied decreasing concentrations
of NE in CSF, which may reflect decreased synaptic
release of NE in the superficial dorsal horn and inter-
mediolateral cell column, the two major spinal sites of
noradrenergic terminals.*” This effect is most likely a
result of classic presynaptic inhibition of NE release
by stimulation of presynaptic a,-adrenoceptors, but it
would not be a likely cause of clonidine analgesia, be-
cause NE is an analgesic neurotransmitter in the spinal
cord.”!

Increased CSF ACh concentration after epidural clo-
nidine administration supports previous observations
of cholinergic activation from spinal a,-adrenergic ac-
tivation. Spinal clonidine-induced antinociception in
animals is enhanced by spinal neostigmine and inhib-
ited by spinal atropine.** Intrathecal clonidine admin-
istration increases ACh concentration in the CSF of
sheep by an a,-adrenergic mechanism that is not at-
tributable to nonspecific vasoconstriction and altered
clearance of ACh.”' We have previously observed an
increase in CSF ACh in humans 1 h after a bolus epidural
injection of clonidine,?' and the current data demon-
strate rapid increases in CSF ACh after epidural cloni-
dine administration.

Sympatholytic Activity of Clonidine

The cutaneous circulation is predominantly under
sympathetic nervous system control. Under basal con-
ditions, the overall ‘“‘tone’ or firing rate of the sym-
pathetic nerves innervating the vasculature determines
the overall cutancous perfusion. The sympathetic ner-
vous system also controls reflex responses of the cu-
taneous circulation. Reflex changes in cutaneous per-
fusion may be invoked by an inspiratory gasp. Cuta-
neous perfusion transiently decreases with this
mancuver, and the magnitude of the decrease in per-
fusion accompanying the reflex reflects the degree of
sympathetic activity evoked. It has been suggcstcd,
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therefore, that this reflex may be sensitive to sympa-
tholytic effects.

In the current study the cutaneous perfusion of the
extremities was evaluated with laser Doppler flux-
metry, a technique sensitive to the average velocity
and total number of cellular components in the
blood. Both tonic and reflex sympathetic influences
on the cutaneous perfusion were evaluated, and it
was found that the epidural administration of clo-
nidine produced increases in the basal cutaneous
perfusion, a finding consistent with a reduction in
sympathetic nervous system tone as reported by Kirno
et al.'' The overall magnitude of the vascular re-
sponse elicited by a gasp was not significantly altered,
however, and was close to the percentage change in
perfusion evoked by this reflex as noted by others.*?
The pattern of sympathetically evoked responses
found in the current study is similar to the work of
Kirno et al.,'' who reported that a sympathetically
mediated reflex of normal magnitude could be
evoked after epidural clonidine but that the basal
level of sympathetic nerve impulses was reduced.
There are also cases in which reflex cutaneous re-
sponses to an inspiratory gasp have been evaluated
under conditions in which basal levels of sympathetic
tone are considered increased.®® The latter study?®?
found that the magnitude of the reflex change in cu-
taneous perfusion evoked by an inspiratory gasp was
not different from that obtained under normal con-
ditions. These patterns of responses of the cutaneous
perfusion to an inspiratory gasp suggest that the mag-
nitude of sympathetically mediated reflex changes
may be less informative than the basal value of skin
perfusion in predicting the overall status of resting
sympathetic nerve activity.

In summary, lumbar epidural clonidine administra-
tion by computer-controlled infusion increases ACh
concentration in CSF, and it produces analgesia in the
foot and the hand that is tightly correlated to CSF clo-
nidine concentration. These data support a spinal cho-
linergic mechanism of analgesia from epidural cloni-
dine and demonstrate the feasibility of infusing drugs
epidurally to targeted concentrations in CSF for re-
search and clinical applications. The errors are only
moderately larger than those observed with intravenous
drug administration by computer-controlled infusion,
and this approach may be particularly important as a
research tool, just as intravenous computer-controlled
administration has become a recognized tool for in-
vestigation of intravenous drugs.
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Appendix

In this study clonidine was administered into the epi-
dural space to achieve a given intrathecal concentration
profile. There was a disequilibrium between clonidine
administration into the epidural space and the appear-
ance of clonidine in the intrathecal space. There is an
obvious parallel between this model and the conven-
tional “‘effect-site’’ model that relates the time course
of drug concentration in the plasma with the time
course of concentration at the hypothetical site of drug
effect.

The question of how to calculate the time course of
epidural dosing to achieve a desired intrathecal con-
centration is similar to the question of how to calculate
the time course of plasma dosing to achieve a target
concentration at the effect site. Because we cannot in-
ject drug directly into the effect site, it is impossible
to obtain instantly a target effect-site concentration.
There are many ways to give drug to achieve a specific
target in the effect site, depending on how the advan-
tages of a slow increase to the desired target are bal-
anced with the advantages of a rapid increase to the
target but with some overshoot. If we restrict ourselves
to solutions in which the effect-site concentration in-
creases as rapidly as possible to the desired target con-
centration without overshooting the target, and assume
that the parameters are known a priori, then the desired
dose is that given by the control policy developed by
Shafer and Gregg.'™ This control strategy has been im-
plemented in the computer program STANPUMP, using
the computational approach suggested by Jacobs and
Williams.'®

To control the concentration of drug at the effect
site, STANPUMP requires the micro-rate constants of a
one-, two-, or three-compartment mamillary model plus
the rate constant for drug elimination from the effect
site (K.o). In the current study we estimated a dispo-
sition function for the intrathecal space of the form;

(:”'( t ) = d()SC
X (Cie 1+ C e 2% — (G + Ca)e ) 1 (Al)

where C,(t) = the intrathecal concentration over time;
dose = the dose of clonidine administered (700 ug)'’;
C, and C, and —(C, + C,) = the coefhicients of a triex-
ponential disposition function; and A, A; and A; are
the exponents of the disposition function. Each coef-
ficient is the negative of the sum of the other cocffi-
cients, which gives the disposition function the nec-
essary shape, which is 0 at time 0, increases to a peak,
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and then decreases to 0 again at t = co. To administer
clonidine by using this disposition function it is nec-
essary to convert equation Al to a series of rate con-
stants representing a  two-compartment mamillary
model with an effect site, which is the model used
internally by STANPUMP. This transformation is per-
formed as follows.

The standard two-compartment pharmacokinetic
model,'” is represented by the following differential
equations:

1x,(t

M = kllxl([) =y (kl(» gy kl—’)x‘(t)
dt

Ix, (t

i'(—):k,_,xl(t)*kguxz(tf (A2)
dt

We will transform this set of differential equations into
an equation that describes the concentration over time
after injection of a single unit of drug into the central
compartment (V,). Such an equation is called a “‘unit
disposition function’ and has the biexponential form
(for this exercise);

Cp(t) = Ae ™ + Be ™ (A3)

where Co(t) = the plasma concentration at time t that
would be expected after an injection of 1 unit of drug,
and A, B, «, and = pharmacokinetic parameters di-
rectly estimated or mathematically derived from the
parameters estimated (e.g., the volumes and clearances
of a two-compartment model or the rate constants
shown in eq. Al).

The transformation between equation set A2 and
equation A3 is outlined in many pharmacokinetic text-
books but is reviewed here because several solutions
developed from the transformation are required to
convert the intrathecal disposition function (eq. Al)
into a compartmental representation used by STAN-
PUMP. Although symbolic manipulation programs such
as Mathematica can directly perform the transformation
between equation set A2 and equation A3 in the time
domain, the process generates huge intermediate
equations. Therefore, to simplify the algebra, it is com-
mon first to transform equation set A2 into the Laplace
domain. Applying the Laplace transformation to equa-
tion set A2 yields;

sXi(8) — x1(0) =k, X,(5) — (kyo + ki2)X,(s)
$X2(8) — %2(0) = k;,X,(s) — k> 1 X5(s) (A4)

where s = the independent variable in the Laplace do-
main; X, (s) and X,(s) = the Laplace transform X, (t)
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and x,(t); and x,(0) and x,(0) = the initial conditions
of compartments 1 and 2, respectively. Because we are
interested in the responsc of this system to the instan-
tancous injection of 1 unit of drug at time 0O, the initial
condition of x,(0) is 1 (7.e., the initial amount in the
central compartment is 1 unit). We assume, of course,
that initially there is no drug anywhere else in the body,
and so x,(0) is 0. Substituting 1 and 0 for x,(0) and
x,(0), respectively, into equation sct A4 and rearrang-
ing generates the following simultancous equations:

sX,(s) = ko1 Xa(s) — (ko + kin)X (s) + 1

sX,(s) = kioX(s) — ko Xa(s). (AS)

If we solve equation set AS for X, (s), the Laplace
transform of the amount of drug in the central com-
partment as a function of s, we obtain;

k> +s
kioks; + kjos + ki2s + koys + s

Xi(8) = (AO)

Returning to equation A3, and recognizing that the
concentration in the plasma (C,) is the amount of drug
in the central compartment (x,) divided by the volume
of the central compartment (V,), we can rewrite equa-
tion A3 in terms of x,(t):

x,(t) = V,(Ae ™ + Be™ ™). (A7)

The Laplace transformation of equation A7 is

X, (s) = Vi[—2 L 8
e l(a+s+ﬁ+ s) !

If we are to transform equation set A2, the differential
equations, into equation A3, the unit disposition func-
tion, we must find definitions of A, B, «, and 3 such
that equation A8 can be transformed into equation AG.
Therefore our puzzle is to define A, B, «, and (3 so that
they satisfy the following identity, derived from equa-
tions A6 and A8:

k,, +s
Kiokzy + kyos + ki>s + ks + 82

A
EVI +
a+s

To do si, we first recognize that the denominator of the

left hand expression of identity 9 is a quadratic expres-
sion,

5+ ) (A9)
S

kiokay + (kio + kyp + kay)s + 2 (A10)
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which can be factored by using the quadratic equation.
Two solutions are generated:
—(kjo + ki2 T kyy)
+ \/(_km — ki, — kll)l — 4kiks,
2

and

_(km + kl_) T k2|)

R S T
e ( 10 1_7 21) AK Ko (Al1)

If we define a and 3 as the negative of the roots of s
shown in equation Al1, that is,

_(km =5 k]l it kzl)

o LU V(—kyo — kiz — kay)? — dkioka,
2
and
—=(kis * kiz + ksp)
gEis i V(=Ko — kiz — k21)? — 4kiokos Al

2

we can simplify identity 9 to the following identity:

k,, +s A ) i
=V; + (A13)
(a+8)(B +5) a+s (B+s

With some algebraic manipulation of the left side of
identity 13, we can rearrange it to

(aﬂgl,) (/31{11)
Vi(a — /3) V](ﬁ = o)
+

B +s

A
=V, +
ats

It follows directly from identity 14 that the following
solutions exist for A and B:

V;
e

B
ﬁT) (Al4)

P A ks,
A Vi(a — B)

and (A15)

B = /3 ' k_’l
- Va(B — @)

Thus. when we define A and B as in equation set A15
and « and § as in equation set Al2, then equation sct
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A2 (the differential equations for a two-compartment
model) and equation A3 (a biexponential decay) be-
come identical representations of the same system after
a unit dose at time 0. Similar derivations to that above
can be found in many pharmacokinetic texts.

To calculate the intravenous dose of drug required
to produce a given effect-site concentration, STANPUMP
must calculate the response of the eftect site to an in-
travenous bolus of 1 unit. The response of the effect
site to a bolus of 1 unit, the unit disposition function
of the effect site relative to an intravenous bolus, can
be computed as the convolution of the plasma con-
centrations over time after a bolus of 1 unit (e.g., eq.
A3 above) with the disposition function of the effect
site itself,

Ce(t) = kcu(’ikc”‘ (A106)

where C;(t) = the effect-site concentration over time.
Convolution of two functions is easily performed as
multiplication of the functions in the Laplace domain.
The Laplace transformation of the right side of equation
A3 is

A B
B+s

(A17)
a+ s

and the Laplace transformation of the right side of
equation A16 is

Ke
e (A18)
k.o +s
and the product of these is
X Y B
et 2 ¢ ) . (A19)
ko +s/la+s B+s

If we take the inverse Laplace transformation of equa-
tion A19, we obtain the disposition function of the
effect site for a unit intravenous bolus:

) o A kLn at i _ka_'“_)c At
(,| ()= k(u -« 3 kv(l M P),

Ak B K.,
— +
&

co K& ku) -

e ot (A20)
o]

Equation Al can be rewritten to exXpress the response
of the intrathecal space to an epidurally administered
unit dose as

Cor(t) = Cre ™ + Coe ™ — (Cy + Ca)e ™. (A21)
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These are obviously parallel equations. Comparison of
equations A20 and A21 shows that STANPUMP can ad-
minister drug to a targeted intrathecal concentration
provided the following solutions that make equations
A20 and A21 identical are observed:

A kso )
— = C,
kKoo — @

B ko .
——<0 )=
kcn - ‘D,

o = /\|
B =X
Koo = Az. (A22)

If we combine equation set A22 above with equation
set Al12 for the exponents « and g and equation set A15
for the coefficients A and B, we have a series of equa-
tions that can be solved simultaneously for the param-
eters required by STANPUMP to administer drug to the
effect site, V, ko, k2, k2, and k., in terms of the pa-
rameters estimated for the disposition function of the
intrathecal space, C,, Cs, A, A, and A;. The resulting
definitions of V,, K,,, k;>, ks, and k., are as follows:

%

VA= 5 N
Ciks + CoA; — CiA; — CaA,
k _ )\,)\_;((:,)\1 +(jzkl—(:|>\4'(:_>Ag)
O CIN A + Gy — CoAds — Cido)s
K GGz — X )2 (A, — N3) (A — Ay)
12157

((:1)\_.; e (:_7>\5 = (:IAl Er (:_vA_y)
S E . G e, — G )
6 [ DUl o W R 1 0 R G T

k) = =
7 Ciks +1Chs = CiX; — G

Keo = Az. (A23)

Using the above definitions, we entered into STAN-
PUMP the micro-rate constants and k., for epidurally
administered clonidine, enabling the program to target
the intrathecal space as the effect site based on the
control policy proposed by Shafer and Gregg.'”

The mathematically inclined reader may attempt this
derivation. If so, it should be noted that there are nu-
merous approaches, only one of which is described
here, and that solutions superficially different than
those shown in equation set A23 may be derived. Close
inspection should reveal that the alternative solutions

Anesthesiology, V 83, No 1, Jul 1995

are mathematically equivalent to those shown above,
The above derivation is available as a Mathematicg
notebook by FTP to pkpd.icon@palo_alto.med.va.goy
in file \clonidine.dir\clonccip.ma
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