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A computational method is presented to estimate in vivo receptor occupancies of frequently used
antipsychotic medications, which may provide a way to determine their central nervous system
(CNS) effects in humans. The method can be used to estimate occupancies of several receptor types
based on the daily dose of antipsychotic medication. Estimates of D, receptor occupancy by
haloperidol based on this equation were compared with those yielded by positron emission
tomography (PET) measures in humans for the same compounds and dosages: the results of this

comparison validated the approach.
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INTRODUCTION

The potentially confounding effects of antipsychotic
medications cast a shadow over clinical research into biologi-
cal substrates of psychiatric disorders. It is increasingly dif-
ficult to carry out psychophysiological studies in medication-
free patients. Frequently, subjects are treated with different
medications or with different doses when treated with the
same medication. Typically, psychophysiological studies in-
volving medicated patients have attempted to calculate medi-
cation effects by expressing dosages of the different drugs in
terms of chlorpromazine equivalent values (Breier and others
1993; McCarley and others 1993). This approach could lead
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to spurious conclusions if, as is likely, the different antipsy-
chotic medications have differential effects on the CNS. For
example, differential effects have been reported by Bartlett
and others (1991), Buchsbaum and others (1992), and by
Roemer and Shagass (1990). Bartlett and others (1991) re-
ported thiothixene to increase whole brain glucose utiliza-
tion, while haloperidol reduced such utilization. Buchsbaum
and others (1992) reported that clozapine increased and
thiothixene decreased metabolic rates in the basal ganglia,
with greater effects on the right hemisphere. Roemer and
Shagass (1990) noted differential effects of phenothiazine
and piperazine versus nonphenothiazine or nonpiperazine
medications on evoked potential measures. Thus there is a
need to develop a method, in addition to chlorpromazine
equivalents, to measure CNS effects of the various neurolep-
tic medications that may be administered to subjects partici-
pating in psychophysiological studies.
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Table 1
D, receptor affinity constants* of 8 neuroleptics®
Neuroleptic Molecular weight Vd (L) Affinity (K,)
Chlorpromazine hydrochloride 3553 7520 5.3 x 107
Fluphenazine hydrochloride 5104 3125 1.3x10°
Haloperidol 375.9 1942 2.5x%x 108
Molindone 312.8 1787 8.3 x 106
Perphenazine 404.0 10 623 7.1 x 108
Thioridazine hydrochloride 406.9 889 3.8x 107
cis-Thiothixene 443.6 1242 22 x10°
Trifluoperazine hydrochloride 407.5 8333 3.8 x 108

a1/K4, in which Ky is the equilibrium dissociation constant in molarity. A large number indicates greater affinity and, therefore, greater
receptor occupancy at a lower concentration than that of a drug with lower affinity.

bFrom Richelson 1988.

(Volumes of distribution derived from daily doses and plasma levels reviewed in Table 3.)

Typical antipsychotic medications have been shown to
reduce neurotransmission in the CNS by blocking neuro-
transmitter activity at receptors. Using human brain tissue or
transfected cells expressing human receptors, Richelson and
colleagues (Richelson and Nelson 1984; Richelson 1988;
Bolden and others 1991; Kanaba and others 1994) have
shown that frequently prescribed antipsychotic medications
differ in their affinities for several human receptor types (that
is, a1 -adrenergic, az-adrenergic, 5-HTia, 5-HT2a, histamine,
muscarinicmi-ms, and dopamine D; and Dz). A method to
estimate in vivo receptor occupancies of typically used an-
tipsychotic medications in medicated patients may provide a
way to equate their CNS effects.

In this paper, we present a mathematical algorithm that
can be applied to estimate occupancy of several receptor
types simultaneously. We use the algorithm to estimate D>
occupancy of haloperidol, and we compare estimates to D2
occupancy measures obtained using PET to provide support
for this computational approach. PET studies have been used
to document the occupancy of D; receptors by several psy-
chotropic drugs in human brain in vivo (Baron and others
1989; Karbe and others 1991; Coppens and others 1991;
Farde and others 1992; Wolkin and others 1989). These
studies show that haloperidol at conventional doses occupies
a high percentage (40% to 97%) of the D2 receptors in the
brain.

The equation presented here employs Richelson’s (1984,
1988) data on D2 receptor binding affinity (Ka, which is the
inverse of the equilibrium dissociation constant) of haloperi-
dol. It should be noted that the computational method can be
used to estimate receptor occupancies of any of the receptor
species for which such affinity constants are available from
human brain tissue. Richelson’s group has published such

values for ai-adrenergic, az-adrenergic, 5S-HT1a, 5-HT2a,
histamine, muscarinicmi-ms, and dopamine D; and D: recep-
tors for at least 8 conventional antipsychotic medications.
Since species differences in the binding capacities of drugs
exist, the use of data from human receptors is essential. The
use of these receptor affinity constants, in conjunction with
molecular weight and estimates of the steady-state volume of
distribution (Vd) of the ligand, makes it possible to compute
estimates of receptor occupancy for haloperidol.

METHODS

We computed the percentage of D> receptor occupancy
for haloperidol for the dosage ranges (1 to 40 mg/d) typically
employed in psychiatric treatment. The computations can be
performed for the antipsychotic medications presented in
Table 1. For any given neuroleptic, a specific daily dose
expressed in grams is divided by its molecular weight and
divided by the estimated Vd of the neuroleptic. This yields
an estimated concentration of the drug. The drug concentra-
tion (Cd) is multiplied by the affinity constant of the
neuroleptic (Ks) for a given receptor as determined in human
tissue. The estimate of receptor occupancy is then computed
asy = (Cd x Ka)/[1 + (Cd x Ka)].

Table 1 presents the molecular weight, median Vd in
liters, and D> binding affinities of 8 typical neuroleptics.
Steady-state Vd values for an individual can be computed by
dividing daily dosage by plasma level obtained after the
subject has been on the medication in question for about
S half-lives (Benet and others 1990). In general, the Vd
values of these compounds are not available in the literature
or from the pharmaceutical companies manufacturing them.
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Table 2

Daily dose of haloperidol, plasma levels, PET estimates of D, occupancy®, our computations of D, occupancy, and Vd

Subject Daily dose (mg) Plasma level PET occupancy (%) Our occupancy (%) vd (L)®
12 4.0 6.0 nmol/L 75.0 61 1739
22 4.0 11.0 nmol/L 84.0 73 976
32 6.0 9.0 nmol/L 84.0 71 1622
42 6.0 13.0 nmol/L 89.0 76 1224
5¢ 10.0 33 pg/L 40.0 69 3030
62 12.0 19.0 nmol/L 84.0 82 1690
74 20.0 21.6 pg/L 97.5 94 926
8¢ 39.0 32.0 ng/mL 88.0 95 1219
of 55.0 50.0 ng/mL 86.0 97 1100

Patients from Baron and others 1989
1 0.65 — 4.7 18 —
2 1.1 — 12.3 25 —
3 2.0 — 40.7 40 —
6 35.0 — 73.0 92 —

aData from Farde and others 1992.

bMean Vd for subjects 1 to 9 = 1503 L.

cPatient 1 from Karbe and others 1991.

dPatient 1 from Coppens and others 1991.

¢Data from Wolkin and others 1989 (5 responders).

fData from Wolkin and others 1989 (5 nonresponders).

(—) = data unavailable as plasma levels were not published.

Based on the published literature, there is up to a 40-fold
interindividual variance in Vd for the same neuroleptic.

To document the robustness of the algorithm and to avoid
some of the problems that may derive from such Vd variabil-
ity, 3 estimates for Vd of haloperidol were used: 1) that of
each of 9 data points for which there were PET occupancy
data, daily dose, and plasma level (Table 2) for haloperidol,
from which individual Vd values were computed; 2) the
median Vd of these 9 PET data points (1224 L); and 3) the
median Vd values determined from the literature (1942 L).

It should be understood that the issue here is not whether
more accurate estimates of Vd can be obtained, but rather
whether or not an algorithm that yields receptor occupancy
measures of psychotropic medication can be demonstrated.
The most direct approach to determining an individual’s
steady-state Vd is to determine the plasma level of the
medication in question. Plasma assays are rarely ordered in
clinical settings, however, since in general, plasma levels
have not been shown to be associated with therapeutic
“windows.”

Nonlinear regression (BMDP3R) was used to test the fit
of observed data (PET occupancy and/or our estimates) to the
derivation of the Michaelis-Menten function of the BMDP

statistical software: f=V x t/(k + t) (Dixon and others 1990),
where V is the maximum occupancy, t is the daily dose of
medication, and k is the daily dose that gives half of the
maximum occupancy. BMDP3R returns nonlinear regres-
sion estimates of V and k based on the observed data. Resid-
ual values based on these 2 parameters are computed from
the difference between the observed values and the predicted
values. The mean of the squared residual values is used as an
estimate of the goodness of fit for our estimates and the PET
estimates of D2 occupancy. Smaller mean squared residuals
of the values derived from the algorithm than mean squared
residuals of the PET values are taken as evidence of the
accuracy of the approach. Reduced mean squared residuals
would indicate that the residual error associated with the
computational estimates is lower than such error associated
with the PET data.

RESULTS

Farde and others (1992) presented data of 5 subjects
treated with haloperidol, which included daily dose of
medication, plasma level of medication, and D> receptor
occupancy as determined using PET. Karbe and others
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HALOPERIDOL D2 RECEPTOR OCCUPANCY
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Figure 1. Comparisons between PET and algorithm estimates
of D receptor occupancy for several doses of
haloperidol.

(1991) and Coppens and others (1991) each presented similar
data for 1 patient. Wolkin and others (1989) presented D,
occupancy, average dose, and plasma levels for 5 haloperidol
responders and 5 haloperidol nonresponders. Together, these
data provide 9 data points as shown in Table 2. This table
lists the daily dose of haloperidol, published plasma level (in
noted units), PET estimates of D2 occupancy, our estimates
of D2 occupancy, individual Vd values, and the mean Vd of
these data points. Figure 1 plots these data and the results of
our computations using the algorithm in terms of percent of
D2 receptor occupancy and daily dose of haloperidol in
milligrams. The correlation between our 13 log-transformed
occupancy estimates and the 13 log-transformed PET meas-
ures at the respective daily dosages was r=0.91 (P<0.001).
This indicates that the curve reflects the variation of the PET
data points.

The PET estimates of haloperidol D> receptor occupancy
ranged from 40% to 97%. With the algorithm, using these
9 doses of haloperidol and the individual Vd values, we
computed D> receptor occupancy values ranging from 61%
to 97%. Nine occupancy and dosage values from PET data
and 9 occupancy values for the same dosages from our
computations—a total of 18 pairs of numbers—were taken
to nonlinear regression. BMDP3R returned nonlinear regres-
sion parameter estimates of maximum occupancy equal to
90.93% and a dosage of haloperidol at which 50% occupancy
was achieved of 1.15 mg/d. For the 18 residuals, the mean
squared residual was 170.62. Based on these 2 parameters,
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the mean of the squared residuals for the 9 PET data points
was 326.9 and the mean of the squared residuals for our
9 computed D2 occupancy values was 63.1. Nonlinear re-
gression of the 9 PET data points yielded parameters of
84.06% and 0.33 mg/d, with a mean of the squared residuals
of 302.33. Application of these parameters to the 9 occu-
pancy values computed by our algorithm resulted in a mean
squared residual of 137.0, indicating that our algorithm yields
smaller residual values than do the PET values when regres-
sion is based on the PET values themselves.

These results provide support for the validity of the algo-
rithm using direct computations of the individual Vd based
on daily dose of haloperidol and individual plasma levels.

Often, plasma levels of haloperidol (or other neuroleptics
of interest) are unavailable. Many studies of psychophysi-
ological relationships to psychiatric disorders do not obtain
plasma levels of medications from the subjects involved.
Consequently, it would be useful to extend the above valida-
tion of our approach to the use of a single estimate for Vd.
This we do in 2 steps. The st step uses the median Vd of the
9 PET data points in the algorithm. The 2nd step uses a
measure of central tendency of Vd based on the published
literature to realize a more generalized application. In both
steps, we observe lower mean squared residuals with occu-
pancy estimates based on our computations than those ob-
tained from the PET data.

For the 1st step, the median of Vd values from subjects
1 through 9 (Table 2) is 1224 L. Using the algorithm and this
Vd value, we computed D: receptor occupancies for daily
doses of haloperidol from 2 to 40 mg ranging from 68% to
97%. PET data included data of 2 patients with 4 mg/d and
2 with 6 mg/d of haloperidol. Thus the 9 occupancy and
dosage values from PET data, but only 7 occupancy values
from our computations, were taken to nonlinear regression.
BMDP3R returned nonlinear regression parameter estimates
of maximum occupancy (91.76%) and haloperidol dosage at
which 50% occupancy would be achieved (0.98 mg/d). For
the 16 residuals, the mean squared residual was 170.85.
Based on these 2 parameters, the mean of the squared residu-
als for the 9 PET data points was 321.93, and the mean of the
squared residuals for our 7 computed D> occupancy values
was 27.68. Nonlinear regression of the 9 PET data points
alone yielded a mean squared residual of 303.8. Application
of the parameters to the 7 occupancy values computed by our
algorithm resulted in a mean squared residual of 102.8. This
may be seen to support extension of the algorithm to use of
the median Vd instead of individual computations of Vd.

The 2nd step uses a measure of central tendency for Vd of
1942 L. To obtain this estimate of Vd for haloperidol from
the literature, we reviewed 11 articles subject to the con-
straint that published data gave prescribed daily dosages and
plasma levels either as group mean values or values for
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Table 3

Central tendencies of Vd for 8 antipsychotic medications

In vivo D; receptor occupancy

Medication Range of Vd Reference
Chlorop hyd
2400* — Vital-Herne and others 1986
2431 2283 to 5607 Smith and others 1984
7520° — Young and others 1989
7962 1687 to 34 013 Midha and others 1989
12438° — Faraone and others 1987
Fluphenazine hydrochloride
2382° — Faraone and others 1987
2667 — Young and others 1989
3125 1471 to 4545 Ereshefsky and others 1985
16 667 1250010 18 182 Marder and others 1989
25 000 16 667 to 25 000 Dysken and others 1981
Haloperidol
12912 — Jann and others 1989
1368% — Young and others 1989
1538 476 t0 20 000 Janicak and others 1993
1660 12910 2273 van Putten and others 1992
1717 761 o0 3056 Ko and others 1989
1942 1511 to 2500 Smith and others 1988
1977° — Smith and others 1984
2000 879 to 3250 Biglow and others 1985
2090 785 to 5438 Miller and others 1990
2381 789 to 15 000 Coryell and others 1990
2500 2085 to 3125 Hirschowitz and others 1991
Molindone
1787 388 to 7091 Pandurangi and others 1989
Perphenazine
3951° — Faraone and others 1987
10 623 618610 19 768 Bolvig-Hansen and Larson 1985
21 666" — Mazure and others 1990
Thioridazine hydrochloride
89" - de Jonghe and others 1973
90 7810 101 Cohen and others 1989
564 376 t0 753 Cohen and Sommer 1988
641 254 t0 1563 Widerlov and others 1982
889° - Vital-Herne and others 1986
1215° — Faraone and others 1987
1914* — Brown and Laughren 1983
1916° — Young and others 1989
8721° - Greendyke and Gulya 1988
cis-Thiothixene
755* — Faraone and others 1987
816 316 to 16 000 Jacobson and others 1976
1667° - Yesavage and others 1981
2917° — Ereshefsky and others 1991
Trifluoperazine hydrochloride
5555 1612 to 1000 Hawes and others 1983
8333 1315 to 100 000 Janicak and others 1989
8695" — Midha and others 1988

*Vd was based on published mean values since individual doses and plasma values were not presented.
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individuals. In publications where medication doses were
presented as mg/kg/d, body weight was assumed to be 65 kg.
None of the publications presented data on specific protein
binding in the subjects studied. We could therefore not
correct for the degree of protein binding, which would,
presumably, reduce variation in our estimates. As there was
substantial variance in the computed Vd values for a given
medication, both between subjects in a given paper and
between different papers, we derived a median Vd based on
the measures of central tendency (means for groups or medi-
ans if individual data values were presented) of the publica-
tions so reviewed. Table 3 presents the data on which the Vd
value of 1942 L for haloperidol used here is based. Also
included in Table 3 are Vd values of 7 other antipsychotic
medications to which this algorithm can be applied as the
human brain tissue receptor affinities of these medications
have been published. This table presents the ranges of Vd for
individual subjects in each paper (daily dose divided by
plasma level for each subject) or the Vd computed from the
mean plasma level and the mean daily dosage. It should be
noted that several publications used different methods of
plasma assay, which is an additional reason for selecting a
median value based on the measures of central tendency of
the papers reviewed.

The 4 additional PET occupancy data points were avail-
able for this 2nd step. They are from Baron and others (1989),
who did not publish plasma levels for their patients (see Table
1). Nonlinear regression (BMDP3R) on the D2 occupancy
values derived from our algorithm using a Vd of 1942 L
(11 data points) and those values derived from PET data
(13 sdata points) yielded parameter estimates of maximum
occupancy of 95.66% and dosage of haloperidol at which
50% occupancy was achieved of 2.33 mg/d. For the
24 residuals, the mean squared residual was 179.94. Based
on these 2 parameters, the mean of the squared residuals for
the 13 PET data points was 353.81; the mean of the squared
residuals for our 11 computed D2 occupancy values was 7.42.
Nonlinear regression was performed on the 13 PET data
points alone, yielding a residual mean square of 349.81.
Residualizing our estimates using the parameters of the
13 PET data points yielded a residual mean square of 134.8.
D2 occupancy estimated by our algorithm resulted in lower
error than that obtained from the PET data on which the
regression was based. These analyses, using a more general
estimate of Vd, may be seen to support extension of the
algorithm to the use of a more generalized estimate of Vd.

Twenty-six residual values, based on parameters from the
PET data, were computed for both the algorithm and for the
PET data (13 each). These 2 sets of residual values were taken
to matched ¢ test analysis to test for the significance of
differences between the residuals. The difference was not
significant (P = 0.8186, df 11). Thus we conclude that there
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Table 4
Daily dose of 4 other neuroleptics, PET estimates of D, occupancy®, our computations of D, occupancy, and Vd

Neuroleptic Daily dose (mg) PET occupancy (%) Our occupancy (%) Vd (L)
Perphenazine 16 79 87 4000
Trifluoperazine 10 75 57 n/a

Thioridazine 300 73 98 444

Thioridazine 400 80 99 483
Chlorpromazine 200 78 94 2000

#Data from Farde and others 1992.

is no significant difference between PET and the algorithm
on estimates of D2 occupancy by haloperidol.

The extent to which this algorithm can be extended to
other neuroleptics was tested using additional data from
Farde and others (1992). For 4 additional medications,
Table 4 lists D2 occupancy measures, our occupancy compu-
tations for the same dosage, and computations of Vd for
5 subjects. The correlation between the 2 sets of D2 occu-
pancy values was r = 0.30. The restricted range of PET
occupancy values may have spuriously influenced the corre-
lation coefficients. Thus these 5 pairs of D2 occupancy values
were added to the haloperidol sample to yield a sample of
18 observations for which there were both our computations
and PET Dz occupancy measures. The correlation between
log-transformed PET values and our computations was r =
0.89 (P < 0.001). Subject to the limitations associated with
the few PET reports of other typical neuroleptics on D>
occupancy, this result suggests the algorithm can be extended
to other typical neuroleptics.

DISCUSSION

We present a computational method to estimate receptor
occupancy of daily dosages of neuroleptics in vivo based on
receptor affinity constants determined in human brain tissue.
These nonlinear regression analyses may be seen to docu-
ment the relative accuracy of the approach. Overall, our
computational approach to estimating D2 receptor occupancy
of haloperidol yielded residuals that support the validity of
the algorithm. The computational method can be used to
estimate D2 occupancy of other neuroleptics in addition to
the D3 receptor for haloperidol (see Table 4).

This initial approach to in vivo estimates of neurotrans-
mitter receptor occupancy in humans has limitations and is
based on some untested assumptions. These assumptions are
1) that there is 100% absorption, 2) that in vitro K4 reflects
in vivo Kg, and 3) that intrasynaptic concentrations are the

same as plasma concentrations. The literature provides no
guidance to viable alternatives to assumptions 2 and 3.

The use of plasma levels for each subject avoids the
assumption of 100% absorption and permits computation of
Vd for individual patients. This was illustrated using the data
of Table 2, which presented daily dose, plasma levels, and
PET-derived D2 occupancy values.

In terms of bioavailability, blood to brain ratios of
neuroleptics were assumed to be 1:1. Brain to serum ratios
of commonly used neuroleptics have been reported to vary
by nearly 40-fold in infrahumans (Sunderland and Cohen
1986; Tsuneizumi and others 1992). The literature is not clear
on blood to brain ratios of the several neuroleptics in humans.
Young and others (1989) used the brain to serum ratios
determined in rodents by Sunderland and Cohen (1986) in
comparing serum neuroleptic activity of different neurolep-
tics in their patients. The issue of blood to brain ratios could
be resolved by determining the blood to brain ratios of a given
neuroleptic at autopsy. When these data become available,
the algorithm can be modified to adjust for such ratios.

Volumes of distribution that take into account degree of
protein binding should reduce some of the variance in the
approach presented here.

This presentation illustrates a method for estimating D2
receptor occupancy by haloperidol. In addition to the
8 neuroleptics presented by Richelson, Seeman (1992) has
reviewed dissociation constants of D> receptors, in molarity,
of 22 neuroleptics (the reciprocal is the affinity constant).
These values are not derived from human brain tissue, so
caution in generalizing to humans is required. Such data can
be derived for other receptor types, which would provide the
basis for a more general application of this algorithm to
neuroleptics in addition to those whose molecular weights,
estimated volumes of distribution, and affinities are pre-
sented in Table 1.

This algorithm may be extended to other receptor types
and can be applied to any psychotropic medication when the
Vd, molecular weight of the medication, and equilibrium



November 1996

dissociation constants for the human receptor types are
known. Currently, there seems to be no method available to
estimate or determine the neuroleptic receptor occupancy of
several neurotransmitter species simultaneously. One appli-
cation of this algorithm is to express effects of different
neuroleptics by their occupancy of several receptor types
(Richelson and Nelson 1984; Richelson 1988; Bolden and
others 1991; Kanba and others 1994). Consider a typical
clinical study where different patients may have been admin-
istered any 1 of several drugs (for example, thiothixene,
haloperidol, or chlorpromazine) at 1 of several dosages.
Conventionally, one would express drug treatment in terms
of chlorpromazine equivalent dosages. In addition to the
conventional approach, one could now apply this equation to
each of several receptors of interest, for example, D2, mus-
carinic, and 5-HT2a. The Vd for an individual subject could
be determined by plasma assay of the neuroleptic (say,
thiothixene in 1 group of patients, haloperidol in another
group of patients, and chlorpromazine in a 3rd group) in
relation to the daily administered dose (at steady state), or it
could be determined using the “central tendency Vd” values
as shown in Table 1. Using the algorithm presented here, one
could then compute the occupancies of dopaminergic,
cholinergic, and serotonergic receptors by thiothixene,
haloperidol, and chlorpromazine. Such a set of occupancy
values, across the different neuroleptics and doses, could be
used to control for CNS effects by regression or covariance
methods.

The algorithm presented here may be seen as an alternate
method to estimate receptor occupancy in the absence of PET
scanning capabilities. The method requires further develop-
ment and testing with a larger number of antipsychotic medi-
cations. ‘
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