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ABSTRACT
BACKGROUND: Globally, there are more than 25 licensed antipsychotic medications. Antipsychotics are commonly
described as either typical or atypical, but this dichotomous classification does not reflect the diversity of their
pharmacological and clinical profiles. There is a need for a data-driven antipsychotic classification scheme suitable
for clinicians and researchers that maps onto both pharmacological and clinical effects. Receptor affinity provides
one starting point for such a scheme.
METHODS: We analyzed affinities of 27 antipsychotics for 42 receptors from 3325 in vitro receptor binding studies.
We used a clustering algorithm to group antipsychotics based on receptor affinity. Using a machine learning model,
we examined the ability of this grouping to predict antipsychotic-induced clinical effects quantified according to an
umbrella review of clinical trial and treatment guideline data.
RESULTS: Clustering resulted in 4 groups of antipsychotics. The predominant receptor affinity and clinical effect
“fingerprints” of these 4 groups were defined as follows: group 1, muscarinic (M2–M5) receptor antagonism
(cholinergic and metabolic side effects); group 2, dopamine (D2) partial agonism and adrenergic antagonism
(overall low side-effect burden); group 3, serotonergic and dopaminergic antagonism (overall moderate side-effect
burden); and group 4, dopaminergic antagonism (extrapyramidal side effects and hyperprolactinemia). Groups 1
and 4 were more efficacious than groups 2 and 3. The classification was shown to predict out-of-sample clinical
effects of individual drugs.
CONCLUSIONS: A receptor affinity–based grouping not only reflects compound pharmacology but also detects
meaningful clinical differences. This approach has the potential to benefit both patients and researchers by
guiding treatment and informing drug development.

https://doi.org/10.1016/j.biopsych.2023.04.004
Psychotropic agents have traditionally been classified based
on clinical indication (1). In the case of antipsychotics, the
drugs used to treat schizophrenia and related psychoses, this
classification has also mapped onto a shared pharmacological
mechanism of dopamine D2 receptor antagonism, which is
tightly linked to clinical efficacy (2–4).

Despite sharing a common dopaminergic mechanism of
action, there are significant differences between antipsychotic
agents in terms of their broader pharmacological and clinical
effects, both in terms of efficacy and tolerability (5–7). Early
attempts to provide a more granular classification of antipsy-
chotics have used an atypical/typical or (almost identical) first-/
second-generation dichotomy (8). While initially proposed to
reflect mechanistic differences, it has subsequently become
clear that the compounds within these categories shared
neither common pharmacological nor clinical profiles (9). The
subsequent development of a neuroscience-based nomen-
clature (NbN) was motivated, in part, to address this short-
coming (9,10). The NbN approach categorizes compounds by
clinical indication and a summarized receptor profile. However,
this process relies, to some extent, on expert judgment and
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involves a simplification of the highly diverse pharmacology of
this group of compounds. Although simplification may be
necessary when developing a system that can be applied
across the pharmacopoeia, it has the potential to obscure
important similarities and differences between drugs.

There are large interindividual differences in antipsychotic
response, and many patients switch antipsychotics multiple
times before finding one that is both well tolerated and effec-
tive (11–13). There is currently no grouping of antipsychotics to
help guide clinicians and patients in their choice of initial or
subsequent drug. For patients whose psychotic symptoms
have not improved adequately with first-line treatment or who
are experiencing side effects, clinical guidelines recommend
switching to a different antipsychotic but give little guidance on
which drug to select (14,15). Even when there is guidance, it is
typically limited to switching between atypical/typical agents,
which does not clearly reflect pharmacological profile or clin-
ical effects (i.e., efficacy and side-effect profiles) (14). Thus, a
classification system that facilitates a switch to a second-line
agent with a distinct pharmacological mechanism of action
may improve chances of treatment response and/or
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tolerability. Recognizing that antipsychotics with similar re-
ceptor binding profiles share similar clinical effect profiles may
also help drug development. For example, dopamine receptor
partial agonists have been heralded for their relatively more
benign metabolic side-effect profiles (16); however, in a recent
network meta-analysis ranking antipsychotics based on their
associated metabolic side effects, ziprasidone and its struc-
tural analog lurasidone (both dopamine receptor antagonists)
were grouped with the partial agonists as superior agents (5).
Comprehensively understanding patterns of pharmacological
similarity across compounds may support initiatives to develop
safer and more tolerable treatments.

A systematic synthesis of the pharmacology of antipsy-
chotic medication is made possible by the availability of a high
number of receptor binding studies covering a wide range of
receptor types (17). These studies enable the construction of a
receptor “fingerprint” for individual antipsychotics. In this
article, we synthesize the results of all relevant receptor bind-
ing studies to derive a receptor fingerprint for each antipsy-
chotic. We then apply an unbiased clustering algorithm to
group antipsychotics with similar profiles before developing a
machine learning model that uses receptor profiles to predict
clinical effects. We find that receptor profile–defined groupings
show limited overlap with existing classification schemes and
map well to clinical effects.
METHODS AND MATERIALS

Overview

We performed a comprehensive search for antipsychotic re-
ceptor affinities. We then clustered antipsychotics based on
the similarity of their receptor profiles. We next characterized
these receptor-defined clusters in terms of their receptor af-
finities and clinical profiles. Finally, we compared the ability of
these clusters to predict clinical effects and compared this with
existing methods of categorizing antipsychotics.

Determining Receptor Affinities

As in previous work (18), receptor affinities for all antipsy-
chotics were obtained if both receptor binding affinities [from
the National Institute of Mental Health Psychoactive Drug
Screening Program database, https://pdsp.unc.edu/
databases/kiDownload/ (17)] and clinical effects [reported in
a recent meta-analysis (6)] were available. Only data from
studies that reported binding to human tissue were included. A
receptor was included in the analysis if data were available for
at least 5 separate drugs. Antipsychotic drugs were included in
the subsequent analysis if data were available for at least 5
separate receptors. In both cases, the criterion of a minimum
of 5 data points was used to avoid scenarios in which drugs or
receptors with minimal data could have undue influence upon
subsequent analyses. Receptors were removed if Ki values
were identical for all drugs because, in this scenario, the re-
ceptor Ki values supply no useful information for subsequent
analyses. If multiple studies existed for the same receptor and
drug, then the median value was calculated and used in sub-
sequent analyses. The median was used instead of the mean
due to its greater robustness against the influence of outliers.
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Finally, Ki values were converted to pKi values as is routine for
pharmacological studies.

Clustering Antipsychotics Based on Receptor
Affinities

The minimum pKi value was 4. This value (4) was subtracted
from all pKi values to give a floor score of 0. Next, in case that a
drug was an agonist or partial agonist at a given receptor [as
reported in earlier reviews (7)], the pKi value for that drug-
receptor combination was multiplied by 21 to account for
the functionally inverse effect. Without this inversion, there
would be no distinction between agonists and antagonists.

Probabilistic principal component analysis (PPCA) was then
used to impute any missing pKi values (19). Then, the adjusted
pKi values for all antipsychotics were Pearson correlated with
one another to produce a correlation matrix. In this correlation
matrix, a high correlation coefficient between 2 antipsychotics
indicates that they share a similar receptor profile. This
approach has a similar effect to normalizing for D2 pKi (18),
thereby accounting for the dosing differences between anti-
psychotics. The Louvain clustering algorithm was then used to
group antipsychotics with similar receptor profiles into distinct
groups (20).

Characterizing the Relationship Between Receptor
Profiles, Categorization Schemes, and Clinical
Effects

To characterize the receptor profile of the antipsychotic clus-
ters identified above, we performed a PPCA of the receptor
profiles, then calculated the mean component loading for the 3
components explaining the greatest proportion of variance for
each cluster.

Relative side-effect burden (magnitude or relative risk) for
13 common adverse effects (weight gain, Parkinsonism, aka-
thisia, anticholinergic effects, sedation, hyperprolactinemia,
corrected QT interval prolongation, orthostatic hypotension,
dystonia, tardive dyskinesia, seizure, dyslipidemia, and dys-
glycemia) and efficacy (in terms of positive, negative, and total
symptoms) of antipsychotics included in the PPCA were
obtained from an umbrella review of network meta-analyses
and clinical guidelines for the acute treatment of schizo-
phrenia (see the Supplement). For each clinical measure, we
characterized the mean for each of the 4 receptor-defined
clusters.

We next examined whether complete receptor binding
profiles and receptor profile–based groupings (clusters) were
predictive of clinical profiles and compared them with existing
classification schemes. We developed a prediction model us-
ing training data consisting of all but one of the available an-
tipsychotics. Within the training data, any missing clinical
effect values were imputed using PPCA. In this model, either
the receptor profiles (number of predictor variables, D = 42),
the receptor profile–defined groupings (D = 4), NbN-defined
groupings (D = 7), or a typical/atypical/partial agonist
grouping (D = 3) were used as the predictor variables, while the
side effect and efficacy scores (k = 16) were used as the target
variables. The NbN groupings were defined on the basis of
their mode of action as reported at https://nbn2r.com/authors.
A definitive typical/atypical distinction is not available, with
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most drugs (other than clozapine) classified according to the
year of discovery.

We used partial least squares regression, given this is a
model well suited to using multiple features to simultaneously
predict multiple targets. We then used the partial least square
model that had been fitted on the training data to predict
clinical effects for the single antipsychotic not included in the
training data. We then calculated the median of the absolute
error between predicted and observed clinical effect scores for
this antipsychotic. We repeated this across all 27 antipsy-
chotics and calculated the median error score across the 27
antipsychotics to provide a summary estimate of predictive
ability for each of the 4 methods of categorization. We used
permutation testing to assess statistical significance of the
prediction by comparing the observed median error score with
a null distribution of median error scores generated by shuffling
antipsychotics in the training data 500 times to break the
connection between receptor and clinical effect profile. Ana-
lyses were conducted using the python programming lan-
guage, with the NumPy package used for most of the linear
algebra, scikit-learn for the partial least squares prediction
modeling, and seaborn for figure generation (21–23). Code and
data for all analyses are available at https://github.com/rob-
mccutcheon/antipsychotic_pca_paper.
RESULTS

Receptor Affinities

In total, 97,599 Ki values were extracted. Of these, 5304 were
related to antipsychotics, of which 3325 reported on binding to
human tissue. Data regarding 67 distinct receptors and 29
different antipsychotics were reported, but this was reduced to
42 receptors and 27 antipsychotics when the requirement for
$5 datapoints for each receptor and drug were applied (2
Biological Ps
drugs and 13 receptors were removed) (see the Supplement
for details). The pKi values are displayed in Figure 1.

Clustering Antipsychotics Based on Receptor
Affinities

Antipsychotics were clustered based on the similarity of their
receptor affinity profiles. Four clusters were identified
(Figure 2).

Characterizing Cluster Receptor Profiles

To summarize the receptor affinity profile of each cluster, we
examined the mean loading for the 3 PPCA components
explaining the greatest variance (Figure 3). These 3 compo-
nents explained 65% of the variance, with the next largest
component contributing 9%. The first cluster (chlorpromazine,
clozapine, flupenthixol, loxapine, olanzapine, quetiapine, thio-
rdiazine, and trifluoperazine) was characterized as muscarinic
given its strong negative loading on the third component,
which reflected antagonism at the muscarinic M2–M5 receptors
(but either agonism or weak antagonism at the M1 receptor).
The second cluster (aripiprazole, asenapine, brexpiprazole,
cariprazine, lurasidone, and ziprasidone) was characterized as
adrenergic with low dopaminergic antagonism and had a
strong positive loading on the third component and a negative
loading on the second component, reflecting a lack of
muscarinic or serotonergic antagonism but significant adren-
ergic antagonism and dopamine D2 partial agonism. The third
cluster (fluphenazine, haloperidol, iloperidone, paliperidone,
perphenazine, risperidone, sertindole, thiothixene, and zote-
pine) was characterized as serotonergic-dopaminergic due to
its strong positive loading on the second component, which
reflects serotonergic and dopaminergic antagonism. The
fourth cluster (amisulpride, molindone, pimozide, and sulpiride)
was characterized as dopaminergic given its strong negative
Figure 1. Antipsychotic pKi values. Larger pKi
values indicate greater affinity of the drug to the
receptor. For visualization purposes, data here
represent pKi values with no adjustments made
based on whether a drug is an agonist or antagonist,
whereas subsequent analyses make this adjust-
ment. Gray squares indicate an absence of data.
ADRA, alpha-adrenergic receptor; ADRB, beta-
adrenergic receptor; CHRM, muscarinic acetylcho-
line receptor; DR, dopamine receptor; HERG, human
ether-a-go-go-related gene; HR, histamine receptor;
HTR, serotonin receptor; NAT, noradrenaline trans-
porter; SL6A3, dopamine transporter; SL6A4, sero-
tonin transporter; SLC6, solute carrier family 6
transporter.
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Figure 2. Antipsychotic clustering based on re-
ceptor profiles. The color of each small square in-
dicates the strength of correlation between the
receptor profile of the antipsychotic in the corre-
sponding row and column (e.g., one can see that
pimozide shows a similar receptor profile to ami-
sulpride but not to flupentixol). The grouping out-
lined by the blue lines reflects the result of a
clustering algorithm that aims to group highly
correlated drugs together.
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loading on the first component, which reflects relatively pure
dopaminergic antagonism without adrenergic effects.

Clinical Profiles of Receptor-Defined Taxonomies

We then characterized how these principal components of
receptor affinity correlated with clinical effects (Figure 4A).
Drugs with a positive loading for the first principal component
are more likely to cause metabolic and cholinergic side effects
but have a low propensity for Parkinsonism, akathisia, and
hyperprolactinemia; they also show the greatest efficacy for
total symptoms. Drugs with a positive loading for the second
component show the opposite pattern, with a relative pro-
pensity to cause Parkinsonism, akathisia, and hyper-
prolactinemia over metabolic effects; they also show the
greatest efficacy for positive symptoms. A positive loading for
the third component reflects a propensity for a generally low
all-round side-effect burden and also less efficacy in terms of
total, positive, and negative symptoms.

We also looked at the mean clinical effect scores for the
receptor-defined clusters (Figure 4B). We found that cluster 1
was associated with anticholinergic side effects, postural hy-
potension, and metabolic side effects; cluster 2 was associ-
ated with a globally low side-effect burden; cluster 3 was
associated with a globally moderate side-effect burden; and
cluster 4 was associated with Parkinsonism, akathisia, and
hyperprolactinemia. Clusters 1 and 4 were more efficacious
than clusters 2 and 3.

Finally, we examined which of the 4 classification
methods (the receptor profile–defined grouping described
here, complete receptor binding profiles, NbN-defined
grouping, and atypical/typical/partial agonist-defined group-
ings) (Figure 5A) could best predict out-of-sample clinical
effect profiles (Figure 5B). Only the receptor-defined clusters
described in this article produced a statistically significant
564 Biological Psychiatry October 1, 2023; 94:561–568 www.sobp.org
prediction (p = .008), in contrast to the typical/atypical/partial
agonist (p = .06), complete receptor profile (p = .30), or NbN
(p = .90) groupings.

DISCUSSION

This article illustrates how receptor profiles can be used to
classify antipsychotics in a data-driven fashion. Furthermore,
we demonstrate that the groupings derived from this approach
can predict clinical effect profiles.

These findings have several implications. An unbiased
pharmacologically driven approach to classification has a priori
advantages in that, by definition, it reflects pharmacology and
does not require decisions regarding which receptors to pri-
oritize. In addition, we have demonstrated how receptor pro-
files can be used to quantitatively estimate clinical effects,
which has potential uses when evaluating compounds that
have not yet undergone clinical testing. Furthermore, treatment
side effects are key factors that people with schizophrenia and
their clinicians consider when making prescription decisions
(24), and reducing side effects of antipsychotics is central to
initiatives to improve morbidity and mortality rates in this pa-
tient group (25). Although treatment decisions based on the
side-effect burden may be best made at the individual drug
level, we have identified groups of antipsychotics with similar
receptor binding signatures and either globally low or moder-
ate side-effect burdens; this has the potential to inform clinical
practice. For example, we identified a group of antipsychotics
with a low side-effect risk that included all licensed partial
agonists alongside ziprasidone and its structural analog lur-
asidone. Previous studies and clinical guidance documents
have recommended that this same group of antipsychotics be
selected preferentially when there is a desire to avoid meta-
bolic side effects (5,16); this is consistent with our data-
informed classification scheme, but our scheme extends this,
/journal
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Figure 3. Characterizing receptor-defined anti-
psychotic clusters. The numbers 1, 2, and 3 refer to
the first 3 principal components. The bar chart
shows that, e.g., cluster 4 has a large negative
loading for component 1. The heatmap shows how
the components relate to the receptor profile. The
large negative loading for component 1 in cluster 4
indicates that the drugs in this cluster will tend to act
as relatively strong antagonists at HTR1 and CHRM1
and weak antagonists (or even agonists) at ADRA2B
and ADRA2C. DA, dopamine; PCA, principal
component analysis; QTc, corrected QT interval.

Data-Driven Taxonomy for Antipsychotic Medication
Biological
Psychiatry
indicating that they are preferential in terms of other side ef-
fects as well. Thus, guidelines and clinicians may recommend
a drug from this group as the first-line treatment, given the
overall favorable side-effect profile and as a rational choice to
switch to for patients experiencing metabolic side effects from
a drug not in this class. In contrast, if efficacy is paramount,
then it may be preferable to consider clusters 1 or 4, with the
decision between these dependent on whether hyper-
prolactinemia/movement or metabolic side effects are a
greater concern.

In terms of treatment effectiveness, it is unclear how to
select a second antipsychotic in the case of initial nonre-
sponse. There is evidence that switching to a pharmacologi-
cally distinct compound produces clinical benefits (13).
Although current guidelines do recommend switching to a
different antipsychotic class prior to considering clozapine, this
guidance is often limited to switching between atypical/typical
agents (14). The current classification separates drugs into
classes as pharmacologically distinct from one another as
possible, potentially providing some guidance as to sensible
Biological Ps
switching choices when changing medication secondary to
lack of effectiveness. While antipsychotic polypharmacy
should typically be avoided, the classification could also be of
use in suggesting more effective antipsychotic combination
strategies in cases in which other options have been exhaus-
ted (26,27). Further work definitively testing whether these
groupings reflect an optimal switching strategy is warranted.

Despite these advantages, alternative taxonomies offer
benefits in other aspects. For example, the NbN approach
encompasses psychopharmacological treatments as a whole,
as opposed to antipsychotics only. Future work could similarly
extend the current approach to a wider range of compounds. A
drawback of the NbN approach is the necessary limitation to
covering an incomplete range of receptor systems. While this
has the benefit of keeping the number of systems manageable
for the user, it means that important facets are neglected. For
example, histaminergic and muscarinic affinities do not feature
in the NbN approach to classifying antipsychotics (28). This is
a significant limitation given the central role of the histamin-
ergic system in determining the propensity of a drug to induce
ychiatry October 1, 2023; 94:561–568 www.sobp.org/journal 565
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Figure 4. Characterizing clinical profiles of principal components (PCs)
and receptor-defined clusters. (A) Correlation coefficients across anti-
psychotics between principal component loadings illustrated in Figure 3
and their clinical effects. Red indicates that a drug with a strong posi-
tive loading for that component is likely to be associated with the effect
in question. (B) Mean scores for antipsychotic clusters illustrated in
Figure 2, a darker color indicates that the cluster is associated with
greater severity of the side effect (or greater efficacy for symptom mea-
sures) in question. DA, dopamine.
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weight gain and sedation (28,29) and the fact that muscarinic
mechanisms underlie the efficacy of several antipsychotics
currently in phase 3 trials (30,31). The fact that histaminergic
affinities contribute to the clustering approach used in the
current analysis may therefore be one of the factors that
improve its ability to predict clinical effect profiles compared
with NbN. There is not, however, a clean delineation between
receptor types and the data-driven clusters. For example,
medications in both clusters 1 (e.g., olanzapine, quetiapine,
and clozapine) and 3 (zotepine and thiothixene) show relatively
high levels of H1 receptor affinities. In many situations, both
clinically and in research, it will be preferable to consider
compounds individually and select a drug based on its unique
clinical or receptor profile as opposed to its membership of any
grouping. In some respects, the present findings do not
necessarily identify an optimal clustering but highlight the
shortcomings of existing taxonomies.

In the current analysis, we attempt to move away from
preexisting biases by using an agnostic classification algo-
rithm. However, to obtain more fully unbiased results, one re-
quires unbiased data in addition to an unbiased algorithm. The
database chosen does not reflect an entirely systematic survey
of receptor affinities but, to an extent, reflects research in-
terests. This means that for some drugs, such as lurasidone,
flupentixol, and sulpiride, there is a paucity of data, although
Figure 5. Antipsychotic categorization schemes
and prediction of clinical effects. (A) Antipsychotics
classified according to a typical/atypical/partial
agonist split, neuroscience-based nomenclature
(NBN), and the receptor-defined clusters illustrated
in Figure 2. (B) The curves illustrate the permutation-
generated null distribution. Vertical lines indicate the
observed median error for predicting out-of-sample
clinical effect profiles (a smaller value reflects a
more accurate prediction). The data-driven and
typical/atypical groupings produce a statistically
significant prediction of overall clinical profile
compared with the null distribution.
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for the rest, the database is relatively comprehensive. How-
ever, while this is a potential limitation of our approach, it is
even more so for the NbN approach because it uses a subset
of known receptor affinities. Moreover, it is partially mitigated
by the fact that drugs typically undergo standard receptor af-
finity screening. There are also potential biases in the clinical
data used in the partial least squares analysis. The effect sizes
are obtained from clinical trials that in many cases used
significantly higher doses in trials of typical compared with
atypical drugs. This means that in some cases, the side effect
magnitude may reflect these dosing practices in addition to the
pharmacodynamic properties of the drug. This will, in turn, lead
to a potential overestimation of the ability of the typical/atyp-
ical grouping to predict side effects (32,33).

Our approach can be readily updated with new findings as
they emerge, and we have made the required code openly
available. However, the optimal cluster solution may change
with the addition of drugs, particularly when considering
medications with entirely novel mechanisms of action (30,34).
Similarly, for drugs currently missing significant amounts of
data, the addition of data may change the assigned cluster or
the entire cluster solution. The relatively small sample size of
antipsychotics with available clinical data means that not only
the cluster solution may be subject to subsequent change but
also that its prediction of effects should not be taken as clear
evidence of superiority. It may often be preferable to consider
compounds as unique rather than as part of any grouping.

One of the main areas in which our methods could
potentially be improved is the accounting for additional
pharmacological properties. Our approach focuses on rela-
tive receptor affinities; therefore, while this adjusts for dosing
differences, it does not consider that active metabolites may
have quite different pharmacodynamic effects than the
parent compound. The fact that functional assays were not
used also means that the degree of partial agonism could
not be quantified, and only a binary categorization was used.
Some receptors that may have clinically relevant effects did
not have sufficient data available to be included in the
analysis. Additionally, all binding was quantified using in vitro
assays and in vivo values may differ. The fact that com-
pounds differ in their ability to cross the blood-brain barrier
is also not accounted for, which means that the relationship
between lower permeability and greater peripherally medi-
ated side effects will not be reflected. Finally, in the cases in
which individual receptors mediate the majority of an effect
(e.g., human ether-a-go-go-related gene and corrected QT
interval prolongation), it may be that the importance of the
receptor becomes lost in the analysis. Our examination of
the association between taxonomies and clinical effects was
solely based on data obtained from trials in individuals with
schizophrenia. Antipsychotics are, however, also used in
other disorders, and, at least in terms of efficacy, they
demonstrate interdrug differences distinct from those
observed in trials of psychotic disorders (6,35,36).

Future work may consider a data-driven approach to clus-
tering all neuropsychiatric medication, as opposed to medi-
cations used solely in the treatment of psychosis. To build
upon the current approach, clinical studies could evaluate the
benefits of the classification scheme in guiding switching de-
cisions, while the predictive model may be of use in identifying
Biological Ps
ideal receptor profiles that maximize efficacy while minimizing
side effects. Additional analyses could also attempt to identify
whether certain receptor profiles display disorder-specific
efficacy.

In conclusion, this study provides a pharmacological data-
driven approach to the classification of antipsychotic medi-
cation. We derived 4 groups of antipsychotics with distinct
receptor, efficacy, and side-effect profiles. This approach re-
flects the pharmacological properties as closely as possible. It
also shows considerable mapping to clinical effect profiles,
suggesting that it may hold some advantages over existing
approaches. This data-driven taxonomy promises to benefit
both patients and researchers, guiding appropriate treatment
and drug development in the future.

ACKNOWLEDGMENTS AND DISCLOSURES
This work is funded by a Wellcome Clinical Research Career Development
Fellowship (Grant No. 224625/Z/21/Z [to RAM]), a National Institute for
Health and Care Research (NIHR) Academic Clinical Lectureship (to TP), and
the NIHR Oxford Health Biomedical Research Centre (to PJH and PKM). The
views are those of the authors and not necessarily those of the NIHR or the
Department of Health and Social Care.

We thank Professor Philip Cowen for his comments on the manuscript.
RAM has participated in advisory/speaker meetings organized by

Otsuka, Boehringer Ingelheim, Karuna, and Janssen. ODH is a part-time
employee of H Lundbeck A/S and has received investigator-initiated
research funding from and/or participated in advisory/speaker meetings
organized by Angellini, Autifony, Biogen, Boehringer Ingelheim (Ingelheim,
Germany), Eli Lilly, Heptares, Global Medical Education, Invicro, Janssen,
Lundbeck, Neurocrine, Otsuka, Sunovion, Rand, Recordati, Roche, and
Viatris/Mylan. ODH has a patent for the use of dopaminergic imaging. DMT
has received grants and personal fees from Janssen, Sunovion, Recordati,
and Mylan and personal fees from Accord, outside the submitted work. TP
has participated in educational speaker meetings organized by Lundbeck,
Otsuka, Sunovion, Janssen, Schwabe Pharma, and Recordati. TP and RAM
are directors of a company that hosts online psychotropic prescribing tools.
PJH has been an expert witness in patent litigation related to antipsychotics.
PKM reports no biomedical financial interests or potential conflicts of
interest.
ARTICLE INFORMATION
From the Department of Psychiatry, University of Oxford, Oxford, United
Kingdom (RAM, PJH, PKM); Department of Health, Oxford Health National
Health Service Foundation Trust, Oxford, United Kingdom (RAM, PJH,
PKM); Department of Psychosis Studies, Institute of Psychiatry, Psychology
and Neuroscience, London, United Kingdom (RAM, ODH, DMT, TP); South
London and Maudsley NHS Foundation Trust, London, United Kingdom
(ODH, DMT, TP); H. Lundbeck A/S, København, Denmark (ODH); and Na-
tional Institute for Health and Care Research Oxford Health Biomedical
Research Centre, Oxford, United Kingdom (PKM).

Address correspondence to Robert A. McCutcheon, M.R.C.Psych.,
Ph.D., at robert.mccutcheon@psych.ox.ac.uk, or Toby Pillinger, M.R.C.
Psych., Ph.D., at toby.pillinger@kcl.ac.uk.

Received Jan 23, 2023; revised Mar 29, 2023; accepted Apr 6, 2023.
Supplementary material cited in this article is available online at https://

doi.org/10.1016/j.biopsych.2023.04.004.
REFERENCES
1. WHO International Working Group for Drug Statistics Methodology,

WHO Collaborating Centre for Drug Statistics Methodology, WHO
Collaborating Centre for Drug Utilization Research and Clinical Phar-
macological Services (2003): Introduction to drug utilization research
Geneva: World Health Organization.
ychiatry October 1, 2023; 94:561–568 www.sobp.org/journal 567

mailto:robert.mccutcheon@psych.ox.ac.uk
mailto:toby.pillinger@kcl.ac.uk
https://doi.org/10.1016/j.biopsych.2023.04.004
https://doi.org/10.1016/j.biopsych.2023.04.004
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref1
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref1
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref1
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref1
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref1
http://www.sobp.org/journal


Data-Driven Taxonomy for Antipsychotic Medication
Biological
Psychiatry
2. McCutcheon RA, Krystal JH, Howes OD (2020): Dopamine and
glutamate in schizophrenia: Biology, symptoms and treatment. World
Psychiatry 19:15–33.

3. Seeman P, Lee T (1975): Antipsychotic drugs: Direct correlation be-
tween clinical potency and presynaptic action on dopamine neurons.
Science 188:1217–1219.

4. Creese I, Burt DR, Snyder SH (1976): Dopamine receptor binding
predicts clinical and pharmacological potencies of antischizophrenic
drugs. Science 192:481–483.

5. Pillinger T, McCutcheon RA, Vano L, Mizuno Y, Arumuham A,
Hindley G, et al. (2020): Comparative effects of 18 antipsychotics on
metabolic function in patients with schizophrenia, predictors of meta-
bolic dysregulation, and association with psychopathology: A system-
atic review and network meta-analysis. Lancet Psychiatry 7:64–77.

6. Huhn M, Nikolakopoulou A, Schneider-Thoma J, Krause M, Samara M,
Peter N, et al. (2019): Comparative efficacy and tolerability of 32 oral
antipsychotics for the acute treatment of adults with multi-episode
schizophrenia: A systematic review and network meta-analysis. Lan-
cet 394:939–951.

7. Siafis S, Tzachanis D, Samara M, Papazisis G (2018): Antipsychotic
drugs: From receptor-binding profiles to metabolic side effects. Curr
Neuropharmacol 16:1210–1223.

8. Meltzer HY (2004): What’s atypical about atypical antipsychotic drugs?
Curr Opin Pharmacol 4:53–57.

9. King C, Voruganti LNP (2002): What’s in a name? The evolution of the
nomenclature of antipsychotic drugs. J Psychiatry Neurosci 27:168–175.

10. Zohar J, Stahl S, Moller HJ, Blier P, Kupfer D, Yamawaki S, et al.
(2015): A review of the current nomenclature for psychotropic agents
and an introduction to the neuroscience-based nomenclature. Eur
Neuropsychopharmacol 25:2318–2325.

11. McCombs JS, Nichol MB, Johnstone BM, Stimmel GL, Shi J, Smith R
(2000): Antipsychotic drug use patterns and the cost of treating
schizophrenia. Psychiatr Serv 51:525–527.

12. McCutcheon RA, Pillinger T, Efthimiou O, Maslej M, Mulsant BH,
Young AH, et al. (2022): Reappraising the variability of effects of
antipsychotic medication in schizophrenia: A meta-analysis. World
Psychiatry 21:287–294.

13. Heres S, Cordes J, Feyerabend S, Schmidt-Kraepelin C, Musil R,
Riedel M, et al. (2022): Changing the antipsychotic in early nonim-
provers to amisulpride or olanzapine: Randomized, double-blind trial in
patients with schizophrenia. Schizophr Bull 48:1273–1283.

14. Howes OD, McCutcheon R, Agid O, de Bartolomeis A, van
Beveren NJM, Birnbaum ML, et al. (2017): Treatment-resistant
schizophrenia: Treatment response and resistance in psychosis
(TRRIP) working group consensus guidelines on diagnosis and ter-
minology. Am J Psychiatry 174:216–229.

15. Barnes TR, Drake R, Paton C, Cooper SJ, Deakin B, Ferrier IN, et al.
(2020): Evidence-based guidelines for the pharmacological treatment
of schizophrenia: Updated recommendations from the British Asso-
ciation for Psychopharmacology. J Psychopharmacol 34:3–78.

16. Taylor DM, Gaughran F, Pillinger T (2020): The Maudsley practice
guidelines for physical health conditions in psychiatry. New York, NY:
Wiley-Blackwell.

17. Jensen NH, Roth BL (2008): Massively parallel screening of the
receptorome. Comb Chem high throughput screen 11:420–426.

18. Kaar SJ, Natesan S, McCutcheon R, Howes OD (2020): Antipsy-
chotics: Mechanisms underlying clinical response and side-effects
and novel treatment approaches based on pathophysiology. Neuro-
pharmacology 172:107704.
568 Biological Psychiatry October 1, 2023; 94:561–568 www.sobp.org
19. Tipping ME, Bishop CM (1999): Probabilistic principal component
analysis. J R Stat Soc B 61:611–622.

20. Blondel VD, Guillaume JL, Lambiotte R, Lefebvre E (2008): Fast
unfolding of communities in large networks. J Stat Mech 2008:1–12.

21. Harris CR, Millman KJ, van der Walt SJ, Gommers R, Virtanen P,
Cournapeau D, et al. (2020): Array programming with NumPy. Nature
585:357–362.

22. Buitinck L, Louppe G, Blondel M, Pedregosa F, Mueller A, Grisel O,
et al. (2013): API design for machine learning software: Experiences
from the Scikit-learn project. arXiv. https://doi.org/10.48550/arXiv.
1309.0238.

23. Waskom ML (2021): seaborn: Statistical data visualization. J Open
Source Softw 6:3021.

24. Kaar SJ, Gobjila C, Butler E, Henderson C, Howes OD (2019): Making
decisions about antipsychotics: A qualitative study of patient expe-
rience and the development of a decision aid. BMC Psychiatry
19:309.

25. Firth J, Siddiqi N, Koyanagi A, Siskind D, Rosenbaum S, Galletly C,
et al. (2019): The Lancet Psychiatry Commission: A blueprint for pro-
tecting physical health in people with mental illness. Lancet Psychiatry
6:675–712.

26. Correll CU, Rubio JM, Inczedy-Farkas G, Birnbaum ML, Kane JM,
Leucht S (2017): Efficacy of 42 pharmacologic cotreatment strategies
added to antipsychotic monotherapy in schizophrenia: Systematic
overview and quality appraisal of the meta-analytic evidence. JAMA
Psychiatry 74:675–684.

27. Barnes TRE, Paton C (2011): Antipsychotic polypharmacy in schizo-
phrenia: Benefits and risks. CNS Drugs 25:383–399.

28. Kroeze WK, Hufeisen SJ, Popadak BA, Renock SM, Steinberg S,
Ernsberger P, et al. (2003): H1-histamine receptor affinity predicts
short-term weight gain for typical and atypical antipsychotic drugs.
Neuropsychopharmacology 28:519–526.

29. Correll CU, Lencz T, Malhotra AK (2011): Antipsychotic drugs and
obesity. Trends Mol Med 17:97–107.

30. Brannan SK, Sawchak S, Miller AC, Lieberman JA, Paul SM, Breier A
(2021): Muscarinic cholinergic receptor agonist and peripheral antag-
onist for schizophrenia. N Engl J Med 384:717–726.

31. Krystal JH, Kane JM, Correll CU, Walling DP, Leoni M, Duvvuri S, et al.
(2022): Emraclidine, a novel positive allosteric modulator of cholinergic
M4 receptors, for the treatment of schizophrenia: A two-part, rando-
mised, double-blind, placebo-controlled, phase 1b trial. Lancet
400:2210–2220.

32. Beasley CM Jr, Tollefson G, Tran P, Satterlee W, Sanger T, Hamilton S
(1996): Olanzapine versus placebo and haloperidol: Acute phase re-
sults of the North American double-blind olanzapine trial. Neuro-
psychopharmacology 14:111–123.

33. Leucht S, Wahlbeck K, Hamann J, Kissling W (2003): New generation
antipsychotics versus low-potency conventional antipsychotics: A
systematic review and meta-analysis. Lancet 361:1581–1589.

34. Koblan KS, Kent J, Hopkins SC, Krystal JH, Cheng H, Goldman R,
Loebel A (2020): A non–D2-receptor-binding drug for the treatment of
schizophrenia. N Engl J Med 382:1497–1506.

35. Kadakia A, Dembek C, Heller V, Singh R, Uyei J, Hagi K, et al. (2021):
Efficacy and tolerability of atypical antipsychotics for acute bipolar
depression: A network meta-analysis. BMC Psychiatry 21:249.

36. Fallah MS, Shaikh MR, Neupane B, Rusiecki D, Bennett TA, Beyene J
(2019): Atypical antipsychotics for irritability in pediatric autism: A
systematic review and network meta-analysis. J Child Adolesc Psy-
chopharmacol 29:168–180.
/journal

http://refhub.elsevier.com/S0006-3223(23)01200-3/sref2
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref2
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref2
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref3
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref3
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref3
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref4
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref4
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref4
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref5
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref5
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref5
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref5
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref5
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref6
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref6
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref6
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref6
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref6
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref7
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref7
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref7
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref8
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref8
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref9
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref9
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref10
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref10
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref10
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref10
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref11
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref11
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref11
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref12
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref12
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref12
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref12
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref13
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref13
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref13
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref13
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref14
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref14
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref14
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref14
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref14
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref15
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref15
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref15
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref15
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref16
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref16
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref16
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref17
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref17
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref18
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref18
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref18
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref18
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref19
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref19
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref20
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref20
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref21
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref21
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref21
https://doi.org/10.48550/arXiv.1309.0238
https://doi.org/10.48550/arXiv.1309.0238
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref23
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref23
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref24
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref24
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref24
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref24
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref25
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref25
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref25
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref25
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref26
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref26
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref26
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref26
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref26
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref27
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref27
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref28
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref28
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref28
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref28
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref29
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref29
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref30
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref30
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref30
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref31
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref31
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref31
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref31
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref31
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref32
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref32
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref32
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref32
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref33
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref33
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref33
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref34
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref34
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref34
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref35
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref35
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref35
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref36
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref36
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref36
http://refhub.elsevier.com/S0006-3223(23)01200-3/sref36
http://www.sobp.org/journal

	Data-Driven Taxonomy for Antipsychotic Medication: A New Classification System
	Methods and Materials
	Overview
	Determining Receptor Affinities
	Clustering Antipsychotics Based on Receptor Affinities
	Characterizing the Relationship Between Receptor Profiles, Categorization Schemes, and Clinical Effects

	Results
	Receptor Affinities
	Clustering Antipsychotics Based on Receptor Affinities
	Characterizing Cluster Receptor Profiles
	Clinical Profiles of Receptor-Defined Taxonomies

	Discussion
	References


