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ABSTRACT
Objective: We have previously reported high dopamine D2/3 
receptor occupancies at low amisulpride concentrations in 
older people with Alzheimer’s disease (AD), during off-label 
treatment of AD-related psychosis. This post hoc analysis explored 
pharmacokinetic (concentration) and pharmacodynamic 
(prolactin, D2/3 occupancy) contributions to symptom reduction 
and extrapyramidal side effects (EPS) to inform AD-specific dose 
adjustments.

Methods: Population pharmacokinetic-pharmacodynamic models 
were developed by combining pharmacokinetic data from a phase 
1 study in 20 healthy older people with pharmacokinetic prolactin, 
[18F]fallypride D2/3 receptor imaging, and clinical outcome data from 
28 older patients prescribed open amisulpride (25–75 mg/d) to 
treat AD-related psychosis. Model predictions were used to simulate 
dose-response and dose-EPS.

Results: Symptom reduction (delusions) was associated with 
amisulpride concentration (P = 1.3e-05) and D2/3 occupancy (P < .01, 
caudate, putamen, thalamus). Model predictions suggested that 
across concentrations of 40–100 ng/mL, and occupancies of 40% to 
70% in the caudate and thalamus and 30% to 60% in the putamen, 
there was a 50% to 90% probability of response and < 30% 
probability of EPS. Simulations, based on concentration-delusions 
and concentration-EPS model outputs, showed that 50 mg/d of 
amisulpride was the appropriate dose to achieve this target range in 
those aged > 75 years; increasing the dose to 75 mg/d increased the 
risk of EPS, particularly in those aged > 85 years of low body weight.

Conclusions: These findings argue strongly for the consideration 
of age- and weight-based dose adjustments in older patients with 
AD-related psychosis and indicate that 50 mg/d of amisulpride may 
be both the minimal clinically effective dose and, in those aged > 75 
years, the maximally tolerated dose.
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S ince the therapeutic window of striatal dopamine D2/3 
receptor occupancy was first described for antipsychotic 

drugs,1,2 D2/3 receptor imaging has played a key role 
in guiding antipsychotic prescribing in schizophrenia. 
Optimal dose-occupancy ranges have now been established 
for both typical and atypical drugs, and dosage strategies 
refined through statistical modeling of pharmacokinetic, 
D2/3 occupancy, and clinical outcome data.3–6 There is a 
relative absence of equivalent data in older people and 
a limited understanding of the relative importance of 
pharmacokinetic7,8 and pharmacodynamic9,10 contributions 
to response and side effect profiles. This issue is particularly 
relevant for older people with Alzheimer’s disease (AD), 
in whom excessive antipsychotic-related morbidity and 
mortality and poorly understood efficacy in relation to the 
treatment of psychosis, agitation, and aggression have led 
to a restriction in antipsychotic drug use11,12 and no clear 
guidance on minimum clinically effective dose or threshold 
sensitivity for extrapyramidal side effects (EPS).

The population approach has considerable utility in this 
respect, as it uses statistical modeling to identify sources 
of variability in dose-exposure and exposure-response 
relationships in order to predict dose requirements for a 
“typical person” in the population of interest.13–16 We have 
recently developed population amisulpride pharmacokinetic 
and pharmacokinetic-D2/3 occupancy models in older 
patients with AD by combining pharmacokinetic data from a 
richly sampled phase 1, single-dose (50 mg) study in healthy 
older people17 with a sparsely sampled clinical dataset 
(pharmacokinetic, [18F]fallypride D2/3 receptor imaging, and 
clinical outcome data) of AD patients prescribed amisulpride 
(25–75 mg/d) off label to treat psychosis.18,19 We found a 
10-fold variability in amisulpride concentration (9–109 ng/
mL) in patients with AD, which was partly accounted for 
by an effect of age on drug clearance.20 Low concentrations, 
which in all but 1 participant were below the recommended 
therapeutic range (100–319 ng/mL) to treat psychosis in 
schizophrenia,4,21,22 were associated with high D2/3 receptor 
occupancies (43%–84%, caudate) and accompanied by 
clinically relevant responses and EPS.19 However, these data 
were not analyzed or interpreted in terms of oral dosing, 
which would be more relevant in the real-world clinical 
setting.

In the current study, we aimed to provide clear guidance 
on optimum dose adjustments for older people with AD 
by extending the population analysis to include clinical 
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s  ■ Empirical data to guide antipsychotic treatment of 
psychosis in Alzheimer’s disease (AD) are lacking.

 ■ Amisulpride 50 mg/d is the optimal dose to treat AD-
related psychosis in those aged over 75 years due to  
high D2/3 receptor occupancy.

 ■ Dose increases above 50 mg/d of amisulpride should be 
made cautiously, particularly in those over 85 years or of 
low body weight, who are at greatest risk of EPS.

outcome data with the following objectives: (1) to investigate 
the relationship between pharmacokinetic (average steady-
state concentration) and/or pharmacodynamic (prolactin, 
D2/3 receptor occupancy) biomarkers with clinical outcome 
(symptom reduction, EPS) and (2) to use model outputs to 
simulate dose-response and dose-EPS across the prescribed 
dose range for patients aged 65 to 85 years and of average (70 
kg) and low (50 kg) body weight.

METHODS

Post hoc analysis was carried out on data from 3 clinical 
studies.17,18,19 The sample included pharmacokinetic 
data on 20 healthy older people (10 men, mean ± SD 
age = 68.7 ± 4.1 years; 14 samples per person), sampled over 
72 hours following 50 mg of amisulpride17 and data from 
38 patients diagnosed with probable AD,23 which included 
(1) pharmacokinetic, prolactin, imaging, and clinical 
outcome data on 28 patients with AD-related psychosis24 
who were prescribed open amisulpride18,19 and (2) imaging 
and prolactin data on 10 antipsychotic-free (control) AD 
patients, included to provide additional “pretreatment” data 
to inform the model.19

Patients with AD were recruited from the South London 
and Maudsley NHS Foundation Trust (SLaM).18,19 All were 
antipsychotic naive and included on the basis of having no 
previous history of psychiatric illness, traumatic brain injury, 
epilepsy, significant cardiorespiratory disease, needle phobia, 
any contraindication to amisulpride prescribing, or features 
suggestive of Lewy body dementia.25 Verbal and written 
informed consent was obtained from participants, or an 
appropriate caregiver if a participant lacked capacity. Studies 
were approved by Berkshire (11/SC/0486)19 and Joint SLaM 
and Institute of Psychiatry NHS (10/H0807/75)18 Research 
Ethics Committees. Clinical assessment, carried out at 
baseline and every 2 to 4 weeks during dose titration, included 
(1) frequency × severity ratings for 3 Neuropsychiatric 
Inventory domains (delusions, hallucinations, agitation)26 
and (2) EPS rating: Simpson-Angus Scale (SAS; total score 
> 3).27 [18F]fallypride imaging was carried out at the PET 
Centre at St Thomas Hospital, London, United Kingdom, 
at baseline (all patients) and at “optimum” dose, defined 
as > 25% symptom reduction (treated patients), using an 
interrupted (3 × 20 minute sessions) scanning protocol.18,28 
Patients commenced amisulpride at 25 or 50 mg/d (based on 
clinician preference) and increased to an optimum dose.18,19 

Amisulpride (racemate) concentration was determined 
using a validated liquid chromatography with tandem mass 
spectrometry (LC-MS/MS) method (detection limit, 9 ng/
mL). Prolactin was measured using chemiluminescence 
immune assay (Siemens Advia Centaur XP assay), with a 
detection limit of 6.4 mIU/L (0.29 ng/mL).19

Statistical Analysis
Demographic and clinical data were analyzed using 

SPSS (version 22.0). Group differences were explored 
using independent samples t tests (P values shown) and 
correlations (Spearman correlation coefficient r). Values are 
shown as mean ± SD. For the population analysis, nonlinear 
mixed-effects modeling (NLME) was implemented using 
Monolix software (version 4.33; www.lixoft.eu). NLME 
simultaneously estimates fixed effects (parameters which 
describe pharmacokinetic-pharmacodynamic relationships) 
and random effects, comprised of interindividual variability 
and residual unexplained variability (system noise, dosage 
history errors, and/or model misspecifications). Parameters 
were estimated using the stochastic approximation 
expectation minimization (SAEM) algorithm.29 
Appropriateness of models was evaluated using goodness-
of-fit criteria: diagnostic scatter plots, visual predictive 
checks, shrinkage, change in interindividual variability, 
model precision, and likelihood ratio tests. A change in 
log-likelihood estimate was considered significant if ≥ 3.84 
(equivalent to P < .05, 1 degree of freedom). Diagnostic 
graphics, tests for covariate screening, and estimation of 
statistical significance of model outputs were performed in 
R.

Population Model Development
Pharmacokinetic model. A pharmacokinetic model for 

amisulpride was developed by combining pharmacokinetic 
data on healthy older people17 and older patients with 
AD,18,19 informed by pharmacokinetic studies17,30,31 that 
describe a double peak in plasma levels (1 and 3 hours 
post dose) suggestive of hepatobiliary elimination, no 
interaction with cytochrome P450, and predominantly 
renal elimination (excretion and additional secretion). On 
covariate testing (age, creatinine clearance,32 height, weight, 
gender, serum creatinine), the model that best described 
the data incorporated age and allometric scaling based 
on standard 70-kg body weight33 on drug clearance20 and 
showed no additional contribution of creatinine clearance 
(Supplementary eTable 1).

Pharmacokinetic-pharmacodynamic model. The 
pharmacokinetic model was combined with (1) an Emax 
model to describe serial prolactin data34 (Supplementary 
eTable 1, Supplementary eFigure 1) and (2) an inhibitory 
Emax (Imax) model to describe serial [18F]fallypride imaging 
data (Supplementary eTable 2, Supplementary eFigure 
2), expressed as binding potential (BPND).35 Individual 
parameter estimates derived from pharmacokinetic-
prolactin and pharmacokinetic-occupancy models were 
used to calculate average steady state concentration (Caverage), 

http://www.lixoft.eu
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Table 1. Demographic and Clinical Characteristics of Treated 
Patients (n = 28, 11 men)a

Characteristic Mean ± SD
Age, y 82.1 ± 6.6
CrCL, mL/min 67.7 ± 17.3
Weight, kg 68.0 ± 15.2
BMI, kg/m2 26.5 ± 5.4
MMSE 17.7 ± 5.4
Number of days treatment 56.9 ± 58.0
Daily dose (mg) 49.4 ± 11.2
Amisulpride concentration, ng/mL 40.9 ± 27.1
Time since last dose, h 16.2 ± 3.1
Posttreatment PRL, ng/mL 87.9 ± 72.0

Menb

Women
44.9 ± 22.0**

110.9 ± 79.0
Caverage, ng/mLc 71.0 ± 30.3
% D2/3 receptor occupancyd

Caudate 62.5 ± 9.2
Putamen 48.5 ± 12.3
Thalamus 66.2 ± 10.5

% Reduction in symptom scorese

Delusions 80 ± 27
Hallucinations 95 ± 15
Agitation 84 ± 28

SAS total score 3.1 ± 5.2
aData from clinical studies.18,19

b**P < .01 gender differences in PRL.
cCaverage: Individual model predictions for steady state exposure across the 

dosing interval.
dIndividual model predictions for D2/3 occupancies, across the Caverage range.
eScores reflect frequency × severity ratings for individual Neuropsychiatric 

Inventory (NPI) symptom domains.
Abbreviations: BMI = body mass index; CrCL = estimated creatinine 

clearance (Cockcroft and Gault); MMSE = Mini-Mental State Examination; 
PRL = prolactin hormone; SAS = Simpson Angus Scale, used to rate 
extrapyramidal side effects: 0–2 = nil, 3–5 = subclinical; ≥ 6 = clinically 
significant.

corresponding regional occupancies, and prolactin levels 
across the prescribed dose range. Each model-derived 
biomarker was then considered as independent variable 
(regressor) to explain treatment response and EPS. The 
model-derived biomarker-response relationship was 
evaluated using an ordered categorical response logistic 
model, describing the logit function of the probability (P) 
of being in any of 3 symptom categories as a linear function 
of response-specific parameters, and the regressor effect 
coefficient.

Neuropsychiatric Inventory symptom domain scores 
were categorized as follows: category 1 (score 0–4) indicated 
mild, infrequent (or no) symptoms; category 2 (score 6–9) 
moderate; and category 3 (score > 9) very frequent and severe 
symptoms. Random effects (interindividual variability) 
were incorporated on response-specific parameters. For 
each model, the regressor effect coefficient β (standard error 
[SE]) value was used to calculate a Wald statistic, and its P 
value, based on the χ2 statistic. Prolactin models were tested 
with and without an effect of gender. Motor side effects were 
evaluated in a binary model (fixed effects only), which 
described the probability (P) of any EPS (SAS total score > 3) 
being present, taking into account the predictor variable.

Model Simulations
Model-based simulations were performed to predict 

the probability of response or EPS for 100 individuals per 

combination of the following categories: 65, 75, or 85 years; 
standard (70 kg) or low (50 kg) body weight; and prescribed 
dose of 25 mg, 50 mg, or 75 mg daily.

RESULTS

Demographic and Clinical Characteristics of 
Amisulpride-Treated Patients

There were 28 patients in the treated group (age 82 ± 6.6 
years; 11 [39%] men; Mini-Mental State Examination 
[MMSE] 17.7 ± 5.4), all of whom were experiencing 
psychosis symptoms at baseline (26 [92.8%] delusions, 19 
[67.8%] hallucinations) and 20 (71.4%) associated agitation, 
and 10 antipsychotic-free patients (age 83.6 ± 3.8 years, 4 
[40%] men, MMSE 20.3 ± 6.1). Demographic, physiological, 
and clinical characteristics of treated patients are described 
in Table 1. Across the 25- to 75-mg/d dose titration range, 
symptom scores were reduced by 80% ± 27% (delusions), 
95% ± 15% (hallucinations), and 84% ± 28% (agitation), 
and 7 patients (25%) were withdrawn due to EPS (n = 5), 
falls (n = 1), or unrelated health problems (n = 1). All who 
completed the study (n = 21) were prescribed 50 mg/d of 
amisulpride.

Pharmacokinetic-Prolactin
Prolactin was modeled with good precision 

(Supplementary eTable 1, eFigure 1) for all parameters apart 
from EC50 (relative standard error [RSE] = 74%) and random 
effect standard deviation (interindividual variability) 
on prolactinbase (RSE = 92%) and EC50 (not estimated). 
Covariate testing identified a significant contribution 
of gender to explain interindividual variability in Emax 
(P = 9.7e-005; interindividual variability reduced from 60% 
to 48%) and weight (P = .03; interindividual variability 
further reduced to 43%). Model estimates suggested that, for 
a typical older person with AD of standard (70 kg) weight, 
there was a 2-fold difference in Emax between men (52 ng/
mL) and women (124 ng/mL).

Pharmacokinetic-D2/3 Occupancy
Pharmacokinetic-occupancy model parameters are 

detailed in Supplementary eTable 2. Imax was estimated as 
84.3% for the caudate (IC50 19.1 ng/mL; residual variability, 
15.3%), 98.7% for the putamen (IC50 61.3 ng/mL; residual 
variability, 14.4%), and 100% for the thalamus (IC50 29.5 
ng/mL; residual variability, 17.2%). Fixed effects were 
estimated with good precision, apart from IC50 for the 
putamen (RSE = 70%). Random effects were estimated on 
all parameters apart from IC50 (not estimated in any model) 
and Imax (only estimated with precision for the caudate). 
Residual variability was estimated with better precision for 
pharmacokinetic (RSE = 5%) than Imax (RSE = 58%, 40%, 
and 48% for caudate, putamen, and thalamus, respectively). 
Individual model predictions for Caverage and corresponding 
occupancies across the dose titration range are described 
in Table 1 and plotted in Figure 1, separated on the basis 
of EPS.
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Table 2. Effect Size Estimates of the Association Between the 
Regressor and Response and Extrapyramidal Side Effects 
(EPS)
Variable β Coefficient SE (%) P
Delusionsa

Caverage 0.0397 0.9 1.03e-05
Cau_occupancy 0.0582 1.8 .001
Pu_occupancy 0.0766 2.7 .004
Thal_occupancy 0.0580 1.8 .001
PRLb 0.0809 2.2 2e-04

Hallucinationsa

Caverage 0.0691 3.5 .048
Cau_occupancy 0.0755 2.7 .005
Pu_occupancy 0.122 4.7 .009
Thal_occupancy 0.083 3.5 .018
PRL 0.13 13.0 .317

Agitationa

Caverage 0.0479 2.0 .016
Cau_occupancy 0.0658 2.2 .002
Pu_occupancy 0.0765 3.0 .011
Thal_occupancy 0.061 2.0 .002
PRL 0.0606 3.2 .058

EPSc

Caverage 0.037 1.3 .004
Cau_occupancy 0.081 4.4 .076
Pu_occupancy 0.075 3.4 .025
Thal_occupancy 0.113 5.9 .061
PRL 0.004 4.0 .315

aResponse models were defined by: [logit (P(category ≤ =1)) = θ1 + βX; logit 
(P(category ≤ =2)) = θ1 + θ2+ βX; P(category ≤ =3) = 1 – P(category ≤ =2)]; P, 
probability; θ1 and θ2 parameters of the logistic function; β, coefficient of 
the predictor variable X: interindividual variability (IIV) on θ1.

bβ values represent men only.
cEPS models were defined by: P(Y = 1) = p + βX; P, probability; p, parameter 

of the binomial function; β, coefficient of the predictor variable X. Fixed 
effects included only.

Abbreviations: Caverage = steady state concentration across the dosing 
interval, Cau = caudate, EPS = extrapyramidal side effects, Pu = putamen, 
Thal = thalamus, PRL = prolactin.
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Figure 1. Model Estimated Caverage and D2/3 Corresponding 
Occupancya

A. Caudate

B. Putamen

C. Thalamus

aModel estimates for Caverage across the dose titration range are plotted 
against corresponding D2/3 receptor occupancy, separated on the basis of 
extrapyramidal side effects, present (red) or absent (blue).

Figure 2. Significance Heat Mapa

aWald P values for each response-regressor model, based on the magnitude 
and standard error of the β coefficient, are shown for each regressor: 
Caverage; corresponding D2/3 occupancies in caudate (Cau), putamen (Pu), 
and thalamus (Thal); and prolactin (PRL). Color coding: gray (P > .05) to red 
(P < .001).

Response and EPS
Associations between regressor variables, response, and 

EPS are described as a heat map in Figure 2 and detailed 
in Table 2. Caverage was significantly associated with scores 
on the delusions domain (P = 1.03e-05), and more modestly 
with hallucinations (P = .04) and agitation (P = .016). 
Model predictions suggested that, across a 40–100 ng/mL 
Caverage range, the probability of response (delusions score 
≤ 4) increased from 50% to 92%. D2/3 occupancies were 
associated with response across all symptom domains 
(P < .05), achieving greatest significance in relation to 

delusions (caudate, P = .001; putamen, P = .004; thalamus, 
P = .001). Model predictions suggested that the probability 
of response increased from 50% to 90% across occupancy 
ranges of 40% to 70% (caudate, thalamus), and 30% to 60% 
(putamen). Prolactin concentration was associated with 
delusions scores alone, and only in men (P = 2e-04).
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Figure 3. Model Based Simulationsa

aSimulated probability of (A) being in category 1 (score of 4 or less) on the delusions domain of the Neuropsychiatric 
Inventory (NPI) and (B) emergent extrapyramidal side effects (EPS) (score of 3 or more on the Simpson Angus Scale), 
in a population of 100 people in each of the combinations of the following categories: 65, 75, or 85 years old; average 
(70 kg) or low (50 kg) body weight; prescribed dose of 25, 50, 75 mg daily. Boxes represent 25th, 50th, and 75th 
percentile of simulated probabilities; the upper error bar represents 75th percentile plus (1.5 × interquartile range 
[IQR]) and the lower error bar represents 25th percentile minus (1.5 × IQR), where IQR is the interquartile range (75th 
minus 25th percentile).

A. Delusions

B. Extrapyramidal Side Effects

Caverage was the most powerful predictor of EPS (P = .004), 
with D2/3 occupancy in the putamen achieving modest 
levels of significance (P = .025) and occupancy in other 
regions showing a similar trend (Table 2). Model predictions 
suggested that the probability of developing EPS increased 
from 4% to 30% across the 40- to 100-ng/mL range, and 
from 2% to 26% across a 20% to 60% occupancy range in the 
putamen. Model simulations for dose-response (delusions) 
and dose-EPS, accounting for age and body weight, are 
shown across the dose titration range in Figure 3.

DISCUSSION

This study extended our investigation of low-dose 
amisulpride prescribing in older patients with AD psychosis, 
by exploring the associations of pharmacokinetic and 
pharmacodynamic biomarkers with symptoms and EPS. We 
found that amisulpride concentration predicted both the 
degree of reduction in delusional symptoms and emergent 
EPS. Simulations based on Caverage model predictions showed 
that, in those aged > 75 years, 50 mg/d of amisulpride was 
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associated with a 50% to 90% probability of response and 
< 30% probability of EPS. Increasing the dose to 75 mg/d 
increased the risk of EPS with minimal additional benefit, 
particularly in those aged > 85 years and of low body 
weight. This very low dose requirement is explained by 
high occupancies at low amisulpride concentrations in AD, 
which overlapped with the 40% to 70% window of striatal 
occupancy described for amisulpride in schizophrenia4,5 
and were associated with response across all symptom 
domains. We also demonstrated a cumulative probability 
of response with increasing occupancy, consistent with the 
schizophrenia literature and suggestive of a continuum of 
clinical effectiveness within the therapeutic window.3

The fact that we observed the anticipated 
occupancy gradients—thalamus > striatum36,37 and 
caudate > putamen38—in older patients with AD suggests 
that there is a global increase in occupancy for a given 
plasma concentration, relative to young adults. These 
findings strongly implicate age and/or AD-specific 
disruption of the blood-brain barrier (permeability, 
expression of transporters), which controls central drug 
access.39,40 However, we cannot rule out a contribution of 
other central mechanisms, including reduced amisulpride 
clearance within the central nervous system41 and/or 
reduced competition by endogenous dopamine.42 The 
emergence of EPS at lower than anticipated occupancies, 
particularly in the putamen, is broadly consistent with data 
on older adults with schizophrenia9,10,43 and suggests that 
pharmacodynamic changes, which reduce D2/3 receptor 
reserve, are increasing the functional outcome for a given 
occupancy in older patients with AD and lowering the 
threshold sensitivity for EPS.

Differences in imaging (tracer, timing of scan relative 
to dose, scan duration) and statistical (use of Caverage) 
methodology between the current study and published 
occupancy data in schizophrenia4,5 mean that it is not 
possible to make direct comparisons. As discussed 
previously,19 choice of tracer is highly relevant, as in vitro 
studies have shown that tracers with a high affinity (low 
dissociation constant) such as [18F]fallypride44 require 
higher concentrations of competing drug to displace them 
from D2/3 receptor sites than those with lower affinity, 
resulting in lower apparent occupancies.45–47 In vivo, 
underestimation of occupancy is most pronounced when 
occupancy is calculated prior to transient equilibrium and is 
more likely to occur in striatal regions, as time to equilibrium 
is dependent on number of receptor sites.37,48,49 Although 
sampling times for the current study were guided by the 
above studies and previous [18F]fallypride protocols,50,51 
it remains possible that we are underestimating the true 
extent of the differences between older patients with AD 
and young adults.

The study was limited by small sample size, sparse 
sampling, and the absence of pretreatment imaging 
and prolactin data in a proportion of individuals. It was 
therefore necessary to combine the clinical dataset18,19 
with data from a richly sampled phase 1 study,17 to fully 

parameterize the pharmacokinetic model and further 
inform pharmacokinetic-prolactin and pharmacokinetic-
occupancy profiles, by incorporating age and weight into the 
model development process. Use of a population approach 
allowed estimation of typical values for Caverage, prolactin, 
and corresponding occupancy52 across the dose titration 
range for each individual, including those withdrawn from 
the study due to emergent EPS. The fact that associations 
between pharmacokinetic and pharmacodynamic indices 
and delusions achieved greater significance than those for 
hallucinations or agitation reflects the fact that delusional 
beliefs were the predominant presenting complaint, 
and baseline scores were higher for delusions than other 
symptom domains.

Sample size limitations meant that it was not possible 
to estimate all model parameters with precision or to fully 
examine covariate effects. Model-based predictions should 
therefore be interpreted cautiously. This is particularly 
important in relation to prolactin response models, which 
require further investigation in a sample large enough to 
evaluate the impact of gender and weight. Neither was it 
possible to model random effects for EPS, and this reduced 
the predictive power of the models. Nevertheless, it was 
possible to demonstrate a clear relationship between EPS 
and both Caverage and occupancy in the putamen, the striatal 
region which has greatest functional connectivity with the 
motor cortex.53 The impact of concomitant medication on 
safety and efficacy of amisulpride is unclear, as patients who 
were prescribed drugs known to interact with amisulpride54 
were excluded from participation in the study. Diagnostic 
issues need to be considered when psychosis is present in 
the context of dementia, and careful screening (case note 
review, clinical assessment, dopamine transporter imaging) 
was therefore carried out to exclude patients with suspected 
Lewy body dementia.25 While we cannot completely rule 
out the possibility that Lewy body pathology may have 
contributed to the observed drug sensitivity, emergent EPS 
in patients with AD are sufficiently explained by higher than 
anticipated occupancies.

Despite the limitations of the clinical dataset, this study 
is important, as it represents the first pharmacokinetic-
pharmacodynamic analysis of amisulpride within the 
context of off-label prescribing for the treatment of 
psychosis in AD, a population at the extreme end of the 
age spectrum. We have shown that, similar to young adults 
with schizophrenia, amisulpride concentration is a reliable 
predictor of both response and EPS in older patients with 
AD and, furthermore, have found no overlap with the 
target concentration recommended for the treatment of 
schizophrenia.4,21 These findings argue strongly for the 
consideration of age- and weight-based dose adjustments 
in older patients with AD and suggest that 50 mg/d of 
amisulpride may be both the minimal clinically effective and 
maximally tolerated dose in those aged > 75 years. Further 
dose increases should be made with caution, particularly in 
patients aged > 85 years and/or of low body weight, as these 
factors are likely to result in blood concentrations beyond 
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100 ng/mL and occupancies of > 60% in the putamen. It 
should be noted that this dose requirement does not apply to 
those with severe renal impairment and may not universally 
apply to all patients, given the residual unexplained 
variability in pharmacokinetic and pharmacodynamic 
parameters in this population. Further therapeutic drug 

monitoring studies are required in AD, to identify factors that 
contribute to interindividual variability in EPS. It will also 
be important to investigate and compare pharmacokinetic-
pharmacodynamic relationships across other older clinical 
populations, to establish age- and disease-specific target 
therapeutic drug concentrations as well as oral doses.
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Supplementary eTable 1. Amisulpride Pharmacokinetic (PK) - prolactin (PRL) Model 

Parameter Estimate (RSE%), p value IIV% (RSE%) RUV% (RSE%)

PK 

ka (/hr) 0.83 (19) 45 (25) 

Cl (L/hr) a, b 51.5 (8) 50 (11) 18.2 (5) 

V1 (L) 424 (15) 49 (22) 

Q (L/hr) 108 (16) 67 (19) 

V2 (L) 706 (12) 53 (16) 

PRL Emax 

PRLbase 5.9 (8) 15 (92) 

Emax 52 (26) Men       
124 (26) Women 

43 (21) 28.9 (18) 

β-Emax, weight -0.95 (46), p=0.03 ne 

β-Emax,Gender 0.86 (26), p=9.7e-005 ne 

EC50 (ng/ml) 18.0 (74) ne 

a Covariate testing was restricted to CL and included weight, height, age, gender, creatinine clearance (CrCL).  
To address co--linearity between CrCL and other covariates (weight, age), serum creatinine was included as a 
separate covariate. Allometric scaling (power 0.75) was fixed for weight on CL as an initial step, and weight 
centred at 70kg.  

b Best fit model estimated a power effect of -2.62 for age on CL; age centred at 77 years 

ka - absorption constant; Cl - apparent clearance from central compartment; V1- central volume of distribution;  
Q - intercompartmental clearance; V2- peripheral volume of distribution 

PRL = PRLbase + (Emax* Cc) / (EC50 + Cc): PRLbase   baseline PRL; Emax, maximum PRL concentration achieved; 
Cc, amisulpride blood concentration; and EC50, amisulpride concentration required to achieve 50% Emax  

IIV- inter-individual variability for amisulpride PK and PRL related parameters was estimated using an exponential
model Pi = PTV × eηp where Pi is the parameter estimate for the ith individual, and PTV is the typical value for the
parameter at the population level. Random effects between ith individual and population parameter values (eta,
ηp), was assumed to be normally distributed (mean of 0, variance ωη

2)

RUV - residual unexplained variability, described using a proportional residual error model (yij = ŷij (1+ εij), where 
yij and ŷij represents the jth observed PRL of the ith subject and corresponding model-predicted PRL; and εij was 
assumed to be normally distributed (mean of 0, variance σ2)  

Other abbreviations: 
RSE - relative standard error; ne - not estimated 
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Supplementary eTable 2. Pharmacokinetic-D2/3 Receptor Occupancy Models 

Parameter Estimate (RSE%) IIV% (RSE%) RUV% (RSE%)
Pharmacokinetic model 17.6 (5)
ka (/hr) 0.84 (18) 46.8 (23) 

Cl (L/hr) a,b 49.2 (7) 49.5 (10) 

V1 (L) 452 (15) 46.2 (22) 

Q (L/hr) 112 (16) 65.2 (19) 

V2 (L) 759 (11) 48.7 (17) 

PK- Caudate Imax model 15.3 (58)
BPPRE 17.3 (5) 13.5 (40) 

Imax (%) 83.4 (11) 8.9 (36) 

IC50 (ng/ml) 19.1 (40) ne 

PK- Putamen Imax model 14.4 (50)
BPPRE 23.0 (5) 12.1 (41) 

Imax (%) 98.7 (33) 9.6 (67) 

IC50 (ng/ml) 61.3 (70) ne 

PK-Thalamus Imax model 17.2 (48)
BPPRE 1.54 (6) 17.5 (33) 

Imax % 100 (13) ne 

IC50 (ng/ml) 29.5 (42) ne 

a allometric scaling (power 0.75) fixed for weight on CL; weight centred at 70kg 
b power effect of -3.21 estimated for age on CL.; age centred at 77 years  

ka - absorption constant; Cl - apparent clearance from central compartment; V1- central volume of distribution;  
Q - intercompartmental clearance; V2- peripheral volume of distribution 

BPPOST = BPPRE *[(1-Imax*Cc)/(Cc+IC50)]: BPPRE and BPPOST represent [18F]fallypride binding potential pre- and 
post-treatment respectively; Imax, maximum inhibitory effect of amisulpride at D2/3 receptors; Cc, amisulpride 
blood concentration; and IC50, amisulpride concentration required to achieve 50% Imax.  

IIV- inter-individual variability for PK and BPND was estimated using an exponential model Pi = PTV × eηp where Pi
is the parameter estimate for the ith individual, and PTV is the typical value for the parameter at the population
level. Variability between ith individual and population parameter values (eta, ηp), was assumed to be normally
distributed (mean of 0, variance ωη

2)

RUV - residual unexplained variability, described using a proportional residual error model (yij = ŷij (1+ εij), where 
yij and ŷij represents the jth observed BP of the ith subject and corresponding model-predicted BP; and εij was 
assumed to be normally distributed (mean of 0, variance σ2)  

Other abbreviations: 
RSE - relative standard error; ne - not estimated 
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