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Abstract

Many ongoing Alzheimer’s disease central nervous system clinical trials are being dis-

rupted and halted due to the COVID-19 pandemic. They are often of a long duration’

are very complex; and involve many stakeholders, not only the scientists and regula-

tors but also the patients and their familymembers. It is mandatory for us as a commu-

nity to explore all possibilities to avoid losing all the knowledge we have gained from

these ongoing trials. Some of these trials will need to completely restart, but a sub-

stantial number can restart after a hiatus with the proper protocol amendments. To

salvage the information gathered so far, we need out-of-the-box thinking for address-

ing these missingness problems and to combine information from the completers with

those subjects undergoing complexprotocols deviations andamendments after restart

in a rational, scientific way. Physiology-based pharmacokinetic (PBPK) modeling has

beenacornerstoneofmodel-informeddrugdevelopmentwith regard todrugexposure

at the site of action, taking into account individual patient characteristics. Quantita-

tive systems pharmacology (QSP), based on biology-informed and mechanistic model-

ing of the interaction between a drug and neuronal circuits, is an emerging technology

to simulate thepharmacodynamiceffects of adrug in combinationwithpatient-specific

comedications, genotypes, and disease states on functional clinical scales.We propose

to combine these two approaches into the concept of computer modeling-based vir-

tual twin patients as a possible solution to harmonize the readouts from these complex

clinical datasets in a biologically and therapeutically relevant way.
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1 INTRODUCTION

A large majority of ongoing trials have been affected by the COVID-

19 pandemic and trials in Alzheimer’s disease (AD) are particularly

affected, because of the long duration and the specific risks of the

patient population. The U.S. Food and Drug Administration (FDA)

This is an open access article under the terms of the Creative Commons Attribution-NonCommercial-NoDerivs License, which permits use and distribution in any

medium, provided the original work is properly cited, the use is non-commercial and nomodifications or adaptations aremade.

© 2020 The Authors. Alzheimer’s & Dementia: Translational Research & Clinical Interventions published byWiley Periodicals, Inc. on behalf of Alzheimer’s Association.

has recently published guidance stating, “FDA recognizes that proto-

col modifications may be required, and that there may be unavoid-

able protocol deviations due to COVID-19 illness and/or COVID-19

control measures. The necessity for, and impact of, COVID-19 control

measures on trials will vary depending on many factors, including the

nature of disease under study, the trial design, and in what region(s)
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the study is being conducted” (FDA Guidance on Conduct of Clinical

Trials of Medical Products during COVID-19 Pandemic Guidance for

Industry, Investigators, and Institutional Review Boards March 2020,

updated on April 2, 2020).

We expect that these events will lead to unprecedented issues

of “missingness” in the datasets, probably far beyond the number of

missing data usually encountered in clinical trials. At the time of trial

pause, there will be patients who have completed the trial, those who

started and were at different time points in the trial when it was inter-

rupted, and those who enrolled but have not yet started. We expect a

substantial amount of protocol amendments for the patients currently

in the trial suchas involuntarydrugholiday (especiallywith intravenous

[IV] formulations), change inmedications (anxiolytics, antidepressants)

for addressing mental health issues, and missing site visits that can

be partially mitigated by remote monitoring. The involuntary drug

holidays are of particular concern as the underlying pathological

mechanism that was targeted with the drug is no longer affected and

the patient faces a completely new pathological environment when

the drug trial is restarted. In addition, because each patient starts at a

unique time, they are at different points in their pathological trajectory

at the time of interruption. In addition, there will be subjects from the

last two groups that will not return to the trial once it restarts because

AD patients face an additional burden due to their age, fragility,

comorbidity, comedication, and other factors.

The number of patients that have completed the trial is likely to

be insufficient to achieve the power for detecting a clinically relevant

improvement. In the worst-case scenario the whole trial needs to start

over again, delaying any possible successful treatment for a number

of years and at an enormous cost for sponsors, patients, and their

caregivers.

We cannot afford to lose all the information collected so far

from these interrupted trials; therefore, we must explore all possible

avenues to recover as much knowledge as possible. Traditional statis-

tical methods such as last observation carried forward for account-

ing for missing data will be a first step to address this issue. However,

becausemanyof thedisease-modifying studies follow thepatients over

1 to 2 years, the number of missing subjects with protocol amend-

ments can be considerable. For example, consider a regular 18-month

phase III study enrolling about 600 patients/year (50/month) with an

anticipated enrollment of 1800 patients. In this case when the tri-

als are halted at any point between 18 and 32 months after start

of enrollment, up to 60% of subjects in the trial can face substantial

disruptions.

One novel analytical method to address this “missingness” is a vir-

tual twin patient approach, based on mechanistic modeling, including

physiologically based pharmacokinetics (PBPK) and quantitative sys-

tems pharmacology (QSP). PBPK modeling uses virtual populations to

predict drug performance across all human organs, based on in vitro

and in vivo data. PBPK can predict drug exposure levels in the tis-

sue of interest (here the brain) based on patient, drug characteristics,

concomitantmedications, and genotypes ofmetabolizing enzymes and

is encouraged by regulators. QSP then builds on PBPK by integrat-

ing quantitative drug data with knowledge of its mechanism of action.

For complex, heterogeneous diseases such as AD, QSP predicts how

drugs modify key cellular and neuronal networks involved in cognition

in space and time and how functional readouts are impacted by human

pathophysiology and the drug’s pharmacology.

To model the pharmacodynamic and efficacy effects, a virtual twin

QSP model of trial subjects, using the same comedications, genotypes,

biomarkers, amyloid beta (Aβ) and tau load as in the real trial can be

created. Because the pharmacology and target exposure of central ner-

vous system (CNS) active comedications in current AD clinical prac-

tice is well documented, and the pharmacodynamical effect of certain

common genotype variants can be derived from imaging studies,9,25

we can create virtual twin patientswith the same characteristics.Mod-

eling the pharmacology and the pharmacokinetic profile of the inves-

tigative drug together will allow researchers to simulate the cogni-

tive trajectory of these individual virtual patients. Introducing infor-

mation from imaging and biofluid biomarkers could further help define

both levels of target engagement for the investigative drug and disease

state.

This mechanism-basedQSP approach has been successfully applied

in blindly predicting an unexpected clinical phase I scopolamine chal-

lenge study in healthy volunteers with a drug affecting a new yet-

untested target (Nicholas et al.20). The modeling platform also was

able to generate a testable hypothesis on the cognitive worsening of

β-site amyloid precursor protein cleaving enzyme (BACE) inhibitors13

and the different outcomes for the two phase III trials with adu-

canumab in AD.12 In a different indication and with regard to phar-

macodynamical drug–drug interactions, the model has documented

the interaction between acetylcholinesterase inhibitors, memantine,

smoking, and antipsychotics on cognitive outcome in a schizophrenia

population.11 In this particular case, the model was able to reconcile

discordant findings in the literature.

Examples in other neurodegenerative diseases include an Unified

Parkinson’s Disease Rating Scale (UPDRS)-calibrated QSP model for

motor symptoms in Parkinson’s disease.22 Thismodel blindly predicted

thecomplexpharmacodynamical interactionsonextrapyramidalmotor

symptoms in a real-world clinical practice dataset of schizophrenia

patients while on two antipsychotics.16

2 DETAILED DESCRIPTION Of THE VIRTUAL
TWIN APPROACH IN AD

2.1 Pharmacokinetic central profile of active
compound in the human brain

A computer simulation model of each patient focusing on drug levels,

replicates the patient’s various individual attributes that affect a drug’s

fate in their body and hence its effects. These attributes include the

patient’s age, weight, height, sex, ethnicity, and genetics of drugmetab-

olizing enzymes and drug transporters. The simulation outcome takes

into account the patient’s current drug dosage, fed or fasted state,
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comorbid conditions and comedications that affect the activity of

certain metabolic enzymes and transporters, and level of organ

function. As an example this platform was used to accurately pre-

dict olanzapine exposure in individual patients for model-informed

precision dosing.21

Another computer model10 simulates the interaction of pharmaco-

logical agents with transporters at the blood-brain barrier (BBB) to

derive an estimate of brain or cerebrospinal fluid (CSF) penetration.

This model can be adapted to the BBB in demented patients using the

documented protein composition and distribution.1 In addition, PBPK

models have been developed for the uptake ofmonoclonal antibodies.3

Taken together, integration of thesemodels can inform the central drug

levels at an individual patient basis.

2.2 Calibrated ADAS-Cog model using a QSP
model

The calibrated QSP model for cognition in AD has been extensively

described before (Roberts et al.23 and Nicholas et al.20). Basically, the

model consists of a biophysically realistic network of 80 prefrontal cor-

tex pyramidal glutamatergic and 40 GABAergic interneurons, with the

effects of dopaminergic, serotonergic, noradrenergic, and cholinergic

modulation (see also section S2 in supporting information) and is based

on the stability of a memory trace within a working memory paradigm.

The model takes into account a progressive AD neuropathology using

a time-dependent elimination of synapses and neurons together

with cholinergic deficit. Furthermore, this QSP model has been cal-

ibrated using 28 different drug-dose-duration interventions with

acetylcholinesterase inhibitors and 5-HT6 antagonists.
23

For other patient populations, such as mild cognitive impairment

(MCI), the cholinergic deficit is replaced by a cholinergic hyperac-

tivity likely as a consequence of compensatory upregulation of the

choline acetyl transferase enzyme.15 Here the progressive neuronal

loss over time is also reduced eight-fold to take into account the dif-

ferent timescales.

Current implementation of the QSP platform includes the physiol-

ogy associated with the G-protein coupled receptors D1, D2, D3, D4;

5-HT1A, 5-HT1B, 5-HT2A, 5-HT2B, 5-HT3, 5-HT4, 5-HT6; M1 and M2

mACHR, α7, and α4β2 nACHR, adrenerge α1 and α2; the ligand-gated

glutamate subtypes NR2A, NR2B, NR2C, NR2D, AMPA, GABA-A α1,
GABA-A α2, the neurotransmitter transporters GlyT1, DAT, SERT, and

NRT; the enzymes AChE, COMT, and PDE9. This will cover most of the

approved CNS activemedications.

2.3 Implementation of the pharmacodynamic
effect of comedications

The receptor model has been described in detail in other works27,28

(see section S1 in supporting information). Basically, this module

simulates the competition between neurotransmitters, active moiety

of drugs, and positron emission tomography (PET) tracer molecules (if

present) at the postsynaptic receptor, for example a dopamine synapse

under natural in vivo firing conditions. The model can be extended to

other neurotransmitter systems such as serotonin, norepinephrine,

and cholinergic systems and can also be used to determine the impact

of common gene variants on neurotransmitter dynamics (see below).

Target engagement of donepezil, an AChE-inhibitor with a Ki of

20 nM30 is derived from imaging studies with 11C-PMP.11 This corre-

sponds to brain AChE-inhibition levels of 35% at 10mg6,24 and leads to

ACh half-lives of 6.9 and 7.7 milliseconds for donepezil at 5 and 10 mg

and to half-lives of 5.9, 6.8, and 7.7 milliseconds for galantamine at 8,

16, and 24 mg with similar outcomes for rivastigmine. The subsequent

changes in ACh half-life affects activation levels of muscarinic and

nicotinic receptors, leading to corresponding modifications in gluta-

mate and GABA (see Table S2 in supporting information for biological

references).

In addition, the small allosteric potentiating effect of galantamine

on nAChR30 is implemented as a 10% or 15% (respectively, for 16 and

24 mg) relative increase in both α7 nAChR and α4β2 nAChR activation

levels.

Memantine is a relatively weak NMDA-R inhibitor that has a larger

affinity for theNMDA-NR2C/2D subunit18 in physiological conditions.

Based upon the observation that the NR2C/2D subunits are preferen-

tially located on inhibitory interneurons,19 memantine’s pharmacology

is implemented using a two-fold greater inhibition on interneurons as

compared to pyramidal cells. Data further suggest that the functional

memantine concentration in the human brain is relatively small in the

range of a 1% decrease in gNMDA on interneurons.23

First-generation benzodiazepines (such as lorazepam) are imple-

mented as agonists at the GABA-A α1 and GABA-A α2 receptor.

The α1 receptor is localized both on inhibitory-excitatory and on

inhibitory-inhibitory GABAergic synapses, while α2 is predominantly

located at the inhibitory-excitatory synapses. Second-generation ben-

zodiazepines such asmidazolammore preferentially affecting the α2R,
are implemented by reducing the effect at the α1 inhibitory-inhibitory

synapses by 50% compared to the effect at α2 inhibitory-excitatory

synapses. Different doses can be implemented ranging from 2.5% to

10% reduction at α1R.
Anti-depressants are implemented by increasing the half-life of

serotonin dose-dependently between 6.25% and 25% increase with

corresponding effects on all the 5-HTR implemented in the model

(5-HT1A, 5-HT1B, 5-HT2A, 5HT3, 5HT4, and 5HT6).

The pharmacodynamic effect of active moiety (including the phar-

macology of metabolites) of antipsychotics such as risperidone,

paliperidone, olanzapine, quetiapine, ziprasidone, and aripiprazole is

implemented at a low dose, corresponding to one third of the dose

taken by schizophrenia patients.11 The affinity parameters for each

individual drug and neurotransmitter for all the human receptors were

derived from the standardized Psychoactive Drug Screening Program

(PDSP) database (http://pdsp.med.unc.edu/indexR.html).2 Functional

intrasynaptic concentration of the various antipsychoticswere derived

using the receptor competitionmodel, described above with published
11C-raclopride displacements.

http://pdsp.med.unc.edu/indexR.html
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2.4 Implementation of the pharmacodynamic
effect of some common genotype variants

The same receptor competition model can be used to determine the

pharmacodynamic effect of genotypes. To reproduce experimental

findings that the COMTVal158Met genotype affects the displace-

ment of the D1R PET radiotracer NNC-112 in healthy unmedicated

volunteers,25 the synaptic half-life of dopamine in the COMTVV case

was adjusted to 100 milliseconds, 130 milliseconds in the COMTMV,

and 160millisecond in the COMTMMcase. Similarly, the displacement

of the 5-HT4 PET tracer [11C]SB207145 is dependent upon the

5-HTTLPR s/l isoform,9 resulting in a half-life of 55milliseconds for the

LL case, 75milliseconds for the Ls case, and 100milliseconds for the ss

case.

Apolipoprotein E (APOE) genotypes can be implemented using dif-

ferent synapse densities with APOE4 homozygotes a 20% lower and

non-APOE4 carriers had a 20% higher synapse density compared to

APOE4 heterozygote genotype.4,8,17

2.5 Implementation of amyloid pathology

The effect of amyloid load on cognitive outcome has been described

in detail in other works.12,13 Basically, the differential dose-dependent

effect of short (Aβ40) and long (Aβ42) forms on glutamatergic29 and

nicotinic neurotransmission5 is implemented for theamyloid trajectory

of individual patients and translated into an anticipated Alzheimer’s

Disease Cognitive Assessment Scale-Cognitive Subscale (ADAS-Cog)

readout. In this implementation, Aβ is not assumed to enhance the tox-

icity of neurons; neurotoxicity is likely driven by other factors, such

as tau pathology and oxidative stress. As discussed above, with forced

drug holidays for amyloid reducing agents, the model can simulate the

cognitive outcome for an individual patient amyloid trajectory while

taking into account the specific interruption in treatment and reversal

to the natural progression history.

2.6 Implementation of tau pathology

The effect of tau pathology on neuronal firing dynamics and brain

region activity can be simulated based on preclinical data illustrating

the effect of tau oligomers on action potential characteristics, most

notably the widening of the action potential profile.14 This can be basi-

cally reproduced by reducing Na-conductance at the axon initial seg-

ment (AIS) andK+ conductance in other compartments of the neuronal

cells. This is in line with electrophysiology measurements in an FTD

V337MhIPSC cell line.26 Widening the action potential can affect neu-

ronal synchronization and affect emerging properties in networks that

are related to cognitive outcome.

For tau modulating agents affecting spatio-temporal progres-

sion of tau pathology, an extensive QSP model has been devel-

oped that includes tau secretion, extracellular processes such as

capture by antibodies, diffusion along the axonal sheet, and bind-

ing to acceptor molecules; internalization, axonal transport along

microtubule, oligomerization with endogenous tau, and degradation

of misfolded tau protein to secretion into the next synapse.7 This

model has been extensively validated with preclinical and clinical

data.

2.7 Validation strategy

Aparticularly interesting aspect of this approach is thede-riskingof the

model’s predictability by introducing a number of validation steps. This

can take place in three steps (see Figure 1).

1. A virtual twin population from the completers databasewill be gen-

erated with exactly the same properties as the real population in

terms of comedications, genotypes, amyloid and tau status, and the

baseline cognitive readout taht is related to disease state. There

is no need to know final outcome data from this cohort of sub-

jects that have completed the full trial. The QSP model will then

generate a fully blinded set of expected clinical outcomes at the

individual patient level, which can be compared to the real out-

comes. In the worst-case scenario where there is no alignment

between predicted and actual functional data, a sensitivity analy-

sis can help to identify key shortcomings and ultimately iteratively

improve theQSPmodel.

2. A second similar validation strategy can also be applied to par-

tial completers if they have intermediate functional readouts (for

instance half-way through the trial), again based on baseline condi-

tions as outlined above. TheQSPmodel will then derive predictions

for the intermediate functional readouts at the individual patient

level.

3. A third validation step is based on the predictions of clinical out-

comes for those patients that have re-started the trial, based on

the baseline conditions when they started the trial but now when

including the many protocol amendments (drug holiday, change of

medication, etc.). For the patients who are re-starting, the model

would generate the anticipated functional trajectory for the new

modified protocol which will be compared to the actual functional

readout at the end of the study.

Once these validations are performed satisfactorily with a prede-

fined similarity criterion, thismethod can thenbeappliedprospectively

to predict clinical progression of the original protocol design for those

patients that had their trial interrupted (see Figure 1). The Virtual Twin

platform could simulate the outcome of the non-interrupted virtual

twin by “projecting” the anticipated clinical trajectory according to the

unchanged trial protocol. In addition, for some dropout patients, final

simulated outcome at the end of the full original trial could be gen-

erated. In principle, this “stitching or bridging together” would allow

researchers to “pool” these new data with the data from the completer

cohort and hopefully generate larger patient cohorts to mitigate the
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F IGURE 1 Detailed description of the quantitative systems pharmacology virtual twin approach. A number of patients have already
completed the trial (top rows), while others who have started but not yet finished (bottom rows) will have different type of interruptions. Drug
intakes (for instance biweekly antibody injections) are represented by redmarks whereas X stands for a clinical visit and readout. The green
stippled lines are predictions based on baseline characteristics for the actual duration of the trial for each individual patient. The patients that have
not yet finished have either intermediate functional readouts or readouts after protocol amendments and trial resumption and the virtual twin
predictions can be compared to these actual outcomes. The red stippled lines are then predicted outcomes from the virtual twin platform for the
patients with interrupted trials and subjects that have dropped out, but according to their original uninterrupted functional trajectory. In this way
the virtual twin approach can “stitch” the outcomes together and allow the real completers (patients 1.M-1) and the virtual completers (patients
M..N) to be “pooled,” allowing for an analysis by the original statistical plan

intrinsic variability. In this way the original power calculations and sta-

tistical analysis plan can be used.

3 DISCUSSION

This report described a new potential approach to address the many

protocol amendments and drop-outs happening in the middle of ongo-

ing AD trials as a consequence of the COVID-19 pandemic. The

approach is based on the concept of the virtual twin in which each

individual patient is replaced with a computer model of multiple tis-

sues for brain exposure and neuronal brain circuits, relevant for cog-

nitive readout and where specific properties such as comedications,

certain genotypes, and individual amyloid and tau status can be explic-

itly introduced, based on biophysical principles on how they interact

with the investigative drug or placebo. Because this approach works at

the individual patient level, it can deal with large amounts of missing

data and account for many different possibilities, including unforced

drug holiday and change of medications. The approach needs also

much less information compared to other statistical or bioinformatics

approaches.

The current version of this model allows researchers to run virtual

patient trials in AD and tauopathies on amyloid and tau modulating

agents, in addition to symptomatic treatments affecting a wide range

of dopaminergic, serotonergic, cholinergic, glutamatergic, GABAergic,

and norepinephrine neurotransmitters. Other therapeutic approaches

such as neuroprotection, neuroinflammation, and mitochondrial stabi-

lization are currently out of range but can in principle be integrated in

later versions.

A particularly interesting aspect of this approach is the emphasis

on validation. Because the model is already calibrated on group aver-

age data from publicly available sources, the relevant parameters for

the additional pharmacodynamic interactions with comedications and

genotypes can be reasonably constrained with even a small number

of completers. In the situation where there are no completers (for

instance when trials were interrupted before the first completers read

out), data from other completed trials with similar or slightly different

therapeutic interventions could be used for validation. Even if these

trials were negative, there is probably a distribution of good respon-

ders, non-responders, and subjects worsening over time. Ideally, pool-

ing data from different sponsors might be another solution to cover a

large range of targets and conditions. It has to be emphasized that this

validation will be performed by prospectively predicting the functional

outcome solely based on the baseline characteristics without knowl-

edge of the outcome.

There are a number of limitations in this approach. As mentioned

above the current version of the platform does not cover all therapeu-

tic interventions, therefore a number of targets currently being tested

in the clinic are beyond the scope of the model. There might be other

genotypes that drive the clinical outcome beyond the three imple-

mented here, for instance the BDNFVal66Met genotype. Although

baseline biomarkers of amyloid, tau load status, and brain atrophy can

provide a fairly good estimate of the pathology, only in those cases in

whichwehave intermediate sequential biomarker readouts dowehave

an estimate for the individual rate of pathology accumulation and sub-

sequent cognitive trajectory.

This model uses ADAS-Cog as the primary readout. Many ongo-

ing trials use different clinical scales such as AD Composite Score
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(ADCOMS) and Clinical Dementia Rating-Sum of Boxes (CDR-SOB).

It might be possible to derive relationships between these scales, as

they are all functional. An alternative possibility is to normalize all

readouts back to the ADAS-Cog outcome, generated by the predic-

tive platform, and compare that outcome between the treatment arms.

Finally, another major limitation of this approach is the unknown cen-

tral effects of the SARS CoV-2 virus for those patients who become

infected; these might interfere with the AD pathology or at least

impact the functional cognitive readout. Importantly, the validation

steps (especially step 3) outlined above can address this possibility in

more detail.

In summary, a virtual twin approach using QSP with the extensive

validation as outlined in this paper, can enable the extrapolation of

the clinical trajectory for the many patients unable to complete the

trial, thereby helping to salvage the information gathered at substan-

tial human and investment cost for the research participants, their

family members, health-care professionals, and sponsors. When the

trial restarts (likely with a new protocol), the platform in principle can

bridge the before and after to hopefully salvage the investment and

communicate continuity of information with scientists and regulators.
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SUPPORTING INFORMATION

Additional supporting informationmay be found online in the Support-

ing Information section at the end of the article.
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