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1 Introduction

1.1 Rationale

I have always been fascinated by the interactions between chemical substances, the brain, and subjective experience, so

I have found it interesting taking fluoxetine (Prozac), an antidepressant I am prescribed for anxiety. However, when I was

readingaboutmymedication, I discovered that stoppingantidepressants can lead toveryunpleasantwithdrawal symptoms.

Such“antidepressantdiscontinuationsyndrome”occurs inmorethanhalfofallusers, causingheadaches,mooddisturbances,

dizziness, and other symptoms (Michelson et al., 2000) that can persist formonths or years after the drug is stopped (Davies

& Read, 2019). As I will likely stop or changemedication at some point, I decided to explore themathematical relationships

between drug intake, its levels in the body, and incidence of discontinuation syndrome, so that I can find a dose-tapering

regimen tohelpmeavoidwithdrawal symptoms.

1.2 Approach

I will:

1. Use ordinary differential equations and clinical data to derive and fit a pharmacokinetic (drugmovement) model for the

plasma concentration of a dose of fluoxetine in the body, as a function of time, and extend this function tomodel concen-

trationwith repeatedoral dosing, of the sort seen in daily antidepressant dosing.

2. Investigate and identify amodel for the relationship between the dose of fluoxetine taken and its effects.

3. Use this dose-response relationship, alongwith clinical recommendations on avoidingwithdrawal symptoms, to derive a

theoretically ideal fluoxetine taperingplan.

4. Use the dose-concentration model from step 1 to convert the theoretically ideal tapering plan into a target plasma con-

centrationcurve, thencompare this ideal concentration trajectorywith thoseproducedby recommendedantidepressant

cessation regimens, to determinewhich of these schedules is best for preventingwithdrawal symptoms.

2 Exploration

2.1 Modelling drug plasma concentrations

Inordertounderstandtherelationshipbetweenagivendosingregimenandtheeffects ithasonthebrain,wemustfirstmodel

the changes in plasma concentrations of the drug caused by a dosewith time—that is, the amount of drug per unit volume

of blood in systemic circulation (often measured in nanograms per millilitre, ng/mL). Typical concentration-time graphs of

fluoxetine are shown in Figure 1, taken froma study comparing twodifferentbrandsof it available in Japan. The two formula-
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tions have virtually identical concentration-time curves; however, this investigationwill use the Prozac brand data, as that is

the brand I generally take.

Figure 1: Meanplasma concentrations of twofluoxetine formulations (Najib et al., 2005)

This does not immediately resemble any common function. One could obtain a polynomial to approximate this curve using

regression, but amore rational, mechanistic approach would be to construct amodel based on the drug’s movement in the

body. Then, its parameters could be foundbyfitting the curve to the Prozac data.

2.1.1 A one-compartmentmodel

Figure 2: A diagramdepicting a one-compartment pharmacokineticmodel (owndiagram)

One way to model this is with compartmental analysis. Compartmental models abstract away complicated bodily systems

into ‘compartments’, homogeneous volumes throughwhich the drug passes, at rates defined by differential equations, until
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it is eliminated from the body (Gabrielsson et al., 2016; Duan, 2016). The simplest of these models is the one-compartment

model. Used to model single intravenous drug doses (“bolus doses”), it treats the entire bloodstream as a compartment to

which all the drug is added in the beginning, and fromwhich the drug is continuously removed at a rate proportional to the

remaining concentration of the drug (reflectingmetabolism/excretion), as per Figure 2 (Gabrielsson et al., 2016).

In this model, the plasma concentration is described by the function 𝐶(𝑡), where 𝑡 refers to time (usually in hours). As the

rateofdrugelimination isproportional to its remainingconcentration (i.e. exponential decay), this canbe representedby the

first-order differential equation
𝑑𝐶
𝑑𝑡 = −𝑘𝐶,

where 𝑘 refers to a constant known as the elimination rate constant and 𝑘 > 0. This differential equation explicitly states

that the rate of concentration change, 𝑑𝐶
𝑑𝑡 , is negative (indicating decay), and itsmagnitude is equal to the concentration𝐶

multiplied by some constant𝑘. As a separable differential equation, it canbe solvedby reciprocating and integrating:

𝑑𝑡
𝑑𝐶 = 1

−𝑘𝐶
∫ 𝑑𝑡

𝑑𝐶 𝑑𝐶 = ∫ 1
−𝑘𝐶 𝑑𝐶

The left-hand side simplifies to 𝑡, as∫ 𝑑𝑡
𝑑𝐶 𝑑𝐶 ⟹ ∫ 𝑑𝐶

𝑑𝐶 𝑑𝑡 ⟹ ∫ 1 𝑑𝑡 = 𝑡, while on the right, the constant factor −1
𝑘

comes out the front of the integral to yield

𝑡 = −1
𝑘 ∫ 1

𝐶 𝑑𝐶.

Using the identity ∫ 1
𝑥 𝑑𝑥 = ln |𝑥| + 𝐶 , and given that concentration is always positive (such that 𝐶 ≡ |𝐶|), the

differential equation canbe thus solved for𝐶(𝑡):

𝑡 = −1
𝑘 ln 𝐶 + 𝐴

−𝑘𝑡 = ln 𝐶 − 𝑘𝐴

𝑘𝐴 − 𝑘𝑡 = ln 𝐶

𝑒𝑘(𝐴−𝑡) = 𝐶(𝑡)

∴𝐶(𝑡) = 𝑒𝑘𝐴𝑒−𝑘𝑡

= 𝐵𝑒−𝑘𝑡,

where𝐴 is the constant of integration, and the constant term 𝑒𝑘𝐴, written as𝐵, represents the initial concentration of the

drug, as𝐶(0) = 𝐵𝑒0 = 𝐵. This solution represents exponential decay froman initialmaximumat 𝑡 = 0.

This functioneffectivelymodels thepharmacokineticsofa single IVbolusdose. However, in thecaseofanorallyadministered
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drug suchasfluoxetine, as is seen inFigure1, concentrationsof thedrugdonot followsimpleexponential decay. Rather, they

increase fromzero at 𝑡 = 0, reaching apeak concentration𝐶max before decaying. This is because fluoxetine, as an oral drug,

first enters the gastrointestinal (GI) tract before being absorbed into the bloodstream. This can bemodelled by treating the

GI tract as another container interactingwith the first, resulting in a two-compartmentmodel.

2.1.2 Modelling oral dosing with a two-compartmentmodel

When dealing with multi-compartment models, it can be useful to use drug amount 𝑋, instead of concentration, which is

uselesswhendiscussing exact drugdoses. The total amount of drug in thebloodstream𝑋𝐵 canbe related to concentration

𝐶 using 𝑋𝐵 = 𝐶 × 𝑉𝐷,
where 𝑉𝐷 signifies the volume of distribution of the drug in the body, a quantity specific to a given drug that specifies the

volumeof plasma throughwhich a drug circulates (Best, 2023). Figure 3 is a diagramof a two-compartmentmodel.

Figure 3: A diagramof a two-compartment pharmacokineticmodel of oral dosing (owndiagram)

In thismodel, 100%of theadministereddose ispresent in theGI tract at 𝑡 = 0, and is absorbed into thebloodstreamata rate

proportionaltotheamountthatremainsintheGItract. Thereforewecansay, functionally identicallytotheone-compartment

differential equation, that
𝑑𝑋𝐺

𝑑𝑡 = −𝑎𝑋𝐺, (1)

where 𝑋𝐺 is the amount in the GI tract, and 𝑎 is the rate constant of absorption. Furthermore, the drug is eliminated from

thebloodstreamat a rateproportional to the remainingbloodstreamamount, so the rate of changeof amount of drug in the

bloodstream is the rate of elimination from thebloodstreamsubtracted from the rate of absorption from theGI tract. Thus,

𝑑𝑋𝐵
𝑑𝑡 = 𝑎𝑋𝐺 − 𝑘𝑋𝐵, (2)

where𝑋𝐵 is the drug amount in the bloodstream, and𝑘 is the elimination rate constant.

The differential equation (1) is equivalent to that of the one-compartment model equation above, and so therefore has an
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identical solution, exchanging𝐶 → 𝑋𝐺 and𝑘 → 𝑎:

𝑑𝑋𝐺
𝑑𝑡 = −𝑎𝑋𝐺 ⟺ 𝑑𝐶

𝑑𝑡 = −𝑘𝐶

∴𝐶(𝑡) = 𝐵𝑒−𝑘𝑡 ⟺ 𝑋𝐺(𝑡) = 𝐵𝑒−𝑎𝑡.

As𝐵 = 𝑋𝐺(0), thedrugamount in theGI tract at 𝑡 = 0, and𝑋𝐺(0)equals theentiredoseadministered, representedby

𝐷, this can also bewritten

𝑋𝐺(𝑡) = 𝐷𝑒−𝑎𝑡. (3)

This solution equation (3) canbe substituted into equation (2):

𝑑𝑋𝐵
𝑑𝑡 = 𝑎𝑋𝐺 − 𝑘𝑋𝐵

= 𝑎(𝐷𝑒−𝑎𝑡) − 𝑘𝑋𝐵

As𝑋𝐵 = 𝑉𝐷𝐶 , where the volumeof distribution is a constant parameter,

𝑑
𝑑𝑡𝑋𝐵 = 𝑑

𝑑𝑡(𝑉𝐷𝐶) = 𝑉𝐷
𝑑𝐶
𝑑𝑡 ,

thus equation (2) canbewritten

𝑉𝐷
𝑑𝐶
𝑑𝑡 = 𝑎𝐷𝑒−𝑎𝑡 − 𝑘(𝑉𝐷𝐶),

and canbe rearranged into the standard formof a linear differential equation:

𝑑𝐶
𝑑𝑡 + 𝑘𝐶 = 𝑎𝐷𝑒−𝑎𝑡

𝑉𝐷
. (4)

Thisdifferentialequationisnon-separable,soitcannotbesolvedinasimilarmannertotheone-compartmentmodelequation.

However,we canuse the integrating factormethod to solve this. For equations of the form

𝑑𝑦
𝑑𝑥 + 𝑓(𝑥)𝑦 = 𝑔(𝑥),

where𝑓(𝑥)and𝑔(𝑥)arearbitrary functions in𝑥only, theequationcanbe integratedbymultiplyingbyan integratingfactor

𝜇(𝑥), givenby𝜇 = 𝑒𝐹(𝑥), where𝐹(𝑥) is the antiderivative of𝑓(𝑥), such that𝐹 ′(𝑥) = 𝑓(𝑥). In equation (4), the term

𝑘𝐶 corresponds to the𝑓(𝑥)𝑦 term,where𝐶 ≡ 𝑦 and𝑓(𝑥) ≡ 𝑘, thus the integrating factor for equation (4) canbe found

like so:

𝐼𝐹 = 𝑒𝐹(𝑥) ⇒ 𝑒∫ 𝑘 𝑑𝑡 ⇒ 𝑒𝑘𝑡
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Wecan ignore the constant of integrationhere, as it cancels out during this process. We can thenmultiply equation (4) by the

IF𝑒𝑘𝑡:
𝑑𝐶
𝑑𝑡 𝑒𝑘𝑡 + 𝑘𝑒𝑘𝑡𝐶 = 𝑎𝐷

𝑉𝐷
𝑒−𝑎𝑡𝑒𝑘𝑡

At this point,wehave a complicated LHS. However, noticing that𝑘𝑒𝑘𝑡 = 𝑑
𝑑𝑡𝑒𝑘𝑡, the equation can thenbewritten as:

𝑑𝐶
𝑑𝑡 𝑒𝑘𝑡 + 𝑑(𝑒𝑘𝑡)

𝑑𝑡 𝐶 = 𝑎𝐷
𝑉𝐷

𝑒−𝑎𝑡𝑒𝑘𝑡

This newLHS resembles theproduct rule (𝑢𝑣)′ = 𝑢′𝑣 + 𝑢𝑣′. If we let𝑢 = 𝐶 and𝑣 = 𝑒𝑘𝑡, then (𝐶𝑒𝑘𝑡)′ = 𝐶′𝑒𝑘𝑡 +
𝐶(𝑒𝑘𝑡)′. Thus,we can simplify the LHS and rewrite the equation like so:

𝑑𝐶
𝑑𝑡 𝑒𝑘𝑡 + 𝑑(𝑒𝑘𝑡)

𝑑𝑡 𝐶 = 𝑑
𝑑𝑡(𝐶𝑒𝑘𝑡)

∴ 𝑑
𝑑𝑡(𝐶𝑒𝑘𝑡) = 𝑎𝐷

𝑉𝐷
𝑒−𝑎𝑡𝑒𝑘𝑡.

Wecan then integrate and simplify the equation like so:

∫ 𝑑
𝑑𝑡(𝐶𝑒𝑘𝑡) 𝑑𝑡 = ∫ 𝑎𝐷

𝑉𝐷
𝑒(𝑘−𝑎)𝑡 𝑑𝑡

𝐶𝑒𝑘𝑡 = 𝑎𝐷
𝑉𝐷

∫ 𝑒(𝑘−𝑎)𝑡 𝑑𝑡

𝐶𝑒𝑘𝑡 = 𝑎𝐷
𝑉𝐷(𝑘 − 𝑎)𝑒(𝑘−𝑎)𝑡 + 𝐵,

where𝐵 again represents the constant of integration for this operation. We candivide both sides by the integrating factor,

𝐶(𝑡) = 𝑎𝐷
𝑉𝐷(𝑘 − 𝑎)𝑒−𝑎𝑡 + 𝐵𝑒−𝑘𝑡, (5)

then calculate the value of the constant termBusing the initial condition that the initial bloodstreamconcentration is zero:

𝐶(0) = 0

∴0 = 𝑎𝐷
𝑉𝐷(𝑘 − 𝑎)𝑒0 + 𝐵𝑒0

𝐵 = − 𝑎𝐷
𝑉𝐷(𝑘 − 𝑎).

Andfinally,we can substitute this termback into equation (5) to obtain a closed-form solution:

𝐶(𝑡) = 𝑎𝐷
𝑉𝐷(𝑘 − 𝑎)𝑒−𝑎𝑡 + − 𝑎𝐷

𝑉𝐷(𝑘 − 𝑎)𝑒−𝑘𝑡

𝐶(𝑡) = 𝑎𝐷
𝑉𝐷(𝑘 − 𝑎)(𝑒−𝑎𝑡 − 𝑒−𝑘𝑡) (6)
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This biexponential factor (𝑒−𝑎𝑡 − 𝑒−𝑘𝑡)—the difference between two exponential decay terms with different rate

constants—is what underlies the characteristic plasma concentration-time curve in Figure 1 (Best, 2023). A graph of the

function (6) using somearbitrary values of the constantswithDesmos is shown in Figure 4.

Figure 4: A graphof an arbitrary solution to the two-compartmentmodel

2.1.3 Determining the pharmacokinetic parameters of fluoxetine

Now that a general concentration-time model of an orally administered drug has been established, it must be fit to model

the fluoxetine data. Specifically, the parameters of fluoxetine𝑎,𝑘, and𝑉𝐷 must be solved for (Gabrielsson et al., 2016). One

way of finding these is to computationally fit the model to existing data through regression. The data graphed in Figure 1

above, taken from a clinical trial comparing the pharmacokinetics of two brands of fluoxetine at doses of 40mg capsules in

healthymale volunteers (Najib et al., 2005), will suffice. Though these properties can vary between individuals (Altamura et

al., 1994), the averaged data from24 volunteers in Najib et al. (2005) is a reasonable estimate of how the drugwould behave

in anotherwise healthymale,which I am.

In order to extract the data from the graph, the online software plotdigitizer.comwas used to convert the Prozac brand (the

brand I take) points to a list of 𝑥, 𝑦 values (see Appendix A), where the 𝑥-values represent time (in hours) and the 𝑦-values

representplasmaconcentration (inng/mL).Then, thenon-linear least-squaresmethodofcurvefittingwasusedtodetermine

the optimum parameters of the biexponential model in equation (6), with the dose 𝐷 fixed at 40 milligrams to match the

clinical condition. (The code is contained inAppendix B.)

The curve fitting algorithm found that the followingparameters for𝑎,𝑉𝐷, and𝑘 produced abiexponential curve that fit the

empirical data toacoefficientofdeterminationvalueof𝑅2 = 0.9413. Agraphcomparing thedatapoints taken fromNajib

et al. (2005)with the fitted two-compartmentmodel function (7) is shown in Figure 5.
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Figure 5: Biexponentialmodelwith optimumparameters for fluoxetine

Table 1: Optimumparameters for fluoxetine two-compartment curve (unitless)

𝑎 𝑘 𝑉𝐷

0.02681751 0.24453773 0.18143838

This yields the function

𝐶(𝑡) = 0.02681751𝐷
0.18143838(0.24453773 − 0.02681751)(𝑒−0.02681751𝑡 − 𝑒−0.24453773𝑡),

= 0.678876𝐷(𝑒−0.0268175𝑡 − 𝑒−0.244538𝑡). (7)

This function (7), then, is the solved two-compartment model, fine-tuned for fluoxetine. It gives the concentration of fluox-

etine in the bloodstream, 𝑡 hours an oral dose of 𝐷 mg is administered, for 𝐷 > 0, 𝑡 > 0. (That the concentration is

in nanongrams per litre while the dose is in milligrams is intentional—these are standard units for drug concentration and

dosages.)

However, there is one further consideration: for values of 𝑡 < 0, the function (7) does not accurately describe concentration.

Before the drug is administered, the concentration should logically be zero, yet for 𝑡 < 0, 𝐶(𝑡) < 0, per Figure 6(a). To

improve the accuracy of themodel, we can use a piecewise definition to set 𝐶(𝑡) = 0 for 𝑡 < 0, producing the graph in

Figure 6(b):

𝐶(𝑡) =
⎧{
⎨{⎩

0.678876𝐷(𝑒−0.0268175𝑡 − 𝑒−0.244538𝑡) if 𝑡 ≥ 0

0 if 𝑡 < 0
(8)

Though limiting the domain of 𝐶(𝑡) to 𝑡 ≥ 0 achieves a visually similar result, it is in inaccurate, as the concentration
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is simply zero, not undefined, before drug administration. This becomes relevant belowwhen using the sum of horizontally

offsetconcentration functions (e.g.,𝐶(𝑡)+𝐶(𝑡−𝑁)+𝐶(𝑡−2𝑁)...) tomodel repeatedoraldoses; the lowerboundof

thedomainof this sumfunction is thetimethemost recentdose isgiven. Defining itasequal tozerobeforetheadministration

ensures the concentration ismodelled for all 𝑡 ≥ 0, and indeed, all 𝑡 ∈ ℝ.

Figure 6: Piecewise andnon-piecewise forms of the biexponentialmodel

2.1.4 Modelling repeated oral dosage

Ifwewish toexamine theactivity of fluoxetineas it causeswithdrawal over time,wemustmodel the concentrationwith time

of repeated oral doses. Assuming that a dose 𝐷 of fluoxetine is taken every 𝜏 hours, then the total plasma concentration 𝑡
hoursafter thefirstadministration,𝐶𝑟(𝑡), canbethoughtofas thesumofmultiple single-dosefluoxetinecurves, eachoffset

by𝜏 hours:

𝐶𝑟(𝑡) =
∞

∑
𝑛=0

𝐶(𝑡 − 𝑛𝜏) = 𝐶(𝑡) + 𝐶(𝑡 − 𝜏) + 𝐶(𝑡 − 2𝜏) + ...

This assumes adose is takenevery𝜏 hours for eternity. Inpractice,we can set a finitemaximumvalueof𝑛, say𝑁 , in the sum-

mation corresponding to the total number of concurrent doses administered. To sum the piecewise function using Desmos,

it is necessary to rewrite it as anordinary function. This canbedoneusing theHeaviside step function𝐻(𝑥) (Dawkins, 2022):

𝐻(𝑥) =
⎧{
⎨{⎩

0 if 𝑥 < 0

1 if 𝑥 ≥ 0

We canmultiply the 𝑡 ≥ 0 case from equation (8) by𝐻(𝑡) to attain the same functionwithoutmultiple pieces. For 𝑡 ≥ 0,

𝐻(𝑡) = 1, leaving𝐶(𝑡)unaffected, and for 𝑡 < 0,𝐻(𝑡) = 0,making𝐶(𝑡) = 0.

𝐶(𝑡) = 0.678876𝐷(𝑒−0.0268175𝑡 − 𝑒−0.244538𝑡)𝐻(𝑡) (9)

Thus,we can rearrange the polynomial sum:

𝐶𝑟(𝑡) =
𝑁−1
∑
𝑛=0

𝐶(𝑡 − 𝑛𝜏)
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=
𝑁−1
∑
𝑛=0

[0.678876𝐷(𝑒−0.0268175(𝑡−𝑛𝜏) − 𝑒−0.244538(𝑡−𝑛𝜏))𝐻(𝑡 − 𝑛𝜏)]

= 0.678876𝐷
𝑁−1
∑
𝑛=0

[(𝑒−0.0268175(𝑡−𝑛𝜏) − 𝑒−0.244538(𝑡−𝑛𝜏))𝐻(𝑡 − 𝑛𝜏)] (10)

(Theupper boundof the sum is set to𝑁 − 1 to represent𝑁 months, as the countbegins at 0 insteadof 1.) Thegraphof (10)

for once-daily dosing (𝜏 = 24) of 1 Prozac capsule (𝐷 = 20) over 30 days (𝑁 = 30) is shown in Figure 7.

Figure 7: Concentration-timegraphof daily 20mgfluoxetine over amonth

A clear feature of the graph in Figure 7 is that after ~5 administrations, the concentration fluctuates around an apparently

constant equilibrium concentration until dosing is ceased, after which it gradually decays. This property will be useful later

when analysing this graph in termsof the biological substrates uponwhich fluoxetine acts.

2.2 Modelling the action of fluoxetine in the brain

Fluoxetine, a selective serotonin reuptake inhibitor (SSRI), is thought toexert its antidepressiveeffectsprimarily by inhibiting

serotonin transporters, proteins in the brain that reduce levels of the neurotransmitter serotonin (Sohel et al., 2024). Further-

more, it isalsothoughtthatantidepressantwithdrawalsymptomsarecausedbytheabruptdropinserotoninlevelsthatoccurs

when the antidepressant is stopped and SERT is thus disinhibited (Sohel et al., 2024). The brain contains many SERTs, and a

drug’s effect on them is generally quantified as the proportion of the SERTs that the drug inhibits, referred to as percentage

occupancy.

Counterintuitively, the relationship between the concentration of fluoxetine in the blood and its occupancy of SERTs is not

linear, but ratherhyperbolic (Sørensenetal., 2022). Figure8 is a scatterplot, adapted fromSørensenetal. (2022), showing the

observedrelationshipbetweenthefluoxetinedoseandthepercentageof theserotonin transportersoccupied inapartof the

brain, after a month of someone taking that dose every day. Per Figure 7, equilibrium concentrations are reached after only

about 5doses given24hours apart, so fluoxetine concentrations at 30days in should reflect those at anypoint after 5 days of

daily administration (“chronic dosing”).
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In biologicalmodelling, enzyme kinetic reactions such as this are oftenmodelled using theMichaelis-Mentenmodel, a type

of hyperbolic function (Sørensen et al., 2022):

𝑓(𝑥) = 𝑉𝑚𝑥
𝐾 + 𝑥 (11)

where 𝑓(𝑥) represents the receptor occupancy proportion for a dose 𝑥, 𝑉𝑚 represents themaximum occupancy possible,

and𝐾 is thedosewhichcausesoccupancyequal to50%of𝑉𝑚. Theuseof this function inmodellingfluoxetine is justified, as

the curve plotted in Figure 8was produced by nonlinear least squares regression using theMichaelis-Menten equation, and

yielded a strong fit of𝑅2 = 0.939 for the following parameters: 𝑉𝑚 = 86.12, 𝐾 = 1.89 (Sørensen et al., 2022). (Full

data canbe found inAppendixC.)With this,wehavenowamodel that relates thedoseoffluoxetine taken to the level of SERT

occupancy in the brain produced, during chronic dosing.

Figure 8: Plot of fluoxetine dose vs SERT occupancy (Sørensen et al., 2022)

This relationship is significant because, per Figure 8, tapering the antidepressant dose by decreasing in fixed incrementswill

lead todisproportionatedecreases in SERToccupancy. PerAppendixC, adramatic 30mgdose reduction from40mg to10mg

will onlydecreaseSERToccupancyby11%,while a small decreaseof just 3mg (4mgto1mg),will decreaseSERToccupancyby

37.5%. Thus, it is clear that thismust be consideredwhendesigning a taper.

Additionally, it is important to identify the rate at which SERT occupancy should be decreased to prevent withdrawal symp-

toms. In research, much research has converged on 10% reductions in SERT occupancy at each step, commonly weekly or

monthly, topreventwithdrawal (Ruheetal., 2019). Monthly changeswereassociatedwitha reduced incidenceofantidepres-

santwithdrawal syndrome, so Iwill use this recommendation.

2.3 Finding the optimal fluoxetine taper to prevent withdrawal

With these quantities and their relationships in mind (see Figure 9 for a summary), we can mathematically design an ideal

taper regimen tohelpme ceasemydaily 20mgfluoxetinewhile avoiding antidepressantwithdrawal syndrome.

2.3.1 Fluoxetine dosing regimen in terms of target SERT reduction

Witha target of 10%SERT reductionpermonth (=24hours/day×30days/month=720h),we canuse theMichaelis-Menten

equationwith thefluoxetine-specificparameters above to calculate the correspondingdoseof fluoxetinedesiredpermonth.
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Figure 9: Summary of quantities and their relationships pertinent to tapering

The equation formy target daily dose𝐷(𝑛)milligramsof fluoxetine𝑛months into the taper (where𝑛 ∈ ℕ) would be

𝐷(𝑛) = 𝑓−1(0.9𝑛𝑓(20)), (12)

where𝑓(𝑥)and𝑓−1(𝑥)arethefunctionandinverseof thefunction(11), respectively,withtheabovefluoxetineparameters.

ThisfunctiontakestheSERToccupationinducedbytheinitial20mgdoseoffluoxetine𝑓(20),appliesa10%exponentialdecay

for𝑛months (0.9𝑛) and then uses the inverse function𝑓−1(𝑥) to findwhich dosewould produce the reduced occupation.

Thus, the function prescribes a daily dose of fluoxetine, which changes eachmonth, to produce a 10% step-wise decrease in

dose each month. The graph of this function (12), is shown in Figure 10(a). Although this curve is continuous, we only care

about the (discrete)monthly doses, givenby𝐷(𝑛) for𝑛 ∈ ℤ+, which are shown in Figure 10(b).

Thedosingscheduleoutlinedby(12) isoptimal inthatfollowingitwouldproducea10%monthlyreductioninSERToccupancy

to prevent withdrawal. However, it is not overly practical, in that per the chart, maintaining the desired 10% reduction in

SERT occupancy would require extremely precise dose increments. Fluoxetine is available only in 20mg formulations, some

ofwhichmay be broken into 10mghalves or 5mgquarters, which is not sufficient formaking such fractional adjustments to

thedose. Furthermore, thenatureof theexponentiallydecayingdosingthisplanusesmeans that, even if Iwereable toobtain

arbitrarily specificdosagesoffluoxetine, the taperwouldneverend; Iwouldhave tokeeptakingever-decreasingmicroscopic

doses of fluoxetine forever. Clearly, this is not a practical regimen.
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Figure 10: Graph and table ofmonthly dose increments to achieve 10%/month SERT taper

2.4 Evaluating the suitability of recommended antidepressant cessation regimens

2.4.1 Target plasma concentrations from ideal dosing regimen

Though itmay be infeasible to adhere to the optimal regimen above, we canmodel the concentration of fluoxetine it would

produce in thebloodstream, and then search formore convenient regimens that approximate this ideal concentration curve.

In order to do this, we will need to modify the fluoxetine dose-concentration function (10). Specifically, this new function,

𝐶mr(𝑡) (Concentrationofmonthly regimen)musthave reached theequilibriumconcentrationassociatedwith a20mgdose

before 𝑡 = 0 (as I have been taking fluoxetine for years), and incorporate both themonthly dose changes according to the

function (12) and the constant daily dosing within the monthly interval. For sake of convenience, we will henceforth use a

30-daymonth.

First, let𝐶𝑟(𝑡; 𝐷, 𝑁, 𝜏) represent the repeateddosing function from (10), except now it is:

• Parameterised for a dosage𝐷mggiven𝑁 times at intervals spaced𝜏 hours apart, and

• Defined piecewise (again!) to be equal to the regular𝐶𝑟(𝑡) function if 𝑡 > 0, and to zero if not. This ensures the concen-

tration exists, and that∀𝑡 ∈ ℝ,𝐶𝑟(𝑡) is defined.

Furthermore, let𝐷(𝑛, 𝐷0) refer toaparameterised formof thedose-taper function (12) foranystartingdose𝐷0, thatgives

the𝑛thmonth’s fluoxetine dose for a 10%SERTdecrease:

𝐷(𝑛, 𝐷0) = 𝑓−1(0.9𝑛𝑓(𝐷0))

Therefore, theconcentrationcurveproducedbyamonthofadministeringanarbitrarydose𝐷0 every24hours is represented

by𝐶𝑟(𝑡; 𝐷0, 30, 24). Tomodel a changing dose, starting at 20mg everymonth for𝑀 months with the function𝐶mr(𝑡),
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wecanwrite:

𝐶mr(𝑡) =
𝑀−1
∑
𝑚=0

𝐶𝑟((𝑡 − 720𝑚) , 𝐷(𝑚, 20), 30, 24) (13)

This in turn makes use of the Michaelis-Menten function (11), 𝑓(𝑥), and its inverse function 𝑓−1(𝑥), using the fluoxetine-

specific parameters identifiedby Sørensen et al. (2022).

Thefunction(13)models, from𝑚 = 0 to𝑚 = (𝑀 −1)months,30daysofdailyoraldosingusingthatmonth’sappropriate

daily dose asdeterminedby𝐷(𝑚, 20). Then, each successivemonth’s concentration curve is offset fromthe last by30days

= 720 hours so that they are equally spaced along the x-axis. However, per Figure 11(a), it does not start from 𝑡 = 0 at an

equilibriumconcentration,butmustbuildup to itduring theyellowhighlightedperiodof time. Asimpleway tofix thiswould

be toaddaduplicateof the0thmonth concentration termandoffset it by720hours in thedirectionof the−𝑥axis, such that

by 𝑡 = 0 there has beendaily dosing for onemonthprior:

𝐶mr(𝑡) =
𝑀−1
∑
𝑚=0

[𝐶𝑅((𝑡 − 720𝑚) , 𝐷(𝑚, 20), 30, 24)] + 𝐶𝑅((𝑡 + 720) , 𝐷(0, 20), 30, 24) (14)

The choiceof onemonthof prior fluoxetine therapy is arbitrary, as it is apparent fromFigure 7 that the equilibriumconcentra-

tion is established after approximately 5 administrations. Thegraphof (14) is shown in Figure 11(b).

2.4.2 Modelling and testing the recommended tapering regimens

Knowing the ideal fluoxetine concentration-time course for preventingwithdrawal, we canmodel and compare various rec-

ommendedtaperingprogramsontheextent towhich theirplasmaconcentration trajectoriesapproximate the ideal. While it

wouldbe ideal tomathematicallydesign fromthebottomupadosing regimenbasedontheavailabledosesoffluoxetineand

the ideal curve, this problem is fundamentally hard, in the computational sense: to simply compare every possible combina-

tion of doses—say there were 5 options, 0mg, 5mg, 10mg, 15mg, and 20mg, over 365 days—would require calculating the

concentration curve for 5365 different permutations—incomprehensibly larger than the number of atoms in the universe,

~1080 (Kiernan, n.d.). As a result, it is more sensible to compare existing regimens—as it were, other people have, through

experience, narrowed the search space.

Though the ideal hyperbolic taper in theory continues forever, asymptotically approaching zero, amajority of recommended

taperingplans take less than6months, so Iwill compare themwithin the interval 𝑡 = 0 to 𝑡 = 6 × 30 × 24 = 4320days.

Some plans begin with an initial month of regular dosing, while others immediately begin a taper. The ideal concentration

function 𝐶mr andmany other tapering regimens were constructed in the former way, so for fair comparison of dosing with

time, tapering regimens of the latter sortwill be adjusted to fit this standardwhen creating functions.

Clinicalguidelines’ tapering regimensweregathered fromthe review“Clinicalpracticeguideline recommendationsontaper-

inganddiscontinuingantidepressantsfordepression: asystematicreview”bySørensenetal. (2022). Manyoftheseguidelines
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Figure 11: The ideal fluoxetine tapering concentration curveswith (b) andwithout (a) steady-state reached at t=0

wereequivocalorvague intermsofdosingplans. Other taperingregimenswereobtainedfromanonlinetool,drugtaper.com,

whichpurports todesignanoptimal individualised tapering regimenbasedon the specificdrug taken, the startingdose, the

desired duration of the taper (6 months), available dose increments (quartered 20mg tablets, or 5mg), and the desired ta-

pering approach (with options such as ‘exponential’, ‘linear’, and ‘hyperbolic’). The complete dosing regimens this website

provided can be found in Appendix D. The table in Figure 12 below compares the various tapering recommendations, the

resulting concentration functions they produce, and the 𝑀𝑆𝐸 (mean-squared error) value between each recommended

concentration curve and the ideal concentration curve over a six-month interval starting at 𝑡 = 0. TheMSE is ameasure of

closenessof approximation, quantifying the total absolutedeviationof candidate functions’ values fromthe ideal’s over time.

This is calculated by the program in Appendix E, whichwill compare the functions’ values every hour over the interval (4320

comparisons in total).

Concentration functionswereproducedusing theparameterised repeatedconcentration function. Forexample, theUKNICE

guidelines’ function is givenby
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𝐶(𝑡) = 𝐶𝑟(𝑡 + 720; 20, 30, 24) + 𝐶𝑟(𝑡; 20, 30, 24) + 𝐶𝑟(𝑡 − 720; 20, 15, 48),

wherethefirst termestablishesamonthofdosingprior to𝑡 = 0 toachievesteadystate, thesecondrepresents the0thmonth

of 20mg daily dosing, and the third represents the alternate-day dosing pattern they recommend (detailed explanations of

each guidelines’ translation to a concentration curve, and Python code, are given in AppendicesD and E respectively). When

the intervals between dose changes are not explicitly stated, onemonth intervals will be used, as recommended by Ruhe et

al., (2019).

Figure 12: TheMSE values of various tapering routines’ plasma values vs. the ideal
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Figure 13provides a graphical comparisonof the various taping regimens compared to the ideal.

Figure 13: Graphof various tapering routines’ plasma concentrations vs the ideal

As can be seen from the table, the regimen with the lowest MSE in plasma concentrations compared to ideal plasma con-

centrations is given by the DrugTaper.com hyperbolic taper. For my dosage, the specific series of doses it recommends (see

Appendix E) very closely matched the ideal plasma concentrations, as can be qualitatively appreciated from the graph in

Figure 13, as well as its MSE of 2.134, the lowest identified. Furthermore, while the two clinically recommended tapers from

the UK’s NICE and Australia/New Zealand’s RANZCP initially approximate the ideal curve reasonably well, they both drop to

zero plasma concentration far earlier than the ideal curve, producing subpar MSEs of 9.516 and 12.49 respectively. Perhaps

clinicalwisdom is accurate, and there is little harm in dropping from these lower concentrations to zero after some step-wise

decrements over a fewmonths; there is insufficient data to determine this. However, what can be said is that the bestway to

completely avoid withdrawal syndrome, according to the established dose-response relationships of fluoxetine, is to follow

the “hyperbolic” tapering routine given, in AppendixD, byDrugTaper.com.

Curiously, the “linear” taper option fromDrugTaper.com is notable for having the highestMSE of all routines tested. Despite

achievingasmooth,approximatelylinearlydecreasingdosetrajectorybymodulatingdosesthatcertainlyappearsmore“grad-

ual” than several other options in Figure 13, it had a very highMSEof 30.21.
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2.5 Conclusion

The aim of this exploration was tomodel the relationship fluoxetine dosing, its concentration in the body, and its effects, to

helpmefindadosetaperingregimentopreventtheincidenceofantidepressantdiscontinuationsyndrome. Usingdifferential

equations, a two-compartmentpharmacokineticmodel of drug concentrationvs time for agivendosewasderived, andfine-

tuned based on clinical data. Next, this model was extended and parameterised to model multiple doses taken at regular

occurring intervals.

Using biological data, I investigated the relationship between the dose of fluoxetine taken and the corresponding effect it

hason thebrain. Finding this relationshipwashyperbolic, I foundahyperbolicMichaelis-Mentenmodel todescribe it. Then, I

designedafunction,usingthedose-responsefunctionandits inversefunction, thatwouldgive𝑛thdosenecessarytoachieve

the recommended10%step-wise reduction in SERT occupancy.

This dosing function thus outlined an ideal fluoxetine tapering regimen; however, it required impractically precise dose ad-

justments, so I insteadmodelled the plasma concentrations that the ideal tapering regimenwould produce, then compared

it to theplasmaconcentrationcurvesproducedbyseveralpopular regimens, tofind theoptimumpractical tapering regimen.

The practical tapering regimen which best approximated the ideal regimen was the hyperbolic taper given by the online

calculatorDrugTaper.com (AppendixD).

3 Evaluation and reflection

On the whole, the exploration was successful, as I was able to mathematically model the dose-response and dose-

concentration relationships of fluoxetine, and combine thiswith clinical data to produce an ideal concentration curve. I then

was able to compare numerous popular tapering regimens to the ideal curve, to find the one closest to the ideal hyperbolic

concentration decrease. The tapering regimen which I identified very closely matched the ideal function, and I now feel

confident in my ability to taper and quit fluoxetine when I need to, without fear of withdrawals. However, these results are

notwithout their caveats.

While the two compartmentmodel’s use is generally justified inmodelling oral dosing, some research suggests fluoxetine’s

metabolism and activity are significantlymore complicated than can be represented by a two-compartment system. This is

because fluoxetine inhibits the enzyme thatmetabolises it, causinghigher concentrations of thedrug (Altamura et al., 1994).

As a result, the half-life of fluoxetine depends on how much is already present in the body, and fluoxetine has a nonlinear

pharmacokinetic profile, meaning that higher doses of fluoxetine are associatedwith plasma concentrations disproportion-

ately higher than lower doses (Altamura et al., 1994). However, the two-compartment model that I fit to the clinical data of

fluoxetine has dose 𝐷 as a linear parameter, encoding the implicit assumption that the concentration function, which was

fitted to data taken from a study of 40mg fluoxetine dosing, would be able to model a 20mg dose by linearly scaling the
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output. With nonlinear pharmacokinetics, this may not be valid, thus potentially invalidating the concentration curve used

for my 20mg dose. Additionally, modelling the entire body as two homogeneous volumes is a simplification that may not

accurately represent themechanics of the drug’smetabolism. Thismay explainwhy, although the two-compartmentmodel

closelymodelled the empirical concentration curve, with a coefficient of determination of𝑅2 = 0.9413, the shape of the

curve did not perfectly fit the data; several datapointswere not on the line in Figure 5.

Another limitation is the lack of available research on themechanisms underlying antidepressantwithdrawal. Though there

is some empirical evidence to support hyperbolic tapering, many questions are still raised. What rate of SERT occupancy re-

duction is ideal for reducingwithdrawal? Howoften should doses be decreased? Atwhat point is the SERT occupancy so low

that the hyperbolic taper can be abandoned, instead of asymptotically approaching zero but never reaching it? I have not

been able to find evidence-based answers to these, so instead I have relied upon somewhat arbitrary ‘best practice’ guide-

lines, likeaimingfor10%reduction inSERToccupancyeverymonth,or tapering forno longer thansixmonths. Whether these

assumptions are accurate is not clear.

Furthermore, the use of mean-squared error (MSE) in comparing candidate regimens’ concentration curves to the ideal’s

prompts further consideration. WhileMSE isgenerally afinewayofquantifying theextent towhichone functionmatchesan-

other, it isworth consideringwhatdegreeof ‘similarity’with the ideal curve ismost important forpreventingwithdrawal. Is it

simply the absolutedistancebetween the function andeachpoint, as theMSEquantifies, or is it someother quantity, suchas

theslopeof thecurve, that ismost importanthere? Howmuchdeviationfromthiscurve isacceptable? For instance,bothclini-

calguidelines’curvessignificantlydiffer fromthe idealcurve induration,yetstill score favourably intermsofMSEcomparedto

the linear taper,despite the fact that the linear taper’s concentrationtrajectoryappearsqualitativelymuchmoregradual than

theguidelines’. It is not apparentwhether or notMSEappropriately captures theunsuitability of adosing regimen—perhaps

othermetrics, informedbyneurobiology, could provide amore accurate picture.

Finally, the chemical that fluoxetine is partiallymetabolised into, norfluoxetine, has similar effects to fluoxetinewith a longer

half-life, which could potentially serve to cushionwithdrawal by prolonging the combined half-life of these chemicals in the

body(Altamuraetal., 1994). Thiscouldexplainwhymanymedicalguidelines recommendmuchshorter tapers thanwhat this

investigation would identify as ideal; the drug could (to an extent) ‘taper itself’ in the body. To accurately model this, future

investigations couldmodel a proportion of the fluoxetine eliminated from the body being added back into the bloodstream

as norfluoxetine, before being eliminated itself (into an inactive form) at a rate proportional to its remaining amount. Given

𝑌𝐵 is the amount of norfluoxetine in the bloodstream,we canwrite

𝑑𝑌𝐵
𝑑𝑡 = 𝜆𝑘𝑋𝐵 − 𝑗𝑌𝐵,

namely that the rate of change of norfluoxetine amount is equal to a proportion (denoted by 𝜆) of the rate of fluoxetine’s
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elimination (𝑘𝑋𝐵, fromequation (2)),minus the rate of norfluoxetine’s own elimination, with rate constant 𝑗. However, the

solution of this extendedmodel is beyond the scopeof this investigation.
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Appendix A— Fluoxetine concentration time-series data

Table 2: Concentration of fluoxetine vs time

Time (h) Concentration (ng/mL)

1.001 1.252

2.002 6.093

3.003 10.98

3.670 13.48

5.004 18.36

6.339 19.70

7.006 19.49

9.008 18.53

10.01 17.90

12.01 16.82

23.69 12.10

48.04 7.513

72.06 4.674

96.08 3.172

143.8 1.503

288.2 0.2922

360.3 0.1252

Adapted fromNajib, et al. (2005) usingplotdigitizer.com. Values quoted to 4 significant figures.
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Appendix B—Python code to perform curve-fitting of fluoxetine data onto biexponential

function

The following code uses the numpy, scipy, and matplotlib Python modules to perform non-linear least-squares curve-

fitting of the data taken fromagraphbyNajib, et al. (2005).

import numpy as np

import matplotlib.pyplot as plt

from scipy.optimize import curve_fit

x_values = [1.00083402835696,2.00166805671392,3.00250208507089,3.6697247706422,5.00417014178482,

6.33861551292743,7.00583819849874,9.00750625521267,10.0083402835696,12.0100083402835,

23.6864053377814,48.0400333611342,72.0600500417014,96.0800667222685,143.786488740617,

288.240200166805,360.300250208507] # Array of x-coordinate datapoints (time, hours)

y_values = [1.25208681135225,6.09348914858096,10.9766277128547,13.4808013355592,18.363939899833,

19.6994991652754,19.49081803005,18.5308848080133,17.9048414023372,16.8196994991652,

12.1035058430717,7.51252086811352,4.67445742904841,3.1719532554257,1.5025041736227,

0.292153589315525,0.125208681135225] # Array of y-coordinate datapoints (concentration, ng/mL)

def model(t, a, V_D, k): # The biexponential model function takes t->C(t)

D = 40 # Fix dosage at 40mg

# Avoid division by zero or invalid values

if (k == a): # Check if k is equal to a

return np.nan # Return NaN if k == a to avoid division by zero

else:

return (a * D) / (V_D * (k - a)) * (np.exp(-a * t) - np.exp(-k * t))

# Convert data to numpy arrays

x_data = np.array(x_values)

y_data = np.array(y_values)

try:

# Provide initial guesses for parameters—iterative algorithm

popt, pcov = curve_fit(model, x_data, y_data, p0=(0.1, 1, 1))

except RuntimeError:

print("Error - curve_fit failed to converge")

a_fit, V_D_fit, k_fit = popt # Extract fitted parameters

D = 40 # Fixed value for D
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x_fit = np.linspace(min(x_data), max(x_data), 100)

y_fit = model(x_fit, *popt) # Generate points for the fitted curve

# Calculate R-squared value

residuals = y_data - model(x_data, *popt)

ss_res = np.sum(residuals**2)

ss_tot = np.sum((y_data - np.mean(y_data)) ** 2)

r_squared = 1 - (ss_res / ss_tot)

print("R-squared:", r_squared)

print(popt)

# Plot the original data and the fitted curve

plt.scatter(x_data, y_data, label="Data")

plt.plot(x_fit, y_fit, "r-", label="Fitted Curve")

plt.xlabel("t")

plt.ylabel("C(t)")

plt.title("Fitted Curve")

plt.legend()

plt.grid(True)

plt.show()

Appendix C— Fluoxetine dose-occupancy curve data

Table 3: Dose of fluoxetine vs striatal SERT occupancy

Dose (mg) Striatal SERT occupancy (%)

1 29.5

2.5 40.5

4 67

5 65

10 72.5

20 76

40 83.5

60 82

Data taken fromSørensen et al. (2022).
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Appendix D—Tapering regimens and explanations

NICE clinical guidelines

According to the guidelines published by England’s National Institute for Health and Care Excellence, a suitable tapering

method for fluoxetine is as follows (NICE, 2022)

“Fluoxetine’s prolongedduration of actionmeans that it can sometimes be safely stopped in the followingway:

in people taking 20mgfluoxetine a day, a period of alternate day dosing can provide a suitable dose reduction.

In people taking higher doses (40mg to 60mgfluoxetine a day), use a gradualwithdrawal schedule. Allow1 to

2weeks to evaluate the effects of dose reductionbefore considering further dose reductions.”

Using the general guidance from earlier in the guidelines to reduce doses at monthly or weekly intervals, as I take 20mg

fluoxetine, for me this entails taking 20mg once a day (24h) for the 0th month, 20 mg once every two days (48h) for the 1st

month, and0mgfromthesecondmonthonwards. Wecanmodel thisusingtheparameterised formof (10),𝐶𝑟(𝑡; 𝐷, 𝑁, 𝜏):

𝐶(𝑡) = 𝐶𝑟(𝑡 + 720; 20, 30, 24) + 𝐶𝑟(𝑡; 20, 30, 24) + 𝐶𝑟(𝑡 − 720; 20, 15, 48)

wherethefirst termestablishesamonthofdosingprior to𝑡 = 0 toachievesteadystate, thesecondrepresents the0thmonth

of 20mgdaily dosing, and the third represents the alternate-day dosingpattern.

RANZCP clinical guidelines

The tapering advice givenby the Royal Australian andNewZealandCollege of Psychiatrists is:

“…the first step is to reduce the dose to the minimal effective dose. Following this, the dose should be halved,

and after aweek, the dose should be reducedmore slowly in small decrements (allowing 2weeks for eachdose

reduction), according to how the tablet canbedivided.” (Malhi et al., 2021)

Starting from 20mg daily for the 0th month, then taking a half dose daily for one week, and then halving that dose to 5mg

daily for twoweeks, before ceasing, canbemodelled using theparameterised formof (10),𝐶𝑟(𝑡; 𝐷, 𝑁, 𝜏):

𝐶 (𝑡) = 𝐶𝑟 (𝑡 + 720; 20, 30, 24) + 𝐶𝑟 (𝑡; 20, 30, 24) + 𝐶𝑟 (𝑡 − 720; 10, 7, 24) + 𝐶𝑟 (𝑡 − 888; 5, 14, 24)

wherethefirst termestablishesamonthofdosingprior to𝑡 = 0 toachievesteadystate, thesecondrepresents the0thmonth

of20mgdailydosing, the third represents theweekof10mgdailydosingoffluoxetine, and the fourthandfinal represents the

twoweeks of 5mgdaily dosing.
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DrugTaper.com personalised tapers

This is the linear taper function, however, the hyperbolic function is almost identical:

𝐶 (𝑡) = 𝐶𝑟 (𝑡 + 720; 20, 60, 24) +
180
∑
𝑛=0

𝐶𝑅 (𝑡 − 24 (𝑛 + 30) , 𝐷𝐿 [𝑛] , 1, 24)

The first term here establishes two months of dosing at 20mg daily; one prior to 𝑡 = 0 to establish a steady state, and

one immediately after 𝑡 = 0, to standardise this regimen with the others which begin with the first period of time at the

starting dosage. The second term sums the parameterised 𝐶𝑅 dosing function for 6 months = 180 days, each term in the

summodelling the𝑛th dosegivenby thedosing array,𝐷𝐿, and separated from theother by (𝑛 + 30)days. The𝑛 + 30 is

needed to offset the entire taper from0thmonthof initial dosingdescribedby the first term.

The only difference between the hyperbolic and lis that the hyperbolic taper takes the𝑛th dose from the𝐷𝐻 array, and the

linear takes its𝑛th dose from the𝐷𝐿 array.

The tapering regimens were generated for 180 days, under the constraint of 5, 10, and 20milligram fluoxetine formulations

being available. The complete day-by-day taper arrays are as follows:

𝐷𝐻 = [20, 15, 20, 20, 20, 15, 20, 20, 15, 20, 15, 20, 15, 20, 15, 20, 15, 20, 15, 15, 20, 15, 15, 15, 20, 15, 15, 15, 15, 15, 15, 15, 15, 15,

15, 15, 15, 15, 15, 15, 15, 15, 10, 15, 15, 15, 10, 15, 15, 10, 15, 15, 10, 15, 10, 15, 10, 15, 10, 15, 10, 10, 15, 10, 10, 10, 15, 10, 10, 10,

10, 10, 15, 10, 10, 10, 10, 10, 10, 10, 10, 10, 10, 5, 10, 10, 10, 10, 5, 10, 10, 5, 10, 10, 5, 10, 5, 10, 5, 10, 5, 10, 5, 5, 10, 5, 5, 10, 5, 5, 5,

5, 10, 5, 5, 5, 5, 5, 5, 5, 5, 5, 5, 5, 5, 5, 0, 5, 5, 5, 0, 5, 5, 0, 5, 5, 0, 5, 0, 5, 0, 5, 0, 5, 0, 0, 5, 0, 0, 5, 0, 0, 0, 5, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0,

0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]

𝐷𝐿 = [20, 10, 15, 10, 10, 10, 10, 10, 10, 10, 10, 10, 10, 10, 5, 10, 10, 5, 10, 5, 10, 5, 5, 10, 5, 5, 10, 5, 5, 5, 5, 5, 5, 10, 5, 5, 5, 5, 5, 5, 5,

5, 5, 5, 0, 5, 5, 5, 5, 0, 5, 5, 5, 0, 5, 5, 0, 5, 5, 0, 5, 5, 0, 5, 0, 5, 5, 0, 5, 0, 5, 0, 5, 0, 5, 0, 5, 0, 5, 0, 5, 0, 5, 0, 0, 5, 0, 5, 0, 0, 5, 0, 5, 0, 0, 5, 0, 0,

5, 0, 0, 5, 0, 0, 5, 0, 0, 0, 5, 0, 0, 0, 5, 0, 0, 0, 5, 0, 0, 0, 5, 0, 0, 0, 0, 5, 0, 0, 0, 0, 5, 0, 0, 0, 0, 0, 5, 0, 0, 0, 0, 0, 0, 5, 0, 0, 0, 0, 0, 0, 0, 5, 0, 0, 0,

0, 0, 0, 0, 0, 0, 0, 5, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0, 0]

5 Appendix E—MSE calculation program

import numpy as np

import matplotlib.pyplot as plt

# linear fluoxetine taper doses generated by drugtaper.com

drug_taper_linear = [

20,15,20,20,20,15,20,20,15,20,15,20,15,20,15,20,15,20,

15,15,20,15,15,15,20,15,15,15,15,15,15,15,15,15,15,15,

26



15,15,15,15,15,15,10,15,15,15,10,15,15,10,15,15,10,15,

10,15,10,15,10,15,10,10,15,10,10,10,15,10,10,10,10,10,

15,10,10,10,10,10,10,10,10,10,10,5,10,10,10,10,5,10,10,

5,10,10,5,10,5,10,5,10,5,10,5,5,10,5,5,10,5,5,5,5,10,5,

5,5,5,5,5,5,5,5,5,5,5,5,0,5,5,5,0,5,5,0,5,5,0,5,0,5,0,

5,0,5,0,0,5,0,0,5,0,0,0,5,0,0,0,0,0,0,0,0,0,0,0,0,0,0,

0,0,0,0,0,0,0,0,0,0,0,0,0]

# hyperbolic fluoxetine taper generated by drugtaper.com

drug_taper_hyperbolic = [

20,10,15,10,10,10,10,10,10,10,10,10,10,10,5,10,10,5,10,

5,10,5,5,10,5,5,10,5,5,5,5,5,5,10,5,5,5,5,5,5,5,5,5,5,

0,5,5,5,5,0,5,5,5,0,5,5,0,5,5,0,5,5,0,5,0,5,5,0,5,0,5,

0,5,0,5,0,5,0,5,0,5,0,5,0,0,5,0,5,0,0,5,0,5,0,0,5,0,0,

5,0,0,5,0,0,5,0,0,0,5,0,0,0,5,0,0,0,5,0,0,0,5,0,0,0,0,

5,0,0,0,0,5,0,0,0,0,0,5,0,0,0,0,0,0,5,0,0,0,0,0,0,0,5,

0,0,0,0,0,0,0,0,0,0,5,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,0,

0,0,0,0,0]

def heaviside(x):

return 0.5 * (np.sign(x) + 1)

def f(x):

return 86.1209 * x / (1.89012 + x)

def inverse_f(y):

return (1.89012 * y) / (86.1209 - y)

def C_Ru(t, D_f, N, T):

return (0.678876 * D_f * np.sum((np.exp(-0.0268175 * (t - n * T)) - np.exp(-0.244538 * (t - n * T)))

* heaviside(t - n * T) for n in range(N))

def C_R(t, D_f, N, T):

return np.where(t > 0, C_Ru(t, D_f, N, T), 0)

def D(n, D_0):

return inverse_f(0.9**n * f(D_0))

def C_mr(t, M=10, D_0=20, N=30, T=24):
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result = 0

for m in range(M):

result += C_R(t - 720 * m, D(m, D_0), N, T)

result += C_R(t + 720, D(0, D_0), N, T)

return result

def C_trend(t):

return 21.7872*1.00089**(-t)+1.28299

def nice(t):

return C_R(t + 720, 20, 30, 24) +C_R(t, 20, 30, 24) + C_R(t - 720, 20, 15, 48)

def ranzcp(t):

return (C_R(t+720,20,30,24)

+ C_R(t,20,30,24)

+ C_R(t-720, 10,7,24)

+ C_R(t-888, 5,14,24))

def custom_dose_array(t, regimen):

result = 0

for _, dose in enumerate(regimen):

result += C_R(t - 24*(_+30), dose, 1, 24)

# A month at steady state before t=0

# and one after to standardise

result += C_R(t+720,20,60,24)

return result

def linear(t):

return custom_dose_array(t, drug_taper_linear)

def hyperbolic(t):

return custom_dose_array(t, drug_taper_hyperbolic)

def mse(f, g, x_range):

x_values = np.linspace(x_range[0], x_range[1], num=4320)

y_f = f(x_values)

y_g = g(x_values)

return np.mean((y_f - y_g) ** 2)

# Define the range of x values

x_range = (0,4320)
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# Calculate MSE

print("Mean Squared Error NICE:", mse(C_mr, nice, x_range))

print("Mean Squared Error RANZCP:", mse(C_mr, ranzcp, x_range))

print("Mean Squared Error LINEAR:", mse(C_mr, linear, x_range))

print("Mean Squared Error HYPERB:", mse(C_mr, hyperbolic, x_range))
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