Supplemental Data S2: Guidance for model-based pharmacokinetic assessment with single patient PK data during hemodialysis

Introduction: 
We illustrate our proposed 4-step procedure using an example of model-based pharmacokinetic (PK) evaluation of the disposition of lenalidomide in a multiple myeloma patient undergoing high cut-off hemodialysis (HCO-HD). This kind of dialysis is characterized by both longer (8 hours) and more frequent (five days a week) HD sessions using filters of high permeability in the molecular weight range of 15 – 45 kDa. While dosage adaptation for HD is specified by the manufacturer in the summary of product characteristics, its appropriateness in the present case was questioned: Since HCO-HD is more intensive than conventional HD, increased drug elimination was expected, motivating a PK assessment in this patient. [1] We thus went through steps 1-4 (Literature search for relevant PK parameters, a priori PK calculations & dosage adjustment, a posteriori dosage individualization based on PK calculations and modeling, publication) as outlined below, with the intent to help developing dosage recommendations for patients on HCO-HD who require pharmacotherapy with lenalidomide.

Step 1: Perform literature search
First, a systematic literature search for PK assessments in HD patients was performed in MEDLINE and EMBASE, utilizing terms such as (“pharmacokinetics"[Subheading] OR "pharmacokinetics"[All Fields] OR "pharmacokinetics"[MeSH Terms]) AND "renal dialysis"[MeSH] AND lenalidomide. 
This search retrieved 3 articles about lenalidomide prescription, including PK during conventional HD:
Article 1: by Chen N et al. Pharmacokinetics of lenalidomide in subjects with various degrees of renal impairment and in subjects on hemodialysis. J Clin Pharmacol. 2007;47(12):1466-75.
Article 2: by Chen N et al. Pharmacokinetics, metabolism and excretion of [(14)C]-lenalidomide following oral administration in healthy male subjects. Cancer Chemother Pharmacol. 2012;69(3):789-97.
Article 3: by Hou J et al. A multicenter, open-label, phase 2 study of lenalidomide plus low-dose dexamethasone in Chinese patients with relapsed/refractory multiple myeloma: the MM-021 trial. J Hematol Oncol. 2013;6:41.
Information on dialysability and drug disposition in patients undergoing conventional HD had been studied, but no information was found for longer and more intensive dialysis modalities such as HCO-HD. The manufacturer’s dosage recommendations for patients on conventional HD are 5 mg q.d. after dialysis; in the absence of further details, this probably applies to 3-4 h sessions with a high-flux filter.

[bookmark: _Toc471916750]Step 2: Collect information on PK parameters and devise a priori dosage adjustment based on PK modeling
2A: Gather information on PK parameters:
Most data on PK parameters useful to estimate drug dialysability should be found in the Summary of Product Characteristics (SmPC). Further information on drug disposition derived from clinical studies may be found in the pharmacology review at Drugs@FDA (http://www.accessdata.fda.gov/scripts/cder/daf/) or in the European public assessment reports (EPAR) on the EMA website (http://www.ema.europa.eu/ema/index.jsp?curl=pages/medicines/landing/epar_search.jsp&mid=WC0b01ac058001d124).
For drugs displaying mono-exponential (one-compartment) pharmacokinetics, such as lenalidomide, data on the following parameters are to be retrieved: total clearance (CLTot), extrarenal elimination fraction (Q0), non-renal clearance (CLNR = Q0 · CLTot), renal clearance (CLR = CLTot – CLNR), volume of distribution (VD), fraction unbound (i.e. fraction not bound to plasma protein, fu), blood to plasma concentration ratio (Rbp). Bioavailability (F), absorption constant (ka), absorption lag time (Alag), and time of maximal concentration (tmax) are of interest for oral drugs. In case of bi-exponential (two-compartment) kinetics, data on additional parameters should be collected: intercompartmental clearance (Q), peripheral (Vp) and central volume of distribution (Vc).
Approved dosage recommendations for patients with normal kidney function should be considered first, along with target concentration range (also called therapeutic window). While for a majority drugs the target range traditionally refers to trough concentration, for some agents AUC or peak concentration is better correlated to efficacy and tolerability. Influential patients’ characteristics known to influence dose requirements are also to be recorded (age, sex, body weight, liver function, comedications etc.). Attention should be paid to known aspects defining the impact of renal function on dose requirements (dependence on glomerular filtration rate, existence of tubular secretion or reabsorption). 
In our example, the following information was found of relevance:
PK parameters and influential factors: lenalidomide is a small molecular weight compound (MW 259 g/mol), mainly unbound in plasma (fu 0.6). Its volume of distribution is ~0.7 L/kg (i.e. larger than extracellular water volume). In patients with normal renal function, 2/3 of the dose is excreted unchanged through the kidneys (Q0 = 0.15). With a reported renal clearance (CLR) of 300 mL/min in healthy subjects, tubular secretion is likely to be involved (since CLR > expected filtration clearance: fu · normal GFR = 0.6 · 120 mL/min = 72 mL/min). According to reported Q0 and CLR values, non-renal clearance in healthy subjects (CLNR) calculates to 45 mL/min.
· These elements predict (1) a significant decrease of total and even possibly non-renal clearances (total clearance off-dialysis CLoff,  often < CLNR in healthy subjects, i.e. < 45 mL/min) in patients with ESRD, and (2) significant drug removal during dialysis.
HD-therapy related factors influencing PK: to remove free light chains in such multiple myeloma patients, high cut-off hemodialysis is prescribed for a duration of 8 hours, five days a week, with a blood flow of 300–350 mL/min, a dialysate flow of 500 mL/min, a filter characterized by large pores (TheraliteTM, Gambro Lundia AB, Sweden), whose higher permeability for substances in the molecular weight range of 15–45 kDa leads to albumin loss (5-10 g/h) and requirement of albumin substitution (7 g/h). 
· Increased dialytic clearance and increased drug removal can be expected compared to conventional hemodialysis (~4h, 3x/week). 
Patient-related factors influencing PK: On admission, the patient had acute renal failure (creatinine 1050 μmol/L, GFR < 5 mL/min).
·  A low residual renal function may still slightly contribute to the elimination of the drug.
Target exposure: therapeutic intervals are not formally defined for lenalidomide treatment, but time-dependent degradation of transcriptional factors was observed, suggesting that response is probably related to exposure and hence to AUC.
Step 2B: Devise dosage adjustment:
Manufacturer’s dosing recommendations in HD patients are: 5 mg q.d. after dialysis (half-life is significantly prolonged in patient with renal dysfunction, but no loading dose is advised). According to article 1, the drug’s extraction ratio is 40% for a conventional filter, while the authors assumed that the amount of drug removed during conventional 4h dialysis was insignificant (<30%), since no supplemental dose was proposed for this schedule. Since lenalidomide follows one-compartmental kinetics, a marked rebound due to drug redistribution after HD is unlikely. Rbp has been reported to be around 1 in article 2, suggesting homogenous drug distribution between plasma and red blood cells, and thus an effective plasma dialysis clearance (CLD) equal to blood dialysis clearance (CLbD).

A significant degree of CLD is expected during HCO-HD according to Eq. 6, which assumes a maximal extraction ratio equal to fu: 
CLD = QB • Rbp • fu
CLD = 300 · 1 · 0.6  to  350 · 1 · 0.6
= 180 – 210 mL/min = 10.8 – 12.6 L/h
(Note that for a drug not distributing into red blood cells, one should take: Rbp · fu = 1 – hematocrit)
· Based on the manufacturer’s dosage recommendation for patients on conventional HD (5 mg q.d. after dialysis), and the hypothesis of a significant exposure decrease during HCO,  an empirical dose increase to 5 mg b.i.d., just before (supplemental dose) and at the end of dialysis sessions, was advised.

Step 2C: Pharmacometric modeling
Formal a priori calculations were performed based on information on PK parameters and equations mentioned in sections 2A, 2B and Appendix A1. Models were developed using a mere Microsoft Excel spreadsheet (Microsoft Corp., Redmond, WA) with the Solver™ add-on. Our recommendations for these calculations are as follows:
1) Start filling an Excel sheet with the patient’s characteristics needed to estimate GFR (i.e. weight, BSA, plasma creatinine if interpretable etc.). If creatinine is not stable or interpretable, a rough estimate of residual clearance is used (i.e. ~5 mL/min)
Figure 1: Summary of patient-specific parameters used in a priori PK calculations.[image: ][image: ]
2) Retrieve the PK parameters (CLNR, CLR, CLtot, VD, fu, ka) adapt them to the patient as needed, and report them on the Excel sheet along with administered dosage (devised in step 2A),
3) The volume of distribution of lenalidomide in the patient was taken as value given in L/kg multiplied by the patient’s weight.

4) An estimate of patient’s renal and non-renal clearance of the drug can be obtained by the following equations:
 		(Eq. 1a)
	(Eq. 1b)

In our example however, CLNR could be actually based on a direct estimation in patients with ESRD, found in article 1 indicating a value of 38 mL/min (2.28 L/h) for patients reported of average body weight (taken to 70 kg). We therefore kept the following estimate adjusted to the patient’s weight:
CLNR = 2.28 ∙ BW/70 = 1.78 L/h
On the other hand, article 3 contained a value of lenalidomide total clearance in patients with multiple myeloma and normal renal function of 196 mL/min. Renal clearance was obtained by subtracting 38 mL/min of non-renal clearance and was adjusted to the degree of residual GFR in our patient (0.15 L/h) according to the relation:
    
where GFR normal is considered to be 6 L/h, giving: CLR,patient = 11.76 ∙ 0.15/6 = 0.29 L/h
Finally, off-dialysis total clearance was computed as the sum of both clearances: CLtot = CLR + CLNR  

Table: Summary of a priori PK model parameters.
[image: ]

5) During dialysis sessions, the a priori dialysis clearance is expected to be: 
	CLD = QB • fu • Rbp  = 10.8 – 12.6 L/h
in line with an extraction ratio of: 
E = fu • Rbp  = 0.6 or 60 %
6) At this point, all basic information required for a priori model building is ready. Start to prepare on the worksheet columns illustrating the evolution of time, with one piece of information per column. Watch out for units! We use the following columns: doses, blood and dialysate flow rates, dialytic clearance (CLD), total clearance (alternating CLon and CLoff), predicted amount at absorption site, predicted concentrations and predicted AUC over 24 h. 
[image: ]

7) The amount to be absorbed, concentration and area under the curve (AUC) are predicted according to differential equations progressing over time for 1- or 2-compartment models, written using matrix functions in Visual Basic. (To enter a matrix function in Excel, select adjacent cells of 3 columns at the same time, fill them with the formula containing the function that vary with time =Integr1(D; Aa0; C0; AUC0, Dt, CL), and press Ctrl+shift+Enter).
An example of script in Visual Basic is given below: 
[image: ]
The above script predicts concentrations for a one-compartment model according to the following differential equations, integrated with Euler’s method:
dC/dt = (ka  • Aa  – CL • C )/V	with Cpred = 0 at t = 0 
Where Aa is the amount of the drug in the absorption site, computed over time according to:
dAa/dt = - ka• Aa		with Aa = dose (µg) at t = 0
AUC over 24 hours is simply computed as AUC= 

For a two-compartment model, amounts of drug (µg) in the central (Ac) and peripheral (Ap) compartments can be calculated over time according to the following differential equations:
 				
	with Ac = 0 and Ap = 0 at t = 0
where CLTot,Patient is the patient’s total clearance, Vc the volume of the central compartment, Vp the volume of the peripheral compartment, and Q the intercompartmental clearance; Aa is the amount of drug in the absorption site, progressing over time according to:
 	with Aa = dose (µg) at t = 0
The predicted concentrations can then be calculated as: . 
AUC can be calculated over 24 hours as above: AUC = 
A Visual Basic script example for 2-compartment kinetics would be as follow:
[image: ]
8) Starting from these parameters and from a tentative dosage scheme, exposure metrics such as Cmin, Cmax and AUC can be computed by applying the above differential equations describing one- or two-compartment PK models. Once this a priori model is built up, individual concentration measurements will contribute to refine it a posteriori.  To do so, concentration measurements of the drug are first required.

Step 3: Individualize dosage combining Pharmacometric modeling and TDM approach
In situations where few or no PK data are available during HD, it is recommended to monitor drug concentrations between and during HD sessions if a measurement method is available. TDM should ideally be performed after the first dose and/or at steady-state (e.g. after 4-5 half-lives). While a minimum number of 3 - 4 samples are required, 8 to 15 are better suited to assess a drug’s PK profile in HD.[2] PK should be assessed both on- and off-HD sessions: 
On-dialysis: Plasma samples should be taken right before the beginning and at the end of a HD session. During the session, pre-filter, post-filter and dialysate samples (1-3 times per dialysis) are needed. Another 1 to 3 samples should also be taken to document rebound, 1 - 3 h after the end of dialysis session.
Off-dialysis: A PK sample at trough (i.e. immediately before dose administration) is key to gain information on CLoff. A further PK sample should be drawn 1-2 hours after the concentration peak to gain information on t1/2 and VD.

Model refinement: estimate a posteriori PK parameters
With measured concentrations at key moments, the model previously built up can be optimized, seeking the best fit with the measured drug concentrations by optimizing CLR, CLNR, ka, VD and fu. To proceed to this step, the following further columns should be added in our spreadsheet: 
- observed concentrations (pre-filter, post-filter and dialysate) 
- weighted least-square differences between observed and predicted concentrations, calculated as: (Cobs-Cpred)2/(Cobs)2
[image: ]
Using Excel’s Solver™ add-on, PK parameters judged relevant can be fitted by using the weighted least square procedure, finding values that bring predictions as close as possible to observations.
In our example, the initial model gave predictions (solid lines) that clearly underpredicted peak and overpredict trough concentrations:
[image: Len1.jpg] [image: Modèle initial.jpg]

And after optimization of CLtot, VD and ka parameters values were obtained that fairly well accounted for the observations:
[image: Len2.jpg]
Table: summary of a posteriori PK parameters.
[image: ]
According to the A-V difference method based on pre/post-filter concentration sampling, the observed CLD amounted to 69 - 180mL/min. Based on predictions from the optimized model, CLD was estimated to 117 – 128 mL/min.
Table: summary of PK parameters.
[image: ]
Predicted hemodialysis clearance was calculated as: CLDial = QB · fu · Rbp, observed hemodialysis clearance as: [(Cpre-Cpost) · QB]/Cpre where Cpre is the concentration entering the dialyser, Cpost is the concentration leaving the dialyzer and QB blood flow. E: extraction coefficient (%) equals CLD/QB; t1/2: half-life: off-dialysis equals ln(2) · VD/F/CLTot,Patient; t1/2: on-dialysis: ln(2) · VD/F/(CLTot,Patient + CLD).

Proposed a posteriori dose adjustment
[bookmark: _GoBack]According to those parameters, estimation of the AUC24h (3273 µg·h/L) obtained with 5 mg b.i.d. (once before and once after dialysis) was about 60% higher than the value expected under normal conditions (2057 µg·h/L for a dosage of 25 mg q.d. at steady-state). A majority of the dose administered before dialysis was actually eliminated in the effluent during the session.
It was a posteriori possible to conclude that increasing the dosage of lenalidomide before HCO dialysis would not have been necessary for this patient. 

Step 4: Publish relevant observations
The case observed in this example was eventually published, bringing noteworthy information about the dosage adjustment of lenalidomide in patients benefiting from HCO-HD.[1] Attention was paid to mention in the case report all elements enabling the utilization of the observations for lenalidomide dosage adjustment in further patients receiving this drug together with renal replacement therapy. 

1.	Dao, K., et al., Pharmacokinetics of lenalidomide during high cut-off dialysis in a patient with multiple myeloma and renal failure. Cancer Chemother Pharmacol, 2016.
2.	Mentre, F., et al., Sparse-sampling optimal designs in pharmacokinetics and toxicokinetics. Drug Information Journal, 1995. 29(3): p. 997-1019.
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' CO: Initial concencration, AUCO: initial AUC
Dim x(1 To 3) ' definition of a 3-component vector
Application.Volatile
v = Range ("V") .Value ' lock for the volume in the sheet
ka = Range ("ka") .Value * look for the ka
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* initial time
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x(3) = AUC

Integri = x
End Function
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' Two-compartment model,
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' look for peripheral volume of distribution (named V3_F in the sheet)
' look for intercompartmental clearance (named Q_F in the sheet)
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* initial value
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' time step
' differential equations
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absorption and elimination kinetics of first order
' Definition of a & component vector

of Ac (amount to be absorbed in central comp)
of Ap (amount to be absorbed in periph comp)
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