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Supplementary table 1: Rat and human unbound drug concentrations sampled from different CNS locations and used to evaluate LeiCNS3 model.
	
	Plasma
	BrainECF
	CSFLV
	CSFCM
	CSFSAS
	Total brain
	Reference

	Rat

	Acetaminophen
	X
	X
	X
	X
	
	
	[1]

	Atenolol
	X
	X
	
	
	
	
	[2]

	Methotrexate
	X
	X
	X
	X
	
	
	[3]

	Morphine
	X
	X
	
	
	
	
	[4, 5]

	Paliperidone
	X
	X
	
	X
	
	
	[6]

	Phenytoin
	X
	X
	
	
	
	
	[6]

	Quinidine
	X
	X
	X
	X
	
	X
	[7]

	Raclopride
	X
	X
	
	
	
	X
	[8]

	Remoxipride
	X
	X
	X
	X
	
	X
	[6, 9, 10]

	Risperidone
	X
	X
	
	X
	
	
	[6]

	Human

	Acetaminophen
	X
	
	
	
	X
	
	[11, 12]

	Indomethacin
	X
	
	
	
	X
	
	[13, 14]

	Morphine
	X
	X
	
	
	
	
	[15]

	Oxycodone
	X
	
	
	
	X
	
	[16]




Supplementary table 2: LeiCNS-PK3.0 physiological parameters values of rats and humans
	Species
	Rat values
	Human values

	Parameter
	Value
 (range)
	Reference
	Value 
(range)
	Reference

	Volumes
(mL)
	Total brain (Vtot)
	1.8[footnoteRef:1] [1:  Based on rat brain weight (1.88 gm) and density (1.04-1.05 gm ml-1)] 

	[17, 18]
	1250
 (1110 - 1380)
	[19–22]

	
	Brain extracellular fluid (VECF)
	[bookmark: _Ref25795651]0.36[footnoteRef:2] [2:  Calculated as 15-20 (20 was used)% of total brain volume ] 

	[23]
	253 
(217 - 300)b
	[23–27]

	
	Brain intracellular fluid (VICF)
	[bookmark: _Ref25795687]1.44[footnoteRef:3] [3:  Calculated as 80% of total brain volume] 

	[23]
	1000c
	

	
	Brain cell lysosomes (VLYS)
	[bookmark: _Ref25795702]0.018[footnoteRef:4] [4:  Calculated as 1.25% (1/80) of ICF volume; based on liver lysosomes] 

	[28]
	12.5d
	[28]

	
	Brain microvasculature (VMV)
	0.054[footnoteRef:5] [5:  Calculated as 3% of total brain volume] 

	[29]
	45 
(37 - 50)[footnoteRef:6] [6:  Calculated as 3.67% of total brain volume] 

	[25, 30, 31]

	
	Total cerebrospinal fluid (VCSF)
	0.28[footnoteRef:7]  [7:  Mean of the 4 values] 

(0.155 – 0.4)
	[32–34]
	140
	

	
	Lateral  ventricles (VLV)
	0.0075[footnoteRef:8]  [8:  Assuming equal volumes of the ventricles; based on volumes of three-month-old rats] 

(0.003 – 0.015)
	[33, 35–37]
	20
(11 – 16)
	[38–42]

	
	3rd & 4th ventricles (VTFV)
	0.0075
 (0.003 – 0.015)
	
	3
(2.3 – 3.7)
	[40, 41]

	
	Cisterna magna (VCM)
	0.017[footnoteRef:9] [9:  Calculated as 5.7% of total CSF volume and according to cisterna magna geometry] 

	[3, 43]
	1
	[44]

	
	Subarachnoid space (VSAS)
	0.135[footnoteRef:10] [10:  Calculated as 48% of total CSF volume, based on measurement performed in 9-day-old rats] 

	[45]
	116
(110-116)
	[46–48]

	Flows
(mL min-1)
	Cerebral blood flow (QCBF)
	2.87[footnoteRef:11] [11:  Calculated as 2.6% of total cardiac output] 

	[29, 49]
	689
(644-722)
	[50–52]

	
	Brain ECF bulk flow (QECF)
	0.0002 
(0.18E-3 - 0. 2E-3)
	[53–55]
	0.2[footnoteRef:12] [12:  Based on 50% of CSF bulk flow] 

	[56]

	
	CSF flow (QCSF)
	0.0022
 (0.18E-2 - 0.22E-2)
	[33, 57]
	0.42
(0.28-0.68)
	[48, 58–61]

	Surface areas
(cm2)
	Blood brain barrier (SABBB)
	155
 (150 - 188)
	[62–64]
	150000
(140 E3-360 E3)
	[65–73]

	
	Blood CSF barrier (SABCSFB)
	[bookmark: _Ref25796453]25[footnoteRef:13] [13:  Based on three-month-old rats, surface area at lateral ventricles (and 3rd and 4th ventricles) is assumed 50% of total surface area] 

	[62]
	15000[footnoteRef:14] [14:  Based on 0.1 of BBB surface area, surface area at lateral ventricles (and 3rd and 4th ventricles) is assumed 50% of total surface area] 

	[74, 75]

	
	Brain cell membrane (SABCM)
	[bookmark: _Ref25796153]4250[footnoteRef:15] [15:  Based on ICF total volume, total number of brain cells, (1)and assuming spherical cells to calculate the radius which is used with total number of brain cells to calculate total surface area of brain cell membranes] 

	[76]
	2666520o
	[77, 78]

	
	Lysosomes membrane (SALYS)
	2700[footnoteRef:16] [16:  Based on lysosomes total volume and the average radius of rat kidney lysosomes (0.2 µm)] 

	[79]
	1980260[footnoteRef:17] [17:  Based on lysosomes total volume and the average radius of monkey kidney and rat kidney lysosomes (0.1875 µm)] 

	[79–83]

	Width
 (µm)
	Blood brain barrier (WBBB)
	0.5
 (0.2-0.5)
	[84]
	0.5 (0.2-0.4)
	[70, 85]

	
	Blood CSF barrier (WBCSFB)
	
	
	
	

	Number
	Total brain cells (Nbr,cells)
	3.32E8
	[76]
	1.71E11 [footnoteRef:18] [18:  Based on 1500 gm brain] 

	[77, 78]

	Pore size
(µm)
	Blood brain barrier (pTJBBB)
	0.001
	[86]
	0.0007 
(0.0008- 0.001)
	[86, 87]

	
	Blood CSF barrier  (pTJBCSFB)
	0.009
	[86]
	0.0027
	[86]

	Effective surface area 
(%)
	BBB Transcellular transport (SABBB,T)
	[bookmark: _Ref26384278]99.8[footnoteRef:19] [19:  Based on relative length of intercellular space (0.03 μm) and cell perimeter (17 μm) [9, 93]] 

	[9, 88, 89]
	[bookmark: _Ref26384298]99.8[footnoteRef:20] [20:  Assumed the same as rats] 

	[9, 88, 89]

	
	BCSFB Transcellular transport (SABCSFB,T)
	99.8s
	
	99.8t
	

	
	BBB paracellular transport (SABBB,P)
	[bookmark: _Ref25796320]0.006[footnoteRef:21] [21:  Based on an endothelial cell perimeter of 17 um] 

	[86]
	0.004u
	[86]

	
	BCSFB paracellular transport (SABCSFB,P)
	0.05u
	[86]
	0.016u
	

	pH
	Plasma (pHPL)
	7.4
	[90]
	7.4
	[90]

	
	Brain microvasculature (pHMV)
	
	
	
	

	
	Brain extracellular fluid (pHECF)
	7.3
	[91]
	7.3
	[91]

	
	Cerebrospinal fluid (pHCSF)
	7.3
	[92]
	7.3
	[92]

	
	Brain cells (pHICF)
	7
	[91]
	7
	[91]

	
	Brain cell lysosomes (pHLYS)
	5
	[91]
	5
	[91]



Supplementary equations
Paracellular clearance across the blood-brain (BBB) and blood-cerebrospinal fluid (BCSFB) barriers (QpBBB/BCSFB) was calculated using aqueous diffusivity of the drug (Daq, cm2/sec), the molecular weight of the drug (MW, in g/mol), diffusion width across BBB/BCSFB (widthBBB/BCSFB), and surface areas (SApBBB/BCSFB ) of BBB and BCSFB. BBB and BCSFB surface areas were corrected with effective surface area factors for BBB and BCSFB (Supplementary table 2) to account for surface area dedicated for paracellular transport.



Transcellular clearance across the blood-brain (BBB) and blood-cerebrospinal fluid (BCSFB) barriers (QtBBB/BCSFB) was calculated based on transmembrane permeability of the drug (P0transcellular, cm/sec), octanol-water partition coefficient (logP), and surface areas (SAtBBB/BCSFB ) of BBB and BCSFB. BBB and BCSFB surface areas were corrected with effective surface area factors for BBB and BCSFB (Supplementary table 2) to account for surface area dedicated for transcellular transport only.



Equation calculating the influx and efflux asymmetry factors at the BBB and BCSFB:

                 









Supplementary equations notations
AFBBB,ef: efflux asymmetry factor across the blood brain barrier
AFBBB,in: influx asymmetry factor across the blood brain barrier
AFLV,ef: efflux asymmetry factor across the blood cerebrospinal fluid barrier at lateral ventricles
AFLV,in: influx asymmetry factor across the blood cerebrospinal fluid barrier at lateral ventricles
AFTFV,ef: efflux asymmetry factor across the blood cerebrospinal fluid barrier at 3rd and 4th ventricles
AFTFV,in: influx asymmetry factor across the blood cerebrospinal fluid barrier at 3rd and 4th ventricles
Kpuu,CM: cisterna magna-to-plasma unbound drug concentration ratio
Kpuu,ECF: brain extracellular fluid-to-plasma unbound drug concentration ratio
Kpuu,LV: lateral ventricles-to-plasma unbound drug concentration ratio
PHFECF: pH factor of brain extracellular fluid
PHFLV: pH factor of lateral ventricles
PHFMV: pH factor of brain microvasculature
PHFTFV: pH factor at 3rd and 4th ventricles
QCBF: cerebral blood flow
QCSF: cerebrospinal fluid flow
QECF: brain extracellular fluid bulk flow
QpBBB: paracellular transport clearance at blood brain barrier
QpBCSFB: paracellular transport clearance at blood cerebrospinal fluid barrier
QtBBB: transcellular transport clearance at blood brain barrier
QtBCSFB: transcellular transport clearance at blood cerebrospinal fluid barrier



Supplementary fig. 1 Detailed mathematical structure of LeiCNS-PK3.0. LeiCNS-PK3.0 is composed of whole body empirical plasma model and CNS PBPK model. Both models communicate via cerebral blood flow. 
[image: ]



Supplementary fig. 2 Model evaluation of the rat LeiCNS-PK3.0 model. A-B) Visual predictive checks plots compared in vivo measured drug concentration (black dots) in multiple CNS locations to the median (solid line) and 95% prediction intervals (colored band) of 200 model simulations. C) Boxplot of the relative accuracy error calculated for different drugs. Green and yellow solid lines represent two- and five- fold error, respectively. ECF: brain extracellular fluid, LV: lateral ventricles, CM: cisterna magna, BH: brain homogenate. 

(a) 
[image: ]





(b)
[image: ]






[image: ](c)

Supplementary fig. 3: Model evaluation of the human LeiCNS-PK3.0 model. Boxplot of the relative accuracy error calculated for different drugs. Green and yellow solid lines represent two- and five- fold error, respectively. ECF: brain extracellular fluid, SAS: subarachnoid space.

[image: ]

Supplementary fig. 4 a-e Pharmacokinetic profiles of test drugs at brain extracellular (ECF) fluid and subarachnoid space (SAS) at physiologic and two-fold altered cerebrospinal fluid (CSF) volume and flow. Changing CSF dynamics affects SAS pharmacokinetics and not brain ECF pharmacokinetics. Test drugs included methotrexate, phenytoin, atenolol, raclopride, and risperidone. ECF: brain extracellular fluid, SAS: subarachnoid space.
a)
[image: ]
b)[image: ]


c)[image: ]
d)[image: ]
e)[image: ]


Supplementary fig. 5 a-e Pharmacokinetic profiles of test drugs at brain extracellular (ECF) fluid and subarachnoid space (SAS) at physiologic and five-fold altered cerebrospinal fluid (CSF) volume and flow. Changing CSF dynamics affects SAS pharmacokinetics and not brain ECF pharmacokinetics. Test drugs included methotrexate, phenytoin, atenolol, raclopride, and risperidone. ECF: brain extracellular fluid, SAS: subarachnoid space.
a)[image: ]
b)[image: ]


c)[image: ]
d)[image: ]
e)[image: ]

Supplementary fig. 6 LeiCNS-PK3.0 sensitivity analysis results. The heatmap highlights that CNS parameters that impact the drug pharmacokinetic profile at the brain extracellular fluid, brain cells, and subarachnoid space. The colored scale is log2 transformed and thus 1 indicate two-fold higher outcome. AUC: area under the concentration-time curve, Cmax: maximum concentration, kpuu,ECF: brain ECF to plasma unbound drug ratio, kpuu,CM: cisterna magna to plasma unbound drug ratio, Tmax: time at which Cmax is achieved, PHFECF: pH factor of brain extracellular fluid, PHFICF: pH factor of brain cells, QCBF: cerebral blood flow, QCSF: cerebrospinal fluid flow, SABBB,p: effective surface area of paracellular transport route, SABCM: surface area of brain cell membrane, VECF: volume of brain extracellular fluid, VICF: volume of brain cells, VPhB: volume fraction of brain phospholipid, VSAS: subarachnoid space volume, WBBB: blood-brain barrier width
[image: C:\Users\salehmaaew\Desktop\WORK\MS01\5. WRITING\MANUSCRIPT\BJP\REWRITE\FIGURES\Supplementary figure 6.png]


Supplementary fig. 7 LeiCNS-PK3.0 simulations of acetaminophen with interindividual variability of empirical plasma model in addition to nominal variability of CNS parameters of 0%, 30%, and 50% (as %coefficient of variation). The added CNS variability results in slightly wider 2.5th and 97.5th percentiles that can better describe observed variability. CV: coefficient of variation (%); ECF: brain extracellular fluid; LV: lateral ventricles; CM: cisterna magna.
[bookmark: _GoBack][image: C:\Users\salehmaaew\Desktop\WORK\MS01\5. WRITING\MANUSCRIPT\BJP\REWRITE\FIGURES\20200619_BJP_rat-IIV.all-CNS_SUPP.png]

Supplementary fig. 8 LeiCNS-PK3.0 predictions of the PK profiles of acetaminophen, indomethacin, morphine, oxycodone at plasma, brain ECF, brain ICF, and subarachnoid space. ECF: brain extracellular fluid, ICF: brain intracellular fluid, SAS: subarachnoid space.
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