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Abstract
Purpose More than 15 years have passed since the first description of the unbound brain-to-plasma partition coefficient 
 (Kp,uu,brain) by Prof. Margareta Hammarlund-Udenaes, which was enabled by advancements in experimental methodologies 
including cerebral microdialysis. Since then, growing knowledge and data continue to support the notion that the unbound 
(free) concentration of a drug at the site of action, such as the brain, is the driving force for pharmacological responses. 
Towards this end,  Kp,uu,brain is the key parameter to obtain unbound brain concentrations from unbound plasma concentrations.
Methods To understand the importance and impact of the  Kp,uu,brain concept in contemporary drug discovery and develop-
ment, a survey has been conducted amongst major pharmaceutical companies based in Europe and the USA. Here, we present 
the results from this survey which consisted of 47 questions addressing: 1) Background information of the companies, 2) 
Implementation, 3) Application areas, 4) Methodology, 5) Impact and 6) Future perspectives.
Results and conclusions From the responses, it is clear that the majority of the companies (93%) has established a common 
understanding across disciplines of the concept and utility of  Kp,uu,brain as compared to other parameters related to brain 
exposure. Adoption of the  Kp,uu,brain concept has been mainly driven by individual scientists advocating its application in the 
various companies rather than by a top-down approach. Remarkably, 79% of all responders describe the portfolio impact of 
 Kp,uu,brain implementation in their companies as ‘game-changing’. Although most companies (74%) consider the current tool-
box for  Kp,uu,brain assessment and its validation satisfactory for drug discovery and early development, areas of improvement 
and future research to better understand human brain pharmacokinetics/pharmacodynamics translation have been identified.

KEY WORDS blood–brain barrier · CNS drug development · drug transport · neuropharmacokinetics · unbound brain-to-
plasma partition coefficient,  Kp,uu,brain

Introduction

At the time of writing, more than 15 years have passed since 
the first presentation of the unbound brain-to-plasma drug 
partition coefficient  (Kp,uu,brain) to the research community 
by Gupta et al. in 2006 (1). By analogy to the partition coef-
ficients used previously, i.e. total brain-to-plasma drug par-
tition coefficient  (Kp) and total brain-to-unbound plasma 
partition coefficient  (Kp,u), the authors denoted this novel 
unbound partition coefficient,  Kp,uu (later for clarity called 

 Kp,uu,brain). It exclusively describes the unbound drug con-
centration in the brain relative to blood at equilibrium and 
is determined only by the net influx and efflux clearances, 
 CLin and  CLout, and not by any subsequent partitioning into 
brain cells (2). As it was proposed by Hammarlund-Udenaes 
et al., “Kp,uu,brain gives a direct quantitative description of 
how the blood–brain barrier (BBB) handles the drug regard-
ing passive transport and active influx/efflux” (2).  Kp,uu,brain 
can be assessed by using the area under the curve (AUC) 
of unbound drug concentration – time profile in brain and 
plasma after single dosing. Alternatively, the steady-state 
unbound concentrations of drug in brain interstitial fluid 
(ISF,  Cu,brain,ss) and in plasma  (Cu,plasma,ss) can be used 
(Eq. 1).
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The introduction of  Kp,uu,brain as a measure of the extent 
of BBB transport of primarily small molecular weight drugs 
has been facilitated by advancements in intra-cerebral micro-
dialysis techniques (3–12) and accumulating evidence that 
neither total nor unbound plasma concentration of a drug 
can be directly used with high confidence as a surrogate 
for the brain ISF concentration in many cases (1, 13–22). 
The latter reinforces the need to measure the unbound brain 
drug concentration. It is important to note that, so far, direct 
assessment of unbound drug concentrations in the brain and 
plasma is still only possible with the microdialysis sampling 
technique and, hence, it is considered as a gold reference 
standard for validation of novel methods where unbound tis-
sue drug concentrations are in focus. Yet, due to the inherent 
features of microdialysis and the multiple challenges (and 
costs) associated with its implementation and performance, 
this type of validation is unfortunately rarely conducted (13, 
23–26).

In addition to the advancements in methodological 
aspects, the adoption of the  Kp,uu,brain concept was facilitated 
by substantial improvements in the fundamental understand-
ing of transport of non-electrolytes across the membrane in 
the light of the Free Drug Hypothesis (8, 11, 13, 27–38). 
The latter has been well summarized by Smith et al. with 
the distinction between two critical parts of the hypothesis 
(37). Part I: at steady state, the unbound drug concentration 
is the same on both sides of any biomembrane, with sev-
eral exclusions from the rule, i.e., cases including involve-
ment of efflux and influx transporters as it often occurs at 
the blood–brain interface emphasizing the requirement on 
 Kp,uu,brain estimation. Part II: the free drug concentration at 
the site of action, the therapeutic target biophase, is the spe-
cies that exerts pharmacological activity. Regarding the sec-
ond postulate, knowledge has also accumulated to support 
the long-held presumption that the unbound concentration 
of drug in the brain is the driving force for pharmacological 
response (15, 22, 39–49) (Fig. 1).

In parallel, a better understanding of drug-tissue binding 
processes has led to the development of in vitro methods 
including equilibrium dialysis with one of the first appli-
cations of this technique being the assessment of fraction 
of unbound drug in plasma,  fu,plasma (27, 50–55). Since the 
implementation of the equilibrium dialysis technique, count-
less studies have been performed based on the assumption 
that in vivo-measured  fu,plasma is comparable to the in vitro-
measured value, however, the validity of such equivalency 
was first directly established using the microdialysis tech-
nique by Dubey et al. (13) and later confirmed in several 
studies (14, 41, 56).

(1)Kp,uu,brain =
CLin

CLout
=

AUCu,brain

AUCu,plasma

=

Cu,brain,ss

Cu,plasma,ss

Investigation of drug binding in brain tissue homogenate 
using equilibrium dialysis has also been broadly tested to 
estimate the fraction of unbound drug in the brain,  fu,brain (35, 
54, 57, 58). Proposition of a high-throughput equilibrium 
dialysis method (for simplicity often called brain homogen-
ate method) by Kalvass and Maurer (40) made the assess-
ment of unbound drug concentration in the brain based on 
measured total brain drug concentrations possible and also 
applicable for use in industrial settings (41–44, 47, 59–65). 
Currently, this method is accepted as a standard approach 
in the pharmaceutical industry. However, the methodologi-
cal limitations inherent to homogenizing the tissue provided 
impetus for developing the organotypic brain slice assay for 
investigation of both drug binding and cellular uptake into 
the brain tissue (24, 66, 67). Development of a brain slice 
assay suitable for the evaluation of the unbound volume of 
drug distribution in the brain,  Vu,brain, for test compounds in 
a drug discovery setting, which was validated against data 
generated by in vivo brain microdialysis, represented a sig-
nificant advancement in the field (68, 69). Comparison of 
 fu,brain and  Vu,brain values, which are inversely correlated to 
each other  (fu,brain≈1/Vu,brain), showed that the brain slice 
assay was advantageous for investigation of weak bases/
acids as well as compounds with active transport across the 
cell plasma membrane (70–72). On the basis that the brain 
slice assay represented overall tissue drug uptake and the 
brain homogenate method essentially represented intracellu-
lar binding, it was proposed that an unbound partition coef-
ficient of the cell,  Kp,uu,cell could be calculated to represent 
intracellular exposure to unbound drug (24).

Substantial progress in the ability to obtain reliable meas-
ures of the extent of drug-tissue binding both in plasma and 
brain facilitated the paradigm shift from  Kp,brain to  Kp,uu,brain 
in an industrial setting. Currently,  Kp,uu,brain is often assessed 
using Eq. 2 with multiple examples of such implementation 
for both the brain as an overall estimate and in specific brain 
regions of interest (25, 40–43, 47, 59, 61, 72–80).

The  Kp,uu,brain concept has also been accepted by brain 
positron emission tomography (PET) imaging experts and 
with use examples described not limited to just rodent spe-
cies (77, 81–87). In addition, the approach has been used 
in combination with mass spectrometry imaging, which 
improved the spatial resolution of the method allowing 
investigation of  Kp,uu,brain in small brain regions and sub-
regions (88).

Generation of larger rodent  Kp,uu,brain datasets using 
Eq. 2 facilitated the development of quantitative struc-
ture–activity relationship (QSAR) in silico models 

(2)

Kp,uu,brain ≈

Kp,brain

fu,plasma ∗ Vu,brain

≈

Kp,brain

fu,plasma ∗
1

fu,brain

≈ Kp,brain ∗

fu,brain

fu,plasma
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(25, 89–94). Furthermore and in parallel, the striving 
to minimize animal usage and increase throughput led 
to the development of various in vitro cell culture BBB 
models (95–102). For instance, values of apparent per-
meability  (Papp) in cell monolayers have been used to 
estimate the time required to reach distribution equilib-
rium between brain and plasma, and bidirectional trans-
porter assays of P-glycoprotein (P-gp) and breast cancer 
resistant protein (BCRP) can provide useful insights 
on efflux transport at the BBB (59, 96, 98, 103–111). 
The utility of cell culture models to predict the rate 
and the extent of BBB drug transport in vivo has been 
widely applied in the pharmaceutical industry. In addi-
tion, mathematical modeling including physiologically-
based pharmacokinetic (PBPK) models with focus on 
unbound CNS drug concentrations are currently widen-
ing the perspectives and usage of the  Kp,uu,brain concept 
(112–116). Whilst this introduction above provides a 
high-level summary of the development of  Kp,uu,brain 
concepts and methodology, there are little real world 
‘data’ available on how these are implemented across 
pharmaceutical industry and used today in contempo-
rary drug discovery. To that end, a survey was designed 
and completed by the authors of this manuscript rep-
resenting major pharmaceutical companies involved 
in drug discovery and development in Europe and the 
USA. Key findings from the survey are summarized 
in this paper. The results indicate that the  Kp,uu,brain 
concept has been adopted broadly throughout the phar-
maceutical industry to enable effective design of CNS 
therapeutics and minimize central side-effects.

Materials and Methods

The perspectives and practices described in this paper 
regarding industrial implementation of  Kp,uu,brain concept 
and methodology were captured by the authors with the 
aim to represent the current status and contemporary views 
of the pharmaceutical industry. The group of industry-affil-
iated authors was brought together on the basis of their 
publication record in peer-reviewed scientific journals and 
presentations at scientific conferences, aiming to have rep-
resentatives from major pharmaceutical companies. It was 
recognized upfront that we might not be able to ensure 
complete representation from pharmaceutical companies, 
e.g., beyond a certain size or level of involvement of small 
molecule CNS drug research. Almost all invited contribu-
tors chose to participate and co-author the paper. To initiate 
the discussion and facilitate the capture of perspectives 
and practices, the assembled group agreed to construct 
and conduct a survey to probe relevant areas related to the 
 Kp,uu,brain concept and methodology implementation. All 

authors contributed and agreed to the final survey ques-
tions, and for the results to be handled and published anon-
ymously through an Uppsala University internal survey 
platform (KURT; https:// doit. medfa rm. uu. se/ bin/ kurt3/? 
lang= en). As only one response per question was collected 
from each company, all authors were asked to represent 
their company in the best possible way by engaging with 
relevant company functions and individual experts where 
appropriate before responding. The majority of authors 
described themselves as belonging to the discipline of 
‘drug metabolism and pharmacokinetics’ (DMPK), which 
is typically the disciplines responsible for  Kp,uu,brain meas-
urements and interpretations. Other departments such as 
medicinal chemistry, neurology and biosciences were also 
represented in the survey.

The survey included single/multiple choice, yes/no and 
free-text components, and consisted of 47 questions aimed 
at gathering information in six different areas with regards to 
 Kp,uu,brain: 1. Background information of author’s companies, 
2. Implementation, 3. Application areas, 4. Methodology, 5. 
Impact and 6. Future perspectives (see supplemental mate-
rial, S1, questionnaire). All responses were collected in the 
period of September 21, 2021 to October 14, 2021 (see sup-
plemental material, S2, KURT autogenerated summary of 
the results). Data analysis was conducted using Microsoft 
Excel (Microsoft Corporation, USA).

Results and Discussion

Responders are Involved in the Development 
of a Wide Range of Modalities Across Diverse 
Therapeutic Areas

A total of 14 responses to the survey were obtained captur-
ing broad representation from pharmaceutical companies 
involved in drug discovery and development in Europe and 
the USA. Of the 14 respondents, 13 (93%) were from large 
pharmaceutical companies (with > 5,000 employees) and 
only one (7%) from a mid-size pharmaceutical company 
(Supplemental Material, S2). Responders were primar-
ily affiliated with the department of DMPK, but may have 
also incorporated views and input from other disciplines or 
departments such as medicinal chemistry, neurology or bio-
sciences. The top three therapeutic areas that the participat-
ing companies are working in are neuroscience, oncology, 
and inflammation. Many companies also are working on 
metabolic, cardiovascular and infectious diseases. Consistent 
with industry trends, surveyed companies were engaged in 
both small molecule and biologics research. It is recognized 
in this context that use of  Kp,uu,brain concept and methodol-
ogy is broader than the companies that are represented in the 
author list and the individuals that have completed the survey.
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Bottom‑up‑Driven Transformation of an Entrenched 
Paradigm

Implementation and integration of the  Kp,uu,brain con-
cept in the pharmaceutical industry was explored in 
the ‘Implementation’ section of the survey (Questions 
(Q) 6–16, Supplemental material, S1, S2) to understand 
aspects of timing, key drivers, mechanisms of implemen-
tation and current status. Remarkably, prior to 2000 (7%) 
and in the period of 2001–2005 (21%), project teams or 
key scientists had already begun to advocate the concept 
of the  Kp,uu,brain (Fig. 2A). This was sparked by accumu-
lating evidence supporting the need to measure unbound 
drug concentration in the blood as well as in the brain 
(8, 11–17, 23, 26, 36, 40, 41, 102, 104, 117–122). The 
peak for internal understanding and endorsement of the 
importance of  Kp,uu,brain was 2006–2010 (35%). This 
was also the time period that several key research papers 
emerged, which largely shaped the  Kp,uu,brain concept as 
it is today (1, 2, 21, 22, 24, 25, 37, 42–48, 59, 61, 62, 68, 
123–131). Project teams found the  Kp,uu,brain impactful, 
as evidenced by the percent of companies that started 
to measure  Kp,uu,brain by 2010 (50%, Fig. 2B) and fully 
embedded the approach by 2015 (64%, Fig. 2C). Despite 
sporadic recognition of the importance of  Kp,uu,brain prior 
to 2005, 63% of companies had fully embedded the con-
cept into project teams by 2015 (Fig. 2C).

Currently, 57% of responding companies indicated 
that the level of implementation and integration of the 
 Kp,uu,brain concept is more than 80% (Fig. 2D). In addi-
tion, it is clear that the majority of the companies (93%) 
have been successful in achieving a common understand-
ing/acceptance across multiple disciplines of the mean-
ing and utility of  Kp,uu,brain as compared to other param-
eters/measurements related to brain exposure (Fig. 2E). 
Taken together, the  Kp,uu,brain concept seems to be well-
embedded within project teams as an important criterion 
to understand unbound drug distribution in the brain, 
such that teams are not misled by parameters calculated 
solely from total concentrations.  Kp,uu,brain is arguably 

one of the most important parameters to be optimised by 
medicinal chemistry design in the context of therapies for 
CNS diseases to maximize brain exposure or for periph-
eral targets to minimize CNS toxicity.

Based on the survey, the main drivers for introducing 
and implementing the  Kp,uu,brain concept into the pharma-
ceutical companies were: 1) a general shift in paradigm 
and increased scientific rigour in pharmacology and PK 
(37%), 2) difficulties to explain what are the PK drivers for 
efficacy (33%) and 3) unexpected and unexplained CNS 
side effects (23%). It is noteworthy that the key mecha-
nism of implementation of the  Kp,uu,brain concept (S1, 
Q11) was not following a top-down approach, but rather 
driven by individual scientists advocating the application 
of  Kp,uu,brain concepts in project teams (28%) and provi-
sion of data to a number of selected projects as examples 
to prove its usefulness (56%). It might be speculated that 
these observations more broadly reflect the process of par-
adigm change in pharmaceutical industry where diversity 
of opinions and engagement are increasingly embraced 
in the interest of fostering innovation. It also highlights 
the importance of leading changes by individuals at the 
grass-root level.

The survey results show that about half of the com-
panies (49%) have not adopted a default company-wide 
strategy for determination of  Kp,uu,brain as part of the lead 
optimization/compound screening schemes (S1, Q 12). It 
is more driven on the basis of specific project team deci-
sion-making tailored towards the needs of individual drug 
discovery programs (12/14 answers). This suggests that a 
“one-sized fits all” approach is not well suited to the fast-
paced and ever-changing environment of drug discovery. 
This may also indicate a level of sophistication in how 
project teams function where it is in appropriate to have 
guidance that is overly prescriptive.  Kp,uu,brain in conjunc-
tion with the desired target product profile is one of the 
many parameters (e.g., potency, PK or pharmacodynamic 
(PD), safety) that need to be optimized. Hence, a holistic 
assessment of all data is required to determine whether a 
given compound should be progressed to the next stage. 
In fact, it may be possible to advance a compound without 
an “ideal”  Kp,uu,brain value, if sufficient target engagement 
is predicted to be achievable within its safety profile.

Across all companies, CNS exposure assessment is con-
sidered a core responsibility of the DMPK departments (S2, 
Q13). Interestingly, only 28% of the companies were run-
ning the respective experiments entirely in-house (S2, Q14). 
Most companies use CRO for routine  Kp,uu,brain and related 
parameters measurements. However, data interpretation and 
integration of  Kp,uu,brain remain a function of DMPK experts.

Fig. 1  Collated experimental evidence of estimated unbound brain 
drug concentration (right panel) better correlating with effect than 
measured total brain concentration (left panel) across series of mol-
ecules. (A) Correlation between in vitro potency (Ki) and brain 
EC50 for antinociception in mice (47). (B) Correlation between in 
vitro potency (Ki) normalized brain concentration and occupancy of 
dopamine 2  (D2) receptor in the brain (44). (C) Correlation between 
in vitro potency (Ki) normalized brain concentration and occupancy 
of serotonin transporter (SERT) in the brain (43). (D) Correlation 
between in vitro potency (Ki) and brain EC50 of serotonin transporter 
(Sert) occupancy (49). Figures  reproduced with permission from the 
respective publishers.

◂
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Kp,uu,brain as a Parameter with a Direct Quantitative 
Link to the Estimate of Therapeutic Dose

Applications of the  Kp,uu,brain concept (S1, S2, Q17) were 
broad in the pharmaceutical industry. Neuropharma-
cokinetic (neuroPK) profiling from an efficacy stand-
point are widely applied (12/14, Q17), where  Kp,uu,brain 
is used as selection criteria for entry into resource-
intensive in vivo pharmacology studies. Furthermore, 
almost all responders (13/14) stated that  Kp,uu,brain was 
used to define PK/PD relationships for CNS effects and/
or prediction of therapeutic dose. As an example, one 
responder described a general approach where project 
teams apply the unbound brain concentrations derived 

from predicted plasma concentrations and a  Kp,uu,brain 
experiment to assess theoretical target coverage (e.g., 
unbound brain concentration,  Cu,brain vs. in vitro target-
derived the half maximal inhibitory  (IC50) /efficacy 
concentration  (EC50)). Hence, a compound with a mod-
erate  Kp,uu,brain (e.g., 0.2) may still be considered for 
progression if it is both potent and displaying otherwise 
favourable predicted human PK (provided acceptable 
peripheral side effects and therapeutic index).  Kp,uu,brain 
is not only used for rank order of compounds to guide 
medicinal chemistry design, but also applied to predict 
brain unbound drug exposure and dose. The major-
ity of the responders (11/14, Q20) indicated that the 
numerical value of  Kp,uu,brain are used directly to predict 

Fig. 2  Summary on a timeline of implementation (A-C) and integration (C, D) of  Kp,uu,brain concept in pharmaceutical companies. NB: The 
Fig. 2 is based on the following questions: Q6 (A), Q7(B), and Q9 (C).
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therapeutic dose. Additionally, the survey results sug-
gest that other important information can be derived 
from the experimental data of a  Kp,uu,brain study, such as 
in vitro-in vivo potency assessment, PK/PD and safety. 
This is a unique aspect as the unbound drug concentra-
tions can be used in project teams across disciplines, 
and not just be as a ‘stand-alone’  Kp,uu,brain data point. 
In essence, the work conducted around the  Kp,uu,brain 
concept has supported the evolution of the free drug 
hypothesis in CNS drug research and paved the way 

towards using unbound drug concentrations as drivers 
of efficacy.

Another strong theme from the survey outcome is the 
impact of determining in vivo  Kp,uu,brain values in ena-
bling validation of higher throughput in  vitro assays 
and developing in vitro – in  vivo extrapolations with 
good predictability. Remarkably, all responders (14/14, 
Q17) indicated that by successfully correlating meas-
ured  Kp,uu,brain with in vitro assays (e.g., P-gp and BCRP 
efflux ratio), it has become possible to use these in vitro 
methods to efficiently and reliably screen, identify and 

Fig. 3  Overview on the usage of mammals for assessment of  Kp,uu,brain in vivo (A), justification of a need to include higher species (B), usage 
of transgenic animals (C) as well as overall impact of implementation of  Kp,uu,brain methodology on the usage of preclinical animals (D). NB: In 
A Other*- Non-rodents only at late discovery stage (close to candidate selection) to strengthen human translation; There may occasionally be 
PET data used to calculate  Kp,uu in non-human primates (NHP) and humans; NHP PET receptor occupancy data along with other data is used to 
infer NHP  Kp,uu,brain, but  Kp,uu,brain has not been measured directly from NHP. In B Other*—Mitigation of species dependent transporter medi-
ated efflux (e.g., BCRP in monkey),  Kp,uu,brain in other species is being rationally approached rather than experimentally determined, typically 
applying all relevant contextual data, NHP PET receptor occupancy data along with other data is used to infer NHP  Kp,uu,brain, but  Kp,uu,brain has 
not been measured directly from NHP. In D *—There is no clear impact on the number of animals used for each project in isolation. However, 
by enabling better selection of compounds it has increased the probability of success and can therefore be seen as a reduction in animal use. It is 
critical to mention that all procedures performed on animals were in accordance with regulations and established guidelines and were reviewed 
and approved by Institutional Animal Care and Use Committee.
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prioritize compounds with desired  Kp,uu,brain. The latter is 
striking as 72% of the responders use transporter-trans-
fected cell lines (e.g., MDR1 and BCRP-Madin-Darby 
Canine Kidney cells) rather than brain endothelial cell 
culture systems for testing compounds (Fig. 4F), support-
ing the notion that these non-BBB cell systems are robust 
and highly effective screening tools for efflux transporter 
activity that can be translated to in vivo.

As drug discovery programs move towards candidate 
selection and beyond, companies (7/14) may occasion-
ally include higher species (e.g., non-human primates 
(NHP)), in brain exposure studies to probe specific 
questions. The key drivers for inclusion of higher 
(non-rodent) species (Fig. 3B) were better translation 
of human dose-exposure-CNS biomarker-response rela-
tionships and reducing uncertainty related to potential 
species differences in  Kp,uu,brain for projects with CNS 
targets.

Other areas of application include the evaluation 
of CNS off-target (10/14) and CNS on-target (11/14) 
safety assessment. A small number of respondents 
(3/14, Q21) indicated that  Kp,uu,brain is used for assess-
ment of the effects of disease and age on transports at 
the BBB. Several examples were provided where these 
questions had been addressed. For example,  Kp,uu,brain 
was determined in specific pharmacological animal 
models that may inf luence BBB integrity (e.g., drug 
induced seizure animal model or transgenic mouse 
models for neurological applications like Alzheimer’s 
disease), or for a target with known age-dependent 
expression and pharmacological effect in mice. In 
addition, more than half of the responders (64%) have 
utilized transgenic animals to investigate certain BBB 
transport mechanisms or to verify  Kp,uu,brain values 
from other studies (Fig. 3C). Most responders (93%, 
Q22) did not perform any investigation of transporter 
drug-drug interactions at the BBB. This is because 

clinical modulation of eff lux transport by P-gp and 
BCRP at the human BBB is unlikely as supported by 
the international transporter consortium evidence-
based position paper (133).

Finally, 86% of responders (12/14, Q23) typically 
consider the brain interstitial f luid drug concentra-
tion to adequately represent exposure in brain cells. 
Two companies mentioned that additional studies were 
performed to determine  Kp,uu,cell in order to obtain 
intracellular drug concentration. Rightly or wrongly, 
it seems to be a common assumption that unbound 
brain drug concentration in interstitial f luid,  Cu,ISF, is 
a reasonable surrogate for unbound intracellular drug 
concentration,  Cu,ICF. Future research would be impor-
tant to pressure-test this assumption further.

Broad Consensus Around Key Methodological 
Aspects of  Kp,uu,brain Determination

Technical aspects and practices of  Kp,uu,brain determina-
tion using in vivo, in vitro and in silico approaches are 
covered by Q24-40 (S1, S2). Starting with the in vivo 
experimental setups, it was evident that the majority 
of companies employ plasma and brain sampling to 
determine  Kp,brain and correct for binding in plasma and 
brain to obtain  Kp,uu,brain. Only two companies indicated 
the use of brain microdialysis, which is often consid-
ered as the gold standard in  Kp,uu,brain determination. 
This is most likely a consequence of technical chal-
lenges (along with costs) to establish this technique 
and efficiently screen large numbers of compounds. 
The most widespread experimental setup for determin-
ing  Kp,brain assesses AUCs in brain and plasma (13/14 
responders) followed by single time point determi-
nations using steady-state infusion (11/14) and non-
steady state conditions (10/14) (Fig. 4A). In addition, 
brain imaging including PET is also used by 50% of 
responders. In terms of usage of single vs. cassette 
dosing in  Kp,uu,brain determination (Fig. 4B), the sur-
vey results show a split with 43% of the companies 
typically using single compound dosing; while 43% 
sometimes practice cassette dosing. Cassette dosing 
has been investigated previously with rather encourag-
ing results supporting this approach for increasing the 
throughput of compound testing (74, 134, 135). Two 
companies use in vivo cassette dosing as the primary 
means of obtaining  Kp,uu,brain in rodents.

Quest ions  32–34 (S1 ,  S2)  explore  prac t ica l 
opt ions  of  how and when to  conduct   Kp,uu,bra in 
determination in relation to other ongoing in vivo 
activities with the same molecule. About a third of 
the companies routinely measure brain and plasma 
samples in standard PK and PD studies (Q32). The 

Fig. 4  Summary on methodologies used for the assessment of 
 Kp,uu,brain and brain tissue binding (A, B, C, D), status on the internal 
validation of the key methodologies (E) and the usage of the blood–
brain barrier cell culture models by pharmaceutical companies. NB: 
In A §—in preclinical animals followed by binding correction in 
respective tissue; Other*—Plans to do PET imaging for compounds 
in Development, e.g., for compounds targeting brain tumors, Not yet 
broadly implemented. In B §—Determination from animals dosed 
with single compound is typically limited to PD experiments, higher 
species studies or other exceptions. In C Other method*—Muscle to 
brain ratio to estimate efflux at the BBB (132); LIMBA—Lipid mem-
brane binding assay (87); Imaging; Ultracentrifugation and ultrafil-
tration. In E – Other*—validation in characterizing cross-compound 
and cross-series relationship between unbound brain drug concentra-
tion and pharmacodynamic responses measured preclinically. In F 
Other*—No absolute prediction of  Kp,uu performed from cell studies; 
rather qualitative information around in vitro—in vivo efflux correla-
tions.

◂
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majority of companies (70%) obtain brain exposure 
in PD studies from plasma exposure and  Kp,uu,brain 
determined in a dedicated study. In case of a need to 
determine the temporal aspect of CNS exposure in 
pharmacology (e.g., unbound brain concentration at 
specific time-points such as pre-dose trough levels 
in repeat-dose studies),  56% of companies would 
conduct sampling of brain to enable calculation of 
exposure at these time points,  whereas only 35% 
would use the plasma concentration and  Kp,uu,brain 
determined from a separate dedicated study or the 
same study.  For the determinat ion of  brain t is-
sue binding and uptake required for estimation of 
unbound brain drug concentration based on meas-
ured total  concentration, 12/14 companies (Q26, 
Fig. 4C) utilize high-throughput equilibrium dialy-
sis with the brain homogenate method (40, 41). A 
more labour-intensive brain slice assay (24, 67–69) 
is used by only 3 companies.  Interestingly,  7/14 
companies developed and implemented QSAR pre-
dictions for brain tissue binding and uptake. In addi-
tion, some utilize other less common approaches, 
such as a novel assay called LIMBA (lipid mem-
brane binding assay) utilizing porcine brain polar 
lipids (87), ultracentr ifugation and ultrafiltration. 
When estimating the fraction of unbound drug in 
the brain using the brain homogenate method, 64% 
of the companies typically use a single species, e.g., 
rat, and assume species-independent drug brain tis-
sue binding proper ties (Fig. 4D), echoing the key 
findings on the lack of interspecies differences in 
brain homogenates (59, 63).

As might have been anticipated, most companies 
(11/14) had internally validated at least some element 
of  Kp,uu,brain methodology in comparison with pub-
lished literature values with a predominant focus on 
 Kp,uu,brain (27%) and  fu,brain (22%) (Fig. 4E). Only 4 out 
of 14 responders performed validation of  Kp,uu,brain 
via cerebral microdialysis, which again points to the 
technical challenges (including costs) of setting up 
and conducting large numbers of studies employing 
this method. Validation by characterizing cross-com-
pound and cross-series relationships between unbound 
brain drug concentration and PD responses measured 
preclinically has been performed in one company. 
Interestingly, only 4 companies have investigated the 
brain slice assays in relation to the brain homogenate 
method.

Companies generally put emphasis on screening 
compounds for eff lux transport using in vitro mod-
els (e.g., transfected MDCK, LLC-PK1 cells), most 
commonly employing bi-directional transport stud-
ies (97, 98, 106, 107, 136, 137) and more recently 

unidirectional transport with or without transporter 
inhibitors (138). The impact of eff lux transporters 
on brain exposure and  Kp,uu,brain has been well docu-
mented (98, 100, 105–108, 136, 137, 139).  Kp,uu,brain 
models have been developed using eff lux ratios of 
P-gp and BCRP in multiple species, and some are 
comparing to human values of  Kp,uu,CSF or  Kp,uu, brain 
derived from PD effect.

More than half of the companies (56%, Q36) have 
established values for  Kp,uu,brain which are considered 
‘high’ or ‘low’ with rather broad consensus on thresh-
old for high  Kp,uu,brain > 0.3 to 0.5. In general, a com-
pound with  Kp,uu,brain > 0.3—0.5 is accounted as brain 
penetrant considering experimental variability (42). 
This approach could be considered highly effective in 
providing guidance to medicinal chemists in the design 
of molecules with improved characteristics of brain 
penetration. However, whether a given unbound drug 
concentration in the brain is sufficient or not to elicit 
pharmacological activities is dependent on a number 
of additional factors that require more comprehensive 
PK/PD modelling. Nevertheless,  Kp,uu,brain cut-off val-
ues offer an initial calibration of the brain penetra-
tion potential of compounds. In light of the complex-
ity of the question, it is notable that some companies 
consider an acceptable  Kp,uu,brain to be any value that 
allows a desired therapeutic index and dosing regimen.

From the methodological perspective, similar to 
standard drug discovery PK studies, most companies 
(77%, Q38) often do not apply any predefined accept-
ance criteria, such as number of replicates, positive/
negative controls or assessment of uncertainly propa-
gated into the composite  Kp,uu,brain estimate. This is 
consistent with the common practices in that positive 
and negative controls are not typically used in in vivo 
PK or neuroPK studies in drug discovery. Once PK 
procedures and technical details have been established 
with validation compounds, no additional controls are 
added for studying new compounds. This is because 
different animals, formulations, and doses are used for 
new compounds. It is difficult to obtain a true control. 
As such, animals within the group are served as a con-
trol for assay variability. Studies will be repeated if 
variability is too high or abnormal data are observed. 
Typically, two to three animals are used for neuroPK 
studies. Some companies (21%) developed accept-
ance criteria regarding inter-individual variability in 
 Kp,uu,brain determined across three rats. In this context, 
several companies have outlined that a better under-
standing of where the variability comes from in the 
assessment of  Kp,uu,brain is a key question needing fur-
ther attention (Q47).
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Following the trends in predictive sciences, 8 out 
of 14 companies (Q30) have developed and use QSAR 
models der ived by machine learning algor ithms, 
PBPK and other means to predict  Kp,uu,brain from the 
chemical structure and/or physicochemical properties. 
Some responders have developed individual in-house 
in silico models for  fu,brain,  fu,plasma, P-gp and BCRP 
efflux ratios, and passive permeability although these 
separate models have not been combined together and 
validated for the ability to predict  Kp,uu,brain. The in 
silico P-gp and BCRP eff lux ratios have be used as 
an input parameter to predict  Kp,uu,brain (106, 137). 
PBPK modelling for brain tissue with input param-
eters derived from physicochemical properties and/
or in vitro data is a growing field with six companies 
employing this approach. The development of mecha-
nistic mathematical models (e.g., PBPK) is acknowl-
edged as an area requiring further research to improve 
the prediction accuracy (Fig. 6B). Wide applications 

of QSAR and other in silico models in predicting brain 
 Kp,uu,brain,  fu,brain,  fu,plasma, and eff lux by P-gp/BCRP 
are great advancements in the field. They are powerful 
tools to enable medicinal chemistry design to enhance 
or restrict brain penetration prior to synthesis. These 
approaches significantly reduce resources needed for 
in vitro and in vivo assays, cycle times and animal 
usage. As higher quality data become available for 
structurally diverse compounds, the predictability will 
continue to improve. In fact, establishment of truly 
predictable QSAR models has been recognized as an 
important topic for development in the next 15 years 
(Fig. 6C). High quality transporter proteomics data as 
an addition to already existing knowledge (140–143) 
also play a tremendous role in further refining in sil-
ico models in predicting in vivo brain  Kp,uu,brain.

The often-asked question on the appropriateness 
of CSF as a surrogate of unbound concentration of a 
compound in brain interstitial f luid deserves further 

Fig. 5  Overview of portfolio impact of  Kp,uu,brain implementation (A) with outline of the key areas of impact (B) as well as the practice of report-
ing  Kp,uu,brain to regulatory agencies (C). NB: In A (Q41) Other*- We haves struggled with its implementation and are still at stage where its 
implementation is still in its infancy. In B Other*—Not yet sufficient examples.
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clarifications (25, 124, 144–149). Kalvass et al. (133) 
discussed that the matter comes down to whether CSF 
represents the brain interstitium for moderate-to-high 
permeable compounds without major efflux much bet-
ter than for compounds with extensive efflux. The for-
mer is of questionable practical value, since for such 
molecules the unbound plasma concentration would 
be considered adequate to represent unbound brain 
concentration. The above is also ref lected in the sur-
vey results. Collection of CSF in rodents is performed 
occasionally by 57% of responders (Q31), and only 

14% apply it as a common practice. Some companies 
use CSF sampling mainly for large molecules (e.g., 
monoclonal antibodies) or for compounds for which 
no known transporters are involved in transport across 
CNS barriers. It is important to mention that further 
understanding of CSF exposure, also in relation to its 
sampling site, is considered one of the critical aspects 
needed for successful translation from preclinical spe-
cies to patients (Fig. 6B).

Another indirect method for evaluation of BBB-pen-
etration is quantitative whole-body autoradiography 

Fig. 6  Evaluation of the adequacy of the current toolbox for assessment of  Kp,uu,brain in pharmaceutical industry (A), required, yet missing, 
aspects for successful translation of  Kp,uu,brain concept from preclinical animals to patients (B) and the key developments needed in the  Kp,uu,brain 
concept in the coming 15 years (C). NB: In A Not satisfying*- We need a better understanding of unbound intracellular concentrations for the 
cells types of interest (both for efficacy and for safety); We need tools to explain/verify mechanistically unexpected  Kp,uu values. In B §—Gen-
eration of extensive ‘omics’ datasets on interspecies differences in the expression of transporters at the BBB in healthy and pathological condi-
tions; *—Wider implementation of translational brain imaging technologies (e.g. PET) in CNS drug development programs. In C Other*—Gen-
eration of additional  Kp,uu data in higher species (e.g. monkeys, pigs) and human  Kp,uu data. Better understanding of other efflux transporters 
besides P-gp and BCRP, and how these translate to humans; Impact of metabolism in the CNS; Regional differences; Novel uptake mechanisms.
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(QWBA). To understand the general perception of 
QWBA for assessment of BBB penetration in the phar-
maceutical companies, the question was posed as to how 
such data are interpreted and reported for submission to 
regulatory authorities (Q39). QWBA data were gener-
ally judged as qualitative data mainly with the poten-
tial in cases of low/no intensity to suggest poor brain 
penetration. Many companies do not use QWBA data 
for  Kp,uu,brain assessment nor BBB penetration, because 
data represent total drug-related radioactivity includ-
ing parent molecule plus potential metabolites.  Kp,uu,brain 
values have been included in the submission documents 
to regulatory agencies with 57% of the responders 
(Q40) having already done so (Fig. 5C). This inclusion 
of  Kp,uu,brain in regulatory submission documents is in 
relation to PK/PD modelling, pharmacological effects 
and toxicological evaluation as part of the filing pro-
cess of drug candidates included in Investigator's Bro-
chure, Investigational New Drug Applications and other 
documents.

Game‑Changing Impact in Drug Discovery 
and Development

There is strong and consistent testimony in support of 
the positive impact of the  Kp,uu,brain concept on drug 
discovery and development portfolios. Most compa-
nies (11/14, response to Q 41 (S1, S2)) recognize that 
the implementation of  Kp,uu,brain in drug discovery was 
‘game-changing’. Responders were able to provide sev-
eral examples where  Kp,uu,brain methodology has ena-
bled or accelerated project progression by changing 
the course of chemical series development, or enabled 
critical understanding of CNS PK/PD. Details and spe-
cifics of this impact was explored further within the 
group of authors and it became clear that there is a 
spectrum of impact areas and positive outcomes in drug 
discovery and development that are linked to  Kp,uu,brain 
implementation.

Delivering on the early promises of the method-
ology, several authors recognised that  Kp,uu,brain has 
enabled more appropriate selection of compounds for 
progression. The weight of impact seems strongest 
in shaping an efficient workf low in drug discovery 
putting in place an efficient ‘screening cascade’ or 
‘design-make-test-analyse cycle’ wherein in vitro 
methodology such as eff lux ratios in P-gp and BCRP 
transfected cell lines are used for high throughput 
compound profiling. This development would not 
have been possible without the correlation to rele-
vant in vivo data that have been provided by  Kp,uu,brain 

methodology. Furthermore, with confidence in the in 
vitro – in vivo correlation, it is possible to take the 
next steps by considering the results from in silico 
QSAR models, thus, further impacting the molecular 
design process prior to synthesis. These approaches 
already significantly reduce the resources needed for 
in vitro and in vivo assays including animal usage 
and shorter cycle times.

The establishment of the resource efficient process 
described above has required not only technological 
development of in vivo, in vitro and in silico method-
ology, but also the creation of a commonly accepted 
and understood PK/PD framework. This framework 
integrates results from quantitative assays measuring 
drug potency, eff lux transport, metabolic clearance, 
etc. In the context of a broader understanding of target 
engagement requirements for efficacy through a holis-
tic assessment of the molecule’s potential of becom-
ing a drug – culminating in the ‘predicted therapeu-
tic human dose’. This PK/PD based framework and 
specifically the free drug hypothesis, is unquestion-
ably implemented in both CNS and non-CNS drug 
discovery of major pharma companies. It is the view 
of the authors that the early developments of  Kp,uu,brain 
concepts and methods for the brain, having to address 
one of the most complex organs in the body from a 
drug exposure point of view, has effectively served to 
evolve the free drug hypothesis in CNS drug research, 
and paved the way towards using the unbound con-
centrations as driver of PD in quantitative modelling 
of PK/PD relationships. Interestingly, several of the 
authors responded that  Kp,uu,brain concepts and meth-
odology are being applied to other organs and tissues 
such as liver, lung, muscle, heart, adipose, nerve or 
even cells of organs (79, 150–156).

As evident from the discussion above, the role of 
 Kp,uu,brain goes far beyond categorically labelling drug 
molecules as being brain penetrant or non-brain pen-
etrant, extending into areas of predicting clinical effi-
cacy and safety. The responses to Q42 (Fig. 5A) showed 
that a majority of the companies had seen examples 
of portfolio impact in areas of 1) better understanding 
PK/PD relationships, 2) better selection of compounds, 
and 3) quantitative input to the prediction of human 
dose. An illustrative example of impact across all these 
areas is presented as a case example from AstraZeneca 
describing the development AZD1390, a brain pene-
trant inhibitor of ataxia-telangiectasia mutated (ATM) 
serine/threonine protein kinase for the treatment of 
glioblastoma (Box 1).
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AZD1390 - a case example of a discovery project designing in BBB penetrance 

Glioblastoma mul�forme (GBM) is the most common form of primary brain tumour. Pa�ents are difficult 
to treat and with standard of care treatment, which includes surgery plus radiotherapy plus temozolomide, 
median survival is only 12–15 months (157). Radio-resistance in glioma cells is associated with elevated 
levels and ac�vity of ataxia-telangiectasia mutated (ATM) serine/threonine protein kinase, which plays a 
key role in repair of DNA double strand breaks caused by ionising radia�on (IR). ATM inhibi�on has been 
shown to effec�vely sensi�ze cancer cells to irradia�on. Earlier research at AstraZeneca led to the 
discovery of a potent and selec�ve small-molecule ATM inhibitor AZD0156 (158, 159).  However AZD0156 
is a substrate for efflux transporters and so does not readily cross the BBB. The project team therefore 
sought to build from AZD0156 and design BBB penetrance into an ATM inhibitor with the goal to treat 
GBM. 

The strategy taken to design in brain exposure involved having an efflux assay, using a MDCK line 
transfected with both main human efflux transporters (P-gp and BCRP), as our primary BBB assay (76, 77). 
Compounds were screened at 0.1 µM, to mimic physiological concentra�ons, with the aim of iden�fying 
those which were not substrates for efflux transporters i.e., efflux ra�o <2.  Exis�ng QSAR understanding 
from the AZD0156 project was used to guide op�miza�on of the brain penetrant ATM inhibitor together 
with new QSAR developed against the efflux ra�o parameter. Modula�on of the ribose pocket group of 
AZD0156 plus addi�on of a fluorine on the quinoline and increased lipophilicity of the base resulted in 
decreased transporter efflux and lead to the discovery of AZD1390 (efflux ra�o 1.8 c.f. AZD0156 efflux 
ra�o 23) (77). Molecules of interest, which were not efflux substrates in the MDCK-MDR1-BCRP assay, 
were progressed into an in vivo rat Kp,uu,brain study to gain further understanding of brain penetrance (76). 
The rat Kp,uu,brain assay involved dosing 6 rats po at 10 mg/kg and sampling brain and plasma across a �me 
course from 0 to 16 h (Kp = AUCbrain/AUCplasma).  Kp,uu was then derived by applying rat brain slice binding 
and rat plasma binding to Kp,brain. In the case of AZD1390 rat Kp,uu,brain was 0.17. As a moderate Kp,uu,brain in 
rat i.e., between 0.05 and 0.3, AZD1390 was further profiled in a rat P-gp transfected cell line LLC-PK1-
rMdr1a which indicated it was a rat efflux substrate (efflux ra�o 3.2)(77).  In an in vivo rat study plus/minus 
the transporter inhibitor elacridar greater brain levels with elacridar than without also confirmed AZD1390 
was a substrate for rat transporters. A PET Kp,uu,brain study was subsequently undertaken in cynomolgus 
macaques with AZD1390  and AZD0156 to further assess likely brain exposure in the clinic (76, 77). Figure 
B1 reveal that AZD1390 has good brain exposure (Kp,uu,brain 0.33) in contrast to AZD0156. 

Figure B1. Color-coded PET images showing the distribu�on of radioac�vity in the macaque brain following 
administra�on of microdoses of [11C]AZD1390 and [11C]AZD0156. The images represent average 
radioac�vity from 5 to 123 min a©er injec�on. Image intensity is displayed as (SUV), corresponding to local 
radioac�vity concentra�on normalized for injected radioac�vity and body weight. Both ATM compounds 
were administered to the same monkey on the same day. Radioac�vity versus �me profiles represent 
averages across five and three independent macaque studies for AZD1390 and AZD0156, respec�vely (77).
©The Authors, some rights reserved; exclusive licensee American Associa�on for the Advancement of 

Science. Distributed under a Crea�ve Commons A®ribu�on Non Commercial Licence 4.0 (CC BY-NC) 
h®p://creativecommons.org/licenses/by-nc/4.0/

Studies of AZD1390 plus IR in lung-brain metasta�c mouse models (orthotopic lNCI-H2228) showed a
rela�onship between the unbound brain levels, inhibi�on of ATM and tumour regression (77). Efficacy of
AZD1390 plus IR was also observed in a syngeneic mouse model of GBM (77). Results from the INCI-
H2228 study together with predic�on of human PK and Kp,uu,brain from macaques PET enabled a
mechanis�c model to be built and predic�on of the op�mal dose required of AZD1390 with radia�on to
treat GBM tumours (159).
AZD1390 is currently undergoing tes�ng in combina�on with IR in phase I clinical trials in pa�ents with
GBM. Recent PET results in healthy volunteers given a micro dose of [11C]AZD1390 are consistent with
earlier observa�ons in macaques confirming that AZD1390 is brain penetrant with Kp,uu,brain 0.24 (84).
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During the preparation of this manuscript, it became 
known that pharmaceutical companies are now beginning 
to include  Kp,uu,brain data in regulatory submissions, which 
in consideration of the inertia of the regulatory landscape, 
testifies to the impact  Kp,uu,brain is having. The emerging 
inclusion of  Kp,uu,brain data in regulatory submissions likely 
reflects how the parameter is linked to the assessment of 
CNS safety in early clinical trials where regulators increas-
ingly request the details underpinning the predicted thera-
peutic dose and MABEL, i.e., Minimal Anticipated Biologi-
cal Effect Level (161).

Future Perspectives

Although, 10 out of 14 responders evaluate the adequacy of the 
current toolbox for  Kp,uu,brain assessment and its validation as 
satisfactory for early drug development, seven responders indi-
cate that the throughput is still a limiting factor (Fig. 6A). Only 
2/14 specify that implementation of the concept for late drug 
development requires additional validation. Among the aspects 
that are considered to be non-satisfactory, responders mention 
a better understanding of unbound intracellular concentrations 
for the cells types of interest (both for efficacy and for safety) 
and a need for tools to explain/verify mechanistically unexpected 
 Kp,uu,brain values.

It seems that pharmaceutical companies have rather simi-
lar opinions regarding the required, yet missing, aspects for 
successful translation of the  Kp,uu,brain concept from preclini-
cal species to patients (Fig. 6B). Generation of extensive 
‘omics’ datasets on interspecies differences in the expression 
of transporters at the BBB in healthy and pathological condi-
tions linked to establishment of a relationship between the 
level of the expression of the specific transporter at the BBB 
and  Kp,uu,brain are thought to be one of the critical aspects. 
Understanding regional differences in  Kp,uu,brain (also via 
deepening the knowledge employing ‘omics’ technologies) 
and their impact on the translation of data from preclini-
cal systems also needs attention. Wider implementation of 
translational brain imaging technologies (e.g., PET) in CNS 
drug development programs has already been designated as 
an essential part for the translation.

When considering future perspectives related to the 
 Kp,uu,brain concept, responders indicated the following areas 
that require attention in the coming 15 years (Fig. 6C):

• Expansion of the concept towards large molecules includ-
ing therapeutic antibodies (12/14)

• Advance of translational PBPK models (9/14)
• Establishment of truly predictable QSAR models (9/14)
• Establishment of clear guidance on  Kp,uu,brain assessment 

from regulatory agencies (6/14)

Concluding Remarks

In the process of authoring this review, experts representing 15 
pharmaceutical companies have come together to discuss and 
reflect upon the impact of the  Kp,uu,brain concept in drug discov-
ery and development. A story has emerged describing a grass-
root driven implementation of the concept which has developed 
and matured into remarkably similar approaches between the 
companies, now strongly impacting on the workflows of drug 
design and translation to patient. Challenges ahead are generally 
recognized to connect with the lack of human  Kp,uu,brain data 
to better understand the magnitude of impact of species differ-
ences in transporter expression and function. Hence, genera-
tion of additional  Kp,uu,brain data in higher species (e.g. monkeys, 
pigs) and humans is critical. In this regard, an open exchange of 
all involved stakeholders (e.g., academia, industry, regulators) 
with regards to best practices, case examples and pitfalls would 
be invaluable. Education around the  Kp,uu,brain concept has also 
been highlighted as one of the critical aspects. In fact, transfer 
of this knowledge to clinical development experts, clinicians as 
well as regulators may further facilitate CNS drug development 
still suffering from comparatively high attrition rates.
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