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MOTIVATION

The cost of developing drugs is rising rapidly (currently esti-

mated at >$1.8 billion per newly approved drug1); a prob-

lem that is not new to the pharmaceutical industry as other

reports show a decline in the number of new drug appro-

vals per dollar spent over the last decades.2 Approximately

90% of investigational drugs fail before being approved for

use in patients, mostly attributed to either lack of efficacy or

to drug-induced safety issues.3 Considering the increase in

drug development costs and drug attrition rate, it was evi-

dent that new approaches were needed to expedite the

drug development process and improve probability of suc-

cess of new drugs in terms of clinical efficacy and safety.

Interestingly, cumulative success rates as well as the over-

all pipeline quality have started to improve since 2012.4

Nevertheless, of all the factors that impact the overall cost

of drug development, the most important one is still the

poor success rate in the phase II proof-of-concept study.4

The Critical Path Initiative led by the US Food and Drug

Administration5 proposed the utilization of model-based

approaches to improve drug development knowledge man-

agement and decision making. The concept of quantitative

model-based drug development had been introduced

already some time ago through the “learn-confirm para-

digm” proposed by Sheiner6 in 1997 and its application in

drug development evolved over the last decades.7,8 A sur-

vey conducted in 2014 by the preclinical Pharmacokinetics/

Pharmacodynamics (PK/PD) Discussion Group assigned

by the Drug Metabolism Leadership Group (DMLG) within

the International Consortium (IQ) for Innovation and Quality

in Pharmaceutical Development revealed that preclinical

PK/PD modeling is widely used in the pharmaceutical

industry, enabling the selection and optimization of human
doses and/or dose regimens, including prediction of human

efficacious doses.9 Although PK/PD modeling approaches

have proven invaluable, their utility in translating biological

effects between species and their ability to rigorously

assess the mechanism of action of novel drugs is limited.10

Because most current drug-discovery efforts are targeted

toward complex diseases, understanding the pathophysiology

at a systems level has been recognized as an important aid

in target validation, biomarker selection, (pre)clinical study

design, and patient stratification aimed at achieving higher

success rates in clinical trials.11 The growing interest in a

more quantitative systems approach to assess drug disposi-

tion and drug action has been emphasized through: (1) vari-

ous consortiums, white papers, working groups, conferences,

or webinars focusing on quantitative and systems modeling

(e.g., the Certara’s Immunogenicity consortium; the Quantita-

tive Systems Pharmacology (QSP) Workshops organized by

the National Institutes of Health (NIH) in 2008 and 2010; the

Rosa’s Worldwide Webinar Series; the QSP Webinar orga-

nized by the IQ CPLG; the International Society of Pharma-

cometrics (ISoP) QSP Special Interest Group; the QSP

sessions at the American Conference on Pharmacometrics,

Discovery on Target, and QSP topics organized by the

American College of Clinical Pharmacology (ACCP), the

American Association of Pharmaceutical Scientists (AAPS)

Quantitative Pharmacology Task Force, the American Soci-

ety for Clinical Pharmacology and Therapeutics (ASCPT),

and many more12); (2) systems and mathematical-based
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training programs13; (3) industry examples of QSP based
modeling14–16; and (4) acceptance of QSP models by
regulators.17–19

Although there is increasing interest in QSP within the
biopharmaceutical industry with a growing number of efforts
since 2005, its role in research and development (R&D)
has not yet reached its full potential,20 including its use
within the preclinical phase. From the preclinical PK/PD
survey,9 it can be concluded that the consistent use of
more complex models, including systems pharmacology
models, was less common compared to traditional PK/PD
models. To better understand the current landscape in pre-
clinical QSP modeling and to stimulate the exchange of
knowledge in QSP practices across the biopharmaceutical
industry, a preclinical QSP working group within the IQ
DMLG was formed in 2016, consisting of representatives
from 17 pharmaceutical companies, ranging from small bio-
technical to large pharmaceutical. The objectives of the
preclinical QSP working group were to understand current
challenges, barriers, and opportunities for preclinical QSP
modeling within R&D, as well as evaluate the organizational
structures of preclinical QSP modelers within the industry
and their interface with other functional experts across R&D
and regulatory agencies. Therefore, a survey was con-
ducted across 50 pharmaceutical companies in the first half
of 2017. During preparation of the survey, it became appar-
ent within the QSP working group that there was no clear
definition for QSP, probably due to the fact that QSP is a
newly emerging discipline and, therefore, its terminology is
currently used in a broader sense. Given that a variety of
QSP definitions were expected to coexist in the field, a
“Terminology” section was included in the current survey to
collect opinions from industrial scientists. However, to align
specific survey questions around a single definition, the
working group reached consensus that QSP is a quantita-
tive or computational framework to support translational
drug discovery and development by integrating knowledge
on biochemical, biological, physiological, pharmacological,
and clinical systems.

This article presents the survey results, which provides
insights on the current state of preclinical QSP modeling
within the pharmaceutical industry, including future opportu-
nities as well as barriers that may impede its broad use in
an impactful manner.

SURVEY APPROACH

The results presented in this communication were obtained
by conducting an industry-wide survey of pharmaceutical
companies, with the majority being members of the IQ Con-
sortium. Survey questions were provided and edited to their
final form by members of the DMLG QSP Working Group of
the IQ Consortium. The IQ Consortium is an organization of
pharmaceutical and biotechnology companies with the mis-
sion of advancing science-based and scientifically driven
standards and regulations for pharmaceutical and biotech-
nology products worldwide. The types of questions included
single and multiple choice (select all that apply or select
your top five answers). The final survey consisted of 42

questions aimed to gather information in 6 different areas:
demographics, terminology, organizational structure, operat-
ing logistics, applications, and impact/perspectives. In some
instances, questions had a certain degree of overlapping
information but were collated in the area that provided the
best context to the question. “Demographics” questions pro-
vided information about the general characteristics of the
pharmaceutical companies and the composition of the groups
responsible for preclinical QSP modeling. “Terminology” ques-
tions provided information of definition and usage of the term
“QSP.” The “Organizational structure” questions focused on
gathering information regarding how preclinical QSP groups fit
within the organizational structure of various pharmaceutical
companies. “Operating logistics” questions provided informa-
tion on practical operational aspects of preclinical QSP
modeling groups, such as timing, information transfer/collab-
oration, data used in QSP modeling, and model development.
“Application” questions gathered information on how preclini-
cal QSP modeling is being utilized in each company and in
which therapeutic areas. Finally, “Impact/perspectives” ques-
tions assessed how preclinical QSP modeling is perceived
within each company, its place in the company’s decision-
making processes, its impact on project progression, and the
challenges for implementation of preclinical QSP modeling
throughout the drug discovery and development process.
Mindful that QSP modeling could be defined in a variety of
different ways, the survey provided participants with the fol-
lowing general definition of QSP modeling: “As a general
guideline, please consider QSP as a quantitative or compu-
tational framework to support translational drug discovery
and development by integrating knowledge on biochemical, bio-
logical, physiological, pharmacological, and clinical systems.”

The survey was conducted using an online questionnaire
and survey software (SurveyMonkey; www.surveymonkey.
com) and sent to representatives of 50 pharmaceutical
companies. Each representative was responsible for provid-
ing responses that were reflective of the company as a
whole, because only one response was collected from each
company. The collection of responses occurred over �3-
week period (April 21, 2017, to May 12, 2017). All
responses to the questionnaire were kept anonymous. Data
analysis was performed using Matlab (The Mathworks),
Spotfire (TIBCO Software), and Microsoft Excel (Microsoft,
Redmond, WA), whereas graphs were generated using
Microsoft Excel. Correlation analysis was performed across
questions to find any trends (e.g., data analyses were per-
formed to see if the company size impacted the survey
responses). Data analyses that considered company size
compared pharmaceutical companies with the original des-
ignations (<500; 500–2,000; 2,001–10,000, or >10,000
employees) or simplified the designation to small (<2,000
employees), medium (2,000–10,000 employees), and large
(>10,000 employees). If the respondent skipped a ques-
tion, the company that the respondent represented was
excluded from the total respondent count in the data analy-
sis of the question and subsequent analyses. Finally, the
authors reviewed survey responses as a group and pro-
vided potential reasons as to why certain trends were
observed. These thoughts have been included in this article
and may result in a certain level of bias in the discussion of
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survey results. However, the authoring group is a reason-

able representation of individuals involved in preclinical

QSP modeling across the pharmaceutical industry so these

opinions should provide a realistic context to the survey

results.
All survey questions and responses are presented in

Supplementary Table S1.

Demographics
There were a total of 33 responses to the survey with rep-

resentation from a wide range of pharmaceutical compa-

nies. Of the 33 respondents, 12 (�36%) were from large

pharmaceutical companies (with >10,000 employees), 11

(�33%) from medium-sized companies (2001–10,000

employees), and 9 (27%) from small pharmaceutical com-

panies (<2,000 employees); 1 respondent did not select a

company size (Supplementary Figure S1). Half of the com-

panies (�53%) develop both small molecule and biologics

therapies, whereas 41% focus primarily on small molecules

and a small fraction (6%) primarily on biologics. Within

these companies, oncology, neuroscience, and autoimmune

disorders are the major therapeutic areas of focus with

58%, 67%, and 55% of respondents, respectively. Other

therapeutic areas of focus included infectious diseases, car-

diovascular diseases, metabolic disorders, as well as rare

diseases.

Terminology
There is a wide variation in the responses around the use of

QSP modeling as well as the understanding of its definition.

A significant number of companies (�27%) responded that

they do not use the term QSP to describe any of their

modeling, suggesting that, currently, QSP is not established

in one third of pharmaceutical companies (Figure 1a). Inter-

estingly, this observation was found to be inversely corre-

lated to the size of the companies, varying from �17% in

Figure 1 Quantitative systems pharmacology (QSP) modeling definition and resourcing. Use of QSP modeling across all surveyed
pharmaceutical companies (a) show a significant number of companies (27%) do not use the term QSP to describe any of their model-
ing activities. When stratified based on company size (b) mid to large pharmaceutical companies were more likely to describe some of
their modeling activities as QSP; however, the majority of companies, independent of size, had a loose definition of QSP. (c) A positive
correlation was demonstrated between company size and QSP modeler full time equivalent (FTE) employee resource. (d) Departmen-
tal distribution of preclinical QSP modelers. Company size is defined as: small 5<2,000 employees; medium 5 2,000–10,000; and
large 5>10,000 employees. DMPK, drug metabolism and pharmacokinetics; M&S, modeling and simulation.
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large pharma to nearly 50% of all small companies indicating

that they do not use QSP modeling (Figure 1b). These

results suggest that larger companies have more resources

and/or motivation to implement QSP approaches, which is

reflected in Figure 1c. Among the companies that use QSP

modeling, only 25% (6 of 24, green areas in Figure 1a,b),

responded that it is clear which models are considered QSP

and which are not. Interestingly, those respondents with a

clear understanding of QSP modeling selected a variety of

modeling approaches (Figure 2) similarly to companies in

which QSP modeling is perceived as loosely defined. The

majority of companies (20 of 24) that use QSP modeling

consider comprehensive models of biological/therapeutic

mechanisms and mechanism-based pathway or signal trans-

duction models as QSP models (Figure 2). As highlighted

above, a lack of consistent definition of QSP is apparent

because many companies also consider mechanistic PK/PD

(�79% of respondents) and physiologically based pharma-

cokinetic (PBPK; �50%) as QSP models. This uncertainty is

consistent across pharmaceutical companies of different

sizes (equal contribution from all companies in choosing

PBPK and PK/PD as QSP models) and highlights the need

for better education and definition of QSP in the modeling

community and beyond.

ORGANIZATIONAL STRUCTURE

For the majority of companies, preclinical QSP modelers

report into drug metabolism and pharmacokinetics (DMPK;

58%) and/or preclinical PK/PD modeling groups (42%),

whereas a minority responded that preclinical QSP modelers

also reside in the clinical pharmacology (29%), computa-

tional biology/bioinformatics department (17%), or discovery/

biology department (8%) (Figure 1d). Eighty percent of the

companies in which QSP modelers report into preclinical

PK/PD modeling groups is large pharmaceutical companies.

This observation is reasonable as large companies either

have separate preclinical modeling groups or preclinical

modeling groups that report into DMPK (Schuck et al.,9

2015). In addition, the survey results show that modeling

roles are not separated but rather combined with other func-

tional roles. In addition to full-time QSP modelers, 83% of

companies reported to have part-time QSP modelers with

additional responsibilities, such as DMPK, preclinical PK/PD,

clinical pharmacology, and pharmacometrics.
Additionally, most organizations had QSP modelers cen-

tralized (42%) and only a small fraction (17%) reported that

QSP modelers were either divided into therapeutic areas or

different geographic regions. In line with the organization

Figure 2 Modeling approaches considered as quantitative systems pharmacology (QSP) Models. Response patterns were compara-
ble between Pharmaceutical companies with a clear and loose definition of QSP, highlighting the need for better education and defi-
nition of QSP in the modeling community. ODE, ordinary differential equation; PBPK, physiologically based pharmacokinetic; PK/PD,
pharmacokinetic/pharmacodynamic.
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structure, the academic background of QSP modelers is
also diverse (Supplementary Figure S2). A significant
proportion of modelers have a classical pharmacokinetic/
pharmaceutical background followed by engineering, com-
putational biology/bioinformatics pharmacology, and mathe-
matics expertise.

As expected, the resourcing of QSP (as measured by full
time equivalent (FTE) employees) was well correlated with
the size of the company (Figure 1c). Seventy percent of
large pharmaceutical companies that utilized QSP modeling
responded to have either 6–10 or >10 FTEs committed
for QSP modeling. By contrast, seven of eight medium-
sized and four of five small companies reported a resource
commitment of less than or equal to two FTEs for QSP
modeling. In terms of work load, the majority of companies
(46%) responded that two QSP projects are supported per
FTE. Interestingly, no correlation was observed between
companies’ definition of QSP modeling vs. FTE spending
per project. Almost all companies reported that less than
four QSP projects are supported per FTE, which is reason-
able because QSP models do need significant time for
development.

When asked if QSP modelers interact with projects in a direct
or indirect manner, only 29% reported that QSP modelers were

delegated exclusively to a service provider role. The remain-

ing 71% of companies responded that the QSP modeler

was, at least in some instances, an integral member of the

project team. From this fraction, only 21% of the companies

report that QSP modelers are always an integral project

team member, whereas for others it depends on the project

or the development stage.

OPERATING LOGISTICS
Timing
The survey sought to identify the stage at which companies

initiated preclinical and/or clinical QSP modeling efforts.

Based on the survey results it is clear that companies initi-

ate QSP modeling efforts at various stages throughout the

drug discovery and development process with nearly half

(48%) of respondents selecting three or more stages for ini-

tiation. With regard to the specific stage, over half of the

respondents (65%) indicated that QSP model development

is initiated prior to clinical candidate selection (CCS), with

39% of respondents initiating QSP modeling as early as

target validation, and 52% initiating at lead identification

and/or lead optimization (Figure 3a). Only three companies

indicated that QSP efforts only start at the target validation

Figure 3 Quantitative systems pharmacology (QSP) model initiation by stage of drug discovery/development. (a) The QSP models are
being implemented across all stages of drug discovery/development. (b) Three companies are implementing QSP modeling at the tar-
get validation stage only, whereas 20 initiate at clinical candidate selection (CCS) or later. Of those 20, 60% also have activities prior
to CCS. Those who only initiated QSP at CCS or later were examined further to understand the role of PBPK and FIH support. (c) In
these cases, all considered mechanistic physiologically based pharmacokinetic (PBPK) as a type of QSP model, suggesting that QSP
may be used in clinical dose prediction or related pharmacokinetic questions. This hypothesis may be strengthened by the fact that
seven of the eight responders also sited that QSP modeling was used to support first-in-human (FIH) studies.
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stage (Figure 3b). The majority of respondents (20 of 23;

87%) indicated that QSP modeling is sometimes initiated at

the time of CCS or later, but most of these companies

(n 5 12) also initiate QSP efforts earlier (Figure 3b). Eight

respondents (35%) indicated that QSP activities are not ini-

tiated prior to CCS (Figure 3b). The latter eight companies

consider mechanistic PBPK or PK/PD as a type of QSP

model and seven use QSP modeling to support first-in-

human (FIH) studies (Figure 3c) . The latter may reflect

the use of PBPK and mechanistic PK/PD at later stages of

preclinical drug discovery. Overall, it can be concluded that

most companies start QSP modeling before the selection of

clinical candidates (15 of 23), emphasizing the emerging

direction of the preclinical QSP field. Only one company indi-

cated that they only have clinical QSP modeling activities.

Information transfer/collaboration
The survey explored how and when preclinical QSP models

are shared internally and/or externally. The QSP models

are most often shared as commercial code (e.g., Matlab

scripts), followed by mathematical descriptions and open

source code and less through markup languages, such as

SBML or CellML (Supplementary Figure S3a). This may

reflect (1) internal efficiencies achieved by directly sharing

models; (2) the historical preference for publications to use

mathematical descriptions when sharing information exter-

nally, and (3) the preference to accommodate broad use

that is independent of the modeling platform. Interestingly,

for companies that had a gradual handoff of the QSP

model between preclinical and clinical modelers, there was

a greater use of mathematical descriptions. No companies

indicated that they have shared databases or official hand-

offs of QSP modeling activities that end the involvement of

the preclinical modelers. Instead, companies either do not

have separate preclinical and clinical QSP modelers, pre-

clinical and clinical QSP modelers work together collabora-

tively, or they do not have a formal process in place for

knowledge transfer, which implies in the latter case that a

more fluid and fit-for-purpose (FFP) approach is taken. For

those companies with a formal handoff process, this occurs

prior to investigational new drug (IND)/First in Human. With

regard to the software tools used for QSP modeling, there

was no clear standout, with similar responses for specialized

systems modeling tools, general engineering/computational/

Figure 4 Quantitative systems pharmacology (QSP) model scope, size, and development time. (a) No companies are solely using plat-
form models. (b) Model size/complexity was assessed based on the number of model variables. Fit-for-purpose models (orange bars)
tend to be smaller in size compared with models being developed by companies implementing fit-for-purpose and platform models (red
bars). (c) Model development time is evenly distributed for fit-for-purpose models, whereas responders who are working on both types
of models have a greater emphasis on longer development timelines.
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statistical languages, and PK/PD software (79%, 71%, and

63% of respondents, respectively). Approximately half the

respondents indicated they use PBPK and population PK/PD

tools (Supplementary Figure S3b). This is reflective of the

wide variety of models defined as QSP models (Figure 2) and

the diverse backgrounds of QSP modelers (Supplementary

Figure S2).

Data
With regard to input data, the survey specifically examined

the utilization of omics data in preclinical QSP models,

whereby “omics” could reflect genomics, transcriptomics,

proteomics, metabolomics, or physiomics. Despite the

broad inclusion of diverse omics technologies, the results

suggest that this type of data are rarely used in QSP

modeling, which may be reflective of the challenges associ-

ated with proper integration of omics data into a QSP

modeling framework and highlights a future development

opportunity for QSP models. A recent Frontiers Research

Topic was initiated in this area21 and provides examples of

ongoing efforts.22 Similar to omics, gene level data have

limited usage in QSP models. However, preclinical QSP

models are being developed at a variety of different biologi-

cal scales, including pathways, organelle, and cellular levels

to tissue/organ as well as whole body and patient popula-

tion, which again highlights the diversity of QSP models.
In addition to exploring the use of omics data, the survey

identified another potential missed opportunity in that experi-

mental data solely for the development of QSP models are

not routinely gathered. Experimental data can be critical for

confirmation of mechanistic understanding and parameter

identification. Although 50% of respondents suggested that

this is sometimes performed, only 8% suggested that it is

done often and >30% of respondents rarely or never under-

take experiments solely for the QSP modeling activities.

Larger companies may have more flexibility and infrastruc-

ture to execute additional experimental studies, as indicated

by 7 of 10 large companies selecting “sometimes” to this

question.

MODEL DEVELOPMENT

The survey suggests that model complexity is not a major

contributor to the classification of QSP models because

respondents indicated that a typical preclinical QSP model

has variables below 20 to beyond 100 and anywhere in

between. This is consistent with the type of QSP models

companies are developing, whereby a third of respondents

are creating FFP models and the other two-thirds are

developing both FFP and platform models (Figure 4a). No

companies are investing in platform models only. This may

be driven in part by the need to impact project decisions in

a timely manner, which would be best achieved with an

FFP model. In the long term, the learnings from FFP mod-

els originally developed for individual projects can be inte-

grated into a platform framework. Figure 4b illustrates that

FFP models more often include fewer variables than those

developed by companies doing both FFP and platform

models. In addition, although model development time

ranges from short to long for FFP models, in companies

that develop both types of models, we see an increasing

number of responses reflecting a longer development time,

which may be attributed to the platform efforts undertaken

by these companies (Figure 4c). There was no obvious

trend in the time taken to develop a QSP model and com-

pany size. In terms of how a company develops a QSP

model, there was a fairly even distribution of responses for

a variety of in-house and external processes, including col-

laborations with academics and contract research organiza-

tion (CRO) involvement. No clearly preferred method was

selected to assess QSP model quality or reliability. Most

often it seems to be performed using validation simulations,

sensitivity analyses, and biological plausibility by nonmodel-

ers, followed by diagnostic plots and statistical tests, uncer-

tainty quantification methods, and assessment by other

modelers (Supplementary Figure S4).

APPLICATIONS

In terms of the purpose of preclinical QSP modeling, the

most common responses refer to hypothesis generation,

prediction of clinical efficacy, optimization of clinical proof-

of-concept doses or regimens, biomarker identification/

translation, and compound selection (Supplementary

Figure S5). This suggests that, in addition to traditional

PK/PD approaches, companies are striving for more biolog-

ically informed predictions utilizing QSP approaches, by

exploring mechanism of action and biomarkers related to

compound pharmacology and disease. In addition to the

use of QSP modeling for clinical efficacy predictions, only

25% of the companies apply QSP for the assessment of

safety, which highlights a future opportunity. Another missed

opportunity is the use of QSP modeling in decision making,

as only 33% highlighted that an internal go/no-go decision

includes QSP support. There is also room for a more

Figure 5 Current and future impact of quantitative systems phar-
macology (QSP) across therapeutic areas (TAs). As indicated by
the horizontal positioning of the circles, neuroscience, oncology,
and autoimmune disorders are the three TAs with the most
investment across responding companies. Oncology and autoim-
mune disorders have a greatest current support by QSP activi-
ties (vertical position), whereas neuroscience is similar to other
TAs. However, neuroscience is expected to have the most
growth in QSP modeling support in the next 5 years (size and
color of circle), followed by continued investments in oncology
and autoimmune disorders.
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significant impact of QSP in target identification/validation
and to address questions regarding unexpected PK/PD rela-
tionships or special population, as it is applied for these pur-
poses in only 25% of the companies. An illustrative example
in which QSP modeling could address an unmet need and
influence decisions is rational drug combinations. For exam-
ple, combination therapy in oncology is becoming common
practice, yet the field struggles with sequencing and regimen
questions as well as prioritization of the most promising
combination studies.23,24 Given its mechanistic nature, pre-
clinical and clinical QSP modeling has the potential to
meaningfully impact rational drug combination strategies,
which cannot be fully evaluated in humans using empirical
approaches. It is encouraging to see that several QSP mod-
els have recently been developed to address questions in
this space.25,26

With regard to QSP modeling support across therapeutic
areas (TAs), half of the respondents indicated that QSP

modeling is broadly applied to various disease areas,
whereas the other half indicated a limited application to only
one or two TAs. Oncology and autoimmune disorders are
the top two TAs in which QSP modeling currently provides
the most support (12 of 24) and are expected to garner even
more support in the near future (15 of 24), which is consis-
tent with the finding that these two TAs are significant areas
of focus across the respondents’ organizations (Figure 5).
Although neuroscience is indicated as the top focus area for
the majority of responding companies (22 of 33), it ranked
very low in terms of current QSP modeling support with only
four respondents (17%) currently applying QSP modeling in
this area. However, it is encouraging that future QSP invest-
ments in neuroscience should increase with twice as many
respondents (33%) selecting it as one of the TAs with the
most potential for QSP modeling impact in the next 5 years.

Infectious disease is indicated as the TA with the least
QSP modeling support (only 2 of 24) and low future

Figure 6 Preclinical quantitative systems pharmacology (QSP) impact. (a) The majority of surveyed companies see that preclinical
QSP is important/impactful, although nearly 60% selected it as being only somewhat impactful. Small 5<2,000 employees,
medium 5 2,000–10,000; and large 5>10,000 employees. (b) Two-thirds of respondents indicated that QSP modeling had a positive
impact on team communication/alignment. The bottom panels show the number of projects positively impacted per year segmented by
(c) the year QSP was initiated and (d) number of full time equivalent (FTE) employees assigned to QSP within the company.
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potential (only 3 of 24), despite the fact that it is the focus

area for 30% of the responding companies. Potentially, this

can be related to the fact that conventional PK/PD

approaches and measurements (such as the time of free

concentrations exceeding minimum inhibitory concentration)

are widely applied and successful to guide study designs

and the decision making process for infectious disease

therapies.
The answers around future potential are largely consis-

tent with those related to current QSP activities across ther-

apeutic areas, implying that the companies are likely to

continuously expand their efforts in certain TAs in which

they have already seen the benefits.

Impact/perspectives
Half of the responding companies indicated that preclinical

QSP was first explored between 2011 and 2015, whereas

25% indicated to have initiated efforts between 2005 and

2010, and 2 of 24 responding companies indicated having

started already prior to 2005 (Supplementary Figure S6).

Not surprisingly, the two companies with the longest experi-

ence with QSP were both large companies. Only 4 of the

24 companies have <2 years of experience with QSP.

Among the companies that indicated a late start (2016–
2017), two were mid-sized and one was a large company.

Based on the responses in this survey, QSP modeling

does not seem to be included routinely in regulatory sub-
missions, as most respondents indicated “Rarely” (29%)

and “Never” (46%), whereas only 17% and 8% answered

“Frequently” or “Sometimes,” respectively (Supplementary
Table S1). For the latter companies, the main purpose for

the inclusion of QSP modeling in regulatory documents
seems to be related to the human efficacious dose predic-

tion (67%), and to a lesser extent to the assessment of

safety (29%). One company indicated that the QSP model
was included as sole supporting evidence in the submis-

sion. There are no clear correlations between company
size and QSP model inclusion in regulatory submissions,

except that most companies selecting “Frequently” are

small to medium-sized (500–10,000 employees) and not
large. Correlation analysis between the QSP definitions and

frequency of QSP model submission revealed no significant
trends. For example, for those selecting “Frequently” or

“Sometimes” answers, their definitions of QSP models are

Figure 7 Reasons for successful (a) or failed (b) quantitative systems pharmacology (QSP) impact. Responses are listed vertically in
descending order from most cited to least cited and are further segmented by the frequency with which QSP work makes it into regula-
tory submission documents.
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not biased in favor of PBPK modeling but approximately
evenly distributed over all model types.

The QSP modeling is thought to be impactful by the
majority of the respondents (21 of 24; Figure 6a), although
nearly 60% selected it as being only “somewhat important/
impactful,” leaving room for future improvements. For 16 of
the 24 respondents, QSP modeling has had a “positive
impact” on team communication/alignment. As expected,
impact seems to correlate somewhat with the length of time
in which the company has been involved in preclinical QSP.
The majority of the companies indicating a positive impact
have been involved in QSP for at least 6 years (prior to
2011), although 3 companies with positive impact only had
experience with QSP modeling for 1 year (Figure 6b). The
number of projects for which QSP has had an impact
seems to correlate, to a certain degree, with the initiation of
QSP support, as most of the respondents that indicated at
least five projects are impacted per year started QSP
modeling before 2011 (Figure 6c). Companies stating that
zero projects were impacted by QSP only started QSP
modeling in the last 6 years, suggesting that a time frame
of at least a couple of years is necessary to show signifi-
cant impact. In addition, companies with larger numbers of
FTEs dedicated to QSP modeling reported higher number
of projects being impacted per year (Figure 6d). No clear
correlations are visible between the number of impacted
QSP projects and the therapeutic area.

To better understand how companies describe a success-
ful outcome, a portion of the survey questions were related
to reasons for perceived successes (Figure 7a) or failures
(Figure 7b) of QSP modeling activities across pharmaceuti-
cal companies. One of the leading reasons for successful or
failed QSP applications is whether timely delivery of results
or timely project impact can be achieved. Although this
response is not unexpected, previous survey responses indi-
cate that it can take a long time to develop QSP models,
which stresses the importance of proper planning and estab-
lishing proper expectations with the project teams regarding

deliverables and timelines. In addition, 16 of 24 respondents

indicated that clearly defined problems with an intended

scope is a top reason for success, whereas lack of interest

from management and delayed or insufficient modeling sup-

port are the main reasons cited for failures. The latter sug-

gests the need for more QSP resources, funding, and/or

expertise in companies to ensure timely and high quality pro-

ject support to increase the impact and value of QSP model-

ing in the drug development process.
To get a flavor for the expected trends in future QSP

modeling support within the pharmaceutical industry, the

survey also included questions around anticipated hiring

and training efforts. Overall, the companies that currently

conduct QSP modeling are expected to maintain or increase

their QSP modeling team size as the majority of the

respondents foresee an increase (14 of 24) or no change (9

of 24) in the hiring, whereas only one respondent expects a

decrease in the QSP headcount. The distribution of choices

is consistent across companies with different sizes. In terms

of future training opportunities, the top areas selected by all

companies are: “systems biology/physiology,” “PBPK/PD,”

“population PK/PD,” “relevant biological/physiological/

pathological/pharmacological systems,” “mathematics, sta-

tistics, engineering, or physics concepts,” and interestingly

“soft skills” (Figure 8). The selection of these top areas

for training opportunities is largely consistent with the obser-

vation that most companies consider QSP models as com-

prehensive, mechanistic models of biological systems,

pathways, and therapeutic mechanisms. Interestingly, the

smallest companies (<500 employers) do not see a need to

train QSP modelers on soft skills, like communication, pro-

ject management, or leadership.

CONCLUSION

The survey was sent out to 50 pharmaceutical companies

and was well received, as indicated by a response rate of

Figure 8 Cross-functional training opportunities for modelers. Responses are segmented by company size. Most companies indicate a
need for technical training related to comprehensive and mathematical model building, as well as the need to develop soft skills (like
communication, leadership, and project management). ODE, ordinary differential equation; PBPK, physiologically based pharmacoki-
netic; PD, pharmacodynamic; PDE, partial differential equation; popPK/PD, population pharmacokinetic/pharmacodynamic; QSP, quan-
titative systems pharmacology.
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33 companies, with a balanced contribution in terms of

industry size and therapeutic focus. Most of the companies

that indicated they do not practice QSP modeling were

small companies, suggesting that larger companies enable

more opportunities to explore QSP tools and invest more

resources to implement QSP approaches. Indeed, the

survey results show that larger companies have a signifi-

cant increase in QSP FTEs (>6) as compared to smaller

companies (<3). Among the companies that use QSP

modeling, QSP models are used in various ways (e.g.,

mechanistic PBPK and PK/PD) and for the majority of

respondents a clear definition of QSP is lacking, indicating

the need for a general consensus and alignment in termi-

nology as well as education around QSP. The wide variety

of responses around what constitutes a QSP model could

be due to the fact that existing modeling approaches are

increasingly using mechanistic descriptions of biological

processes to describe drug disposition (PK/PBPK), biologi-

cal responses (PD), and disease progression (signaling

pathways) and, thus, to some extent, rely on QSP modeling

principles. In line with the wide variety of models defined as

QSP, several software tools and languages are used, such

as systems modeling tools, PBPK, PK/PD, and population

PK/PD software as well as general engineering, computa-

tional, or statistical languages. This broad usage of the term

QSP is also apparent from literature. The study by van der

Graaf & Benson10 describe QSP as the “quantitative analy-

sis of the dynamic interactions between drug(s) and a bio-

logical system that aims to understand the behavior of the

system as a whole, as opposed to the behavior of its individ-

ual constituents.” Others describe QSP as mechanistic mod-

els that represent complex biological pathways in healthy

and disease physiology, and downstream PD effects.27,28

Interestingly, systems biology-related approaches, like PBPK

models, that focus on compound PK and distribution have

also been described as QSP,29 as well as pharmacometric

and statistical system models used to describe population

data on biological pathways or disease processes.30

Larger companies seem to be the trend setters in terms of

preclinical QSP modeling support (starting around 2005),

and QSP efforts really emerged after 2011 across compa-

nies. Not surprisingly, the success of QSP modeling is

related to the number of years a company has been

exposed to QSP and the amount of FTEs assigned to QSP

modeling support. In addition, a clearly defined problem with

intended scope and the timely delivery of the QSP model

outcomes were identified as essential factors for success,

whereas delayed or insufficient modeling support, as well as

a lack of interest from management, was highlighted as the

main reason for failure. Overall, QSP modeling is recognized

as being impactful and the majority of companies expect an

increase in hiring and training of QSP modelers in the near

future. In terms of the organizational structure, the results

show that, in most companies, preclinical QSP modelers

report into DMPK and/or preclinical PK/PD groups, in a cen-

tralized way to support across therapeutic areas. In most

cases, QSP modelers (either preclinical or clinical) have

other job responsibilities related to DMPK, clinical pharma-

cology, pharmacometrics, or PK/PD modeling, which is in

line with the diversity in academic background across QSP
modelers.

Most companies start QSP modeling before the selection
of clinical candidates, mainly to interpret preclinical data-
sets, inform biomarker translation, and support clinical
development of drug candidates, emphasizing the emerging
direction of the preclinical QSP field. Given the mechanistic
nature of QSP modeling, it is somewhat surprising that it is
not routinely applied in the target identification/validation
stage or for the assessment of safety issues. Even more
surprising is that 35% of the companies indicated that QSP
activities are not initiated prior to the selection of their clini-
cal candidate, most likely referring to mechanistic PBPK or
PK/PD modeling of clinical candidates in support of FIH tri-
als. To become more impactful and successful, it is recom-
mended to start earlier with preclinical QSP modeling
support in drug discovery to provide greater impact on the
overall decision-making process throughout drug discovery
and development and potentially support more frequently in
regulatory questions and submissions. Early implementa-
tion of QSP models may necessitate experimental studies
designed specifically to inform components of the model.
This lack of dedicated experimental support is currently a
gap within most companies and may hinder the successful
implementation of QSP models, especially when such mod-
els are exploring novel biological mechanisms and in cases
in which existing data and literature do not reflect the true
dynamics of the biological process or provide information
within the proper biological context. Access to experimental
resources will require collaboration and, in many cases, a
clear statement of the benefit that the model and experi-
ments would provide.

In line with reported areas of therapeutic focus, most
companies currently apply QSP models in oncology and
immunology. Future QSP potential was largely consistent
with areas in which current QSP activities were already
ongoing, suggesting that QSP in these therapeutic areas is
considered to be successful or impactful. The single outlier
to this trend was in neuroscience, in which a significant
number of companies focus on neuroscience, yet QSP
modeling is currently not widely applied in this therapeutic
area. Encouragingly and perhaps not surprisingly, a decent
portion of companies do see future potential for QSP sup-
port in this therapeutic area.

In summary, preclinical QSP modeling is used across the
majority of pharmaceutical companies (mainly larger-sized)
and seems to be an emerging field with expected growth in
the near future. The survey outcomes indicate a clear need
for a better definition and terminology around QSP. Thus, a
future objective of the preclinical QSP working group is to
organize an educational forum in 2018 to build consensus
on the terminology and definition around QSP and to pub-
lish a follow-on article to review the current applications of
preclinical QSP modeling in the pharmaceutical industry,
building on the conclusions from the current survey article.
One of the main focus points will be to define a general
definition of QSP as a recommendation for future use and
communication. In addition, case studies illustrating the
impact of preclinical QSP modeling in drug development
will be included, along with a discussion of best practices
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and future opportunities (e.g., target identification, safety

assessment, and regulatory submissions).
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