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Chapter 1.1
General Introduction
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This thesis addresses generic interchangeability. The first chapter discusses 
generic drugs from a historical context and why it is so important to study their 
interchangeability.
Pharmacological treatment has an important position in health care. In high-in-
come countries, about 20% of all money spent on health care goes to pharma-
ceuticals (1). For good reason, as humanity greatly benefits from antibiotics, 
vaccines, and chemotherapy, to name a few. Nonetheless, pharmacological 
treatment has come a long way. Even late in the 19th century, treatment was 
primarily based on herbal remedies, and only a few effective therapeutic agents 
were available (2). The state of 19th-century pharmacotherapy was famously 
characterized in a quote by the eminent physician and Harvard professor Oliver 
Wendell Holmes Sr. (1809–1884): “throw out a few specifics … throw out wine… 
and the vapors which produce the miracle of anaesthesia, and I firmly believe that 
if the whole materia medica, as now used, could be sunk to the bottom of the sea, it 
would be all the better for mankind, - and all the worse for the fishes” (3).
Nonetheless, clinical pharmacology has been in development. Its scientific basis 
was established at the end of the 18th century by the empirical approach of 
Francois Magendie (1783–1855) and Claud Bernard (1813–1878) in the early 
19th century. The discipline of pharmacology was further established later in 
the 19th century by Rudolf Buchheim (1820–1879) and Oswald Schmiedeberg 
(1838–1921). Within their research institute, they set high standards for the 
methodology of experimentation and applied physiochemical reasoning to 
explain the biological effects of therapeutic agents (4). The improved scien-
tific principles in pharmacology led to conducting experiments instead of using 
hearsay regarding therapeutic activity.
Although this did not immediately lead to increased availability of effective 
therapeutic agents in the 19th century, the foundations for drug discovery were 
established. However, more progress could be made only due to parallel deve-
lopments in physiology, pathology, and chemistry.
Regarding chemistry, the purification of morphine by the pharmacist Friedrich 
Sertürner (1783–1841) at the beginning of the 19th century was the start of 
natural product chemistry and proved that plants hold active substances that 
possess the therapeutic proprieties of those plants (5). Developments in synthetic 
organic chemistry started when Friedrich Wöhler (1800–1882) prepared urea 
from a nonliving origin. Further developments in synthetic chemistry and 

theories of structure aided in the availability of various chemical compounds 
in the 19th century (6, 7). This chemistry evolution was the main driver for 
drug discovery until deep into the 20th century. For instance, in the 1950s, the 
discovery of the first benzodiazepine, chlordiazepoxide, was purely driven by 
synthetic chemical benchwork (8).
In parallel, the medical interpretation of the cell theory by Rudolf Virchow 
(1821-1902) and the germ theory by Louis Pasteur (1822–1895) laid the foun-
dations for understanding pathology and possible targets for pharmaceutical 
treatment (2, 3). Nonetheless, pathophysiological reasoning became more 
important in drug discovery only later in the 20th century. For instance, the 
discovery of propranolol in the 1960s was fully based on the understanding of 
a clinical problem and the search for the most suitable beta-receptor antagonist 
(9).
Drug discovery was aided considerably by the growth of local pharmaceutical 
businesses into the larger-scale pharmaceutical industry. Although there were 
only a limited number of effective therapeutic agents available in the 19th 
century, increased profit from their commercialization allowed for intensified 
research and development in drug discovery.
An example of the move toward the modern-day research-based pharmaceutical 
industry was the local apothecary Merck who, in 1827, started selling morphine 
and other high-purity compounds refined from plants (10). Shortly after, other 
apothecary businesses followed (2). However, it was not until 1856 that the 
discovery of mauveine by William Henry Perkin (1838–1907) sparked the reali-
zation that synthetic organic chemistry could also be commercially interesting 
(2, 3, 6). Two decades later, in 1874, large-scale production of salicylic acid was 
possible, as Hermann Kolbe (1818–1884) discovered its chemical structure and 
method of synthesis (11).
With the upcoming large-scale production and distribution of prefabricated 
drug products, the need increased for a more structured control and regula-
tion of these products. The control of medicinal products has been relevant 
for thousands of years. Even in ancient Greece and Egypt, institutions were 
tasked with controlling pharmaceutical products (2). In modern history, this 
was primarily organized by pharmacopeias, authoritative lists of how to prepare 
and use drugs, which is essentially a form of indirect quality control. The oldest 
documented pharmacopeia from modern times is probably the pharmacopeia 
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of the Italian city of Florence, issued in 1498 by the local guild of physicians 
and pharmacists. Actual inspections have been documented of ‘syrup makers’ in 
medieval Muslim countries in the 9th century and ‘drug-shops’ in the Italian 
city Salerno in the 10th century (12). 
Earlier control and regulation were focused on fraud and adulteration, but in 
light of the emergence of refined natural and newly synthesized chemicals in the 
19th century, they focused more on quality, purity, and safety (12). Until 1938, 
premarket toxicity testing was not required for drugs, at least in the United States 
(US). Legislation requiring premarket toxicity testing was drafted in 1933, but 
its acceptance in 1938 was triggered by a therapeutic catastrophe in 1937. The 
solvent diethylene glycol was used to meet the demand for a liquid formulation 
of sulfanilamide, primarily for children, but soon after, it was discovered that 
the liquid formulation had a significant risk of acute kidney failure (13).
In Europe, another therapeutic catastrophe in the early 1960s led to the most 
significant drug regulation reform. The widely used sedative and morning 
sickness drug thalidomide was identified in the late 1950s to cause severe conge-
nital disabilities and was withdrawn from the market. Most European countries 
had some form of drug regulation in place at that time, but the thalidomide 
catastrophe triggered intensified drug regulation. The United Kingdom, France, 
Switzerland, Norway, and Sweden had already advanced drug regulations. 
Notably, in Norway, as early as 1928, legislation was in place that required proof 
of efficacy (14). From the 1960s and 1970s onwards, emphasis was placed on 
demonstrating a clear positive benefit versus risk of new drugs before approval 
in all European countries (2). In the Netherlands, the Medicines Evaluation 
Board, responsible for assessing the safety and efficacy of drugs, was officially 
installed in 1963 (15, 16). In the US, the 1962 Kefauver-Harris Drug regulation 
set the requirement to demonstrate safety and efficacy preapprovals (2, 12, 13, 
17, 18).
Up to this point, the modern generic drug industry did not exist. At that time 
in the US, drugs that were not protected by a patent were produced and sold 
by small-scale drug manufacturers, strengthening the public image that off-pa-
tent drugs were often subject to adulteration, illegally produced, and inferior 
to branded drugs. Several factors enabled the rise of the modern generic drug 
industry in the US. First, the patent expired for numerous drugs from the 1940s 
and 1950s. Second, the attention drawn to the subject by the Kefauver Senate 

hearings from 1959 to 1960 solidified the position of generic drugs. Third, 
drug efficacy studies started in 1966, affirming the therapeutic value of all drugs 
approved by the Food and Drug Administration (FDA), which made it easier 
for generic drug makers to refer to them. Fourth, as of 1969, regulatory hurdles 
for generic drugs were lowered by the FDA, as it was deemed sufficient to 
demonstrate the chemical equivalence to the newly off-patent drugs. Finally, 
the potential market for cheaper drugs increased with the growth of govern-
ment-sponsored access to health care (19).
By then, market approval in the US for a generic drug could be obtained by 
specifying compliance with compendia standards for the quality of the generic 
drug. However, in the late 1960s, the first studies were reported, demonstrating 
a difference in the bioavailability of chemically equivalent drugs. In 1974, an 
expert panel concluded that equivalent bioavailability, or bioequivalence, could 
not be ensured by the current standards and regulations. Additional research 
was recommended to improve the assessment and prediction of bioequivalence, 
including a need to identify for which drug classes direct evidence of bioequi-
valence should be required (20). By 1984, the Hatch-Waxman Act was passed 
in the US, which clarified that demonstrating bioequivalence was mandatory 
for registration of generic drugs (17, 21). This act truly established the modern 
generic drug industry in the US.
The European history of the generic drug industry is not as well documented 
as in the US. Nonetheless, comparable factors likely influenced the growth of 
this industry. Most importantly, the preference for lower-cost generic drugs and 
the need to reduce healthcare spending are universal. In addition, the Treaty 
of Rome in 1957 created the European Economic Community and the start of 
free trade agreements across EU member states, facilitating access to a larger 
market for drugs (22). 
In the EU, approval for market access of generic drugs was separately arranged 
in each member state. The requirements for the market approval of generic 
drugs were primarily based on scientific literature and FDA regulations (23). 
Although these national requirements were based on the same scientific prin-
ciples, guidance for conducting and analyzing bioequivalence studies was often 
not specific or unavailable (24).
In 1987, the Nordic Council on Medicines took the first step toward European 
harmonization, in which Denmark, Finland, Iceland, Norway, and Sweden 
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jointly published the Nordic Guidelines Bioavailability Studies in Man (23, 
25-27). This step was soon followed in 1991 by the commission of the European 
Communities, with the first European guideline on bioequivalence: Note for 
Guidance: Investigation of Bioavailability and Bioequivalence (25). The Australian 
regulatory agency adopted these guidelines, and although many differences 
between bioequivalence requirements for generic drugs existed globally, this 
marked the start of international harmonization (28). Since then, the harmoni-
zation of regulatory requirements for bioequivalence has been achieved in many 
ways but is still ongoing (29).
In general, the current guidance defines bioequivalence as two similar drug 
products of which the rate and extent of their bioavailability after administering 
the same dose do not exhibit significant differences and lie within acceptable 
predefined limits (30, 31). Bioequivalence studies should be performed so that 
all variables but the variability of the compared drug products are reduced to a 
minimum. As detailed in the guidance, this is usually a randomized single-dose 
crossover study, with two study periods and two sequences. The main outcome 
parameters for the demonstration of bioequivalence are the maximum plasma 
concentration (Cmax) and the plasma concentration-time area under the curve 
(AUC), representing the rate and extent of the bioavailability. The statistical 
evaluation is based on 90% confidence intervals for the geometric mean ratio 
of Cmax and AUC, which should lie within the acceptance interval of 80.00% to 
125.00% (30, 31). The limits of this acceptance interval translate to a maximum 
difference of 20% for the average Cmax and AUC. This value was arbitrarily set 
based on the opinion of FDA medical experts to be the maximum tolerable 
difference that would not lead to a significant difference in the therapeutic 
activity between the compared drug products (32). 
The guidance on bioequivalence further describes numerous aspects of adequate 
bioequivalence testing, such as the study design, chosen study population, and 
analytical methodology. Common issues for discussion on these general requi-
rements for the demonstration of bioequivalence from the viewpoint of a regu-
lator are described in chapter 1.2. 
In theory, adequately demonstrated bioequivalence and, thus, the absence of 
significant differences in bioavailability would ensure the therapeutic equiva-
lence of a generic drug compared to an originator drug. However, some patients, 
physicians, and pharmacists negatively perceive the efficacy and safety of generic 

drugs and drug switches (33). In addition, adverse drug reactions (ADRs) asso-
ciated with generic drug switches are reported regularly (34). Thus, a mismatch 
between theory and practice seems to exist. In this thesis, we investigate the 
validity of this apparent mismatch.

Thesis Aim
With this thesis, we aim to study generic interchangeability issues in clinical 
practice and challenge the robustness of the current bioequivalence require-
ments.

Thesis Outline
In the first part of this thesis, we investigate patient-reported clinical discomfort 
using a systemic approach. Therefore, we study the number of ADRs related 
to drug switches and place these into perspective by identifying the number of 
people switching between (generic) drug products. In chapter 2.1, we study 
the frequency of drug switches in the Netherlands for a selection of 20 active 
substances for which switch-related ADRs are most often reported. In chapter 
2.2 we analyze the reported ADRs concerning the number of drug switches. 
Additionally, in chapter 2.3, we investigate the reasons for generic drug swit-
ching in the Netherlands in a pilot study.
In the second part of this thesis, given that demonstrated bioequivalence should 
ensure therapeutic equivalence, we investigate the robustness of the applied 
bioequivalence methodology. Using modeling and simulation, we investigate 
whether a conclusion of bioequivalence in a healthy population holds for a 
vulnerable patient population with altered pharmacokinetic characteristics. In 
chapter 3.1, we report the model validation of a non-parametric pharmacoki-
netic model of gabapentin based on the exposure data for gabapentin, following 
the administration of the originator and three generic drug products in healthy 
subjects. In chapter 3.2, we perform simulations with the gabapentin model to 
possibly identify patient subpopulations for whom aberrant pharmacokinetic 
profiles are more likely to occur upon switching to or between bioequivalent 
generic drug products. Last, chapter 4 provides an integrated discussion of the 
findings from the individual articles included in this thesis. First, in chapter 1.2 
we describe the current requirements for demonstrating bioequivalence and the 
common issues for discussion from the regulator’s viewpoint.
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Abstract
 
There appears to be a mismatch between the assumed therapeutic equivalence 
of generic drugs, their interchangeability, and reported clinical discomfort 
following generic drug use and drug switches. In this paper, we describe why 
we are of the opinion that the current regulatory approach to the evaluation 
of generic drugs based on average bioequivalence is sufficient to expect thera-
peutic equivalence in the clinical setting. This has often been debated, speci-
fically since adverse drug reactions related to generic drug switches are regu-
larly reported. We agree that clinical discomfort during a bioequivalent drug 
switch may indeed be caused by different exposures to the active substance. 
However, this difference in exposure is not a result of the characteristics or 
quality of generic drugs; it is caused by the pharmacokinetic within-subject vari-
ability of the active substance. Therefore, reported clinical discomfort following 
generic drug use and drug switches does not warrant a change in the regulatory 
approach to the evaluation of the bioequivalence of generic drugs. Switching 
from a brand-name drug to currently approved generic drugs, or between diffe-
rent generic drugs, will result in comparable exposure, within boundaries deter-
mined by the within-subject variability of the pharmacokinetics of the active 
substance involved.

A demonstration of bioequivalence is the cornerstone of generic drug regis-
tration. Two pharmaceutically comparable drug products of high quality are 
bioequivalent if there is statistical proof of comparable bioavailability. For 
immediate release drugs with systemic action, this comparable bioavailability 
is usually investigated in a randomized, two-period, two-sequence, single-dose 
crossover study. The evaluation is predominantly based on the area under the 
plasma concentration-time curve (AUC) and maximum peak plasma concentra-
tion (Cmax), which reflect the extent of exposure and peak exposure and there-
fore allow for a comparison of exposure over time. Already in the early 1970s, 
the Canadian authorities used the arbitrary cut off of at least 80% bioavailability 
to compare different drug products (1), and the use of a confidence interval 
for the statistical test was proposed (2). Current guidance dictates that, gene-
rally, the 90% confidence intervals for the geometric mean ratio of Cmax and 
AUC between the two products, should be within the acceptance interval of 
80.00–125.00% (3).
For active substances with a within-subject variability of over 30%, the US Food 
and Drug Administration allows a widening of these acceptance limits for AUC 
and Cmax depending on the within-subject variability of the active substance 
(4). In the European Union (EU), widening of the acceptance limits is simi-
larly allowed but can only be applied to Cmax, and it is maximized to a range of 
69.84–143.19%, which is the limit when a within-subject variability of 50% is 
determined. In addition, both in the US and in the EU, acceptance limits can 
be tightened to 90.00–111.11% for active substances with a narrow therapeutic 
index. 
Several aspects of the regulatory approach to the concept of bioequivalence 
have been debated over the years. Ever since the first proposal of the confi-
dence interval limits, the width of this acceptance range has been challenged 
(5), mainly raising the question as to why the same arbitrary limits are applied 
to all active substances. Partly because of those discussions, in current regu-
lation, a narrowing or widening of the confidence interval limits is allowed. 
Independent of the confidence interval limits applied, it is known that the ratio 
of the exposure to the active substance from the generic and brand-name drug is 
within a much smaller range than allowed with the above-mentioned criteria, as 
indicated by an analysis of 2,070 bioequivalence studies by Davit et al. in 2009 
(6). In that analysis, they demonstrated that the mean estimated difference 
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between generic and brand-name drugs was only 4.35% for Cmax and 3.56% for 
AUC. For the European situation, based on a smaller subset of 120 bioequiva-
lence studies, comparable figures were obtained (7). 
Another point of debate has been that bioequivalence studies are usually 
conducted with healthy subjects and not with the intended patient popula-
tion. It has often been questioned whether the bioequivalence conclusion, as 
drawn in a healthy subject population, can be extrapolated to patients. Indeed, 
absolute exposure may be different for patients compared to healthy subjects. 
However, this difference is active-substance-related and similarly influenced 
by, for example, patient comorbidities, for both brand-name drugs and generic 
drugs. As discussed by Versantvoort et al., the relative exposure between the 
brand-name and generic drugs will be the same in healthy subjects and patients 
(8). One further reason for assessing bioequivalence using healthy subjects 
is that in these subjects, with generally less comorbidities than patients, it is 
expected that less variability of exposure is observed that is unrelated to the 
differences between the tested drug products (3). This is relevant, since the 
primary goal of a bioequivalence study is to investigate differences between the 
tested drug products, and to measure them in the most sensitive way, other 
variability should be minimal. Healthy subjects are the most suitable model for 
that purpose. Likewise, the pharmacokinetic behavior of drugs can be markedly 
different in men versus women (9) or in patients with different degrees of, for 
instance, renal function; in this situation, this also applies to an identical extent 
for brand-name drugs and generic drugs. Therefore, demonstrating bioequiva-
lence for both sexes does not seem to be necessary; bioequivalence demonstrated 
in males can safely be extrapolated to females and vice versa, as discussed by 
Gonzalez-Rojano et al. (10). 
Nevertheless, it is useful to empirically test the assumption of comparable 
relative exposure in patients versus healthy subjects. For this purpose, a 
well-controlled comparative bioavailability study was recently performed with 
kidney and liver transplant patients, and similar tacrolimus exposure for brand-
name and generic drugs was concluded, in line with the expectation based on 
studies in healthy subjects (11). Likewise, bioequivalence as determined in 
healthy subjects between different generic lamotrigine drugs (generic-generic 
switch) was confirmed in patients with epilepsy (12). 
These findings support the current approval pathway for generic drugs and 

the notion that bioequivalent drugs are expected to be therapeutically equi-
valent. However, this assumption is based on bioequivalence: comparable 
average exposure in the whole population. A treating physician or prescriber 
would predominantly be interested in therapeutic equivalence for their indi-
vidual patient. This presumed therapeutic equivalence is often debated, for 
instance for cardiovascular drugs (13) and drugs for psychiatric illness (14). 
Although in a large observational study, no substantial differences in clinical 
outcomes were observed between patients who started treatment with either 
generic or brand-name warfarin (15), and in a clinical crossover study evalua-
ting bupropion exposure in patients with major depression, the bioequivalence 
of three generic drugs to the brand-name drug and between the three generic 
drugs was confirmed, and no differences in depressive symptoms or side effects 
were noted (16), clinical evidence from unbiased randomized controlled trials, 
for the assumed absence of clinically relevant differences in exposure between 
generic and brand-name drugs, is limited (17).
Indeed, if bioequivalent drugs are therapeutically equivalent, then it is unex-
pected that patients experience clinical discomfort related to generic drug 
switches. Adverse drug reactions (ADRs) related to generic drug switches are 
reported regularly, as evident from case reports (18, 19), and observational 
studies (Glerum, et al., CTS, in press) (20). The following questions then arise: 
What causes this apparent discrepancy between theory (assumed interchange-
ability of generic drugs) and real-world observations (reported clinical discom-
fort upon switching to a generic drug), and could the explanation still be found 
in pharmacokinetic aspects underlying such a generic switch?
For example, a recent article by Concordet et al. describes issues related to a 
levothyroxine drug switch in France affecting more than 2.5 million patients in 
2017 (20). Even though bioequivalence was demonstrated between the old and 
new formulation of levothyroxine used in the switch, applying the tightened 
90.00–111.11% acceptance range (21), more than 30,000 ADRs were reported 
following this massive drug switch. Based on this levothyroxine case, Concordet 
et al. argue that a demonstration of average bioequivalence is not sufficient to 
ensure switchability. They also argue that tightening the acceptance limits for 
the average bioequivalence 90% confidence intervals is insufficient, as the width 
of the 90% confidence interval is inversely related to the number of studied 
subjects and therefore still may allow marked differences in exposure upon 
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switching (22). Moreover, according to the authors, since more than 50% of 
the subjects in the supporting levothyroxine bioequivalence study (21) demon-
strated an individual pharmacokinetic exposure ratio outside the 90.00–111.11% 
confidence interval, acceptance criteria should have been a warning signal of a 
possible lack of individual bioequivalence and a lack of individual therapeutic 
equivalence. Therefore, the authors argue that a priori characterization of both 
the subject-by-formulation interaction and the within-subject variability, as in 
the concept of individual bioequivalence, would have identified switchability 
issues and would have allowed for a better regulatory assessment of the new 
levothyroxine formulation. 
The Concordet articles have been extensively commented upon, with discus-
sions mainly related to difficulties and shortcomings of the individual bioe-
quivalence approach and of the calculation and interpretation of the number 
of subjects in a bioequivalence study with an individual exposure ratio outside 
the bioequivalence acceptance criteria (23-30). The debate clearly indicates that 
consensus has not been reached on the issue of the interchangeability of drugs 
based on demonstrated average bioequivalence. 
In our opinion, within-subject pharmacokinetic variability is the most impor-
tant factor in this debate. As demonstrated by Yu et al., there are clear indica-
tions that within-subject variability has far more influence than subject-by-for-
mulation interaction for drugs for which bioequivalence has been demonstrated 
(31). In Yu et al.’s article, it was demonstrated for a selection of drugs that 
the variability of exposure following a switch from a brand-name drug to a 
generic drug is comparable to that observed upon repeated administration of 
either the brand-name drug or the generic drug. It is indeed acknowledged that 
in bioequivalence studies, subjects will often have an individual exposure ratio 
outside the acceptance criteria (32), a situation we also observe in results from 
bioequivalence studies filed for regulatory approval of generic drugs. However, 
it is crucial to realise that the same phenomenon occurs when comparing the 
exposure of two repeated administrations of the same brand-name or generic 
drug; therefore, this finding is merely a reflection of the daily clinical situa-
tion upon treating a patient, with his or her inherent within-subject variabi-
lity leading to different exposures per occasion, than a reflection of differences 
in the quality and/or exposure of a generic drug. Experimental and analytical 
errors add to the observation of different exposures, as demonstrated well by the 

simulations in the comment article by Munafo et al. (28). 
Thus, when a patient experiences clinical discomfort during a bioequivalent drug 
switch, it may indeed be caused by a different exposure to the active substance. 
However, this different exposure is not a result of different characteristics of the 
bioequivalent drug, but because of pharmacokinetic within-subject variability, 
unrelated to the different drug products. When we assume that the difference in 
exposure is related to the perceived clinical discomfort in a patient, this clinical 
discomfort is not attributable to differences between the original and switched 
drug, but merely to pharmacokinetic within-subject variability. 
The question then remains as to why larger numbers of ADRs are reported in 
the case of drug switches than in the case of drug continuation. In line with the 
above reasoning, a potential explanation could be that patients and prescribers 
are more prone to report ADRs, since negative perceptions about generic drug 
switching and forced drug switches persist. This would imply that drug swit-
ching does not increase the actual number of ADRs, but merely increases the 
reporting rate of ADRs. In relation to another relatively large-scale levothy-
roxine drug switch, in 2007 and 2008 in New Zealand, the increased number of 
reported ADRs in that setting has been postulated to be caused by an increased 
reporting rate because of inaccurate guidance information and media attention 
(33). Another potential explanation for an increased number of reported ADRs 
related to drug switches is postulated to be a nocebo effect, particularly due to 
the negative perceptions of generic drugs (34, 35). However, the psychological 
aspects potentially affecting increased ADR reporting are outside the scope of 
this opinion paper, and any such hypothesis would warrant further investiga-
tion. Regardless of the true cause of the increased number of reported ADRs, 
clinical discomfort for an individual patient should never be underestimated 
and should always undergo thorough causal and clinical review, both on an 
individual level (doctor) and on a population level (pharmacovigilance). With 
regard to the individual patient specifically, it is important to stress that we do 
not want to disregard any clinical discomfort that a patient may experience. The 
discomfort exists, and it can have a significant impact on the quality of life. In 
highly exceptional cases, this could be a result of an allergic response to exci-
pients used in the new drug product.
Furthermore, as a regulatory agency, we see it as our responsibility to be critical 
of our own rules and regulations. For this reason, we investigated bioequiva-
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lence and the underlying assumptions of generic interchangeability, for instance 
by performing a bioequivalence study between registered gabapentin generics 
(36); a retrospective analysis of bioequivalence studies submitted for regulatory 
evaluation (31), modelling and simulation efforts towards generic drugs (37); 
and an analysis of 1,348 reported ADRs and 23.8 million drug switches (38), to 
investigate the potential consequences of generic drug switching. 
So far, these and other data have not provided evidence to support a change in 
our current regulatory approach to the evaluation of bioequivalence, and they 
remain in support of the assumption that switching from a brand-name drug to 
currently approved generic drugs, or between different generic drugs, will result 
in comparable exposure within boundaries determined by the within-subject 
variability of the pharmacokinetics of the active substance involved.
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2.1

Abstract

Background
For a patient, drug switches are not desirable (either between a brand-name drug 
and a generic drug, or between two generic drugs of the same active substance). 
Research into the causes of drug switches, and related adverse drug reactions, is 
hampered by the absence of quantitative data on drug switches. 

Methods
We describe the frequency of drug switches in the Netherlands for a selection 
of active substances. A retrospective cohort study was conducted using the Drug 
Information System of the National Health Care Institute in the Netherlands. 
We studied the Dutch patient population from mid-2009 to 2016. The selec-
tion of active substances (n = 20) was made based on a report by Lareb, the 
Netherlands Pharmacovigilance Centre, on adverse drug reactions related to 
drug switching, and we used qualitative and quantitative descriptive analyses. A 
drug switch is defined as the replacement of a patient’s prescribed drug with a 
similar drug from a different manufacturer.

Results
We identified 23.8 million drug switches on a total of 206 million (11.6%) 
similar drug dispenses. The frequency of drug switches demonstrated a yearly 
peak in the period from January to March. In some months, for atorvastatin, 
losartan, pantoprazole, and irbesartan, more than 60% of similar drug dispenses 
were drug switches. Most drug switches (80.3%) were between two generic 
drugs, and 0.12% of these involved a drug from a European parallel import. The 
proportion of drug switches between two brand-name drugs decreased from 
14.5% to 5.53% during our study period, and of these, 86.5% involved a drug 
from a European parallel import.

Conclusions 
Drug switching is common in the Netherlands, and most of the drug switches we 
studied are between generic drugs. The observed annual peak of drug switches 
is most likely explained by a specific Dutch reimbursement policy. Not only are 
the data valuable as is, but they also serve as a first step towards elucidating the 

reasons for the occurrence of these drug switches. In addition, these data can 
be used to put into perspective the adverse drug reactions associated with drug 
switching.
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2.1

Background

The use of generic drugs is an important tool to reduce healthcare spending. 
For instance, in the United States (US), generic drugs cost as little as 6% of the 
price of brand-name drugs, mainly because of the lower cost of research, deve-
lopment, registration, and competition between drug companies (1, 2). In the 
US, 90% of all dispenses are a generic drug (3); however, the market penetration 
of generic drugs differs worldwide. In Japan, the market share of generic drugs 
was only approximately 23% at the end of 2012, but it is expected to increase 
(4). Furthermore, the market share varies greatly in European countries, for 
example between 17% in Switzerland and 83% in the United Kingdom (5).
Although the use of generic drugs is financially desirable, these drugs are not 
always well received. A substantial proportion of physicians, pharmacists, and 
the general population have a negative perception of the quality, efficacy, and 
safety of generic drugs and drug switches (6). In addition, adverse drug reac-
tions (ADRs) associated with drug switches are regularly reported to Lareb, the 
Netherlands Pharmacovigilance Centre (7). Thus, clinical discomfort is experi-
enced with a drug switch, and are a clear downside of the use of generic drugs 
from the perspective of the patient. In this paper, we use the term drug switch 
for a switch between 2 similar drug products of the same active substance, which 
can either be between a brand-name drug and a generic drug or between two 
generic drugs.
Drug switches are thus not desirable, and studies should be conducted to deter-
mine how the frequency of drug switches can be kept low. However, before the 
reasons for drug switches can be explored, a first step should be to investigate 
the frequency of those switches. This is largely undocumented, apart from a 
recent effort of the US Food and Drug Administration (FDA) (8). Therefore, 
we aim to study the frequency of drug switches and additionally explore some of 
the reasons that could influence this frequency. Furthermore, in a future study, 
we aim to refine previously mentioned analyses of switch-related ADRs, since 
the number of drug switches is missing from that analysis. Given this future 
aim, we limit our study to the 20 active substances described in the ADR report 
and focus on the Netherlands. 
The Netherlands is a country with a large generic drug market share of 75.6%. 
Drugs are not prescribed by brand name, but by name of the active substance, 

and a generic drug is dispensed in 97% of cases, if a generic option is available 
(9). A possible reason for the large market share is that health insurance compa-
nies in the Netherlands are authorized by law to select a drug product (either 
a generic or brand-name drug) eligible for reimbursement from a group of 
interchangeable drug products with the same active substance; this is known 
as the ‘Preference Policy’ (10). Contracts between insurance companies and 
drug product manufacturers typically last 1 or 2 years, and the choice of drug 
product is predominantly based on price (11) and is thus most likely to be a 
generic drug. Preferred drug products change on a regular basis, and patients 
are forced to switch between them. Other reasons for drug switches can only be 
hypothesized, as no overview of the Dutch situation exists. These reasons could 
originate from any action of the insurer, wholesaler, pharmacy, prescriber, phar-
macist, or patient; drug shortages; and patients changing healthcare insurance 
companies (4–10% of the Dutch population each year) (12-14). Parallel imports 
from drug products can also play a role. A parallel import is allowed if a drug 
is registered in the European Union (EU) and deemed (virtually) identical to a 
drug registered in the Netherlands (15). 
We studied drug switches in the claims database of the National Health Care 
Institute in the Netherlands (ZIN). By studying the extent of drug switches and 
the trends in their frequency in the Netherlands, the role of influencing factors 
such as the Preference Policy can be postulated.

Aim of the study
The aim of this study is to describe the frequency of drug switches for a selec-
tion of active substances, in the Netherlands, in order to better understand 
generic drug use, and the Dutch process of drug switching and related influen-
cing factors.
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2.1

Methods

We conducted a retrospective cohort study with qualitative and quantitative 
descriptive analyses. The cohort is 96% of the insured Dutch population, 
using a selection of 20 active substances. The study is reported in line with 
The Strengthening the Reporting of Observational Studies in Epidemiology 
(STROBE) guideline (16). 

Drug switches
Drug switches were obtained from the Drug Information System (GIP) of the 
ZIN. This database contains information on reimbursed drugs prescribed by 
general practitioners and specialists and dispensed by pharmacists or dispensing 
general practitioners. It does not include drugs dispensed within hospitals in 
the Netherlands. 
A drug switch is defined as the replacement of a patient’s prescribed drug with 
a similar drug dispensed within the preceding 150 days, for the same active 
substance, same strength, and same route of administration, but with the drug 
product coming from a different manufacturer. The drug products before and 
after the switch could both be generic or brand-name drugs. 
We allowed a 150-day difference between dispenses in our definition because in 
Dutch practice, drugs are usually dispensed for 90 days of treatment. We also 
allowed a safety margin of 60 days extra to account for possible non-adherence 
and for early dispenses. If the difference between two dispenses was more than 
150 days, we assumed that the patient had stopped and started a new treatment 
episode. Moreover, the date of the dispense was used as the best estimate of the 
moment when the patient actually experienced the drug switch.
We collected data to quantify the number of repeat dispenses using identical 
selection criteria, but with both dispenses of a drug product coming from the 
same manufacturer. We use the term consecutive dispenses for the sum of repeat 
dispenses and drug switches. 

Active substances
The selection of 20 active substances was based on a study by Lareb in 2017 that 
described active substances with more than 25 ADR reports associated with 
drug switching between 2006 and 2016 (7). The following active substances 

(20) are included in this study: atorvastatin, enalapril, esomeprazole, ethinyles-
tradiol/levonorgestrel, irbesartan, levothyroxine, losartan, metformin, methotr-
exate, methylphenidate, metoprolol, omeprazole, pantoprazole, paroxetine, 
perindopril, rivastigmine, salbutamol, salmeterol/fluticasone, simvastatin, and 
venlafaxine. Of note, while the total number of active substances was 20, the 
total number of unique Anatomical Therapeutic Chemical (ATC) codes was 
21. This is because methotrexate can be used as an antineoplastic agent (ATC: 
L01BA01) and as an immunosuppressant (L04AX03). 
We defined the time frame of our study according to the maximum availability 
of data, which was 7.5 years from 01 June 2009 to 31 December 2016.

Data analyses
Data were aggregated on a monthly basis, as this was expected to maximize to 
potential to study the influence of the Preference Policy. We performed descrip-
tive analyses, including total number, minimum, median, and maximum number 
of drug switches per month. The pattern of drug switches was visually assessed 
using a plot of drug switches over time, an overlay plot of total drug switches 
per year separately, and mathematically by autocorrelation. Autocorrelation was 
calculated as the number of drug switches in a month, divided by the number of 
drug switches in a previous month, varying from 1 to 18 months, to identify the 
lag time in months, which results in the highest correlation. 
Furthermore, the number of drug switches is expressed as a percentage of the 
total number of consecutive dispenses, and the numbers of generic-to-generic 
(GG), brand-name-to-generic (BG), generic-to-brand-name (GB), and brand-
name-to-brand-name (BB) drug switches, as well as the total number of drug 
switches involving parallel import products, were calculated. In a bar plot, the 
study period was divided into tertiles to provide a general impression of changes 
over time. Lastly, drug switches were studied for each active substance, and the 
analysis for atorvastatin is presented as an example.
We identified the Dutch brand name and EU reference dates from the GIP 
database (17), the database of the Dutch Medicines Evaluation Board (18), and 
the EU reference date list (19). The EU reference date is the earliest EU-known 
marketing authorization for the (combination of) active substance(s).
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2.1

Data management
Data were extracted from the GIP database using SAS Enterprise Guide 
software (version 7.1). Monthly aggregated data were exported as a Microsoft 
Excel workbook and imported into R software (version 3.5.0) (20) using the 
package ‘xlsx’ (21). Moreover, qualitative and quantitative descriptive analyses 
as well as data visualization were performed using base R and R Studio (22).

Results

Dataset
We identified 23.8 million drug switches on a total of 205.6 million (11.6%) 
consecutive dispenses. The median percentage drug switches of consecutive 
dispenses for the included active substances ranged between 15.8% for ethi-
nylestradiol/levonorgestrel and 1.75% for levothyroxine (see Table 1). In some 
months, for atorvastatin, losartan, pantoprazole, and irbesartan, more than 60% 
of consecutive dispenses were drug switches. 
The highest number of drug switches in a single month for a single active 
substance – simvastatin – was 149,497 on a total of 328,184 (46.7%) consecu-
tive dispenses in January 2015. The highest number of drug switches in a single 
month – January 2016 – for a unique combination of drug products before and 
drug products after the switch was 41,659, which is 96.6% of all 43,107 ator-
vastatin drug switches in that month. 
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INN Brand name EU reference 
date

Average 
yearly 
drug 
switches

Average 
yearly 
repeat 
dispenses 
(not 
switching)

% drug switches 
median (range 

per month)

ethinylestradiol/ 
levonorgestrel Microgynon® April 1965 63,824 331,419 15.8% (7.44–48.9)

atorvastatin Lipitor® November 1996 264,776 1,297,895 15.0% (4.71–68.1)

salmeterol/ fluticasone Seretide® October 1990 104,663 689,450 14.4% (3.10–26.2)

perindopril Coversyl® June 1988 161,155 890,803 14.0% (4.31–34.2)

losartan Cozaar® September 1994 118,979 735,195 12.0% (3.94–63.6)

simvastatin Zocor® April 1988 559,303 3,220,461 11.8% (3.24–47.4)

paroxetine Seroxat® December 1990 112,555 754,569 11.8% (4.63–38.2)

pantoprazole Pantozol® Augustus 1994 289,171 1,897,439 10.7% (4.06–63.2)

irbesartan Aprovel® Augustus 1997 58,854 398,297 9.93% (0.00–60.8)

venlafaxine Efexor® September 1993 55,719 416,314 9.61% (5.78–39.9)

metformin Glucophage® March 1959 252,557 2,231,914 9.41% (2.82–32.3)

omeprazole Losec® April 1987 361,669 2,977,064 9.39% (3.38–28.7)

esomeprazole Nexium® March 2000 94,460 761,959 8.98% (4.40–48.6)

methotrexate
(immunosuppressant) Metoject® July 2003 21,310 171,876 8.70% (4.05–35.8)

enalapril Renitec® January 1985 102,387 1,027,850 7.69% (2.82–23.1)

metoprolol Lopresor® February 1975 359,131 3,479,555 7.41% (3.58–29.9)

salbutamol Ventolin® January 1969 65,047 789,636 7.29% (4.24–13.7)

methylphenidate Ritalin® October 1954 29,472 529,279 4.81% (2.59–15.7)

rivastigmine Exelon® May 1998 4,051 53,243 4.02% (0.00–20.3)

methotrexate 
(antineoplastic) Ledertrexate® September 1974 2,090 60,219 2.21% (0.00–46.4)

levothyroxine Thyrax 
Duotab® January 1952 66,909 1,252,976 1.75% (0.28–26.0)

Table 1 Overview of the active substances investigated, with INN, brand name (in the 

Netherlands), EU reference date, average yearly drug switches, average yearly number of repeat 

dispenses (not switching), and percentage of drug switches of consecutive dispenses per month 

(median, range) from June 2009 to December 2016. Active substances are tabulated in descen-

ding order by median drug switch percentage.

Drug switch pattern
An overview of the pattern of drug switches between June 2009 and December 
2016 is depicted in Fig. 1 and Fig. 2. The pattern of drug switches for the active 
substances included in this analysis was characterized by seasonality, with most 
drug switches between January and March of each year between 2010 and 2016. 
A statically significant positive correlation was observed with a lag of 12 months 
(autocorrelation = 0.597), which confirms the annual pattern.

Fig. 1 Stacked area chart over time of 

total number of drug switches per month 

per active substance from June 2009 to 

December 2016 in the Netherlands. 

Active substances are ordered from top 

to bottom by descending total number 

of drug switches during the study 

period. The total number of monthly 

drug switches is on the y-axis, and the 

time period of the study is on the x-axis.
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Fig. 2 Total number of drug switches per month from June 2009 to December 2016 in the 

Netherlands for the 20 active substances combined, as an overlay plot in the timeframe of 13 

months. Each line represents 13 months of drug switches from December (previous year) to 

December.

Brand-name drugs versus generic drugs – type of drug switch
Of all drug switches in our study, only 7.09% (range of active substances 0.00–
29.1%) were BG switches. Most drug switches (80.3%, range 0.18–100%) 
involved a GG switch, while GB switches accounted for approximately 3.52% 
(range 0.00–17.3%) of drug switches, and 9.06% (range 0.00–99.4%) involved 
a BB switch of drugs with the same active substance. The distribution of drug 
switches per drug in tertiles of the time period between June 2009 and December 
2016 is illustrated in Fig. 3.

Fig. 3 (turn thesis 90 degrees clockwise) Percentage distribution of type of drug switch per active 

substance (green: brand-name to brand-name, red: generic to brand-name, blue: brand-name to 

generic, orange: generic to generic) in descending order by percentage of generic-to-generic drug 

switch in the last period. Bar plots are (top down) for the periods from June 2009 to December 

2011, January 2012 to June 2014, and July 2014 to December 2016.
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For a number of active substances included in our study, the distribution of the 
type of drug switch remained relatively stable over the 91 months. However, 
the type of drug switch involving atorvastatin, irbesartan, esomeprazole, ethi-
nylestradiol/levonorgestrel, salmeterol/fluticasone, omeprazole, losartan, and 
rivastigmine changed over time. Over these 91 months, atorvastatin, irbesartan, 
and esomeprazole demonstrated an almost complete change from BB to GG 
drug switches. For ethinylestradiol/levonorgestrel and salmeterol/fluticasone, 
the involvement of brand-name drugs in the drug switches reduced as well. In 
all periods, most omeprazole drug switches were GG, but in the last period, 
there were GB drug switches (24.7%) and BG drug switches (13.3%) (see Table 
2). Furthermore, for losartan, the number of BB and BG drug switches decre-
ased, whereas the proportion of GB drug switches increased to 41.7% between 
July 2014 and December 2016. For rivastigmine, the proportion of BG drug 
switches decreased over the three periods (75.6% to 35.0%); however, the 
proportion of BB drug switches peaked (61.6%) between January 2012 and June 
2014 (see Table 2). For all active substances combined, the proportion of BB 
drug switches decreased from 14.5% between June 2009 and December 2011 to 
5.53% between July 2014 and December 2016. Conversely, the proportion of 
GG drug switches increased from 75.0% to 82.2% in the same period.

June 2009 to 
December 2011

January 2012 to 
June 2014

July 2014 to 
December 2016

GG BG GB BB GG BG GB BB GG BG GB BB

metformin 99.9 0.07 0.01 0.00 100 0.00 0.00 0.00 100 0.00 0.00 0.00

methotrexate 
(immunosupp) 100 0.00 0.00 0.00 100 0.00 0.00 0.00 100 0.00 0.00 0.00

enalapril 99.3 0.46 0.27 0.00 99.5 0.32 0.16 0.00 99.7 0.17 0.13 0.00

simvastatin 99.2 0.39 0.38 0.07 99.1 0.27 0.14 0.44 99.7 0.12 0.09 0.09

atorvastatin 0.00 0.00 0.00 100 56.0 33.2 1.34 9.44 99.1 0.50 0.37 0.00

pantoprazole 65.8 26.4 3.64 4.10 97.5 1.46 1.02 0.01 99.1 0.49 0.43 0.03

perindopril 96.4 0.03 0.01 3.54 98.0 0.02 0.00 2.01 99.0 0.05 0.03 0.93

paroxetine 96.3 1.67 1.98 0.00 97.2 1.55 1.23 0.00 97.9 0.74 0.74 0.61

metoprolol 95.3 3.17 1.44 0.06 96.2 2.10 0.99 0.71 97.3 0.91 0.65 1.11

venlafaxine 84.3 10.4 4.88 0.38 95.5 2.61 1.90 0.01 96.2 1.44 1.46 0.91

ethinylestradiol/ 
levonorgestrel 25.7 46.0 14.9 13.4 73.8 13.2 10.5 2.56 94.3 1.16 1.23 3.31

irbesartan 0.00 0.00 0.00 100 58.1 38.5 3.44 0.00 91.1 2.25 6.59 0.08

esomeprazole 10.8 38.0 9.05 42.2 70.7 12.4 6.34 10.6 82.3 3.77 3.65 10.2

methylphenidate 72.6 11.1 11.7 4.57 69.1 18.5 9.70 2.61 63.1 20.3 14.6 1.90

omeprazole 97.2 1.31 1.37 0.07 94.2 3.11 2.65 0.01 62.0 13.3 24.7 0.07

salbutamol 46.4 29.3 16.6 7.60 55.0 21.1 15.3 8.61 57.9 17.8 20.1 4.24

losartan 35.3 32.6 3.34 28.8 77.8 8.06 11.1 3.01 45.3 10.7 41.7 2.18

rivastigmine 14.0 75.6 10.3 0.08 20.9 14.8 2.67 61.6 43.8 35.0 12.9 8.33

salmeterol/ 
fluticasone 0.00 0.00 0.00 100 0.00 0.65 0.20 99.1 16.3 29.3 9.78 44.6

levothyroxine 0.15 19.1 21.3 59.4 2.19 29.9 21.7 46.2 1.72 26.1 5.89 66.3

methotrexate 
(antineoplastic) 0.00 9.04 1.66 89.3 0.00 0.03 0.00 100 0.25 0.02 0.00 99.7

average 75.0 8.31 2.22 14.5 84.1 7.14 2.18 6.54 82.2 5.59 6.63 5.53

Table 2: Percentage distribution of type of drug switch per active substance (GG = generic drug 

to generic drug switch, BG = brand-name drug to generic drug switch, GB = generic drug to 

brand-name drug switch, and BB = brand-name drug to brand-name drug switch) in descending 

order by percentage of generic-to-generic drug swivtch in the last period, similar to the order in 

Fig. 3. Periods are June 2009 to December 2011, January 2012 to June 2014, and July 2014 to 

December 2016. 
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2.1

Parallel import

A proportion of all drug switches (9.5%) in our study involved a parallel product. 
These drug switches were mostly BB (81.9%) and BG drug switches (15.8%); 
however, GB (1.30%) and GG drug switches (1.04%) also occurred. Overall, 
0.12% of the GG drug switches and 86.5% of the BB drug switches involved a 
parallel imported product.

Detailed data on drug switches – example: atorvastatin
We closely investigated the drug switches of each active substance over time, 
and we present atorvastatin as an example in Fig. 4 because the patent of 
Lipitor® expired during our study period (February 2012). Roughly 2 million 
atorvastatin drug switches were included in our analysis. A large peak in BG 
drug switches occurred after patent expiry (274,300 BG drug switches in 2012), 
and only some patients were switched back from brand-name drugs to generic 
drugs: 1.7% of all drug switches in 2012 (7,355/421,875). From July 2012 until 
the end of the study period, 92.7% of the drug switches (1,057,601/1,141,015) 
concerned GG drug switches, also exhibiting the annual pattern with a peak 
between January and March. Moreover, 100% (600,818/600,862) of the drug 
switches in the period before March 2012 were BB drug switches. 
As indicated in Fig. 4, the large BG drug switch peak in 2012 is a summation of 
81 different BG drug switches. All atorvastatin switches in our study involved 84 
different GG drug switches, 137 BB drug switches, and 68 GB drug switches.

Fig. 4 Number of drug switches per month for atorvastatin, color-coded per combination of 

brand-name or generic drug. Brand-name to brand-name [green], brand-name to generic [blue], 

generic to brand-name [purple], generic to generic [orange]. Each color is a stacked area plot 

of the total number of drug switches, separated by solid lines for the individual contribution of 

switches with a unique combination of drug product before and drug product after the switch.

Discussion

This study provides new insight into the frequency of drug switches in the 
Netherlands. It is an essential part of characterizing the landscape of generic 
drug use and an important first step towards elucidating reasons for the occur-
rence of drug switches. 
In our data, an increased number of drug switches were observed in the first 3 
months of each calendar year. This increase cannot be explained by a higher 
overall number of drug dispenses in these months, as we did not observe a change 
in the number of drug dispenses throughout the year (data not shown). It can 
also not be explained by the number drug shortages, as these are not known to 
increase at the beginning of each year. Furthermore, as on average only 4–10% 
of the Dutch patient population changes health insurance yearly, this cannot 
explain the increased number of drug switches to a sufficient extent. However, 
the yearly increase is in line with the typical duration of health insurer-manu-
facturer contracts and contract renewal at the beginning of each year, as seen in 
the Preference Policy. Therefore, we postulate that the increased frequency of 
drug switches in January to March is explained by the Dutch Preference Policy. 
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2.1

The deviating pattern of an increased number of drug switches in the second 
part of 2009, as seen in Fig. 2, is likely caused by the phased introduction of the 
Preference Policy in that year. Until then, most contracts between manufactu-
rers and insurers were valid for 6 months, whereas from 2009, contracts were 
usually of longer duration – 1 or 2 years (11). 
The yearly pattern of the number of drug switches is most likely explained by 
the Preference Policy, but only partly. Most Dutch patients are insured by one 
of four large health insurance companies. Therefore, the expectation would be 
that there are only four (or less) preferred drug products and thus only a limited 
number of different drug switches for the same active substance. Nevertheless, 
as evident from the example of atorvastatin (Fig. 4), peaks in January to March 
are the result of many different drug switches involving various drug products. 
This was observed for the other active substances as well (data not shown). 
Therefore, the influence of other reasons, such as wholesaler and pharmacy 
practices or both local and international shortages, should be further investi-
gated with the ultimate goal of identifying possible points for improvement 
towards pharmaceutical care in which the financially wanted market share of 
generic drugs is large, but the clinically unwanted drug switches do not occur 
frequently.
If a patient has complaints following the use of, or switch to, a different drug 
product, then, on medical grounds, a medical doctor in the Netherlands is 
entitled to prescribe that patient a drug product principally not covered by his or 
her health insurance (‘medical necessity’ similar to ‘Dispense as Written’ in the 
US). It is then reimbursed nonetheless and is thus also included in our dataset. 
Medical necessity is an interesting research topic, as it could be a surrogate for 
clinical problems or patient satisfaction with the use of a generic drug. In our 
dataset, we found an average ‘switchback rate’ (generic drug switched to brand-
name drug) of 3.52%, with a wide range for the different active substances 
(0.00–17.3%). However, although a switchback is most likely the result of 
medical necessity, it could also be caused by other factors, such as supply 
shortage of the generic drug or a decrease in the price of the brand-name drug. 
Most importantly, medical necessity is not restricted to a brand-name drug but 
could also be used to prefer a specific generic drug, which further diffuses the 
relation between satisfaction and switchback rates. Our dataset is thus not well 
suited to study clinical discomfort and switchback rates or medical necessity.

Furthermore, we observed a high proportion of BB switches of drugs containing 
levothyroxine or methotrexate (for the antineoplastic indication) (see Fig. 3). 
This is most likely explained by the non-availability of generic drugs for these 
active substances and the availability of parallel imported brand-name drugs. 
Over time, for atorvastatin, irbesartan, esomeprazole, ethinylestradiol/levonor-
gestrel, salmeterol/fluticasone, omeprazole, losartan, and rivastigmine, the type 
of switch involved fewer brand-name drugs. This observation is most likely 
explained by the increased availability of generic drugs after patent expiry of the 
brand-name drug. Indeed, generic drugs of esomeprazole were first available in 
2011, those of atorvastatin in 2012, and those of salmeterol/fluticasone in 2013, 
after which the GG drug switch rate increased. 
We only studied drug switches between active substances of the same strength 
and thus excluded drug switches for which both strength and manufacturer were 
changed. Although we thereby underestimated the number of drug switches, we 
believe the volume of these changes is relatively small, and this is not expected 
to influence our results to a great extent. Moreover, drug switches in which 
patients were switched between a fixed dose combination (FDC) and a combi-
nation of monotherapies were not included. Given the total number of patients 
for whom FDCs were dispensed in the Netherlands in the GIP database, this 
could affect drug switches involving perindopril, losartan, irbesartan, and 
enalapril (all available in FDCs with diuretics). Therefore, this study might 
underestimate the total number of drug switches for these active substances.
A further limitation is that we investigated only 20 (combinations of) active 
substances. These 20 were chosen because for these active substances, at least 
25 ADRs in relation to drug switching had been reported to Lareb between 
January 2006 and September 2016 (7). At a later stage, our drug switch data 
can be used to refine the Lareb analysis. Since these are the active substances 
with the highest number of ADR reports related to drug switching, it is possible 
that we selected active substances that are switched more often than active 
substances not included in our study. As we do not have drug switch data for 
other active substances, we can neither confirm nor deny this. However, the 20 
active substances represent a wide range of therapeutic classes and include 5 of 
the 10 most prescribed active substances in the Netherlands (2016). Therefore, 
we believe that, to a reasonable extent, our study findings can be generalized to 
other active substances in the Netherlands. 
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A strength of our analysis is that the drug switch data for each active substance 
are near complete. The data source, namely, the ZIN GIP, covers approximately 
96% of the insured Dutch population (23) and all individuals living or working 
in the Netherlands are obliged to take out health insurance. Furthermore, the 
size of or our sample (almost 24 million switches) is large enough for us to 
be able to draw conclusions about the characteristics of drug switching in the 
Netherlands with sufficient certainty. 
To our knowledge, this is the first nationwide quantitative analysis of drug 
switches at a patient level in the Netherlands. The amount of literature on this 
topic is limited. One other study described a quantified approach to generic 
switching in the Netherlands (24). However, it focused on the difference 
between what had been prescribed by the doctor (brand-name drug or generic 
drug) and what was dispensed by the pharmacist (brand-name drug or generic 
drug). It did not characterize the frequency of drug switches at the level of the 
individual patient, as in our study. 
Furthermore, a recent FDA study introduced a descriptive tool to analyze novel 
utilization and drug switching patterns at the manufacturer level (8). That 
study focused on the number of new users per manufacturer, time to switch to 
a generic drug, and switchback rates. Extensive drug switching between drugs 
produced by different manufacturers was observed, with the exception that 
there was no distinct annual pattern. In addition, switchback rates could not be 
compared directly to our study, as these were presented as cumulative incidence 
rates (close to 20% in 2 years) but seem to be in the same order of magnitude 
as the rate we observed. In general, our results are consistent with those of 
the FDA study. The absence of an annual pattern in the American drug swit-
ching data suggests that the annual switching pattern we observed is unique to 
the Netherlands, which is an additional argument that the pattern is probably 
explained by the Preference Policy.
Although we present data specifically for the Dutch situation, our research 
has international relevance. Internationally, there is variability with regard to 
generic market penetration, generic pricing, reimbursement, and the policy for 
the promotion of generic drugs. Even different reimbursement policies for diffe-
rent types of active substances exist (25) (5, 26, 27). While we postulate a strong 
influence of a specific Dutch reimbursement policy the drug switch pattern does 
clarify the downside of a system in which generic drugs are preferred predo-

minantly based on pricing and on frequent changes to the contracts between 
insurers and manufactures. Especially because of the variability of international 
policies, other policymakers must face comparable situations, and being aware 
of the Dutch situation is beneficial for their decision-making process. 

Conclusion

Our results present a unique and extensive characterization of the frequency of 
drug switches in the Netherlands. We show that for the studied selection of 20 
active substances, switching between drugs made by different manufacturers 
was common during mid-2009 until the end of 2016. Furthermore, we demon-
strate that a large number of different drug products are involved in the drug 
switches, and an increased rate is observed in January to March each year, most 
likely explained by the Dutch health insurance Preference Policy. Not only are 
the data valuable as is, but they also serve as a first step towards elucidating the 
reasons for the occurrence of those drug switches. In addition, the data can be 
used to put into perspective the absolute number of ADRs associated with drug 
switching in the Netherlands.
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References

1. Dave CV, Hartzema A, Kesselheim 
AS. Prices of generic drugs associated 
with numbers of manufacturers. N 
Engl J Med. 2017;377(26):2597-8.

2. Food and Drug Administration. 
Generic competition and drug prices  
[updated 11/20/2017 Available from: 
h t t p s : / / w w w . f d a . g o v / a b o u t - f d a /
center-drug-evaluation-and-research/
generic-competition-and-drug-prices.

3. Aitken M, Kleinrick, M, IQVIA 
Institute for Human Data Science. 
Medicine Use and Spending in the 
U.S. [Available from: http://www.
imshealth.com/en/thought-leadership/
quintilesims-institute/reports]. 2018.

4. Japanse MHLW. Promotion of 
the Use of Generic Drugs 2012 
[updated 9/2012. Available from: 
h t t p s : / / w w w . m h l w . g o . j p / e n g l i s h /
policy_report/2012/09/120921.html.

5. Wouters OJ, Kanavos PG, McKee M. 
Comparing generic drug markets in 
Europe and the United States: prices, 
volumes, and spending. The Milbank 
Quarterly. 2017;95(3):554-601.

6. Colgan S, Faasse K, Martin LR, Stephens 
MH, Grey A, Petrie KJ. Perceptions 
of generic medication in the general 
population, doctors and pharmacists: a 
systematic review. BMJ Open. 2015;5(12).

7. The Netherlands Pharmacovigilance 
Centre Lareb. Overview on reports 
of adverse drug reactions related 
to drug substitution, April 2017.

8. Gagne JJ, Popovic JR, Nguyen M, 
Sandhu SK, Greene P, Izem R, et al. 
Evaluation of switching patterns in 
FDA’s Sentinel system: a new tool to 
assess generic drugs. Drug Saf. 2018.

9. The Dutch Foundation for 
Pharmaceutical Statistics (SFK). 
Aandeel merkloze medicijnen stijgt 
in 2017 verder naar 76%. July 2018.

10. Government of The Netherlands, Besluit 
zorgverzekering, BWBR0018492 (2005).

11. Kanavos P, Seeley L, Vandoros S. Tender 
systems for outpatient pharmaceuticals 
in the European Union: Evidence 
from the Netherlands, Germany and 
Belgium. LSE Health. Oct. 2009.

12. van der Schors W, Brabers, A.E.M., 
de Jong, J.D.;. 8% wisselt van 
zorgverzekeraar. Deel verzekerden 
lijkt steeds vaker inhoudelijke 
overwegingen mee te nemen bij keuze 
zorgverzekering. NIVEL. Mar 2017.

13. The Dutch Foundation for 
Pharmaceutical Statistics (SFK). 
Medicijngebruikers wisselen minder 
van zorgverzekeraar. Mar 2016.

14. Vektis. Zorgthermometer - Verzekerden 
in beeld 2016 [Available from: https://
www.vektis.nl/intelligence/publicaties/
verzekerden-in-beeld-2016]. Apr 2016.

15. Medicines Evaluation Board. Parallel 
importation: marketing authorisation 
and maintenance. 2018 08/11/2018. 
Report No.: Policy document MEB 14.

16. von Elm E, Altman DG, Egger M, Pocock 
SJ, Gotzsche PC, Vandenbroucke JP, et 
al. The Strengthening the Reporting of 
Observational Studies in Epidemiology 
(STROBE) statement: guidelines 
for reporting observational studies. J 
Clin Epidemiol. 2008;61(4):344-9.

17. National Health Care Institute. The Drug 
Information System [9/8/2019]. Available 
from: https://www.gipdatabank.nl/.

18. Medicines Evaluation Board. CBG 
G e n e e s m i d d e l e n i n f o r m a t i e b a n k  
[updated 7/8/19. Available from: https://
www.geneesmiddeleninformatiebank.nl/.

19. European Medicines Agency. European 
Union reference dates list (EURD list) 
EMA website 2012 [updated 08/08/2019. 
Available from: https://www.ema.
europa.eu/en/human-regulatory/post-
a u t h o r i s a t i o n / p h a r m a c o v i g i l a n c e /
periodic-safety-update-reports-psurs.

20. R Core Team. R: A language and 
environment for statistical computing. 
R Foundation for Statistical Computing, 
Vienna, Austria. 3.5.0 ed 2018.

21. Dragulescu AA. xlsx: Read, write, format 
Excel 2007 and Excel 97/2000/XP/2003 
files. R package version 0.5.7. 2014.

22. RStudio Team. RStudio: 
Integrated Development for R.: 
RStudio, Inc., Boston, MA,; 2016.

23. GIPeilingen. Ontwikkelingen genees- 
en hulpmiddelen- gebruik 2012-
2016, raming 2017-2012. Diemen: 
GIP / Zorginstituut Nederland; 2018.

24. Pechlivanoglou P, van der Veen WJ, 
Bos JH, Postma MJ. Analyzing generic 
and branded substitution patterns in the 
Netherlands using prescription data. 
BMC health services research. 2011;11:89.

25. Howard JN, Harris I, Frank G, Kiptanui 
Z, Qian J, Hansen R. Influencers of generic 
drug utilization: A systematic review. Res 
Social Adm Pharm. 2018;14(7):619-27.

26. Simoens S. Generic medicine pricing 
in Europe: current issues and future 
perspective. J Med Econ. 2010;11(1):171-5.

27. Hassali MA, Alrasheedy AA, McLachlan 
A, Nguyen TA, Al-Tamimi SK, Ibrahim 
MI, et al. The experiences of implementing 
generic medicine policy in eight countries: 
A review and recommendations for a 
successful promotion of generic medicine 
use. Saudi Pharm J. 2014;22(6):491-503.

52 53

ch
ap

te
r 

tw
o.

on
e 

| d
ru

g 
sw

itc
he

s



Chapter 2.2
Quantification of adverse drug 

reactions related to drug switches in 
the Netherlands

Pieter J. Glerum, Marc Maliepaard, Vincent de Valk, Joep H.G. Scholl, 
Florence P.A.M. van Hunsel, Eugène P. van Puijenbroek, David M. 

Burger, Cees Neef

Clinical Translational Science. 2020 May;13(3):599-607.

2.2

55



Abstract

We performed a retrospective cohort study in the Dutch patient population to 
identify active substances with a relatively high number of adverse drug reac-
tions (ADRs) potentially related to drug switching. For this, we analyzed drug 
switches and reported ADRs related to switching between June 1, 2009 and 
December 31, 2016 for a selection of 20 active substances. We also compared 
pharmacovigilance analyses based on the absolute, switch-corrected and 
user-corrected numbers of ADRs. In total, 1,348 reported ADRs and over 23.8 
million drug switches were obtained from the National Health Care Institute in 
the Netherlands and from Lareb, which is the Netherlands Pharmacovigilance 
Centre. There was no correlation between the number of ADRs and the number 
of switches, but on average we found 5.7 reported ADRs per 100,000 switches. 
The number was relatively high for rivastigmine, levothyroxine, methylp-
henidate and salbutamol, with 74.9, 50.9, 47.6 and 26.1 ADRs per 100,000 
switches, respectively. When comparing analyses using the absolute number 
and the switch-corrected number of ADRs, we demonstrate that different active 
substances would be identified as having a relatively high number of ADRs, 
and different time periods of increased numbers of ADRs would be observed. 
We also demonstrate similar results when using the user-corrected number of 
ADRs instead of the switch-corrected number of ADRs, allowing for a more 
feasible approach in pharmacovigilance practice. This study demonstrates that 
pharmacovigilance analyses of switch-related ADRs leads to different results 
when the number of reported ADRs is corrected for the actual number of drug 
switches.

Introduction

Generic drugs are highly similar to their brand-name counterparts. Generic 
drugs comprise identical active substance(s), have the same pharmaceutical 
form and have been shown to be bioequivalent to the brand-name drug. Limits 
for bioequivalence are set to achieve similar clinical safety and efficacy, and 
if bioequivalence has been demonstrated, then branded and generic drugs are 
considered therapeutically equivalent (1). From a pharmacological perspec-
tive, it is therefore unexpected that a different clinical profile is observed for 
a generic drug as compared to a brand-name drug, and that an adverse drug 
reaction (ADR) is experienced following a switch between bioequivalent drug 
products. However, cases of ADRs following drug switches are published (2-4); 
some studies on switching demonstrate increased health care utilization (5), 
and patients’ and prescribers’ perceptions of generics and generic switches are 
not always positive (6-10). A need exists to systematically study the perceived 
problems and possibly elucidate points for improvement on the pharmacological 
and psychological assumptions of generic interchangeability.
Lareb, the Netherlands Pharmacovigilance Centre, is responsible for pharma-
covigilance signal detection in the Netherlands and regularly receives ADR 
reports related to generic switching. In 2017, Lareb published a report on these 
ADRs for active substances with at least 25 reported switch-related ADRs over 
a period of 10 years (11). Based on observed patterns for the absolute number 
of reported ADRs and a clinical review of each case, Lareb identified problems 
following switching: dysregulation of patients after switches of the thyroid 
hormone levothyroxine; breakthrough bleeding on oral contraceptives with 
ethinylestradiol and levonorgestrel; reduced efficacy with inhalation drugs for 
the treatment of asthma; salbutamol and fluticasone/salmeterol, skin reactions 
and curling of patches with rivastigmine; injection site pain and injection site 
reactions with methotrexate; and reduced efficacy with anti-epileptics. 
However, as acknowledged by the authors, and as is often the case for phar-
macovigilance research, studying the absolute numbers of ADRs is a classic 
example of a “floating numerator;” that is, the number of cases is not related to 
the size of the population at risk. The relative risk may be low for drugs that 
are often switched, but could be high for drugs that are switched less often. 
Furthermore, we expect that there is a background rate of reported ADRs per 
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number of drug switches. The background rate is difficult to discern without 
knowledge of the number of drug switches, specifically since we know from 
previous work that the number of switches fluctuates on a monthly basis (23). 
The primary aim of the current investigation is to calculate the relative number 
of reported ADRs per number of drug switches for the 20 active substances 
that were described in the Lareb report, in the time period between June 1, 
2009 and December 31, 2016. (Temporary) increased numbers of reported 
ADRs (“peaks”) above the background level are of particular interest, as these 
could indicate a true increased incidence of clinical discomfort following a drug 
switch. Further investigation of such a relative peak should then be performed 
to determine whether a causal association between a specific drug switch and 
the experienced ADRs can be deduced. 
In addition, we examine whether different peaks would be observed using the 
absolute number of ADRs or using the switch-corrected number of ADRs. 
We also explore the feasibility of using the number of users, instead of drug 
switches, for correcting the absolute number of reported ADRs, since these data 
are more readily available. 

Methods

This is a retrospective cohort study of a selection of 20 active substances in the 
Dutch patient population, with qualitative and quantitative descriptive analyses. 
We related the number of reported ADRs obtained from the database of the 
Lareb, to the drug switches from the National Health Care Institute (ZIN).
Active substance selection was based on a Lareb report from 2017, in which drug 
switch-related ADRs were described for active substances with more than 25 
ADRs in a 10-year period from 2006. The following active substances (20) are 
included: atorvastatin, enalapril, esomeprazole, ethinylestradiol/levonorgestrel, 
irbesartan, levothyroxine, losartan, metformin, methotrexate, methylphenidate, 
metoprolol, omeprazole, pantoprazole, paroxetine, perindopril, rivastigmine, 
salbutamol, salmeterol/fluticasone, simvastatin and venlafaxine. 

Patient switch data
We previously performed an extensive analysis of the drug switch data for the 20 
drugs (23). Similarly to that publication, a switch is defined as the replacement 

of a patient’s prescribed drug with a similar drug dispensed within the preceding 
150 days, for the same active substance, same strength, and same route of admi-
nistration, but with the drug product coming from a different manufacturer. 
The drug products before and after the switch could both be generic or brand-
name drugs.  In the ZIN data, analysis of consecutive dispenses is feasible from 
January 1, 2009 onwards, thus we have reliable drug switch data from June 1, 
2009 until December 31, 2016. Furthermore, we collected data on the total 
number of users of the 20 active substances from the same data source. 

Reported adverse drug reactions data
We obtained all spontaneously reported ADRs received by Lareb over the years 
2009–2016, submitted by patients and health care professionals, both directly to 
Lareb and via marketing authorization holders. Only ADR reports that, accor-
ding to the reporter, were highly related to drug switching or drug substitution 
were included. For this purpose, reports categorized under a specific subset 
of the Medical Dictionary for Regulatory Activities (MedDRA) Lowest-Level 
Terms (LLTs) were included (Table S1). For each reported ADR, we obtained 
the unique anonymized identification number (ID), date of onset of the ADR, 
report-received date, MedDRA LLT, Anatomical Therapeutic Chemical 
(ATC) classification system code before switch, ATC code after switch, and 
sex and age of the patient. 
The date of onset of the ADR was deemed most relevant to our study; however, 
this was not registered in 12.9% (375/2,901) of the reports. In these cases, the 
report-received date was used, minus the median difference between the receive 
date and the date of onset of all reported ADRs (53 days). We excluded 5.3% 
(155/2,901) of the reports, whose date of onset of the ADR was not between 
June 1, 2009 and December 31, 2016. Furthermore, the interest of our study 
was drug switching between two products of the same active substance. We 
therefore excluded 5.2% (144/2,746) of the ADRs in which the registered ATC 
code before and after switch did not match. The final number of suitable ADRs 
was 2,602. We did not exclude reports in which the ATC code before the switch 
was not registered, which was the case in 33.7% (878/2,602) of the reports. 

Data analysis
Aggregated data were exported from ZIN and Lareb databases as a Microsoft 
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Excel workbook and imported into R software (version 3.5.1) using the package 
“xlsx.” Qualitative and quantitative descriptive analyses and data visualization 
were performed using base R and R Studio.
Descriptive analyses of reported ADR data were performed and presented per 
anatomical subgroup of the ATC classification system and for each of the 20 
selected drugs. Both the patient switch data and the ADR data were aggregated 
on a quarterly (3-monthly) basis, as this is a common time frame for analyses in 
pharmacovigilance. In the absence of switch data, ADR data before July 2009 
was not included in the quarterly analyses. 
The numbers of reported ADRs per number of switches were calculated by 
dividing the quarterly number of ADRs for each active substance by the quar-
terly number of switches for that active substance. Analogously, numbers of 
reported ADRs per number of users were calculated by dividing the quarterly 
number of ADRs by the number of users. 
In this study, we define a peak in the number of ADRs as the value exceeding 
a threshold. This threshold was subjectively defined as the mean value of the 
number of ADRs in all quarters for all included active substances, plus 1 times 
its standard deviation. 

Results

Number of reported adverse drug reactions
Our analyses included a total of 2,602 reported ADRs related to drug swit-
ching during the study period June 1, 2009 until December 31, 2016. Of the 
included ADRs, 63.9% were reported for female patients, and the mean age 
of the patients was 53.1 years (range 0–95 years). In Table S2 an overview is 
presented of the number of ADRs per ATC anatomical main group. Differences 
between anatomical groups are observed, with, for example, a large number of 
reported ADRs for the nervous system subgroup (n = 595) and a small number 
for dermatological drugs (n = 13). However, as the number of switches per 
active substance is unknown, no inferences can be made with regard to the 
relative risk per anatomical group. 
In Fig. 1 the data is illustrated graphically, with each shaded band indica-
ting one specific active substance. From this figure, large differences can be 
observed regarding the relative contribution of active substances within each 

anatomical group – for example, a major contribution of levothyroxine in the 
subgroup “systemic hormonal preparations” (H) (95% [360/379] of the total 
number of switches in the ATC group) and of omeprazole (41.3% [124/300]) in 
the “alimentary tract and metabolism” subgroup (A). The 20 active substances 
included in our further analyses represent 51.8% (1,348/2,602) of all reported 
ADRs in our dataset; they are marked in Fig. 1. Table 1 provides an overview 
of both the number of reported ADRs and the number of drug switches of the 
included active substances.

Fig. 1: Overview of all spontaneously reported ADRs related to drug switching, for all active 

substances, from June 2009 to December 2016 in the Netherlands, as obtained from Lareb. Each 

bar is a sum of all reports in a specific anatomical group. Each individual color represents the total 

number of reported ADRs for one specific ATC code. Colored and striped parts indicate the 20 

products selected for further study.

A  B  C  D  G  H  J  L  M  N  P  R  S  V

nu
m

be
r o

f r
ep

or
te

d 
A

D
R

s

2.2

60 61

ch
ap

te
r 

tw
o.

tw
o 

| a
dv

er
se

 d
ru

g 
re

ac
tio

ns



INN EU brand name Total number of 
reported ADRs

Total number of switches

levothyroxine Thyrax Duotab ® 360 507,396

salbutamol Ventolin ® 133 493,270
methylphenidate Ritalin ® 129 223,496
omeprazole Losec ® 124 2,742,659
ethinylestradiol/
levonorgestrel

Microgynon ® 68 483,996

atorvastatin Lipitor ® 61 2,007,886
metoprolol Lopresor ® 53 2,723,408
simvastatin Zocor ® 49 4,241,382
salmeterol/
fluticasone

Seretide ® 43 793,693

irbesartan Aprovel ® 40 446,312
paroxetine Seroxat ® 38 853,542
rivastigmine Exelon ® 38 30,722
pantoprazole Pantozol ® 36 2,192,881
metformin Glucophage ® 34 1,915,225
esomeprazole Nexium ® 28 716,320
losartan Cozaar ® 28 902,258
venlafaxine Efexor ® 26 422,532
enalapril Renitec ® 22 776,436
perindopril Coversyl ® 22 1,222,092
methotrexate Metoject ® 16 161,603
total 1,348 23,857,109

Table 1: Overview of each specific active substance included in the analysis, including International 

Nonproprietary Name (INN), European brand name, total number of reported ADRs related to 

drug switching and total number of switches for these active substances, for the period June 2009 

to December 2016 in the Netherlands.

Relative number of reported adverse drug reactions 
To examine the relation between the number of reported ADRs and the number 
of drug switches, the quarterly number of ADRs and quarterly number of 
switches for the 20 selected active substances are depicted in Fig. 2. The mean 
number at which ADRs are reported for all active substances in our selection is 
5.7 per 100,000 switches. However, no linear correlation between the number 
of ADRs and the number of switches was identified, and a high variability in 
the number of ADRs reported per quarter is observed. 

Fig. 2: Plot of the absolute number of reported ADRs related to drug switching and number of 

switches in the Netherlands for all included active substances (n = 20) in the dataset. Each data 

point is the number of reported ADRs and number of switches for one specific quarter year.
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Fig. 3: (A) Bar chart of mean switch-corrected number of quarterly reported ADRs related to 

drug switching per 100,000 switches; error bars indicate quarterly SD. (B) Plot of each active 

substance, with the mean absolute number of quarterly reported ADRs on the x-axis and the 

mean of switch-corrected number of quarterly reported ADRs per 100,000 switches on the y-axis. 

(C) Bar chart of mean absolute number of quarterly reported ADRs; error bars indicate quarterly 

SD. 

In Fig. 3, the mean quarterly reported number of ADRs and mean quarterly 
number of switch-corrected ADRs are compared for all 20 active substances 
in the dataset. Fig. 3A illustrates that there is cluster of active substances with 
a similar, relatively low quarterly number of ADRs per 100,000 switches. In 
contrast, the following four active substances demonstrate notably higher 
numbers: rivastigmine (74.9 +/- 188 per 100,000 switches, mean +/- SD), levo-
thyroxine (50.9 +/- 64.2), methylphenidate (47.6 +/- 37.1) and salbutamol (26.1 
+/- 45.2). The mean relative risk of reporting an ADR following a rivastigmine 
switch in our study period therefore appears 65-fold higher, compared to a 
simvastatin product switch (i.e., 74.9 versus 1.15 reported ADRs per 100,000 
switches). 

Comparison between relative number and absolute number of reported 
adverse drug reactions
Fig. 3 A and C depict the ranking of the active substances based on both mean 
number and switch-corrected number of ADRs. The ranking order of these 
two measures does not fully overlap. More specifically, for rivastigmine, for 
example, the mean absolute number of ADRs (1.27 +/- 3.07) is relatively low, 
whereas the mean number of switch-corrected ADRs is relatively high (74.9 
+/- 188 per 100,000 switches). For omeprazole, it is the opposite: a relatively 
high mean number of ADRs (4.07 +/- 9.41) and a relatively low mean number 
of switch-corrected ADRs (3.28 +/- 4.97 per 100,000 switches) exist. For levo-
thyroxine, salbutamol and methylphenidate, both the absolute number and 
switch-corrected number of ADRs are relatively high. 
Large standard deviations on the mean values are observed. This indicates that 
large differences can be observed between different quarters. Studying mean 
values ignores the fluctuation in the data, which is essential in the (real-time) 
detection of temporal increases. Fig. 4 presents an example of the study over 
time for the number of reported ADRs (absolute and switch-corrected) related 
to esomeprazole. The largest absolute number of ADRs was observed in the first 
quarter of 2011 (six reported ADRs), and it coincides with the largest number of 
quarterly switches (83,254). As a result, the number of switch-corrected ADRs 
in the first quarter of 2011 (7.21 per 100,000 switches) is lower than the number 
of switch-corrected ADRs observed in the last quarter of both 2010 and 2012, 
the second quarter of 2015 and the first quarter of 2016 (with 8.68, 12.0, 11.96 
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and 12.65 reported ADRs per 100,000 switches, respectively), all representing 
quarters for which a lower absolute number of ADRs were reported (i.e., two or 
three). This exemplifies that, when corrected for the number of switches, a peak 
in the absolute number of ADRs does not necessarily translate into the most 
relevant peak in ADRs. Similarly, a lower absolute number of ADRs could be 
more relevant if the number of switches in a quarter is relatively low.

Fig. 4: (above) Number of quarterly switches (black line), absolute number of reported ADRs 

(gray bar plot) and quarterly number of switch-corrected reported ADRs (per 100,000 switches, 

color bar plot) for esomeprazole in the Netherlands.

Fig. 5: (right page) (A) Absolute number of quarterly reported ADRs per active substance on 

the x-axis and number of switch-corrected quarterly reported ADRs per 100,000 switches on the 

y-axis; gray lines connect values for quarters of a single drug in chronological order. (B) Absolute 

number of quarterly reported ADRs per active substance on the x-axis and number of user-cor-

rected quarterly reported ADRs per 100,000 users on the y-axis; gray lines connect values for 

quarters of a single active substance in chronological order, and dashed lines are the threshold 

values, defined as the mean number of the absolute or switch-corrected reported ADRs + 1 SD. 

The total number of quarterly data points per active substance is 30.
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To further examine the question as to whether different peaks would be 
observed using the absolute number of ADRs versus the switch-corrected 
number of ADRs, the absolute number of quarterly ADRs was plotted against 
the switch-corrected number of ADRs for all 20 included active substances 
(Fig. 5A). This allows for a visual assessment of the difference between the 
two methods of “peak detection.” The figure illustrates a number of data points 
clustered at the lower values of both axes and a number of data points deviating 
from that cluster. To interpret the results, we arbitrarily defined a threshold 
above which a data point is considered to be a peak or a part thereof. 

Data are available for 30 quarter years for each individual active substance, 
amounting to 600 quarters. On the one hand, based on the absolute number 
of ADRs, 4.3% (26/600) of the quarters would be identified as a peak. On 
the other hand, based on the switch-corrected ADRs, 5.7% (34/600) of the 
quarters would be identified as a peak. Furthermore, 2.5% (15/600) of the 
quarters would be identified by both methods, and 1.8% (11/600) of the peaks 
that were identified based on the absolute number of ADRs was not identified 
by the switch-corrected ADR method. The latter 1.8% could be characterized 
as false positives of the absolute ADR method, or a “type 1” error, as these 
peaks would erroneously be identified as peaks when in fact they are explained 
by an increased number of switches. Similarly, 3.2% (19/600) of the ADR peaks 
would only be identified with the switch-corrected ADR method and not by the 
absolute number of ADRs method. These could be defined as “type 2” errors or 
false negatives of the absolute number of ADRs method.
In Fig. 5A, the reported ADR peaks for the following five active substances 
visually stand out: rivastigmine, methylphenidate, levothyroxine, omepra-
zole and salbutamol. For rivastigmine, a large switch-corrected ADR peak is 
observed for 7/30 quarters, but only one of these seven quarters (14.3%) is above 
the threshold for the absolute number of ADRs. Likewise, for methylphenidate, 
26.7% (8/30) of the quarters is above the switch-corrected ADR threshold but 
not above the threshold for the absolute number of ADRs. These data indicate 
false negatives in the absolute number of ADRs method. 
For levothyroxine, 9/30 quarters are above the threshold for the absolute 
number of ADRs, of which 55.6% (5/9) is not identified by the switch-cor-
rected ADR method, thus indicating false positives in the absolute number of 

ADRs method. Likewise, for omeprazole, 10% (3/30) of the quarters is above 
the threshold for the absolute number of ADR; however, none of these three 
were identified by the switch-corrected ADR method, again indicating false 
positives for the absolute number of ADRs method. For salbutamol, no false 
positives or negatives are identified, as the same five quarters are identified by 
both methods.

User-adjusted analysis
Data on the absolute number of drug switches is only available in the Netherlands 
in retrospect. This may hinder the use of the number of switches during real-
time pharmacovigilance analyses. A more practical approach to put the number 
of ADRs into perspective would therefore be to use the number of users instead 
of the number of switches. 
The absolute number of quarterly ADRs and the user-corrected number of quar-
terly ADRs are depicted in Fig. 5B. Comparing Fig 5A and 5B, similar trends 
are observed for the values of rivastigmine, levothyroxine, methylphenidate and 
omeprazole. Table 2 provides a detailed comparison of the number of ADRs 
above and below the threshold using either switch-corrected or user-corrected 
ADRs, as compared to the outcome for the absolute number of ADRs method, 
and it shows a similar trend using both methods.

Absolute number of reported 
ADRs below threshold

Absolute number of reported 
ADRs above threshold

switch adjusted user adjusted switch adjusted user adjusted 

reported ADR 
number above 

threshold
 3.17% 

(19/600)  1.50% (9/600)  2.50% 
(15/600)  1% (6/600)

reported ADR 
number below 

threshold
 92.5% 

(555/600)
 94.2% 

(565/600)
 1.83% 

(11/600)
 3.33% 

(20/600)

Table 2: Comparison between percentages of quarters above or below the threshold of either the 

switch-corrected or user-corrected reported ADR methods for the 20 selected active substances 

in this study. False negatives are marked in light gray, and false positives are marked dark gray.
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Although numerical differences can be observed with respect to the number of 
false positives and false negatives between both methods, the overall impression 
is that both methods result in similar findings regarding the number of active 
substances with identified peaks and the percentage of quarters with values 
above or below the threshold. Similarity in the outcome of the switch-corrected 
and user-corrected ADR methods depends on the correlation between the quar-
terly number of users and the quarterly number of switches. Supplementary 
Figure S1 is a depiction of the correlation and there is a linear correlation (R2 

= 0.72) with a significant slope (p = 2.48*10-6). On average, approximately 91 
quarterly switches per 1,000 users are observed for the 20 active substances 
included in our analysis. 

Discussion

Pharmacovigilance is a useful tool in the identification of clinical consequences 
of (generic) drug switching. Given the importance for each individual patient, 
every reported ADR should always undergo thorough causal and clinical review.
We combined the number of drug switches and the number of related ADRs 
for a period of 7.5 years between June 1, 2009 and December 31, 2016. We 
demonstrated that in this period, rivastigmine, levothyroxine, methylpheni-
date and salbutamol have a relatively high number of switch-related ADRs. 
Without switching data, the potential exists to draw false positive (noted, e.g., 
for omeprazole) or false negative (noted, e.g., for rivastigmine) conclusions. 
We also revealed that, without switching data different active substances in our 
selection of 20 would be identified as having a high prevalence of switch-related 
ADRs. The use of switch-corrected ADR data should be considered in pharma-
covigilance analyses to avoid misinterpretation of switch-related ADR signals.
This is the first systematic, nationwide analysis of clinical discomfort from drug 
switches, using reported ADRs and the specific population at risk. Others have 
used indirect measures of discomfort, such as switchback rates (12). In a study 
on temporal trends in ADR reporting before and after generic introduction, 
the peak reporting numbers for five antiepileptic active substances were calcu-
lated as being in the range of 50–450 per 100,000 dispensed prescriptions (13). 
In that study, ADRs were not selected on specific LLTs and are expressed by 
number of prescriptions, which makes it difficult to compare to our study. In 

a recent analysis of a large switch in France between two levothyroxine drug 
products, an ADR reporting rate of 1.44% is mentioned (14). This is based on 
an estimated 2.1 million patients switching and 31,411 reported ADRs over 
a period of 13 months. The relative number of 1,440 / 100,000 switches in 
13 months is higher than in our study, as we found a peak of 220 ADRs per 
100,000 switches in 3 months for levothyroxine. The authors postulate a causal 
relation between the high number of reported ADRs and the proportion of 
subjects outside the bioequivalence limits, as found in a pharmacokinetic study. 
This relation is heavily debated (15-18). In a similar situation for levothyroxine 
in 2007 and 2008 in New Zealand, the increased number of reported ADRs was 
attributed to other factors, such as inaccurate information and media attention 
(19). Others have postulated an analytical framework that is comparable to our 
approach, and this confirms the potential of combining spontaneously reported 
ADRs and health care claims data for the detection of generic issues (20).
In our dataset, we did not identify a correlation between the quarterly number 
of drug switches and the quarterly number of reported ADRs using data for all 
20 active substances. This finding suggests that the increased number of ADRs 
is not merely a result of an increased number of switches. Thus, in many cases, 
the rate of reported ADRs indeed does change (temporarily), which may be an 
indication of an issue related to drug switches for those active substances. The 
reason for an increased rate of reported ADRs can be either an increase in the 
number of occasions on which a patient experiences a clinical consequence of a 
drug switch or a larger portion of the patients reporting their experienced ADR. 
Furthermore, the absence of a correlation between the number of switches and 
the number of ARDs questions the idea that the same general “background 
ADR reporting rate” is present for all active substances for which ADRs related 
to drug switches are reported. 
Further in our study, we demonstrated that correcting the number of ADRs by 
number of users, instead of number of switches, is a suitable alternative, since a 
comparable number of ADR peaks over time were identified by both methods. 
This is not an unexpected finding, as the number of switches is related to the 
number of users (see Fig. S1). The number of users is, however, a mean value, 
and unlike the number of switches in the Netherlands, it does not demon-
strate changes over a short period of time. Therefore, the user-corrected ADR 
method cannot put into perspective the temporal increases in reported ADR 
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peaks. This is not of great influence on our analysis, presumably since there is 
no strong correlation between peaks in the number of ADRs and peaks in the 
number of switches.
On average, in our dataset of 20 active substances in the Netherlands, we found 
364 switches per 1,000 users per year. In a study on the frequency of switching 
and adherence of inhalation medication, a yearly percentage switch of approxi-
mately 5% of total users was identified (21). This is low compared to our results, 
perhaps since multiple switches per patient and switches between generics were 
not accounted for in that publication. We are unaware of other literature refe-
rences to drug switch frequencies.

Study limitations
This study is based on data from spontaneous ADR reporting, which is known 
to be subject to underreporting, varying by type of active substance and type 
of ADR (22). This limits the generalizability of our study, as we are not able 
to calculate an absolute risk of ADRs following drug switches, only a relative 
number of reported ADRs. Moreover, changes in the number of reported ADRs 
over time could simply be changes in the reporting rate and not true changes 
in the number of experienced ADRs. However, we believe that spontaneous 
reports are the most objective and systematically acquired data available to study 
clinical discomfort regarding drug switches. Furthermore, conclusions on the 
calculated number of reported ADRs can still be drawn relative to other active 
substances in the dataset. 
We present data for 20 active substances only. Nevertheless, these 20 active 
substances have the largest number of reported ADRs in the Netherlands and 
therefore provide an adequate number of ADRs on which to base calculations. 
As described in our previous study (23), we believe these 20 active substances 
represent a valuable sample, since active substances are included with both high 
and low numbers of switches, as well as high and low numbers of users. The 
active substance selection includes not only 5 of the 10 most prescribed active 
substances in the Netherlands in 2016 (between 688,000 and 1 million users), 
but also data for rivastigmine, which has on average only 15,102 users.
In theory, a more detailed level of analysis is possible using the Lareb and ZIN 
data sources, for instance analysis of manufacturer-specific switches or analysis 
of ADRs reported for a specific patient subgroup. Although interesting, more 

detailed analyses are limited because of the smaller number of ADRs that can be 
included in them. In addition, the data obtained for our study did not support 
manufacturer-specific analysis, as this information was not registered by Lareb 
in the first part of the study period. Furthermore, subgroup analyses could not 
be performed, as the ZIN data were aggregated, and patient characteristics were 
not included.
We used all reported ADRs for which a certain LLT was registered. This 
limits the study, as allocation of LLTs to ADR reports is a subjective action. 
“Substitution” is particularly ambiguous terminology, as various interpreta-
tions are offered in literature. However, we gathered all ADRs from the same 
pharmacovigilance center and are therefore confident that the terminology and 
interpretation is consistent and similar within our study data.
The threshold for peak identification was arbitrarily chosen as the mean plus 
1 SD. This is a common approach when analyzing data such as those in this 
study; however, it is only a mathematical approach to peak identification. 
Conclusions drawn from these data can therefore differ if different threshold 
values are chosen, and the best threshold for actual pharmacovigilance analyses 
may be a subject for further research.

Future directions
In this study, we demonstrate the importance of incorporating the number of 
drug switches when analyzing switch-related ADRs. Although we consider each 
reported ADR to be important, and we know that ADRs can have a significant 
impact on quality of life on an individual level (24), we believe that an ADR is 
less informative in analyzing the clinical discomfort of drug switching when a 
large number of switches underlies that specific ADR.
Our recommendation is to incorporate the number of drug switches in drug 
switch-related ADR pharmacovigilance analyses, when feasible. If not, it would 
at least be desirable to incorporate the number of users, which is a reasonable 
alternative to the number of switches. Alternatively, it may be interesting to 
use an estimated number of drug switches by simulating the number of drug 
switches, based on the number of users, seasonality (known to occur in the 
Netherlands), and other factors that are unknown at this point. Further valida-
tion of either methodology is recommended. 
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Conclusion

We demonstrate that adjusting the absolute number of reported ADRs for the 
number of drug switches leads to identification of different ADR peaks between 
June 1, 2009 and December 31, 2016, at least in our selection of 20 active 
substances with a relatively large number of ADRs, in the Netherlands. By 
using the switch-corrected number of ADRs in pharmacovigilance analyses, the 
likelihood of identifying relevant switch-related ADR peaks may be increased. 
Therefore, the use of switch-corrected ADR data in routine pharmacovigilance 
analyses appears to be advisable. Although the number of switches is theoreti-
cally the best measure to put the reported ADRs related to drug switching in 
perspective, in the absence of such data, the mean number of users could be a 
useful alternative measure. 

References

1. Guideline on the investigation of 
bioequivalence., Doc. Ref.: CPMP/EWP/
QWP/1401/98 Rev. 1/ Corr** (2010).

2. Makus KG, McCormick J. Identification 
of adverse reactions that can occur on 
substitution of generic for branded 
lamotrigine in patients with epilepsy. 
Clinical Therapeutics. 2007;29(2):334-41.

3. Goldberg JF. A case of akathisia 
after switching from branded to 
generic high-dose olanzapine. J 
Clin Psychiatry. 2012;73(4):497.

4. Gallelli L, Gallelli G, Codamo 
G, Argentieri A, Michniewicz A, 
Siniscalchi A, et al. Recognizing Severe 
Adverse Drug Reactions: Two Case 
Reports After Switching Therapies 
to the Same Generic Company. 
Curr Drug Saf. 2016;11(1):104-8.

5. Kwan P, Palmini A. Association between 
switching antiepileptic drug products and 
healthcare utilization: A systematic review. 
Epilepsy & Behavior. 2017;73:166-72.

6. Colgan S, Faasse K, Martin LR, Stephens 
MH, Grey A, Petrie KJ. Perceptions 
of generic medication in the general 
population, doctors and pharmacists: a 
systematic review. BMJ Open. 2015;5(12).

7. Al Ameri MN, Whittaker C, 
Tucker A, Yaqoob M, Johnston A. 
A survey to determine the views of 
renal transplant patients on generic 
substitution in the UK. Transplant 
International. 2011;24(8):770-9.

8. Babar ZU, Grover P, Stewart J, Hogg 
M, Short L, Seo HG, et al. Evaluating 
pharmacists’ views, knowledge, 
and perception regarding generic 
medicines in New Zealand. Res Social 
Adm Pharm. 2011;7(3):294-305.

9. Dunne SS. What Do Users of 
Generic Medicines Think of Them? 
A Systematic Review of Consumers’ 
and Patients’ Perceptions of, and 
Experiences with, Generic Medicines. 
Patient. 2016;9(6):499-510.

10. O’Leary A, Usher C, Lynch M, Hall M, 
Hemeryk L, Spillane S, et al. Generic 
medicines and generic substitution: 
contrasting perspectives of stakeholders in 
Ireland. BMC Research Notes. 2015;8(1).

11. The Netherlands Pharmacovigilance 
Centre Lareb. Overview on reports 
of adverse drug reactions related 
to drug substitution, April 2017.

12. Desai RJ, Sarpatwari A, Dejene S, Khan 
NF, Lii J, Rogers JR, et al. Differences 
in rates of switchbacks after switching 
from branded to authorized generic 
and branded to generic drug products: 
cohort study. Bmj. 2018; ;361:k1180.

13. Bohn J, Kortepeter C, Munoz M, 
Simms K, Montenegro S, Dal Pan 
G. Patterns in spontaneous adverse 
event reporting among branded and 
generic antiepileptic drugs. Clin 
Pharmacol Ther. 2015;97(5):508-17.

14. Concordet D, Gandia P, Montastruc 
J-L, Bousquet-Mélou A, Lees P, Ferran 
A, et al. Levothyrox® New and Old 
Formulations: Are they Switchable 
for Millions of Patients? Clinical 
Pharmacokinetics. 2019;58(7):827–833.

15. Coste J, Bertagna X, Zureik M. 
Comment on: “Levothyrox® New and 
Old Formulations: Are they Switchable 
for Millions of Patients?”. Clinical 
Pharmacokinetics. 2019;58(7):965–6.

2.2

74 75

ch
ap

te
r 

tw
o.

tw
o 

| a
dv

er
se

 d
ru

g 
re

ac
tio

ns



16. Munafo A, Krebs-Brown A, Gaikwad 
S, Urgatz B, Castello-Bridoux C. 
Comment on “Levothyrox((R)) New 
and Old Formulations: Are They 
Switchable for Millions of Patients?”. 
Clin Pharmacokinet. 2019;58(7):969-71.

17. Nicolas P. Comment on: “Levothyrox® 
New and Old Formulations: Are they 
Switchable for Millions of Patients?”. 
Clin Pharmacokinet. 2019;58(7):959-60.

18. Tréchot P. Comment on: Levothyrox® 
New and Old Formulations: Are They 
Switchable for Millions of Patients? 
Clin Pharmacokinet. 2019;58(7):977-8.

19. Faasse K, Cundy T, Petrie KJ. 
Thyroxine: anatomy of a health 
scare. BMJ. 2009;339:5613.

20. Brown JD, Henriksen C, Vozmediano 
V, Schmidt S. Real-World Data 
Approaches for Early Detection of 
Potential Safety and Effectiveness Signals 
for Generic Substitution: A Metoprolol 
Extended-Release Case Study. J Clin 
Pharmacol. 2019;59(9):1275-1284.

21. Engelkes M, van Blijderveen JC, 
Overbeek JA, Kuiper J, Herings RCM, 
Sturkenboom M, et al. Brand and 
generic use of inhalation medication 
and frequency of switching in children 
and adults: A population-based cohort 
study. J Asthma. 2018;55(10):1086-94.

22. Hazell L, Shakir SA. Under-reporting 
of adverse drug reactions: a systematic 
review. Drug Saf. 2006;29(5):385-96.

23.  Glerum PJ, Maliepaard M, de Valk V, 
Burger DM, Neef C. Drug Switching 
in the Netherlands: A Cohort Study 
of 20 Active Substances. BMC Health 
Services Research. 2020 Jul 13;20(1):650.

24. Rolfes L, van Hunsel F, Taxis K, van 
Puijenbroek E. The Impact of Experiencing 
Adverse Drug Reactions on the Patient’s 
Quality of Life: A Retrospective Cross-
Sectional Study in the Netherlands. 
Drug Saf. 2016;39(8):769-76.

Supplementary Figure and Tables

Fig. S6: Mean number of users versus mean quarterly number of drug switches for the 20 drugs 

included in this study over the period July 1, 2009 to December 31, 2016 in the Netherlands. The 

dashed line is a linear model regression.
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Preferred Term Lowest-Level Terms
Product substitution issue Product substitution issue

Product substitution issue brand to brand

Product substitution issue brand to generic

Product substitution issue generic to brand

Product substitution issue generic to generic

Therapeutic response unexpected Therapeutic response unexpected with drug 
substitution

Drug level changed Generic drug substitution altered drug level

Product substitution altered drug level

Therapeutic response changed Generic substitution altered therapeutic response

Therapeutic response increased Increased therapeutic response with drug 
substitution

Therapeutic response decreased Reduced therapeutic response with drug 
substitution

Product substitution Substitution therapy
Product substitution

Product substitution error Product substitution error

Table S1: Overview of included (MedDRA) Lowest-Level Terms and Preferred Term of the 

reported ADRs.

Code Content

Number of 
reported 

ADRs
A Alimentary tract and metabolism 300

B Blood and blood-forming organs 83

C Cardiovascular system 505

D Dermatologicals 13

G Genito-urinary system and sex hormones 145

H Systemic hormonal preparations, excluding 
sex hormones and insulins

379

J Anti-infectives for systemic use 49

L Antineoplastic and immunomodulating 
agents

124

M Musculoskeletal system 54

N Nervous system 595

P Antiparasitic products, insecticides and 
repellents

13

R Respiratory system 313

S Sensory organs 27

V Various 2

Total 2,602

Table S2: Overview of all reported ADRs related to drug product switching per ATC code for all 

drugs from June 2009 to December 2016 in the Netherlands, as obtained from Lareb.
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Abstract

Background
Patients may experience clinical discomfort as a result of drug switches between 
drug products with the same active substance. Although a large market share 
of generic drugs is financially favourable, reduction of the number of drug 
switches should be strived for. However, specific causes for the drug switches 
are currently undocumented.

Objective
To document reasons for patients’ drug switches between drug products with 
the same active substance.

Method
Observational field research was conducted in a total of 16 Dutch pharmacies 
during November and December 2019. In these pharmacies, a single researcher 
registered reasons for drug switches at time of occurrence, during a full working 
day. 

Results 
In total, 207 drug switches were registered. Most drug switches were caused 
by nationwide drug shortages (32%, n = 66) and the Dutch price-based tender 
system (23%, n = 47). Other important reasons were as follows: deals between 
pharmacists and wholesalers (12%, n = 25), distribution issues at wholesalers 
(11%, n = 22) and a financially favourable margin for pharmacists (11%, n = 21).

Conclusion
This study indicates that drug shortages and the Dutch price-based tender 
system are likely to be the main causes of drug switches in the Netherlands. 
However, other reasons, such as drug product distribution issues and local 
economic incentives, were also identified.

Introduction

Drug switches between drug products with the same active substance occur 
frequently and mostly between two generic drug products (1). Drug switching 
should not be clinically problematic, as interchangeability is supported by the 
demonstration of bioequivalence (2). However, a number of patients, physi-
cians, and pharmacists seem to have a negative perception of generic drugs and 
drug switching (3), and indeed for some drugs adverse reactions related to drug 
switches have been reported (4). This clinical discomfort should be avoided. 
Nonetheless, generic drugs are cheaper and important to reduce the costs of 
pharmaceutical care. In search of an optimum balance between clinical discom-
fort to the patients and financial benefits to the health care system, patients 
would benefit from a system in which generic drugs have a large market share 
but the number of drug switches is small. A first step towards reduction of the 
number of drug switches is to elucidate how they arise.
The reasons for the occurrence of drug switches are currently undocumented. 
Logically, drug shortages will result in drug switches, but other reasons can be 
sought in any action by health insurers, prescribers, wholesalers and/or patients 
which can influence the choice of the dispensed drug product. These can differ 
between countries as a result of national legislation and healthcare system. 
However, in many countries similar policies and financial incentives are in place 
to promote the use of generic drugs. For instance, a number of countries have 
tender systems in place which favour the cheaper drug product for reimburse-
ment from a group of interchangeable drug products (5). 
This study is performed in the Netherlands. There, generic drugs have a large 
market share and there is a price based tender system to promote generic drug 
use (6), as well as mandatory prescribing by international non-proprietary name 
(INN). The number of drug shortages has increased in the Netherlands in the 
last decade (7), as a result of several issues with regard to production, distribu-
tion, and quality, but also since the Netherlands is a less favourable sales market 
due to low prices and a small population size. In this study, we prospectively 
gathered data at the pharmacy counter, both qualitatively and quantitatively, 
regarding the underlying reasons for drug switching in the Netherlands.
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Methods

Observational field research was conducted in Dutch pharmacies during 
November and December 2019. A total of 400 pharmacies were approached 
from the database of the Utrecht Pharmacy Practice network for Education 
and Research (UPPER) (8). Pharmacies were preselected by geographical 
spreading, limited travel time, and the research protocol was approved by the 
UPPER Institutional Review Board.  In a pilot study drug switches were regis-
tered during a 6-hour visit to a local pharmacy. 
Drug switches were recorded by one researcher (M.H.) at each pharmacy’s 
counter, for one full day. A drug switch was defined as the replacement of a 
patient’s drug product with a drug product containing the same active phar-
maceutical ingredient, the same strength, the same dosage form and the same 
route of administration, but from a different manufacturer (brand or generic). 
Drug switches for drugs destined for home delivery or storage in the pharmacy’s 
service lockers were included in the study, whereas pre-packed and pre-sorted 
packets for polypharmacy patients were excluded from the study for practicality. 
The researcher used notification systems but was also depended on pharmacy 
personnel to notice drug switches.
Pharmacy characteristics (predominant healthcare insurer, ownership status) 
were registered. Per drug switch, the reason, the INN, the dose, the manufac-
turer, and patient’s health insurance company were registered. Pharmacists were 
interviewed regarding their view on drug switching and the reasons behind drug 
switching. Descriptive data analysis was used.
Nationwide shortages were identified from Farmanco – the drug shortage report 
system from the Dutch Pharmacists Association – which contains manufactu-
rers’ confirmed shortages lasting longer than 14 days (9). If a drug switch was 
because of a drug shortage that was neither a result of local pharmacy practice, 
nor nationwide, then the reason for the switch was considered a distribution 
issue at the wholesale level. 

Results

Out of 400 approached pharmacies, 19 were willing to participate (4.8%); for 
16 pharmacies visits could be scheduled and were included in the study. These 

pharmacies differed by predominant health insurance company: Zilveren Kruis/
Achmea (6), Menzis (4), Zorg en Zekerheid (3), VGZ/CZ (2) and Salland (1) 
and ownership: pharmacy chain (4), franchise (5), independent (7).
In total, 207 drug switches were registered; 13 on average per day per pharmacy 
(range: 4–24). As expected, most drug switches were between generic products 
(86%, 177/207). Moreover, 6% (12/207) of switches was from a brand-name 
product to a generic product. Drug switches between two brand-name product 
(e.g. imported from another European country) accounted for 4% (8/207), and 
switching from a generic product to a brand-name product accounted for 3% 
(7/207) of the drug switches. Finally, 1% (3/207) of the drug switches was 
between compounded products (see Table 1).

Figure 1: Characterization of registered drug switches and underlying reasons.

As depicted in Figure 1, most drug switches were a result of nationwide shor-
tages (32%, 66/207) or the Dutch tender system (23%, 47/207). Agreements 
between wholesalers and pharmacists to dispense a drug product from a specific 
manufacturer were responsible for 12% (25/207) of the registered drug switches. 
In addition, 11% (22/207) of the drug switches were presumably caused by 
wholesalers’ distribution issues, resulting in shortage at the pharmacy, while 
favourable financial margins were the reason for 10% (21/207) of the drug 
switches. Moreover, local out-of-stock issues at the pharmacy, not caused by 
wholesalers’ distribution issues, were indicated as the reason for 5% (10/207) of 

National shortage

Dutch tender system

Deal pharmacist - wholesaler

Distribution issues at wholesale

Favorable financial margin

Out of stock at pharmacy

Patients' request

Pharmacists' initiative

Prescribers' initiative
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the drug switches. Finally, 4% (8/207) were at the request of the patient, while 
3% (7/207) were initiated by the pharmacists, and only one by the prescriber. 

Drug switch type Number of drug switches Share of 
total

Generic product to generic product 177 86%
Brand-name product to generic product 12 5.8%
Brand-name product to brand-name product 8 3.9%
Generic product to brand-name product 7 3.4%
Other 3 1.4%
Total 207 100%

Table 1: Summary of drug switch type

During the interview, 12 of the 16 pharmacists indicated that the number of 
registered drug switches was an underestimation of a normal days’ practice, 
whereas 4 pharmacists indicated it was representative. Fifteen pharmacists 
reported an annual increase in the number of drug switches. Furthermore, based 
on daily experience, 11 and 5 of the 16 pharmacists estimated that drug shor-
tages and the Dutch tender system, respectively, were the main causes for drug 
switches. In addition, 9 pharmacists were of the opinion that generic drugs are 
interchangeable, while four believed that these are not interchangeable, and 
three pharmacists had a neutral position on interchangeability.

Discussion

To our knowledge, this study is the first to investigate reasons for occurrence 
of drug switches in the Netherlands. In our sample, we found that the two 
main reasons for drug switching are nationwide drug shortages and the price-
based tender system, which combined are responsible for approximately 55% 
of the drug switches in the Netherlands. It could be argued that ‘distribution 
issues at wholesalers’ and ‘out-of-stock issues at the pharmacy’ should also be 
characterized as shortages, which would increase the share of ‘shortages’ from 
23% to 47% (98/207) of the total number of drug switches.  Economic drivers 
contribute significantly to the number of drug switches, which were most clearly 
identified in 22% of the total number of drug switches (i.e., deals between 
pharmacist and wholesalers [12%] and financially favourable margins related to 

reimbursement [10%]). 
The first study limitation is the small sample size, which could impact generali-
zability of the results. In addition, pharmacy visits were only in November and 
December while the influence of the Dutch tender system on drug switching 
is likely bigger in January to March (1). Study repetition should include more 
pharmacies and visits spread throughout the year. However, because we aimed 
to study the entire range of reasons for drug switching, the research period was 
still deemed adequate and perhaps more sensitive to identify issues other than 
the Dutch tender system.
Second, the study is limited by the semi-systematic approach, as the researcher 
was partly dependent on pharmacy personnel to notice drug switches. Three 
pharmacies did not use an automatic notification system for drug switches, 
which increased this dependency. Furthermore, we excluded drug switches for 
polypharmacy patients in pre-packed and pre-sorted packets. It must also be 
noted that we only succeeded in scheduling visits on ‘not too busy’ days. These 
limitations may have resulted in an underestimation of the total number of 
drug switches. Indeed, during the interview, 75% of the pharmacists (12/16) 
indicated that the registered number of drug switches was likely an underes-
timation. However, it is not expected that different reasons for drug switches 
would have been identified.
Overall, we present an exploration of the complex Dutch landscape of reasons 
for drug switching, which is, in some cases, related to policies or market struc-
ture specific to the Netherlands. Nonetheless, these findings are of interna-
tional relevance. The search for an optimized drug market system, in which 
generic drugs simultaneously have a large market share but a low number of 
drug switches, is not restricted to the Netherlands. Moreover, policies and 
financial incentives, such as mandatory INN prescribing, or price-driven tender 
systems for drug reimbursement are effective in many countries. They would 
therefore likely result in a similar number of drug switches and similar reasons 
for those switches. Policymakers worldwide could thus utilize the results of 
our study. The results should open up the discussion about the acceptability of 
economic or distribution issues that cause drug switches, which in some cases 
result in clinical discomfort for patients. This is, however, a difficult discussion, 
as the issues are likely not easily solved and are perhaps essential for the finan-
cial viability of the pharmaceutical market.
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Abstract

Substitution by generic drugs is allowed when bioequivalence to the originator 
drug has been established. However, it is known that similarity in exposure 
may not be achieved at every occasion for all individual patients when swit-
ching between formulations. The ultimate aim of our research is to investigate 
if pharmacokinetic subpopulations exist when subjects are exposed to bioequi-
valent formulations. For that purpose, we developed a pharmacokinetic model 
for gabapentin, based on data from a previously conducted bioavailability study 
comparing gabapentin exposure following administration of the gabapentin 
originator and three generic gabapentin formulations in healthy subjects. Both 
internal and external validation confirmed that the optimal model for descrip-
tion of the gabapentin pharmacokinetics in this comparative bioavailability 
study was a 2-compartment model with absorption constant, an absorption lag 
time and clearance adjusted for renal function, in which each model parameter 
was separately estimated per administered formulation.

Introduction

Generic medicines are drugs comparable to their originator counterparts, contai-
ning similar amounts of active substance(s). Generic drugs can only be marketed 
when pharmaceutical comparability to the originator has been demonstrated 
and the patent of the originator has expired. Financial investment for the deve-
lopment of generic drugs is markedly lower as compared to that for develop-
ment of a new active substance medicinal product (i.e. originator drug), as there 
is no need to repeat the studies on safety and efficacy of the active substance. 
Therefore, generic drugs are usually sold for lower prices, generally resulting in 
health care cost savings. 
About 80% of all pharmacy filled prescriptions in the United States are filled 
with generic drugs (1). In Europe, market shares of generic drugs may differ 
between countries (2). In the Netherlands, 72.4% of all drug prescriptions in 
2015 were for generic drugs, while these accounted only for 16.5% of total drug 
associated costs (3). If available in the Netherlands, 97.1% of the prescriptions 
are filled with generic drugs. This high percentage in the Netherlands is presu-
mably partly a result of the way health insurance companies execute national 
law and in the case of drug shortages, pharmacists are often forced to substitute 
with other equivalent (generic) drugs (4,5).
Registration of generic drugs requires proof of bioequivalence to the originator. 
If generic drugs contain an equal amount of active substance(s), proof of bioe-
quivalence can be provided by statistically confirmed comparable bioavailability. 
Bioequivalent formulations are subsequently expected to demonstrate essenti-
ally similar efficacy and safety under identical circumstances. 
Even though evidence for clinical inequivalence could not be identified for 
cardiovascular and antiepileptic drugs (6,7,8), a large portion of patients and 
health care professionals have doubts regarding quality, safety and efficacy of 
generic drugs and hold a negative opinion towards generic drug substitution 
(9). For instance in the field of epilepsy, many issues regarding seizure control 
are reported and various clinical guidelines recommend to avoid generic drug 
substitution (10).
To demonstrate bioequivalence, usually a randomized crossover study with phar-
macokinetic endpoints is conducted, comparing two formulations of which one 
is the originator. Bioequivalence is confirmed when 90% confidence intervals of 
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the geometric mean ratios for area under the curve (AUC) and peak concentra-
tion (Cmax) are within pre-specified limits, which are normally 80.00 to 125.00%, 
as for instance described in the ‘guideline on the investigation of bioequivalence’ 
by the European Medicines Agency (EMA) (11) and the draft guidance ‘bioe-
quivalence studies with pharmacokinetic endpoints for drugs submitted under 
an ANDA’ by the Food and Drug Administration (FDA) (12). The bioequiva-
lence approach however, is based on average values and only accounts partially 
for the variation observed for an individual’s pharmacokinetic parameters. In 
theory, high ratios for AUC and / or Cmax outside the 80.00-125.00% margin 
could be observed upon administration of different formulations in a single 
individual, even though these formulations were proven to be bioequivalent. 
Ultimately, we want to investigate those individual deviations and to challenge 
the appropriateness of the current bioequivalence requirements in regulatory 
approval of drugs, by investigating whether pharmacokinetic subpopulations 
exist, demonstrating low or high ratios for AUC and/ or Cmax when exposed 
to bioequivalent formulations of gabapentin, using a non-parametric pharma-
cokinetic modeling approach. The study described in this paper represents the 
first step in which we build and validate a pharmacokinetic model for gaba-
pentin based on pharmacokinetic data from a previously conducted comparative 
bioavailability study comparing gabapentin exposure following administration 
of the gabapentin branded formulation and three generic gabapentin formula-
tions currently marketed in the Netherlands. 

Results

In the first step of the modeling, 4 different structural models were considered. 
By addition of a Tlag in the 1 compartment with absorption constant model, the 
AIC decreased (-219) (Table 1a). Likelihood of the model with a 2nd compart-
ment was higher compared to the 1 compartment model; the AIC was reduced 
(AIC from 3802 to 3669). Model fit further improved with the Tlag introduced 
in the 2-compartment model, with no significant changes in bias and precision. 
Overall, a reduction of the AIC of 233 was observed by introduction of the 2nd 
compartment and Tlag parameters. Based on AIC, bias and precision as well as 
the VPCs, it was concluded that a 2-compartment model with addition of Tlag 
best explained observed data. The regression equation of the observed versus the 

predicted concentration is y=0.997x + 0.0295 with an R2 of 0.887 (bias: -0.0194 
and imprecision: 0.851). 

Model Parameters AIC ∆AIC Bias Imprecision

Structural models
1 comp + Ka Ka, V, Ke 3802 0.0018 0.8543

1 comp + Ka + Tlag Ka, Tlag, V, Ke 3583 -219 -0.0114 0.8467

2 comp + Ka Ka, V, Ke, KCP, KPC 3669 -133 0.0103 0.8638

2 comp + Ka + Tlag Ka, Tlag, V, Ke, KCP, 
KPC 3569 -233 0.0194 0.8514

Level of separation

Separation of Ka Ka1, Ka2, Ka3, Ka4, 
Tlag, V, Ke, KCP, KPC 2546 -1023 -0.0052 0.8284

Separation of Tlag
Ka, Tlag1, Tlag2, Tlag3, 
Tlag4, V, Ke, KCP, 
KPC

3576 +7 -0.0362 0.8540

All parameters 
separated (’96 
pseudo subjects’)

Ka, Tlag, V, Ke, KCP, 
KPC 1588 -1981 -0.0214 0.7888

Covariates selection

Weight Ka, Tlag, V, Ke, KCP, 
KPC 1613 +25 -0.0884 0.8063

Renal Ka, Tlag, V, Ke, KCP, 
KPC 1585 -3 -0.0280 0.7795

Weight + Renal Ka, Tlag, V, Ke, KCP, 
KPC 1600 +12 -0.0653 0.8262

Table 1: Model selection statistics: Akaike Information Criterion (AIC), bias (mean error) and 

imprecision (mean squared error) are shown.

The second step in this modeling exercise was refinement to include structure 
with regard to the 4 different formulations. Based on the chosen base model (2 
compartment, Ka, Tlag) a comparison to 3 additional models was made. These 
models were; (1) separation of Ka per formulation, (2) separation of Tlag per 
formulation and (3) separation of all parameters (Ka, Tlag, V, KCP, KPC and 
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Ke) per formulation. Numerical results of this comparison are depicted in Table 
1b, and show that model fit was improved by allowing separate estimates for Ka 
per formulation but not when allowed for separation on Tlag. The likelihood 
of the model was strongly improved for the ‘pseudo subject’ model, in which 
each parameter was independently estimated per treatment period, the AIC 
was reduced by 1981 (from 3569 to 1588) compared to no separation at all. 
Therefore, this model was chosen as the final structural model for further refi-
nement. The regression equation of the observed versus the predicted concen-
tration for this model is y=0.995x + 0.022 with an R2 of 0.98 (bias: -0.0214 and 
imprecision: 0.7888).
The third step in the model building process was covariate selection. Based on 
stepwise linear regressions, weight and renal function were selected as the cova-
riates with the potential to improve model fit. Weight (mean 71.0, range 52.7 
- 97.0 kg) was tested as a multiplicative term on V (Equation 1).

V0 = V * WEIGHT

Equation 1: Weight as a multiplicative term on V

Renal function was estimated by creatinine clearance (mean 120, range 71.2-183 
ml/min), which was estimated from the serum creatinine concentration, by 
using the Cockcroft-Gault equation. There is no indication that gabapentin 
undergoes metabolism in humans. Instead, it is eliminated unchanged solely 
by renal excretion (13). A multiplicative term of renal function (CrCl) on the 
renal clearance (Kr) is therefore expected to adequately represent clearance (Ke) 
(Equation 2).

Ke = Kr * CrCl 

Equation 2: Clearance (Ke) as a multiplicative term of renal function (CrCl) on renal clearance 

(Kr)

From Table 1c; The covariate weight as a multiplicative term on V did not 
significantly improve the likelihood of the model (AIC +25), indicating no 

significant dependency of volume of distribution on weight. However, the 
model fit improved with renal function correlated to gabapentin clearance by a 
multiplicative function of renal function on the elimination constant. An AIC 
reduction of 3 was computed, when renal function on elimination was included 
in the model. A combination of both weight on volume and renal function on 
clearance did not further improve model fit (AIC+ 12) relative to the model 
with renal function only.
Thus, the final model for description of the gabapentin pharmacokinetics in the 
bioequivalence study was a 2-compartment model with absorption constant, 
an absorption lag time and elimination adjusted for renal function in which 
each model parameter was separately estimated per administered formulation 
(Equation 3). 

(delta/delta T) ammnt_depot = Fabs * dose (T - Tlag) - Ka*ammnt_depot

(delta/delta T) ammnt_blood = ammnt_depot * Ka + ammnt_peripheral * KPC -  ammnt_blood 
* (KPC + Ke) 

(delta/delta T) ammnt_peripheral = KCP * ammnt_blood - KPC * ammnt_peripheral

concentration_blood = ammnt_blood / vol_blood

Ke = Kr * CrCl

error = sqrt(lambda2 + sigma2)

sigma = C0 + C1*X_central

Equation 3: Final model equations

The observed versus the predicted concentration plots are shown in Figure 1, 
both for the population prediction and the individual prediction. The regression 
equation is y=0.995x + 0.0256 with an R2 of 0.98 (bias: -0.0280 and impreci-
sion: 0.7795). 
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Figure 1: Population (left) and individual (right) predicted versus observed values for the final 

2-compartment model with absorption constant, an absorption lag time, elimination adjusted for 

renal function and all parameters separately estimated per formulation, line of identity (dashed 

line) and linear regression (solid line).

Figure 2: Residual plots; weighted residuals vs. predictions (left), weighted residuals (predicted - 

observed) vs. time (middle) and a histogram of residuals with an overlay of a normal curve (right).

Residual plots for the final model are shown in Figure 2. Weighted residuals 
demonstrate an even spread over the concentration range as well as over the 
time span. A slight tendency can be observed with some under predictions in 
the lower concentration range. However, as can be seen from the histogram of 
residuals, the majority of residuals are centered around zero. The D’Agostino-
Pearson test for non-normality tests not significant (p = 0.587), thus the 
assumption is made that the residual error follows a normal distribution. 
A visual predictive check (VPC) was performed for the final model, as depicted 
in Figure 3. The scatterplot VPC with prediction intervals shows a good corre-
lation but some added variability on the distribution and elimination phase. 

Figure 3: Scatterplot VPC, observed data from the study is represented in circles, prediction 

intervals (quantiles 0.05, 0.5 and 0.95) determined from 1000 simulations as solid lines.

An overview of estimated pharmacokinetic parameters from both the observed 
concentrations and from predicted time-observation profiles is provided in 
Table 2. Despite a small under prediction of the model concentrations (mean 
deviation from Cmax: 7.95%, AUC0-t: 5.08%, AUC0-inf: 6.23%) and some added 
variability on half-life (mean +/- SD, observed: 8.24h +/- 2.82, predicted: 8.84 
+/- 10.67), no obvious deviation is observed for the parameters.
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Formulation 1 Formulation 2 Formulation 3 Formulation 4

Cmax (mg/l) observed 5.33 +/- 1.79 5.43 +/- 1.86 5.48 +/- 1.44 5.62 +/- 1.65

Cmax (mg/l) predicted 4.99 +/- 1.71 4.87 +/- 1.65 5.11 +/- 1.36 5.16 +/- 1.52

AUC0-t (h.mg/l) 
observed 63.42 +/- 25.72 61.55 +/- 24.70 61.16 +/- 20.80 62.08 +/- 22.91

AUC0-t (h.mg/l) 
predicted 59.92 +/- 24.71 58.87 +/- 24.01 58.88 +/- 19.83 57.92 +/- 22.04

AUC0-inf (h.mg/l) 
observed 64.49 +/- 25.68 62.39 +/- 24.68 62.45 +/- 20.88 63.03 +/- 23.13

AUC0-inf (h.mg/l) 
predicted 60.18 +/- 24.62 59.12 +/- 23.92 59.02 +/- 19.87 58.29 +/- 22.01

Tmax (h) observed 4.0 (2.50-8.0) 4.25 (2.0-8.0) 3.50 (1.5-6.0) 3.75 (1.5-8.0)

Tmax (h) predicted 3.5 (1.8-8.8) 3.7 (2.2-6.4) 3.0 (1.6-6.2) 3.7 (1.6-6.0)

T1/2 (h) observed 8.12 +/- 2.70 8.08 +/- 2.08 9.08 +/- 3.63 7.66 +/- 2.63

T1/2 (h) predicted 7.66 +/- 5.94 7.92 +/- 6.85 7.53 +/- 4.25 12.24 +/- 18.81

Table 2: Non-compartmental analysis derived pharmacokinetic parameters Cmax AUC0-t, AUC0-

inf, Tmax and T1/2 from observed concentrations and individual Bayesian posterior final model 

predicted time-observation profiles, per treatment. All parameters are mean +/- SD, but Tmax 

median and range.

Parameter wMedian and 
95%CI

BOV

Ka (h-1) 0.26 (0.23-0.31) 35 %

Tlag (h) 0.30 (0.21-0.35) 75 %

V (l) 90.0 (83.5-106) 34 %

KCP (h-1) 0.16 (0.12-0.36) 110 %

KPC (h-1) 0.82 (0.30-1.69) 68 %

Ke (h-1) 0.32 (0.29-0.36) 34 %

Table 3: Estimated parameter values for the final model, weighted median, 95% confidence 

interval around the median (CI) and Between Occasion Variability, % (BOV). Ke recalculated 

from rate per ml/min creatinine clearance.

Estimated pharmacokinetic parameter values obtained with the final model 
are tabulated in Table 3. Parameter values are summarized as median and the 
95 % CI around the median, as calculated by a probability weighted Monte 
Carlo simulation (n=1000) from the support point distribution. The Between 
Occasion Variability (BOV) is calculated as the population mean from the esti-
mates of each subjects’ 4 pseudo subjects coefficient of variation. 
External validation of the model was performed with data obtained from a 
separate pharmacokinetic (bioequivalence) study with an oral 800 mg gaba-
pentin formulation which was submitted to the MEB in support of a generic 
application. The NonParametric Adaptive Grid algorithm (NPAG) distribu-
tion from the final model was used as input (‘prior’) for the external data, to 
construct an observed versus predicted concentration plot, as shown in Figure 
4. A high correlation can be observed, with a regression equation y=0.925x – 
0.0294 with an R2 of 0.952. 

Figure 4: Individual predicted versus observed values from separately obtained gabapentin valida-

tion data (800 mg bioequivalence study).

0 1 2 3 4 5 6

0
1

2
3

4
5

6

Predicted

O
bs

er
ve

d
ob

se
rv

ed

predicted

3.1

100 101

ch
ap

te
r 

th
re

e.
on

e 
| m

od
el

 b
ui

ld
in

g



Discussion

Both internal and external validation confirmed that the optimal model for 
description of the gabapentin pharmacokinetics in this comparative bioavailabi-
lity study was a 2-compartment model with absorption constant, an absorption 
lag time and clearance adjusted for renal function, in which each model para-
meter was separately estimated per administered formulation.
The ultimate goal of our model is to perform simulations for the identifica-
tion of pharmacokinetic subpopulations or outliers with an aberrant exposure 
to gabapentin outside the 80.00-125.00% margin when switching between 
bioequivalent formulations. Since the aim of our research is to investigate the 
influence of formulation on bioequivalence, one could argue that our model 
selection was biased towards a model with parameters separately estimated per 
formulation. However, we used a structured method of model selection and 
objective assessment of the selection parameters and thereby avoid such bias. 
Further, by separation of all model parameters per administered formulation we 
chose the most naïve approach to the data. Therefore, we were able to construct 
the best possible model for the explanation of these data. 
The rationale for the models with separation only of Ka and Tlag is based on 
the general assumption regarding generic drugs that only the absorption phase 
and not the distribution or elimination phase is influenced by possible formu-
lation differences. However, a limitation of those models is that the parameters 
for the distribution and elimination phase are fixed to the same value, for each 
subject. This is not an adequate representative for the true values for these para-
meters, as natural variability between occasions is expected to be present in any 
study, even where subjects serve as their own controls. By allowing separation 
of all parameters of the absorption, distribution and elimination phase, we allow 
for this inter-occasion variability. An additional randomized 5th period in the 
gabapentin study, with a repeated administration of 1 of the 4 formulations, 
solely dissimilar by occasion, would have allowed to compute an estimation of 
the true inter-occasion variability directly derived from the pharmacokinetic 
data. With the current study design, which is the usual for regulatory establish-
ment of bioequivalence, it is not possible to separate variability due to occasion 
vs. variability from formulation.  However, the absence of a ‘true’ estimation of 
the inter-occasion variability is not necessarily a weakness of the data and the 

model. Within the current ‘pseudo subject’ model, the inter-occasion variability 
is not fixed to the amount we would have computed based on repeated admi-
nistration of 1 formulation between 2 occasions. This model is without any 
assumptions on the inter-occasion variability. 
Population pharmacokinetic models can be statistically classified as parame-
tric or nonparametric. We choose to perform non-parametric population phar-
macokinetic modeling, even though it is common practice to use parametric 
modeling in drug development and evaluation. In drug application dossiers 
submitted to regulatory authorities, the parametric program NONMEM is the 
most frequently used. However, an advantage of the non-parametric approach 
is that no assumptions are made with regard to the distribution of described 
parameter values. Entire joint distributions with probabilities are estimated 
based on the data, instead of estimating a parameter mean or median (popu-
lation standard value ‘Theta’) and deviation (individual random effect ‘Eta’) 
(14). The absence of those assumptions in the non-parametric approach allows 
discovery of non-pre-specified subpopulations. This theoretical characteristic 
of non-parametric modeling was confirmed by Neely et al., by accurately detec-
ting a bimodal elimination and one pharmacokinetic outlier19. Considering 
the aim of our study, it is justified that non-parametric modeling is the most 
appropriate method, optimizing our chances of identifying pharmacokinetic 
subpopulations.

model uncertainties
The polynomial coefficients for the error model should ideally be determined 
by the bioanalytical lab based on observed variation at standard concentrations. 
However, in absence of detailed information about the accuracy and precision 
of this bioanalytical method, we estimated the error polynomial coefficients 
based on data from other bioanalytical gabapentin methods seen in registration 
files of the MEB. The chosen polynomial coefficients represent a coefficient 
of variation between 2.75-0.95%. The Lambda term was fitted by NPAG in 
the final model to be 0.2990, indicating low amount of process noise and a 
well-executed pharmacokinetic characterization. 
Gabapentin has been modeled before, using a combined approach of parametric 
(NONMEM) and non-parametric modeling (15). The final model from this 
study was a 1-compartment model with a fixed absorption constant (0.44 h-1) 
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and a non-linear bioavailability parameter. Our final model deviates from the 
previously described model by absence of a function for the absorption, an addi-
tional distribution compartment and renal function correlated clearance. An 
explanation for reaching another optimal model could be the richer data input 
(i.e. 96 occasions of 17 blood samples each in our case versus 25 occasions of 10 
blood samples each in the previous study). In our research, non-linearity of the 
bioavailability was not explored as only 1 dose strength was administered. The 
estimated Ka in our study (median 0.26, range 0.11-1.09 h-1) was within the 
same extent. Another parametric model found was a one compartment model 
with absorption constant (0.053 - 0.461 h-1) and lag time (0.48 - 2.29 h-1), with 
covariates creatinine clearance and race (Black versus other) on gabapentin clea-
rance and weight and population (healthy subjects versus patients) on volume of 
distribution (16). Again, an explanation of the observed differences could be a 
richer data input compared to this study (average 1.6 samples per patient).
In addition to Ka and Tlag, a relative bioavailability term (F, proportion) was 
explored to be included in the model. Due to the high correlation of F with Ka 
and the inability to accurately estimate F in the absence of intravenous data, it 
was concluded to estimate Ka and treat F as a fixed (but random) population 
parameter, to avoid unnecessary complication of the estimated absorption. As 
an alternative, it was planned to estimate F as a relative term. The F could then 
be estimated relative to 1 of the formulations, but this became irrelevant with 
the introduction of the ‘pseudo subject’ model. 
Creatinine clearance was used to estimate renal function using the Cockcroft-
Gault equation. Although validity of the estimation by Cockcroft-Gault is ques-
tioned in certain patient populations such as elderly and overweight subjects 
(17), we believe this is an accurate estimator for our data, which is obtained in 
young healthy adult volunteers with normal weight (included subject were in 
the age range of 21–55 years and their mean BMI was in the range of 19.9–30.0 
kg/m2). 
The external validation was performed using a gabapentin dataset obtained 
from the registration files of the MEB.  In this study, no serum creatinine 
values were presented. To allow for a Cockcroft Gault estimation of the crea-
tinine clearance, average serum creatinine values (male and female) from the 
4-way study were used. This was believed to be the best available estimate of 
the renal function. With the external data, a high correlation was observed and 

external validation of our model could be inferred. 
To conclude, gabapentin pharmacokinetic data was shown to be best described 
by a 2-compartment model with an absorption constant and absorption lag time, 
with clearance adjusted for renal function and each model parameter separately 
estimated per administered formulation. The final model adequately describes 
observed data, does not show deviating trends in the goodness of fit diagnostics 
and is in line with current pharmacokinetic gabapentin knowledge. The model 
as described is considered fit for further analyses and simulations. Such future 
simulations using the model will be aimed to identify potential subpopulation 
of individual patients with increased risk for altered pharmacokinetics as a result 
of switching between bioequivalent formulations.

Methods

Gabapentin pharmacokinetic data
Gabapentin pharmacokinetic data was previously gathered in a 4-way crossover 
comparative bioavailability study, comparing 4 different oral immediate release 
formulations of 800 mg gabapentin that were previously accepted to be bioe-
quivalent and therefore registered by the Dutch Medicines Evaluation Board 
(MEB) (18). In that study, twenty-four healthy volunteers (14 females and 10 
males) were enrolled and completed the study. The mean age was 35 years 
(range: 21–55), mean body mass index was 23.6 kg/m2 (range: 19.9–30.0) and 
mean creatinine clearance 120 ml/min (range: 71.2-183.3). Gabapentin levels 
were measured in plasma samples, drawn pre-dose and at 0.5, 1, 1.5, 2, 2.5, 3, 
3.5, 4, 4.5, 5, 6, 8, 12, 24, 36 and 48 hours post-dosing, during each period. 
Adverse events and vital signs were monitored, standard laboratory evalua-
tions were performed. Pharmacokinetic parameters Cmax AUC0-t, AUC0-inf, Tmax, 
T1/2, Kel and AUC0-t /AUC0-inf were computed and an ANOVA was performed 
using ln-transformed Cmax, AUC0-t, and AUC0-inf. The 90% confidence intervals 
were calculated for Cmax, AUC0-t and AUC0-inf. Bioequivalence was confirmed 
between all different formulations. 

Model building in Pmetrics
A total of 1610 concentration time points was included in the model building 
process. Non-parametric population pharmacokinetic modeling was performed 
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using the Pmetrics package (version 1.5; Laboratory of Applied Pharmacokinetics 
and Bioinformatics, Los Angeles, CA) using R (version 3.2.2) that uses the 
algebraic model solver and NonParametric Adaptive Grid algorithm (NPAG) 
(19).  In NPAG, 4 different structural base models were compared, i.e. a 1- and 
a 2-compartment model with an absorption constant, both with or without an 
absorption lag time. For these comparisons, parameters to be estimated were 
absorption constant (Ka, rate, unit per hour), absorption lag time (Tlag, hours), 
volume of distribution (V, liter), elimination constant (Ke, rate, unit per hour), 
transfer rate from central to peripheral compartment (KCP, rate, unit per hour) 
and peripheral to central (KPC, rate, unit per hour). Boundaries for the para-
meter estimates were determined based on gabapentin knowledge, estimated 
values and for KCP/ KPC on expected inter-compartmental clearance and 
volume of central and peripheral compartments. Upper parameter boundaries 
were 1.25 h-1 (Ka), 200 L (V), 0.008 h.ml-1 (Ke), 1.5 h (Tlag), 2.0 h-1 (KCP) 
and 2.0 h-1 for KPC. 
Information with regard to the formulation was incorporated in the structural 
model by constructing models able to separately estimate 4 different parameter 
values for each subject, based on the administered formulation. A model was 
constructed to estimate 4 Ka values per subject, 4 Tlag values per subject, or 4 
different values for all estimated parameters. The latter was achieved by dividing 
subjects’ separate sampling visits into ‘pseudo’ subjects for this analysis, 4 per 
true subject, thus 96 in total.
The applied error model per observation (1/error2) is a polynomial equation for 
the SD = .02 + .0075*(concentration), and error = (SD2 + Lambda2)0.5. The 
Lambda value is a fitted term to capture extra process noise on the observed 
values.
Selection of the optimal structural model was based on minimization of bias 
(mean predication error) and imprecision (mean square prediction error) 
and assessed using Visual Predictive Check (VPC) and the reduction of the 
Akaike Information Criterion (AIC) (20).  The AIC is defined as (2 × k) − 2 
× ln(L), with k for the number of parameters and L the likelihood. Scatterplot 
VPCs with prediction intervals (quantiles 0.05, 0.5 and 0.95) from simulation 
(n=1000). Selection of covariates (available covariates in the dataset were serum 
creatinine (both at pre-dose screening and at follow-up), age, sex, race, weight 
and height) to be included in the model was based on linear regression of each 

subject’s covariates versus the Bayesian posterior parameter values. Inclusion of 
these covariates in the final model was based on the same selection criteria as 
the structural model selection. 

Model evaluation
Internal validation was tested by residual error plots and the D’Agostino-
Pearson test (21) for normality in distribution of the residuals, as implemented 
in Pmetrics. Non-compartmental analysis derived pharmacokinetic parameters 
Cmax AUC0-t, AUC0-inf, Tmax and T1/2 (computed by the ‘makeNCA’ function in 
Pmtetrics) from both the observed concentrations and from individual Bayesian 
posterior predicted time-observation profile where compared.
External validation of the model was performed using a data set from an inde-
pendent pharmacokinetic study as filed during registration at the MEB for 
another generic formulation of gabapentin. In this study, subjects received a 
single oral formulation of 800 mg and plasma gabapentin concentrations were 
determined pre-dose and at 0.5, 1, 1.5, 2, 3, 4, 5, 6, 8, 12, 16, 24, 26, 48, 60 
hours post dose. This external validation was performed using 352 concentra-
tion time points. A total of 22 subjects were included in the analysis, of which 
14 males and 8 females. The mean age was 35 years (range: 23–47 years), and 
their mean body mass index was 23.3 kg/m2 (range: 19.2–26.9 kg/m2). 
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Abstract

Patients are often switched between generic formulations of the same drug, 
but in some cases generic interchangeability is questioned. For generic drugs to 
be approved, bioequivalence with the innovator drug should be demonstrated; 
however, evidence of bioequivalence is not required in the intended patient 
population or relative to other approved generics. 

We aim to identify pathophysiological pharmacokinetic subpopulations for 
whom there is a difference in comparative bioavailability, compared to a healthy 
population. 

Methods
We used simulated exposures from a non-parametric model of multiple generics 
and the originator gabapentin. Exposure was simulated for virtual populations 
with pharmacokinetic characteristics beyond those of the healthy subjects, with 
regard to rate of absorption, volume of distribution and reduced renal function. 
Virtual parallel design bioequivalence studies were performed using a random 
sample of 24 simulated subjects, with standard acceptance criteria. 

Results
Results indicate increased pharmacokinetic variability for patient populations 
with a lower rate of absorption or a reduced renal function, but no change of the 
average comparable bioavailability ratio. This increased variability results in a 
reduced likelihood of demonstrating bioequivalence. Observations were similar 
for comparisons between all different formulations, as well as between subjects 
who received the identical formulation in a repeated fashion. No relevant effect 
was observed for simulations with increased volume of distribution.

Conclusion
Our simulations indicate that the reduced likelihood of demonstrating bioequi-
valence for subjects with altered pharmacokinetics is not influenced by a formu-
lation switch, nor does the average comparable bioavailability ratio change. 
Therefore, these results support generic interchangeability and current approval 
requirements for generics.

Introduction

A generic medicinal product, or ‘generic’, is defined in Directive 2001/83/EC 
of the European Commission to contain the same active substance and be the 
same pharmaceutical form as the originator (1). Generics are approved when 
identical quality and comparable bioavailability to the originator have been 
demonstrated. The efficacy and safety of generics do not need to be demon-
strated with expensive clinical or non-clinical studies; hence, generics cost less, 
and price competition is present. Therefore, in clinical practice, originators are 
often substituted for generics, and generics are switched to other generics of the 
same active substance (2). However, in some cases, patients experience adverse 
drug reactions (ADRs) following a generic drug substitution or drug switch (3). 
These ADRs are unexpected, as comparable bioavailability is expected, and 
investigation of their origin is important. First, the outcomes of such an analysis 
may assist health care professionals to prevent patients from experiencing ADRs. 
Second, they may aid in testing the robustness of the current approval process 
of generic medicines. In the current analysis, we focus on a possible pharmaco-
kinetic (PK) explanation for the reported ADRs.
Comparable bioavailability, as a key requirement for generics, should be 
demonstrated by so-called bioequivalence studies, the appropriate design of 
which is described in guidelines by, for instance, the European and United 
States regulators (4, 5). Bioequivalence studies are typically performed with 
healthy volunteers, often have a two-period, sequence-randomized, and single-
dose crossover design. Primary parameters to be analysed are the area under the 
concentration-time curve (AUC) and the peak concentration (Cmax). For both 
AUC and Cmax, the 90% confidence interval (CI) for the geometric mean ratio 
(GMR) of the generic and originator should be within the acceptance interval 
of 0.80–1.25.
There are three main concerns with the demonstrated bioequivalence of 
generics. The first is ‘drifting’, which is described as a drift away from the 
original comparison: generics which are bioequivalent to the originator are not 
necessarily bioequivalent to one another. Second, it has often been suggested 
that BE in healthy volunteers does not necessarily warrant BE in the patient 
population, predominantly in paediatric populations (6, 7) and for immunosup-
pressive transplant drugs (8, 9). Third, bioequivalence is based on population 
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averages, and it may not be achieved for all individual patients when switching 
between formulations (10, 11). This could be the result of intraindividual vari-
ation, also known as inter-occasion variability (IOV).
The aim of this study is to challenge the concept of bioequivalence by addres-
sing the aforementioned concerns. We aim to identify pathophysiological PK 
subpopulations for whom there is a difference in comparative bioavailability, 
compared to a healthy population, by use of modelling and simulation. To mimic 
possible patient populations, simulations are performed for virtual subjects with 
altered renal function, volume of distribution and absorption characteristics. 
These PK parameters can be subject to change, for instance during the condi-
tion of critical illness. Further, to mimic conditions under which drifting could 
occur, we simulate exposure from different generics in these virtual patient 
populations.
For this purpose, we use a non-parametric modelling and simulation approach, 
which has successfully been applied in the past in the detection of outliers 
and subpopulations (12). The model drug is gabapentin and the source PK 
data derives from a previously conducted bioequivalence study with the origi-
nator formulation and three generics, all approved in Europe (13). This study 
provided densely sampled exposure data. The model parameters have separately 
been estimated per formulation, and by the non-parametric nature of the model 
would allow identification of differences between formulations. The model 
construction and validation has been described in a previous study (14).

Methods

Simulations of gabapentin exposure data were performed using the integrated 
semi-parametric Monte Carlo simulator of the Pmetrics package (version 1.9.7; 
Laboratory of Applied Pharmacokinetics and Bioinformatics, Los Angeles, 
CA) for R (version 4.0.4). The algebraic model solver and non-parametric 
adaptive grid algorithm (NPAG) have previously been applied to establish the 
gabapentin model (14). For the simulations, each point of the non-parametric 
joint density model (i.e. NPAG output) is a vector of values for the parameters 
in the model, with a probability or weight based upon the likelihood of those 
parameter values given the data in the model-building population.
The existing gabapentin model is based on PK data from a four-way crossover 

comparative bioavailability study with 24 subjects, each of whom received four 
different formulations (13). The optimal model has two compartments with 
absorption constant, an absorption lag time, and clearance adjusted for renal 
function, in which each model parameter was separately estimated per admi-
nistered formulation. For the simulations, the non-parametric joint density of 
the model was split into four separate non-parametric joint densities – one per 
formulation (A, B, C or D). This split was achieved by four separate one-cycle 
NPAG runs, only including the data for formulation A, B, C or D.
Each of the four non-parametric joint densities was used to simulate single dose 
PK profiles for all of the 24 subjects, 100 per subject (2400 per joint density, 
total n = 9,600). For each scenario, a different seed for the random number gene-
rator was specified, to simulate from a different set of random parameters, i.e. 
a different subject. All comparisons in this study are therefore between subjects 
and not within subject. The non-parametric joint density for Formulation A 
was used twice, to allow for a comparison of two different subjects receiving the 
same originator formulation.
Simulations were performed for virtual populations with reduced renal function, 
increased volume of distribution (V) or altered absorption rate (Ka). Renal 
function is a covariate in the model and relates to gabapentin clearance by a 
multiplicative function of renal function on the elimination constant. Different 
populations were created through separate simulations retaining original para-
meter/covariate covariances but redefining the mean and standard deviation 
(SD) of renal function, which was estimated from the serum creatinine concen-
tration, by using the Cockcroft–Gault equation. Renal function groups were 
simulated in accordance with European Medicines Agency (EMA) guidance 
with respect to renal function categorization: normal, >90 ml/min (mean 120, 
SD 30, limits 90–180); mildly decreased, >60 to <90 ml/min (mean 75, SD 
15, limits 60–90); moderately decreased, >30 to <60 ml/min (mean 45, SD 15, 
limits 30–60); severely decreased, >15 to <30 ml/min (mean 22.5, SD 7.5, limits 
15–30); and end stage, <15 ml/min (mean 7.5, SD 7.5, limits 1–15) (15).
V and Ka are primary variables in the gabapentin model, for which non-para-
metric joint densities were estimated by Pmetrics. Different populations were 
created by separate simulations in which the mean values for V and Ka in the 
non-parametric joint densities and covariances were adjusted, retaining point 
probability. For V, populations were created with one to five times the original 
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model-estimated Vs. For Ka, populations were created with one-third to three 
times the original model estimated Kas.
The AUC up to 72 hours was estimated using trapezoidal approximation of the 
‘makeAUC’ function of Pmetrics, and Cmax denoted the maximum simulated 
concentration of each simulated PK profile. Virtual parallel design bioequiva-
lence studies (n = 300) were performed, per group using a random sample of 
24 from the 2,400 simulated PK profiles. The AUC and Cmax 90% CI for the 
GMR of test and reference products were to be within the acceptance interval 
of 0.80–1.25. All data analyses were performed using R.

Results

For each formulation, gabapentin PK profiles were simulated from a correspon-
ding non-parametric joint density, i.e. four densities for the four formulations. 
Visual predictive check plots confirm suitability of the model and densities with 
similar distributions of simulated profiles and observed values for each formu-
lation (fig. S1). 

Renal impairment
As expected, simulated impaired renal function increased gabapentin concen-
trations (fig. S2) for all four formulations (fig. 1). Nonetheless, minor diffe-
rences were noted between formulations. A slightly higher gabapentin exposure 
(both AUC and Cmax) was predicted for Formulation A, and slightly lower for 
Formulation C. As illustrated in the violin plot, higher variability was predicted 
for gabapentin concentrations of Formulations A and D. However, the predic-
tions demonstrated neither large differences nor the emergence of a subgroup of 
subjects with a notably different PK response for any of the formulations. 

Figure 1: (right page, turn 90 degrees clockwise) Gabapentin concentration was estimated to 

increase for all 4 formulations, for subjects with reduced renal function. Left side: all individual 

values of AUC and Cmax (open circles) and mean (lines), versus renal function. Different colors 

represent predictions for the different formulations (A, purple; B, red; C, green; D, light purple). 

Right side: violin plots for both AUC and Cmax, per formulation, boxplot (median, interquartile 

box length and 1.5 range whiskers) with kernel density plot. These depict the distribution of 

AUC and Cmax, only for subjects with a creatinine clearance below 15 ml/min.
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To assess the influence of renal impairment on the likelihood of demonstrating 
bioequivalence, studies were simulated using random samples of 24 subjects. 
The percentage of simulated studies with 90% CIs within the 0.80–1.25 accep-
tance range of bioequivalence for both AUC and Cmax declined with reduced 
renal function (fig. 2). This reduction was observed for all formulation compa-
risons, namely AB, AC, AD, BC, BD and CD. Importantly, this reduction was 
also observed to an analogous degree for the simulated bioequivalence studies 
comparing the simulations of different subjects receiving the same Formulation 
A twice (‘AR’).

Figure 2: The percentage of simulated studies, of which the 90% CIs for both AUC and Cmax 

are within the acceptance range of bioequivalence, declines with reduced renal function, for all 

formulation comparisons. The percentage of virtual bioequivalence studies with a 90% CI within 

the acceptance limits for bioequivalence is plotted per formulation comparison and renal function. 

Figure 3: (right page, turn 90 degrees clockwise) Individuals with reduced renal function demon-

strate higher variability of the ratio of the AUC, but the mean ratio is not different. For each indi-

vidual, the ratio for AUC between each different combination of formulations is plotted against 

renal function (open circles). The red line is the regression line of all individual ratios. The blue 

line is the percentage of individual ratios within the acceptance criteria.
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The individual ratio of the exposure for each virtual subject (n = 2,400) is 
depicted in fig. 3. The mean bioavailability ratio was not different for subjects 
with reduced renal function, but subjects with reduced renal function demon-
strated higher variability of the ratio of the AUC, and Cmax (fig. S3). This was 
observed both for the ratio of each individual combination of formulations 
and in the comparison of different subjects receiving Formulation A twice. 
Combining information on all switches, the percentage of individuals with a 
ratio for AUC or Cmax within the bioequivalence range was 29.8–41.0% for 
subjects with a normal renal function (CrCl >90/ml), and it lowered to a range 
of 21.8–30.5% for subjects with a severely reduced renal function (<15 ml/min). 
The effect is comparable between the different formulation comparisons, and 
there are no subpopulations identified from these plots, which would demon-
strate an aberrant ratio and true deviation from bioequivalence. 

Volume of distribution
In patients with an increased distribution volume, a lower exposure for gaba-
pentin is expected, with a more pronounced reduction of Cmax than AUC. 
A reduction of both Cmax and AUC was indeed predicted by simulations for 
subjects with an increased V, and this effect is comparable for all four formula-
tions (fig. 4, fig. S4). 

Figure 4: (right page, turn clockwise) A reduction of both Cmax and AUC is indeed predicted for 

subjects with an increased Volume of Distribution and this effect is comparable for all 4 formu-

lations. Left side: all individual values of AUC and Cmax (open circles) and mean (lines), versus 

Volume of Distribution. Different colors represent predictions for the different formulations 

(A, purple; B, red; C, green; D, light purple). Right side: violin plots for both AUC and Cmax, 

per formulation, boxplot (median, interquartile box length and 1.5 range whiskers) with kernel 

density plot. These depict the distribution of AUC and Cmax, only for subjects with a Volume of 

Distribution 5 times the original model estimated values.
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Bioequivalence studies using random samples of 24 subjects do not demonstrate 
a structural change in the percentage of studies with 90% CIs within the accep-
tance range of bioequivalence for both AUC and Cmax, with an increased V (fig. 
S5). 
The predictions for the individual ratios for AUC did not yield significant 
differences either, as a result of an increased V (fig. 5). There was no signifi-
cant curvature of the regression line of the ratio. Variability of the individual 
exposure ratios appears to be lower only for subjects with a simulated V of 
more than 500 liters. Similar results were observed for Cmax (fig. S6). Finally, 
no subpopulations with an aberrant ratio between formulations were identified 
from these plots. The absence of a relevant effect of the simulated increased V 
on the exposure ratios was noted for all formulation comparisons.

Figure 5: (right page, turn 90 degrees clockwise) The predictions for the individual ratios for 

AUC do not demonstrate significant differences as a result of an increased V. For each individual, 

the ratio for AUC between each different combination of formulations is plotted versus Volume 

of Distribution (open circles). The red line is the regression line of all individual ratios. The blue 

line is the percentage of individual ratios within the acceptance criteria. 
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Absorption rate constant
It is expected that in patients with an altered rate of absorption, that Cmax is 
influenced significantly, and AUC to a lesser extent. Moreover, a higher rate of 
absorption is expected to lead to an increased Cmax. Indeed, in the simulations, 
higher Cmax values were predicted for higher Ka rates, but only up to a Ka of 
approximately 0.75 h-1 (fig. 6, fig. S7). The influence of Ka on the predicted 
AUC was limited. These effects are comparable for the different formulations. 
However, a higher variability was predicted for the highest Ka populations for 
Formulations A and D (Cmax) and B and D (AUC).

Figure 6: (right page, turn 90 degrees clockwise) An altered rate of absorption is predicted to 

influence Cmax significantly, but only up to about a Ka of 0.75 h-1. AUC is influenced to a 

lesser extent.  Left side: all individual values of AUC and Cmax (open circles) and mean (lines), 

versus rate of absorption.  Different colors represent predictions for the different formulations 

(A, purple; B, red; C, green; D, light purple). Right side: violin plots for both AUC and Cmax, 

per formulation, boxplot (median, interquartile box length and 1.5 range whiskers) with kernel 

density plot. These depict the distribution of AUC and Cmax, only for subjects with a rate of 

absorption 3 times the original model estimated values.
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In simulated bioequivalence studies (fig. S8), it was predicted that, for all 
formulation comparisons, the percentage of studies with 90% CIs within limits 
for the ratio of Cmax would increase with a higher Ka. Simulated individual 
exposure ratios predicted a large variability with a lower Ka, but did not demon-
strate a significant effect of Ka on the mean of the bioavailability ratios (fig. 7. 
The difference in the variability of individual exposure ratios with a lower Ka 
was most pronounced for Cmax and less so for AUC (fig. S9). In the individual 
ratio plots, we observed no distinct subpopulations for which a deviating ratio 
was predicted. In addition to renal impairment, volume of distribution, and the 
absorption constant, simulations were also performed for patients with a delay 
of the absorption lag time, but no effect on the exposure ratios was observed 
(data not shown).

Figure 7: (right page, turn clockwise) Simulated individual Cmax ratios predict a large variability 

with lower rate of absorption, but do not demonstrate a significant effect on the mean of the 

ratios. For each individual, the ratio for Cmax between each different combination of formulations 

is plotted against rate of absorption (open circles). The red line is the regression line of all indi-

vidual ratios. The blue line is the percentage of individual ratios within the acceptance criteria. 
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Discussion

In this study, simulations were performed to identify possible subpopulations 
for whom comparable bioavailability is less likely to occur upon generic swit-
ching. Results of the simulations do not indicate a relevant change of the PK 
as a result of an increased volume of distribution, but do indicate increased PK 
variability for patient populations with a lower rate of absorption or reduced 
renal function. Consequently, with this increased variability, the likelihood of 
demonstrating comparable bioavailability in the given populations is reduced. 
However, the average comparable bioavailability ratio for these simulated 
patient populations does not change. In other words, bioequivalence can also be 
assumed in these subpopulations, although wider acceptance criteria or larger 
sample sizes would be required to demonstrate this according to the relevant 
requirements. These altered requirements were described in another simula-
tion study and is the reason why both the FDA and EMA guidelines allow for 
widening of the bioequivalence acceptance criteria scaled to the intrasubject 
variability of the active substance (4, 5, 16).
Importantly, identical observations with respect to increased variability were 
made for different subjects who were simulated to receive the same formula-
tion twice. Therefore, the simulations indicate that the reduced likelihood of 
demonstrating comparable bioavailability is not the result of the formulation 
switch, but of the altered PK parameters and PK variability in the population. 
In other words, a patient who receives a different but generic formulation of the 
same drug is as likely to demonstrate comparable bioavailability as a patient who 
receives the same formulation of the same drug, even for a patient with altered 
PK parameters.
No PK subpopulations with altered comparative bioavailability were identified, 
even though the model was constructed to allow such differences to emerge. 
This is congruent with the expectation that altered PK, particularly with regard 
to distribution, metabolism and elimination, will not affect the comparable 
bioavailability ratio between different formulations. These findings are also in 
line with previous research in more standardized populations with narrower 
distributions of PK profiles. A previous retrospective analysis of replicate design 
bioequivalence studies concluded that exposure differences originate predomi-
nantly from IOV and not from a formulation change (17). Prior research has 

also explained that although a patient’s PK may be different, it does not change 
the comparable bioavailability between formulations (18). These results support 
the idea that it is better to perform bioequivalence studies in healthy subjects 
than in the intended patient population, as variability unrelated to the formu-
lation is lower, and sensitivity to detect true formulation differences is higher.
Further, no differences with respect to potential drifting were observed in the 
comparison between the generics and the originator or in comparisons of the 
different generics amongst themselves. This fits the current scientific view 
that drifting is merely a theoretical possibility and that in clinical practice, no 
evidence for the occurrence of drifting has been identified (19, 20).
Additionally, the simulated exposure and individual comparable bioavailability 
ratios were homogenously distributed for all subpopulations investigated in this 
study, and no outliers within those subpopulations were identified. Thus, based 
on this study, there is no evidence of a subpopulation of patients which would 
demonstrate a true deviation of bioequivalence, as demonstrated in another 
population.
An important restriction of this study is that validation of our experimental 
methodology is limited. Although there was good agreement between observed 
and predicted values for all models, a positive or negative control was lacking. 
However, the question remains as to whether such controls exist. It is unknown 
whether generics exist which demonstrate increased differences in bioavailabi-
lity when patients with altered PK characteristics switch between formulations, 
which would be a positive control for this study. The next most suitable option 
would be to incorporate a proven bio-inequivalent formulation in the study. 
However, it remains to be seen whether, for this formulation, a decreased like-
lihood of demonstrating comparable bioavailability in certain subpopulations 
would be found.
Another limitation is that it is not possible to estimate the true IOV, as the 
original study (13) lacked an experimental arm in which subjects received 
repeated administration of one of the formulations. Therefore, we were not able 
to perform simulations for the same subject with a crossover repeated admi-
nistration of the same formulation, and we were forced to perform simulations 
with a parallel design. However, this does not affect our study conclusions. 
Although variability was inflated, as between-subject variability was added 
for each comparison, this variability was added to all comparisons to the same 
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extent. Thus, comparisons can still be made between simulations of different 
formulations. The overestimated variability is perhaps also visible in the percen-
tage of successful bioequivalence studies, which was lower than expected.
A further limitation was the use of data for only one active substance and the 
generalizability to other active substances. Gabapentin demonstrates relatively 
straightforward PK, as there is little or no metabolism and complete renal clea-
rance. For active substances with more complex PK properties, these processes 
could interfere with the likelihood of achieving comparable bioavailability in 
subjects with altered PK. However, complexity could also only add to the vari-
ability, and the conclusions of this study could still stand.

To conclude, in our simulations, we found a reduced likelihood of demonstra-
ting comparable bioavailability for subjects with altered PK behaviour for a given 
sample size, but this is not influenced by a formulation switch. Moreover, the 
average comparable bioavailability ratio for these simulated patient populations 
does not change. Further, we did not find evidence for the occurrence of drifting 
when comparing generic–generic switches. The outcome of this study could be 
strengthened through an analysis of other active substances, data for repeat 
administrations and data for bio-inequivalent formulations. Nonetheless, our 
study results strengthen the idea that aberrant PK profiles following a generic 
switch in specific subpopulations are more likely the result of intrasubject varia-
bility than the result of the formulation switch. These findings support generic 
interchangeability and the regulatory requirements for these drugs’ approval.

Supplementary materials

Figure S1 Visual Predictive Check plots demonstrate a good agreement between simulated and 

observed values for each formulation. Observed values (dots), and simulated values’ median and 

90% prediction interval lines with 90% CI bands around (n=2400).
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Figure S2: For patients with an impaired renal function, gabapentin plasma concentration will 

increase. Concentration time curve for the median simulated gabapentin concentration of formu-

lation A, of subjects within different simulated renal function. Gray shade lines from dark to 

lighter ranked on renal function group, with 90% CI bands around. Darkest shade of gray: end 

stage, <15 ml/min, severely decreased, (>15 - <30 ml/min), moderately decreased (>30 - <60 ml/

min), mildly decreased (>60 - <90 ml/min), lightest shade of gray: normal (>90 ml/min).

Figure S3: (right page, turn clockwise) Individuals with reduced renal function demonstrate 

higher variability of the ratio of the Cmax, but the mean ratio is not different. For each individual, 

the ratio for Cmax between each different combination of formulations is plotted against renal 

function (open circles). The red line is the regression line of all individual ratios. The blue line is 

the percentage of individual ratios within the acceptance criteria. 

simulated concentration of gabapentin
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Figure S4: A reduction of both Cmax and AUC was predicted by simulations for subjects with 

an increased Volume of Distribution. Concentration time curve for the median simulated gaba-

pentin concentration of formulation A, of subjects with an up to five-time increased V. Gray 

shade lines from dark to lighter, with 90% CI bands around. Lighter grays are larger Vs.

Figure S5: Bioequivalence studies using random samples of 24 subjects with in increased Volume 

of Distribution demonstrate a small increase of the percentage of acceptable bioequivalence. The 

percentage of virtual bioequivalence studies with a 90% CI within the acceptance limits for bioe-

quivalence is plotted per formulation comparison and Volume of Distribution. 

Figure S6: Variability of the individual exposure ratios appears to be lower only for subjects with 

a simulated V of more than 500 liters, but the mean ratio is not different. For each individual, 

the ratio for Cmax between each different combination of formulations is plotted against Volume 

of Distribution (open circles). The red line is the regression line of all individual ratios. The blue 

line is the percentage of individual ratios within the acceptance criteria. 

simulated concentration of gabapentin

pe
rc

en
ta

ge
 o

f s
im

ul
at

ed
 st

ud
ie

s w
ith

in
 B

E
 li

m
its

pe
rc

en
ta

ge
 o

f s
im

ul
at

ed
 st

ud
ie

s w
ith

in
 B

E
 li

m
its

volume of distribution (L)volume of distribution (L)

BE AB
BE AC
BE AD
BE BC
BE BD
BE CD
BE AR (rep)

3.2

134 135

ch
ap

te
r 

th
re

e.
tw

o 
| b

io
eq

ui
va

le
nc

e 
si

m
ul

at
io

ns



Figure S9: Simulated individual AUC ratios predict a larger variability with lower rate of 

absorption, but do not demonstrate a significant effect on the mean of the ratios. For each indi-

vidual, the ratio for AUC between each different combination of formulations is plotted against 

rate of absorption (open circles). The red line is the regression line of all individual ratios. The 

blue line is the percentage of individual ratios within the acceptance criteria.

Figure S7: For patients with an altered rate of absorption, Cmax is influenced, and AUC to a lesser 

extent. Moreover, a higher rate of absorption leads to an increased Cmax. Concentration time curve 

for the median simulated gabapentin concentration of formulation A, of subjects with an up to 

three-time reduced and increased absorption constant. Gray shade lines from dark to lighter, with 

90% CI bands around. Lighter grays are higher Kas.

Figure S8: The percentage of simulated bioequivalence studies, of which the 90% CIs for Cmax 

are within the acceptance range of bioequivalence, increases with higher rate of absorption, for all 

formulation comparisons. The percentage of virtual bioequivalence studies with a 90% CI within 

the acceptance limits for bioequivalence is plotted per formulation comparison and absorption 

constant. 

simulated concentration of gabapentin
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Chapter 4
General Discussion
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Since the emergence of the modern generic drug industry, the discussion on 
generic drugs has been ongoing, and the quality and interchangeability of 
generic drugs with the same active substances have been fiercely debated in the 
literature. In this chapter, we provide an integrated discussion on findings from 
the individual articles included in this thesis. 

Integrated Summary
Information used to discredit generic drugs has mostly relied on anecdotal 
evidence from case reports. However, scientific scrutiny is lacking to draw 
conclusions from this information, and a systemic approach is key in the evalu-
ation of generic drugs. Therefore, the first part of this thesis analyzed data on 
generic drug use and generic drug interchangeability from the best available 
systematic sources. 
The Netherlands Pharmacovigilance Centre Lareb regularly receives reports 
on adverse drug reactions (ADRs) related to a generic drug switch (1). These 
reports of clinical discomfort for the patient are unwanted, unexpected, and 
likely avoidable. Therefore, the etiology of these reports must be studied. The 
reported ADRs also allow the extent of generic interchangeability to be studied; 
the number of patients who switch generic drugs and experience an ADR can 
be determined. However, two major barriers to these studies must be overcome 
before inferences can be made from reported ADRs. First, these reports are 
generated by a spontaneous reporting system, and the number of reported ADRs 
compared to the true number of experienced ADRs is unknown. Second, the 
number of reported ADRs is a floating numerator—that is, the at-risk popula-
tion is unknown. In other words, the number of patients who reported an ADR 
related to a generic drug switch is known, but the number of patients switching 
between generic drugs is not. 
Data on the number of patients who switch between generic drugs are not 
publicly available in the Netherlands, nor have the reasons for these switches 
been identified. Therefore, the aim of the study discussed in chapter 2.1 was 
to determine the frequency of generic drug switches in the Netherlands. For 
this, we utilized the database of the Dutch Healthcare Institute (ZiNL), which 
contains insurance claims data regarding 96% of the Dutch patient popula-
tion. Due to the computational intensity of the data extraction, we limited the 
study period from June 2009 to December 2016 and chose 20 active substances 

for which the greatest number of ADRs related to switching were reported to 
Lareb. Our study included a total of 23.8 million generic drug switches, and 
based on our analysis, we concluded that generic drug switching is common, 
that many products are involved, and that most switches (80%) occur between 
two generic versions of the same drug. Additionally, we observed an increase 
in the switch rate between January and March each year, likely attributable to 
the Dutch “preference policy.” This policy facilitates yearly renewal of contracts 
regarding the drug products eligible for reimbursement. 
The findings presented in chapter 2.1 sparked our interest in the rationale for 
the occurrence of drug switches, since this is relevant to policymakers who want 
to reduce the number of drug switches, mainly to promote patient convenience. 
Therefore, we performed a pilot study identifying reasons for patients’ generic 
drug switches, as described in chapter 2.3. We documented the reasons for drug 
switches at 16 Dutch pharmacies and found that the majority of drug switches 
were either the result of a shortage of the drug product on a national level 
(32%), the Dutch preference policy (23%), or deals between pharmacists and 
wholesalers (12%).
In chapter 2.2, we described our study of the relative number of reported 
ADRs when corrected by the number of drug switches in the Netherlands. 
We retrospectively analyzed a period of 7.5 years, in which 2,602 such ADRs 
were reported. Of those ADRs, 1,348 were for one of the included 20 active 
substances we studied (chapter 2.1). Furthermore, we found an average repor-
ting rate of 5.7 ADRs per 100,000 drug switches for those active substances. 
A different set of active substances was identified as having an above-average 
ADR reporting rate based on the absolute number of reported ADRs following 
adjustment for the number of drug switches. Thus, the number of drug switches 
should be incorporated in the analysis of these ADRs. Additionally, we found 
that the number of drug users was an acceptable replacement for the number 
of drug switches in the analysis since these data are more readily available for 
routine pharmacovigilance analyses.
The second part of this thesis focused on bioequivalence, which must be 
demonstrated using the best available methodology as it plays a central role in 
the approval of generic drugs. We challenged the robustness of bioequivalence 
using modeling and simulation in chapter 3.1 and chapter 3.2.
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Bioequivalence is statistically confirmed comparable bioavailability, for compa-
rable drug products. Current guidance dictates that bioequivalence should be 
demonstrated using so-called “average bioequivalence.” When comparing blood 
concentrations obtained after administration of two comparable drug products, 
the 90% confidence intervals (CI) of the geometric mean ratio for both the area 
under the curve (AUC) and peak concentration (Cmax) should be within pres-
pecified limits, which are usually 80.00–125.00% (2-4). This criterion should 
ensure comparable bioavailability of the two drug products. However, this 
approach only ensures comparability of the average ratios; it does not account 
for the range of individual ratios. These individual ratios can be well outside the 
90% CI limits. This has been observed in participants in bioequivalence studies 
and is thus likely occurring in real-world patients who switch between generic 
drugs.
Bioequivalence studies are usually performed with healthy volunteers, and for 
generic approval, bioequivalence must only be demonstrated to the originator 
drug. Public and scientific literature has often criticized this approach, arguing 
that bioequivalence in healthy volunteers cannot be extrapolated to the patient 
population, who have comorbidities and altered pharmacokinetics. It has also 
been challenged that the demonstrated bioequivalence of a generic to the origi-
nator does not necessarily ensure bioequivalence between different generics of 
the same active substance. As demonstrated in chapter 2.1, in clinical practice, 
most patients switch between two generic drugs, not between the originator 
drug and a generic drug. Using modeling and simulation as described in the 
second part of this thesis, we investigated these critiques described above, 
aiming to identify a patient population who displayed a reduced likelihood of 
demonstrating bioequivalence when switching to, or between, generic drugs. 
In chapter 3.1, we described the development and validation of a non-para-
metric pharmacokinetic model for gabapentin based on data from a previously 
conducted comparative bioavailability study between the gabapentin origi-
nator and three generic drug products. We found that the optimal model was a 
two-compartment model with an absorption constant, an absorption lag-time, 
and elimination adjusted for renal function, in which each model parameter was 
separately estimated per drug product. Optimal fit of the model was confirmed 
by both internal and external validation.
In chapter 3.2, we described the simulations performed with this model. 

We simulated a large number of pharmacokinetic profiles for virtual subject 
populations with pharmacokinetic characteristics mimicking patient popula-
tions. Compared to the healthy volunteers originally included in the clinical 
study, our virtual patient populations had an increased volume of distribution, 
altered absorption constant, or renal impairment. For each virtual population, 
we analyzed the individual exposure ratios between different drug products 
and performed bioequivalence studies on 24 subjects. The results indicated a 
higher variability for the individual exposure ratio for subjects with a lower rate 
of absorption, a smaller volume of distribution, and reduced renal function. 
Additionally, the likelihood of demonstrating bioequivalence was reduced for 
these subjects. However, the average ratio did not change for the subject popu-
lations. Further, no differences were observed between the comparisons of the 
originator with the generic drugs, or between different generic drugs. Similar 
results were observed when two administrations of the originator drug product 
were compared. Thus, the reduced likelihood of comparable bioavailability for a 
subject is not driven by the specific drug product switch but is rather the result 
of intra-subject variability of the active substance. 

Integrated Discussion
In chapter 1.2, we described the current scientific debate on generic inter-
changeability. From a regulatory perspective, no compelling evidence has been 
provided that would warrant change to the regulation of generic drug approval. 
To understand the discussion on generic interchangeability and the bioequi-
valence criteria, prescribability and switchability must be distinguished. These 
two notions of interchangeability were first described by Anderson and Hauck 
(5, 6). The term prescribability refers to a situation in which a patient is naïve to 
a drug and for whom there is a choice between two drug products. In this case, 
knowing that both products will achieve similar concentrations of the active 
substance, which are within the same therapeutic window of safety and efficacy, 
is sufficient to justify a product change. The term switchability refers to a patient 
who is already on continued drug treatment, but for whom a switch to another 
drug product is considered. In this case, more clinical information is available, 
namely that a specific drug product, dose, and corresponding concentration of 
the active substance are efficacious and sufficiently safe for this patient. This 
additional information aids the prescriber in preventing unnecessary harm to 
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the patient in the form of ineffective or toxic dosing. Therefore, switchability 
should be established; the prescriber should be sufficiently sure that similar 
blood concentrations will be achieved for this patient with the new drug product 
of the same dose.
Anderson and Hauck argue that establishing population bioequivalence is suffi-
cient for prescribability. Population bioequivalence is comparable to average 
bioequivalence, as the average bioavailability of two drug products should be 
comparable. However, for population bioequivalence, there should also be a 
comparable population distribution regarding the bioavailability of the two drug 
products. Anderson and Hauck also argue that an additional level of evidence 
is required for switchability beyond population bioequivalence, in the form of 
“individual bioequivalence.” This should be achieved by some sort of confirma-
tion that “most individuals have similar bioavailabilities” (5).
On population bioequivalence, particularly as proof of generic prescribability, 
no active debate exists in the scientific literature. More attention has been given 
to the debate on individual bioequivalence as a necessary regulatory requirement 
for ensuring switchability.
The FDA added to this debate, by providing criteria for individual bioequiva-
lence in 1997 guidance on in vivo bioequivalence studies, as well as a multi-year 
research program into the individual bioequivalence criterion (7, 8).
Pivotal in the approach to individual bioequivalence is characterization of a 
subject-by-formulation interaction, which is the extent to which individual 
bioavailability ratios of two drug products differ between subjects. Demonstration 
of the absence of such an interaction would lead to increased confidence in the 
switchability of the drug products, as it is often believed that distinct subpo-
pulations exist for which demonstration of average bioequivalence in healthy 
volunteers is insufficient. Other advantages of the individual bioequivalence 
approach include scaling of acceptance criteria based on the within-subject vari-
ability of the reference product and an incentive for both originator and generic 
drug makers to develop drugs with a reduced variability. However, the 2002 
FDA bioequivalence guidelines, the first to follow the 1997 guidelines, did not 
mention individual bioequivalence (9). Implementation of this requirement 
was not pursued for a number of reasons. First, several statistical issues existed 
for the proposed measures of individual bioequivalence, including determining 
and justifying the cut-off for a clinically relevant subject-by-formulation term. 

Second, no clear understanding of any mechanistic basis, or clinical relevance 
of a subject-by-formulation interaction, was reached. Third, replicate design 
studies are needed to demonstrate individual bioequivalence, but these would 
increase the burden on resources. 
Therefore, implementing a requirement for individual bioequivalence was not 
justified, particularly in the absence of any clearly demonstrated problems with 
interchangeability in clinical practice. During a meeting of the FDA Advisory 
Committee for Pharmaceutical Science on the subject of individual bioequi-
valence, Dr. L. Benet summarized his position as follows: “…individual bioe-
quivalence still remains a theoretical solution to solve a theoretical clinical 
problem. We have no evidence that we have a clinical problem, either a safety 
or an efficacy issue, and we have no evidence that if we have the problem, that 
individual bioequivalence will solve the problem” (10).
Regulatory requirements for bioequivalence have since been discussed on several 
occasions, most recently by Concordet et al., as was described in chapter 1.2 (11, 
12). However, no compelling evidence has been presented that would warrant 
a change to the requirement of average bioequivalence. The results from this 
thesis described in chapter 2.1 and chapter 2.2 support the absence of clearly 
demonstrated interchangeability problems (i.e., reduced safety or efficacy). In 
chapter 2.1, we demonstrated the relatively high frequency of drug switches in 
clinical practice in the Netherlands. With such high rates of drug switches, any 
true generic interchangeability problem should have surfaced, especially because 
we demonstrated that most of these switches are between two generic versions 
of the drug, which are regarded the worst case of switching, due to the theore-
tical possibility of drifting.
In chapter 2.2, we proposed a new approach to the analysis of ADRs related to 
generic switches, with an increased likelihood of identifying relevant switch-re-
lated ADRs. However, even with the improved method, drawing a conclusion 
on the presence of interchangeability issues is difficult, as the pharmacovigilance 
system is based on spontaneous reporting of ADRs. Spontaneous reporting is 
known for underreporting (13), and fluctuations in the number of ADR reports 
could merely be fluctuations of the reporting rate. Thus, although we may have 
found a relative difference of switch-adjusted ADR reporting rates between 
some active substances in our study, drawing a conclusion on the presence of 
interchangeability issues was not possible.
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The results described in chapter 3.1 and chapter 3.2 support the position that 
no compelling evidence exists that would warrant a change to regulatory requi-
rements. Issues with the subject-by-formulation interaction halted the FDA 
from further pursuing individual bioequivalence requirements in the late 1990s. 
This interaction is not only difficult to prove but also difficult to interpret, as no 
mechanistic understanding of any subject-by-formulation interaction exists. In 
chapter 3.1 and chapter 3.2, we used modeling and simulation to identify phar-
macokinetic subpopulations for whom comparable bioavailability is less likely 
to occur when a switch between two drug products is made. If we had identified 
such a subpopulation, it would have indicated a mechanistic understanding of a 
subject-by-formulation interaction. However, we did not identify such a subpo-
pulation in the simulation study. Thus, we did not identify any indication of a 
subject-by-formulation interaction for those populations. 
An additional consideration for not implementing individual bioequivalence 
requirements in the absence of compelling evidence to do so is given by the “learn 
and confirm” paradigm of L. Sheiner (14). According to this view, learning and 
confirming in all phases of drug development must be distinguished, particu-
larly for the design of the study. A bioequivalence study is a confirmatory study, 
as it should confirm the absence of a relevant difference between the bioavaila-
bility of two drug products. According to Sheiner, the conclusion is clear and 
unequivocal for a confirmatory study with a simple design and a sharp null-hy-
pothesis that is rejected. From a regulatory perspective on the assessment of 
generic drugs, a clear and unequivocal conclusion is key, to come to the yes or 
no decision for market approval. This need for a clear conclusion is reflected 
in the study design of bioequivalence studies, for instance, in the choice of a 
homogenous study population. Any additional variability from a heterogenous 
study population would reduce the study’s power to identify differences related 
to the studied drug products. Increased inter-subject variability would not be an 
issue per se, as each subject is its own control in a bioequivalence study with a 
crossover design (15). However, a more heterogenous population would likely 
introduce additional intrasubject variability, which does reduce study power. 
The latter was observed in our simulations for virtual subjects with pharmacoki-
netic characteristics mimicking patient populations, as described in chapter 3.2. 
Regarding the generic interchangeability of prescribability and switchability, 
as proposed by Anderson and Hauck, there is no reason to doubt the prescri-

bability of generic drugs. Demonstration of average bioequivalence provides 
sufficient evidence that a patient who is prescribed a generic drug will reach 
sufficiently similar concentrations of the active substance and thus experience 
sufficiently similar safety and efficacy as the originator drug. This position is 
indirectly supported by an absence of an active debate on this subject in the 
scientific literature. 
To draw a conclusion on the switchability of generic drugs, however, is not as 
straightforward. Conceptually, a higher level of evidence is required to ensure 
switchability than is required for prescribability. As described above, the imple-
mentation of individual bioequivalence, suggested to be necessary to ensure 
switchability, was not adopted by the FDA for several reasons. The results from 
this thesis support the reasons for which implementation of these requirements 
was not further pursued.
Whether any specific measure for switchability can be established, or is required, 
has yet to be determined. The same arguments for not implementing the indivi-
dual bioequivalence requirement by the FDA can be applied more generally to 
the original claim of Anderson and Hack: for switchability, a confirmation that 
“most individuals have similar bioavailabilities” is necessary. The same points 
for discussion arise—what metric to apply and how to determine its acceptance 
limits, what conclusions can be drawn without a mechanical understanding of 
the underlying issue, and whether an additional burden on resources is justified 
without a clearly demonstrated issue in clinical practice. The current average 
bioequivalence requirements, even in absence of a direct measure of indivi-
dual exposure ratios, provide sufficient confirmation that individuals will likely 
achieve similar exposure over time. 
However, even in the absence of clearly demonstrated interchangeability issues 
identified from clinical practice, ADRs related to generic drug switching are 
reported, and patients are thus experiencing clinical discomfort. Whether 
clinical pharmacology is the main cause of this clinical discomfort is questio-
nable. The clinical discomfort may be the result of a significant difference of 
exposure to the active substance, before and after a drug switch. Such differences 
exist, but as we described in chapter 3.2, they are likely attributable to intrasub-
ject pharmacokinetic variability, rather than the drug switch. Consequently, the 
intrasubject variability of exposure to the active substance is present not only 
during a drug switch but also during continued use of a single drug product. 
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Still, the ADR reports we presented in chapter 2.2 were explicitly related to 
the drug switch. Thus, similar ADRs were either not present, not consciously 
experienced, or not reported during continued use. Reporting the ADRs only 
related to a drug switch has been suggested as the placebo, or nocebo, effect of 
generic drug switches (16).
However, a patient who has experienced issues with a generic drug switch would 
not agree with this view on the etiology of the ADRs, nor would prescribers and 
physicians who have experience with such issues, or researchers who presented 
studies or case reports that discredit generic drugs. However, with a systematic 
approach, as we performed, and with other unbiased large-scale investigations, 
no presence of true interchangeability issues causally related to generic drug 
switches has been demonstrated. 
Nonetheless, the perspective of the individual patient must be considered, 
as experienced clinical discomfort can have a significant impact on patients’ 
quality of life. Although the causal relationship between reported ADRs and 
drug switches is unclear, reducing the number of drug switches is beneficial 
for patients for several reasons. First, our conclusions may be incorrect, and 
ADRs may indeed be causally related to generic drug switches. In chapter 2.1 
and chapter 2.2, we were not able to conclude on the presence of interchange-
ability issues, but we did not demonstrate the absolute absence of interchan-
geability issues either. Second, as reasoned above, a drug switch may influence 
the way a patient experiences clinical discomfort more consciously compared 
to the experience of the same clinical discomfort during continued drug use. 
Third, although we have concluded the absence of identified interchangeabi-
lity issues and identified subject-by-formulation interactions, this conclusion 
is not necessarily true for all future and perhaps more technologically complex 
drug products. Fourth, drug switches may confuse patients and result in drug 
intake errors. This confusion could stem from the different name, packaging, 
shape, or color of the generic drug. Intake errors are of particular relevance 
since drug switching is frequent in the Netherlands, as described in chapter 
2.1. Additionally, as the results from our pilot study presented in chapter 2.3 
suggest, a large percentage of the drug switches in the Netherlands have an 
economical incentive. This is logical, as the existence of generic drugs is based 
on price reduction, but when patients do not directly benefit from something 
and are instead burdened by it, the frequency of switching that is acceptable 

should be reconsidered. 
Indeed, reconsidering an acceptable frequency of switching is an example of 
why the concept of generic interchangeability falls between science and regula-
tion and is thus an example of regulatory science. From a purely scientific point 
of view, we were not able to identify interchangeability issues for generic drugs; 
thus, the high frequency of generic switching we observed is scientifically of 
no interest. However, as with all aspects of drug regulation, a healthy balance 
of benefit versus risk must be maintained. In this case, the financial benefits of 
generic drug use and generic switches should be weighed against the burden of 
frequent switches for the individual patient. 
Interchangeability as a concept of both science and regulation is demonstrated 
in the requirements of generic drug approval. From a scientific view, higher-
level evidence is required to ensure switchability rather than prescribability, 
as more information on the patient is available. However, from a regulatory 
perspective, any additional burden on requirements for drug development and 
bioequivalence studies should be justifiable and in proportion to the extent of 
the problem. Since a clinical switchability problem was not identified, the same 
level of evidence is sufficient for switchability as for prescribability. Additionally, 
clear and unequivocal conclusions for granting or not granting market access are 
necessary within regulation. This is reflected in the acceptance interval of 90% 
CI for the mean ratio in a bioequivalence study: 80.00–125.00%. These limits 
should not be exceeded “when rounded to two decimal places” (2), but the basis 
for these limits is an arbitrarily set 20% difference, which medical experts have 
“determined to be significant” (17). Here, science meets regulation. 

Future Perspectives
In this thesis, we add to the current understanding that generic interchangeabi-
lity can generally be assumed and that no changes to the system of generic drug 
approval are required. We did not identify clinical interchangeability issues with 
generic drugs or subpopulations for whom a subject-by-formulation interaction 
could exist. However, we were not able to exclude the existence of these clinical 
issues or subpopulations either. Therefore, quality research, both retrospective 
and prospective, must continue to be performed. 
Pivotal to our conclusion of interchangeability is the absence of any know 
subject-by-formulation interaction and demonstrated interchangeability issues 
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from clinical practice. Thus, these two subjects should remain topics of research, 
as they are essential to maintaining the conclusion that the reported ADRs are 
the result of intrasubject variability.
Research into the subject-by-formulation interaction should focus on the link 
between patient and drug product characteristics, and it should investigate 
whether acceptable differences between two drug products could result in an 
altered absorption of the two drug products. Modeling and simulation, such as 
physiologically based pharmacokinetic modeling and simulation (PBPK), could 
aid in understanding the absorption phase. 
For the second research topic, the absence of interchangeability issues in clinical 
practice, sufficient pharmacovigilance on generic interchangeability must be 
maintained, as pharmacovigilance is the gatekeeper of any clinically problematic 
drug product on the market. However, any signal of interchangeability issues, 
even with the improved system proposed in chapter 2.2, can only be hypo-
thesis-generating; further investigation is required. Large randomized clinical 
trials that test interchangeability will likely not be performed. Therefore, other 
sources of data of a systemic nature, or other forms of data collection, should be 
explored to come to a firm conclusion. 
Not only should generic interchangeability be established, but patients’, pres-
cribers’, and physicians’ trust in generic interchangeability must be increased. 
Patients should be confident that they will receive the best available drug treat-
ment and product, and prescribers and physicians play an important role in 
increasing patients’ confidence. Increased trust in generic interchangeability 
will not only benefit the treatment of a patient, through reduction of the nocebo 
effect, but will also reduce the resource constraints of prescribers and physicians. 
For this reason, specific reasons for generic drug mistrust must be elucidated to 
design actions that could increase trust in generic interchangeability. 
Furthermore, the number of drug switches must be reduced. This is a difficult 
task, mainly due to the large number of stakeholders involved. Nonetheless, 
chapter 2.3 provided a basis for further research into achieving a reduction 
of drug switches in the Netherlands. This chapter also provided direction on 
increasing trust in generic interchangeability. For instance, a large portion of 
the drug switches in the Netherlands is economically motivated, without direct 
benefit to the patient; often, reimbursement drives the choice of the specific 
drug product, and the patient has no level of control. Thus, regained control 

over the chosen drug product might mitigate patients’ distrust in generic drugs 
and their interchangeability. Choice of a specific drug product may increase 
the costs of pharmaceutical health care. Thus, economic viability of additional 
patient control could be achieved by an out-of-pocket payment by the patient 
toward the difference of the price of the chosen product compared to the reim-
bursed price. In the Netherlands, patients are currently required to pay the full 
price for a non-reimbursed drug product preferred by the patient. Payment of 
the difference would at least provide the patient with a reasonable alternative 
compared to a forced switch. 
Greater changes to the system must also be explored. Drugs are generally 
known by their international nonproprietary names (INN), but originator drugs 
are distinguished from generic drugs by use of a brand name. Additionally, 
generic drug products often have a different color, shape, or size compared to 
the originator drug and other generic drug products. Legal protection of these 
unique characteristics is based on intellectual property and mainly serves the 
purpose of differentiating between drugs and brand awareness (18). However, 
these differences can confuse patients and lead to inappropriate use of the drug. 
For example, a recent patient survey suggested strong reliance on drug product 
appearance for correct intake of the drug. About 5% of the patients for whom 
the drug product appearance changed with a drug switch stopped taking their 
drug (19). Thus, the change in name and appearance does not contribute to 
trust in generic interchangeability. Although reforming the system would be 
an enormous legal challenge, uniform naming and identical product appearance 
would be in the best interest of the patient. 
Overall, by continuing to perform high-quality research into generic interchan-
geability, specifically subject-by-formulation interaction and clinical interchan-
geability, the prescribability and switchability of generic drugs should continue 
to be confirmed. Additionally, by reducing the number of drug switches and 
building trust in generic interchangeability, generic drugs will play a promi-
nent role in the pharmaceutical landscape, reducing pharmaceutical health care 
expenditure without compromising patient well-being. 
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Conclusion

We presented the results of a number of studies challenging the position of 
generic interchangeability. First, we demonstrated a high number of generic 
switches in the Netherlands and proposed an improved methodology for 
the pharmacovigilance of drug switches. Second, through pharmacokinetic 
modeling and simulation, we did not identify possible patient subpopulations 
for whom aberrant pharmacokinetic profiles were more likely to occur as a result 
of a drug switch. However, the simulations did indicate increased pharmacoki-
netic intrasubject variability, which was not related to the drug switch. 
Results of these studies support generic interchangeability—both prescribabi-
lity and switchability—that is sufficiently ensured with the current regulatory 
requirements for approval of generic drugs. Nonetheless, to increase patients’ 
well-being, reducing the number of generic drug switches would still be of great 
benefit to the patient. 
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Chapter 5
Short summary | Nederlandse 

samenvatting
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This thesis is about generic interchangeability. In chapter 1.1 we discuss what 
generic drugs are, in a historical context, and why it is so important to study 
their interchangeability. In chapter 1.2 we describe current requirements market 
approval of generic drugs and common issues for discussion, from the view-
point of the regulator. In chapter 2, we describe our investigation into generic 
drug switching and clinical discomfort for the patient. We study the frequency 
of generic drug switches in the Netherlands, for a number of drugs (chapter 
2.1) and analyze the number reported adverse drug reactions (ADRs) related 
to generic drug switches in relation to this number of generic drug switches 
(chapter 2.2). We demonstrate that generic drug switching is very common in 
the Netherlands, many different drug products are involved, and most switches 
(80%) are between 2 generic versions of the same active substance. For our 
selection of active substances, we found an average reporting rate of 5.7 ADRs 
per 100.000 drug switches and if the number of drug switches is used in the 
analysis of these ADRs, different active substances would be identified to have 
an above average reporting rate. In chapter 2.3 we describe a pilot study into 
the reasons for generic drug switching in the Netherlands. We found that the 
majority of drug switches were either the result of the Dutch preference policy 
(23%), or a shortage of the drug product on a national level (32%). 
In chapter 3 we challenged the robustness of the methodology of bioequiva-
lence by modeling and simulation. We investigated whether or not a conclusion 
of bioequivalence in a healthy population holds true for a vulnerable patient 
population with altered pharmacokinetic characteristics. In chapter 3.1 we 
report the model validation and in chapter 3.2 we describe the simulations with 
the model. The results of the simulations do not indicate a relevant change of 
the pharmacokinetics as a result of an increased volume of distribution, but do 
indicate increased pharmacokinetic variability for patient populations with a 
lower rate of absorption or reduced renal function. For these subjects, the like-
lihood of demonstrating bioequivalence was reduced, but the average ratio did 
not change. Further, no differences were observed between the comparisons of 
the originator and generic drugs, between the generic drugs, or between subjects 
who received the same drug product on two separate occasions. Therefore, we 
concluded that the reduced likelihood of comparable bioavailability for a subject 
is not influenced by the drug switch, but the result of intra subject variability of 
the active substance. 

Dit proefschrift gaat over de uitwisselbaarheid van generieke medicijnen. In 
hoofdstuk 1.1 beschrijven we van uit een historisch perspectief wat gene-
rieke medicijnen zijn en waarom het zo belangrijk is om het wisselen tussen 
verschillende generieke medicijnen van dezelfde werkzame stof te bestuderen. 
Hoofdstuk 1.2 gaat over de toelatingseisen voor generieke medicijnen en 
discussiepunten daarover, vanuit het oogpunt van de toezichthouder. 
In hoofdstuk 2 beschrijven we het wisselen tussen generieke medicijnen in 
Nederland en de invloed daarvan op het welbevinden van patiënten. We bestu-
deerden de wisselingen tussen generieke medicijnen van twintig werkzame 
stoffen (hoofdstuk 2.1) en analyseerden het aantal gemelde bijwerkingen in 
verhouding tot het aantal wisselingen (hoofdstuk 2.2). We tonen aan dat er 
erg vaak gewisseld wordt, dat het om veel verschillende producten gaat en dat 
het grootste aantal wisselingen (80%) tussen twee generieke producten van 
dezelfde werkzame stof is. Voor onze selectie van werkzame stoffen werden er 
per 100.000 wisselingen gemiddeld 5,7 bijwerkingen gemeld. Wanneer we het 
aantal gemelde bijwerkingen in verhouding zetten tot het aantal wisselingen, 
identificeren we andere werkzame stoffen met een bovengemiddeld aantal 
meldingen. Hoofdstuk 2.3 is ons verkennende onderzoek naar de oorzaken van 
de wisselingen in Nederland. We vonden dat de meerderheid van de wisselingen 
het gevolg is van het preferentiebeleid (23%), of een landelijk tekort van het 
generieke product (32%). 
In hoofdstuk 3 testten we de betrouwbaarheid van bioequivalentie, door middel 
van modellering en simulatie. Bioequivalentie is de bevestiging dat er voor een 
werkzame stof vergelijkbare bloedconcentraties zijn, wanneer de inname van 
twee producten met elkaar vergeleken wordt. We onderzochten of de conclusie 
van bioequivalentie bij gezonde vrijwilligers ook stand houdt in een groep   
patiënten met veranderde farmacokinetiek. In hoofdstuk 3.1 beschrijven we 
de validatie van het model, in hoofdstuk 3.2 beschrijven we de simulaties met 
het model. Met de simulaties laten we zien dat wanneer er gewisseld wordt, 
er geen relevante verandering van de bloedconcentraties te verwachten is voor 
een patiënt met een groter verdelingsvolume, maar wel toegenomen variatie 
van de bloedconcentraties voor een patiënt met een lagere opname snelheid of 
een verminderde nierfunctie. Voor deze patiënten is het minder waarschijnlijk 
dat bioequivalentie in een studie kan worden aangetoond, maar de gemiddelde 
bloedconcentratie ratio van twee producten blijft gelijk. Er zijn geen verschillen 
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waargenomen voor de vergelijkingen tussen de verschillende generieke producten 
of het innovator product, ook niet voor patiënten welke hetzelfde product op 
twee verschillende momenten kregen. Daarom komen wij in deze studie tot de 
conclusie dat de grotere variatie van de bloedconcentraties voor een patiënt niet 
wordt veroorzaakt door het wisselen tussen generieke medicijnen, maar door 
toegenomen intra-individuele variabiliteit van de werkzame stof.
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Chapter 6
Societal and scientific impact
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This chapter discusses the societal and scientific value of the research presented 
in this thesis. Generic interchangeability is a highly relevant topic for patients, 
prescribers, regulators, and scientists. 
Patients should be able to trust the quality, safety, and efficacy of the drugs they 
use—in the case of this research, generics in particular. In the Netherlands, there 
are almost 11 million prescription drug users, and about 2/3 of all dispensed 
drugs are generic (1, 2). Thus, a large portion of patients use generic drugs and, 
as demonstrated in chapter 2.1, often switch between generic versions of the 
same drug. 
When we combined data from the National Health Care Institute in the 
Netherlands with data from the Netherlands Pharmacovigilance Centre Lareb, 
as discussed in chapter 2.2, we estimated that 5.7 ADRs are reported per 
100,000 drug switches on average. This reporting rate may be low, but the 
impact of these ADRs on individual patients is high, especially in the absence 
of any obvious personal benefit to the patient. 
Therefore, patient organizations are fierce advocates of system reform, in 
which patients are switched between drugs less often and unavoidable switches 
are better guided by the physician and pharmacist. In April 2018, 14 patient 
organizations published a report on the unwanted effects of drug switches for 
patients (3, 4). This report was described by several Dutch newspapers with the 
following headline: “1 in 3 patients sicker after drug switch” (5). 
In response, the Dutch Ministry of Health, Welfare, and Sport initiated a 
working group with representatives of patients, physicians, pharmacists, and 
health care insurers to come to a mutual agreement on how generic drug swit-
ching can be performed responsibly (6). The Ministry commissioned Vektis 
Intelligence to research the number of drug switches and Gupta Strategist to 
research the incentives for drug switching (7, 8). We collaborated with the 
researchers in both these investigations. Results from both these investigations 
aligned with the results we described in chapter 2.1 and chapter 2.3. 
We also participated in the first discussions of the working group mentioned 
above. Additionally, we were involved in creating an overview of drugs for 
which drug intake mistakes caused by confusion of drug switches could result in 
serious clinical complications (9). These efforts led to publication of a guideline 
in which all stakeholders found common ground on how to reduce the number 
of drug switches and assure drug switching could be performed responsibly in 

Dutch pharmaceutical practice (10).
The societal and scientific value of the research presented in this thesis can 
also be found in the realm of science and drug regulation, that is, regulatory 
science. Regulatory science is defined by the European Medicines Agency as “a 
range of scientific disciplines that are applied to the quality, safety, and efficacy 
assessment of medicinal products and that inform regulatory decision-making 
throughout the lifecycle of a medicine. It encompasses basic and applied medi-
cinal science and social sciences, and contributes to the development of regula-
tory standards and tools” (11). In chapter 3.1 and chapter 3.2, we described our 
efforts to challenge the robustness of bioequivalence, the most important regu-
latory requirement for generic drug approval. As shown in chapter 2.1, most 
(80%) of the drug switches occur between two generic drugs. Therefore, chal-
lenging the current regulation of demonstrating average bioequivalence only 
to the originator drug is of particular importance. As described in the corres-
ponding chapters, our results (considering their limitations) support generic 
interchangeability and the regulatory requirements for generic drug approval. 
Dissemination of our contribution to the scientific community was ensured 
by scientific publications, particularly by the opinion paper on the view of the 
regulator regarding generic interchangeability (chapter 1.2). A wider audience 
was also targeted by providing background information for a newspaper article 
(12) and a public information leaflet on generic medicines (13).

6

166 167

ch
ap

te
r 

si
x 

| i
m

pa
ct



References

1. GIPdatabank - Number of users 
- gipdatabank.nl [Internet]. 2022.

2. Zorginstituut Nederland/GIP. 
GIPeilingen, Ontwikkelingen genees- 
en hulpmiddelen- gebruik 2013-2017, 
raming 2018-2022. Diemen 2019.

3. Lung Foundation Netherlands et 
al. Wisselen van medicijnen. 2018.

4. Tweede Kamer der Staten-Generaal. 
Kamerstuk 29477 nr. 482. 2018.

5. AD. ‘Een op drie patiënten zieker na 
medicijnwissel’. AD. 2018 19-04-2018.

6. Tweede Kamer der Staten-Generaal. 
Kamerstuk 29477 nr. 532. 2019.

7. Vektis and the Ministry of Health 
Welfare and Sport. 19020 Wisselen 
geneesmiddelen. 2019 September.

8. Gupta Strategist and the Ministry of 
Health Welfare and Sport. Wisselen 
van Geneesmiddelen. 2019 August 30.

9. Tweede Kamer der Staten-Generaal. 
Kamerstuk 29477 nr. 699. 2021.

10. Patiëntenfederatie Nederland 
N, LHV en de FMS, KNMP en 
Zorgverzekeraars Nederland. Leidraad 
verantwoord wisselen medicijnen. 2022.

11. European Medicines Agency. 
Road map to 2015 - The European 
Medicines Agency’s contribution to 
science, medicines and health. 2010.

12. De Volkrant. (Niet) van het origineel 
te onderscheiden. de Volkskrant. 2019.

13. Medicines Evaluation Board. 
brochure-merkloze-medicijnen. 2018.

6

168 169

ch
ap

te
r 

si
x 

| i
m

pa
ct



Chapter 7
dankwoord | about the author

 

7

171



Acht jaar in deeltijd. Is dat hetzelfde als 4 jaar voltijd? Ik weet het niet. Wat 
ik wél weet is dat je een proefschrift niet in je eentje schrijft. Er is een aantal 
personen dat ik zeer erkentelijk ben voor de kans die mij gegeven is, maar ook 
zonder wie ik dit proefschrift wellicht nooit had kunnen afronden.

Allereest mijn promotor Kees Neef. Ook na jouw pensionering als lid van het 
College kwam je nog met goede regelmaat naar Utrecht voor overleg. Je wist op 
een inspirerende manier de grote lijnen uit te zetten, maar had daarnaast ook 
altijd begrip voor de drukke werkzaamheden van het CBG. Veel dank daarvoor.

David Burger, als een soort schaduwpromotor wist je het project op precies de 
juiste plekken bij te sturen. Zeker in de eindfase kwam dat natuurlijk goed van 
pas, maar ik heb je input op alle momenten zeer gewaardeerd.

Marc Maliepaard, er zijn periodes waarin wij elkaar bijna dagelijks zien. Ging 
het de ene dag over beoordelingen, de volgende dag over onderzoek en een 
derde over volleybal, een heupoperatie of fotografie. We hebben meer gemeen 
dan we denken. Ik ben je heel dankbaar voor de manier waarop je structuur 
aanbracht in het onderzoek, maar zeker ook juist de vrijheid die je mij gaf en het 
vertrouwen dat je in mij stelde om dit zelfstandig tot een goed einde te brengen. 
Heel veel dank daarvoor.

Graag wil ik ook de leden van de beoordelingscommissie bedanken voor hun 
tijd en de interesse die zij hebben getoond in het proefschrift. Het is mij een eer 
dat Bert Leufkens, hieraan wordt toegevoegd voor de oppositie. Dank.

Ook ben ik mijn medeauteurs zeer dankbaar. Vincent de Valk, Joep Scholl, 
Florence van Hunsel, Eugène van Puijenbroek en Marcel Bouvy, zonder jullie 
waren de desbetreffende studies niet van de grond gekomen. 

Walter Yamada, Michael Neely, Aida Bustad, the late Roger Jelliffe and 
others of the Laboratory of Applied Pharmacokinetics and Bioinformatics at 
the University of Southern California. There is a special place in my heart for 
you guys. Not only because of the interesting stuff we did with Pmetrics, but 
also because of the Super Bowl parties, 45 min driving just for lunch, endless 

political discussions, the lab right on Sunset Boulevard, hardcore mathema-
tics discussions at dr. Jelliffe’s home, the Christmas dinner, sunset at Griffith, 
biking the endless asphalt of LA, and your overall generous hospitality. I hope 
we meet again.

Van ongekende gastvrijheid heb ik ook mogen genieten bij de afdeling Farmaco-
epidemiologie en Klinische Farmacologie aan de UU. Ook al was er geen 
formele link tussen dit promotietraject en deze afdeling, toch mocht ik er meer 
dan twee jaar gebruik maken van een werkplek en de faciliteiten. Voor mij van 
onschatbare waarde om het onderzoekswerk fysiek te kunnen scheiden van het 
beoordelingswerk bij het CBG. Maar ik heb er ook erg veel aan gehad om mij 
te begeven in een academische omgeving. Op een gegeven moment kwam Aukje 
informeren naar de wens voor eventuele verlenging van de gastvrijheidsverkla-
ring. Mijn antwoord was kort: ‘ik heb plezier, er is voortgang, dus: ja graag!’. Ik 
ben iedereen van de afdeling dankbaar. In het bijzonder heb ik de input en het 
gezelschap van de mede PhD-studenten gewaardeerd. Een speciale vermelding 
voor Lotte en Lourens, we konden fijn stoom afblazen en tips en tricks delen 
met betrekking tot de duaalfunctie PhD/CBG.
 
Christine Gispen-de Wied, het bijwonen van een college over het CBG en 
regulatory science leidde tot een stage, verlengde stage, scriptie, baan en uitein-
delijk ook een promotietraject bij het CBG. Ik ben je zeer dankbaar voor de 
kansen die ik van je heb gekregen. Later heeft Marjon Pasmooij deze rol van je 
overgenomen en ook jouw ben ik dankbaar voor de ruimte die ik kreeg.

Ook ben ik al mijn collega’s bij het CBG dankbaar voor de interesse die vaak 
werd getoond in het onderzoek. Met name mijn directe collega’s onder leiding 
van Trudy Bloemhof. Jullie hebben mij werk uit handen genomen, zodat ik mij 
kon concentreren op het onderzoek. Ook hebben jullie vaak meegedacht en 
zijn de inhoudelijke discussies vormend geweest. Dankjulliewel Nadja, Martin, 
Margje, Jan, Carolien, Irene, Jeroen, Fabian, Laurens, Michiel, Rosana, Ismail, 
Esther, Esther, Loes en Karolina. Martin heeft ook de introductie van dit 
proefschrift meegelezen, net als Fred Schobben. Ook daar ben ik jullie beiden 
dankbaar voor. Speciale dank gaat uit naar Abby. You were the pioneer, I just 
followed. I have always appreciated your support and valuable input. It was an 
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honour to be a paranifm at your defence.

Collega’s uit Maastricht, Frank, Ellen, Annemariek en Marlien, dank ook voor 
jullie hulp om de laatste fase van het project in goede banen te leiden. Zonder 
jullie hulp was het niet gelukt om het ius promovendi van Kees te verlengen.

Tijdens het promotietraject heb ik twee studenten kunnen begeleiden. Mert 
Hayta, ik ben je zeer dankbaar voor je inzet. Dagenlang heb jij in meerdere 
apotheken generieke wisselingen geturfd waardoor we data konden verzamelen 
die tot dan toe nog niet beschikbaar was. Met een mooie publicatie tot gevolg. 
Wouter Leijs, hoewel volledig online, hebben onze discussies tot een sterke 
bachelor scriptie geleid. Ik dank je voor je gesprekken en ben ervan overtuigd 
dat jouw fijne gevoel voor beleid goed van pas komt als collega bij VWS.

Sam, een hele nieuwe ervaring om paranymf te zijn. Fijn dat je die uitdaging 
met mij aandurft en ik ben jou en Hanna ook heel dankbaar dat ik ten alle 
tijden bij jullie thuis welkom was, om in alle rust aan het proefschrift te kunnen 
werken. 

Chris, het is voor mij heel waardevol om te weten dat mijn grote broer achter 
mij staat. Ook voor jou een nieuwe ervaring, als paranymf. Tof! Ik vind het 
prachtig om met onze gezinnen samen op te trekken en ik hoop dat er nog vele 
mooie ervaringen samen met Meike, Tjesse en Juup volgen.

Mijn vrienden, zonder de interesse en afleiding was het sowieso niet gelukt. Ik 
kijk o.a. naar jullie: Cito & Periferie, Leuke Dingen, NFL # 4, Jaarclub Vortex, 
Mark, Lenneke, Tjarda, Gert.

Henk, Irma, Valentin en Diana. Bedankt voor jullie steun. Het is fantastisch om 
jullie te zien genieten van de kleinkinderen. In het bijzonder dank voor super-
oppasoma Diana, jij hebt mij heel wat onbezorgde uurtjes onderzoek bezorgd. 

Mijn ouders, Jan en Janny. Jullie onvoorwaardelijke steun heb ik altijd gevoeld 
en ik mag maar hopen dat het mij lukt om op dezelfde manier voor Siem en 
Loulou klaar te staan. Ik weet dat jullie trots op mij zijn, maar dat het óók goed 

was geweest als mij dit niet was gelukt. Dankjewel. 

Loulou en Siem, het meest dankbaar ben ik voor jullie. Ik geniet van jullie 
razendsnelle ontwikkeling en alleen al door bij jullie te zijn dompel ik mij onder 
in een waterval van wijze levenslessen. Ik zou niet weten wat ik zonder jullie 
moest en ik ben graag bij jullie. Ik ben er dan ook trots op dat ik mijn tijd met 
jullie niet ten koste heb laten gaan van het vele werk aan dit proefschrift.

Nathalie. Wat ben ik dankbaar dat ik mijn leven met jou mag delen. Jouw liefde, 
steun, reflecties en kritische vragen brengen mij verder, op ieder denkbaar vlak. 
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Pieter Jelte Glerum was born on July 18, 1984 in Soest, the Netherlands. Both 
primary (Soest) and secondary (Zeist) education were followed in accordance 
with the method of Maria Montessori. Although initially aiming to study 
medicine, Pieter obtained a Bachelor’s degree in Biomedical Sciences at Utrecht 
University. His bachelor thesis was on reasons for sports drop-out in youth, 
supervised by dr. S.L. Schmikli at the Department of Rehabilitation and Sports 
Medicine of the University Medical Center Utrecht (UMCU). During the 
master’s program in Biomedical Sciences, two larger research internships were 
performed. The first was at the Laboratory of Experimental Cardiology of the 
UMCU, on mechanisms of human cardiomyocyte progenitor cell differentia-
tion, in which experience was gained with cell culture, and several genomic and 
proteomic techniques under the supervision of dr. P. van Vliet. After this, the 
study portfolio gravitated towards medicine evaluation. The second master’s 
internship was performed at the Medicines Evaluation Board (MEB), under the 
supervision of dr. C.C. Gispen - de Wied; in which the content of one of the 
decision-making bodies of the MEB was analyzed. Under the supervision of the 
chair of the MEB, prof. dr. H.G.M Leufkens, a master thesis was written on 
modernization of medicine evaluation. Since 2011, Pieter Glerum has worked 
as an assessor of clinical pharmacokinetics at the MEB in the Netherlands.
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orandum est ut sit mens sana in corpore sano
- Juvenalis



all of this stuff in our veins is the same
- Guy Edward John Garvey



I need to hear my thoughts
turn the music up loud
- Calvin Cordozar Broadus Jr.
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