
Orphan Drugs

The Journal of Clinical Pharmacology
2019, 59(2) 229–244
C© 2018, The Authors. The Journal of
Clinical Pharmacology published by Wi-
ley Periodicals, Inc. on behalf of Amer-
ican College of Clinical Pharmacology
DOI: 10.1002/jcph.1304

Dose-Finding Studies Among Orphan Drugs
Approved in the EU:A Retrospective
Analysis

Yvonne Schuller,MD1 , Christine Gispen-de Wied,MD, PhD2,
Carla E.M.Hollak, Prof1, Hubertus G.M. Leufkens, Prof3,
and Violeta Stoyanova-Beninska,MD, PhD2

Abstract

In the development process for new drugs, dose-finding studies are of major importance. Absence of these studies may lead to failed phase 3 trials
and delayed marketing authorization. In our study we investigated to what extent dose-finding studies are performed in the case of orphan drugs for
metabolic and oncologic indications.We identified all orphan drugs that were authorized until August 1, 2017. European Public Assessment Reports
were used to extract the final dose used in the summary of product characteristics, involvement of healthy volunteers, study type, end points used,
number of patients, number of doses, studies in special populations, and dose used for phase 3 studies. Each drug was checked for major objections
and dose changes postmarketing.We included 49 orphan drugs, of which 28 were indicated for metabolic disorders and 21 for oncologic indications.
Dose-finding studies were performed in 32 orphan drugs, and studies in healthy volunteers in 26. The absence of dose-finding studies was mostly due
to the rarity of the disease. In this case the dose was determined based on factors such as animal studies or clinical experience. Dose-related major
objections were raised for 9 orphan drugs. Postmarketing dose-finding studies were conducted in 18 orphan drugs, but dose changes were applied in
only 2 drugs. In conclusion, dose-finding studies in the case of metabolic and oncologic orphan drugs were conducted in the development programs of
two thirds of orphan drugs. Dose-finding studies performed postmarketing suggest that registered doses are not always optimal. It is thus important
to perform more robust dose-finding studies both pre- and postmarketing.
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Establishing the right dose is of major importance
during the drug development process, and to do so,
robust dose-finding studies are needed. Remarkably,
scientifically robust dose selection is not required byUS
or EU law, and phase 2 studies are often abbreviated
and simplified.1 Because drug development is known
to be costly and time consuming, the rationale for
accelerated drug development and less robust studies
may thus seem plausible. However, this may cause dose
selection of new drugs to be based on expert opinions
rather than on scientific studies. Several studies have
shown that poor dose selection may lead to failed
phase 3 trials, delayed or denied marketing autho-
rization, and postmarketing dose changes.1–3 It also
results in dose-response characteristics that are poorly
understood.

It is generally perceived that development of medic-
inal products for the treatment of rare diseases
(“orphan drugs”) does not meet the expectations of
society: although more than 7000 orphan diseases exist
(some of which are extremely rare), there are only
142 orphan drugs approved in the EU to date. A
disease is called “orphan” if it is a life-threatening or
seriously debilitating disorder affecting less than 5 in
10,000 people in the EU. There are several reasons for
the difficulties of orphan drug development, such as
the limited number of patients, disease heterogeneity,

insufficient knowledge of the pathophysiology, and lack
of appropriate pharmacodynamic measures. In addi-
tion, the high unmetmedical need of many rare diseases
may contribute to the pressure for fast registration of
new orphan drugs. Therefore, the problem of poor
dose selection may be more prevalent in orphan drug
dossiers as compared to nonorphan drugs. However, to
our knowledge, neither the extent to which dose-finding
studies have been conducted for orphan drugs and
nonorphan drugs nor the quality of these studies has
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ever been investigated. Because defining the most ap-
propriate dose is very relevant for the effective and safe
use of medicines, we considered this to be a significant
regulatory science question. Consequently, our study
aimed to answer the following questions: (1) To what
extent are dose-finding studies performed as part of the
registration dossiers of orphan drugs? In this respect, is
the posology as recommended in the label based on data
from dose-finding studies or otherwise well justified? (2)
What are themajor difficulties in defining the right dose
in orphan drugs, and how have these been addressed for
the orphan drugs that have reached the EU market? In
our study, we focused only on orphan drugs authorized
for metabolic and oncology indications.

Methods
We used the Community Register of OrphanMedicinal
Products for HumanUse of the European Commission
to identify all orphan drugs that were authorized for
the treatment of metabolic and oncologic diseases until
August 1, 2017.4 Drugs were categorized according
to the Anatomical Therapeutic Chemical classifica-
tion system, and drugs with Anatomical Therapeutic
Chemical code A (Alimentary Tract and Metabolism)
and L (Antineoplastic and Immunomodulating) were
included. Of the latter category, only drugs for solid
tumors were included. Orphan drugs discontinued
from the community register, either at the end of the
10-year period of market exclusivity or at request of
the marketing authorization holder, were also included.
Compounds that were designated for orphan status but
that had not yet receive EU marketing authorization
were excluded.

European Public Assessment Reports, which are
available on the website of the European Medicines
Agency (EMA), were used to extract data on dose-
finding studies. The extent towhich dose-finding studies
were performed was evaluated by identifying the route
of administration, involvement of healthy volunteers,
study type, end points used, number of patients, num-
ber of doses tested, studies in special populations,
dose used for phase 3 studies, and final dose used
in the summary of product characteristics. Further-
more, each orphan drug was checked for dose- and
schedule-related changes after marketing authorization
in EMA’s “variations” forms. Also, the day-80 and
day-210 assessment reports, which are part of the
registration dossier, were searched for major objec-
tions (see Table 1). Additionally, a literature search
for orphan drugs was conducted in PubMed to verify
whether dose-finding studies were performed in the
postmarketing period. Search terms included the name
of the orphan drug (brand and generic), the disease
name, “dose,” and “dosing.” The search was limited

Table 1. Major Objections

Questions raised by the EMA on evaluating a new drug are addressed to
the applicant in the form of a major objection or “other concern.”47 In
order to get a marketing authorization, all major objections need to be
satisfactorily resolved by the applicant.47 The ARs were screened for major
objections referring to the dose. A dose- or schedule-related major
objection may include an unestablished optimal dosing regimen, the
unexplored impact of (non)fasted state or of ethnicity on dosing, unjustified
dose proposals, or inconsistency of extrapolation from pharmacokinetic
dose-finding evidence to the final proposed dose.47

AR, indicates assessment report; EMA, European Medicines Agency.

to clinical trials, and the results were screened by
1 reviewer (Y.S.).

Results
We included 49 orphan drugs in our study, of which 28
were for metabolic diseases and 21 for solid tumors.

Alimentary Tract and Metabolism
Twenty-six orphan drugs were authorized in the Ali-
mentary Tract and Metabolism group (Table 2). Two
orphan drugs (carglumic acid [Carbaglu] and miglus-
tat [Zavesca]) were authorized for 2 different disease
indications, adding up to a total of 28 orphan drugs.
Ten orphan drugs were withdrawn from the community
register of orphan drugs at the end of the 10-year
period of market exclusivity.

Studies in healthy volunteers were conducted in
14/28 orphan drugs (50%) before they were adminis-
tered to patients. In 10/28 orphan drugs (36%, all en-
zyme replacement therapies), no studies in healthy vol-
unteers were conducted, presumably because healthy
subjects do not lack the enzyme and hence no mean-
ingful pharmacodynamic effects are expected. For 3/28
orphan drugs (11%), the absence of studies in healthy
volunteers was not justified (ie, no explicit explanation
about their absence was provided in the European
Public Assessment Report), and for 1/28 orphan drug
(3%) it was not reported.

Dose-finding studies were performed in 15/28 or-
phan drugs (54%). In the other 13/28 orphan drugs
(46%), no dose-finding studies were performed be-
fore marketing was authorized. The main reason for
the absence of dose-finding studies seemed to be the
prevalence and rarity of the diseases, although this
was not always specifically stated by the marketing
authorization holder. The determination of the dose
in the absence of formal dose-finding studies was as
follows: dose regimen based on data from studies in
a human cell line (miglustat [Zavesca]), dose based on
animal studies (laronidase [Aldurazyme]), dose based
on clinical experience/well-established use (carglumic
acid [Carbaglu], cholic acid [Orphacol], cholic acid
[Kolbam], nitisinone [Orfadin], glycerol phenylbutyrate
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[Ravicti], and betaine anhydrous [Cystadane]), dosing
based on plasma levels (eliglustat [Cerdelga]), and dos-
ing based onmodeling exercise (asfotase alfa [Strensiq])
(see Online Appendix 1). In the majority of orphan
drugs for which dose-finding studies were lacking,
studies in healthy volunteers were present. The mean
number of doses tested in the studies was 4. Whether
dose-finding studies were performed did not seem to be
related to the year of marketing authorization. Studies
in special populations (eg, children, elderly, patients
with hepatic or renal impairment) were performed
in 9/28 orphan drugs (32%). The absence of studies
in special populations was justified in 4/28 orphan
drugs (14%); in the other 15/28 orphan drugs (54%)
it was not.

Dose-related major objections were raised at day
80 of the procedure for 6/28 orphan drugs (21%),
which were resolved later in the procedure. Major
objections included (1) the absence of studies in healthy
volunteers, (2) the lack of pharmacokinetic data in
early childhood, (3) the effects of antibody formation
on safety and efficacy, (4) justification of the dose in
the absence of dose-finding studies, (5) the absence of
pharmacokinetic (PK) parameters in patients with con-
comitant proton pump inhibitors, and (6) justification
of a certain dose instead of a lower dose. The major ob-
jections were addressed by the marketing authorization
holders by providing PKdata, showing that the effect of
antibodies did not significantly impact PK parameters,
adequately justifying the dose based on case reports,
demonstrating that concomitant use of proton pump
inhibitors did not influence the characteristics of the
drug, and demonstrating the benefit of a lower dose.
For 1 major objection, it remained unclear how the
situation was resolved. Also, the registered dose of
1 orphan drug did not correspond with the doses that
were tested in the dose-finding studies. The choice of
that dose was partially supported by the putative liver-
uptake fraction of the total administered dose.

Postmarketing dose-finding studies were found for
10 orphan drugs (Table 3), but postmarketing dose
changes were applied in only 1/28 orphan drug (4%,
Orfadin). The authorized dose of this orphan drug was
based on clinical experience in 5 patients. However,
after marketing authorization, the recommended dose
of 0.6 mg/kg appeared to be too low. Hence, the dose
has been changed to 1 mg/kg postmarketing. A formal
obligation for the conduct of additional postmarketing
dose-finding studies existed for 1 orphan drug (asfotase
alfa [Strensiq]). The results of this study are not yet
published.

Oncology: Solid Tumors
Sixteen orphan drugs were authorized for the treat-
ment of solid tumors (Table 4). One orphan drug

(sorafenib [Nexavar]) was authorized for the treatment
of 3 different diseases and 3 orphan drugs (imatinib
[Glivec], sunitinib [Sutent], and trabectedin [Yondelis])
were authorized for the treatment of 2 different solid
tumors, making a total of 21 orphan drugs. Two orphan
drugs were withdrawn from the community register
of orphan drugs at the end of the 10-year period of
market exclusivity and 6 on request of the sponsor. One
orphan drug (dinutuximab [Unituxin]) was withdrawn
from use in the EU after marketing authorization on
request of the marketing authorization holder. The
reason was not dose related but was attributed to short-
and intermediate-term inability to supply the drug.23

In 12/21 orphan drugs (57%), studies in healthy
volunteers were performed. Of the 9/21 orphan drugs
(43%) that were not tested in healthy volunteers, ethical
dilemmas were the reason in 1 orphan drug. For the
other 8 drugs, no justificationwas given in the European
Public Assessment Report.

Dose-finding studies were conducted in 17/21 or-
phan drugs (81%), with a mean of 4 different tested
doses. The reasons for not conducting dose-finding
studies in the other 4 orphan drugs included clinical
experience/well-established use (mitotane [Lysodren]),
dose based on therapeutic effect in other indications
(imatinib [Glivec] for dermatofibrosarcoma protuber-
ans) (Online Appendix 2). No clear reason for the
absence of dose-finding studies was found for imatinib
(Glivec; gastrointestinal stromal tumor) and sunitinib
(Sutent; renal cell carcinoma). For 2 of the oncolog-
ical orphan drugs (sorafenib [Nexavar] and sunitinib
[Sutent]), the dose defined in the dossier for 1 in-
dication was also used for the other indications for
which the drug was later authorized. For the other
2 oncological orphan drugs with multiple indications
(imatinib [Glivec] and trabectedin [Yondelis]), the dose
per indication differs. In the majority of orphan drugs
for which dose-finding studies were lacking, studies
for healthy volunteers were present. Studies in special
populations were conducted in 10/21 orphan drugs
(48%). The absence of such studies was justified in 2
orphan drugs (10%), but in the other 9 orphan drugs
(42%), it was not.

Dose-related major objections were raised at day
80 of the procedure for 3/21 orphan drugs (14%).
Major objections included (1) absence of data of a
PK/pharmacodynamic study, (2) lack of preclinical
data on dosing, and (3) lack of data on the use of lower
doses. The major objections were then satisfactorily
addressed by the marketing authorization holders by
providing the missing study data, conducting safety
studies in patients, and presenting practical implica-
tions for studying lower doses.

Although postmarketing dose-finding studies were
found for 8 orphan drugs (Table 5), postmarketing
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Table 3. Dose-Finding Postmarketing Studies (Alimentary Tract and Metabolism)

Disease Drug (Registered Dose) Studied Doses Postmarketing References

Fabry Fabrazyme (1 mg/kg EOW) 0.2 mg/kg EOW Vedder et al, 20075

0.5 mg/kg EOW, 0.3 mg/kg EOW
(due to shortage)

Ghali et al, 20126

0.3–0.5 mg/kg (due to shortage) Lenders et al, 20167

Weidemann et al, 20148

0.3 mg/kg Lubanda et al, 20099

Fabry Replagal (0.2 mg/kg EOW) 0.1, 0.2, or 0.4 mg/kg weekly;
0.2 mg/kg EOW, 0.4 mg/kg EOW

Clarke et al, 200710

0.2 mg/kg weekly Schiffmann et al, 201511

Gaucher Zavesca (100 mg TID) None
MPS 1 Aldurazyme (100 U/kg EOW = 0.58 mg/kg) 1.2 mg/kg EOW Horovitz et al, 201612

NAGS deficiency Start: Carbaglu (100 mg/[kg·d] up to 250 mg/kg
if necessary, then 10-100 mg/[kg·d])

None

Organic acidurias Start: Carbaglu (100 mg/[kg·d] up to 250 mg/kg
if necessary, then individually adjusted.)

None

Wilson disease Wilzin (50 mg TID) 50 mg BID (in pregnant woman) Masciullo et al, 201113

Hereditary
tyrosinemia type 1

Orfadin (1 mg/[kg·d] divided into 2 doses) Single daily dose Schlune et al, 201214

0.55 to 0.65 mg/[kg·d] El-Karaksy et al, 201015

0.55 mg/[kg·d] D’Eufemia et al, 201116

Niemann-Pick C Zavesca (200 mg TID) None
MPS 6 Naglazyme (1 mg/[kg·wk]) None
Pompe Myozyme (20 mg/kg EOW) 40 mg/[kg·wk] Van Gelder et al,

201617

20mg/[kg·wk] or 40mg/kg EOW Case et al, 201518

MPS 2 Elaprase (0.5 mg/[kg·wk]) None
Homocystinuria Cystadane (100 mg/[kg·d] given in 2 doses daily) None
PKU Kuvan (start: 10 mg/[kg·d], adjusted to

5–20 mg/[kg·d])
Pediatric patients: 5 or 20 mg/[kg·d] Qi et al, 201519

Gaucher Vpriv (60 U/kg EOW) Starting dose: 60 U/kg per infusion
EOW. Between 15 and 18 mo of
cumulative treatment, patients
were eligible for stepwise dose
reduction to 30 U/kg per EOW
based on achievement of at least 2
of 4 therapeutic goals

Elstein et al, 201120

Short bowel syndrome Revestive (0.05 mg/[kg·d]) None
Errors in bile acid

synthesis
Orphacol (5 to 15 mg/[kg·d]) None

Cystinosis Procysbi (1.3 g[m2·d]) None
Errors in bile acid

synthesis
Kolbam (10–15 mg/[kg·d]) None

MPS 4a Vimizim (2 mg/[kg·wk]) None
Gaucher Cerdelga (84 mg BID) (100 mg eliglustat

tartrate)
50 mg BID or 100 mg BID Charrow et al, 201821

LAL deficiency Kanuma (<6 mo: 1 mg/[kg·wk];>6 mo: 1 mg/kg
EOW)

Infants <6 mo: 0.35 mg/[kg·wk] with
intrapatient dose escalation up to
5 mg/[kg·wk]

Jones et al, 201722

Urea cycle disorders Ravicti (4.5 mL/[m2·d] to 11.2 mL/[m2·d]) None
Hypophosphatasia Strensiq (2 mg/kg 3 times per week or 1 mg/kg

6 times per week)
None

Fabry Galafold (123 mg EOD) None

BID, twice a day; EOD, every other day; EOW, every other week; LAL, lysosomal acid lipase; MPS, mucopolysaccharidosis; NAGS, N-acetylglutamate synthetase;
PKU, phenylketonuria; TID, 3 times daily; U, units.

dose changes were implemented in only 1 orphan drug
(everolimus [Afinitor]). However, this only applied to
patients with mild, moderate, or severe hepatic impair-
ment, for which lower daily doses were recommended.

Discussion
Our study shows that dose-finding studies for orphan
drugs are performed in only two thirds of the cases:
35% of the drugs that were authorized in EU lacked
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formal dose-finding studies. Difficulties in defining the
right dose seem to be mainly attributable to the rarity
of most diseases.Whether or not dose-finding studies in
nonorphan drugs are performed more often is unclear.
Yet, the absence of dose-finding studies in orphan
drugs may be particularly problematic due to the other
methodological shortcomings in clinical studies and the
relatively high prices.

Only 26/49 of the orphan drugs (53%) were tested
in healthy volunteers before marketing authorization.
Twenty-three drug dossiers did not include studies
in healthy volunteers, the absence of which was jus-
tified in 11/23 drug dossiers (48%). The 12 orphan
drugs in which no formal justification for the absence
of studies in healthy volunteers was found in the
dossier were mainly indicated for the treatment of solid
tumors. In general, first-in-human studies in patients
may be preferable when drugs are cytotoxic, have a
steep toxicity dose-response curve, or in the case of
life-threatening diseases. Also, the expression of the
pharmacological target may be different (or absent)
in healthy volunteers compared to patients, which
challenges the extrapolation to cancer patients.33 The
question is whether these reasons outweigh the advan-
tages of studies in healthy volunteers, including the
exploration of bioavailability, the reduction of patient
exposure to low or ineffective drug doses, and the
rapid study accrual.34 Although an EMA guideline
on first-in-human clinical trials mentions factors to
consider in the decision to conduct a study in healthy
volunteers or patients, the decision on whether or not
to test a new drug in healthy volunteers is for the com-
pany developing the drug and the ethics committees.35

Because healthy volunteer studies are easy to recruit
for and can provide key pharmacokinetic informa-
tion in a timely manner, these should be considered
whenever ethical. The latter may be supportive in the
development program and accelerate studies in cancer
patients.36

Because drug doses are rarely formally optimized in
phase 3 studies, selecting the right dose based on robust
phase 1 and 2 dose-finding studies is paramount.3 One
may, however, wonder whether the poor conduct of
dose-finding studies is problematic, given the fact that
this did not lead to many postmarketing dose changes.
Our literature search demonstrated that postmarketing
dose-finding studies have been performed for some
enzyme replacement therapies (eg, for Fabry disease,
Pompe disease, mucopolysaccharidosis I).5,9,10,12,17,18

Higher doses than the registered dose were studied (eg,
due to a lack of effectiveness) as well as lower doses
(eg, due to shortage). Also, different administration
schemes were tested to improve dosing convenience.
Likewise, in the field of oncology, postmarketing dose-
finding studies are not uncommon,25,27,30,31 and the
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Table 5. Dose-Finding Studies Postmarketing (Oncology)

Drug Disease (Registered Dose) Studied Doses Postmarketing References

Glivec GIST (400 mg/d) None
Lysodren Adrenal cortex neoplasms (2–3 g/d) Low-dose regimen (1–3 g/d) vs high-dose

regimen (1.5–6 g/d)
Kerkhofs et al, 201324

Glivec DFSP (800 mg/day) None
Nexavar RCC (400 mg BID) 400 mg BID, escalated to 600 and 800 mg BID Gore et al, 201725

Sutent GIST (50 mg QD on schedule 4/2) Morning or evening dosing 37.5 mg/d George et al, 200926

Sutent RCC (50 mg QD on schedule 4/2) The same daily dose 5 consecutive days per week
for 5 weeks and then the same daily dose on
days 1, 3, and 5 in the sixth week; consecutive
6-week cycles

Buti et al, 201727

Nexavar HCC (400 mg BID) 600 mg BID in patients with radiologic disease
progression

Rimassa et al, 201328

Torisel RCC (25 mg QW) 20 mg/m2 QW for tolerability assessment; the
remaining received 25 mg QW (East Asian
patients)

Sun et al, 201229

Yondelis STS (1.5 mg/m2 Q3W) None n/a
Afinitor RCC (10 mg OD) None n/a
Mepact Osteosarcoma (2 mg/m2 Q2W for

12 weeks, followed by QW for
24 weeks for a total of 48 infusions
in 36 weeks)

None n/a

Yondelis Ovarian cancer (1.1 mg/m2 Q3W) None n/a
Cometriq Thyroid cancer (140 mg OD) None n/a
Cyramza Gastric cancer (8 mg/kg Q2W) None n/a
Lynparza Ovarian cancer (400 mg BID) 300 mg BID Pujade-Lauraine et al,

201730

200–450 mg BID Mateo et al, 201631

Nexavar Thyroid cancer (400 mg BID) 200mg BID (Chinese patients) Chen et al, 201132

Lenvima Thyroid cancer (24 mg QD) None n/a
Unituxin Neuroblastoma (17.5 mg/[m2·d] on

days 4–7 [courses 1, 3, and 5] and on
days 8–11 [courses 2 and 4])

None n/a

Lartruvo Sarcoma (15 mg/kg on days 1 and 8 of
each 3-wk cycle)

None n/a

Onivyde Pancreatic cancer (80 mg/m2 Q2W) None n/a
Isqette Neuroblastoma (5 daily infusions of

20 mg/m2 or continuous 10 mg/m2

infusion)

None n/a

BID indicates twice daily; DFSP, dermatofibrosarcoma protuberans; GIST, gastrointestinal stromal tumor; HCC, hepatocellular carcinoma; n/a, not applicable;
OD, once daily; QD, once daily; QW, every week; Q2W, every 2 weeks; Q3W, every 3 weeks; RCC, renal cell carcinoma; STS, soft tissue sarcoma.

reasons for this may be more often related to toxi-
city rather than to effectiveness. Postmarketing dose
changes could to a certain extent reflect the quality
of drug development, regulatory review, and postmar-
keting surveillance.37 Remarkably, however, postmar-
keting studies have rarely led to an adjustment of the
registered dose. The reasons for this may be multiple:
(1) Postmarketing pharmacovigilance generally focuses
on safety and the benefit/risk ratio—if the benefit/risk
ratio remains positive, it is unlikely that a dose change
will be implemented; (2) the regulators may not be
informed about the results of such studies if these are
not a postmarketing commitment (mentioned at the
time of marketing authorization); (3) it could also be
the case that the quality of the postmarketing studies
is not sufficient to implement changes (eg, small sample
size, inconclusive results). Therefore, if there are doubts

about the dose at the time of registration, regulators
may decide whether follow-up studies on the dose in
larger populations are necessary. Such postmarketing
studies could be included in the postmarketing obli-
gations and ideally should focus not only on safety
but also on effectiveness. The results of postmarketing
dose-finding studies need to be reported to the regu-
lators in a more systematic fashion, to allow for an
informed decision on whether official dose changes are
desirable.

The lack of dose-finding studies may be of varying
importance depending on the orphan indication. In
general, given the different expression of oncogenes in
each different tumor type, it may be questionable if 1
dose will fit all. It is known, for example, that imatinib
exposure varies 3-fold in healthy subjects and over
4-fold in patients with chronic myeloid leukemia.38,39
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Yet still the drug is administered in a fixed dose.
Also, cytotoxic chemotherapy is often dosed based
on body surface area, although body size does not
essentially reduce interpatient variability.38,40 Hence,
adjusting the dose for each individual patient is gaining
popularity. Potential approaches for dose individual-
ization include toxicity-adjusted dosing or therapeutic
drug monitoring.41 Therapeutic drug monitoring is
based on plasma drug concentrations and has been
proven useful to guide dose adjustment in antibiotics,
anticonvulsants, and anti-HIV treatment.42–44 Tyro-
sine kinase inhibitors, such as imatinib, sunitinib, and
sorafenib, might also benefit from therapeutic drug
monitoring.38,45,46 It should, however, first be shown
in prospective studies that therapeutic drug monitoring
will actually lead to an improved clinical outcome.41

Toxicity-adjusted dosing relies on the theory that tox-
icity can be used as an indicator of drug bioavailability,
with low toxicity implying low drug exposure (and
possibly impaired anticancer effect) and high toxicity
implying high exposure.38,41 However, not all toxicities
are correlated with treatment response, and prospective
studies of dose individualization based on toxicity are
lacking.41 Another approach for dose individualization
is to adjust the dose based on the achievement of
therapeutic goals, such as inGaucher disease.20 Because
Gaucher, as are many other inherited metabolic dis-
eases, is a disease with a highly heterogeneous course, it
seems logical that 1 dose does not fit all. Itmay therefore
be worthwhile to start treatment with a low (minimally
effective) dose and adjust it according to the response.47

Other Studies
Our findings were confirmed by a report from the EMA
stating that phase 2 studies are often abbreviated and
simplified in order to move as quickly as possible to
phase 3 studies.1 Although our study is the first to
evaluate the presence of dose-finding studies in orphan
drugs in the EU, our results seem to match the results
of another study, showing that failure to determine the
right dose was a major reason for denial of marketing
authorization: in 15.9% of the new drug applications,
uncertainty existed about the optimal drug dose.3

However, because this study included only US Food
and Drug Administration–approved drugs and did not
investigate orphan drugs specifically, it might not be a
perfect parallel to our study.

Our study concluded that in 9/49 orphan drugs
(18%), dose-related major objections were addressed.
Interestingly, a recent study on dosing recommenda-
tions for medicinal products authorized in the EU
found that in 10% of the medicinal products, dose-
and/or schedule-related major objections were raised
during assessment.48 This study was, however, based
on a larger number of dossiers, included both orphan

drugs and nonorphan drugs and spanned a shorter
time frame (2010-2015), as compared to our study
(2000-2017). It is therefore difficult to compare this
study with the current study and to conclude whether
major objections are raised more frequently in orphan
drug procedures than in nonorphan drugs. The study
also showed that postmarketing dose changes were
implemented in about 10% of all the drugs evaluated
by the EMA between 2010 and 2015.48 Reasons for
postmarketing dose changes included drug-drug inter-
actions, improved patient convenience, and adjustment
of dose in special populations.

Economic Perspectives
Although dose-finding studies are known to be costly,
proceeding with phase 3 studies with an incorrect dose
may eventually lead to higher expenses when unsuccess-
ful trials need to be repeated. Also, postmarketing dose
changes can have a substantial economic impact.49,50

For example, reducing the registered dose could result
in reduced revenues for the pharmaceutical industry.49

Dose increases would also impact price because nego-
tiated pricing arrangements may limit willingness for
reimbursement of higher prices. Both situations might
make the pharmaceutical industry reluctant to conduct
postmarketing dose-finding studies. Given the rising
costs of orphan drugs, physicians and payers are likely
to be more motivated to gather evidence that can justify
dose changes.

Limitations
In general, information on dose-finding studies in the
public domain is scarce; the European Public Assess-
ment Reports tend to focus more on phase 3 studies,
with less information provided on the dose-finding
studies. For the purpose of this study, we had access to
the day-80 and day-210 assessment reports, in which the
required information could be found and summarized.
As a general recommendation, it may be useful if
reliable information on dose finding is made publicly
available. This access will also contribute to applying
checklists thatmeasure the quality of reporting of stud-
ies, such as the STROBE (Strengthening the Reporting
of Observational Studies in Epidemiology) statement.51

This checklist can be used for observational, case-
control, and cohort studies. There is, however, a lack of
formal guidelines that evaluate the content or quality
of phase 1 and 2 studies. We were therefore not able
to make a reliable judgment on the quality of the
dose-finding studies. Another limitation of our study is
that the results of our literature search were prone to
publication bias because studies with negative results
are published less frequently. A list of postmarketing
dose-finding studies is provided in Tables 3 and 5, but it
is possible that this list is not exhaustive.
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Ways Forward
In our study we focused on orphan drugs for
metabolism disorders and oncology. It would, however,
be of value to broaden the sample to all orphan drugs
that were authorized by the EMA. This may provide an
overview of the presence or lack of dose-finding studies
throughout all orphan drugs registered in the EU.

With the sample we have analyzed so far, it can be
concluded that 1 of the reasons for not performing
dose-finding studies in rare disease is in some cases re-
lated to the rarity of the disease. An interesting question
for a future study would be to evaluate whether the
presence or quality of dose-finding studies correlates
with the effectiveness of the drug postmarketing.

Finally, although guidelines on the development
of medicinal products for specific diseases exist and
include a section on requirements for dose-finding
studies, there is a lack of formal guidelines that evaluate
the content or quality of dose-finding studies. This
is unfortunate because it has been shown that the
quality of reporting and publication of phase 3 studies
has been improved since quality assurance guidelines
for randomized controlled trials were endorsed.52 It is
therefore highly recommended that guidelines be de-
veloped that enable clinicians and researchers to assess
the quality of (dose-finding) phase 1 and 2 studies.
A first step toward this has been taken by Zohar et
al, who presented a quality assessment checklist for
phase 1 oncology trials.53 In addition to developing as-
sessment checklists for dose-finding studies, regulatory
authorities are stimulated to formulate clear rules about
the requirements for dose-finding studies. This may
provide a stronger incentive for drug manufacturers
to conduct those studies. In the process of protocol
assistance, regulatory authorities may underline the
importance of dose-finding studies and thereby stim-
ulate their initiation. As a consequence, fewer major
objections might be raised, and delays or denials of
marketing authorization will probably be decreased. In
addition, if, at the time of authorization, uncertainty
remains about the correct dose, the drug manufac-
turers should be obliged to conduct additional dose-
finding studies in the postmarketing phase. Last but
not least, investigator-initiated postmarketing dosing
studies should be made known by companies, and
their results need to be reviewed by the regulators for
their potential impact on the summary of product
characteristics.

Conclusion
Our study shows that dose-finding studies are per-
formed in two thirds, and studies in healthy volunteers
in half, of the dossiers of authorized orphan drugs
(for metabolic diseases and solid tumors). Dose-finding

studies that have been performed postmarketing sug-
gest that registered doses are not always considered
optimal. Despite this, doses are generally not changed
postmarketing, whereas dose-finding studies both pre-
and postmarketing are considered important to pro-
vide the necessary information. Therefore, guidance
for such studies in the premarketing period, as well
as obligations in the postmarketing period, should be
developed. Such measures may increase the generation
of more robust data to support finding the correct dose
for treatment of patients with rare diseases. This is of
importance both from a health care and economical
perspective.
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