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Abstract
The regulatory standards of the United States Food and Drug Administration (FDA) require substantial evidence of effec-
tiveness from adequate and well-controlled trials that typically use a valid comparison to an internal concurrent control. 
However, when it is not feasible or ethical to use an internal control, particularly in rare disease populations, relying on 
external controls may be acceptable. To better understand the use of external controls to support product development and 
approval, we reviewed FDA regulatory approval decisions between 2000 and 2019 for drug and biologic products to identify 
pivotal studies that leveraged external controls, with a focus on select therapeutic areas. Forty-five approvals were identified 
where FDA accepted external control data in their benefit/risk assessment; they did so for many reasons including the rare 
nature of the disease, ethical concerns regarding use of a placebo or no-treatment arm, the seriousness of the condition, and 
the high unmet medical need. Retrospective natural history data, including retrospective reviews of patient records, was 
the most common source of external control (44%). Other types of external control were baseline control (33%); published 
data (11%); and data from a previous clinical study (11%). To gain further insights, a comprehensive evaluation of selected 
approvals utilizing different types of external control is provided to highlight the variety of approaches used by sponsors and 
the challenges encountered in supporting product development and FDA decision making; particularly, the value and use of 
retrospective natural history in the development of products for rare diseases. Education on the use of external controls based 
on FDA regulatory precedent will allow for continued use and broader application of innovative approaches to clinical trial 
design, while avoiding delays in product development for rare diseases. Learnings from this review also highlight the need 
to update regulatory guidance to acknowledge the utility of external controls, particularly retrospective natural history data.
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Introduction

The United States Food and Drug Administration’s (FDA’s) 
drug approval standard requires substantial evidence1of 
effectiveness from adequate and well-controlled investi-
gations2 including clinical investigations that incorporate, 
among other factors, a valid comparison to a control, to “dis-
tinguish the effect of a drug from other influences [1], such 
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1 Statutory definition of “substantial evidence” is described in 21 
USC 355(d)(7) as “evidence consisting of adequate and well-con-
trolled investigations, including clinical investigations, by experts 
qualified by scientific training and experience to evaluate the effec-
tiveness of the drug involved, on the basis of which it could fairly and 
responsibly be concluded by such experts that the drug will have the 
effect it purports or is represented to have under the conditions of use 
prescribed, recommended, or suggested in the labeling or proposed 
labeling thereof”.
2 21 Code of Federal Regulations (CFR) 314.126 describes the char-
acteristics of an adequate and well-controlled study.
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as spontaneous change in the course of the disease, placebo 
effect, or a biased observation” [1]. The FDA, consistent 
with regulations (21 CFR 314.126) and ICH E10 guidance, 
generally recognizes internally3 controlled [1] study designs 
(placebo, active treatment, dose comparison, no-treatment) 
where “the control group and test groups are chosen from 
the same population and treated concurrently” [1]. However, 
FDA does recognize that in studies for diseases with high 
and predictable mortality or progressive morbidity, and in 
particular for certain rare diseases, when it is not feasible or 
would not be considered ethical to use an “internal control”, 
reliance on “external controls”4,5 may be acceptable [1, 2]. 
When a trial is externally controlled, the results of treatment 
with the test drug may be compared with experience derived 
from the adequately documented natural history of the dis-
ease or condition, a registry, published literature, or patient 
medical records [3, 4]. Patients may also serve as their own 
controls [1] (by comparison to their status before therapy).6

In this article, we briefly review guidance documents dis-
cussing the use of external controls and provide examples 
of approvals where external controls were deemed satisfac-
tory to meet FDA standards for approval. We highlight some 
methodological and statistical considerations and advocate 
for a change in guidance to promote the continued use of 
external controls, including retrospective natural history, in 
drug development and approval.

Definitions and Categories of External Controls

The ICH E10 guidance defines an externally controlled trial 
as “one in which the control group consists of patients who 
are not of part of the randomized study as the group receiv-
ing the investigational agent i.e., there is no concurrently 
randomized control group” [1].

External controls can be categorized by the time the sub-
ject data were collected into [1, 3, 4]:

• Concurrent External Controls: The control group is 
based on subject level data collected at the same time as 
the treatment arm but in another setting [1]. An example 
is data from a concurrent prospective natural history7 
study as the control arm for an open-label treatment 
study.

• Non-concurrent External Controls (Historical Control): 
The control group is based on data collected at a time 
different (e.g., historical) from the treatment arm. Such 
“historical controls” can be derived from several different 
types of sources including: 

• Retrospectively Collected Natural History: Sub-
ject level data collected retrospectively from a natu-
ral history study. Such data may be extracted from 
sources such as existing medical records (for exam-
ple patient charts [3, 4]), or from a previously con-
ducted registry.8

• Published Data: Data only available in the pub-
lished literature. Such published data may have 
been derived from individual cases, however, it is 
distinguished from retrospectively collected natural 
history data based on the lack of access to subject 
level data and the lack of detailed information on 
data collection methodology.

4 Historical control (a type of external control) is also recognized 
by regulation 21 CFR 314.126 where “the results of treatment with 
the test drug are compared with experience historically derived from 
adequately documented natural history of the disease or condition, or 
from the results of active treatment, in comparable patients or popula-
tions.” This regulation notes “Because historical control populations 
usually cannot be as well assessed with respect to pertinent variables 
as can concurrent control populations, historical control designs are 
usually reserved for special circumstances. Examples include studies 
of diseases with high and predictable mortality (for example, certain 
malignancies) and studies in which the effect of the drug is self-evi-
dent (general anesthetics, drug metabolism).”
5 Note the International Conference of Harmonization (ICH) E10 
guidance on “Choice of control groups and other related issues in 
clinical trials” uses the term external control while FDA Regulation 
(21 CFR 314.126) uses the term historical control, which is a subset 
of external control. According to ICH E10 guidance “An externally 
controlled trial compares a group of subjects receiving the test treat-
ment with a group of patients external to the study, rather than to an 
internal control group consisting of patients from the same population 
assigned to a different treatment. The external control can be a group 
of patients treated at an earlier time (historical control) or a group 
treated during the same time period but in another setting”.
6 This includes both baseline-controlled studies and studies that use 
a sequential on–off–on (drug, placebo, drug) design, but that do not 
include a concurrently randomized control group.

7 A natural history study is an observational study intended to 
track the course of a disease over time with respect to demographic, 
genetic, environmental, and other variables (for example treatment 
modalities and concomitant medications) that correlate with the 
disease development and its outcomes. A natural history study may 
include patients receiving the current standard of care and/or emer-
gent care and may be retrospectively or prospectively run.
8 A registry is an organized system that uses observational study 
methods to collect uniform data (clinical or other) to evaluate specific 
outcomes for a population defined by a particular disease, condition 
or exposure, and that serves one or more predetermined scientific, 
clinical or policy purposes. A registry may be used to collect disease 
information, recruit patients for clinical trials, monitor patient care 
and outcomes, advance research hypotheses, observe patient behav-
ior patterns, establish disease-specific standards of care, or support 
reimbursement discussions. As such, they often play a vital role in the 
design of natural history studies.

3 Regulation (21 CFR 314.126) uses “concurrent control” whereas 
ICH E10 also uses “internal control group” to describe a group of 
patients from the same population assigned to a different treatment.
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• Previous Clinical Study: Subject level data from an 
arm of a previously completed clinical study [3] in 
the same indication and/or patient population.

• Baseline-Controlled Study: Historical control 
derived from a patient’s baseline (“patient baseline 
control or baseline-controlled study”) [1]. The data 
could be collected over a period of time prior to ini-
tiation of treatment, and patients’ status on therapy 
is compared with status before therapy.

Of note, the term “real-world-evidence” (RWE)9 has 
recently been used to describe data sourced from natural 
history studies, chart reviews, registries and other settings 
and used as a comparison arm for a single-arm study [5–7].

Summary of Current Guidance Discussing Use 
of External Controls

Several guidance documents discuss the use of external 
controls as a comparator in clinical trials [1–4, 8–14] (see 
Table 1), particularly for rare diseases. The ICH E10 guide-
line on “Choice of control group and related issues in clini-
cal  trials” [1] provides a comprehensive discussion on such 
controls, stating “The choice of the control group should be 
considered in the context of available standard therapies, 
the adequacy of the evidence to support the chosen design, 
and ethical considerations.” While the guideline empha-
sizes that in most situations, an internal concurrent control 
is necessary to minimize bias and obtain robust statistical 
analyses, it also highlights that this may not always be fea-
sible. In addition, it is broadly recognized by developers and 

researchers that initiation of prospective natural history stud-
ies for use as a source of external controls may not be feasi-
ble, especially in rare diseases, thus alternative approaches, 
such as the use of retrospective natural history data, have 
frequently been leveraged to support product development 
and approval. ICH E10 envisages this flexibility by acknowl-
edging the acceptability of external controls from a group 
of patients treated at an earlier time (“historical”). Addition-
ally, the FDA guidance “Rare diseases: common issues in 
drug development” [4] emphasizes that product development 
should not be delayed due to the lack of prospective natural 
history data. While FDA highlights the use of prospectively 
collected natural history data as the preferred approach, 
the guidance specifically, states that “initiation of prospec-
tive natural history studies should not delay interventional 
testing otherwise ready to commence for a serious disease 
with unmet medical need” [4]. This point abides by a prag-
matic approach to product development and underscores the 
importance of ensuring development can proceed to expedite 
patient access to treatment.

FDA further articulates the importance of flexibility in 
trial design in the recently published FDA draft guidance 
on “Demonstrating substantial evidence of effectiveness for 
human drug and biological products” [2]. The draft guid-
ance indicates that FDA may rely on study designs that pro-
duce less certainty (such as externally controlled studies) in 
some circumstances such as “life-threatening and severely 
debilitating diseases with an unmet medical need,10 for 
certain rare diseases, or potentially even for a more com-
mon disease where the availability of existing treatments 
makes certain design choices infeasible or unethical” [2]. 

Table 1  FDA and ICH regulatory guidance discussing the use of external controls

a Guidance for industry

Type Title Date

Final draft ICH E10: choice of control group and related issues in clinical trials—also published as an FDA final 
draft guidance dated May 2001

July 2000 & May 2001

Final GfIa: use of Bayesian statistics in medical device clinical trials Feb 2010
Final GfI: expedited programs for serious conditions May 2014
Final GfI: duchenne muscular dystrophy and related dystrophinopathies: developing drugs for treatment Feb 2018
Draft Rare diseases: common issues in drug development (Revision 1) Feb 2019
Final GfI: expedited Programs for regenerative medicine therapies for serious conditions Feb 2019
Draft GfI: rare diseases—natural history studies for drug development March 2019
Draft GfI: interacting with the FDA on complex innovative trial designs for drugs and biological products Sept 2019
Final GfI: adaptive designs for clinical trials of drugs and biologics Nov 2019
Draft GfI: demonstrating substantial evidence of effectiveness for human drug and biological products Dec 2019
Final GfI: human gene therapy in rare diseases Jan 2020

9 RWE is clinical evidence about the usage and potential benefits or 
risks of a medical product derived from analysis of real-world data.

10 Unmet medical need is defined in FDA Guidance for “Expedited 
programs for serious conditions: drugs and biologics”.
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The guidance also notes that a single trial with compelling 
results compared to either an external or concurrent control, 
could further be supported by data from separate sources 
(e.g., a natural history study, case report forms, or registries) 
as confirmatory evidence.

Collectively, these guidance documents [1–4, 8–14] reaf-
firm that use of external controls is acceptable under certain 
circumstances (see Fig. 1 for details) and reinforce the need 
for flexibility both in guidance as well as in application dur-
ing product development and FDA decision making.

Methods

We searched FDA regulatory approvals between 2000 and 
201911 for drug and biologic products where pivotal studies 
employed external controls. We included original marketing 

applications and supplemental applications for new indica-
tions specifically mentioning use of natural history data or 
historical controls to support a pivotal study. Applications 
in which natural history data were used in other ways, such 
as to guide endpoint development or to interpret nonclinical 
studies, were excluded.

Since the use of external controls appears to be well 
accepted in the field of oncology [15, 16], we focused our 
assessment on non-oncology product approvals, concentrat-
ing on the FDA divisions responsible for reviewing the fol-
lowing therapeutic areas: gastroenterology and inborn errors 
of metabolism; neurology; metabolism and endocrinology; 
reproduction, bone diseases, and urology; and non-malignant 
hematology. Anti-infectives, vaccines and immunoglobulins 
were excluded as their development pathways are dictated 
by guidelines unique to the therapeutic area.

We examined the characteristics of such applications 
with respect to rare disease status, seriousness of the dis-
ease, degree of unmet medical need, and objectivity of the 
primary endpoint and categorized the source of the external 
control data.

Fig. 1  The use of external control design is most persuasive under the following circumstances

11 Regulatory databases such as Cortellis, Pharmapendium, and the 
drugs@fda website were searched for review documents, approved 
labeling, and advisory committee meetings where some form of 
external control was mentioned.
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Results

Based on our search criteria, we identified forty-five prod-
ucts12 (see Table 2) for which pivotal trials were supported 
by external controls. Nearly half (49%) of the cases identified 
were for non-malignant hematological products (Fig. 2) with 
gastroenterology and inborn errors of metabolism products 
comprising the second largest category (22%), followed by 
metabolism and endocrinology products (13%), neurology 
products (9%), and reproduction, bone diseases and urology 
products (7%), illustrating that experience with the use of 
external controls is variable across the Divisions at FDA.

Overall Trends

The majority (80%; see Table 3) of the approvals relying on 
external controls were for a rare disease where regulatory 
flexibility was applied due to the size of the population and/
or to the unmet medical need (i.e., no or inadequate available 
therapy). This is consistent with other reports of FDA flex-
ibility with respect to the quantum of evidence relied upon 
for the approval of orphan products [15, 17]. Overall, for the 
therapeutic categories evaluated, approximately one in three 
(33%) first-time approvals of products for rare diseases relied 
on external controls over the 20-year period.

Types of External Controls Used to Support Approval

Of the 45 approvals evaluated, historical controls derived 
retrospectively from natural history data were the most 
common source (44%) of external control, including ret-
rospective reviews of patient medical records (see Fig. 3). 
While prospectively gathered natural history data sources 
are preferred based on FDA guidance, none of the external 
controls included in the regulatory approvals assessed in 
this review were prospective. Other data sources of exter-
nal control were less common (baseline control: 33%; pub-
lished data: 11%; data from a previous clinical study: 11%). 
A hybrid approach, where external control data were added 
to a concurrent randomized control arm (placebo and/or 
active), was used for at least three products (velaglucerase 
alfa, corticotropin, centruroides anti-venom) developed to 
treat conditions for which there were no available therapies. 
Two of these were approved for the treatment of rare pedi-
atric conditions.

Objective Versus Subjective Endpoints

The vast majority (87%) of cases identified utilized an 
objective measure as a primary endpoint. Survival at 

pre-specified endpoints (sodium phenylacetate and sodium 
benzoate combination [Ammonul], onasemnogene abepar-
vovec [Zolgensma]), and urinary free-cortisol concentra-
tion (pasireotide diaspartate [Signifor]) are some examples 
of the objective endpoints used. For the few cases where 
the endpoint was subjective, the benefit was so large it was 
unlikely to be due to chance alone. For example, in the case 
of burosumab (Crysvita, X-linked hypophosphatemia [XLH] 
in adult and pediatric patients ≥ 1 year, a rare disease), the 
studies in support of the pediatric indication used data from 
a retrospective natural history study conducted in 52 chil-
dren who were on conventional therapies (phosphate/calci-
triol) as external controls and a subjective clinician-reported 
outcome (reduction in total Rickets Severity Scale [RSS] 
scored by a radiologist) as the endpoint. The large effect 
size for reduction in RSS (50–59% versus 12% in the histori-
cal control13) supported the pediatric approval. Factors that 
strengthened this case were the assessment of radiographs 
(from both the retrospective natural history study and chil-
dren treated with Crysvita) by the same blinded radiologist 
and the use of three propensity score analyses to mitigate 
several imbalances in the demographics (i.e., sex and base-
line rickets scores) between the treatment and historical 
control groups. FDA’s statistical review noted that while 
the comparisons were imperfect they were still supportive 
of the conclusion that Crysvita is more effective than con-
ventional therapies at correcting rickets in pediatric XLH. 
Ultimately, FDA determined that the unmet medical need 
and the totality of data, including improvements in second-
ary and pharmacodynamic endpoints, supported approval in 
the pediatric indication.

Examples of Approvals Based on Different Types 
of External Controls

A relatively recent example of utilizing retrospective natu-
ral history data is FDA’s approval of Zolgensma (a gene 
replacement therapy) for infantile-onset spinal muscular 
atrophy (SMA) due to biallelic mutations, a rare disease 
with high unmet need. SMA is a serious, life-threatening 
disease where untreated patients will either die or require 
permanent ventilation by 24 months of age. Given the rare 
nature of the disease, data from 23 patients were success-
fully used as an external control. In this case, the natural 
history of SMA was predictable, the efficacy of Zolgensma 
was objectively measured, there was a large treatment effect 
(90% alive without ventilation versus 25% based on natural 

12 Including three label expansions to add a new indication.
13 Only 30 of the 52 subjects in the historical control group had eval-
uable radiographic pairs and were included in the statistical analysis.



1024 Therapeutic Innovation & Regulatory Science (2021) 55:1019–1035

1 3

Ta
bl

e 
2 

 C
ha

ra
ct

er
ist

ic
s o

f U
S 

FD
A

 a
pp

ro
va

ls
 b

as
ed

 o
n 

ex
te

rn
al

 c
on

tro
ls

 2
00

0–
20

19
 (s

el
ec

te
d 

in
di

ca
tio

ns
; n

 =
 45

)—
pr

es
en

te
d 

in
 re

ve
rs

e 
or

de
r o

f a
pp

ro
va

l

Pr
od

uc
t/a

pp
ro

va
l d

at
e

C
on

di
tio

n
R

ar
e 

 di
se

as
ea

U
nm

et
 

 N
ee

db
O

bj
ec

tiv
e 

en
dp

oi
nt

?
Pi

vo
ta

l s
tu

dy
(ie

s)
 d

es
ig

n
So

ur
ce

 o
f E

xt
er

na
l C

on
tr

ol

Zo
lg

en
sm

a
(o

na
se

m
no

ge
ne

 a
be

pa
rv

ov
ec

-x
io

i)
M

ay
 2

4,
 2

01
9

Sp
in

al
 m

us
cu

la
r a

tro
ph

y
✓

✓
✓

Ph
as

e 
1,

 o
pe

n-
la

be
l, 

si
ng

le
-a

rm
, s

in
gl

e 
ce

nt
er

, a
sc

en
di

ng
 d

os
e 

(N
 =

 15
; 

3.
4–

6.
3 

m
on

th
s)

Ph
as

e 
3,

 o
pe

n-
la

be
l, 

si
ng

le
-a

rm
 

(N
 =

 21
; 3

.9
 m

on
th

s)
c

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

Es
pe

ro
ct

(r
ec

om
bi

na
nt

 a
nt

ih
em

op
hi

lic
 fa

ct
or

) 
gl

yc
oP

EG
yl

at
ed

-e
xe

i
Fe

b 
19

, 2
01

9

H
em

op
hi

lia
  A

d
✓

✓
✓

Ph
as

e 
3,

 o
pe

n-
la

be
l, 

no
n-

ra
nd

om
iz

ed
, 

tw
o 

ar
m

s, 
m

ul
tic

en
te

r (
N

 =
 17

5 
su

bj
ec

ts
 o

n 
pr

op
hy

la
ct

ic
 tr

ea
tm

en
t; 

12
–6

6 
y/

o)
e ; 1

 y
ea

r (
m

ai
n 

ph
as

e)

B
as

el
in

e 
co

nt
ro

l

O
m

eg
av

en
(fi

sh
 o

il 
tri

gl
yc

er
id

e)
Ju

ly
 1

7,
 2

01
8

Pa
re

nt
er

al
 n

ut
rit

io
n-

as
so

ci
at

ed
 

ch
ol

es
ta

si
s i

n 
pe

di
at

ric
s

✓
✓

✓
Ph

as
e 

2–
3,

 o
pe

n-
la

be
l (

N
 =

 52
; <

 2 
y/

o)
C

om
pa

ss
io

na
te

 u
se

, o
pe

n-
la

be
l 

(N
 =

 30
; <

 5 
y/

o)
; m

ed
ia

n 
tre

at
m

en
t 

du
ra

tio
n:

 2
.7

 m
on

th
s

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

C
ry

sv
ita

(b
ur

oz
um

ab
-tw

za
)

A
pr

 1
7,

 2
01

8

X
-li

nk
ed

 h
yp

op
ho

sp
ha

te
m

ia
 in

 
 pe

di
at

ric
sf

✓
✓

✗
Ph

as
e 

2,
 o

pe
n-

la
be

l, 
ra

nd
om

iz
ed

, m
ul

-
tic

en
te

r, 
do

si
ng

 in
te

rv
al

 d
os

e 
tit

ra
tio

n 
(N

 =
 52

; 5
–1

4 
y/

o)
; 6

4 
w

ee
ks

Ph
as

e 
2,

 o
pe

n-
la

be
l, 

ra
nd

om
iz

ed
, 

si
ng

le
-a

rm
, m

ul
tic

en
te

r (
N

 =
 13

; 1
–4

 
y/

o)
; 2

4 
 w

ee
ks

g

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

Br
in

eu
ra

(c
er

lip
on

as
e 

al
fa

)
A

pr
il 

27
, 2

01
7

La
te

 in
fa

nt
ile

 n
eu

ro
na

l c
er

oi
d 

lip
o-

fu
sc

in
os

is
 ty

pe
 2

✓
✓

✗
Ph

as
e 

1–
2,

 o
pe

n-
la

be
l, 

no
n-

ra
nd

-
om

iz
ed

, s
in

gl
e-

ar
m

, d
os

e-
es

ca
la

tio
n 

(N
 =

 24
; 3

–8
 y

/o
); 

48
 w

ee
ks

 w
ith

 
96

-w
ee

k 
ex

te
ns

io
n

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

Te
pa

di
na

(th
io

te
pa

)
Ja

n 
26

, 2
01

7

G
ra

ft 
re

je
ct

io
n 

pr
io

r t
o 

 H
SC

Th  
in

 c
hi

ld
re

n 
w

ith
 C

la
ss

 3
 b

et
a-

th
al

as
se

m
ia

✓
✓

✓
Re

tro
sp

ec
tiv

e,
 o

bs
er

va
tio

na
l, 

m
ul

ti-
ce

nt
er

 (N
 =

 25
; 5

–1
6 

y/
o)

; U
p 

to
 1

 
ye

ar
 p

os
t-H

SC
T

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

Ex
on

dy
s 5

1
(e

te
pl

irs
en

)
Se

p 
19

, 2
01

6

D
M

D
 a

m
en

ab
le

 to
 E

xo
n 

51
 sk

ip
-

pi
ng

✓
✓

✗
Ph

as
e 

1–
2,

 ra
nd

om
iz

ed
, m

ul
ti-

do
se

, 
pl

ac
eb

o-
co

nt
ro

lle
d 

(N
 =

 12
; 7

–1
1 

y/
o)

; 2
4 

w
ee

ks
O

pe
n-

la
be

l e
xt

en
si

on
 o

f t
he

 p
ha

se
 1

-2
 

stu
dy

 (N
 =

 12
); 

21
2 

w
ee

ks

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

A
fs

ty
la

(r
ec

om
bi

na
nt

 si
ng

le
 c

ha
in

 a
na

lo
gu

e 
of

 fa
ct

or
 V

II
I)

M
ay

 2
5,

 2
01

6

H
em

op
hi

lia
  A

d
✓

✗
✓

Ph
as

e 
1–

3,
 o

pe
n-

la
be

l, 
m

ul
tic

en
te

r, 
cr

os
s-

ov
er

 (N
 =

 14
6 

su
bj

ec
ts

 o
n 

pr
op

hy
la

ct
ic

 tr
ea

tm
en

t; 
≥

 12
 y

/o
); 

8.
5 

m
on

th
s

Ph
as

e 
3,

 o
pe

n-
la

be
l, 

m
ul

tic
en

te
r 

(N
 =

 84
; 0

– <
 12

 y
/o

); 
5.

6 
m

on
th

s

B
as

el
in

e 
co

nt
ro

l

Pr
ov

ay
Bl

ue
(m

et
hy

le
ne

 b
lu

e)
A

pr
il 

8,
 2

01
6

A
cq

ui
re

d 
M

et
he

m
og

lo
bi

ne
m

ia
✓

✓
✓

Re
tro

sp
ec

tiv
e 

ch
ar

t r
ev

ie
w

 o
f c

as
e 

se
rie

s (
N

 =
 6;

 6
 d

ay
s t

o 
69

 y
/o

)
Se

rie
s o

f c
as

es
 fr

om
 p

ub
lic

at
io

ns
 

(N
 =

 41
; 9

 d
ay

s t
o 

80
 y

/o
)

B
as

el
in

e 
co

nt
ro

l



1025Therapeutic Innovation & Regulatory Science (2021) 55:1019–1035 

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

Pr
od

uc
t/a

pp
ro

va
l d

at
e

C
on

di
tio

n
R

ar
e 

 di
se

as
ea

U
nm

et
 

 N
ee

db
O

bj
ec

tiv
e 

en
dp

oi
nt

?
Pi

vo
ta

l s
tu

dy
(ie

s)
 d

es
ig

n
So

ur
ce

 o
f E

xt
er

na
l C

on
tr

ol

D
efi

te
lio

(d
efi

br
ot

id
e 

so
di

um
)

M
ar

 3
0,

 2
01

6

H
ep

at
ic

 v
en

o-
oc

cl
us

iv
e 

di
se

as
e 

w
ith

 
re

na
l o

r p
ul

m
on

ar
y 

dy
sf

un
ct

io
n 

po
st-

H
SC

Th

✓
✓

✓
Ph

as
e 

3,
 o

pe
n-

la
be

l, 
m

ul
tic

en
te

r s
tu

dy
 

(N
 =

 10
2;

 p
ed

ia
tri

cs
 a

nd
 a

du
lts

); 
18

0 
da

ys
 p

os
t-H

SC
T

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

Id
el

vi
on

(r
ec

om
bi

na
nt

 fu
si

on
 v

on
 W

ill
eb

ra
nd

 
Fa

ct
or

)
M

ar
 4

, 2
01

6

H
em

op
hi

lia
  B

d
✓

✗
✓

Ph
as

e 
2–

3,
 o

pe
n-

la
be

l, 
no

n-
ra

nd
om

iz
ed

, m
ul

tic
en

te
r (

N
 =

 23
 

on
-d

em
an

d 
tre

at
m

en
t s

w
itc

he
d 

to
 

pr
op

hy
la

ct
ic

 tr
ea

tm
en

t &
 N

 =
 40

 o
n 

pr
op

hy
la

ct
ic

 tr
ea

tm
en

t; 
≥

 12
 y

/o
); 

U
p 

to
 2

7 
m

on
th

s

B
as

el
in

e 
co

nt
ro

l

K
an

um
a

(s
eb

el
ip

as
e 

al
fa

)
D

ec
 8

, 2
01

5

Ly
so

so
m

al
 a

ci
d 

lip
as

e 
de

fic
ie

nc
y 

in
 

in
fa

nt
s (

W
ol

m
an

 d
is

ea
se

)
✓

✓
✓

Ph
as

e 
1–

2,
 o

pe
n-

la
be

l, 
si

ng
le

-a
rm

, 
do

se
-e

sc
al

at
io

n 
(N

 =
 9;

 1
–6

 m
on

th
s)

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

Vo
nv

en
di

 (r
ec

om
bi

na
nt

 v
on

 W
ill

e-
br

an
d 

Fa
ct

or
)

D
ec

 8
, 2

01
5

vo
n 

W
ill

eb
ra

nd
 d

is
ea

se
 in

 a
du

lts
✓

✓
✗

Ph
as

e 
3,

 o
pe

n-
la

be
l, 

un
co

nt
ro

lle
d,

 m
ul

-
tic

en
te

r, 
tw

o 
do

se
 le

ve
ls

 (N
 =

 22
; ≥

 18
 

y/
o)

; 1
2 

m
on

th
s

B
as

el
in

e 
co

nt
ro

l

St
re

ns
iq

(a
sf

ot
as

e 
al

fa
)

O
ct

 2
3,

 2
01

5

Pe
rin

at
al

/
in

fa
nt

ile
- a

nd
 ju

ve
ni

le
-o

ns
et

 
hy

po
ph

os
ph

at
as

ia

✓
✓

✓
Tw

o 
ph

as
e 

2,
 o

pe
n-

la
be

l, 
si

ng
le

-a
rm

, 
m

ul
tic

en
te

r (
To

ta
l N

 =
 68

); 
48

 w
ee

ks
Re

tro
sp

ec
tiv

e 
na

tu
ra

l h
ist

or
y

N
uw

iq
(r

ec
om

bi
na

nt
 a

nt
ih

em
op

hi
lic

 fa
ct

or
)

Se
pt

 4
, 2

01
5

H
em

op
hi

lia
  A

d
✓

✗
✓

Ph
as

e 
3,

 o
pe

n-
la

be
l, 

si
ng

le
-a

rm
, 

un
co

nt
ro

lle
d,

 m
ul

tic
en

te
r (

N
 =

 32
, 

ad
ul

ts
); 

≥
 6 

m
on

th
s

Ph
as

e 
3,

 o
pe

n-
la

be
l, 

si
ng

le
-a

rm
, 

un
co

nt
ro

lle
d,

 m
ul

tic
en

te
r (

N
 =

 56
; 

2–
12

 y
/o

); 
≥

 6 
m

on
th

s

Pr
ev

io
us

ly
 c

on
du

ct
ed

 c
lin

ic
al

 st
ud

y

C
ho

lb
am

(c
ho

lic
 a

ci
d)

M
ar

 1
7,

 2
01

5

B
ile

 a
ci

d 
sy

nt
he

si
s d

is
or

de
rs

✓
✓

✓
O

pe
n-

la
be

l, 
no

n-
ra

nd
om

iz
ed

 st
ud

y 
an

d 
its

 e
xt

en
si

on
 (N

 =
 44

); 
21

 m
on

th
s

Pu
bl

is
he

d 
ca

se
 se

rie
s (

N
 =

 15
)

B
as

el
in

e 
co

nt
ro

l

X
ur

id
en

(u
rid

in
e 

tri
ac

et
at

e)
Se

p 
4,

 2
01

5

H
er

ed
ita

ry
 o

ro
tic

 a
ci

du
ria

✓
✓

✓
O

pe
n-

la
be

l, 
si

ng
le

-a
rm

, b
as

el
in

e-
co

n-
tro

lle
d 

(N
 =

 4;
 3

– 
19

 y
/o

); 
6 

w
ee

ks
 

w
ith

 6
-m

on
th

 e
xt

en
si

on

B
as

el
in

e 
co

nt
ro

l

M
ya

le
pt

 (m
et

re
le

pt
in

)
Fe

b 
23

, 2
01

4
C

on
ge

ni
ta

l a
nd

 a
cq

ui
re

d 
ge

ne
ra

liz
ed

 
lip

od
ys

tro
ph

y 
as

 a
dj

un
ct

 to
 d

ie
t

✓
✓

✓
O

pe
n-

la
be

l, 
si

ng
le

-a
rm

, u
nc

on
tro

lle
d 

(N
 =

 9;
 >

 14
 y

/o
); 

1 
ye

ar
O

pe
n-

la
be

l, 
si

ng
le

-a
rm

, u
nc

on
tro

lle
d 

(N
 =

 63
; 1

–1
4 

y/
o)

; 1
 y

ea
r

B
as

el
in

e 
co

nt
ro

l

V
im

pa
t

(la
co

sa
m

id
e)

A
ug

 2
9,

  2
01

4i

Pa
rti

al
 o

ns
et

 se
iz

ur
e 

(m
on

ot
he

ra
py

)
✗

✓
✓

R
an

do
m

iz
ed

, m
ul

tic
en

te
r, 

si
ng

le
-b

lin
d,

 
tw

o 
do

se
 le

ve
ls

 (N
 =

 42
5;

 ≥
 16

 y
/o

); 
10

 w
ee

ks
 (p

lu
s 6

 w
ee

ks
 w

ith
dr

aw
al

 
of

 a
nt

ie
pi

le
pt

ic
 d

ru
gs

)

Pr
ev

io
us

ly
 c

on
du

ct
ed

 c
lin

ic
al

 st
ud

y



1026 Therapeutic Innovation & Regulatory Science (2021) 55:1019–1035

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

Pr
od

uc
t/a

pp
ro

va
l d

at
e

C
on

di
tio

n
R

ar
e 

 di
se

as
ea

U
nm

et
 

 N
ee

db
O

bj
ec

tiv
e 

en
dp

oi
nt

?
Pi

vo
ta

l s
tu

dy
(ie

s)
 d

es
ig

n
So

ur
ce

 o
f E

xt
er

na
l C

on
tr

ol

Tr
et

te
n

(r
ec

om
bi

na
nt

 c
oa

gu
la

tio
n 

Fa
ct

or
 

X
II

I A
)

D
ec

 2
3,

 2
01

3

C
on

ge
ni

ta
l F

ac
to

r X
II

I A
-s

ub
un

it 
de

fic
ie

nc
y

✓
✓

✓
Ph

as
e 

3,
 o

pe
n-

la
be

l, 
un

co
nt

ro
lle

d,
 

m
ul

tic
en

te
r (

N
 =

 41
; ≥

 6 
ye

ar
s)

; 1
2 

m
on

th
s

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

N
ov

oe
ig

ht
(r

ec
om

bi
na

nt
 a

nt
ih

em
op

hi
lic

 fa
ct

or
)

O
ct

 1
5,

 2
01

3

H
em

op
hi

lia
  A

d
✓

✗
✓

Ph
as

e 
3,

 o
pe

n-
la

be
l, 

si
ng

le
-

ar
m

, u
nc

on
tro

lle
d,

 m
ul

tic
en

te
r 

(N
 =

 15
0;

 ≥
 12

 y
/o

); 
A

t l
ea

st 
75

 d
ay

s

Pu
bl

is
he

d 
da

ta

R
ix

ub
is

(r
ec

om
bi

na
nt

 F
ac

to
r I

X
)

Ju
ne

 2
6,

 2
01

3

H
em

op
hi

lia
  B

d
✓

✓
✓

Ph
as

e 
1–

3,
 P

ar
t 2

: o
pe

n-
la

be
l, 

un
co

n-
tro

lle
d,

 m
ul

tic
en

te
r (

N
 =

 70
; ≥

 12
 

ye
ar

s)
; 5

6 
su

bj
ec

ts
 tr

ea
te

d 
pr

op
hy

-
la

ct
ic

al
ly

 fo
r m

ed
ia

n 
du

ra
tio

n 
of

 
6 

m
on

th
s a

nd
 1

4 
su

bj
ec

ts
 tr

ea
te

d 
on

-d
em

an
d 

fo
r m

ed
ia

n 
du

ra
tio

n 
of

 3
 

m
on

th
s

Pu
bl

is
he

d 
da

ta

O
ct

ap
la

s
(p

la
sm

a 
pr

ot
ei

n 
fr

ac
tio

n)
Ja

n 
17

, 2
01

3

Re
pl

ac
em

en
t o

f m
ul

tip
le

 c
oa

gu
la

-
tio

n 
fa

ct
or

s
✗

✓
✓

N
on

e 
w

er
e 

co
ns

id
er

ed
 p

iv
ot

al
:

O
pe

n-
la

be
l, 

no
n-

ra
nd

om
iz

ed
, p

ar
al

le
l 

gr
ou

p 
(N

 =
 20

)
Ph

as
e 

2,
 si

ng
le

-b
lin

d,
 ra

nd
om

iz
ed

, 
co

nt
ro

lle
d 

(N
 =

 55
)

O
pe

n-
la

be
l n

on
-r

an
do

m
iz

ed
 (N

 =
 36

)
O

pe
n-

la
be

l, 
ra

nd
om

iz
ed

 (N
 =

 60
)

Pr
ev

io
us

ly
 c

on
du

ct
ed

 c
lin

ic
al

 st
ud

y

Ju
xt

ap
id

(lo
m

ita
pi

de
)

D
ec

 2
1,

 2
01

2

H
om

oz
yg

ou
s f

am
ili

al
 h

yp
er

ch
ol

es
-

te
ro

le
m

ia
✓

✓
✓

O
pe

n-
la

be
l, 

si
ng

le
-a

rm
 (N

 =
 29

, 1
8–

55
 

y/
o)

; 2
6 

w
ee

ks
B

as
el

in
e 

co
nt

ro
l

Si
gn

ifo
r

(p
as

ire
ot

id
e 

di
as

pa
rta

te
)

D
ec

 1
4,

 2
01

2

C
us

hi
ng

 d
is

ea
se

 in
 a

du
lts

✓
✓

✓
Ph

as
e 

3,
 ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 

m
ul

tic
en

te
r, 

tw
o-

do
se

 re
gi

m
en

 
(N

 =
 16

2)
; 6

 m
on

th
s

B
as

el
in

e 
co

nt
ro

l

El
el

ys
o

(ta
lig

lu
ce

ra
se

 a
lfa

)
M

ay
 1

, 2
01

2

Ty
pe

 1
 G

au
ch

er
✓

✓
✓

Ph
as

e 
3,

 ra
nd

om
iz

ed
, d

ou
bl

e-
bl

in
d,

 
pa

ra
lle

l-d
os

e 
gr

ou
p,

 m
ul

tic
en

te
r 

(N
 =

 31
; 1

9–
74

 y
/o

 - 
al

l p
at

ie
nt

s w
er

e 
en

zy
m

e 
re

pl
ac

em
en

t t
he

ra
py

 n
aï

ve
); 

9 
m

on
th

s
Ph

as
e 

3,
 o

pe
n-

la
be

l, 
si

ng
le

-a
rm

, m
ul

ti-
ce

nt
er

 (N
 =

 25
 p

at
ie

nt
s s

w
itc

he
d 

fro
m

 
im

ig
lu

ce
ra

se
 to

 E
le

ly
so

; 1
3–

66
 y

/o
); 

9 
m

on
th

s

B
as

el
in

e 
co

nt
ro

l



1027Therapeutic Innovation & Regulatory Science (2021) 55:1019–1035 

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

Pr
od

uc
t/a

pp
ro

va
l d

at
e

C
on

di
tio

n
R

ar
e 

 di
se

as
ea

U
nm

et
 

 N
ee

db
O

bj
ec

tiv
e 

en
dp

oi
nt

?
Pi

vo
ta

l s
tu

dy
(ie

s)
 d

es
ig

n
So

ur
ce

 o
f E

xt
er

na
l C

on
tr

ol

Fe
rr

ip
ro

x
(d

ef
er

ip
ro

ne
)

O
ct

 1
4,

 2
01

1

Tr
an

sf
us

io
na

l i
ro

n 
ov

er
lo

ad
 d

ue
 to

 
th

al
as

se
m

ia
  sy

nd
ro

m
es

j
✓

✓
✓

Pr
os

pe
ct

iv
el

y 
pl

an
ne

d 
an

d 
re

tro
sp

ec
-

tiv
el

y 
se

le
ct

ed
 p

at
ie

nt
s (

in
 w

ho
m

 
pr

ev
io

us
 c

he
la

tio
n 

th
er

ap
y 

w
as

 
in

ad
eq

ua
te

) f
ro

m
 p

oo
le

d 
pr

ev
io

us
ly

 
co

nd
uc

te
d 

cl
in

ic
al

 st
ud

ie
s o

f d
iff

er
en

t 
de

si
gn

s (
N

 =
 23

6;
 m

ea
n 

ag
e 

18
.2

 
y/

o)
; U

p 
to

 1
 y

ea
r

B
as

el
in

e 
co

nt
ro

l

So
lir

is
(e

cu
liz

um
ab

)
Se

pt
 2

3,
 2

01
1 

k

A
ty

pi
ca

l h
em

ol
yt

ic
 u

re
m

ic
 sy

n-
dr

om
e

✓
✓

✓
Ph

as
e 

2,
 o

pe
n-

la
be

l, 
si

ng
le

-a
rm

, 
m

ul
tic

en
te

r (
N

 =
 16

; 1
7–

68
 y

/o
); 

≥
 26

 
w

ee
ks

Ph
as

e 
2,

 o
pe

n-
la

be
l, 

si
ng

le
-a

rm
, 

m
ul

tic
en

te
r (

N
 =

 20
; 1

3–
63

 y
/o

); 
≥

 26
 

w
ee

ks
Re

tro
sp

ec
tiv

e,
 o

pe
n-

la
be

l, 
si

ng
le

-
ar

m
, m

ul
tic

en
te

r (
N

 =
 30

; n
in

et
ee

n 
2 

m
on

th
s t

o <
 18

 y
/o

, a
nd

 e
le

ve
n 

ad
ul

ts
); 

≥
 26

 w
ee

ks

B
as

el
in

e 
co

nt
ro

l

C
or

ifa
ct

(F
ac

to
r X

II
I c

on
ce

nt
ra

te
)

Fe
b 

23
, 2

01
1

Pr
op

hy
la

ct
ic

 tr
ea

tm
en

t o
f c

on
ge

ni
ta

l 
Fa

ct
or

 X
II

I d
efi

ci
en

cy
✓

✓
✓

Ph
as

e 
2,

 o
pe

n-
la

be
l, 

si
ng

le
-a

rm
 

(N
 =

 14
); 

12
 w

ee
ks

Pu
bl

is
he

d 
D

at
a

La
m

ic
ta

l X
R

(la
m

ot
rig

in
e)

A
pr

 2
5,

 2
01

1 
l

C
on

ve
rs

io
n 

to
 m

on
ot

he
ra

py
 in

 
pa

tie
nt

s ≥
 13

 y
ea

rs
 w

ith
 p

ar
tia

l 
se

iz
ur

es

✗
✓

✓
Ph

as
e 

3,
 ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 

tw
o-

do
se

 le
ve

ls
 (N

 =
 22

3;
 ≥

 13
 y

/o
); 

12
 w

ee
ks

Pr
ev

io
us

ly
 c

on
du

ct
ed

 c
lin

ic
al

 st
ud

y

A
na

sc
or

p
(c

en
tru

ro
id

es
 sc

or
pi

on
 a

nt
i-v

en
om

)
A

ug
 4

, 2
01

1

C
lin

ic
al

 si
gn

s o
f s

co
rp

io
n 

en
ve

no
-

m
at

io
n

✓
✓

✗
Ph

as
e 

3,
 ra

nd
om

iz
ed

, p
la

ce
bo

-c
on

-
tro

lle
d 

(N
 =

 8 
on

 d
ru

g;
 7

 o
n 

pl
ac

eb
o;

 
1 

m
on

th
 to

 1
8.

7 
y/

o)
Su

pp
or

te
d 

by
 fo

ur
 p

ha
se

 2
-3

, o
pe

n-
la

be
l s

tu
di

es
 (N

 =
 1,

52
6)

 u
si

ng
 

hi
sto

ric
al

 d
at

a 
(r

et
ro

sp
ec

tiv
e 

ch
ar

t 
re

vi
ew

; N
 =

 97
) a

s e
xt

er
na

l c
on

tro
l

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

C
ar

ba
gl

u
(c

ar
gl

um
ic

 a
ci

d)
M

ar
 1

8,
 2

01
0

H
yp

er
am

m
on

em
ia

 d
ue

 to
 N

-a
ce

ty
l

gl
ut

am
at

e 
sy

nt
ha

se
 (N

A
G

S)
 d

efi
-

ci
en

cy

✓
✓

✓
Re

tro
sp

ec
tiv

e 
an

al
ys

is
 o

f c
as

e 
hi

sto
rie

s 
of

 2
3 

pa
tie

nt
s (

ne
w

bo
rn

 to
 1

3 
y/

o)
 

tre
at

ed
 w

ith
 c

ar
gl

um
ic

 a
ci

d 
be

tw
ee

n 
19

91
 a

nd
 2

00
7

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y



1028 Therapeutic Innovation & Regulatory Science (2021) 55:1019–1035

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

Pr
od

uc
t/a

pp
ro

va
l d

at
e

C
on

di
tio

n
R

ar
e 

 di
se

as
ea

U
nm

et
 

 N
ee

db
O

bj
ec

tiv
e 

en
dp

oi
nt

?
Pi

vo
ta

l s
tu

dy
(ie

s)
 d

es
ig

n
So

ur
ce

 o
f E

xt
er

na
l C

on
tr

ol

V
pr

iv
(v

el
ag

lu
ce

ra
se

 a
lfa

)
Fe

b 
26

, 2
01

0

Ty
pe

 1
 G

au
ch

er
✓

✓
✓

Ph
as

e 
3,

 ra
nd

om
iz

ed
, d

ou
bl

e-
bl

in
d,

 
m

ul
tic

en
te

r, 
pa

ra
lle

l-d
os

e 
gr

ou
p 

(N
 =

 25
; ≥

 4 
y/

o)
; 1

2 
m

on
th

s
Ph

as
e 

3,
 ra

nd
om

iz
ed

, d
ou

bl
e-

bl
in

d,
 

ac
tiv

e-
co

nt
ro

lle
d 

(im
ig

lu
ce

ra
se

), 
pa

r-
al

le
l g

ro
up

, m
ul

tic
en

te
r (

N
 =

 34
; 1

7 
re

ce
iv

ed
 V

PR
IV

; ≥
 3 

y/
o)

; 9
 m

on
th

s
Ph

as
e 

3,
 o

pe
n-

la
be

l, 
si

ng
le

-a
rm

, m
ul

-
tic

en
te

r (
N

 =
 40

; p
at

ie
nt

s s
w

itc
he

d 
fro

m
 im

ig
lu

ce
ra

se
 to

 V
PR

IV
; ≥

 9 
y/

o)
; 1

2 
m

on
th

s

B
as

el
in

e 
co

nt
ro

l

A
ct

ha
r

(c
or

tic
ot

ro
pi

n)
O

ct
 1

5,
 2

01
0

In
fa

nt
ile

 sp
as

m
 m

on
ot

he
ra

py
✓

✓
✓

R
an

do
m

iz
ed

, s
in

gl
e-

bl
in

d,
 a

ct
iv

e-
co

n-
tro

lle
d 

(N
 =

 15
 p

lu
s 1

4 
on

 a
ct

iv
e)

Pu
bl

is
he

d 
da

ta

A
tr

yn
(r

ec
om

bi
na

nt
 h

um
an

 a
nt

i-t
hr

om
bi

n)
Fe

b 
6,

 2
00

9

Ve
no

us
 th

ro
m

bo
em

bo
lis

m
 in

 
su

rg
er

y 
of

 p
at

ie
nt

s w
ith

 c
on

ge
ni

ta
l 

an
tit

hr
om

bi
n 

de
fic

ie
nc

y

✓
✓

✓
Ph

as
e 

3,
 o

pe
n-

la
be

l
Ph

as
e 

2,
 o

pe
n-

la
be

l
(P

oo
le

d 
pa

tie
nt

 d
at

a 
N

 =
 31

)

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

C
ep

ro
tin

(p
ro

te
in

 C
 c

on
ce

nt
ra

te
)

M
ar

 3
0,

 2
00

7

Ve
no

us
 th

ro
m

bo
si

s a
nd

 p
ur

pu
ra

 
fu

lm
in

an
s

✓
✓

✓
Ph

as
e 

2–
3,

 o
pe

n-
la

be
l, 

no
n-

ra
nd

-
om

iz
ed

 (N
 =

 18
; n

ew
bo

rn
 to

 2
5.

7 
y/

o)
Re

tro
sp

ec
tiv

e 
na

tu
ra

l h
ist

or
y

Im
pl

an
on

(e
to

no
ge

str
el

)
Ju

ly
 1

7,
 2

00
6

Pr
ev

en
tio

n 
of

 p
re

gn
an

cy
✗

✓
✓

Fo
ur

 o
pe

n-
la

be
l s

tu
di

es
 (N

 =
 1,

11
7)

; 
2–

3 
ye

ar
s

Pu
bl

is
he

d 
da

ta

M
yo

zy
m

e
(a

lg
lu

co
si

da
se

 a
lfa

)
A

pr
 2

8,
 2

00
6

In
fa

nt
ile

-o
ns

et
 P

om
pe

✓
✓

✓
Ph

as
e 

2–
3,

 ra
nd

om
iz

ed
, o

pe
n-

la
be

l, 
m

ul
tic

en
te

r, 
do

se
-r

an
gi

ng
 (N

 =
 19

); 
52

 w
ee

ks

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

A
m

m
on

ul
(s

od
iu

m
 p

he
ny

la
ce

ta
te

 a
nd

 so
di

um
 

be
nz

oa
te

)
Fe

b 
17

, 2
00

5

H
yp

er
am

m
on

em
ia

✓
✓

✓
Re

tro
sp

ec
tiv

e 
an

al
ys

is
 o

f p
at

ie
nt

s 
(N

 =
 31

6;
 n

ew
bo

rn
 to

 5
3 

y/
o)

 tr
ea

te
d 

be
tw

ee
n 

19
81

 a
nd

 2
00

3 
in

 a
n 

op
en

-
la

be
l c

om
pa

ss
io

na
te

 u
se

 st
ud

y

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

O
rf

ad
in

(n
iti

si
no

ne
)

Ja
n 

18
, 2

00
2

H
er

ed
ita

ry
 T

yr
os

in
em

ia
 ty

pe
 1

✓
✓

✓
Ph

as
e 

2–
3,

 o
pe

n-
la

be
l, 

un
co

nt
ro

lle
d,

 
m

ul
tic

en
te

r, 
co

m
pa

ss
io

na
te

 u
se

 
(N

 =
 20

7;
 m

ed
ia

n 
ag

e 
9 

m
on

th
s)

; 2
2 

m
on

th
s (

m
ed

ia
n 

du
ra

tio
n 

of
 tr

ea
t-

m
en

t)

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

D
ig

ifa
b

(o
vi

ne
 d

ig
ox

in
 fa

b 
in

je
ct

io
n)

A
ug

 3
1,

 2
00

1

D
ig

ox
in

 to
xi

ci
ty

 o
r o

ve
rd

os
e

✗
✓

✓
O

pe
n-

la
be

l (
N

 =
 15

)
Ph

ar
m

ac
ok

in
et

ic
/P

ha
rm

ac
od

yn
am

ic
 

stu
dy

 in
  H

H
V

sm
 (D

ig
ifa

b 
N

 =
 8 

ve
rs

us
 D

ig
ib

in
d 

N
 =

 8)

Pr
ev

io
us

ly
 c

on
du

ct
ed

 c
lin

ic
al

 tr
ia

l



1029Therapeutic Innovation & Regulatory Science (2021) 55:1019–1035 

1 3

Ta
bl

e 
2 

 (c
on

tin
ue

d)

Pr
od

uc
t/a

pp
ro

va
l d

at
e

C
on

di
tio

n
R

ar
e 

 di
se

as
ea

U
nm

et
 

 N
ee

db
O

bj
ec

tiv
e 

en
dp

oi
nt

?
Pi

vo
ta

l s
tu

dy
(ie

s)
 d

es
ig

n
So

ur
ce

 o
f E

xt
er

na
l C

on
tr

ol

Ve
no

fe
r

(ir
on

 su
cr

os
e 

in
je

ct
io

n)
N

ov
 6

, 2
00

0

Iro
n 

de
fic

ie
nc

y 
an

em
ia

✗
✓

✓
Ph

as
e 

2–
3,

 o
pe

n-
la

be
l, 

m
ul

tic
en

te
r, 

hi
sto

ric
al

-c
on

tro
lle

d 
(N

 =
 10

1)
; 1

0 
w

ee
ks

O
pe

n-
la

be
l, 

m
ul

tic
en

te
r, 

ba
se

lin
e-

co
nt

ro
lle

d 
(N

 =
 23

)
O

pe
n-

la
be

l, 
m

ul
tic

en
te

r, 
ba

se
lin

e-
co

nt
ro

lle
d 

(N
 =

 13
2)

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

C
et

ro
tid

e
(c

et
ro

re
lix

 a
ce

ta
te

)
A

ug
 1

1,
 2

00
0

In
hi

bi
tio

n 
of

 p
re

m
at

ur
e 

 LH
n  su

rg
es

 
in

 w
om

en
 u

nd
er

go
in

g 
co

nt
ro

lle
d 

ov
ar

ia
n 

sti
m

ul
at

io
n

✗
✓

✓
Ph

as
e 

3,
 ra

nd
om

iz
ed

, o
pe

n-
la

be
l, 

m
ul

-
tic

en
te

r, 
ac

tiv
e-

co
nt

ro
lle

do  (N
 =

 18
8 

vs
 8

6 
on

 a
ct

iv
e)

; 1
 to

 1
9 

da
ys

Ph
as

e 
3,

 n
on

-c
on

tro
lle

d,
 o

pe
n-

la
be

l, 
m

ul
tic

en
te

r (
N

 =
 34

6)
; 1

 to
 1

5 
da

ys
Ph

as
e 

3,
 ra

nd
om

iz
ed

, o
pe

n-
la

be
l, 

m
ul

-
tic

en
te

r, 
ac

tiv
e-

  c
on

tro
lle

do  (N
 =

 11
5 

ve
rs

us
 3

9 
on

 a
ct

iv
e)

, o
ne

 d
os

e

Re
tro

sp
ec

tiv
e 

na
tu

ra
l h

ist
or

y

A
rg

at
ro

ba
n

(a
rg

at
ro

ba
n)

Ju
ne

 3
0,

 2
00

0

Th
ro

m
bo

si
s i

n 
pa

tie
nt

s w
ith

 h
ep

a-
rin

-in
du

ce
d 

th
ro

m
bo

cy
to

pe
ni

a
✗

✓
✓

O
pe

n-
la

be
l, 

no
n-

ra
nd

om
iz

ed
, m

ul
ti-

ce
nt

er
 (N

 =
 30

9)
Re

tro
sp

ec
tiv

e 
na

tu
ra

l h
ist

or
y

H
ec

to
ro

l
(d

ox
er

ca
lc

ife
ro

l)
A

pr
il 

6,
 2

00
0

Se
co

nd
ar

y 
hy

pe
rp

ar
at

hy
ro

id
is

m
 in

 
pa

tie
nt

s u
nd

er
go

in
g 

ch
ro

ni
c 

re
na

l 
di

al
ys

is

✗
✓

✓
Ph

as
e 

3,
 o

pe
n-

la
be

l, 
m

ul
tic

en
te

r 
(N

 =
 28

; 2
3–

73
 y

/o
); 

20
 w

ee
ks

 
in

cl
ud

in
g 

8-
w

ee
k 

w
as

ho
ut

 p
er

io
d

Ph
as

e 
3,

 o
pe

n-
la

be
l, 

m
ul

tic
en

te
r 

(N
 =

 42
; 2

8–
76

 y
/o

); 
20

 w
ee

ks
 

in
cl

ud
in

g 
8-

w
ee

k 
w

as
ho

ut
 p

er
io

d

B
as

el
in

e 
co

nt
ro

l

a  R
ar

e 
di

se
as

e 
do

es
 n

ot
 n

ec
es

sa
ril

y 
m

ea
n 

th
e 

pr
od

uc
t h

as
 o

rp
ha

n 
dr

ug
 d

es
ig

na
tio

n
b  U

nm
et

 m
ed

ic
al

 n
ee

d 
(n

o 
ex

ist
in

g 
th

er
ap

y,
 in

ad
eq

ua
te

 e
xi

sti
ng

 th
er

ap
y,

 o
r b

et
te

r s
af

et
y)

c  St
ud

y 
w

as
 o

ng
oi

ng
d  Ex

te
rn

al
 c

on
tro

l w
as

 u
se

d 
fo

r t
he

 ro
ut

in
e 

pr
op

hy
la

xi
s i

nd
ic

at
io

n 
on

ly
e  Y

ea
rs

 o
ld

f  O
nl

y 
th

e 
pe

di
at

ric
 in

di
ca

tio
n 

re
lie

d 
on

 u
se

 o
f h

ist
or

ic
al

 c
on

tro
ls

g  St
ud

y 
w

as
 o

ng
oi

ng
 a

nd
 2

4-
w

ee
k 

da
ta

 w
er

e 
su

bm
itt

ed
 in

 th
e 

B
LA

 a
nd

 4
0-

w
ee

k 
pr

im
ar

y 
an

al
ys

is
 re

su
lts

 w
er

e 
su

bm
itt

ed
 d

ur
in

g 
th

e 
B

LA
 re

vi
ew

 p
ro

ce
ss

h  H
em

at
op

oi
et

ic
 st

em
-c

el
l t

ra
ns

pl
an

ta
tio

n
i  Effi

ca
cy

 su
pp

le
m

en
t 0

13
j  W

he
n 

ch
el

at
io

n 
th

er
ap

y 
is

 in
ad

eq
ua

te
k  Effi

ca
cy

 su
pp

le
m

en
t 1

72
l  Effi

ca
cy

 su
pp

le
m

en
t 0

06
m

 H
ea

lth
y 

hu
m

an
 v

ol
un

te
er

s
n  Lu

te
in

iz
in

g 
ho

rm
on

e
o  A

ct
iv

e 
co

nt
ro

l w
as

 n
ot

 a
pp

ro
ve

d 
in

 th
e 

U
S



1030 Therapeutic Innovation & Regulatory Science (2021) 55:1019–1035

1 3

14 The clinical reviewer for Zolgensma noted “the natural history of 
infantile-onset SMA is well-documented and follows a relatively pre-
dictable course that can be objectively measured and verified; and the 
results of Study CL-101 indicated that the expected treatment effect is 
large, readily ascertained, and shows close temporal association with 
the intervention”.

history), and there was evidence of a temporal association 
with the intervention.14

Another approval that provides interesting insights into 
the use of retrospectively collected natural history data 
is that of defibrotide sodium (Defitelio) approved for the 
treatment of adult and pediatric patients with hepatic veno-
occlusive disease (VOD) after hematopoietic stem-cell 
transplantation (HSCT), a rare disease with an 80% mor-
tality rate and no available treatment options. The primary 
endpoint in the Defitelio pivotal study (survival at day 100) 
was compared to historical control data selected by inde-
pendent retrospective review of patient records. Support-
ive data came from a dose-finding study, a compassionate 
use study, and a registry study. The major review issues 
pertained to the selection of the historical control group. 
The patients included in the historical control group were 

selected by a blinded, independent medical review commit-
tee who screened subjects undergoing HSCT. The commit-
tee used narratives, inclusion/exclusion case report forms, 
and partially redacted medical charts to select patients to be 
included in the control group. Although data collection for 
the treatment and historical control groups spanned vastly 
different timeframes (2 years and 12 years, respectively), 
the inclusion and exclusion criteria were pre-specified and 
were similar for both groups. The number of subjects in 
the historical control group was reduced (in two rounds) 
from 6867 to 123 and finally to 32 patients who had devel-
oped VOD and received standard of care. The last round 
was conducted after an interim efficacy analysis raised some 
concerns about bias because the survival rate in the larger 
historical control group initially selected was substantially 
higher than the rate generally reported in the literature. To 
adjust for the confounding effect of the potential prognostic 
factors, propensity score adjusted analyses were performed 
using four pre-specified covariates (all baseline prognos-
tic factors of survival). Nonetheless, the day 100 survival 
rates of treated patients (38 to 45%) were higher than the 
historical control group (25%), the supportive care arm of 
the registry (31%), and published literature (< 20%). While 

Fig. 2  FDA review divisions responsible for the 45 product approvals relying on external controls (2000–2019, select therapeutic areas)
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FDA’s review included comments regarding the small size 
of the chosen historical control group and the risk of Type I 
error given the unplanned interim analyses, FDA ultimately 
approved Defitelio based on the totality and consistency of 
the data, particularly the consistency of the survival results 
in the pivotal study and supportive studies.

An example of a case using baseline control data for regu-
latory decision making is deferiprone (Ferriprox), an oral 
therapy for transfusional iron overload due to thalassemia 
syndrome (a rare disease). Deferoxamine, the only available 
therapy15 at the time of Ferriprox’s new drug application 
(NDA) review, was not tolerated by all patients, leaving an 
unmet medical need. Initially, the sponsor received a com-
plete response letter mainly due to uncertainty regarding 
the clinical meaningfulness of the change in a novel sur-
rogate endpoint16 in a single pivotal study versus deferox-
amine. Ultimately, an independent committee selected a 
subset of patients (in whom previous chelation therapy was 
inadequate) from the sponsor’s previously conducted clini-
cal studies, to be included in a prospectively planned study. 
This study compared the selected patients’ pre- and post-
Ferriprox treatment results and showed that treatment with 
Ferriprox significantly decreased serum ferritin in about 50% 
of refractory patients. The statistical reviewer noted “this 
study has several serious limitations including lack of ran-
domization, lack of control group, high rate of missing data 
and ignoring the variation between studies by simply pool-
ing, all of which can introduce biases to the primary out-
come.” Nevertheless, FDA considered the use of a prospec-
tively planned statistical analysis plan and the selection of 
patients by the independent committee allowed an adequate 
selection of patients for the trial, minimized the possibil-
ity of bias, and allowed for an adequate assessment of drug 
effect. The review documents noted “This trial can be con-
sidered an adequate and well-controlled trial under the CFR 
and ICH E10 guidance for regulatory purposes.” Ferriprox 
was approved under the accelerated approval regulations.

An unusual use of a historical control that leveraged data 
from previously conducted clinical studies, was the addition 
of a new indication (monotherapy in patients with partial 
seizures) for lamotrigine extended release tablets (Lamictal 
XR) which was reviewed at an advisory committee meet-
ing.17 The supplemental NDA was based on a single study 

in which 223 patients who received one of two-dose lev-
els were compared to a historical control group based on 
a retrospective analysis of control arms from eight studies 
previously conducted for other anti-epileptic products [18]. 
The sponsor considered use of placebo or pseudo-placebo 
controls unethical given the significant control data already 
available from previously conducted studies. At the advisory 
meeting, FDA presented a systematic evaluation of the key 
statistical issues based on the Pocock criteria [19], which 
were applicable to this situation, as the historical control 
data were specifically derived from the control arm from 
prior studies with similar designs and methods. This evalu-
ation included the timeframe for assessment of seizure fre-
quency and severity, how exit rate was calculated, medi-
cations at baseline, and regional differences between study 
and historical controls. The advisory committee agreed (14 
yes/0 no) that the proposed historical control approach was 
acceptable in this specific circumstance. FDA’s presenta-
tions and discussions at the advisory committee demonstrate 
the importance of proactively assessing the comparability 
of an external control to the treatment group across multi-
ple parameters and ensuring that endpoint evaluations and 
statistical methods address potential biases as thoroughly as 
possible. This precedent for use of historical controls from 
previously conducted clinical studies was later applied to 
other antiepileptic drugs, including lacosamide (Vimpat).

Finally, the recombinant antihemophilic factor Novoeight 
is an example where historical control data from nine publi-
cations were used as external controls to support its approval 
for prophylactic treatment of Hemophilia A, a rare disease. 
In this case, annualized bleeding rate (ABR) in patients 
treated prophylactically with Novoeight was compared 
with the ABR observed in historical controls treated with 
on-demand regimens. The historical ABR was calculated 
using data weighted by the number of patients in each of 
the nine published studies. Calculated mean ABR was 22 
bleeds per patient per year for historical controls treated with 
on-demand regimens compared to 6.9 bleeds per patient per 
year in subjects treated with prophylactic Novoeight, a 68% 
reduction in bleeding rate for subjects treated with Novo-
eight prophylaxis as compared to on-demand therapy histori-
cal controls. This was considered acceptable for the approval 
of Novoeight for routine prophylaxis treatment.

Statistical and Methodological Considerations When 
Using External Controls

It is outside the scope of this article to provide a compre-
hensive review of methodological and statistical topics per-
taining to the use of external controls, but some important 
considerations are highlighted in this section.

A key challenge of using external controls is that dif-
ferences in prognostic variables (such as demographics, 

15 Note although Exjade (deferasirox) was already accelerated 
approved for use as an iron chelator, consistent with guidance on 
“Available Therapy (July 2004)”, only Desferal (deferoxamine) was 
considered available therapy. However, not all patients tolerated Des-
feral due to administration difficulties.
16 Change in cardiac magnetic resonance imaging T2* parameter was 
a novel surrogate endpoint.
17 Lamictal XR supplemental NDA was discussed at the peripheral 
and central nervous system drug advisory committee meeting held on 
March 10, 2011.
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diagnostic criteria, disease stage, baseline status, and con-
comitant therapies) between the treated and external control 
groups could lead to biases particularly in the absence of 
randomization. One way of addressing bias is through proper 
selection of the external control group. Pocock proposed six 
criteria for a historical control group to be acceptable [19] 
(Fig. 4), sometimes cited by FDA reviewers, as in the previ-
ously mentioned Lamictal XR example. However, Pocock 
specifically intended these criteria (deemed stringent by Lim 
et al. [20]) for specialized methods for combining a histori-
cal control group from a previous trial with a randomized 
concurrent control group. Indeed, Pocock’s use of the term 
“historical control” differs from his contemporaries [21, 
22], and from current usage in reference to non-concurrent 
external controls in general (a historical control per ICH E10 
guidance is any “well-documented population of patients 

observed at an earlier time”) [1]. Thus, while the Pocock  
criteria may not all be applicable in a given situation, those 
that are should be applied to the extent possible in the selec-
tion of a historical control group and to the ensuing com-
parative statistical analyses [23].

Three statistical methods are often used to adjust for 
baseline imbalances between the treated and external con-
trol groups: matching, covariate adjustment, and strati-
fication. Propensity scores18 can be used as part of all 
three methods; one can match or stratify based on pro-
pensity score, or one could use a propensity score as a 
covariate [24, 25]. Propensity scores are a widely used 
and important method, but the method has its detractors. 
For example, Elze et al. [24] argue that propensity scores 
are not necessarily preferable to covariate adjustment, and 
King and Nielsen [26] raise fundamental questions about 
whether propensity scores succeed in addressing imbal-
ance, inefficiency, model dependence, and bias.

Some variables may not fit into standard analysis 
approaches for covariates but may be addressed using 
other methods. An example is the contemporaneousness of 
external control versus trial data, which can be explored by 
examining the external control data for trends in outcome 
variables versus calendar date of assessment.

Bias can also be addressed by transparency about criti-
cal aspects of the analyses such as exclusion of subjects 
and handling of missing data. Missing data in particular 
represents a critical and widely studied issue. In brief, the 
principles of analyses to address missing data in nonran-
domized trials “include the need to design and conduct 
trials to minimize the amount of missing data, the need to 
use principled missing data adjustments based on scien-
tifically plausible assumptions, the need to conduct sensi-
tivity analyses for potential deviations from the primary 
assumed mechanisms of missing data, and the need to col-
lect covariate information that is predictive of missingness 
and the study outcomes” [27].

Another important set of issues pertains to longitudi-
nal data. Longitudinal analysis approaches fully utilize the 
available data but present several challenges. For example, 
it may be difficult to align timepoints in the clinical trial 
with those of the external control because of the differ-
ent assessment schedules or irregular assessment timing 
in the external data. Additionally, missing data may be a 
greater concern in a natural history data source than in a 
well-conducted clinical trial, given its observational nature 
as well as the potential for patients to enter and exit the 
database at various times, ages, disease states, etc. Cross-
sectional analysis approaches, on the other hand, avoid 

Table 3  Characteristics of 
products approved based 
upon use of external controls 
(2000–2019)

a These were products for rare 
diseases which did not neces-
sarily have an orphan drug des-
ignation

US (N = 45)

Rare  diseasea 36 (80%)
Use of objective 

endpoint
39 (87%)

Fig. 3  Categories of external controls to support product approval by 
the US FDA (2000–2019, select therapeutic areas)

18 A propensity score is defined as the estimated probability of 
assignment to a treatment group based on observed baseline covari-
ates.
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complex methods for longitudinal missing data handling, 
but utilize less of the available data.

With all the considerations described above, an over-
arching principle is to apply alternative reasonable analy-
sis approaches; consistency among the results lends con-
fidence to the conclusions. When possible, consistency 
among results from different outcome measures, or mul-
tiple sources of external control data (sometimes prefer-
able to attempting to combine the external control data 
sources), is valuable.

In the settings in which external controls are justified, it 
is critical to make optimal use of the available data, includ-
ing retrospective natural history data, however imperfect. 
Statistical analysis should be carried out balancing practical 
matters with sound methodology.

Discussion

Despite cautionary guidance from regulators, the use of 
external controls, including retrospective natural history 
data, to support FDA decision making is neither new nor 
particularly unusual, especially for orphan drugs. This 
review identified 45 cases in select therapeutic areas over 
the past 20 years where external controls were used in 
the pivotal trials supporting product approval. Nearly half 
(44%) of the 45 cases evaluated used controls sourced 
from retrospective natural history data; about one-third 
(33%) used controls sourced from patients’ baseline data; 
and the remainder used controls sourced from published 
data or previous clinical studies. Of note, none of the 45 
cases where external controls were used were sourced 
from prospectively collected natural history data, per-
haps not surprising knowing the difficulties of perform-
ing a meaningful prospective natural history study in a 
realistic time frame. This is a critical point given that the 
regulatory precedent is contrary to the FDA guidance 
which identifies prospective natural history as the gold 
standard, while discouraging use of retrospective natural 
history [3, 4]. While prospective natural history studies 
may be ideal, such an approach is often impractical, would 

lead to significant delays in the availability of life-saving 
therapies, and could ultimately stifle the development of 
products for rare diseases.

Recently, FDA has communicated that it is less swayed 
by the size of natural history studies than by the rigor of 
data collection and clarity on the course of the disease 
[28], and has recommended the use of longitudinal rather 
than cross-sectional data sources, as they yield more com-
prehensive information about disease onset and progres-
sion over time [3]. However, in a rare disease setting it is 
more likely that only cross-sectional data are available. 
Moreover, even when longitudinal data are available, lon-
gitudinal and cross-sectional statistical approaches both 
have potential advantages and should be used based on the 
objective of the statistical analysis.

External controls have been most frequently leveraged 
in situations where the conduct of prospective randomized, 
controlled studies was not feasible; examples include 
products approved for rare, life-threatening or severely 
debilitating conditions, in some cases slowly progressing, 
with no/inadequate available therapy. Good data quality 
and appropriate statistical analyses (including appropri-
ate sensitivity analyses) are important factors in reducing 
bias when comparing new treatments to external controls. 
Furthermore, the use of common data standards such as 
CDISC (Clinical Data Interchange Standards Consortium) 
and OMOP (Observational Medical Outcomes Partner-
ship) might facilitate standardization of data collection in 
observational studies and further minimize bias. Neverthe-
less, for small rare disease clinical trials, such comparisons 
cannot be perfect, and the ultimate decision should rely on 
the totality of evidence, recognizing that some unresolved 
questions may remain.

Conclusion

Overall, the sponsors of the products identified appear to 
have achieved regulatory support to leverage external con-
trols, including retrospective natural history, leading to 

Fig. 4  Pocock’s key criteria for accepting historical control data
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successful product approval. Whilst acknowledging the limi-
tations of the use of the external control, FDA invariably 
considered the nature and rarity of the condition, the unmet 
medical need, and ultimately the totality of evidence, includ-
ing positive secondary or pharmacodynamic endpoints or 
positive data from supportive studies. Given this regulatory 
history, it is important to update FDA guidance to highlight 
the acceptability of retrospective natural history, to acknowl-
edge the statistical challenges and provide recommendations 
for managing bias when using various types of external con-
trols, and to facilitate information sharing. Such guidance 
would be a welcome addition to support clinical develop-
ment and product approvals, especially in rare diseases.
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