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The drive to empirically evaluate and analyze tools for the screening,
diagnosis, management and monitoring of disease captured by the phrase
‘evidence-based medicine (EBM)’ has firmly entrenched itself as part of
standard clinical care. However, rare genetic disorders, by their very
nature, challenge the generation and application of EBM. This review
presents many of the challenges encountered in applying EBM to rare
genetic disorders, highlighting areas of recent emphasis in establishing
multi-institutional collaborative research networks and in the systematic
evaluation of developing therapies. Resources for identifying EBM tools
for the practitioner are discussed, and the features and limitations of such
resources are presented. Although the application of EBM to rare genetic
disorders has definite limitations, a foundation has been established, and
ongoing efforts seeking to systematically summarize and critically
evaluate available evidence will continue to help identify the most
effective tools for screening, diagnosis, management, and monitoring.
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Evidence-based medicine (EBM) refers to the
concept of using empirically collected evidence
to guide clinical decision-making and was opera-
tionally defined byHaynes (1) as ‘a set of tools and
resources for finding and applying the current best
evidence from research for the care of individual
patients’. The EBMmovement arose from a desire
to render medical practice more objective, seeking
to prevent unhelpful and/or potentially harmful
treatments and practices from being perpetuated.
Proponents of EBM attempt to objectify medical
practice through use of the best available, most
rigorously tested screening, diagnostic, manage-
ment, and monitoring approaches. EBM has also
been employed in analysis of the cost-effectiveness
of differing approaches to diagnosis, screening,
and management (2).
Although it has become firmly established

within contemporary medical practice, EBM does
represent a departure from traditional clinical

medicine, which relied on pathophysiologic the-
ory as its foundation, coupled with the individual
physician’s experience and clinical judgment (3).
At its philosophical foundation, EBM represents
a biomedical extension of empiricism (4), seeking
to objectively evaluate diagnostic and treatment
modalities in as unbiased a manner as possible,
independent of current pathophysiologic theory
and clinical experience (which, it has been argued,
are inherently biased). EBM attempts to make
observations based upon studies that compare
groups of patients to ‘average out’ their differen-
ces. Studies are then stratified by categorizing the
relative strength of each study.
Criticisms of EBM are summarized in Table 1.

Opponents of EBMpoint out that physicians treat
individual patients, not populations, for which
trends may not apply. In addition, critics also
note, with some irony, that the application of
EBM to clinical practice is not, in itself, evidence
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based; that is, studies have not shown that practi-
tioners of EBM make better physicians (5). Some
believe that EBM may lead to a loss of clinical
acumen by pushingmany physicians toward a for-
mulaic ‘consensus’ approach to clinical problems
and away from personal critical and deductive
thinking (6–8). In addition, the application of
EBM may certainly be taken to extremes (9), for
example in the scenario wherein clinicians might
withhold potentially useful therapies with an
acceptable side effect profile solely because evi-
dence does not yet exist to support their use.Many
physicians and investigators have rejected the
empiricist notion that EBM should be practiced
independently of pathophysiologic theory, point-
ing to predicaments in which appropriately de-
signed randomized controlled trials have
nevertheless come to completely opposite conclu-
sions (10). More recently, EBM advocates have
called for the integration of EBM and biomedical
theory, wherein evidence-based studies may be
suggested by prevailing theory, and theory may
be reworked if the available evidence suggests oth-
erwise (1). Although this balance may be the most
appropriate approach to achieve excellence in
clinical practice, the integration of these two dispa-
rate philosophies, however, remains imperfect (11).
Despite its limitations, EBMhas blossomed since

the seeds for its development were planted in the
1970s in the writings of Archibald Cochrane and
established by faculty at McMaster University.
The ability to refer to available evidence to guide
decision-making in clinical ‘gray areas’ has gener-
ally been well received by clinicians. In addition,
careful review of the evidence may facilitate deci-
sion-making when several therapeutic options are
available, allowing clinical acumen and autonomy
to continue to play a central role in patient care.
Central to the idea of applying EBM is the need

for thorough review and appraisal of available
literature by the treating provider. EBM stratifies
available evidence into discrete categories, placing
more weight on those in which sources of bias
have been systematically minimized. The prospec-
tive, placebo-controlled, randomized clinical trial
(RCT) is thus afforded the greatest weight, while
case reports are given the least (Table 2). Several

national and international organizations have
taken up the task of summarizing, evaluating,
and contextualizing the available evidence to
make it more accessible to providers. The Co-
chrane Collaboration’s systematic reviews serve
as a well-established model in this endeavor (12).
Furthermore, in the field of rare genetic diseases,
because fewer studies are performed, compara-
tively, practice guidelines and systematic reviews
often remain relevant for a longer period of time,
although there are few Cochrane reviews pub-
lished on rare disorders.
Instruction on the critical evaluation of pub-

lished medical research has been integrated into
core curricula in medical schools and residency
programs throughout North America (13, 14).
However, despite an increasingly savvy popul-
ation of consumers of the published medical
literature, significant challenges remain in the
application of EBM to the practice of clinical
medicine. In fact, within the microcosm of rare
genetic disorders, many of the fundamental con-
troversies surrounding the benefits and limita-
tions of EBM are particularly evident.

Should EBM be applied to rare disorders?

Derived from epidemiologic roots, EBM is partic-
ularly well suited to detecting differences between
large cohorts. However, these differences may be
obscured if heterogeneous groups are recruited or
if inadequate sample sizes are available. Both
problems are particularly salient in the study of
rare disorders. As discussed above, the generaliza-
tion of findings from large cohorts to individual
patients is also not always appropriate. However,
clinicians’ ability to diagnose and treat rare
genetic disorders has grown significantly, and
objective tools to evaluate such interventions are
urgently needed. In this way, EBM may fill an
important niche, although an awareness of the
limitations of EBM is certainly called for.

Table 1. Criticisms of evidence-based medicine (EBM)a

The applicability of EBM to individual patients is limited
EBM is not itself evidence based
EBM limits the physician’s autonomy
EBM’s definition of acceptable evidence is narrow
Empiricism, from which EBM is derived, represents a poor
philosophical basis for medicine

aDerived from Cohen et al. (2004).

Table 2. Levels of evidencea

Level I: Evidence obtained from at least one properly
designed randomized clinical trial

Level II-1: Evidence obtained from well-designed controlled
trials without randomization

Level II-2: Evidence obtained from well-designed cohort or
case–control analytic studies, preferably from
more than one center or research group

Level II-3: Evidence obtained from multiple time series with or
without intervention. May also include dramatic
results in uncontrolled trials

Level III: Case reports, case series, expert opinion or
consensus panel

aDerived from U.S. Preventive Services Task Force.
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Challenges in applying EBM to rare genetic
disorders

Few patients are affected by rare genetic disorders

First and foremost, the label ‘rare genetic dis-
orders’ challenges the application of EBM (15),
which, by design, is comprised of evidence that
gains strength as it accumulates statistical power.
One can be increasingly certain of an effect, or
lack thereof, as sample size increases. Populations
of individuals affected by rare genetic disorders
are inherently small pools from which to draw,
challenging investigators in the design of appro-
priate clinical trials. A recently proposed solution
in the field of inborn errors of metabolism (IEM)
was the establishment of multi-institutional, col-
laborative clinical research networks to investi-
gate both natural history and potential
treatments (16), and efforts toward this end con-
tinue. A few notable collaborative networks have
been successfully established that include rare dis-
orders (Table 3). However, such collaborative
networks have been slow to materialize, likely
because of a number of factors, including the

non-trivial issues of financial support, infrastruc-
ture, and the number of competing demands
placed on a clinical investigator’s time (17).
A small number of medium-sized, single site tri-

als of treatments for rare genetic disorders have
been successfully initiated and completed, includ-
ing a recently completed trial of dichloroacetate
(DCA) for the treatment of congenital lactic aci-
dosis (18), demonstrating that such trials are fea-
sible. This study has shown an effect of DCA on
lactic acid levels (a surrogate end point) but not on
overall clinical/cognitive outcomes, the trial’s pri-
mary end point. However, in the case of this trial,
accumulating a significant number of subjects at
a single institution necessitated the inclusion of
a heterogeneous mix of disorders with a common
biochemical abnormality, lactic acidosis. This tri-
al illustrates one of the difficulties in applying
EBM to rare disorders, that of subject hetero-
geneity. One also wonders if individual disorders
within this mix might have shown a more robust
andmeasurable clinical response toDCA, arguing
for the necessity of collaborative efforts.

The future of the RCT in rare disorders

Ongoing efforts may still reap the benefit of
pooled resources built upon a collaborative,
multi-institutional framework. Professional meet-
ings are a natural forum in which to cultivate such
a network, and to this end, workshops held at the
American College of Medical Genetics annual
meeting, sponsored by the US National Institutes
of Health (NIH), have focused on establishing
such networks and pushing forward vital research
on rare genetic diseases since 2003. In addition,
the NIH Office of Rare Diseases (ORD), in col-
laboration with the National Center for Research
Resources (NCRR) and several other institutes of
the NIH, established the Rare Diseases Clinical
ResearchNetwork (RDCRN; 19), which supports
multi-institutional, collaborative efforts aimed at
facilitating research on rare diseases. Although
based in the United States, the RDCRN includes
several international sites, primarily in Canada
and Europe. Several longitudinal and natural his-
tory studies as well as clinical trials born out of
these efforts are currently underway. In the UK,
the national Medical Research Council has com-
mitted its support to rare disease research by fund-
ing the development of patient cohort registries
(20). Internationally, the cystic fibrosis registry
(PORT CF; 21, 22) has successfully established
an international collaborative database involving
172 centers throughwhich clinicians and research-
ers can enter and share data in real time. Such

Table 3. Collaborative research networks (a few international
examples followed by US NIH-sponsored networks) that
support rare disease research

International
Cooperative International Neuromuscular Research Group
(CINRG)
Cystic Fibrosis Foundation and Patient Registry (PORT CF)
Duchenne Research Collaborative International (DRCI)

National Cancer Institute
Children’s Oncology Group (COG)
Pediatric Brain Tumor Consortium (PBTC)

National Institute of Arthritis and Musculoskeletal and Skin
Diseases (NIAMS)
Childhood Arthritis & Rheumatology Research Alliance
(CARRA)

National Heart, Lung, and Blood Institute
Comprehensive Sickle Cell Centers (CSCC)
Transfusion Medicine/Hemostasis (TMH) Clinical Trials
Network
Thalassemia Clinical Research Network
Pediatric Heart Network (PHN)

National Eye Institute
Pediatric Eye Disease Investigator Group (PEDIG)

National Institute of Child Health and Human Development
(NICHD)
Birth Defects Initiative and Research Network

National Institute of Neurological Disorders and Stroke,
NIAMS, NICHD
Muscular Dystrophy Clinical Research Centers

NIH ORD and others
Rare Diseases Clinical Research Networks (RDCRN)

Notes
1. For most networks, only the major sponsor is listed
2. This list is just a sample of such networks and is not

intended to be a comprehensive list
3. Although most of these networks are United States based,

many have international sites
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a paradigm might serve as a useful large-scale
model from which to develop future programs.
Despite the key role that disease registries and
support groups may play in the generation and
dissemination of research advances, many such
registries are supported by industry sponsors.
For example, registries for some of the lysosomal
storage diseases are sponsored by the biopharma-
ceutical firms that developed and dispense enzyme
replacement therapies. Such sponsorship may be
construed, rightly or wrongly, as a potential con-
flict of interest in the setting of attempts to gener-
ate and disseminate objective, impartial evidence.
Areas of controversy are being actively ad-

dressed through concerted calls for program
development, such as the recently issued US
NIH National Institute of Child Health and
Human Development (NICHD) National Coor-
dinating Center for Newborn Screening Transla-
tional Research Network (NBSTRN). Table 3
lists a number of research networks, many but
not all USNIH sponsored, that each support clin-
ical or translational research in rare diseases.
When evaluating the strength of various forms of

evidence (Table 2), multi-center trials are weighted
more than single site trials, in part because the
demonstration of efficacy in more than one center
implies generalizability. Such efforts thus have the
ability to powerfully affect the evidence base avail-
able for a given disorder. As evident from the table,
however, efforts toward the establishment of col-
laborative networks supporting research in rare
diseases remain somewhat fragmented, incom-
plete, and in some cases, duplicative.
Support for collaborative efforts in rare genetic

disease diagnosis and patient education is also being
fostered. In particular, the Collaboration, Educa-
tion, and Test Translation (CETT) program (23),
supported by the ORD, has already launched pro-
grams for several rare diseases. The CETT is a mul-
tidisciplinary program that seeks to foster
collaborations among medical geneticists, genetic
counselors, researchers, advocacy groups, and Clin-
ical Laboratory Improvement Amendments-certi-
fied laboratories to streamline the diagnostic
process, promote the collection of genotype–pheno-
type data, and disseminate the most up-to-date
diagnostic and prognostic information to affected
patients and their families. Securing future grant
support from foundations as well as government
sources such as the US Federal Drug Administra-
tion (FDA)Office ofOrphanProductDevelopment
will be instrumental in supporting future RCTs ini-
tiated by investigators in the medical genetics and
rare diseases research community. In particular,
such support is essential in funding the clinical trials
required to bring novel therapeutic approaches to

the clinic as therapies for previously untreatable dis-
orders continue to be developed in the laboratory.
These efforts are also essential for future progress
because industry support is often lacking in rare
disease treatment development because of the
notion that there would be a limited financial return
on such investments.This notion, however, has been
contested by several authorswhonote that the treat-
ment of IEM in particular may represent a niche
market for some companies (24, 25). The NIH
has also committed itself to the establishment
and support of a strong clinical and translational
research infrastructure within the biomedical
community, evidenced by the implementation
of the Clinical and Translational Science Award
(CTSA) program, competitive awards that 24 in-
stitutions within the United States have received.
The presence of such an infrastructure, from
which researchers may draw basic laboratory,
personnel, biostatistical, informatics and other
support, may prove particularly useful in the
search for new treatments in rare disorders.

Have we made progress in the last few years?

The establishment of the RDCRN represents
a step forward, at least for the limited number of
rare disorders included in the network, and the
number of published clinical trials for rare genetic
diseases has increased in the last several years.
However, it remains to be seen just how quickly
empiric data will be available for the majority of
rare conditions. One thought-provoking sugges-
tion has been the idea of requiring trainees inmed-
ical genetics to submit an evidence-based review,
suitable for publication, as a capstone project on
a rare genetic disease of their choice (16) as a req-
uisite for board certification. This project would
ideally complement the trainee’s existing EBM
training and bring together knowledge gleaned
from both their clinical and biostatistical training.

The burden of proof?

Many rare genetic disorders are characterized by
their relentless progression, prompting a sense of
urgency on the part of the patient’s family and
treating physician. Extraordinary examples of ef-
forts by parents, physicians, and researchers to
initiate clinical treatment trials are well docu-
mented, particularly in the pediatric population
(26–28). Often, in the past, little evidence was
needed in order for a therapy to be utilized for rare
genetic disorders and even approved by regulatory
agencies such as the US FDA, likely because of
what was perceived to be an urgent unmet clinical
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need or because of the perception that well-de-
signed RCTs could not be performed due to the
disorder’s rarity and/or a paucity of resources. In
some cases, the urgency felt by researchers and
treating physicians led to the expeditious intro-
duction of effective therapies (29). In other cases,
this sense of urgency may itself raise serious clin-
ical and ethical concerns (30). The present-day
corollary to this storied history is that many cur-
rently utilized therapies enjoy widespread accep-
tance despite little data supporting their
effectiveness. Such is the case in the use of supple-
mental dietary cholesterol for Smith–Lemli–Opitz
syndrome, which was shown not to affect cogni-
tive outcomes in the largest study of its kind to
date for that disorder (31), and the use of carnitine
in medium chain acyl-CoA dehydrogenase defi-
ciency (MCADD) (29). The introduction of such
therapies into widespread use without conclusive
evidence of efficacy can have the effect of painting
advocates of EBM into a corner; ‘proper’ RCTs
cannot ethically be designed when by definition
the placebo group would have an unsubstantiated
but nevertheless gold standard therapy for a life-
threatening disease withheld.
What then to do with these accepted but

unproven therapies? One solution may be to use
these unproven standards to represent typical ther-
apy. In so doing, a natural ‘standard of care’
control groupwill be available for trials comparing
up-and-coming treatments with these established,
albeit unproven, standards. This strategy may
prove especially fair to parents and families. When
faced with a progressive degenerative disease, it
may be more appropriate to randomize patients
between two treatment arms than it would be to
include a true placebo group, particularly if the risk
of a given treatment is low. Parents may then be
more inclined to enroll their children and support
ongoing research efforts if it will not keep them
from receiving potentially valuable, if unproven,
treatments. As an evidence base for rare disorders
becomes increasingly established, this evidence
may in turn be used to drive theories underlying
relevant pathophysiology and further understand-
ing of the condition as a whole.

The need for objective evaluation of burgeoning
therapies

A number of new therapies have been developed
for rare genetic diseases within the past decade or
so. These advances include major strides forward
in enzyme replacement therapy (ERT), spurred by
the incentives put forth in the FDA’s Orphan
Drug Act of 1983; similar orphan drug legislation
is also in place in many other countries. ERT is

currently approved for clinical use in the treat-
ment of lysosomal storage disorders such as
Fabry, Gaucher, and Pompe diseases and muco-
polysaccharidosis types I, II and VI. In addition,
efforts to produce other enzymes (i.e. beta-
hexosaminidase A for Tay–Sachs and Sandhoff
diseases) through ERT and other approaches are
ongoing (32), with clinical trials planned for the
future. Although results to date using ERT have
been promising (33), data are still accumulating to
determine the effect of these approaches on long-
term outcome in lysosomal storage diseases that
involve the central nervous system (CNS). In
general, RCTs of ERT represent feasible goals,
although collaboration between centers will likely
be necessary to achieve appropriate statistical
power, and more stringent evidence will need to
be built upon prior, less rigorous studies, such as
safety trials and cohort studies. For the present
time, consensus-based standards derived from
available evidence, such as the National Specialist
Commissioning Advisory Group (NSCAG) guide-
lines for the treatment of lysosomal storage dis-
eases (34) created by the UK Department of
Health, help provide guidelines for the rational
use of therapies such as ERT. Such guidelines,
of course, are subject to all the limitations inherent
in consensus-based algorithms.
In addition, ERT has thus far had a lesser effect

on CNS manifestations (35) because the enzymes
do not cross the blood–brain barrier (BBB) read-
ily. Solutions to the BBB problem are in develop-
ment and include the direct administration of
therapeutic agents into the CNS through an intra-
thecal approach (36). A clinical trial of intracere-
bral injection of purified human fetal neural
stem cells for infantile and late infantile neuronal
ceroid lipofuscinosis (37) has also been initiated.
Althoughmuch work remains to be done, innova-
tive CNS targeting approaches continue to be
developed and include the use of BBB-specific
monoclonal antibody conjugates (38) as well as
the possibility of using pharmacologic agents such
as epinephrine (39) or higher risk but established
techniques such as osmotic BBB disruption (40)
to enhance CNS delivery. Furthermore, research
aimed at enhancing cellular uptake by conjuga-
tion to delivery vehicles such as HIV Tat protein
(41) or by use of glycosylation-independent chi-
meric proteins (42) is ongoing. All such therapies
should be progressively evaluated for evidence of
safety and efficacy as they are developed, pro-
gressing through the ranks of levels of evidence
(Table 2). It remains a matter of clinical judgment
on the part of the treating physician to determine
when the potential benefit outweighs the risk
involved in administering a given treatment. The
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risk of non-treatment is great in many rare dis-
orders but may be minimal in others (not all pa-
tients with rare disorders require improved
treatment, as evidenced by the widely publicized
Jesse Gelsinger case where a young man with
a stable rare disorder died while participating in
a clinical trial). It is expected that practice param-
eters and similar evidence summaries will be of
great use in continuing to evaluate new therapies
as they develop.
In addition, other novel interventions for rare

genetic disorders continue to be developed and
show promise. These therapies include the recent
demonstration that a pharmacologic ‘read-
through’ molecule (PTC124) can be used to pro-
duce full-length peptides from mutant templates
that would otherwise lead to premature trunca-
tion codons (43). This therapy would thus have
potential application in any disorder character-
ized by a nonsense mutation, leading to loss of
function of the resultant protein product. Clinical
trials using PTC124 as a treatment for Duchenne
muscular dystrophy (44) and cystic fibrosis (45)
characterized by nonsense mutations are under-
way, and preliminary data have been encouraging
(46). Trials of this nature should ultimately prog-
ress to RCTs evaluating specific treatments in the
disorders of interest.
Chaperone therapies aimed at pharmacologi-

cally ‘correcting’ a misfolded protein product are
also being developed (47–49), and clinical trials
using these compounds are underway (50). Poten-
tial benefits of this therapeutic approach include
the fact that therapeutic chaperones represent
small molecule agents that may circumvent the
problems of CNS penetration and intracellular
delivery that plague other approaches. However,
despite the hope these examples hold for the future
development of effective therapeutics, most ef-
forts remain in pre-clinical trials.
With several limitations already identified that

affect the rare disease community’s ability to pro-
duce high-quality studies, it is likely that a variety
of studies of various quality will be needed to be
analyzed and integrated to produce useful guide-
lines to guide clinical practice. This ability to
synthesize studies and thereby bring research find-
ings into the clinic will be key in efforts to move
ahead.

Applying available EBM

In the effort to apply the best available evidence,
what resources are available to identify the rele-
vant literature? Once the appropriate literature is
at hand, what criteria should then be used to
evaluate these studies?

What standards should be utilized for rare
disorders?

The ‘gold standard’ of EBM is the prospective,
randomized, double-blind, placebo-controlled tri-
al. Such a design is the least biased (51) (Table 2).
As such, it represents a laudable ideal. However,
when applied to rare genetic disorders, such a con-
struct is often just that: an ideal. For many of the
reasons discussed above, including the limited
number of subjects available for enrollment (lim-
iting the study’s power), difficulty in securing rig-
orously matched groups because of age-related
variation, phenotypic heterogeneity, and the
ethical considerations involved in withholding
potentially life-altering treatment from a pla-
cebo-bound control group, it may be difficult
and many times practically impossible to apply
such a rigorous standard. This classic mismatch
between study conceptualization and clinical im-
plementation with real patients is thus magnified
in the fields of medical genetics and rare disorders.
Many of these issues are eloquently discussed in
publications by Lilford et al. (52), Wilcken (53),
andKohlschuetter (54) and ledWilcken to suggest
a somewhat relaxed hierarchical stratification of
available EBM in rare disorders. The underlying
principle was that the opportunity to perform clin-
ical trials in rare disorders should not be passed up
if a less-than-ideal study is the only one able to be
performed, that limited data is better than no data
and that case series or even case reports still retain
scientific value as they come into being by hard-
fought clinical battles. Accommodations may be
necessary when applying EBM to rare disorders,
but the moniker ‘best available evidence’ should
not be forgotten. Financial resources will also
limit the rare disease community’s ability to gen-
erate rigorous evidence-based standards, and ulti-
mately the complex interplay between patients,
their families, researchers, clinicians, and policy
makers will determine what is possible. Figure 1
presents one conceptual integration of levels of
evidence as applied to rare disorders.

Identifying the ‘best available’ evidence

So, how does one go about searching for relevant
EBM in rare genetic disorders? The typical place to
start is with PubMed where keywords are applied
and a wide net is cast to capture the appropriate
searches. Keywords are derived from the search-
able content of an individual abstract as well as
the medical subject heading (MeSH) terms that
are suggested by the article’s authors and the jour-
nal’s editors but ultimately chosen by PubMed
indexers. To some extent, PubMed sacrifices
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specificity for sensitivity and relies on the ‘Related
Articles’ feature to connect users to relevantworks.
User-friendly aspects of PubMed include the abil-
ity to save searches or to limit searches to exclude
non-relevant terms that would otherwise appear
with high frequency. The ‘Clinical Queries’ subsec-
tion features a ‘Medical Genetics Searches’ feature
that may be used to optimize yield. Furthermore,
under the ‘Limits’ tab on the PubMed homepage is
the ability to limit searches to ‘Clinical Trials’ or
‘Randomized Controlled Trials’.
Despite all the powerful capabilities of PubMed,

prior publications have identified limitations of
the engine’s search algorithms (16). After all, in-

dexers can only list a small number of MeSH
terms under which to group an individual article.
The system’s algorithm is reliant on proper index-
ing and abstract content to capture a salient work
for the intended audience. Prior authors have re-
ported that despite all of PubMed’s features and
abilities, hand searching of relevant topic material
(i.e. personally scanning the references section of
relevant articles and manually retrieving poten-
tially important ones) is still necessary because
PubMed inevitably misses important articles
(55). Many systematic reviews and meta-analyses
thus still include hand searching of relevant ab-
stracts among their search strategies.

Table 4. Special considerations in applying EBM to rare genetic disorders: many challenges, some answers

Uncommon aspects of rare disorders
Few patients are affected by rare disorders; too few for single center clinical trials

Collaborative, multi-site RCTs
Difficult to perform randomized placebo-controlled trials for accepted but unproven therapies in fatal disorders

Compare novel therapies to ‘gold standard’ accepted (but often unproven) therapies instead of placebo
Inherent limitations in the application of EBM
Population-based averages may not be applicable to individual patients

Heterogeneity of diseases may limit applicability; may be offset by stringent attempts to control confounding variables,
perhaps using multi-site RCTs

Based on empiricism; does not take theory into account
Collected evidence may be useful in shaping theory

Narrow definition of evidence
Need to broaden types of evidence considered. The n ¼ 1 crossover trial, case report, case series, and natural history
study may all contain useful information that can be considered as part of a weighted evidence base

Potential threat to physician autonomy
Evidence-based support for subspecialists who often practice outside of most physicians’ comfort zone

EBM, evidence-based medicine; RCT, randomized clinical trial.

Fig. 1. A three-tiered approach to increase the application of evidence-based medicine (EBM) to rare genetic disorders is
depicted. Each tier is built upon a foundation that in turn supports the next level. Interrelationships between tiers are integral
to this model.
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Biomedical informatics, the field dedicated to
using computational methods to organize and
analyze biomedical data, is thriving. Established
methods exist to scan the genome, transcriptome,
and proteome for meaningful data and establish
relationships among complex and dynamic varia-
bles. So, the question must be asked: in this era of
boom in biomedical informatics, how is it that we
are able to scan the entire genome to find a single
upregulated gene among tens of thousands when
interpreting microarray data but we seem unable
to retrieve the best articles to guide us in treating
otitis media? Is hand searching really necessary?
Several additional, web-based resources are avail-

able, created to address this very issue, including
search engines that are widely accessible to the gen-
eral public, such as Google Scholar (56). Although
an exhaustive evaluation of the strengths andweak-
nesses of each approach is outside the scope of this
review, the interested reader is directed to MetaDB
(57), which serves as a repository for such bioinfor-
matic tools. It should be evident from the sheer
number of such tools that exist that no search
algorithm is perfect. The available interfaces have
distinct objectives, with varying sensitivity and
specificity to be expected based on each algorithm’s
particular focus. Relevant articles will inevitably be
missed. Conversely, depending on the degree to
which the reader tries to be inclusive, increasing
numbers of non-relevant articles that nevertheless
feature key terms specified will be included. Hand
searching may not be necessary, but the search
engine-driven researcher will be forced to utilize
a number of search engines to be inclusive or at least
to wade through the irrelevant hits derived from
a single source. In the current era, then, despite
the difficulty in defining any single search strategy
as ‘all-inclusive’, finding relevant literature to guide
clinical decision-making is eminently achievable.
Once the ‘best available’ evidence has been

culled, it needs to be systematically evaluated,
summarized, and contextualized. Although also
outside the scope of this review, a number of excel-
lent works detailing this process exist (58, 59), and
the exact criteria for evaluating the strength of
existing evidence vary from professional organi-
zation to organization. The Cochrane Collection,
in its systematic searches, attempts to gather both
published and unpublished evidence on a topic,
recognizing the bias toward demonstrating differ-
ences that journals typically seek when evaluating
works for their ‘publishability’.
The Cochrane Library’s Cystic Fibrosis and

Genetic Disorders Working Group, in particular,
is committed to expanding the number and scope
of systematic reviews available regarding diagno-
sis and treatment of rare genetic diseases (60). The

vast majority of currently available reviews focus
on various aspects of cystic fibrosis and other
‘high-profile’ genetic disorders, such as sickle cell
anemia, thalassemia and the hemophilias, and
phenylketonuria. However, more recently, re-
views have been initiated on topics such as enzyme
replacement therapy in Fabry disease, carnitine
supplementation in IEM, and the use of bonemar-
row transplantation in Gaucher disease. In addi-
tion, a systematic review of the pharmacologic
treatment of osteogenesis imperfecta has recently
been completed (61). In addition to the systematic
reviews provided by theCochraneLibrary, several
expert panels have published guidelines for diag-
nosis and management of various IEM (62, 63).
These guidelines are an amalgamation of pub-
lished evidence and expert consensus and should
be useful in application of the best available evi-
dence for the systematic management of these
complex patients. Finally, the US Centers for Dis-
ease Control and Prevention (CDC) has estab-
lished a collaborative task force, the Evaluation
of Genomic Applications in Practice and Preven-
tion (EGAPP; 64), that is beginning to systemat-
ically review the evidence base for commercially
available genetic and genomic tests that may soon
be applied to the diagnosis of rare disorders.
When available evidence is scant to non-

existent, particularly in the case of extremely rare
or newly recognized disorders, expert opinion
derived from experience may represent the best
available evidence. In such cases, modern day
global connectivity, through e-mail, telephone,
and the World Wide Web, may serve as our best
search engine. In particular, as was recently pro-
posed by Kohlshuetter (54), foundations may
serve vital roles not only as patient support net-
works and catalysts for research but also help
practitioners access experts in consultation on dif-
ficult cases. The National Organization for Rare
Disorders (65) serves as one such model in efforts
to bring together patients, clinicians, and re-
searchers with a shared focus on improving both
diagnostics and available therapies.

Conclusions

In summary, EBM can be extremely helpful in
guiding evaluation and treatment, although the
ultimate responsibility for the medical care of
the patient with a rare genetic disease remains with
the treating physician. The very nature of ‘rare
genetic diseases’ challenges the generation and
application of relevant data regarding their screen-
ing, diagnosis, management, and monitoring.
However, although RCTs in rare diseases will con-
tinue to be difficult to produce, this should be the
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ultimate goal of researchers in the field, and prog-
ress should continue to be made through natural
history studies and smaller, alternative trial designs
that nevertheless can provide useful data to guide
management and spur future research.
The establishment of a collaborative, multi-

institutional research infrastructure has perhaps
begun with the development of the RDCRN and
similar rare disease networks. Although there is
currently a US NIH funding ‘drought’ and a sim-
ilar dearth of research funding in other countries,
the mechanisms to fund important rare disease
research have been established and build upon
the earlier efforts of foundations and non-profit
initiatives. As new and innovative approaches
continue to be developed and brought to the clin-
ical trial level, this network should continue to
expand and develop in response to the needs of
the rare disease community. In particular, collab-
orations between academic institutions and indus-
try will be key, and more innovative funding
programs, perhaps built upon a model such as
the NIH Small Business Innovation Research
(SBIR) and Small Business Technology Transfer
(SBTT) programs (66), are needed. This type of
public–private partnership may be important in
bringing orphan treatments to market. Further-
more, established research networks may play
a key role not only in generating evidence-based
results but also in disseminating these results to
practitioners through meta-analyses, practice pa-
rameters, and topic summaries.
Rare disorders magnify the strengths and limi-

tations of EBM. Despite concerns that EBMmay
threaten physicians’ autonomy, establishment of
an evidence base may in fact lend credence to ben-
eficial current practices, lead physicians to aban-
don inadequate or dangerous therapies, and
generally guide clinicians in areas of uncertainty.
There is inherent difficulty in applying ‘the aver-
age’ scenario to heterogeneous disorders, but ef-
forts to collaborate to increase sample size and
produce the most stringent studies possible may
represent a potential solution. Finally, the diffi-
cult integration of current best evidence and con-
temporary theory may simultaneously help to
guide clinical management and spur new areas
of investigation in rare disorders.
Although limitations exist, a number of excel-

lent databases exist for identifying EBM, with
PubMed continuing to occupy a central niche.
Furthermore, the methods and terminology used
in curated databases are constantly undergoing
a process of review and critique. As such, indexing
is a dynamic process that tries to conform itself to
meet users’ needs. As biomedical research in rare
genetic disorders continues to evolve, so too will

the ability to access the available literature in
a busy clinical setting.
Ultimately, in order for the field to continue to

progress, medical geneticists and other clinicians
caring for patients with rare diseases as well as
researchers need to capitalize upon the opportu-
nity afforded by the development of collaborative
networks. There needs to be a commitment to not
only provide the best available treatment to indi-
vidual patients but also to share these experiences
with the community at large and to publish both
unorthodox study designs (i.e. the n ¼ 1 crossover
design) and provocative case series as well as more
rigorous investigations. With more prolific re-
ports comes both the ability to integrate more
diverse sources of evidence into a cohesive whole
(67) and the need to more frequently evaluate the
available literature. This may be accomplished by
enlisting the help of trainees, establishing consen-
sus panels, ideally through collaborative, disease-
centered networks, and/or by providing grant
support to convene expert panels, as has been
done for more common disorders such as cerebral
palsy (68). The development of an integrated
national or international system by which collab-
orative research in rare genetic disorders is sup-
ported should be a top priority. This will enable
the creation of both needed biorepositories and
registries of affected patients, as recently called
for by a national collaborative panel (69). Study
validity and applicability may be improved by
supporting research on innovative trial design,
and granting agency study sections may benefit
from ensuring that specialists expert in the rare
disease under review are included. The literature
needs to be continuously evaluated, evidence-
based standards need to be established when pos-
sible, and areas for further research identified.
Clinical and research symposia, organized around
the application of the best available evidence for
screening, diagnosis, management, and monitor-
ing of rare disorders, should be organized to pro-
vide clinicians and researchers a forum in which to
meet and exchange ideas. In this way, we may
continue to move ahead the research agenda for
both individual disorders and the field of rare
genetic disorders as a whole.
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