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Abstract 

Background:  Although clinician, researcher, and patient resources for matchmaking exist, finding similar patients 
remains an obstacle for rare disease diagnosis. The goals of this study were to develop and test the effectiveness 
of an Internet case-finding strategy and identify factors associated with increased matching within a rare disease 
population.

Methods:  Public web pages were created for consented participants. Matches made, time to each inquiry and 
match, and outcomes were recorded and analyzed using descriptive statistics. A Poisson regression model was run to 
identify characteristics associated with matches.

Results:  385 participants were referred to the project and 158 had pages posted. 579 inquiries were received; 89.0% 
were from the general public and 24.7% resulted in a match. 81.6% of pages received at least one inquiry and 15.0% 
had at least one patient match. Primary symptom category of neurology, diagnosis, gene page, and photo were asso-
ciated with increased matches (p ≤ 0.05).

Conclusions:  This Internet case-finding strategy was of interest to patients, families, and clinicians, and similar 
patients were identified using this approach. Extending matchmaking efforts to the general public resulted in 
matches and suggests including this population in matchmaking activities can improve identification of similar 
patients.
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Background
Genomic testing has revolutionized Mendelian disease 
diagnosis [1–4]. Exome and genome sequencing are able 
to uncover the causes of rare and previously undiagnosed 
conditions, ending the diagnostic process for patients and 

their families. However, genes and variants of uncertain 
significance are frequently identified through genomic 
testing, leaving families without answers and many rare 
conditions undiagnosed.

In order to confidently associate genes and variants 
with disease, often individuals with the same or simi-
lar phenotype and variant must be identified [5]. This 
genomic matchmaking process involves identifying cases 
with similar phenotypic features and genomic findings. 
The Matchmaker Exchange has emerged as a resource 
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for clinicians and researchers to facilitate case matching 
[6]. This resource connects databases of genotypic and 
phenotypic data using a common application program-
ming interface (API). The Matchmaker Exchange effort 
has raised awareness of the importance of data sharing 
and use of this platform has improved case matching and 
discovery of new Mendelian conditions [7]. Despite these 
advancements, genomic matchmaking remains a limiting 
factor for rare disease diagnosis, partly due to the limited 
number of providers utilizing matchmaking platforms 
[5] and protection of scientific knowledge.

Involving patients and families in the genomic match-
making process has the potential to increase the size of 
the matchmaking network and improve the likelihood 
that a similar case will be discovered [5]. Often, patients 
and families are experts in their conditions and can pro-
vide unique knowledge beneficial in this search [8, 9]. 
Patient- and family-facing platforms like MyGene2 and 
GenomeConnect have been created to promote patient-
led matching and provide increased control over data 
sharing [1, 10, 11]. However, currently data entered by 
patients and families on these platforms is not shared 
through Matchmaker Exchange, limiting matchmaking 
capabilities between patients, families, clinicians, and 
researchers [7].

In order to share data more broadly and find other sim-
ilar individuals, many patients and families have turned 
to blogs, social media platforms, and automated strate-
gies like Google alerts to identify similar individuals [5, 9, 
12]. Several of these patient- and family-led efforts have 
been successful in identifying other individuals with the 
same genetic condition and have led to novel rare disease 
diagnoses [9, 12]. In a study focused on parental per-
spectives on Internet and social media use, the majority 
of participants noted that they felt comfortable sharing 
details about their child’s condition and genetic results 
on these types of platforms [13]. Turning to the Internet 
and social media for research and support appears to be 
a common practice among those impacted by rare condi-
tions [14].

Although there seems to be interest in the undiagnosed 
and rare disease community to use the Internet and 
social media as resources for learning and connection, 
barriers to this type of engagement exist. For instance, 
language barriers or lack of Internet access may prevent 
review and vetting of information, or individuals may 
lack expertise or connection to reach key clinicians and 
researchers [1, 5, 15]. These barriers may prevent some 
from engaging in these practices even if there is interest, 
limiting matchmaking possibilities.

Improvements in matchmaking have the potential to 
end the diagnostic process for many and connect simi-
lar individuals with one another for support. Although 

clinician, researcher, and patient resources for match-
making exist, finding other similar patients is still a 
limiting factor for rare disease diagnosis. A broad match-
making strategy involving patients, families, clinicians, 
researchers, and those connected to them could enable 
all to work jointly to identify individuals with the same 
gene of interest or condition. By leveraging the fact that 
members of each of these groups turn to the Internet for 
information, we aimed to pilot an Internet-based case-
finding strategy in the Undiagnosed Diseases Network 
(UDN), a research study funded by the National Insti-
tutes of Health (NIH) to provide diagnoses to individu-
als with undiagnosed conditions [16, 17]. The goals of our 
study were to: (1) develop an Internet case-finding strat-
egy in collaboration with UDN patients, families, and 
clinicians, (2) ascertain the effectiveness of finding other 
similar individuals using this method, and (3) identify 
factors associated with matches.

Methods
Participants
UDN participants and parents/guardians of participants 
were invited to take part in this study. To be eligible, par-
ticipants were required to have undergone evaluation 
through one of the UDN clinical sites and determined by 
the site to potentially benefit from the sharing of infor-
mation publicly. The site’s decision was based on geno-
typic and phenotypic findings that could benefit from 
matching with similar individuals. All participants and 
parents/guardians who expressed interest and met the 
inclusion criteria were contacted regarding participa-
tion from April 14, 2016 to April 13, 2020 by research 
assistants at the UDN Coordinating Center, which man-
ages network-wide activities. The study protocol was 
approved by the NIH Institutional Review Board (IRB) 
(protocol 15-HG-0130).

Procedures
Invitation emails were sent by Coordinating Center 
research assistants to the participants’ primary email 
addresses recorded in the UDN database. Participants 
without email addresses were contacted using the pri-
mary phone number. Individuals who did not respond 
were contacted up to two additional times. Participants 
and parents/guardians were consented over the phone 
and written consent forms were obtained for individuals 
enrolled between April 14, 2016 and July 11, 2018. In July 
2018, the NIH IRB approved a waiver of written informed 
consent for the study. Between July 12, 2018 and April 
13, 2020, participants and parents/guardians were pro-
vided with a consent form summarizing the study and 
confirmed interest by email or phone. A genetic coun-
selor and research assistant were available to answer 
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questions regarding participation. A genetic counselor 
on the project team fluent in Spanish was able to discuss 
participation with Spanish-speaking individuals. A phone 
translation service was used for communication with 
individuals who did not speak English or Spanish. Partici-
pation in the study was voluntary.

Web pages for consented participants were created by 
Coordinating Center research assistants by gathering 
information from the UDN database and were reviewed 
by genetic counselors at the Coordinating Center, clini-
cal site providers, and the participant or parent/guard-
ian. The web pages included the following information 
as applicable: genetic variants; signs and symptoms using 
plain language with the corresponding human phenotype 
ontology (HPO) term in parentheses; past medical his-
tory; past and current treatments, procedures, and medi-
cations; age; sex; pictures and/or videos, if participant 
consented; and contact information for the Coordinating 
Center. Pages included both a narrative description as 
well as listed information. For each gene of interest listed 
on the page, a separate gene page was created and linked 
to the participant webpage. This gene page included vari-
ant information and links to external sites with informa-
tion about the gene. Google alerts for all gene names of 
interest were created; search engine optimization tech-
niques, such as linking to external sites and adding gene 
names to the page name, were used to ensure that the 
pages were found. Once the pages were posted on the 
UDN public website [18], links to the pages were shared 
on UDN social media accounts if the participant and/
or parent/guardian consented to such sharing. Updates 
to pages could be requested by the participant, parent/
guardian, and clinical site as needed. Examples of the lay-
out of the web pages can be found on the UDN website 
[18].

Contacts regarding the web pages were triaged and 
recorded by genetic counselors at the Coordinating 
Center. For potential matches, efforts were made to col-
lect additional information. Conversations between 
inquirers, clinical sites, and participants or parents/
guardians were facilitated by the Coordinating Center. 
Participants and parents/guardians were asked if they 
would like to communicate with inquirers before they 
were connected. The amount of time spent processing 
each inquiry, how many matches were made, the length 
of time to each inquiry and match, and outcomes were 
recorded.

Matches were initially coded by two genetic counse-
lors on the project team. Matches were coded as inquir-
ies relating to the gene of interest (“gene-only match”), 
diagnosis of interest (“diagnosis-only match”), or another 
individual with a variant in the gene of interest and simi-
lar symptoms (“patient match”). A third genetic counselor 

on the project team independently coded all matches. 
Codes were reviewed and discussed, and disagreements 
were resolved amongst the three team members.

Data analysis
Data collected from April 14, 2016 to April 13, 2020 were 
analyzed. Quantitative data were analyzed using descrip-
tive statistics, including calculation of means, medians, 
and percentages. Data distribution was visualized using 
JMP Pro 14.1 [19]; means were selected for normally 
distributed data and medians were selected for non-
normally distributed data. The Flesch-Kincaid Grade 
Level test was used to assess readability of narrative page 
descriptions after removing parenthetical HPO terms, 
which were included as technical terminology after a 
plain-language description [20].

A Poisson regression model [21] was run to identify 
characteristics associated with matches. Characteristics 
considered as potential predictor variables included: (1) 
participant demographics (pediatric or adult status, lan-
guage, sex, race, ethnicity, and primary symptom type of 
neurology), ((2) description length and readability (word 
count and Flesch-Kincaid Grade Level), (3) the presence 
or absence of information on a page (current treatment, 
prior treatment, considered treatment, previously con-
sidered treatment, diagnosis, photo, and total sections 
filled), (4) number of genetic variants (gene page count, 
presence or absence of a linked gene page), and (5) page 
sharing (whether the page was shared on social media). 
For the purpose of this analysis, pages that had genes 
added after initial posting were considered as pages with 
genes. Time between the page being posted and the end 
of study was used as an offset term to account for vary-
ing exposure times between web pages. Given the large 
number of potential predictors, Lasso [21], a penalized 
regression, was used to choose variables to prevent over-
fitting. The Lasso-chosen variables were run with the 
Poisson regression model. A p-value less than or equal to 
0.05 in the Poisson model was considered the threshold 
for final selection. All analyses were performed on R Soft-
ware version 4.0.2 for Mac OS X.

Results
Demographic characteristics
Demographic characteristics are presented in Table 1. A 
total of 385 participants were referred to the project by 
their clinical site after expressing interest. Participants 
had a median (IQR) age of 10 (4, 24) and were predomi-
nantly female (51.2%, 197/385), white (84.2%, 324/385), 
and non-Hispanic/Latinx (75.8%, 292/385). Of all the 
participants referred to the project, 96.6% (372/385) 
were English-speaking, 3.1% (12/385) were Spanish-
speaking, and 0.3% (1/385) were Kurdish-speaking. 
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A total of 158 participants (median (IQR) age 9 (4, 
17.25); 48.7% (77/158) female, 81.6% (129/158) white, 
76.6% non-Hispanic/Latinx (121/158)) had pages 
posted. Of the participants with pages posted, 97.5% 
(154/158) were English-speaking and 2.5% (4/158) were 
Spanish-speaking.

Web page development
Of the participants and parents/guardians of participants 
who expressed interest in the project, 97.4% (375/385) 
were contacted by the Coordinating Center to provide 
additional information about participation. Ten indi-
viduals were not contacted because contact information 
was not available or benefits of participation needed 
to be clarified with the clinical site. Of those who were 
contacted, 36.3% (136/375) did not respond to emails 
or phone calls made by the Coordinating Center. These 
individuals may have (1) opted to not participate, or (2) 
decided that they did not have the time to work with the 
Coordinating Center to review draft pages. They remain 

in the UDN system and can opt to participate at a later 
date.

Of the participants and parents/guardians who 
expressed continued interest, pages were drafted for 
79.0% (189/239). The primary reasons pages were not 
drafted were: (1) families were lost to follow-up during 
the consenting process, and (2) a diagnosis was made 
in the interim period. Pages were posted for 158 par-
ticipants. Reasons pages were not posted at the time of 
the analysis included: approval pending from the par-
ticipant or parent/guardian (71.0%, 22/31), approval 
pending from the clinical site (19.4%, 6/31), diagnosis 
made that decreased potential benefit (6.5%, 2/31), and 
pending publication (3.2%, 1/31).

For pages posted, 96.2% (152/158) were shared on 
social media and 87.3% (138/158) included photo-
graphs. Diagnoses were not present for 61.3% (97/158) 
of the pages and 55.7% (88/158) included genes of 
interest. Narrative descriptions included a mean word 
count of 145 words (SD ± 52.4) and had a mean Flesch-
Kincaid Grade Level of 11.4 (SD ± 2.3).

Table 1  Demographic characteristics

Demographics Total (N = 385) Pages not posted (N = 227) Pages 
posted 
(N = 158)

Age

 Age in years (median (IQR)) 10 (4, 24) 11 (4, 31) 9 (4, 17.25)

 Pediatric 66.7% (257) 60.8% (138) 75.3% (119)

 Adult 33.3% (128) 39.2% (89) 24.7% (39)

Sex, %, (n)

 Female 51.2% (197) 52.9% (120) 48.7% (77)

 Male 48.6% (187) 47.1% (107) 50.6% (80)

 Other 0.2% (1) 0% (0) 0.6% (1)

Race, %, (n)

 White 84.2% (324) 85.9% (195) 81.6% (129)

 More than 1 race 6.0% (23) 3.5% (8) 9.5% (15)

 Asian 4.4% (17) 5.3% (12) 3.2% (5)

 Black or African American 2.3% (9) 1.8% (4) 3.2% (5)

 Other race (not specified) 1.8% (7) 2.2% (5) 1.3% (2)

 American Indian or Alaska Native 0.5% (2) 0.9% (2) 0% (0)

 Race not provided 0.8% (3) 0.4% (1) 1.3% (2)

Ethnicity, %, (n)

 Not hispanic/Latinx 75.8% (292) 75.3% (171) 76.6% (121)

 Hispanic/Latinx 13.2% (51) 12.8% (29) 13.9% (22)

 Ethnicity not provided or unknown 10.9% (42) 11.9% (27) 9.5% (15)

Language, %, (n)

 English 96.6% (372) 96.0% (218) 97.5% (154)

 Spanish 3.1% (12) 3.5% (8) 2.5% (4)

 Kurdish 0.3% (1) 0.4% (1) 0% (0)
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Inquiries and outcomes
From April 14, 2016 to April 13, 2020, 579 inquiries were 
received and triaged by genetic counselors at the Coordi-
nating Center. The median number of inquiries per page 
(IQR) was 2 (1, 5) and 81.6% (129/158) of pages received 
more than one inquiry. The median (IQR) number of 
days between page posting and first inquiry was 3  days 
(0, 51.75). The mean length of time spent processing each 
inquiry was less than 15 min.

Of all the inquiries, 89.0% (515/579) were from the 
general public (included patients and family members 
impacted by rare and undiagnosed conditions), 4.2% 
(24/579) were from researchers, 3.3% (19/579) were from 
clinicians, 3.1% (18/579) were from individuals with fam-
ily members in the UDN, 0.4% (2/579) were from phar-
maceutical company employees, and 0.2% (1/579) were 
from representatives from PhenomeCentral (Fig.  1). Of 
note, two of the clinician inquiries were from members 
of the UDN. Types of inquiries received are presented in 
Fig. 2. The majority of inquiries were regarding a similar 
patient (55.0%, 318/579) or diagnostic suggestion (40.9%, 
237/579). The remainder of contacts were regarding a 
research inquiry (3.3%, 19/579), therapeutic suggestion 
or opportunity (0.7%, 4/579), or procedure suggestion 
(0.2%, 1/579).

Several of the 579 inquiries resulted in multiple out-
comes; for example, some inquiries were connected with 
both the clinical site and other families. The most com-
mon inquiry outcomes included sending the diagnostic 
suggestion to the clinical site for review (n = 222) and 
connecting the inquirer with the clinical site to discuss 

the similar patient or diagnostic suggestion (n = 65). One 
hundred and six inquiries resulted in the inquirer being 
connected with families (n = 58) or resources (n = 48). In 
several cases, families communicated directly through 
comments on the UDN Facebook page or through shar-
ing on their personal social media accounts. Ninety-
nine inquiries were determined to not be a match by the 
Coordinating Center or clinical site. Additional infor-
mation was requested by the Coordinating Center in 33 
cases and, for individuals who met UDN inclusion cri-
teria, information about applying to the UDN was sent 
(n = 66). For 93 inquiries, no action was taken beyond 
Coordinating Center review.

 Inquires                   Matches
Fig. 1  Type of inquirer and matches

Similar patient Diagnostic suggestion Research inquiry

Treatment suggestion or therapeutic opportunity Procedure suggestion

Fig. 2  Type of inquiry



Page 6 of 9LeBlanc et al. Orphanet J Rare Dis          (2021) 16:210 

Overall, 24.7% (143/579) of inquiries resulted in a 
match. All but 9 of these inquiries resulted in an action by 
the Coordinating Center. Of the matches, 58.0% (83/143) 
were classified as a gene-only match, 37.8% (54/143) as 
a patient match, and 4.2% (6/143) as a diagnosis-only 
match (Additional file 1). The matches per inquiries rate 
was 70.8% (17/24) for researchers, 57.9% (11/19) for cli-
nicians, 50% (1/2) for pharmaceutical company employ-
ees, 21.9% (113/515) for the general public, 5.6% (1/18) 
for family members of UDN participants, and 0% (0/1) 
for PhenomeCentral representatives (Fig. 1). The median 
(IQR) number of days between page posting and first 
match was 73 days (12.75, 217.25) (range: 0–1304 days). 
Of the 158 pages, 29.7% (47/158) had at least one match 
of any type and 15.0% (23/158) had at least one patient 
match.

Characteristics associated with matches
The variables chosen by the Lasso-Poisson model were: 
primary symptom type of neurology, description Flesch-
Kincaid Grade Level, and presence of a confirmed diag-
nosis, gene page, and photo. The Poisson model selected 
the following variables to be the most associated with 
matches (p ≤ 0.05): primary symptom type of neurology 
and presence of a diagnosis, gene page, and photo.

Illustrative cases
As part of this study, eight patients with Neurodevel-
opmental disorder with epilepsy, cataracts, feeding 
difficulties, and delayed brain myelination (NECFM) 
(OMIM #617393) and five patients with Neurodevelop-
mental disorder with regression, abnormal movements, 
loss of speech, and seizures (NEDAMSS) (OMIM # 
618088) were identified (Additional file  1). All but one 
of the inquiries regarding patients with NECFM and 
NEDAMSS were from family members. Families were 
subsequently connected with UDN research teams and 
one another to discuss ongoing research and support 
options. In both cases, families opted to form online 
support groups and are actively engaged in and funding 
research. Patients identified through the web pages were 
also included in UDN publications describing these novel 
conditions [22, 23].

Discussion
Identifying patients with the same condition remains an 
obstacle for rare disease diagnosis. Making matchmaking 
efforts accessible to the general public has the potential 

to increase the size of the matchmaking network and 
likelihood of finding similar patients. In this study, we 
found that there was interest amongst patients and fami-
lies impacted by rare and undiagnosed conditions to par-
ticipate in a public Internet case-finding strategy. This 
method was successful in identifying other individuals 
with the same genetic condition. Mention of a diagnosis, 
link to a gene page, and presence of a photo increased 
total matches in this sample. These results suggest that 
broad Internet case-finding strategies have the potential 
to identify similar patients and offer a framework for rep-
lication in other settings.

In partnership with UDN patients, families, and clini-
cal sites, pages were created on the UDN website. After 
expressing initial interest to clinical site coordinators, the 
majority of participants and parents/guardians expressed 
continued interest to the Coordinating Center. In par-
ticular, parents of pediatric UDN participants seemed 
especially interested in this data sharing approach. Con-
sistent with prior studies [13, 14], individuals were com-
fortable sharing information on the Internet and social 
media, including photographs. Although the vast major-
ity of participants were English-speaking, individuals 
who did not speak English were able to participate, which 
may not be possible with other matchmaking platforms. 
Participation also did not require having Internet access 
or creating an account, which may be barriers for some 
[1, 5, 15].

Based on the number of inquiries received from mem-
bers of the general public, there seems to be broad inter-
est in this case-finding approach. Interestingly, although 
all UDN clinicians and researchers have access to an 
internal UDN database with case information and to the 
Matchmaker Exchange [6], two UDN clinicians inquired 
about pages through the UDN website. This supports 
the notion that having pages appear in Internet search 
results is accessible for both the general public and cli-
nicians. We also found that external rare disease groups 
had interest in sharing UDN pages on their social media 
accounts. For example, the Genetic and Rare Diseases 
Information Center [24] shared page descriptions in 
Spanish on their Facebook page and Comitato I Malati 
Invisibili, a non-profit focused on rare and undiagnosed 
conditions in Italy, shared page descriptions in Italian on 
their Twitter account and website.

Not only does there appear to be broad interest in this 
case-finding strategy, our results indicate that it is effec-
tive in identifying similar patients. Notable examples 
include connections with other patients with NECFM 
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and NEDAMSS. These connections are not only cru-
cial in associating genes and variants with disease, they 
can also lead to the establishment of patient communi-
ties. In the NECFM and NEDAMSS cases, families were 
able to form online groups to exchange information and 
support. This type of engagement with others who have 
family members with a similar condition is a known 
need of families impacted by rare genetic conditions [13, 
25]. Since connecting, these families have also played an 
active role participating in and funding ongoing research 
related to these novel conditions.

Overall, we found that pages with a mention of a 
diagnosis, link to a gene page, and presence of a photo 
increased total matches in this sample. This suggests that 
future attempts at patient matchmaking using this type 
of approach may benefit from the inclusion of these vari-
ables on pages. For example, inclusion of a photo and a 
gene of interest on patient pages may increase the match 
rate for other similar initiatives. Also, the match rate 
was significantly higher for inquiries received from clini-
cians and researchers than the general public. This sug-
gests that limiting matchmaking efforts to clinician and 
researcher cohorts could decrease the burden of review-
ing inquiries that do not result in matches. However, 
excluding the general public from these activities pre-
vents any matches from this sizable group. In total, 21.9% 
of matches came from the general public in this study 
and the average inquiry processing time was less 15 min, 
suggesting there is still a benefit to including this popula-
tion in matchmaking efforts.

Although the pages were created primarily to find other 
similar patients, a large proportion of inquiries received 
were diagnostic suggestions. These suggestions ranged 
from single gene disorders to more common conditions 
with complex etiologies. To our knowledge, diagnostic 
suggestions submitted did not result in new diagnoses for 
UDN participants; however, it demonstrates that there is 
interest in the general public to be involved in the diag-
nostic process. This interest may be motivated by knowl-
edge of the extended diagnostic odyssey for many rare 
disease patients and misdiagnoses during this process 
[26]. The mainstream media has recognized, and capital-
ized on, the attraction to diagnostic crowdsourcing. Arti-
cle series and television programs have been developed 
that focus on this concept [27]. Technical platforms have 
also been built to support diagnostic contributions from 
a variety of individuals [28].

In addition to the unexpected outcome of diagnos-
tic suggestions, many inquiries received were from 

individuals with undiagnosed conditions who ended up 
applying to the UDN. These individuals were initially 
making contact about the pages, but many had interest 
in being part of the network as well. While we did not 
intend to use the pages as a recruitment strategy, the 
project did result in the submission of numerous applica-
tions that were eventually accepted.

This study had several limitations. First, participants 
were primarily white, non-Hispanic/Latinx, and Eng-
lish-speaking, which impacts the generalizability of the 
results. Reasons for declining to participate were not 
collected, so we are unable to draw conclusions about 
obstacles to participation. Although a high likelihood of 
matching was not used as an inclusion criterion, given 
the voluntary nature of the study, it is possible partici-
pants who enrolled had a higher likelihood of match-
ing that those in the broader UDN cohort. With that 
said, the number of matches, particularly patient and 
diagnosis matches, was likely underestimated since the 
interaction with inquirers was limited and follow-up 
information was not obtained. In future studies, more 
information could be collected from inquirers at the 
time of initial contact and updates could be gathered 
over time. Although the participants in this study were 
comfortable with broad data sharing, we did not survey 
all participants and families in the UDN regarding their 
feelings surrounding public data sharing. Since not all 
individuals would be supportive of broad data sharing, 
this strategy is limited to those comfortable with public 
sharing. In addition, these pages were only available on 
the UDN website in English so those without Internet 
access or whose primary language was not English may 
not have been able to access them. In the match charac-
teristic analysis, the small sample size may have inflated 
standard errors or reduced power of certain predictor 
variables that did not have enough samples between cat-
egories. Using a Poisson model also has the assumption 
that mean equals variance, which could be too strong in 
cases of overdispersion.

Conclusions
Overall, we found that there was interest amongst 
patients and families impacted by rare and undiagnosed 
conditions and their clinicians to partner in the develop-
ment of a public Internet case-finding strategy. Our find-
ings support the need for additional work in expanding 
patient matchmaking to include patients, families, clini-
cians, researchers, and the general public. This study was 
done in a small cohort of individuals through the UDN; 
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however, a larger scale effort using a similar strategy may 
be warranted. In the future, public web pages which are 
accessible to individuals with varying levels of expertise 
may be useful tools to increase matchmaking. Future 
research efforts could also focus on how best to incorpo-
rate factors found to increase match rates in this study. In 
summary, matchmaking is a crucial part of the diagnostic 
process for many individuals with rare conditions; broad-
ening these efforts to the general public through Internet 
case-finding strategies has the potential to improve the 
process and connect more patients and families with one 
another.

Abbreviations
API: application programming interface; HPO: human phenotype ontology; 
IRB: Institutional Review Board; NIH: National Institutes of Health; NECFM: 
neurodevelopmental disorder with epilepsy, cataracts, feeding difficulties, 
and delayed brain myelination; NEDAMSS: neurodevelopmental disorder with 
regression, abnormal movements, loss of speech, and seizures; UDN: Undiag-
nosed Diseases Network.

Supplementary information
The online version contains supplementary material available at https://​doi.​
org/​10.​1186/​s13023-​021-​01825-1.

Additional file 1:  Table of inquiries and matches per web page.

Acknowledgements
The authors wish to dedicate this work in memory of Bertrand “Buddy” 
Thomas Might, whose legacy reminds the rare and undiagnosed disease com-
munity to persevere and love above all else. The authors would like to thank 
the participants for their contribution.

Undiagnosed Diseases Network: Maria T. Acosta, Margaret Adam, David R. 
Adams, Pankaj B. Agrawal, Mercedes E. Alejandro, Justin Alvey, Laura Amen-
dola, Ashley Andrews, Euan A. Ashley, Mahshid S. Azamian, Carlos A. Bacino, 
Guney Bademci, Eva Baker, Ashok Balasubramanyam, Dustin Baldridge, Jim 
Bale, Michael Bamshad, Deborah Barbouth, Pinar Bayrak-Toydemir, Anita Beck, 
Alan H. Beggs, Edward Behrens, Gill Bejerano, Jimmy Bennet, Beverly Berg-
Rood, Jonathan A. Bernstein, Gerard T. Berry, Anna Bican, Stephanie Bivona, 
Elizabeth Blue, John Bohnsack, Carsten Bonnenmann, Devon Bonner, Lorenzo 
Botto, Brenna Boyd, Lauren C. Briere, Elly Brokamp, Gabrielle Brown, Elizabeth 
A. Burke, Lindsay C. Burrage, Manish J. Butte, Peter Byers, William E. Byrd, John 
Carey, Olveen Carrasquillo, Ta Chen Peter Chang, Sirisak Chanprasert, Hsiao-
Tuan Chao, Gary D. Clark, Terra R. Coakley, Laurel A. Cobban, Joy D. Cogan, 
Matthew Coggins, F. Sessions Cole, Heather A. Colley, Cynthia M. Cooper, 
Heidi Cope, William J. Craigen, Andrew B. Crouse, Michael Cunningham, 
Precilla D’Souza, Hongzheng Dai, Surendra Dasari, Joie Davis, Jyoti G. Dayal, 
Matthew Deardorff, Esteban C. Dell’Angelica, Shweta U. Dhar, Katrina Dipple, 
Daniel Doherty, Naghmeh Dorrani, Argenia L. Doss, Emilie D. Douine, David 
D. Draper, Laura Duncan, Dawn Earl, David J. Eckstein, Lisa T. Emrick, Christine 
M. Eng, Cecilia Esteves, Marni Falk, Liliana Fernandez, Carlos Ferreira, Elizabeth 
L. Fieg, Laurie C. Findley, Paul G. Fisher, Brent L. Fogel, Irman Forghani, William 
A. Gahl, Ian Glass, Bernadette Gochuico, Rena A. Godfrey, Katie Golden-Grant, 
Alica M. Goldman, Madison P. Goldrich, David B. Goldstein, Alana Grajewski, 
Catherine A. Groden, Irma Gutierrez, Sihoun Hahn, Rizwan Hamid, Neil A. 
Hanchard, Athena Hantzaridis, Kelly Hassey, Nichole Hayes, Frances High, Anne 
Hing, Fuki M. Hisama, Ingrid A. Holm, Jason Hom, Martha Horike-Pyne, Alden 
Huang, Yong Huang, Laryssa Huryn, Rosario Isasi, Fariha Jamal, Gail P. Jarvik, 
Jeffrey Jarvik, Suman Jayadev, Lefkothea Karaviti, Jennifer Kennedy, Dana Kiley, 

Shilpa N. Kobren, Isaac S. Kohane, Jennefer N. Kohler, Deborah Krakow, Donna 
M. Krasnewich, Elijah Kravets, Susan Korrick, Mary Koziura, Joel B. Krier, Seema 
R. Lalani, Byron Lam, Christina Lam, Grace L. LaMoure, Brendan C. Lanpher, 
Ian R. Lanza, Lea Latham, Kimberly LeBlanc, Brendan H. Lee, Hane Lee, Roy 
Levitt, Richard A. Lewis, Sharyn A. Lincoln, Pengfei Liu, Xue Zhong Liu, Nicola 
Longo, Sandra K. Loo, Joseph Loscalzo, Richard L. Maas, John MacDowall, 
Ellen F. Macnamara, Calum A. MacRae, Valerie V. Maduro, Bryan C. Mak, May 
Christine V. Malicdan, Laura A. Mamounas, Teri A. Manolio, Rong Mao, Kenneth 
Maravilla, Thomas C. Markello, Ronit Marom, Gabor Marth, Beth A. Martin, 
Martin G. Martin, Julian A. Martínez-Agosto, Shruti Marwaha, Jacob McCauley, 
Allyn McConkie-Rosell, Alexa T. McCray, Elisabeth McGee, Heather Mefford, 
J. Lawrence Merritt, Matthew Might, Ghayda Mirzaa, Eva Morava, Paolo M. 
Moretti, Deborah Mosbrook-Davis, John J. Mulvihill, David R. Murdock, Anna 
Nagy, Mariko Nakano-Okuno, Avi Nath, Stan F. Nelson, John H. Newman, Sarah 
K. Nicholas, Deborah Nickerson, Shirley Nieves-Rodriguez, Donna Novacic, 
Devin Oglesbee, James P. Orengo, Laura Pace, Stephen Pak, J. Carl Pallais, 
Christina GS. Palmer, Jeanette C. Papp, Neil H. Parker, John A. Phillips III, Jennifer 
E. Posey, Lorraine Potocki, Bradley Power, Barbara N. Pusey, Aaron Quinlan, 
Wendy Raskind, Archana N. Raja, Deepak A. Rao, Genecee Renteria, Chloe 
M. Reuter, Lynette Rives, Amy K. Robertson, Lance H. Rodan, Jill A. Rosenfeld, 
Natalie Rosenwasser, Francis Rossignol, Maura Ruzhnikov, Ralph Sacco, Jacinda 
B. Sampson, Susan L. Samson, Mario Saporta, C. Ron Scott, Judy Schaechter, 
Timothy Schedl, Kelly Schoch, Daryl A. Scott, Vandana Shashi, Jimann Shin, 
Rebecca Signer, Edwin K. Silverman, Janet S. Sinsheimer, Kathy Sisco, Edward 
C. Smith, Kevin S. Smith, Emily Solem, Lilianna Solnica-Krezel, Ben Solomon, 
Rebecca C. Spillmann, Joan M. Stoler, Jennifer A. Sullivan, Kathleen Sullivan, 
Angela Sun, Shirley Sutton, David A. Sweetser, Virginia Sybert, Holly K. Tabor, 
Amelia L. M. Tan, Queenie K.-G. Tan, Mustafa Tekin, Fred Telischi, Willa Thorson, 
Audrey Thurm, Cynthia J. Tifft, Camilo Toro, Alyssa A. Tran, Brianna M. Tucker, 
Tiina K. Urv, Adeline Vanderver, Matt Velinder, Dave Viskochil, Tiphanie P. Vogel, 
Colleen E. Wahl, Stephanie Wallace, Nicole M. Walley, Chris A. Walsh, Melissa 
Walker, Jennifer Wambach, Jijun Wan, Lee-kai Wang, Michael F. Wangler, 
Patricia A. Ward, Daniel Wegner, Mark Wener, Tara Wenger, Katherine Wesseling 
Perry, Monte Westerfield, Matthew T. Wheeler, Jordan Whitlock, Lynne A. Wolfe, 
Jeremy D. Woods, Shinya Yamamoto, John Yang, Muhammad Yousef, Diane B. 
Zastrow, Wadih Zein, Chunli Zhao, Stephan Zuchner.

Authors’ contributions
KL contributed to the study design, coding and analysis of study data, 
coordination, and manuscript preparation and drafting. MM conceived of the 
study and participated in its design and review of the manuscript. EGK and AN 
participated in data collection, coding and analysis of study data, and manu-
script writing. JB participated in data analysis. TB, MAM, and CS assisted in data 
collection and review of the manuscript. The Undiagnosed Diseases Network 
is responsible for evaluation and referral of participants as well as review of 
web pages and inquiries. All authors read and approved the final manuscript.

Funding
Research reported in this manuscript was supported by the NIH Common 
Fund, through the Office of Strategic Coordination/Office of the NIH Director 
under Award Number U01HG007530, and by Harvard Catalyst | The Harvard 
Clinical and Translational Science Center (National Center for Advancing 
Translational Sciences, National Institutes of Health Award UL 1TR002541) and 
financial contributions from Harvard University and its affiliated academic 
healthcare centers. The content is solely the responsibility of the authors and 
does not necessarily represent the official views of Harvard Catalyst, Harvard 
University and its affiliated academic healthcare centers, or the National 
Institutes of Health.

Availability of data and materials
All web pages are available on the UDN public website. Information regarding 
the number and type of inquiry per page is available in the Additional file 1. 
The additional datasets used and/or analyzed during the current study are 
available from the corresponding author on reasonable request.

https://doi.org/10.1186/s13023-021-01825-1
https://doi.org/10.1186/s13023-021-01825-1


Page 9 of 9LeBlanc et al. Orphanet J Rare Dis          (2021) 16:210 	

Declarations

Ethics approval and consent to participate
This research was approved by the NIH Institutional Review Board (protocol 
15-HG-0130). All participants provided informed consent.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Author details
1 Department of Biomedical Informatics, Harvard Medical School, Boston, MA, 
USA. 2 Department of Nutrition, Harvard T.H. Chan School of Public Health, 
Boston, MA, USA. 3 Department of Medicine, Brigham and Women’s Hospital, 
Boston, MA, USA. 4 Bass Center for Childhood Cancer and Blood Diseases, Stan-
ford Children’s Health, Palo Alto, CA, USA. 5 Department of Pathology, Brigham 
and Women’s Hospital, Boston, MA, USA. 6 Hugh Kaul Precision Medicine 
Institute, University of Alabama at Birmingham, Birmingham, AL, USA. 

Received: 28 January 2021   Accepted: 20 April 2021

References
	1.	 Bamshad MJ, Nickerson DA, Chong JX. Mendelian gene discovery: fast 

and furious with no end in sight. Am J Hum Genet. 2019;105(3):448–55.
	2.	 Bamshad MJ, Ng SB, Bigham AW, et al. Exome sequencing as a tool for 

Mendelian disease gene discovery. Nat Rev Genet. 2011;12(11):745–55.
	3.	 Gonzaga-Jauregui C, Lupski JR, Gibbs RA. Human Genome Sequencing in 

Health and Disease. Annu Rev Med. 2012;63(1):35–61.
	4.	 Biesecker LG. Exome sequencing makes medical genomics a reality. Nat 

Genet. 2010;42(1):13–4.
	5.	 Lambertson KF, Damiani SA, Might M, Shelton R, Terry SF. Par-

ticipant-driven matchmaking in the genomic era. Hum Mutat. 
2015;36(10):965–73.

	6.	 Philippakis AA, Azzariti DR, Beltran S, et al. The Matchmaker Exchange: a 
platform for rare disease gene discovery. Hum Mutat. 2015;36(10):915–21.

	7.	 Azzariti DR, Hamosh A. Genomic data sharing for novel mendelian 
disease gene discovery: the matchmaker exchange. Annu Rev Genomics 
Hum Genet. 2020;21:305–26.

	8.	 Kohane IS. Ten things we have to do to achieve precision medicine. Sci-
ence. 2015;349(6243):37–8.

	9.	 Might M, Wilsey M. The shifting model in clinical diagnostics: how next-
generation sequencing and families are altering the way rare diseases are 
discovered, studied, and treated. Genet Med. 2014;16(10):736–7.

	10.	 Kirkpatrick BE, Riggs ER, Azzariti DR, et al. GenomeConnect: matchmak-
ing between patients, clinical laboratories, and researchers to improve 
genomic knowledge. Hum Mutat. 2015;36(10):974–8.

	11.	 Savatt JM, Azzariti DR, Andrew Faucett W, et al. ClinGen’s GenomeCon-
nect registry enables patient-centered data sharing. Hum Mutat. 
2018;39(11):1668–76.

	12.	 Chong JX, Yu J-H, Lorentzen P, et al. Gene discovery for Mendelian 
conditions via social networking: de novo variants in KDM1A cause 

developmental delay and distinctive facial features. Genet Med. 
2016;18(8):788–95.

	13.	 Barton KS, Wingerson A, Barzilay JR, Tabor HK. “Before Facebook and 
before social media…we did not know anybody else that had this”: par-
ent perspectives on internet and social media use during the pediatric 
clinical genetic testing process. J Community Genet. 2019;10(3):375–83.

	14.	 Nicholl H, Tracey C, Begley T, King C, Lynch AM. Internet use by parents 
of children with rare conditions: findings from a study on parents’ web 
information needs. J Med Internet Res. 2017;19(2):e51.

	15.	 Burstein MD, Robinson JO, Hilsenbeck SG, McGuire AL, Lau CC. Pediatric 
data sharing in genomic research: attitudes and preferences of parents. 
Pediatrics. 2014;133(4):690–7.

	16.	 Gahl WA, Wise AL, Ashley EA. The undiagnosed diseases network 
of the national institutes of health: a national extension. JAMA. 
2015;314(17):1797–8.

	17.	 Splinter K, Adams DR, Bacino CA, et al. Effect of genetic diagnosis 
on patients with previously undiagnosed disease. N Engl J Med. 
2018;379(22):2131–9.

	18.	 Undiagnosed Diseases Network. https://​undia​gnosed.​hms.​harva​rd.​edu/. 
Accessed 20 May 2020.

	19.	 SAS Institute Inc. [JMP®]. Version 14.1. Cary, NC: SAS Institute Inc., 2018.
	20.	 Kincaid JP, Fishburne RP, Rogers RL, Chissom BS. Derivation of New Read-

ability Formulas (Automated Readability Index, Fog Count and Flesch 
Reading Ease Formula) for Navy Enlisted Personnel. Research Report, 
Millington: Institute for Simulation and Training; 1975.

	21.	 Jia J, Rohe K, Yu B. The lasso under poisson-like heteroscedasticity. Stat 
Sin. 2013;23(1):99–118.

	22.	 Marcogliese PC, Shashi V, Spillmann RC, et al. IRF2BPL Is Associated with 
Neurological Phenotypes. Am J Hum Genet. 2018;103(3):456.

	23.	 Schoch K, Meng L, Szelinger S, et al. A recurrent de novo variant in NACC1 
causes a syndrome characterized by infantile epilepsy, cataracts, and 
profound developmental delay. Am J Hum Genet. 2017;100(2):343–51.

	24.	 Lewis J, Snyder M, Hyatt-Knorr H. Marking 15 years of the genetic and rare 
diseases information center. Transl Sci Rare Dis. 2017;2(1–2):77–88.

	25.	 Pelentsov LJ, Laws TA, Esterman AJ. The supportive care needs of parents 
caring for a child with a rare disease: a scoping review. Disabil Health J. 
2015;8(4):475–91.

	26.	 Barriers to Rare Disease Diagnosis, Care and Treatment in the US: a 
30-Year Comparative Analysis. 2020. https://​rared​iseas​es.​org/​wp-​conte​
nt/​uploa​ds/​2020/​11/​NRD-​2088-​Barri​ers-​30-​Yr-​Survey-​Report_​FNL-2.​pdf. 
Accessed 13 Apr 2021.

	27.	 Gardiner A. For ‘Diagnosis’ Show, Dr. Lisa sanders lets times readers 
around the world join in the detective work. 2018. https://​www.​nytim​es.​
com/​2019/​08/​16/​reader-​center/​diagn​osis-​tv-​netfl​ix.​html. Accessed 13 
Apr 2021.

	28.	 Meyer AN, Longhurst CA, Singh H. Crowdsourcing diagnosis for patients 
with undiagnosed illnesses: an evaluation of crowdMed. J Med Internet 
Res. 2016;18(1):e12.

Publisher’s Note
Springer Nature remains neutral with regard to jurisdictional claims in pub-
lished maps and institutional affiliations.

https://undiagnosed.hms.harvard.edu/
https://rarediseases.org/wp-content/uploads/2020/11/NRD-2088-Barriers-30-Yr-Survey-Report_FNL-2.pdf
https://rarediseases.org/wp-content/uploads/2020/11/NRD-2088-Barriers-30-Yr-Survey-Report_FNL-2.pdf
https://www.nytimes.com/2019/08/16/reader-center/diagnosis-tv-netflix.html
https://www.nytimes.com/2019/08/16/reader-center/diagnosis-tv-netflix.html

	Rare disease patient matchmaking: development and outcomes of an internet case-finding strategy in the Undiagnosed Diseases Network
	Abstract 
	Background: 
	Methods: 
	Results: 
	Conclusions: 

	Background
	Methods
	Participants
	Procedures
	Data analysis

	Results
	Demographic characteristics
	Web page development
	Inquiries and outcomes
	Characteristics associated with matches
	Illustrative cases

	Discussion
	Conclusions
	Acknowledgements
	References


