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In 1989, we established a small community health clinic to provide 

care for uninsured Amish and Mennonite children with genetic disor-

ders. Over 20 years, we have used publicly available molecular data 

and sophisticated technologies to improve diagnostic efficiency, 

control laboratory costs, reduce hospitalizations, and prevent major 

neurological impairments within a rural underserved community. 

These actions allowed the clinic’s 2010 operating budget of $1.5 

million to save local communities an estimated $20 to $25 million 

in aggregate medical costs. This exposes an unsettling fact: our fail-

ure to improve the lot of most people stricken with genetic disease 

is no longer a matter of scientific ignorance or prohibitive costs but 

of choices we make about how to implement existing knowledge 

and resources. (Am J Public Health. Published online ahead of print 

May 17, 2012:e1-e7. doi:10.2105/AJPH.2011.300569)
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genetics, molecular biology, and 
the technologies these entail into 
a rural pediatric clinic serving 
uninsured Amish and Mennonite 
(Plain) children with genetic dis-
ease.20,21 It was built in a Pennsyl-
vania cornfield, amid a large Plain 
settlement, to export practical 
expertise to where it was needed 
(see box on page e3).20,22 Our 
work was guided by a simple con-
cept: the best chance to prevent 
the catastrophic effects of any 
gene mutation is to focus on early 
diagnosis—to start with a healthy 
child—and provide longitudinal 
follow-up care that seamlessly 
integrates subspecialty knowledge 
into general practice.20,22,23

THE GROWTH OF 
COMMUNITY GENETICS

Early work at the clinic focused 
on a few volatile conditions such 
as glutaric acidemia type 1 and 
maple syrup urine disease,24,25 
which affect about 1 per 400 

KEY FINDINGS
 Successful integration of molecular technologies into primary care can 
improve diagnostic efficiency, control laboratory costs, reduce hospitaliza-
tions, and prevent catastrophic clinical outcomes.

 Population-specific genetic information is a strong foundation for regional 
preventative health services.  New high-density, low-cost genotyping meth-
ods afford the opportunity to actuate this model of care in small under-
served communities throughout the world. 

 Scaling molecular studies to small populations and even individual families 
is a reasonable scientific alternative to large scale genome wide association 
studies, and may help solve some intractable problems in human disease 
research and public health. 

GENES AND PEOPLE

A decade after completion of 
the Human Genome Project,3-5 
its effect on medical practice has 
fallen short of expectations.6-8 The 
United States commands 35% of 
the worldwide public budget for 
the study of genomics,9 but less 
than 3% funds research directly 
concerned with the treatment of 
genetic disease in humans10—the 
kind of research, as Goldstein and 
Brown11 surmised, that requires 
the “investigator to shake hands 
with the patient.” The bulk of 
public investment supports large-
scale genome-wide association 
studies,12-16 experiments on cells 
and model organisms,17 and 
efforts to patent genes.18

We have tried to keep progress 
in genomic science firmly rooted 
in the everyday needs of vulner-
able people.2,4,19 Our Clinic for 
Special Children was established 
20 years ago to incorporate sub-
specialty knowledge of population 

“I have no doubt that it is possible to give a new direction to technological 
development, a direction that shall lead it back to the real needs of man.”

E. F. Schumacher, 19741

“Stunning scientific and technological advances in genetics will mean little 
if they do not benefit people.”

A. Guttmacher et al., 20012
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Amish and Mennonite infants 
(see the box on page e4). In 
the first year of operation, we 
developed systematic laboratory 
methods and clinical protocols to 
treat metabolic disorders locally.25 
These services decreased hospital-
izations and neurological injuries, 

education, neonatal vitamin K 
prophylaxis, mutation carrier 
testing, and newborn screening.

Over time, it became appar-
ent that most genetic disorders 
present to generalists as common 
problems such as failure to 
thrive, cerebral palsy, epilepsy, 

anemia, and sepsis.22,28,29 By the 
late 1990s, we saw how primary 
care could be transformed by 
the Human Genome Project 
and its attendant technologies5 
and, in 1998, hired a molecular 
biologist to work alongside clinic 
doctors. At the time, this seemed 

which quickly drove down the 
cost of care (Figure 1). Building on 
early successes with maple syrup 
urine disease and glutaric acidemia 
type 1,25-27 clinic activities expanded 
to address a much broader scope 
of community health needs, 
such as immunization, midwife 

Note. MSUD = maple syrup urine disease. Over the last 20 years, we have introduced changes in outpatient monitoring and treatment that decreased (MSUD hospitalizations from 7.0–0.4 days 
per patient per year. This 94% decrease in hospital costs applied to 81 maple syrup urine disease patients under our care saves the community at least $4.3 million annually—nearly 3 times 
the clinic’s operating budget (a, b). The first genetic study at the clinic identified glutaric acidemia type 1 as the cause of “Amish cerebral palsy.” Beginning in 1989, the clinic offered on-site 
diagnostic screening, comprehensive pediatric follow-up care, and inpatient treatment at the local community hospital. Brain injuries causing severe dystonia (c, middle panel) decreased from 
94% to 36% by 1995 (c, left panel). Since the introduction of a new glutaric acidemia type 1 lysine-free, arginine-rich medical formula, designed by clinic doctors in 2006, there have been no 
brain injuries among 15 consecutive glutaric acidemia type 1 patients over 28 aggregate patient-years (c, right panel).

FIGURE 1—MSUD-related (a) hospitalization days, (b) hospital costs, and (c) as well as glutaric acidemia-related brain injuries during the 
last 20 years: Clinic for Special Children, Strasburg, PA.
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TABLE 1—Comparison of Price and Turnaround Time for Laboratory Services: Clinic for Special Children, Strasburg, PA.

Commercial Laboratorya University Laboratoryb Clinic for Special Children Laboratory

Savings, US $
Patient-Days 
Saved YearlyCost, US $

Turnaround, 
Days Cost, US $

Turnaround 
Days Cost, US $ Turnaround No. per Year

Amino acid analysis 700 5 240 4 75 45 min 1310 517 450 5856
Organic acid analysis 247 6 230 6 85 4 h 175 26 863 1024
Targeted detection of
 known mutationc

590 14 225 21 50 1–2 d 405 144 788 6480

Complete gene sequencing, 
 cost per exond

147 11 148 28 35 5 d 15 1688 218

Cytogenetic microarray
 (DNA copy number)

1654 21 1550 28 600 4 d 145e 222 290 2973

Totals 913 078 16 549

ahttp://www.mayomedicallaboratories.com/test-catalog.
bhttp://www.bcm.edu/geneticlabs.
c For commercial and university laboratories, the cost of mutation detection varies; prices listed are averages. At the Clinic for Special Children, the cost of detecting any mutation is the same, regardless of 
the method used (e.g., gene sequencing, real-time polymerase chain reaction, light scanner).

dCosts represent averages from 9 genes ranging in size from 4 to 27 exons (range = $73–$253 per exon).
e 50 microarrays were performed for clinical copy number analysis, 95 were used for research (e.g., gene mapping).

THE CLINIC FOR SPECIAL CHILDREN, STRASBURG, PA

The Old Order Amish and Mennonite (Plain) populations of 
Pennsylvania are descended from Swiss Anabaptist immigrants 
who came to the New World in the early 18th century fl eeing 2 
centuries of violent religious persecution. They dispersed into many 
small endogamous farming settlements throughout North America 
and have eschewed modern ways, including medical insurance. 
Their health risks are deeply rooted in this history: population 
bottlenecks and genetic drift gave rise to a particular distribution 
of pathogenic alleles among North American settlements that have 
caused much individual and communal suffering over the last 2 
centuries, compounded by poor access to the market-based US 
health care system.

In 1989, we established the nonprofi t Clinic for Special Children 
(Figure A, available as a supplement to the online version of this 
article at http://www.ajph.org) to care for Plain children with 
genetic disorders. Fundamental aims of our practice were to 
identify the regional genetic causes of childhood disability and 
illness, use technologies in the fi eld to diagnose and treat them, 
and make care accessible and affordable. The clinic gained 

support from local Anabaptist communities, who came to see it 
as a valuable investment in their children; they provided leadership 
and fi nancial backing for a charitable regional health care initiative 
fundamentally different from the profi t-driven US health care 
market. Of our patients, 95% are uninsured, and the clinic receives 
no state or federal money. In 2010, we spent $1.5 million providing 
comprehensive medical care for 1877 patients ($799 per patient) 
and offered on-site molecular testing for 103 different pathogenic 
alleles.

Fees cover one third of the budget. An additional third represents 
contributions by individual donors, many of whom choose to remain 
anonymous. One third of the budget is raised through 4 annual 
quilt auctions organized by the Plain people. The largest of these, 
celebrating its 20th anniversary in Leola, Pennsylvania, raised 
$310 000 in 9 hours through the sale of donated quilts, furniture, 
homemade food, and farm goods. By comparison, 2010 medical 
spending for the US population was $8344 per person, half of which 
was paid by state and federal governments and the remainder split 
about equally between patients and private insurers.
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flexibly to the needs of individ-
ual patients and explore broader 
patterns of genetic risk within 
the population (Figure 2).20 Over 
2 decades, we sought ways to 
exploit emerging technologies 
for clinical aims and, by working 
on a small scale, kept operating 
costs low (Table 1).30,31 By cou-
pling population-based carrier 

testing and preemptive diagnoses 
to good local care, we have been 
able to limit morbidity,27 contain 
medical costs,31 and prevent 
serious neurological injury in 
more than 200 children 
(10% of our patients; Figure 1; 
see box on page e7).26,32,33

like an obvious way to harness 
the clinical potential of Human 
Genome Project databases. 
In retrospect, it proved a crucial 
innovation.

We built a Clinical Laboratory 
Improvement Amendment–
certified core molecular labora-
tory, integral to the practice, 
which could be used to respond 

Note. The Amish girl born with alopecia, diffuse swelling, and thick inflamed skin nearly died of bacterial sepsis at age 3 weeks. We compared her homozygous DNA markers (lower panel, red 
peak) with overlaid homozygous peaks from 7 healthy siblings (yellow peaks) and identified 1 region on chromosome 11 where she had a unique stretch of DNA. This region contained the 
RAG1 gene, which had a pathogenic c.2974A > G change. These same DNA markers were used to search for a suitable hematopoietic stem cell donor among her siblings and matched human 
leukocyte antigen (HLA) loci between the patient and her youngest sister. The child is alive and well 4 years after a stem cell transplant (a). The 2 Amish siblings had skeletal abnormalities and 
psychomotor delay. Their parents, uninsured farmers, spent > $20 000 on diagnostic testing at a regional children’s hospital. At the clinic, a 10 000-marker DNA mapping study quickly localized 
the condition to the TMCO1 gene on chromosome 1 for a total cost of < $1000. The clinic spends $35 000–$50 000 to map, identify, and develop carrier testing for 5–16 new pathogenic 
alleles each year. New technologies (e.g., microarrays, melting-curve analysis, exome sequencing), once available, are quickly put into clinical practice (b).

Source. Reprinted from Strauss et al.31 Copyright 2008, with permission from Elsevier.

FIGURE 2—DNA mapping for (a) personalized genomic medicine for an Amish girl born with alopecia, diffuse swelling, and thick inflamed 
skin and  (b) investigation of population genetic risks for 2 Amish siblings with skeletal abnormalities and psychomotor delay: Clinic for 
Special Children, Strasburg, PA. 
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GENETICS, ECONOMICS, 
AND PUBLIC HEALTH

We see no fundamental rea-
son why this approach cannot 
be replicated in other settings 
(see box on page e5). The cost of 
genotyping is decreasing quickly, 
and industry will soon deliver 
the “$1000 genome,” which 
costs less than many routine 
diagnostic tests and considerably 
less than a new wheelchair.34 
According to a recent guideline,35 
the standard diagnostic evalua-
tion of a child with nonspecific 
global developmental delay costs 
between $10 000 and $20 000 

MANY POPULATIONS, ONE BIOLOGY

Genetic bottlenecks exist within Arab and Israeli nations, Nordic 
countries, India and other parts of Asia, and certain African and 
Latin American subpopulations and among Native American, First 
Nations, and other indigenous peoples. Each of these populations 
will have a particular constellation of genetic disease risks, and 
understanding this diversity is key to effective public health 
initiatives. Genotyping projects focused on public health are 
already under way in Mexico, India, and Thailand. Among these 
diverse populations, genomics must be integrated into medical 
practice amid a dense matrix of regional economic details and 
clinical facts. Vague or indeterminate clinical information often 
limits the utility of large genome-wide association studies within 
the “general population.” This problem arises naturally in a 
system that separates the people who make clinical observations 
and provide care from those who produce genetic data. In an 
important sense, this is the crux of the problem. The many levels of 
human organization—genetic structure, proximate environmental 
conditions, physiology, economics, and culture—are inseparable for 
the purpose of understanding and treating disease.

Regional or population-based initiatives to control genetic 
disease should inform the broader sweep of human genomics 
research. Over the last decade, our approach has attracted the 
attention of investigators elsewhere. Many collaborating clinicians 
and scientists are interested in how “small” science can inform 
fundamental problems in biology and guide “big” genomic science 

in clinically useful directions. The story of CNTNAP2 provides one 
such example. In 2006, we collaborated with the Translational 
Genomics Research Institute (http://www.tgen.org/) to identify a 
homozygous 3709delG frameshift in exon 22 of CNTNAP2 among 
a group of closely related Amish children who had complex partial 
epilepsy and autism. Subsequent studies identifi ed CNTNAP2 
variants in non-Amish patients throughout the world who had 
diverse clinical presentations, including idiopathic autism, 
epilepsy, language disorders, and schizophrenia. These discoveries 
kindled research into the function of CNTNAP2 during human brain 
development and identifi ed its role in frontal lobe connectivity 
and modulation of FOXP2, a critical protein in the evolution of 
language.

The study of many other Mendelian and “complex” diseases (e.g., 
depression, obesity, type 2 diabetes) will likely be enriched by 
focused regional studies. These common conditions arise from 
interactions among multiple gene variants in conjunction with 
epigenetic, environmental, and stochastic factors. The discovery of 
rare, highly penetrant alleles among small social groups may be 
the key to detecting their basic genetic foundations. We recently 
launched collaborative genetic studies of bipolar illness, attention-
defi cit disorder, and major depression in the Plain populations of 
Pennsylvania and have teamed up with the Broad Institute (http://
www.broadinstitute.org) to determine how deep sequencing 
technologies can be effectively deployed in primary care settings.

(table available as a supplement 
to the online version of this arti-
cle at http://www.ajph.org). Each 
year, we invest the equivalent 
of just 2 such workups—about 
$35 000—on molecular studies 
used to map and develop testing 
for 5 to 16 new pathogenic al-
leles. By adapting low-cost melt-
ing curve analysis ($50 per run, 
turnaround 4 hours)32 to detect 
these conditions, we eliminate 
about $700 000 of unnecessary 
diagnostic testing annually.

Although genotyping services 
add to operational cost in a 
primary care setting, the cost 
of ignorance is steeper. Infants 

with undetected genetic disease 
do not vanish from the medical 
system; they go on to develop 
disability and chronic disease 
and require substantial medical 
resources. Overall cost saving 
depends on investing more in 
some services (e.g., molecular 
diagnostics and primary care in-
frastructure) to reduce the need 
for others (hospitalization and 
chronic care).

In Lancaster County, Penn-
sylvania, preemptive genomic 
medicine has a measurable effect 
on public health: among 110 
genetic disorders managed at the 
clinic, 41% can now be treated 
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BUILDING A MEDICAL HOME

Before the Clinic for Special Children’s inception, Plain children with 
maple syrup urine disease, glutaric acidemia type 1, and other complex 
genetic disorders had fragmented care that was costly and ineffective; 
parents were uneducated about home management, traveled 100 miles 
or more during medical emergencies, and paid cash for services at rates 
3- to 4-fold standard Medicaid reimbursement. Childhood mortality 
from maple syrup urine disease was 39%, and 94% of Amish children 
with glutaric acidemia type 1 were fully disabled by metabolic strokes 
before age 2. Before 1989, Mennonites born with maple syrup urine 
disease arrived critically ill to regional pediatric centers where they 
stayed an average of 12 weeks. These hospitalizations cost $50 000 or 
more. Among the 61% of patients who survived childhood, most were 
moderately or severely disabled. Beyond infancy, each patient was 
hospitalized about once yearly for 7 days, which today would cost an 
average of $8000 per day (range = $1000–$38 000 per day).

Since 1989, we have managed Mennonite maple syrup urine disease 
in 68 patients longitudinally from the newborn period. Half of them 
were targeted because of a positive family history or carrier testing and 
diagnosed on site between 12 and 24 hours of life; all these children 
transitioned safely at home. The remainder were diagnosed by newborn 
screening and hospitalized for an average of 5 days.

The clinic developed affordable on-site amino acid testing, home 
well-day and sick-day protocols, and on-demand emergency parenteral 
solution so that Northeastern Mennonites born today with maple syrup 
urine disease can expect to grow up healthy (Figure B, available as a 
supplement to the online version of this article at http://www.ajph.org).

(http://www.un.org/en/
documents/udhr).36,38,43,45  
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THE SCIENCE AND ECONOMICS OF PREVENTION

We observe fi rsthand why pediatric practice is such a vital place to gather 
and apply our growing knowledge of human genetics; here we can best 
leverage its preventive power. Like maple syrup urine disease and glutaric 
acidemia type 1, about half of the genetic disorders we manage can cause 
major disability, and many of these are treatable. The Clinic for Special 
Children invests heavily in research and methods aimed at detecting infants 
who are genetically at risk before they develop brain injury.

Few have attempted to place a dollar value on this type of strategy, but in 
2004, the Centers for Disease Control and Prevention estimated lifetime 
costs, including costs attributable to medical care, assistive devices, 
transportation, special education, and lost productivity of disabled 
individuals and their caregivers, associated with the diagnoses of mental 
retardation, cerebral palsy, hearing loss, and visual impairment. Adjusted for 
a 6.1% medical infl ation rate, they ranged from $630 000 (hearing loss) to 
$1 530 000 (mental retardation) per lifetime. These estimates indicate that 
preventing major neurological disability in approximately 200 children over 

the clinic’s 20-year history has spared the Plain communities about $270 
million in associated costs. The clinic’s cumulative operating cost over this 
same period was $18.3 million.

An Amish boy with severe psychomotor delay and arrested brain growth 
(Figure C, available as a supplement to the online version of this article 
at http://www.ajph.org) remained without a diagnosis after an extensive 
workup at a tertiary center. We subsequently identifi ed a homozygous 
mutation in the MTHFR gene (c.1129C > T), which encodes 5,10-methylene 
tetrahydrofolate reductase, and found a 30% carrier frequency for this 
allele within the Somerset County Amish settlement. In collaboration with 
the Pediatrix Screening Laboratory, we developed a real-time polymerase 
chain reaction method for detecting the MTHFR c.1129C > T allele in dried 
fi lter paper blood spots. The fi rst child diagnosed by real-time polymerase 
chain reaction was the sister of the proband (right), started therapy her 
second week of life, and has had normal brain growth and development 
during 4 years of follow-up.


