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"Diagnosing acutely ill
babies is a race against
the clock, which is why
it's so essential for
physicians to have
access to technology
that will provide
answers faster and help
set the course of
treatment.”
Stephen Kingsmore, M.D.
D.Sc.
President and CEO, Rady
Children’s Institute for
Genomic Medicine

Precision Medicine for Newborns by
26-Hour Whole Genome Sequencing
Abstract
Genetic diseases, of which there are >5000, are the leading cause of death
in infants, especially in Neonatal Intensive Care Units (NICU) and Pediatric
Intensive Care Units (PICU). The gateway to precision medicine and
improved outcomes in NICUs/PICUs is a rapid genetic diagnosis. Diagnosis
by standard methods, including whole genome sequencing (WGS), is too
slow to guide NICU/PICU management. Edico Genome, Rady Children’s
Institute for Genomic Medicine, and Illumina Inc. have developed scalable
infrastructure to enable widespread deployment of ultra-rapid diagnosis
of genetic diseases in NICUs and PICUs.
First described in “A 26-hour system of highly sensitive WGS for
emergency management of genetic diseases” in September 2015, this
infrastructure has now been improved and implemented at Rady
Children’s Hospital – San Diego. Among the first 48 Rady Children’s
Hospital infants tested, 23 received diagnoses and 16 had a substantial
change in NICU/PICU treatment. We are currently equipping other
children’s hospitals to emulate these results. Rapid diagnostic WGS has
the potential to transform the care of infants in NICUs and PICUs around
the world.

Introduction
Of 4 million births in the US per year, approximately 15% are admitted as
infants to a NICU or PICU for management of an acute medical condition,
and 2 – 6% (80,000 – 240,000) to a regional NICU/PICU. Given the high
incidence of genetic diseases, up to one half of babies (40,000 – 120,000)
admitted to a regional NICU in the United States may benefit from WGS.
More than 20% of infant deaths are caused by genetic illnesses. Whole
genome sequencing (WGS) and whole exome sequencing (WES) are
effective methods for diagnosis of genetic diseases. However, they are
too slow to have clinical utility in acute care, such as in diagnosis of
genetic diseases in very ill infants where there is often a very narrow time
window to guide interventions. Newborn screening with return of results
within the first ten days of life, identifies over five thousand infants per
year with a newborn screening conditions. However, newborn screening
is only currently available for about 60 genetic diseases and there is
variability in the number and types of conditions listed on each state’s
newborn screen panel, as is determined by the state’s public health
department. Ultra-rapid WGS, together with ultra-rapid tools for
phenotype extraction, primary, secondary and tertiary analysis and
clinical reporting, allows a diagnosis to be made in as little as 26 hours,
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"This ultra-rapid NICU
testing is the first
clinical application of
the DRAGEN platform.
IT’s not enough for one
institute to implement
this technology though.
This testing needs to be
scaled for easy use by
NICUs around the
world.”
Pieter van Rooyen, Ph.D.
CEO and Founder, Edico
Genome

and covers the vast majority of the 5000 known genetic diseases. Return
of diagnostic results in a setting that includes physician mentoring by
expert physicians can have profound impact on patient management
and outcomes.
“Rapid diagnosis of critically ill newborns is no longer an academic
exercise, it’s a reality for critically ill newborns admitted to the NICU and
PICU at Rady Children’s Hospital. The information we receive from this
rapid and comprehensive testing is already helping our medical teams
make treatment decisions and impacting the lives of these babies and
their families,” said Dr. Stephen Kingsmore, President and CEO of Rady
Children’s Institute for Genomic Medicine.
Dr. Kingsmore’s work at Children’s Mercy Kansas City on the 26-Hour
Genome, as published in the journal of Genome Medicine, inspired his
relocation to Rady Children’s Hospital to pioneer the Institute for
Genomic Medicine. Rady’s Children’s Hospital is the largest children’s
hospital in California based on admissions and is situated in a city home
to over 800 biotech companies, making it an ideal location to launch an
institute around rapid genomic testing and consequent precision
treatment. Dr. Kingsmore’s focus at Rady Children’s Hospital is on
developing the clinical research infrastructure for accelerated translation
of research discoveries – such as rapid diagnostic WGS - into prevention,
diagnosis, treatment and improved outcomes for childhood genetic
diseases. The work that Dr. Stephen Kingsmore did on the 26-Hour
Genome together with Illumina and Edico Genome earned a Guinness
World Record for Fastest Genetic Diagnosis.

Solution
Rady Children’s Hospital – San Diego and Edico Genome have partnered
to create an ultra-rapid platform and infrastructure at Rady Children’s
Institute of Genomic Medicine. Rady Children’s Hospital began providing
whole genome sequencing in July 2016 with clinical interpretation in a
clinically enlightening, timely and highly accurate manner to critically ill
children. Utilizing Edico Genome’s DRAGEN, the world’s first bio-IT
processor designed to rapidly accelerate the analysis of genomic data
while maintaining high accuracy, this ultra-rapid method allows the
simultaneous evaluation of nearly all 5000 known genetic diseases in a
single test.
The ultra-rapid method is both a compute and storage solution and is
part of a two-phase broader impact vision. First, our goal is for Rady to
become an ultra-rapid medical sequencing center and hub for all
children’s genome sequencing, thereby enabling children’s hospitals
without sequencers or adequate funds and resources to outsource their
patient’s samples and data to Rady Children’s Institute for sequencing
and ultra-rapid analysis.
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Dr. Stephen Kingsmore
is the official title
holder of the Guinness
World Records®
designation for Fastest
Genetic diagnosis,
which he accomplished
by successfully
diagnosing critically ill
newborns in just 26
hours, as published in
the journal Genome
Medicine. The feat was
made possible by
several time-shrinking
technologies, including
Edico Genome's
genomic datacrunching computer
chip, DRAGEN, and one
of Illumina's highthroughput sequencing
instruments.

“There are ways that we can make investments on other people’s
behalf, and then share with them the protocols, methods, and software
that they can deploy locally,” said Dr. Kingsmore. “That’s our goal,
initially for 4 other children’s hospitals, and then scaling to 1500 across
North America.”
As part of that genome center, Edico has implemented the analysis and
storage infrastructure, along with Illumina’s HiSeq sequencing
instruments, to support and continue scaling this vision. In the near-term
the genome center will positively impact all children in four Southern
California counties (San Diego, Imperial, Riverside and Orange). The far
broader impact is replicating what is being done at Rady in an appliance
format that can be implemented at any hospital around the country, all
connected via a secure data sharing cloud.
The NICU and PICU are the ideal location to start using the ultra-rapid
diagnostic technology because of the high burden of genetic disease, most
rapid rates of disease progression – minutes matter there – and because
the cost of NICU and PICU care is already very high per day relative to the
cost of WGS. Thus, the NICU and PICU are locations where the technology
is likely to be most cost-effective and have highest clinical utility in the
short term. NICUs and PICUs at separate institutions have a high degree of
collaboration, particularly with regard to quality improvement projects
and implementation of new best practices, and this will greatly facilitate
broad adoption.

Details/Results
Of 116 infants at Rady Children’s Hospital referred for rapid medical WGS
since July 2016, 58 have been enrolled (representing 95% of families
approached for consent). At present, 48 families have completed testing
and results have been reported. 23 infants (48%) received a molecular
diagnosis. Among those, 14 (70%) received substantive changes in their
care. We have had infants with metabolic disorders who were among the
youngest in the world to be started on targeted therapeutics for that
disease or started on metabolically optimized diets. For infants with
seizures, we have been able to recommend specific antiepileptic
treatments that target the underpinning neurologic mechanism of
disease, resulting in seizures stopping within days rather than within
months. For an infant with heart failure and another with liver failure, we
were able to rule out diseases which were a contra-indication to heart
and liver transplant, respectively. Without such information, an infant
may be at too high risk for transplant or may not survive transplant.
For another infant with liver disease we provided a diagnosis that
resulted in cancellation of a surgery that would have had 60% risk of
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"Imagine if your child
was born with a
disease but no one
could identify what
was wrong or what
treatment was
needed. Further
imagine a medical
odyssey of repeated
tests spanning
months, even years,
with no answers. We
have demonstrated
that genomic
sequencing can
provide these answers!
For a few, a diagnosis
offers new hope of
disease-specific
treatment. For many,
it is the end of the
diagnostic
nightmare.”
Stephen Kingsmore, M.D.
D.Sc.
CEO and President, Rady
Children’s Institute for
Genomic Medicine

mortality. For an infant with hypoglycemia we were able to recommend a
specialized, curative surgery, shortening the duration of hypoglycemia (and
NICU stay) by one month. In one infant who had been in the NICU for six
months with many problems, the diagnosis was of a uniformly fatal genetic
disease, and that result helped allow the physicians and parents to reach
decisions about palliative care. In almost all cases unnecessary treatments
and tests are discontinued or avoided. In almost all cases we are able to
provide genetic and reproductive counseling for families. For most parents
the diagnosis is a definitive answer which ends a period of waiting,
alleviates guilt, and enables parents to start to make plans for the future.
Another child with cardiac arrest was diagnosed with CPVT, permitting
targeted treatment with an antiarrhythmic prior to surgical implantation of
a defibrillator. Two infants tested to date were patients at NICUs at other
children’s hospitals in the US, and a DNA sample and a medical record
extract were rapidly shipped to Rady Children’s Hospital to allow the
diagnosis to be made. One of these infants had a very poor prognosis
without transplant. There was concern that this child may have a disorder
not amendable to transplant, placing the parents at inappropriate risk as
donors of a living related transplant. A diagnosis was made in 43 hours, and
the infant received a transplant. The sooner a definitive diagnosis is made,
the less potential for inappropriate treatment and unmitigated disease
progression.
The total cost of rapid, diagnostic, whole genome sequencing, together
with confirmatory testing of results and reporting is approximately $7000.
This is a reduction from about $10,000 one year ago, largely due to
efficiencies of scale and lower sequencing costs with the Illumina HiSeq
4000. With the introduction of the NovaSeq platform, improvements in
sample preparation, and additional development of the DRAGEN
technology we anticipate further decreases in cost and turnaround time in
the coming year, together with at least a 10% gain in rate of diagnosis
associated with rapid structural variant detection.
The key enabling technology to reduce the time of the 26-Hour Genome
was the DRAGEN Platform based on the World’s first Bio-IT Processor. The
DRAGEN (Dynamic Read Analysis for Genomics) Platform uses a fieldprogrammable gate array (FPGA) to provide hardware-accelerated
implementations of all of the most widely used types of NGS workflows
such
as
Genome/Exome,
Cancer,
Transcriptome/RNA-seq,
Microbiome/Metagenome, Epigenome and Joint-Genotyping/PopulationCalling.
Edico Genome’s computing platform accelerates whole genome data
analysis from hours to minutes, while maintaining high accuracy and
reducing costs, enabling clinicians and researchers to reveal answers more
quickly. The platform is available for virtual or onsite ultra-rapid analysis of
next-generation sequencing data. This hybrid-cloud technology provides
users with the flexibility to securely share data and scale up to the cloud
during times of high capacity and return to onsite analysis when demand is
reduced.
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DRAGEN Speed and Accuracy Charts
DRAGEN Ultra-Rapid Analysis: # Genomes Sequ enced in 48 Hours*

DRAGEN Speed: Single Sample Pipeline*

DRAGEN Speed: Multi-Sample Pipeline*

DRAGEN Accuracy: Single and Multi -Sample Pipelines*

*All DRAGEN results are compared against BWA-MEM 0.7.12 + GATK 3.1 running on comparable servers.
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DRAGEN Ultra-Rapid Analysis: # Platinum Genome Trios Genotyped in 48 Hours

DRAGEN Speeds: Joint Genotyping Pipeline

DRAGEN Accuracy: Joint Genotyping Pipeline

*All DRAGEN results are compared against BWA-MEM 0.7.12 + GATK 3.1 running on comparable servers.
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" When each of your
experiments produces a
trillion base pairs, you
end up finding a
company like Edico
Genome a lot faster
than you otherwise
might… it is very clear
that you can do high
quality, high speed
mapping using DRAGEN
and it is quite possible
that it is simply the best
thing out there. You
would simply not do
CPU-based alignment –
it would be silly.”
Erez Lieberman Aiden
Ph.D., Baylor College of
Medicine & Rice University

Business Benefits
The primary ROI for making a rapid diagnosis in a NICU/PICU infant is
measured in Quality Adjusted Life Years saved (QALYs). Given current
US life expectancy, each infant’s live saved yields ~70 QALYs. In a
recently terminated randomized controlled trial of rapid whole genome
sequencing versus standard tests in critically ill infants, the rate of
neonatal (day of life 28) molecular diagnosis was 22% by rapid WGS, and
0% in infants receiving standard tests, including NGS panel tests and WES
(p=0.0048)(Kingsmore et al, in preparation). As yet, only one published
case series has examined QALYs, yielding an admittedly soft value of 2.5
QALYs per NICU/PICU infant tested. We estimate that offering testing of
all at-need NICU and PICU infants in the US (~40,000), would save
~80,000 QALYs per year.
The secondary ROI is other measures of clinical utility, such as
minimizing morbidity and maximizing quality of life for the infant and
family. This was discussed above. The tertiary ROI is overall reduction in
healthcare cost during the first year of life. Healthcare economic data is
being generated at present. However, the average cost per day of
hospitalization in a regional NICU or PICU is in excess of $3000.

Conclusions
NICU and PICU care is amongst the most effective in healthcare when
the prognosis is good, both as measured by QALYs saved and cost per
QALY. Equally, when the prognosis is poor, adoption of palliative care
may minimize infant suffering, and a definitive diagnosis mayprovide
profound long term psychosocial benefits for parents and siblings.
These include alleviation of anxiety, depression, prolonged grief, and
posttraumatic stress disorder. Therefore, timely establishment of an
etiologic diagnosis in a NICU or PICU infant with a likely genetic disease
is critically important for effective treatment (precision medicine), and
for full parental participation in clinical decision making.
Rapid diagnostic WGS has the potential to transform the care of infants
in NICUs and PICUs around the world. Timely diagnoses of NICU and
PICU infants with genetic diseases would enable institution of optimal
precision medicine. Unnecessary, empiric testing, procedures and
treatments would be avoided. Parental guilt and anxiety would be
lessened. Early, complete ascertainment of infants with specific genetic
diseases would make some conditions tractable for new drug
development. An ultimate goal would be for genetic diseases to no
longer by the leading cause of infant mortality, NICU mortality and PICU
mortality.
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