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Cyclooxygenase 2 Inhibition Protects Motor
Neurons and Prolongs Survival in a
Transgenic Mouse Model of ALS

Daniel B. Drachman, MD,1 Krystl Frank, BS,1 Margaret Dykes-Hoberg, BS,1 Peter Teismann, PhD,2

Gabrielle Almer, MD,2 Serge Przedborski, MD, PhD,2,3 and Jeffrey D. Rothstein, MD, PhD1

The pathogenesis of cell death in amyotrophic lateral sclerosis (ALS) may involve glutamate-mediated excitotoxicity,
oxidative damage, and apoptosis. We used a transgenic mouse model of ALS to determine the effect of inhibition of
cyclooxygenase-2 in treating the disease. Cyclooxygenase-2, present in spinal neurons and astrocytes, catalyzes the
synthesis of prostaglandin E2. Prostaglandin E2 stimulates glutamate release from astrocytes, whereas
cyclooxygenase-2 also plays a key role in the production of proinflammatory cytokines, reactive oxygen species, and
free radicals. Treatment with a selective cyclooxygenase-2 inhibitor, celecoxib, markedly inhibited production of pros-
taglandin E2 in the spinal cords of ALS mice. Celecoxib treatment significantly delayed the onset of weakness and
weight loss and prolonged survival by 25%. Spinal cords of treated ALS mice showed significant preservation of spinal
neurons and diminished astrogliosis and microglial activation. Our results suggest that cyclooxygenase-2 inhibition
may benefit ALS patients.

Ann Neurol 2002;52:771–778

There is increasing evidence that cyclooxygenase 2
(COX-2) plays an important role in the pathogenesis
of amyotrophic lateral sclerosis (ALS).1–3 This hypoth-
esis1 originally was based on reports that prostaglan-
dins, the products of COX, stimulate release of gluta-
mate from astrocytes via a calcium-dependent
pathway.4,5 Astrocytic glutamate stores are abundant,
and their release in close proximity to motor neurons
potentially can cause excitotoxic neuronal damage. In
addition, the fact that COX-2 plays a key role in in-
flammatory processes in the central nervous system6

further suggested that it may be implicated in the cas-
cade of events leading to death of motor neurons in
ALS. We initially tested the effects of a COX-2 inhib-
itor (SC236, an analog of celecoxib), based on these
facts, in an organotypic spinal cord culture model of
chronic glutamate toxicity, in which ALS-like loss of
motor neurons is induced by threo-hydroxyaspartate
(THA). THA inhibits astrocytic reuptake of glutamate,
causing chronic excitotoxic damage to motor neurons.
Our results showed that inhibition of COX-2 signifi-
cantly protected the spinal cords against loss of motor
neurons.1

This study was designed to test the therapeutic ef-
fects of inhibition of COX-2 in vivo, in a transgenic
mouse model of ALS. Mutations in Cu, Zn superox-
ide dismutase (SOD1) have been identified in a sub-
set of the familial form of ALS.7,8 A transgenic mouse
model expressing the human G93A mutant variant of
SOD1 is a well-accepted model of the disease.9 Re-
cent reports provide evidence that COX-2 is increased
in spinal cords of mice with the SOD1 mutation as
well as in spinal cords from humans who died of
ALS.2,3 We evaluated the effects of COX-2 inhibition
by providing ALS transgenic mice with chow con-
taining the COX-2 inhibitor celecoxib, or with con-
trol chow. Our findings show that celecoxib treat-
ment significantly delayed the onset of disease and
prolonged survival and protected against spinal neu-
ron degeneration, microglial activation, and astro-
gliosis.

Materials and Methods
Animals and Drug Treatment
Male transgenic mice expressing the human G93A SOD1
(B6SJL-TgN[SOD1-G93A]1Gur) were bred with
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Now in patients… 

Trial of Celecoxib in Amyotrophic
Lateral Sclerosis

Merit E. Cudkowicz, MD, MSc,1,2 Jeremy M. Shefner, MD, PhD,3 David A. Schoenfeld, PhD,4

Hui Zhang, MSc,5 Katrin I. Andreasson, MD,3 Jeffrey D. Rothstein, MD, PhD,5 Daniel B. Drachman, MD,5

and the Northeast ALS Consortium

Objective: To determine whether chronic treatment with celecoxib, a cyclooxygenase-2 inhibitor that has been shown to be
beneficial in preclinical testing, is safe and effective in amyotrophic lateral sclerosis (ALS).
Methods: A double-blind, placebo-controlled, clinical trial was conducted. Three hundred research subjects with ALS were
randomized (2:1) to receive celecoxib (800mg/day) or placebo for 12 months. The primary outcome measure was the rate of
change in upper extremity motor function measured by the maximum voluntary isometric contraction strength. Secondary end
points included safety, survival, change in cerebrospinal fluid prostaglandin E2 levels, and changes in the rate of decline of leg
and grip strength, vital capacity, ALS Functional Rating Scale-Revised, and motor unit number estimates.
Results: Celecoxib did not slow the decline in muscle strength, vital capacity, motor unit number estimates, ALS Functional
Rating Scale-Revised, or affect survival. Celecoxib was well tolerated and was not associated with an increased frequency of
adverse events. Prostaglandin E2 levels in cerebrospinal fluid were not elevated at baseline and did not decline with treatment.
Interpretation: At the dosage studied, celecoxib did not have a beneficial effect on research subjects with ALS, and it was safe.
A biological effect of celecoxib was not demonstrated in the cerebrospinal fluid. Further studies of celecoxib at a dosage of
800mg/day in ALS are not warranted.

Ann Neurol 2006;60:22–31

Amyotrophic lateral sclerosis is a neurodegenerative
disorder characterized by loss of motor neurons in the
motor cortex, brainstem, and spinal cord. Median sur-
vival is 3 to 5 years and is modestly prolonged by ri-
luzole, an inhibitor of neuronal glutamate release.1

There are no other known effective pharmacological
treatments. The cause of ALS is unknown; however,
several lines of evidence suggest that glutamate excito-
toxicity, inflammation, and oxidative toxicity may play
important roles in the pathogenesis of sporadic and fa-
milial ALS.2,3 Recent evidence demonstrates that up-
take of neuronally released glutamate by astrocytic
transporters is impaired in ALS. In addition to taking
up glutamate, astrocytes synthesize and release gluta-
mate. Astrocytic release of glutamate is stimulated by
prostaglandins via a calcium-dependent pathway. Re-
leased transmitter triggers further astrocytic glutamate
release by a positive feedback mechanism and increases
neuronal glutamate release.4 Prostaglandin synthesis

within the central nervous system (CNS) is dependent
on the catalytic action of cyclooxygenase-2 (COX-2).
Because cyclooxygenase inhibitors markedly reduce as-
trocytic glutamate release,4 they may have a therapeutic
effect in ALS. COX-2 activity also results in inflamma-
tion and the production of free radicals that may play
an important role in the pathogenesis of ALS.5

Celecoxib, a 1,5-diaryl-substituted pyrazole deriva-
tive containing a sulfonamide substituent, is a US
Food and Drug Administration–approved COX-2 in-
hibitor agent for arthritis that blocks prostaglandin
synthesis. Levels of COX-2 messenger RNA and its
product prostaglandin E2 (PGE2) are increased in
transgenic mice with a form of ALS due to mutant
superoxide dismutase-1 (SOD1).6,7 Increased levels of
both COX-2 expression8 and PGE2 levels6 have been
reported in human postmortem spinal cords and in ce-
rebrospinal fluid (CSF) of patients with sporadic
ALS.6,9 We demonstrated that COX-2 inhibition pro-
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Real World Implications of Noise
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Results… 

Questions raised about the use of ‘ALS mice’ are prompting a 
broad reappraisal of the way that drugs are tested in animal 

models of neurodegenerative disease. Jim Schnabel reports.

STANDARD MODEL

S
everal years ago, clinical neurologist 
Michael Benatar set out to find a drug 
he could test on some of his patients 
with amyotrophic lateral sclerosis 

(ALS). This condition is apt to strike otherwise 
healthy adults, slowly destroying the neurons 
that control their muscles. Its roster of famous 
sufferers includes the physicist Stephen Hawk-
ing and the late US baseball star Lou Gehrig.

Except in rare cases, such as Hawking’s, ALS 
progresses inexorably, causing respiratory fail-
ure within a few years of diagnosis. Decades of 
study have revealed a few mutant genes that 
could cause familial forms of the disease, but 
no one knows what causes the vast majority of 
cases — and despite trial after trial of prospec-
tive therapies, no therapy has ever been shown 
to have a major impact on the disease.

One of the first steps Benatar, at Emory 
University School of Medicine in Atlanta, 
Georgia, took was to review published data on 
more than 150 drug tests that other researchers 
had conducted in the standard mouse model 
of ALS. Engineered to carry multiple copies of 
the mutated superoxide dismutase 1 (SOD1) 
gene that causes some inherited ALS cases, 

the mouse reliably develops and succumbs to 
a neuron-killing disease that closely resembles 
the human condition.

But as Benatar reviewed these mouse studies, 
he was dismayed to find that the data were of 
little use to him. Most of the published experi-
ments, including some in top-rank journals, 
had been done “with small sample sizes, with 
no randomization of treatment and control 
groups, and without blinded evaluations of 
outcomes”, he says.

Benatar also found that in the spread of 
reported results for some drugs, there was sta-
tistical evidence that only positive results had 
been published. Informal conversations with 
other researchers convinced him that some had 
tried and failed to confirm reported positive 
results, but had never published those non-
confirmations.

All in all, a body of data that should have 
yielded useful information was, to Benatar, 
“questionable at best”. He wrote a paper mak-
ing what he could of the data, and also making 
clear how flawed he thought they were. 

When Benatar’s paper1 was published in 
Neurobiology of Disease in early 2007, it seemed 

to have little 
impact. But in the 

year and a half since, other 
investigators have come to similar, and 

indeed stronger, conclusions. “There is a dawn-
ing realization that we may not have designed 
our mouse drug trials rigorously enough,” says 
Melanie Leitner, chief scientist at Prize4Life, a 
non-profit organization based in Cambridge, 
Massachusetts, that promotes ALS research. 

That realization is spreading: some research-
ers are coming to believe that tests in mouse 
models of other neurodegenerative conditions 
such as Alzheimer’s and Huntington’s may have 
been performed with less than optimal rigour. 
The problem could in principle apply “to any 
mouse model study, for any disease”, says Karen 
Duff of Columbia University in New York, who 
developed a popular Alzheimer’s mouse model. 
In May, a dozen preclinical researchers and 
mouse model experts thrashed out the issues in 
a web discussion on the ‘Alzforum’ website, an 
online venue where researchers routinely gather 
to debate neurodegenerative disease issues. 

“There has to be sort of a course correction 
in the field,” says Lorenzo Refolo, who oversees 
grants for preclinical work on neurodegenera-
tive diseases at the National Institute of Neu-
rological Disorders and Stroke in Bethesda, 
Maryland, “otherwise these practices are just 
going to continue.”

The results of drug tests in mice have never 
translated perfectly to tests in humans. But in 
recent years, and especially for neurodegenera-
tive diseases, mouse model results have seemed 
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Safety and effi  cacy of lithium in combination with riluzole 
for treatment of amyotrophic lateral sclerosis: a randomised, 
double-blind, placebo-controlled trial
Swati P Aggarwal*, Lorne Zinman*, Elizabeth Simpson, Jane McKinley, Katherine E Jackson, Hanika Pinto, Petra Kaufman, Robin A Conwit, 
David Schoenfeld, Jeremy Shefner†, Merit Cudkowicz†, and the Northeast and Canadian Amyotrophic Lateral Sclerosis consortia‡

Summary
Background In a pilot study, lithium treatment slowed progression of amyotrophic lateral sclerosis (ALS). We aimed 
to confi rm or disprove these fi ndings by assessing the safety and effi  cacy of lithium in combination with riluzole in 
patients with ALS.

Methods We did a double-blind, placebo-controlled trial with a time-to-event design. Between January and June, 2009, 
patients with ALS who were taking a stable dose of riluzole for at least 30 days were randomly assigned (1:1) by a 
centralised computer to receive either lithium or placebo. Patients, caregivers, investigators, and all site study staff  
with the exception of site pharmacists were masked to treatment assignment. The primary endpoint was the time to 
an event, defi ned as a decrease of at least six points on the revised ALS functional rating scale score or death. Interim 
analyses were planned for when 84 patients had been allocated treatment, 6 months later or after 55 events, and after 
100 events. Analysis was by intention to treat. The stopping boundary for futility at the fi rst interim analysis was a 
p value of at least 0·68. We used a log-rank test to compare the distributions of the time to an event between the 
lithium and placebo groups. This trial is registered with ClinicalTrials.gov, NCT00818389.

Findings At the fi rst interim analysis, 22 of 40 patients in the lithium group had an event compared with 20 of 
44 patients in the placebo group (log rank p=0·51). The hazard ratio of reaching the primary endpoint was 1·13 
(95% CI 0·61–2·07). The study was stopped at the fi rst interim analysis because criterion for futility was met (p=0·78). 
The diff erence in mean decline in the ALS functional rating scale score between the lithium group and the placebo 
group was 0·15 (95% CI –0·43 to 0·73, p=0·61). There were no major safety concerns. Falls (p=0·04) and back pain 
(p=0·05) were more common in the lithium group than in the placebo group. 

Interpretation We found no evidence that lithium in combination with riluzole slows progression of ALS more than 
riluzole alone. The time-to-event endpoint and use of prespecifi ed interim analyses enabled a clear result to be 
obtained rapidly. This design should be considered for future trials testing the therapeutic effi  cacy of drugs that are 
easily accessible to people with ALS.

Funding National Institute of Neurological Disorders and Stroke, ALS Association, and ALS Society of Canada.

Introduction
Amyotrophic lateral sclerosis (ALS) is a rare, progressive 
neurological disease that has high socioeconomic impact 
because of the young age at onset (40–60 years), the extent 
and duration of disability, and the cost of long-term care 
for patients. A pilot study in Italy reported slowing of 
neurological decline in patients with ALS treated with 
lithium carbonate and riluzole, as measured with the ALS 
functional rating scale revised (ALSFRS-R), decline in 
forced vital capacity, and increased survival.1 In this pilot 
study, lithium was tested as a drug to induce autophagy at 
a serum concentration range of 0·4–0·8 mEq/L.1,2 

Both autophagy and the proteasome are important for 
the clearance of aggregate-prone proteins, such as mutant 
superoxide dismutase 1, mutant huntingtin, and 
α synucleins.3,4 Lithium was tested in animal models and 
people with ALS because of its ability to induce 
autophagy.1,2 Lithium pretreatment protected cultured 
neurons from glutamate-induced, NMDA receptor-

mediated apoptosis.5 G93A mice treated with lithium 
survived longer than G93A mice treated with saline.1,6,7 
The number of autophagic vacuoles in spinal cord 
sections was increased in the G93A mice treated with 
lithium compared with those treated with saline; there 
was also increased clearance of α synuclein, ubiquitin, 
and superoxide dismutase 1, which is consistent with the 
theory that lithium induces autophagy.1,2 In rats with 
thoracic spinal cord transection or contusion injuries, 
inactivation of glycogen synthase kinase-3 with lithium 
improved sprouting of descending corticospinal and 
serotoninergic axons in caudal spinal cord and promoted 
locomotor functional recovery.8 Lithium enhanced 
neuronal diff erentiation of neural progenitor cells in vitro 
and after transplantation into the avulsed ventral horn of 
adult rats by inducing the secretion of brain-derived 
neurotrophic factor.9 Filimonenko and colleagues10 found 
that clearance of TAR DNA binding protein, the major 
cytoplasmic inclusion in patients with sporadic ALS and 

Is the lithium-for-ALS genie back in the bottle?
Not quite

Carmel Armon, MD,
MHS

Neurology® 2010;75:586–587

Controversy abounds concerning the use of lithium in
amyotrophic lateral sclerosis (ALS). The announcement
in November 2007 that none of 16 patients with ALS
(PALS) treated with lithium carbonate had died during
15 months of treatment compared to 8 of 28 untreated
patients1 resulted in unprecedented pressure from pa-
tients to receive this treatment, despite expressed con-
cerns regarding the generalizability of the finding.2

PALS and their physicians generated several responses
to this concern (table e-1 on the Neurology® Web site at
www.neurology.org). PatientsLikeMe—a remarkable,
patient-generated, Web-supported database—sounded
a discordant note in December 2008 when it reported
that after 4–6 months’ observation of 162 patients,
lithium failed to slow decline in self-reported scores on
the ALS Functional Rating Scale–Revised (ALSFRS-R).
The ALSFRS-R is a composite measure of 12 items re-
flecting key motor functions. Further, no difference was
noted on comparison with controls matched for prog-
nostic factors. Some patients, however, stopped lithium
after approximately 4 months because of side effects or
lack of perceived efficacy.3 The result was unchanged in
a refined analysis.4

This presented a quandary, as PALS and physi-
cians were uncertain whether to forgo a treatment
based on unrandomized observational data, using a
self-assessed, self-reported outcome measure, with
controls selected based on a risk factor algorithm.
The response was that 5 controlled studies were initi-
ated; 3 have been reported,5-7 and 2 are in progress
(personal communications: Leigh PN [LiCALS] and
van den Berg LH [LITRA]).

The study designs reflect a range of values regard-
ing what magnitude of treatment effect matters, how
fast it is important to know if a treatment works, and
how to ensure enrollment so as to conduct a con-
trolled study of a medication readily available by pre-
scription. It is easier to exclude a large treatment
effect than to prove a small one, the former requiring
fewer patients and less time. Most current studies
have prespecified times to perform interim analyses

so that the trial can cease if it can be shown that
patients are harmed, or if it is unlikely that benefit of
the expected magnitude will be shown (futility).

The study to end first was designed to detect a
40% or greater slowing in the rate of decline of the
ALSFRS-R.5 It was stopped for futility when the first
planned analysis showed a benefit of the expected
magnitude was unlikely (Class I evidence). The pos-
sibility of a small beneficial treatment effect was not
completely excluded, however. Enrollment was en-
hanced by guaranteeing all patients active treatment
as soon as they attained the endpoint, to which they
were blinded.

In this issue of Neurology®, Chio et al.6 report a
study that treated PALS with lithium, randomizing
them 1:1 to attain therapeutic or subtherapeutic lev-
els, a compromise to address subjects’ reluctance to
be randomized to placebo. The study was stopped for
futility. PALS in both groups died or lost their au-
tonomy at the same rate (Class II evidence). The
time-to-failure curves did not diverge and were un-
likely to do so to an extent that would have produced
a meaningful difference. In hindsight, an interim
analysis rule based on a prespecified number of
events, rather than on time, might have brought the
study to an earlier close. Absence of a true placebo
arm left open the possibility that therapeutic and
subtherapeutic levels of lithium were equally ineffec-
tive, or made patients equally better or worse. Com-
parison with population survival data or with
historical controls cannot resolve this question due to
differences in inclusion criteria. The parallel design
with masking permitted accrual of safety data: lith-
ium was not tolerated well—congruent with the Pa-
tientsLikeMe report.3 Safety concerns had not been
detected in the earliest reporting study.5

Another study7 chose to place all patients on
therapeutic doses of lithium and compare their
course to historical placebo controls.8 Compared
to controls, this investigation showed a 20% faster
decline in lithium-treated PALS followed over 12See page 619

Supplemental data at
www.neurology.org

Address correspondence and
reprint requests to Dr. Carmel
Armon, Division of Neurology,
Baystate Medical Center S4648,
759 Chestnut Street, Springfield,
MA 01199
carmel.armon@bhs.org

e-Pub ahead of print on August 11, 2010, at www.neurology.org.

From the Tufts University School of Medicine/Baystate Medical Center, Springfield, MA.

Disclosure: Author disclosures are provided at the end of the editorial.

EDITORIAL

586 Copyright © 2010 by AAN Enterprises, Inc. by CARMEL ARMON on August 16, 2010 www.neurology.orgDownloaded from 

Articles

www.thelancet.com/neurology   Published online April 6, 2010   DOI:10.1016/S1474-4422(10)70068-5 5

5·4 months (SD 1·5, range 0·8–8·3) until the study was 
stopped for futility in September, 2009.

In September, 2009, at the fi rst interim analysis, a 
log-rank statistical analysis testing the superiority of 
lithium favoured placebo (p=0·78, which exceeded 
the one-sided p value of 0·68 to stop for futility). The 
results were reviewed by the data and safety monitoring 
board who recommended, with National Institute of 
Neurological Disorders and Stroke agreement, that the 
trial be stopped for futility. All participants were asked to 
stop taking the study drug and to schedule a fi nal safety 
visit with the site study staff . 

In the fi nal dataset, 22 of 40 patients in the lithium group 
had an event compared with 20 of 44 patients in the placebo 
group (p=0·51; fi gure 2). Of the patients who had an event, 
four died (one in the lithium group and three in the placebo 
group) and 38 had a decrease of at least six points on the 
ALSFRS-R (21 in the lithium group and 17 in the placebo 
group). The point estimate for the hazard ratio of reaching 
the primary endpoint was 1·13 (95% CI 0·61–2·07). The 
diff erence in mean decline between the lithium group and 
the placebo group was 0·15 for the ALSFRS-R (95% CI 
–0·43 to 0·73, p=0·61; fi gure 3), –1·22 for slow vital 
capacity (–2·58 to 0·13, p=0·08; fi gure 3), and –0·04 for 
QIDS-SR16 (–0·37 to 0·30, p=0·83). 

The lithium doses in the study ranged from 150 mg/day 
to 1050 mg/day (1–7 capsules). At the week 4 visit, 
14 of 38 patients in the lithium group had serum lithium 
concentrations in the target range of 0·4–0·8 mEq/L 
(mean 0·31 mEq/L; fi gure 4). At week 8, concentrations of 
lithium in 18 of 38 patients were in the target range (mean 
0·36 mEq/L), and at week 12, 25 of 34 had therapeutic 
serum lithium concentrations (mean 0·40 mEq/L). Of the 
40 patients initially randomly assigned lithium, six did not 
reach a drug concentration in the therapeutic range; two 
of these patients discontinued study drug early: one after 
receiving one dose and one 2 weeks after drug initiation. 
Two of 36 patients assigned to the placebo group had 
therapeutic lithium concentrations at their week 12 visit. A 
patient in the placebo group who had detectable lithium at 
week 12 had previously discontinued study drug and had 
started lithium treatment outside the study.

27 of 40 patients in the lithium group and 38 of 44 in 
the placebo group completed the study up to the fi nal 
analysis without any dose reductions, suspensions, or 
permanent discontinuations because of adverse events  
(p=0·07). 12 patients permanently discontinued treatment 
(excluding those who died) before the fi rst interim 
analysis: seven in the placebo group and fi ve in the 
lithium group. Time to study drug discontinuation did 
not diff er signifi cantly between the treatment groups 
(log-rank p=0·55). The reasons for permanent study drug 
discontinuation in the placebo group included disease 
progression, raised thyroid stimulating hormone, and 
constitutional symptoms such as fatigue, anorexia, and 
nausea. In the lithium group, the study drug was 
discontinued after an episode of delirium (deemed 

unrelated to study drug), tremor and dizziness, 
depression, consent withdrawal, and disease progression. 
One participant in the lithium group stopped taking the 
study drug because of perceived lack of effi  cacy, and the 
study drug was discontinued in another patient on the 
recommendation of the drug monitor because of lithium 
concentrations above 1·2 mEq/L. 

Figure 3: Total changes in amyotrophic lateral sclerosis functional rating scale revised and slow vital capacity
Bars are SE. ALSFRS-R=amyotrophic lateral sclerosis functional rating scale revised.
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"It is simply no longer possible to believe 
much of  the clinical research that is 
published, or to rely on the judgment of  
trusted physicians or authoritative medical 
guidelines. 
I take no pleasure in this conclusion, which I 
reached slowly and reluctantly over my two 
decades as an editor of  The New England 
Journal of  Medicine.” 
 

      Marcia Angell, MD 

Clinical Research 



Parachute use to prevent death and major trauma related
to gravitational challenge: systematic review of
randomised controlled trials
Gordon C S Smith, Jill P Pell

Abstract
Objectives To determine whether parachutes are
effective in preventing major trauma related to
gravitational challenge.
Design Systematic review of randomised controlled
trials.
Data sources: Medline, Web of Science, Embase, and
the Cochrane Library databases; appropriate internet
sites and citation lists.
Study selection: Studies showing the effects of using
a parachute during free fall.
Main outcome measure Death or major trauma,
defined as an injury severity score > 15.
Results We were unable to identify any randomised
controlled trials of parachute intervention.
Conclusions As with many interventions intended to
prevent ill health, the effectiveness of parachutes has
not been subjected to rigorous evaluation by using
randomised controlled trials. Advocates of evidence
based medicine have criticised the adoption of
interventions evaluated by using only observational
data. We think that everyone might benefit if the most
radical protagonists of evidence based medicine
organised and participated in a double blind,
randomised, placebo controlled, crossover trial of the
parachute.

Introduction
The parachute is used in recreational, voluntary sector,
and military settings to reduce the risk of orthopaedic,
head, and soft tissue injury after gravitational
challenge, typically in the context of jumping from an
aircraft. The perception that parachutes are a success-
ful intervention is based largely on anecdotal evidence.
Observational data have shown that their use is associ-
ated with morbidity and mortality, due to both failure
of the intervention1 2 and iatrogenic complications.3 In
addition, “natural history” studies of free fall indicate
that failure to take or deploy a parachute does not
inevitably result in an adverse outcome.4 We therefore
undertook a systematic review of randomised control-
led trials of parachutes.

Methods
Literature search
We conducted the review in accordance with the
QUOROM (quality of reporting of meta-analyses)
guidelines.5 We searched for randomised controlled
trials of parachute use on Medline, Web of Science,
Embase, the Cochrane Library, appropriate internet
sites, and citation lists. Search words employed were
“parachute” and “trial.” We imposed no language
restriction and included any studies that entailed
jumping from a height greater than 100 metres. The

accepted intervention was a fabric device, secured by
strings to a harness worn by the participant and
released (either automatically or manually) during free
fall with the purpose of limiting the rate of descent. We
excluded studies that had no control group.

Definition of outcomes
The major outcomes studied were death or major
trauma, defined as an injury severity score greater than
15.6

Meta-analysis
Our statistical apprach was to assess outcomes in para-
chute and control groups by odds ratios and quantified
the precision of estimates by 95% confidence intervals.
We chose the Mantel-Haenszel test to assess hetero-
geneity, and sensitivity and subgroup analyses and
fixed effects weighted regression techniques to explore
causes of heterogeneity. We selected a funnel plot to
assess publication bias visually and Egger’s and Begg’s
tests to test it quantitatively. Stata software, version 7.0,
was the tool for all statistical analyses.

Results
Our search strategy did not find any randomised
controlled trials of the parachute.

Discussion
Evidence based pride and observational prejudice
It is a truth universally acknowledged that a medical
intervention justified by observational data must be in
want of verification through a randomised controlled

Parachutes reduce the risk of injury after gravitational challenge, but their effectiveness has
not been proved with randomised controlled trials
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Leading	  Cause	  of	  Death	  in	  the	  United	  States*	  

1	   Heart	  Disease 652,091	  

2	   Cancer 559,312	  

3	   Stroke 143,579	  

4	   Chronic	  Lower	  Respiratory	  Disease 130,933	  

5	   Accidents	  (unintenUonal	  injuries)	   117,809	  

Preventable	  Medical	  Errors** 98,000	  

6	   Diabetes 75,119	  

7	   Alzheimer’s	  Disease 71,599	  

8	   Influenza/Pneumonia 63,001	  

9	   NephriUs/Nephrosis 43,901	  

10	   SepUcemia 34,136	  



A New, Evidence-based Estimate of Patient Harms
Associated with Hospital Care

John T. James, PhD

Objectives: Based on 1984 data developed from reviews of medical
records of patients treated in New York hospitals, the Institute of Med-
icine estimated that up to 98,000 Americans die each year from medical
errors. The basis of this estimate is nearly 3 decades old; herein, an
updated estimate is developed from modern studies published from
2008 to 2011.
Methods: A literature review identified 4 limited studies that used
primarily the Global Trigger Tool to flag specific evidence in medical
records, such as medication stop orders or abnormal laboratory results,
which point to an adverse event that may have harmed a patient. Ulti-
mately, a physician must concur on the findings of an adverse event and
then classify the severity of patient harm.
Results: Using a weighted average of the 4 studies, a lower limit of
210,000 deaths per year was associated with preventable harm in hos-
pitals. Given limitations in the search capability of the Global Trigger
Tool and the incompleteness of medical records on which the Tool de-
pends, the true number of premature deaths associated with preventable
harm to patients was estimated at more than 400,000 per year. Serious
harm seems to be 10- to 20-fold more common than lethal harm.
Conclusions: The epidemic of patient harm in hospitals must be taken
more seriously if it is to be curtailed. Fully engaging patients and their
advocates during hospital care, systematically seeking the patients’
voice in identifying harms, transparent accountability for harm, and
intentional correction of root causes of harm will be necessary to ac-
complish this goal.

Key Words: patient harm, preventable adverse events, transparency,
patient-centered care, Global Trigger Tool, medical errors

(J Patient Saf 2013;9: 122Y128)

‘‘All men make mistakes, but a good man
yields when he knows his course is wrong,

and repairs the evil. The only crime is
pride.’’V Sophocles, Antigone’’

Medical care in the United States is technically complex at
the individual provider level, at the system level, and at

the national level. The amount of new knowledge generated
each year by clinical research that applies directly to patient care
can easily overwhelm the individual physician trying to opti-
mize the care of his patients.1 Furthermore, the lack of a well-
integrated and comprehensive continuing education system in
the health professions is a major contributing factor to knowl-
edge and performance deficiencies at the individual and system
level.2 Guidelines for physicians to optimize patient care are
quickly out of date and can be biased by those who write the
guidelines.3Y5 At the system level, hospitals struggle with staff-
ing issues, making suitable technology available for patient care,
and executing effective handoffs between shifts and also between
inpatient and outpatient care.6 Increased production demands in
cost-driven institutions may increase the risk of preventable ad-
verse events (PAEs). The United States trails behind other devel-
oped nations in implementing electronic medical records for its
citizens.7 Hence, the information a physician needs to optimize
care of a patient is often unavailable.

At the national level, our country is distinguished for its
patchwork of medical care subsystems that can require patients
to bounce around in a complex maze of providers as they seek
effective and affordable care. Because of increased production
demands, providers may be expected to give care in suboptimal
working conditions, with decreased staff, and a shortage of
physicians, which leads to fatigue and burnout. It should be no
surprise that PAEs that harm patients are frighteningly common
in this highly technical, rapidly changing, and poorly integrated
industry. The picture is further complicated by a lack of trans-
parency and limited accountability for errors that harm patients.8,9

There are at least 3 time-based categories of PAEs recog-
nized in patients that are or have been hospitalized. The broadest
definition encompasses all unexpected and harmful experience
that a patient encounters as a result of being in the care of a
medical professional or system because high quality, evidence-
based medical care was not delivered during hospitalization. The
harmful outcomes may be realized immediately, delayed for days
or months, or even delayedmany years. An example of immediate
harm is excess bleeding because of an overdose of an anticoagu-
lant drug such as that which occurred to the twins born to Dennis
Quaid and his wife.10 An example of harm that is not apparent
for weeks or months is infection with Hepatitis C virus as a result
of contaminated chemotherapy equipment.11 Harm that occurs
years later is exemplified by a nearly lethal pneumococcal infec-
tion in a patient that had had a splenectomy many years ago, yet
was never vaccinated against this infection risk as guidelines and
prompts require.12

METHODS
The approach to the problem of identifying and enumer-

ating PAEs was 4-fold: (1) distinguish types of PAEs that may
occur in hospitals, (2) characterize preventability in the context
of the Global Trigger Tool (GTT), (3) search contemporary
medical literature for the prevalence and severity of PAEs that
have been enumerated by credible investigators based on medical
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TABLE 2. Recent Studies of Preventable Adverse Events

Reference
Source of Medical

Record Data
Time Covered
by Records

No. records
Reviewed

Search Tool
or Method

Serious Adverse
Events (Class F to I)

Found (%)
% Deemed
Preventable

Lethal Adverse
Events (%)

Major Causes of
Lethal Events

OIG (2008) Medicare beneficiaries
in 2 counties

1 wk in August
2008

278 Global trigger tool 43 (15%) n/s 3 (1.1%) n/s

OIG (2010) Representative
Medicare patients

October 2008 838 Global trigger tool 128 (15%) 44% 12 (1.4%) 7-medication, 2-sepsis,
2-aspiration, 1-other*

Classen et al.
(2011)

3 tertiary-care hospitals October 2004 795 Global trigger tool 167 (21%) ~100% 9 (1.1%) 4-procedure, 2-pulmonary,
1-infection, 2-not
specified

Landrigan, et al.
(2010)

10 hospitals in North
Carolina

Jan 2002 through
Dec 2007

2341 Global trigger tool 332 (14%) 63% 14 (0.6%) 7- HAI, 3-Renal/endocr.
4-other systems†

* Ventilator-associated pneumonia.
† Cardiac arrest, pulmonary embolism, hematologic event, neurological event.
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the best estimate from combining these 4 studies is 

34,400,000 x 0.69 x 0.0089 = 210,000  
preventable adverse events per year that contribute 

to the death of hospitalized patients 





"In physical science the first essential step in the direction of  
learning any subject is to find principles of  numerical 
reckoning and practicable methods for measuring some quality 
connected with it. I often say that when you can measure what 
you are speaking about, and express it in numbers, you know 
something about it; but when you cannot measure it, when you 
cannot express it in numbers, your knowledge is of  a meagre 
and unsatisfactory kind; it may be the beginning of  
knowledge, but you have scarcely in your thoughts advanced to 
the state of Science, whatever the matter may be." 
 

        Lord Kelvin 
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Users reported that PatientsLikeMe helped them… 

Patients Get Better 
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Patients (%) 

Epilepsy	  &	  Behavior	  
Volume	  23,	  Issue	  1,	  January	  2012,	  	  
	  
Perceived	  benefits	  of	  sharing	  
health	  data	  between	  people	  with	  
epilepsy	  on	  an	  online	  plaVorm	  
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Social ‘Dose response’ curve 

(p<0.001) for differences between “none” and all other categories 



Patient assessment of 
physician quality measure performance 

n=221 except for *data only shown for patients with intractable epilepsy, **question only asked of females aged 14–44 
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agree (%)"
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Disagree  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disagree (%)"
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 (%)"

1a. Type of seizures! 51! 38! 8! 4! 0!
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3.   EEG performed! 89! 10.5! 0! 0.5! 0!

4.   Neuroimaging performed! 86! 11! 1! 2! 0.5!
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6.   Epilepsy surgery referral* ! 35! 13! 14! 20! 19!

7.   Discussed safety issues ! 48! 26! 9! 12! 5!

8.   Birth control** ! 27! 19! 10! 7! 37!

Wicks	  P,	  Fountain	  N.	  Poster	  presented	  at	  AAN	  2011	  



Quality measure performance by specialty 

Box plots of total number of measures performed (excluding contraception & surgery referral 
items) broken down by specialty of treating physician. Black line represents the median, box 
is the inter-quartile range (IQR), whiskers are 1.5x IQR, and circles are outliers (>1.5x IQR) 

Wicks	  P,	  Fountain	  N.	  Poster	  presented	  at	  AAN	  2011	  
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“All models are wrong,  
but some are useful.” 

 
   George Edward Pelham Box 
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A N A LY S I S

Patients with serious diseases may experiment with drugs 
that have not received regulatory approval. Online patient 
communities structured around quantitative outcome data 
have the potential to provide an observational environment 
to monitor such drug usage and its consequences. Here 
we describe an analysis of data reported on the website 
PatientsLikeMe by patients with amyotrophic lateral sclerosis 
(ALS) who experimented with lithium carbonate treatment. 
To reduce potential bias owing to lack of randomization, we 
developed an algorithm to match 149 treated patients to 
multiple controls (447 total) based on the progression of their 
disease course. At 12 months after treatment, we found no 
effect of lithium on disease progression. Although observational 
studies using unblinded data are not a substitute for double-
blind randomized control trials, this study reached the same 
conclusion as subsequent randomized trials, suggesting that 
data reported by patients over the internet may be useful for 
accelerating clinical discovery and evaluating the effectiveness 
of drugs already in use.

Online communities such as PatientsLikeMe that provide robust 
methods for patients to record and share data may have the potential 
to be used to conduct observational studies to assess the effectiveness 
of treatments. Although observational studies inherently cannot meet 
the gold standard of randomized clinical trials, they provide an oppor-
tunity to collect possibly useful early-phase data by capturing patients’ 
self-experimentation. Empowering observational studies of patients’ 
self-experimentation carries some risks. Nevertheless, an increasing 
level of self-experimentation is already happening1. In this context, 
it is possible that patient-reported outcome data collected over the 
Internet could be integrated into academic and/or industry-led cycles 
of product development and evaluation2.

Approximately half of ALS patients take vitamins and unproven 
supplements3, whereas a smaller number go to extraordinary lengths 
to experiment with unproven treatments such as stem cell transplants 
in the developing world4. Recently, a consortium of 75 ALS physi-
cians, scientists and experts (ALSUntangled.com) has been formed 

to investigate the use of self-experimentation, complementary and 
alternative medicine, and off-label drug usage5. There are a number 
of benefits to systematically studying patients’ self-experimentation. 
First, it is important to respect patients’ autonomy and their deci-
sions; helping them participate in systematic evaluations may increase 
scientific literacy. Second, there is an obligation to collect data on 
the safety of self-experimentation. Unproven treatments might have 
substantial safety concerns, and risks to patients may be increased 
without a way to report safety issues. Finally, there is the chance that 
something (i.e., off-label usage, a change in dosage, delivery route or 
combination with other treatments) might actually be shown to be 
efficacious, leading to further study.

ALS is a condition where both randomized trials and nonrand-
omized clinical studies have yet to provide an effective therapy. It is 
a cruel and rapidly fatal neurodegenerative disease causing progres-
sive weakness and muscle atrophy; median survival from symptom 
onset is 2–5 years6. In 2008, a study described the potential efficacy 
of lithium carbonate to slow the progression of ALS in a small, single-
blind trial of 16 treated patients and 28 controls7. Despite skepticism 
from the medical community8–10, some ALS patients were enthusi-
astic about the treatment11 and by their own initiative used an online 
spreadsheet to gather data. PatientsLikeMe built a lithium-specific 
data collection tool (see Supplementary Fig. 1) to capture informa-
tion about the 348 ALS patients registered with the PatientsLikeMe 
website who began taking the drug off-label via their physician. To 
investigate whether the major effect of lithium carbonate reported in 
the original study was corroborated in these 348 patients, we under-
took an observational analysis of self-reported outcomes. ALS disease 
progression is evaluated using the Revised ALS Functional Rating 
Scale (ALSFRS-R12, henceforth referred to as FRS), which measures 
patient-reported functional impairment in domains such as speech, 
swallowing, walking, arm function and respiratory function. This 
metric is one of the standard outcome measures used in ALS clinical 
trials. In the absence of randomization, blinding or a placebo group, 
a technique was needed to overcome potential biases, such as the 
inherent self-selection of self-experimentation in an online sample, 
the placebo effect and attrition.

RESULTS
Participants
As of the date that our data set was finalized (28 February 2010), there 
were 4,318 ALS patients on PatientsLikeMe, all of whom were invited 

Accelerated clinical discovery using self-reported 
patient data collected online and a patient-matching 
algorithm
Paul Wicks, Timothy E Vaughan, Michael P Massagli & James Heywood

Research and Development, PatientsLikeMe Inc., Cambridge, Massachusetts, 
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to report their FRS scores, symptoms, treatments (with start and stop 
dates), site of ALS onset and demographic data using online tools pro-
vided on the PatientsLikeMe website13 (Fig. 1a,b and Supplementary 
Fig. 1). Of these, 3,674 (85%) provided at least basic demographic 
and diagnosis data; 348 of those (9%) reported taking lithium. After 
applying inclusion and exclusion criteria (see Online Methods),  
149 patients remained eligible for subsequent analysis in an ‘intent to 
treat’ group (that is, they took lithium but may have discontinued within  
12 months) and 78 patients were eligible in a ‘full course’ group (that 
is, a subset of the intent-to-treat group who continued to take lithium 
for the entire 12 months). De-identified data on all patients described 
in this study are provided in Supplementary Data File.

Matching algorithm
ALS trials have used a variety of methods to match patients receiv-
ing a treatment with appropriate control patients, with trial designs 
including futility design, multistage adaptive design, lead-in periods, 
selection design and historical controls14. Our design most closely 
resembles a combination of historical controls with a lead-in period; 
this has the advantage of being able to test drugs that may have the 
potential to have a very large clinical effect, but has the disadvantage 
that participants enrolling in an unblinded study may differ from 
historical controls or be biased in the data that they report14. To help 
minimize such biases, we developed an algorithm, the PatientsLikeMe 
matching algorithm, to match lithium-treated and control patients 
based on their entire disease progression, as measured by the FRS, 
before treatment was initiated (Figs. 1c and 2a). This technique is reli-
ant upon having a large historical database of prospectively captured 
data over several years. In contrast, lead-in studies in ALS typically 
have only had brief (3–6 month) lead-in periods.

For each patient taking lithium, the algorithm matched multiple 
controls from our database that had as similar an FRS trajectory as 
possible to the treated patient’s disease trajectory from onset to start 
of lithium. To aid in matching the period soon after onset, we assigned 
all patients a score of 48 (the scale maximum) on the day of onset, 
unless they reported a lower score for that date (true for 33 treated 
patients and 8 controls reporting lower scores at onset, mean FRS: 46). 
The algorithm tends to match patients to controls who have similar 

time since onset (otherwise the early trajectories diverge), study-start  
severity (otherwise recent trajectories diverge) or slope change, mean-
ing mild decline followed by plummet or vice versa (otherwise middle 
of trajectories diverge). Treated and control patients were not required 
to be progressing contemporaneously along the disease course because 
we translated the controls’ progression backward or forward in time 
to obtain the optimal alignment with the treated patient. Full math-
ematical details of the algorithm are in Online Methods.

Analysis of treatment efficacy
We performed two analyses, an intent-to-treat analysis of 149 patients 
who reported taking lithium for at least 2 months (but may have dis-
continued taking the drug or died within 12 months of commencing 
treatment), and an analysis of the subset of 78 patients who stayed on 
lithium for a full 12 months or died within that period. For all treated 
patients, the PatientsLikeMe matching algorithm was used to select 
a control group matched on pretreatment FRS progression (Fig. 2a). 
Although other factors were not explicitly used to match, we did not 
observe significant group differences for age (D149, 447 = 0.07, P = 0.60, 
treated: 51.3 years (s.d. = 10), control: 52.3 years (s.d. = 11)), site of onset 
( 2 (2) = 5.5, P = 0.07, treated: 46% arms/32% legs/21% bulbar, control: 
36% arms/39% legs/26% bulbar) or FRS score at treatment start (D149, 
447 = 0.04, P = 0.999, treated FRS: 34.1 (s.d. = 7.9), control FRS: 34.1 
(s.d. = 8.0)). However, the distribution by sex was significantly different 
across treatment and control groups, with males accounting for 72% of 
the treated and 59% of the control group ( 2 (1) = 7.7, P < 0.01).

We did not observe a statistically significant difference in FRS score 
at 12 months (D149, 447 = 0.10, P = 0.22) in the intent-to-treat group. 
All other monthly checkpoints were consistent with this result, with 
P > 0.05 at each checkpoint (Fig. 2b). Based on a Kaplan-Meier plot 
(Supplementary Fig. 2), we did not observe a significant difference in 
survival between treated patients and controls (P = 0.93). This analysis 
had 80% power to detect an absolute difference of 2.2 FRS points at  
12 months, 22% of the average decline of the control group. This 
power is in line with clinician perceptions of a meaningful improve-
ment in progression15. The observed absolute difference was 0.74 
FRS points, in contrast to the previously reported difference of 8 FRS 
points at 12 months7.
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Figure 1 Conceptual overview of the online study environment and matching algorithm. (a) The number of patients choosing to experiment with 
lithium carbonate peaked in the months after publication of a small clinical trial in Italy. Preliminary negative results from this patient-led study were 
announced before the first randomized control trial had started recruitment. (b) Aggregate view of FRS scores for all 348 patients analyzed in this 
study. These data were publicly available online during the study. (c) Illustration of disease progression curves of control individuals that are good and 
poor matches for a particular patient. Both control individuals would be considered comparable by traditional matching criteria. The PatientsLikeMe 
matching algorithm minimizes the area between the disease progression curves for a target patient and a control.







“To raise new questions, new possibilities, to 
regard old problems from a new angle, 
requires creative imagination and marks real 
advance in science." 
 
                  Albert Einstein 
 









Resource

Personal Omics Profiling
Reveals Dynamic Molecular
and Medical Phenotypes
Rui Chen,1,11 George I. Mias,1,11 Jennifer Li-Pook-Than,1,11 Lihua Jiang,1,11 Hugo Y.K. Lam,1,12 Rong Chen,2,12

Elana Miriami,1 Konrad J. Karczewski,1 Manoj Hariharan,1 Frederick E. Dewey,3 Yong Cheng,1 Michael J. Clark,1

Hogune Im,1 Lukas Habegger,6,7 Suganthi Balasubramanian,6,7 Maeve O’Huallachain,1 Joel T. Dudley,2

Sara Hillenmeyer,1 Rajini Haraksingh,1 Donald Sharon,1 Ghia Euskirchen,1 Phil Lacroute,1 Keith Bettinger,1 Alan P. Boyle,1

Maya Kasowski,1 Fabian Grubert,1 Scott Seki,2 Marco Garcia,2 Michelle Whirl-Carrillo,1 Mercedes Gallardo,9,10

Maria A. Blasco,9 Peter L. Greenberg,4 Phyllis Snyder,1 Teri E. Klein,1 Russ B. Altman,1,5 Atul J. Butte,2 Euan A. Ashley,3

Mark Gerstein,6,7,8 Kari C. Nadeau,2 Hua Tang,1 and Michael Snyder1,*
1Department of Genetics, Stanford University School of Medicine
2Division of Systems Medicine and Division of Immunology and Allergy, Department of Pediatrics
3Center for Inherited Cardiovascular Disease, Division of Cardiovascular Medicine
4Division of Hematology, Department of Medicine
5Department of Bioengineering
Stanford University, Stanford, CA 94305, USA
6Program in Computational Biology and Bioinformatics
7Department of Molecular Biophysics and Biochemistry
8Department of Computer Science
Yale University, New Haven, CT 06520, USA
9Telomeres and Telomerase Group, Molecular Oncology Program, Spanish National Cancer Centre (CNIO), Madrid E-28029, Spain
10Life Length, Madrid E-28003, Spain
11These authors contributed equally to this work
12Present address: Personalis, Palo Alto, CA 94301, USA
*Correspondence: mpsnyder@stanford.edu
DOI 10.1016/j.cell.2012.02.009

SUMMARY

Personalized medicine is expected to benefit from
combining genomic information with regular moni-
toring of physiological states by multiple high-
throughput methods. Here, we present an integrative
personal omics profile (iPOP), an analysis that
combines genomic, transcriptomic, proteomic, me-
tabolomic, and autoantibody profiles from a single
individual over a 14 month period. Our iPOP analysis
revealed various medical risks, including type 2
diabetes. It also uncovered extensive, dynamic
changes in diverse molecular components and
biological pathways across healthy and diseased
conditions. Extremely high-coverage genomic
and transcriptomic data, which provide the basis
of our iPOP, revealed extensive heteroallelic
changes during healthy and diseased states and an
unexpected RNA editing mechanism. This study
demonstrates that longitudinal iPOP can be used
to interpret healthy and diseased states by connect-
ing genomic information with additional dynamic
omics activity.

INTRODUCTION

Personalized medicine aims to assess medical risks, monitor,
diagnose and treat patients according to their specific genetic
composition and molecular phenotype. The advent of genome
sequencing and the analysis of physiological states has proven
to be powerful (Cancer Genome Atlas Research Network,
2011). However, its implementation for the analysis of otherwise
healthy individuals for estimation of disease risk and medical
interpretation is less clear. Much of the genome is difficult to
interpret and many complex diseases, such as diabetes, neuro-
logical disorders and cancer, likely involve a large number of
different genes and biological pathways (Ashley et al., 2010;
Grayson et al., 2011; Li et al., 2011), as well as environmental
contributors that can be difficult to assess. As such, the com-
bination of genomic information along with a detailed molecular
analysis of samples will be important for predicting, diagnosing
and treating diseases aswell as for understanding the onset, pro-
gression, and prevalence of disease states (Snyder et al., 2009).
Presently, healthy and diseased states are typically followed

using a limited number of assays that analyze a small number
of markers of distinct types. With the advancement of many
new technologies, it is now possible to analyze upward of 105

molecular constituents. For example, DNA microarrays have
allowed the subcategorization of lymphomas and gliomas

Cell 148, 1293–1307, March 16, 2012 ª2012 Elsevier Inc. 1293

Resource

Personal Omics Profiling
Reveals Dynamic Molecular
and Medical Phenotypes
Rui Chen,1,11 George I. Mias,1,11 Jennifer Li-Pook-Than,1,11 Lihua Jiang,1,11 Hugo Y.K. Lam,1,12 Rong Chen,2,12

Elana Miriami,1 Konrad J. Karczewski,1 Manoj Hariharan,1 Frederick E. Dewey,3 Yong Cheng,1 Michael J. Clark,1

Hogune Im,1 Lukas Habegger,6,7 Suganthi Balasubramanian,6,7 Maeve O’Huallachain,1 Joel T. Dudley,2

Sara Hillenmeyer,1 Rajini Haraksingh,1 Donald Sharon,1 Ghia Euskirchen,1 Phil Lacroute,1 Keith Bettinger,1 Alan P. Boyle,1

Maya Kasowski,1 Fabian Grubert,1 Scott Seki,2 Marco Garcia,2 Michelle Whirl-Carrillo,1 Mercedes Gallardo,9,10

Maria A. Blasco,9 Peter L. Greenberg,4 Phyllis Snyder,1 Teri E. Klein,1 Russ B. Altman,1,5 Atul J. Butte,2 Euan A. Ashley,3

Mark Gerstein,6,7,8 Kari C. Nadeau,2 Hua Tang,1 and Michael Snyder1,*
1Department of Genetics, Stanford University School of Medicine
2Division of Systems Medicine and Division of Immunology and Allergy, Department of Pediatrics
3Center for Inherited Cardiovascular Disease, Division of Cardiovascular Medicine
4Division of Hematology, Department of Medicine
5Department of Bioengineering
Stanford University, Stanford, CA 94305, USA
6Program in Computational Biology and Bioinformatics
7Department of Molecular Biophysics and Biochemistry
8Department of Computer Science
Yale University, New Haven, CT 06520, USA
9Telomeres and Telomerase Group, Molecular Oncology Program, Spanish National Cancer Centre (CNIO), Madrid E-28029, Spain
10Life Length, Madrid E-28003, Spain
11These authors contributed equally to this work
12Present address: Personalis, Palo Alto, CA 94301, USA
*Correspondence: mpsnyder@stanford.edu
DOI 10.1016/j.cell.2012.02.009

SUMMARY

Personalized medicine is expected to benefit from
combining genomic information with regular moni-
toring of physiological states by multiple high-
throughput methods. Here, we present an integrative
personal omics profile (iPOP), an analysis that
combines genomic, transcriptomic, proteomic, me-
tabolomic, and autoantibody profiles from a single
individual over a 14 month period. Our iPOP analysis
revealed various medical risks, including type 2
diabetes. It also uncovered extensive, dynamic
changes in diverse molecular components and
biological pathways across healthy and diseased
conditions. Extremely high-coverage genomic
and transcriptomic data, which provide the basis
of our iPOP, revealed extensive heteroallelic
changes during healthy and diseased states and an
unexpected RNA editing mechanism. This study
demonstrates that longitudinal iPOP can be used
to interpret healthy and diseased states by connect-
ing genomic information with additional dynamic
omics activity.

INTRODUCTION

Personalized medicine aims to assess medical risks, monitor,
diagnose and treat patients according to their specific genetic
composition and molecular phenotype. The advent of genome
sequencing and the analysis of physiological states has proven
to be powerful (Cancer Genome Atlas Research Network,
2011). However, its implementation for the analysis of otherwise
healthy individuals for estimation of disease risk and medical
interpretation is less clear. Much of the genome is difficult to
interpret and many complex diseases, such as diabetes, neuro-
logical disorders and cancer, likely involve a large number of
different genes and biological pathways (Ashley et al., 2010;
Grayson et al., 2011; Li et al., 2011), as well as environmental
contributors that can be difficult to assess. As such, the com-
bination of genomic information along with a detailed molecular
analysis of samples will be important for predicting, diagnosing
and treating diseases aswell as for understanding the onset, pro-
gression, and prevalence of disease states (Snyder et al., 2009).
Presently, healthy and diseased states are typically followed

using a limited number of assays that analyze a small number
of markers of distinct types. With the advancement of many
new technologies, it is now possible to analyze upward of 105

molecular constituents. For example, DNA microarrays have
allowed the subcategorization of lymphomas and gliomas

Cell 148, 1293–1307, March 16, 2012 ª2012 Elsevier Inc. 1293

“The	  future	  is	  already	  here	  —	  
	  it's	  just	  not	  very	  evenly	  distributed”	  
	  
	  

	  William	  Gibson	  



Measurement	  Based	  Medicine	  

We	  should	  measure	  of	  the	  severity	  of	  each	  condiUon	  and	  its	  impact	  
on	  the	  paUent.	  
	  
Measures	  should	  effecUvely	  support	  the	  paUent	  in	  their	  life	  choices,	  
the	  clinician	  in	  their	  care	  choices,	  and	  the	  researcher	  in	  learning	  
what	  is	  effecUve	  
	  
Measures	  should	  evolve	  to	  increasingly	  support	  the	  paUent,	  clinician	  
and	  researcher.	  
	  
Measures	  should	  be	  evaluated	  based	  on	  their	  ability	  to	  predict	  the	  
paUents	  future	  state	  with	  highest	  accuracy	  
	  
Every	  paUent	  is	  measured	  as	  part	  of	  care	  to	  the	  degree	  that	  is	  
appropriate	  for	  their	  condiUon(s)	  such	  that	  their	  experience	  will	  
guide	  next	  paUent.	  
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Disease	  


