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lower. The European Prospective 
Investigation into Cancer and 
Nutrition study recently reported 
a similarly strong inverse asso
ciation. A prospective study from 
the Japan Public Health Center 
did not find an inverse relation 
between plasma 25hydroxyvita
min D levels and the occurrence 
of colon cancer, although an in
verse association with rectal can
cer was apparent. Randomized 
trial evidence is limited. In a 
British trial comparing vitamin 
D3 with placebo, the interven
tion was not associated with a 
change in colorectalcancer inci
dence (relative risk, 1.02; 95% 
CI, 0.60 to 1.74). Similarly, in 
the WHI trial, calcium plus vita
min D3 did not reduce the inci
dence of colorectal cancer (rela
tive risk, 1.08; 95% CI, 0.86 to 
1.34) or related mortality (relative 
risk, 0.82; 95% CI, 0.52 to 1.29).

Although ecologic studies sug
gest that mortality due to pros
tate cancer is inversely related  
to sun exposure, observational  
analytic studies of serum 25 
hydroxyvitamin D and prostate 
cancer haven’t supported this 
conclusion.1-3 Eight of 12 nested 
case–control studies showed no 
association between baseline se
rum 25hydroxyvitamin D levels 
and prostatecancer risk, and 
just 1 showed a significant in
verse association; a more recent 
nested case–control analysis of 
data from the αTocopherol, 

βCarotene Cancer Prevention 
Study showed no association. 
Moreover, a metaanalysis of 45 
observational studies of dairy
product intake and prostatecan
cer risk showed no significant 
association with dietary intake 
of vitamin D. No relevant ran
domized clinical trials were iden
tified.

The largescale Cohort Con
sortium Vitamin D Pooling Proj
ect of Rarer Cancers showed no 
evidence linking higher serum 
25hydroxyvitamin D concentra
tions to reduced risk of less 
common cancers, including en
dometrial, esophageal, gastric, 
kidney, pancreatic, and ovarian 
cancers and nonHodgkin’s lym
phoma5 (which together account 
for approximately half of all 
cancers worldwide). Moreover, the 
report provided evidence sug
gestive of a significantly in
creased risk of pancreatic cancer 
at high 25hydroxyvitamin D lev
els (≥40 ng per milliliter).5 An 
increased risk of esophageal can
cer at higher 25hydroxyvitamin 
D levels has also been reported.

Despite biologic plausibility 
and widespread enthusiasm, the 
IOM committee found that the 
evidence that vitamin D reduces 
cancer incidence and related 
mortality was inconsistent and 
inconclusive as to causality. New 
trials assessing moderatetohigh
dose vitamin D supplementation 
for cancer prevention are in 

progress and should provide ad
ditional information within 5 to 
6 years. Although future research 
may demonstrate clear benefits 
of vitamin D related to cancer 
and other nonskeletal health out
comes, and possibly support high
er intake requirements, the ex
isting evidence falls short.
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Anesthetic agents are common
ly used for a variety of med

ical procedures in infants and 
children, but little is known 

about their effects on the devel
oping brain. A growing body of 
data from studies in animals sug
gests that under certain circum

stances, such as prolonged anes
thesia, these drugs could adversely 
affect neurologic, cognitive, and 
social development of neonates 

The New England Journal of Medicine 
Downloaded from nejm.org on February 25, 2013. For personal use only. No other uses without permission. 

 Copyright © 2011 Massachusetts Medical Society. All rights reserved. 



PERSPECTIVE

n engl j med 364;15 nejm.org april 14, 20111388

and young children. We believe 
that these findings should be of 
concern to the scientific and 
medical communities.

Over the past decade, studies 
in rodents have found that expo
sure to anesthetic agents during 
sensitive periods of brain develop
ment (i.e., the brain growth spurt) 
results in widespread neuronal 
apoptosis and functional deficits 
later in development. So far, agents 
that either antagonize Nmethyl
Daspartate (NMDA) receptors or 
potentiate the neurotransmission 
of γaminobutyric acid (GABA
ergic agents) have been impli
cated, and no safe doses of these 
agents or safe durations of ad
ministration have been defined.

More recent investigations in 
nonhuman primates have extend
ed these findings. Studies con
ducted by the National Center for 
Toxicology Research (NCTR) of 
the Food and Drug Administra
tion (FDA) have demonstrated that 
exposure to ketamine — the pro
totypical NMDAreceptor antag
onist — resulted in increased neu
ronal cell death in nonhuman 
primates. Specifically, a dose of 
ketamine sufficient to produce a 

light surgical plane of anesthe
sia for either 9 or 24 hours re
sulted in neuroapoptosis in 5day
old rhesus monkeys. No similar 
effect was seen when ketamine 
was administered for only 3 hours. 
Neuroapoptosis in the brain of 
the fetus was also evident when 
pregnant rhesus monkeys were 
exposed to ketamine for 24 hours 
on day 122 of gestation (equiva
lent to the third trimester of hu
man pregnancy), but no neuro
apoptosis was noted following 
administration of ketamine on 
postnatal day 35.1 Neuroapopto
sis has also been demonstrated 
in primates who were given isoflu
rane (predominantly a GABAergic 
agent) on postnatal day 6.2

Although the functional con
sequences of these histopatho
logic changes can only be in
ferred at this time, the FDA and 
others are currently conducting 
studies in animals to address the 
neurocognitive and neurobehav
ioral effects of anestheticinduced 
apoptosis. At the NCTR, the FDA 
is using a socalled operant test 
battery to evaluate the cognitive 
function of rhesus monkeys ex
posed to a dose of ketamine 

sufficient to produce a light sur
gical plane of anesthesia for 24 
hours on postnatal day 5 or 6. 
This battery consists of a num
ber of tasks that evaluate short
term memory and attention, learn
ing, time perception, motivation, 
and color and position discrimi
nation. The results to date indi
cate that, as compared with con
trols, ketaminetreated animals 
have lower training scores — 
and continue to score lower than 
controls for at least 10 months 
after the administration of keta
mine.3 Similar studies of isoflu
rane in primates are ongoing.

Nonhuman primates are be
lieved to offer the most appro
priate model for assessing neuro
developmental risk to humans; 
however, such cognitive testing 
in primates is expensive and re
quires many years to complete. 
Therefore, limited data exist to 
date. More rapid progress can be 
made using rodent models. Addi
tional data from animal studies 
may help to define the window 
of vulnerability and the extent of 
anesthesiainduced neuronal al
terations and provide insights both 
into the functional end points 
that should be assessed in clini
cal studies and into ways of block
ing or ameliorating potential ad
verse effects. It is not known 
how the data from rodents or 
primates translate to humans, but 
such findings raise questions that 
require further scientific investi
gation.

Studies in children have at
tempted to assess the effects of 
anesthetics on the developing hu
man brain. For instance, a retro
spective cohort analysis followed 
a birth cohort of 383 children 
who underwent inguinal hernia 
repair during the first 3 years of 
life and compared them with 
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Ongoing Clinical Trials Assessing the Effects of Anesthetics on Neurocognitive Development

Odense University Hospital (Denmark) 
and the Danish Registry Study Group

A nationwide epidemiologic study comparing the 
educational achievement of all children who have 
undergone a surgical procedure before the age 
of 1 year with that of a general-population con-
trol group.

Columbia University A prospective cohort study of children who had expo-
sure to an anesthetic before the age of 3 years and 
their siblings who were not exposed. The two 
groups will be followed for neurodevelopmen-
tal outcomes.

International collaboration of institutions 
from Australia, the United States, 
Canada, Italy, the United Kingdom, 
and the Netherlands

Prospective, randomized, investigator-blinded, con-
trolled clinical trial to assess the effects of general 
anesthesia using sevoflurane versus neuraxial an-
esthesia using bupivacaine on neurocognitive 
function in infants over 26 weeks’ gestational age. 
Children will be followed with evaluations of neu-
rocognitive development at 2 and 5 years of age.
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5050 children in a control sample 
who had undergone no hernia 
repair before the age of 3.4 The 
children who underwent hernia 
repair were twice as likely as 
those who did not to be given a 
diagnosis of a developmental or 
behavioral disorder (adjusted haz
ard ratio, 2.3; 95% confidence 
interval [CI], 1.3 to 4.1). A popu
lationbased, retrospective, birth
cohort study examined the edu
cational and medical records of 
children who were exposed to a 
single anesthetic (n = 449), two 
anesthetics (n = 100), or more 
(n = 44). In contrast to the hernia
repair study, this study reported 
no increased risk of learning 
disabilities with a single anes
thetic (hazard ratio, 1.0; 95% CI, 
0.79 to 1.27). However, an in
creasing risk of learning disabil
ities was associated with two or 
more anesthetics (hazard ratio, 
1.59; 95% CI, 1.06 to 2.37; and 
hazard ratio, 2.60; 95% CI, 1.60 
to 4.24, respectively). The risk of 
learning disabilities also increased 
with greater cumulative expo
sure to anesthesia.5

No conclusions about causal
ity can be drawn on the basis of 
these nonrandomized studies in 
humans because of the substan
tial potential for confounding. 
Indeed, there are conflicting find
ings between the two cited stud
ies regarding a single exposure 
to anesthetics. It is not possible 
to discern from the published 
study reports whether or how 
differences in surgical procedures, 
anesthetic drugs, patient moni
toring, or anesthesia techniques 
affected the outcomes. It is pos
sible that the children undergo
ing surgery also differed from 
the nonexposed children in ways 
that were not discernible. At pres
ent, there is not enough infor

mation to draw any firm conclu
sions regarding an association 
between anesthetic exposure and 
subsequent learning disabilities, 
and additional studies such as 
those that are ongoing (see box) 
are warranted.

Generating definitive data 
about the effects of anesthetics 
on the developing brain will most 
likely take numerous studies in 
animals and humans spanning 
many years. Planning, conduct
ing, and interpreting these stud
ies will pose enormous challeng
es to the medical and scientific 
community. It seems unlikely that 
any single individual or organiza
tion will be able to muster the re
sources to take on this project.

The FDA is continuing efforts 
to address the pediatric safety of 
anesthetics. On March 29, 2007, 

the FDA’s Anesthetic and Life Sup
port Drugs Advisory Committee 
met to discuss the data from ani
mal studies suggesting that ex
posure to anesthetic agents dur
ing the period of rapid brain 
growth produces widespread neu
ronal apoptosis with possible long
term functional consequences. The 
com  mittee members agreed that 
additional research was essential 
to understanding the implications 
of the animal data for children 
who must be exposed to anes
thetic and sedative drugs for nec
essary medical procedures. They 
also concluded that there was in
sufficient information to warrant 
changing the practice of pediatric 
anesthesia, other than to forgo 

elective procedures in children 
less than 3 years of age. Since that 
time, numerous nonclinical and 
clinical studies have been under
taken (and published) in an at
tempt to further understand this 
challenging issue; therefore, a sec
ond advisory committee meeting 
on this issue is scheduled for 
March 10, 2011. The committee 
will evaluate the weight of exist
ing scientific evidence and discuss 
the research agenda and potential 
riskcommunication issues.

As part of its Critical Path 
Initiative, the FDA has entered 
into a public–private partnership 
with the International Anesthesia 
Research Society (IARS) called 
SmartTots (Strategies for Mitigat
ing AnesthesiaRelated Neuro
Toxicity in Tots). This partner
ship will seek to mobilize the 

scientific community, stimulate 
dialogue among thought leaders 
in the anesthesia community, and 
work to raise funding for the 
necessary research.

But these activities are just 
the first step. We need to defini
tively answer the questions of 
whether anesthetic use in children 
poses a risk to their development 
and, if so, under what circum
stances. Although withholding 
anesthesia from children who 
need surgery is unreasonable, ob
taining more information about 
safe use is imperative. If anes
thetic agents are found, in certain 
cases, to affect the developing 
brain, strategies for mitigating 
and managing such risks can be 
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We need to definitively answer the questions  
of whether anesthetic use in children  

poses a risk to their development and,  
if so, under what circumstances.

The New England Journal of Medicine 
Downloaded from nejm.org on February 25, 2013. For personal use only. No other uses without permission. 

 Copyright © 2011 Massachusetts Medical Society. All rights reserved. 



PERSPECTIVE

n engl j med 364;15 nejm.org april 14, 20111390

implemented. The FDA is com
mitted to pursuing these an
swers with the medical and sci
entific communities and will take 
the steps necessary to ensure that 
the benefits of anesthetic use in 
children continue to outweigh 
any potential risks.

Disclosure forms provided by the authors 
are available with the full text of this arti
cle at NEJM.org.
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The pain and disability caused 
by osteoporotic vertebral frac

tures have long motivated the 
search for effective therapy. Two 
procedures designed to restore 
vertebral body height and func
tion have been widely adopted: 
percutaneous vertebroplasty, in 
which cement is injected into 
the vertebral body to support the 
fractured bone; and kyphoplasty, 
a variant of vertebroplasty in 
which a balloon is inserted and 
inflated in a collapsed vertebral 
body, restoring the bone’s height 
before the cement injection. Ini
tial studies suggested that these 
procedures were superior to con
ventional symptomatic treatment. 
But when later studies cast doubt 
on those favorable findings, 
health care funding agencies 
sought to curb their use. The 
story of these procedures offers 
a glimpse of the ways in which 
comparativeeffectiveness research 
(CER) may influence medical 
practice and health care expen
ditures.

Early studies of these proce
dures were neither randomized 

nor blinded, and because the 
symptoms of compression frac
tures often abated over time, the 
lack of adequate controls made it 
impossible to know whether im
provements that followed treat
ment would have occurred even 
without surgery. Furthermore, 
neither procedure was riskfree; 
reported complications included 
compression fractures, cement 
leakage, pulmonary complica
tions, paraplegia, and death.1 In 
a scenario that’s likely to be re
peated frequently as CER gains 
greater acceptance and support, 
randomized trials eventually fol
lowed the observational studies 
that had fostered the initial en
thusiasm.2 If the full conse
quences of that research are not 
yet fully apparent, their potential 
importance is. Were the results 
of betterdesigned studies trans
lated into practice, the reduction 
in U.S. health care expenditures 
would be considerable.

CER treats effectiveness as a 
balance of benefits and harms; 
when the risks associated with a 
procedure outweigh its clinical 

benefits, it is appropriate and 
ethical to limit its use. Both the 
clinical need and the desire to 
avoid wasteful expenditures were 
part of the rationale for subject
ing these procedures to compar
ative studies. Furthermore, con
sensus that these procedures were 
promising but unproven led sev
eral countries to make them 
available on an interimcoverage 
basis. These arrangements, in ef
fect from 2006 through 2010, al
lowed the procedures to be per
formed in everyday practice while 
further evidence was generated.

Trials conducted during that 
period suggested that kyphoplasty 
did not improve outcomes. The 
studies of vertebroplasty produced 
varying results, but the highest
quality trials cast doubt on the 
benefit and raised additional 
safety concerns. In a randomized 
but nonblinded trial by Kallmes 
et al.,3 patients who underwent 
vertebroplasty and controls had 
similar reductions in disability 
and pain scores, with a trend to
ward a higher rate of clinically 
meaningful improvement in pain 
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