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fMRI Under Sedation: What Is the Best Choice in Children?

Byron Bernal® ¢, Sandra Grossman?, Rafael Gonzalez®, Nolan Altman®

Abstract

Background: Pediatric fMRI may require sedation. The aim of this
study is to compare different sedation schemes to determine which
medication yields least failures and the best activation.

Methods: A total of 100 children who had fMRI performed as part
of the work up for epilepsy surgery, were divided into different
medication groups (Pentobarbital, Propofol, Dexmedetomidine,
Sevoflurane). Comparison was performed among the groups for
number of failures, rank of activation, adverse effects, anesthesia
time, and recovery time. The study was approved by the IRB and
followed all HIPAA guidelines. BOLD sequences were utilized to
perform two block-design paradigms (auditory and visual). The ac-
tivation was ranked into 5 categories according to the presence and
localization of the activation. Descriptive and parametric statistics
(ANOVA) were utilized to look for significant differences.

Results: Pentobarbital yielded the least amount of failures, for
the auditory task, followed by propofol, while sevoflurane yielded
the highest number of failures for both tasks. In the visual task,
propofol administered after dexmedetomidine resulted in the least
number of failures. Brain activations were not statistical different
(auditory: ANOVA, P=0.42; F = 1.01; visual: ANOVA, P =0.077;
F =2.1). The shortest recovery time was obtained with sevoflurane,
followed by propofol. Agitation and cardiac complications were
seen in 28% of cases in the pentobarbital group.

Conclusions: No statistically significant difference in brain activa-
tion was found utilizing different sedative medications in children
with intractable epilepsy. A trend toward less failures was obtained
with pentobarbital and propofol; however pentobarbital was more
frequently associated with undesirable side effects.
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Introduction

fMRI, although mainly utilized in awake adult patients, is
currently being done on pediatric patients of all ages, most
of whom are uncooperative. Several articles have reported
consistent brain activation for auditory and visual functions
in children less than 5 years of age who had fMRI done un-
der sedation. These studies describe a number of different
sedatives and anesthetics, oftentimes used in combination
depending on prior experience and preference of each spe-
cialized center. However, there is a paucity of research re-
garding the best/most effective sedative scheme for fMRI in
the pediatric population.

Theoretically, the sedative of choice should be one that is
safe, with a short induction time, few collateral effects, quick
recovery and without or very limited effects on brain vascu-
lar reaction and neuronal metabolism and response. The aim
of this study was to compare different sedation schemes in
a clinical pediatric radiology facility, and determine which
medication resulted in the best auditory and visual activation
in task-related-fMRI paradigms.

Materials and Methods

This was a retrospective chart review/data analysis of pa-
tients who were referred to the Department of Radiology at
Miami Children’s Hospital for a functional MRI as part of
the work-up for epilepsy surgery, between January 2006 and
January 20009.

Subjects
A total of 105 charts were reviewed after approval was

granted by the Western Institutional Review Board (WIRB).
Consent was not required, as per the WIRB. All HIPAA

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press™ | www.jocmr.org 363
This is an open-access article distributed under the terms of the Creative Commons Attribution License, which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited



Bernal et al

J Clin Med Res * 2012;4(6):363-370

Figure 1. Examples of activation ranking. Transversal slices in radiological convention (left hemisphere on the right side) of 8 cases
with different brain activation types. Activation maps are color coded from bright yellow (highest) to red (lowest) intensities. Upper
row (a to d) corresponds to activations obtained with the auditory stimulus. Lower row (e to h) corresponds to activations obtained
with the visual stimulus: Rank 1, no activation in canonical areas (planum temporale for the auditory or medial occipital lobe for the
visual), but some activation outside them (a, e); Rank 2, weak and scattered activation in the canonical areas, with some activation
in other areas (b, f); Rank 3, small but otherwise well defined areas of activation of canonical areas (c, g); Rank 4, well defined and

large activation of target areas (d, h).

regulation policies were observed. Five patients’ data were
discarded: 2 due to data corruption; 2 for unavailability of
clinical information; and 1 case considered to be an outlier
for the combination of sedative medications received. The
remaining 100 subjects were divided into 6 different medi-
cation groups: Pentobarbital alone (Pen); Pentobarbital with

any other medication, usually used as induction (Pen+); Pro-
pofol (Pro); Dexmedetomidine (Precedex™) (designated as
Dex); Dexmedetomidine-propofol (Dex-Pro); and Sevoflu-
rane (Sev). Each sedation scheme was utilized during a spe-
cific and arbitrary decided period of time; thus, patients are
consecutive within the same group.

Table 1. Patient Demographics According to Sedation Medication Administered

Item Pen Pen+ Pro Dex Dex-Pro Sev Total
N 17 13 19 24 18 9 100
Male 11 8 9 14 13 4 59
Female 6 5 10 10 5 5 41
Age mean 53 5.7 6.16 6.0 7.1 6.9 6.23
Age range 1-13 9m - 14 1-14 8m - 14 1-17 1-19 1-19
Mean dose 4.64 (%) 3.26 97.9 (*%) L8 (***)  0.7/90 0.5 MAC

Dose range 3.0-8.0 25-5.0 50-100 0.8 (***)  0.5-0.9/50-200 0.3-0.75 MAC

*: mg/kg; **: pg/kg/m; ***: ug/kg/hr. Pen was administered by bolus; Pro and Dex were administered by infusion.
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Table 2. Failure Rates (No Activation Obtained in Canonical (Au-

ditory or Visual) Areas

Medication Auditory Task Visual Task
Pen 18% (3/17) 25% (4/16)
Pen + 38% (5/13) 15% (2/13)
Pro 21% (4/19) 39% (7/18)
Dex 25% (6/24) 46% (11/24)
Dex-Pro 28% (5/18) 11% (2/18)
Sev 44% (4/9) 44% (4/9)
Average 29% 31.5%

The Dex-Pro group initially received dexmedetomidine
alone, and the auditory task was given under this medication.
Once the auditory task was completed (task duration: 4 min),
the sedation was shifted to Propofol and the visual paradigm
was given. This scheme was tried based on previous reports
[1] and our own empirical observations. There were no major
differences in pathology among the groups, mostly consist-
ing of patients with cortical development anormalities and
non-lesional cases. No cases with overt occipital or primary
auditory areas cortical dysplasias were included in the study.

Sedation procedures

All patients were sedated and monitored in the Department

of Radiology by a Board certified pediatric anesthesiologist.
The “Pen” group received a bolus administration of the med-
ication once they where in the magnet. The remainder of the
groups received a brief induction with sevoflurane or nitrous
oxide before the infusion of the sedative that was ultimately
given for the procedure. Based on our prior experience endo-
tracheal intubation was avoided and the exam was conducted
with the patient breathing room air.

In all cases, vital signs, sedative dose, adverse effects,
sedation time, and recovery time was recorded and docu-
mented. Sedation time was defined as the time difference be-
tween the commencement and end of anesthesia. Recovery
time was defined as the time between the “end of procedure”
on the anesthesia log and the moment the patient was able to

Table 3. Activation Intensity by Medication (Including Ranks 0 and 1)

Number Auditory mean  Auditory SD  Visual mean  Visual SD
Pen 17/16(*) 3.0 1.37 2.81 1.52
Pen+ 13 2.31 1.7 3.00 1.22
Pro 19/18 2.37 1.38 2.28 1.78
Dex 24 2.54 1.64 2.04 1.9
Dex-Pro 18 2.83 1.54 3.17 1.25
Sev 9 1.78 1.39 1.56 1.51

ANOVA Ho =

(Auditory) P=0.42
(Visual) P=0.077

Ranking means includes all ranks (0 to 4). (*) = Auditory and visual, respectively.
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Table 4. Activation Intensity of Cases With Activation in Canonical Areas (Rank 2 to 4)

Auditory - mean Auditory - SD Visual - mean Visual - SD

Pen 3.5 0.85 3.58 0.67

Pen+ 3.5 0.76 3.45 0.52

Pro 2.93 0.88 3.55 0.82

Dex 3.39 0.78 3.69 0.63

Dex-Pro 3.69 0.63 3.56 0.51

Sev 2.8 0.84 2.8 0.45

ANOVA (A)P=0.1
Ho = V)P=0.12

The null hypothesis was not rejected for either group (Auditory: ANOVA P = 0.1; F = 1.95); (Visual: P =0.17, F

= 1.61).

drink water, as documented on the nursing notes.
fMRI procedures

BOLD sensitive echo-planar gradient sequences were uti-
lized in a 1.5 T magnet with an 8-channel SENSE head coil.
The fMRI sequences were determined at the start of each
session, and consisted of two block-design paradigms. In all
cases the auditory task was given first (as per the internal
protocol of the Department of Radiology at Miami Chil-
dren’s Hospital), and consisted of the binaural presentation
of either a pre-recorded human voice narrating a story (for
children over 1 year of age and normal language develop-
ment), or a pre-recorded speech by his/her mother. The con-
trol condition consisted of no stimulus.

The visual paradigm consisted of flashing lights dis-
played through the closed eyes, using special goggles. Both
paradigms consisted of eleven 20-second-epochs -5 on, 6
off, with 10 timepoints per epoch, for a total of 110 time-
points per run. The common settings were: TR/TE/FA =
2,000 ms, 45 ms, 90 ms. Axial cuts of 4.5 mm with no gap,
taken in an inferior to superior interleaved manner. The FOV
was 240 and the matrix 64 x 64.

fMRI post-processing

The data was spatially corrected for motion, and smoothed
using a Gaussian filter at full-width and half-maximum
(FWHM) of 7 mm. Global intensity normalization and lin-
ear detrending were applied. Activations were obtained with
FSL (FSL library: www.fmrib.ox.ac.uk/fsl), utilizing a gen-
eral linear model with local autocorrelation correction [2]
and a cluster thresholding technique determined by Z > 2.3
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and a (corrected) cluster significance threshold of P = 0.05.
Activations and de-activations were obtained for the visual
paradigm. Areas of activation were co-registered and over-
laid into the 2D and 3D anatomical images of the patient.

Activations were evaluated in each case by one of the
investigators (BB) with 10 years of experience in the field of
pediatric fMRI. The activation was ranked into 5 categories
accordingly with the following criteria: 0 (none) = no activa-
tion shown; 1 (poor) = no activation in canonical areas but
some outside of them; 2 (fair) = weak, scattered activation
in canonical areas with or without some noise in other brain
areas; 3 (good) = small well defined areas of activation in
canonical areas with no or minimal activation elsewhere; 4
(excellent) = well defined areas of activation in canonical
areas with no or minimal activation elsewhere.

Ranks of 0 and 1 were deemed as failure of activation.
Examples of activations are given in Figure 1.

Data analysis

The number of fMRI failures was annotated for each group.
Within each group, the cases with activation were pooled
to find the mean and the variability of the activation, and
these results were compared. “Time of sedation” and “time
of recovery” were also compared amongst the groups. Com-
plications from the sedation were documented. Descriptive
statistics were used for the failures. Parametric statistics
(ANOVA) were utilized to look for significant differences
in the sedative-subgroups, via the software PSPP (http://
www.gnu.org/software/pspp/). Post-hoc analysis (two tailed
t-test) was implemented in order to compare differences in
activation between the most relevant candidates. The null
hypothesis (no differences between the means) was rejected
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Table 5. Duration of Sedation

Medication Time - mean (minutes) Time - SD

Pen 98.8 31.10

Pen+ 144.27 17.85

Pro 126.58 37.04

Dex 148.83 28.87

Dex-Pro 151.44 13.56

Sev 140.56 22.84

ANOVA P =0.0005

F=7285

for p values < 0.05, and Bonferroni corrected, for multiple
comparisons.

Results

No statistical significant differences of age was found among
the groups (ANOVA: P = 0.75; F = 0.48). All subjects com-
pleted their functional and structural studies with the seda-
tion chosen for them. Table 1 summarizes the demographics
of the patients according to the medication that was given
for sedation.

Tables 2, 3, 4, 5 and 6 summarize the findings. In the
auditory task, pentobarbital administered alone was the med-
ication with the least amount of failures, followed by pro-

Table 6. Recovery Time

pofol. Sevoflurane yielded more failures. In the visual task,
propofol administered after dexmedetomidine resulted in the
least amount of failures, followed by pentobarbital alone.
Dexmedetomidine given alone caused the highest number of
failures in the visual task.

Ranking the activations per group we obtained the re-
sults shown in Table 3.

In this analysis (ANOVA), there were no statistical dif-
ferences among the group means for either task (Auditory:
ANOVA, P =0.42; F = 1.01); (Visual: ANOVA, P =0.077;
F=2.1).

We further analyzed the data to compare all groups sub-
jects with canonical activation, that is, patients with acti-
vation ranking between 2 and 4 (Table 4). In this analysis,
the scheme with the most robust auditory activation was

Medication Time - mean (minutes) Time - SD
Pen 47.0 35.67
Pen+ 27.93 14.9
Pro 18.47 14.35
Dex 28.92 15.15
Dex-Pro 28.11 15.95
Sev 17.33 4.39
P=10.0005
ANOVA F=4.47
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pentobarbital alone, followed by dexmedetomidine (when
preceding propofol). The worst activation was seen with
sevoflurane. The best visual activation was obtained with
pentobarbital alone, followed by propofol when adminis-
tered just after dexmedetomidine.

Sedation time and recovery time

Table 5 shows the sedation time per group.

ANOVA analysis of the distribution of means strongly
rejects the null hypothesis (P = 0.0005; F = 7.85), even if the
group is recalculated without Pen (P = 0.005). The post-hoc
comparison of Pen vs Pro (closest in rank) shows a signifi-
cance of P=0.021. However, this difference reflects the fact
that Pen was used longer ago than the rest of the medica-
tions. By then, the MRI protocol included less sequences and
the patient was sedated directly in the scanner room. More
importantly, there was a statistically significant difference
between Pro vs Dex (P = 0.0324).

ANOVA analysis of the recovery time also showed a sig-
nificant differences (P = 0.0005) (Table 6).

The medication with the shortest recovery time was
sevoflurane, followed by propofol. Post-hoc analysis using
propofol as the reference showed significant statistical dif-
ferences with Pen (paired t-test, P =0.003), Dex (P = 0.023).
The comparison between Pro and Sev did not yield a statisti-
cal difference (P = 0.8).

Sedation complications and recovery side effects

Nine cases showed either intra-session complications or un-
desirable side effects during recovery (9%, 9/100), 3 cases
showed overt agitation during the sedation period, 2 with
pentobarbital and 1 with dexmedetomidine. In both cases
propofol was added, and thus entered the group of Pen+ and
Dex-Pro. One case under Pen developed bradycardia (HR <
56) and another case showed laryngospasm with propofol.
Within the recovery period 5 cases showed agitation, 2 from
the Pen+ group, 1 from Pen and 2 from Sev group. One case
from the Pen group showed atrial flutter, requiring special
clinical attention. A total of 7 different cases within both Pen
and Pen+ (n = 25) developed either agitation or cardiologic
complications (28%).

Discussion
Importance of fMRI in pediatrics

Brain mapping is a common practice in the workup for brain
surgery, particularly in epilepsy surgery, aimed at sparing
well developed areas. Prior to the advent of fMRI brain
mapping was exclusively performed with invasive methods,
such as direct cortical electrical stimulation performed on an
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awake subject. Since the inception of fMRI as a technique
to map brain functions invasive methods have been limited
to very specific cases. However, both intraoperative brain
mapping and fMRI (extraoperative) require cooperation of
the subject. Therefore, brain mapping is usually not seen as
being feasible in small children, particularly with regard to
language and memory functions.

Brain activation has been obtained in sedated adults and
children with standard fMRI utilizing passive tasks. Auditory
and visual activations have been reported by several authors
since 1998 [3-6]. Although studies are scarce, the procedure
is currently suitable for uncooperative children and mentally
handicapped patients.

The availabiltiy of auditory fMRI mapping for unco-
operative patients is of great importance. Primary auditory
asymmetries that can be demonstrated under sedation might
be associated with true language lateralization. This is cur-
rently being investigated and several prior findings from dif-
ferent neurophysiology fields seem to validate this associa-
tion. Several groups have independently found that early (up
to two months of age) skills of phonological discrimination
are lateralized, and correlated with language lateralization at
later ages [7-12]. Hence, fMRI under sedation may be a tool
capable of providing clues of language lateralization, thus
guiding neurosurgeons towards more or less liberal resec-
tions.

Currently, there are a few studies on sedative or anes-
thetic drugs influence on the BOLD effect. As a result, ques-
tions relevant to the sedative of choice, its collateral effects,
failure rates, effects in brain activation and vascular response
impact (effect in the BOLD response) are still not resolved.

Previous works have described several sedative alterna-
tives, mostly with medications having a rapid onset of action.
Propofol [1, 5, 13, 14], pentobarbital [4, 6, 15-18], sevofluor-
ane [19, 20], dexmedetomidine [21], and midazolam [5, 21]
are the most frequently mentioned and theoretically the best
for this indication. All of these aforementioned drugs have
pros and cons. Activation of the auditory cortex has been
found to decrease as plasma levels of propofol surpases 0.5
pg/mL [1]. Visual activation decreases when sevofluorane is
given below or above 0.75 minimum alveolar concentration
(MAC) [22]. Pentobarbital is known to be associated with
cardiologic complications.

There are only a few of comparative studies on this
subject matter. Some authors report discriminative usage
of pentobarbital and chloral hydrate depending on the age
of the patient, but do not report the differences between the
sedatives, partly because this was not the specific aim of the
studies [4, 6, 18]. Gemma and coworkers [5] contrasted brain
auditory activation with propofol and midazolam in 14 chil-
dren between 3 and 7 years of age. The authors found that
propofol activation occurring in the primary auditory area
was quite similar to normal activation seen in adult awake
patients. Activation obtained with midazolam appeared
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mostly out of the canonical areas and was scattered. Martin
et al [15] studied visual brain activation with 3 different an-
esthetics: halothane, chloral hydrate and pentobarbital. They
did not find any differences among the groups for the posi-
tive activation, although they did for deactivation. Coull et al
[21] compared dexmedetomidine and midazolam in a group
of adult volunteers, and demonstrated drug-dependent ana-
tomical variations in activation.

Our study compared different sedation alternatives. Al-
though no statistically significant findings were obtained
to decisively choose one option as the best one, our study
nonetheless yielded important findings. Pentobarbital was
the medication resulting in the least amount of failures in
auditory mapping, although it was also the medication show-
ing more side effects and complications. Obtaining auditory
activation may be crucial since, in our experience, it lateral-
izes to speech perception early in life, and such lateralization
may be eventually correlated to language localization [12,
23]. Sevoflurane yielded too many failures and seems to be
an anesthetic to avoid, a finding that seems to be supported
by previous publications [19, 20, 24]. When visual activa-
tion is the main target, pentobarbital, or propofol alone or
after induction with dexmedetomidine, are felt to be the best
options since they yielded less failures, not because they pro-
duced higher activation.

Sedation times are also of practical interest. Our study
showed a statistically significant difference in this area. The
short sedation times associated with pentobarbital reflects
two factors. First, the pentobarbital group (Pen) consisted of
cases performed earlier during the study. At that time, our
brain protocol for epilepsy patients consisted of fewer se-
quences. In addition, the induction with pentobarbital was
done in the scanner room and not in a dedicated induction
room as in the rest of the cases. Excluding (Pen) it was in-
teresting to note that there was a statistically significant dif-
ference between propofol and dexmedetomedine. Therefore,
propofol seems to be the sedative of choice when time is the
main concern. Propofol is also the medication with the short-
est recovery time, after sevoflurane.

The choice of the best sedation drug for fMRI not only
has to do with how much of the BOLD effect is preserved,
but also the extent of undesirable and harmful side effects.
Pentobarbital (alone or in combination) yielded the highest
number of collateral effects, ranging from agitation to atrial
flutter. 28% of the subjects receiving this sedative had un-
desirable side effects or complications, which is a deterrent
to using pentobarbital particularly in non-hospital outpatient
settings.

Our study had several limitations that were mostly due
to its retrospective design. The authors adopted several strat-
egies to help minimize the impact of the inhomogeneity re-
sulting from the lack of a pre-defined protocol (as would be
expected in a retrospective study). First, subjects entering
the study were seen by the same medical group (except for
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the pentobarbital group). This medical group had an inter-
nal standard protocol for monitoring patients’ vital signs and
providing annotated information on dose, start and end time.
Likewise, our nurses followed standard guidelines when pro-
viding information in their written notes regarding the recov-
ery of the patient. Whenever the authors found incomplete
information/documentation, that case was excluded from the
study, however, this occurred in very few cases.

Also, we did not have drug titration with plasma lev-
els. However, the doses that were given in all cases were
in accordance with prior established guidelines and our own
experience with keeping doses low enough to find brain ac-
tivation but high enough to remain motionless maintaining
stable hemodynamic and respiratory parameters. We feel
that the doses were comparative. When isolated cases were
medicated with lower doses, the patient awoke.

A single rater review of the data may be an important
limitation. One of the authors (NA) was not involved as a
rater since he was directly involved in the clinical reporting
of the fMR exams. The possibility of associating the fMR
activation patterns with known case-specific outcomes could
bias the grading. Similar expertise in fMRI is limited, there-
fore, the authors decided that adding an external reviewer
without similar expertise would degrade the rating method
unnecessarily.

Further research is needed with controlled studies and
significantly more subjects in order to reach more precise
conclusions. The interaction between combined medications
and brain activation is a field ripe for future research, as il-
lustrated in our work by the striking results seen when giving
dexmedetomedine for auditory and propofol for visual map-
ping. The effect of this sequential combination is not well
understood. Nonetheless, our study could be used as a guide-
line in clinical settings.

Conclusions

We present a retrospective study of auditory and visual fMRI
mapping in 100 patients under sedation with different phar-
maceutical agents. We found no statistically significant dif-
ferences but several trends were noted. Less failures were
obtained with pentobarbital and propofol, but pentobarbital
was more frequently associated with undesirable side effects
and cardiologic complications. More studies are needed to
help clarify the effects of sedation schemes combining vari-
ous medications on fMRI auditory and visual activation as
we found this method successful in our experience.

Declaration of Interest
The authors represent that they do not to have any con-

flict of interest with regards the content, methods, medica-
tions, devices or procedures utilized and cited in the article

www.jocmr.org 369



Bernal et al

J Clin Med Res * 2012;4(6):363-370

of the submission (“fMRI under sedation: what is the best
choice?”’). Moreover, they do not have any financial, consult-
ing or personal relationship with any person or organizations

that
initi

could bias the study. This study is a non-sponsored, self
ated study.

References

10.

11.

12.

370

Dueck MH, Petzke F, Gerbershagen HJ, Paul M, Hes-
selmann V, Girnus R, Krug B, et al. Propofol attenuates
responses of the auditory cortex to acoustic stimulation
in a dose-dependent manner: a FMRI study. Acta Anaes-
thesiol Scand. 2005;49(6):784-791.

Woolrich MW, Ripley BD, Brady M, Smith SM. Tem-
poral autocorrelation in univariate linear modeling of
FMRI data. Neuroimage. 2001;14(6):1370-1386.
Starbuck VN, Kay GG, Platenberg RC, Lin CS, Zielin-
ski BA. Functional magnetic resonance imaging reflects
changes in brain functioning with sedation. Hum Psy-
chopharmacol. 2000;15(8):613-618.

Bernal B, Altman NR. Speech delay in children: a func-
tional MR imaging study. Radiology. 2003;229(3):651-
658.

Gemma M, de Vitis A, Baldoli C, Calvi MR, Blasi V,
Scola E, Nobile L, et al. Functional magnetic resonance
imaging (fMRI) in children sedated with propofol or
midazolam. J Neurosurg Anesthesiol. 2009;21(3):253-
258.

Patel AM, Cahill LD, Ret J, Schmithorst V, Choo D,
Holland S. Functional magnetic resonance imaging of
hearing-impaired children under sedation before co-
chlear implantation. Arch Otolaryngol Head Neck Surg.
2007;133(7):677-683.

Cutting JE, Eimas PD. Phonetic feature analyzers and
the processing of speech in infants. The Role of Speech
in Language1975:127-148.

Eimas PD. Auditory and phonetic coding of the cues
for speech: Discrimination of the [rl] distinction by
young infants. Attention, Perception, & Psychophys-
ics1975;18(5):341-347.

Eimas PD. Segmental and syllabic representations in
the perception of speech by young infants. J Acoust Soc
Am. 1999;105(3):1901-1911.

Molfese VJ, Molfese DL, Modgline AA. Newborn and
preschool predictors of second-grade reading scores: an
evaluation of categorical and continuous scores. J Learn
Disabil. 2001;34(6):545-554.

Best CT, Hoffman H, Glanville BB. Development of
infant ear asymmetries for speech and music. Percept
Psychophys. 1982;31(1):75-85.

Molfese DL, Betz JC. Electrophysiological indices of

Articles © The authors | Journal compilation © ] Clin Med Res and Elmer Press™

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

the early development of lateralization for language
and cognition and their implications for predicting later
development. Brain lateralization in children: Develop-
mental implications1988:171-190.

Souweidane MM, Kim KH, McDowall R, Ruge MI, Lis
E, Krol G, Hirsch J. Brain mapping in sedated infants and
young children with passive-functional magnetic reso-
nance imaging. Pediatr Neurosurg. 1999;30(2):86-92.
Stamatakis EA, Adapa RM, Absalom AR, Menon DK.
Changes in resting neural connectivity during propofol
sedation. PLoS One. 2010;5(12):e14224.

Martin E, Joeri P, Loenneker T, Ekatodramis D, Vitacco
D, Hennig J, Marcar VL. Visual processing in infants
and children studied using functional MRI. Pediatr Res.
1999;46(2):135-140.

Morita T, Kochiyama T, Yamada H, Konishi Y, Yonekura
Y, Matsumura M, Sadato N. Difference in the metabolic
response to photic stimulation of the lateral geniculate
nucleus and the primary visual cortex of infants: a fMRI
study. Neurosci Res. 2000;38(1):63-70.

Kiviniemi V, Jauhiainen J, Tervonen O, Paakko E,
Oikarinen J, Vainionpaa V, Rantala H, et al. Slow vaso-
motor fluctuation in fMRI of anesthetized child brain.
Magn Reson Med. 2000;44(3):373-378.

Altman NR, Bernal B. Brain activation in sedated chil-
dren: auditory and visual functional MR imaging. Radi-
ology. 2001;221(1):56-63.

Ramani R, Qiu M, Constable RT. Sevoflurane 0.25
MAC preferentially affects higher order association ar-
eas: a functional magnetic resonance imaging study in
volunteers. Anesth Analg. 2007;105(3):648-655.

Qiu M, Ramani R, Swetye M, Constable RT. Spatial
nonuniformity of the resting CBF and BOLD responses
to sevoflurane: in vivo study of normal human subjects
with magnetic resonance imaging. Hum Brain Mapp.
2008;29(12):1390-1399.

Coull JT, Jones ME, Egan TD, Frith CD, Maze M. At-
tentional effects of noradrenaline vary with arousal lev-
el: selective activation of thalamic pulvinar in humans.
Neuroimage. 2004;22(1):315-322.

Marcar VL, Schwarz U, Martin E, Loenneker T. How
depth of anesthesia influences the blood oxygenation
level-dependent signal from the visual cortex of chil-
dren. AINR Am J Neuroradiol. 2006;27(4):799-805.
Miller JL, Eimas PD. Internal structure of voic-
ing categories in early infancy. Percept Psychophys.
1996;58(8):1157-1167.

Kerssens C, Hamann S, Peltier S, Hu XP, Byas-Smith
MG, Sebel PS. Attenuated brain response to auditory
word stimulation with sevoflurane: a functional magnet-
ic resonance imaging study in humans. Anesthesiology.
2005;103(1):11-19.

www.jocmr.org



