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Abstract
Purpose—It is unclear if the production and perception of speech movements are sub served by
the same brain networks. The purpose of this study was to investigate neural recruitment in cortical
areas commonly associated with speech production during the production and visual perception of
speech.

Method—This study utilized functional magnetic resonance imaging (fMRI) to assess brain
function while participants either imitated or observed speech movements.

Results—A common neural network was recruited by both tasks: greatest frontal lobe activity in
Broca’s area was triggered not only when producing speech but also when watching speech
movements. Relatively less activity was observed in the left anterior insula during both tasks.

Conclusions—These results support the emerging view that cortical areas involved in the
execution of speech movements are also recruited in the perception of the same movements in other
speakers.
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The relatively recent discovery of mirror neurons (neurons recruited for the execution of an
action as well as the visual perception of the same action by others) in the inferior premotor
cortex (F5) of the macaque monkey (Rizzolatti et al., 1988; Gallese, Fadiga, Fogassi, Rizzolatti,
1996; Rizzolatti & Arbib, 1998; Ferrari, Fogassi, Gallese, & Rizzolatti, 2003) has rekindled
considerable interest in the motor theory of speech perception (Liberman, Cooper,
Shankweiler, & Studdert-Kennedy, 1967). Some of this increased interest is based on several
studies showing greater neural activity in Broca’s area-the proposed human homologue of the
macaque monkey’s F5 (Rizzolati & Arbib, 1998; Petrides, 2005; Petrides, Cadoret, & Mackey,
2005) during passive viewing of speech (Paulesu et al., 2003; Skipper, Nusbaum, & Small,
2005) as well as active speech reading (Calvert, Campbell, & Brammer, 2000; Campbell et al.,
2001; Bernstein et al., 2002; MacSweeney et al., 2002; Calvert & Campbell, 2003; Buccino,
et al., 2004; Hall, Fussell, & Summerfield, 2005).
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The notion that cortical speech areas are recruited for speech perception was originally
suggested in a classic paper by Liberman, Cooper, Shankweiler, & Studdert-Kennedy (1967)
discussing the perception of the speech code. After consideration of acoustic alternatives,
Liberman and colleagues proposed that human listeners accomplish speech perception by
exploiting the motor commands that produce speech. This might explain why speech
perception improves when the face of the speaker is visible as compared to when only auditory
speech is present (Sumby & Pollack, 1954; van Wassenhove, Grant, & Poeppel, 2005). It is
plausible that speech motor maps in the posterior portion of Broca’s area (pars opercularis),
which are recruited to plan speech production (Guenther, Hampson, & Johnson, 1998;
Guenther, 2006; Guenther, Ghosh, & Tourville, 2006), could also support the auditory
perception of speech when produced by others. Thus, support for the motor theory of speech
perception is an appealing and straightforward interpretation of the current imaging data
showing increased Broca’s area activity during speech perception.

However, this explanation ignores a series of papers that suggest that the left anterior insula,
but not Broca’s area, is the crucial speech area (Bates et al., 2003; Dronkers, 1996; Dronkers,
Plaisant, Iba-Zizen, & Cabanis, 2007). Traditionally, Broca’s area has been viewed as crucial
for speech production (Broca, 1861, 1865; Geschwind, 1965). Based on clinical evidence, this
notion was relatively unchallenged until Dronkers (1996) suggested that the left anterior insula,
but not Broca’s area, was the critical lesion site that caused apraxia of speech (AOS). Utilizing
a lesion overlay method in chronic stroke patients, her data showed that patients with AOS
incurred insular rather than Broca’s area damage, suggesting that the former is the critical brain
area that supports speech planning. These findings received further support from patient data
in Bates et al. (2003) and Ogar et al. (2006), as well as studies utilizing fMRI to study speech
production (Bohland & Guenther, 2006; Shuster & Lemieux, 2005). In contrast to the findings
of Dronkers (1996), Hillis and colleagues (2004) used structural and perfusion weighted MRI
and found Broca’s area to be the critical lesion site associated with AOS in acute stroke patients.
Bonilha et al. (2006) further supported these results in a study that utilized fMRI to investigate
brain modulation during the production of speech and non-speech oral movements. They found
greater Broca’s area modulation associated with the production of speech compared to non-
speech movements.

Based on the neuroimaging data discussed above, it seems clear that Broca’s area is modulated
by speech perception. While this may reflect taxing of speech related cortical areas, it is less
clear whether the same areas are recruited for speech production. In this paper, we explore
neural recruitment associated with visual perception and production of speech movements
utilizing fMRI in a ‘within subject’ design. Consistent with previous studies of the
neuroanatomical basis of speech production, we focused specifically on the left anterior insula
and the posterior portion of Broca’s area (BA 44). We predicted that the same cortical areas
would be recruited during perception and production with the exclusion of the motor cortex
where greater activity would be expected during execution compared to viewing of speech
movements.

Methods
Thirteen adults (ten females; three males) participated in the study. All were right handed as
verified using the Edinburgh Handedness Scale, and their age range was 18–25 years. Each
participant completed two separate tasks that utilized event related design during sparse fMRI
scanning where a single echo planar imaging (EPI) volume was collected every 10 seconds.
During the first task, participants observed a speaker producing nonsense consonant-vowel
syllables (without semantic meaning) randomly presented during a 10 minute sparse fMRI
paradigm. Syllables were chosen to include highly visible speech features and excluded the
less visible velar and glottal consonants as well as neutral vowels such as /ə/. The following
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syllables were included: /fa/, /fu/, /la/, /lu/, /ma/, /me/, /mu/, /sa/, /tha/, and /thu/. The mean
stimulus length was 1.5 seconds and each was recorded using a standard video camera and
presented on a computer screen mounted on the scanner head coil; no auditory stimulation was
included. A total of 60 trials were presented-10 syllables, each shown three times for a total of
30 presentations, and 30 baseline items consisting of a neutral mouth position. Stimulus
presentation was randomized and the inter stimulus intervals (ISI) were jittered using a range
of 2–10 seconds. Thus, following the collection of a single echo planar imaging (EPI) volume,
the stimuli were presented during the silent period before the next volume acquisition. Because
the ISI was randomized (for the purpose of hemodynamic response estimation), the stimuli
could be presented at any point during the silent interval with exclusion of the last second
before the collection of an upcoming EPI volume. This was arranged so that speech productions
in the second task did not coincide with EPI data acquisition. Using a randomized rather than
a fixed ISI allows for better estimation of the HDR in cases where the onset and peak of the
HDR varies from one participant to the next.

To maintain participants’ attention during the speech-viewing task they were instructed to press
a response button with their left hand whenever the tongue of the speaker was visible
(approximately 10% of stimuli). The specific purpose of this task was not revealed until study
participation was completed. When the first task was complete, the same fMRI stimulus
paradigm was presented again, and participants were then explicitly instructed to say out loud
the syllables produced by the speaker. All stimuli were produced by the same speaker, and
only the lower portion of the face, below the nose, was visible.

A sparse imaging design with a repetition time (TR) of 10 seconds was chosen to minimize
motion artifacts during speaking and to allow clear monitoring of speech production. A total
of 60 EPI volumes with 32 axial slices were collected at 1.647 seconds each, allowing for 8.463
seconds when no concomitant scanner noise was present. Other fMRI related parameters were
as follows: TE (time to echo) = 30 ms; matrix = 64 × 64 voxels; voxel dimensions 3.25 × 3.25
× 3.25 mm. A high resolution T1-MRI scan was collected for anatomical reference and
normalization for higher-level analysis. A TFE (turbo fast echo) sequence was used, yielding
a 1mm isotropic image (field of view = 256 × 256 mm, 160 sagittal slices, 15-degree flip angle,
TR = 9.5 ms, TE = 5.7 ms). The functional images were registered first to individual high-
resolution images and then normalized in standard space. Consequently, the spatial
interpretations of this study are consistent with transformation of 3.25 mm isotropic images
into 1 mm isotropic standard template. All scanning was conducted on a Philips Integra 3T
scanner with SENSE multi-channel head coil and an Integrated Functional Imaging System
(IFIS; MRI Devices Corp.) stimulus presentation system utilizing E-prime software
(Psychology Software Tools, Inc.).

The FMRIB’s Software Library (www.fmrib.ox.ac.uk/fsl) was used to process the fMRI data.
The first level analysis (where data from each participant are analyzed separately) employed
motion correction (Jenkinson, Bannister, Brady, & Smith, 2002), non-brain removal (to
exclude signal in irrelevant areas such as the skull and other non-brain tissue) (Smith, 2002),
spatial smoothing using a Gaussian kernel of FWHM (full width at half maximum) 8 mm (to
improve detection of real activation), mean-based intensity normalization of all volumes by
the same factor, and highpass temporal filtering (to reduce low frequency noise) (Gaussian-
weighted, least squares fit, straight line fitting, with SD = 60.0 s). Time-series statistical
analyses employed general linear modeling (GLM) and a Gamma function to model the
hemodynamic response (HDR). For the first task (speech viewing and tongue detection) the
HDR was modeled from the onset of the stimuli. For the second task, the HDR was modeled
from the end of the stimuli to better estimate cortical activity associated with speech production.
The first level analysis for each participant generated the contrasts ‘speech viewing > baseline’
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and ‘speech production > baseline.’ Again, the baseline for both tasks included viewing of a
static face.

To estimate mean cortical activity, as well as the activation contrasts associated with viewing
of speech movements and speech production, a higher-level (group) analysis was carried out
using local analysis of mixed effects (Beckmann, Jenkinson, & Smith, 2003; Woolrich, Ripley,
Brady, & Smith, 2004). Here, the data from each participant were combined where the variance
within and between subjects was modeled. Z (Gaussianised T/F) statistic images were
generated using a rather conservative cluster threshold of Z > 3.1 and a (corrected) cluster
significance threshold of p = 0.01 (Worsely, Evans, Marrett, & Neelin, 1992). For whole
volume voxelwise analysis, FSL uses the following correction for multiple comparisons. First,
each voxel in a volume is thresholded so only voxels with Z-scores greater than 3.1 survive.
Next, the surviving clusters are thresholded so that only clusters with a p < 0.01 remain
following correction for multiple comparisons based on the random field theory Euler
Characteristic. Therefore, voxels that survive must have Z-scores greater than 3.1 and be part
of a cluster that survives clusterwise correction for multiple comparisons. A mean statistical
map which included data associated with speech viewing (task 1: ‘speech viewing > baseline’)
and speech production (task 2: speech production > baseline’) was generated to reveal common
areas of brain activity among the two tasks. In addition, a contrast between speech viewing
and speech production was generated to examine difference in brain activity associated with
each task. Note that using multivariate analysis to compare conditions is far more rigorous than
simply subtracting one condition from another without accounting for variance within and
between subjects. Local maxima were extracted using the Talairach Daemon Client
(http://ric.uthscsa.edu/resources/talairachdaemon/; Lancaster, Summer, Rainey, Freitas, &
Fox, 1997). Local maxima are generally thought to reflect the relative intensity of neural
activity in a given brain area (Worsley, 2005). For illustrative purpose, the statistical maps
generated in the higher level analysis were overlaid on a standard brain map
(www.mricro.com; Rorden & Brett, 2000).

To explore task related activity in the left BA 44 and anterior insula, a region of interest (ROI)
analysis was performed where the percent signal change in the blood oxygenated level
dependent (BOLD) signal was compared for speech viewing and speech production. The ROI
for the left BA 44 was extracted from the standard Brodmann’s area map in MRIcro (Rorden
& Brett, 2000). This map was generated by Krish Singh who warped an image from Van Essen
and Drury (1997) to standard stereotaxic space. It should be noted that an image is probabilistic
in nature: Brodmann’s Areas are histologically defined and can not be precisely mapped using
currently available in-vivo MRI. The ROI for the left insula was extracted from the Automated
Anatomical Labeling map (AAL; Tzourio-Mazoyer et al., 2002). To only include the anterior
portion of the insula in the ROI, a redefined ROI was created by limiting the insular volume
of interest from the AAL to include only the anterior portion by preserving those voxels that
were also included in the “anterior inferior frontal gyrus insula” volume of interest from the
Jerne database (http://hendrix.ei.dtu.dk/services/jerne/ninf/voi.html; Nielsen & Hansen,
2002). Finally, the mean percent signal change (for ‘condition > baseline’) for all voxels in
both ROIs was calculated and compared using a two-by-two analysis of variance (ANOVA)
where the two factors were ‘ROI’ (left BA 44 vs. left anterior insula) and ‘task’ (speech viewing
vs. speech production).

Results
The higher level analysis revealed recruitment of an extensive bilateral neural network
associated with speech viewing and speech production (Figure 1). The greatest common
activity in posterior brain areas was found in the bilateral occipital lobe, the posterior temporal
lobe, and the inferior parietal lobe whereas greatest frontal lobe activity was revealed the
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posterior portion of Broca’s area (Table 1). Sub-cortical activity was noted in the bilateral basal
ganglia as well as thalamus.

To examine the similarities and differences among the two study tasks, higher level contrasts
were generated. The contrast for ‘speech production’ greater than ‘speech viewing’ revealed
significantly greater activity in the bilateral pre- and post-central gyrus as well as the premotor
cortex (Figure 1; Table 1). The converse contrast (speech viewing > speech production) was
not significant.

With regard to the ROI analysis, the ANOVA resulted in a main effect for ROI, F(1,10) = 7.77,
p < 0.016, where greater percent BOLD signal change in Broca’s area compared to the left
anterior insula was associated with both tasks (Figure 2). A significant difference in signal
change was not found among the two tasks, F(1,10) = 0.02, p < 0.88 regardless of ROI;
similarly, the interaction between ROI and task was not significant, F(1,10) = 0.283, p < 0.60.

While data were not collected for ‘tongue monitoring’ accuracy during the speech viewing
task, each participant’s button presses were monitored throughout to ensure task compliance.
Two participants only pressed the button at the beginning of the task suggesting they had
difficulty maintaining attention for the remainder of the task. Since there was no way to verify
that these two participants performed the task, we excluded their data in the fMRI analyses
leaving the total number of participants at eleven (eight females; three males).

Discussion
This research revealed the greatest frontal lobe activity in the posterior portion of Broca’s area
during both production and viewing of speech movements. The finding of increased Broca’s
area activity during viewing of speech movements is consistent with several studies involving
overt speech reading (Calvert, Campbell, & Brammer, 2000; Campbell et al., 2001; Bernstein
et al., 2002; MacSweeney et al., 2002; Calvert & Campbell, 2003; Buccino, et al., 2004; Hall,
Fussell, & Summerfield, 2005; Fridriksson et al., 2008). For example, Hall et al. found greater
Broca’s activity associated with speech reading compared to viewing non-speech (gurning)
oral movements, suggesting that this region is selectively activated for processing speech. In
contrast to the present findings, Skipper et al. (2005) did not find increased frontal lobe activity
associated with passive viewing of speech movements in a study that combined audio and
visual presentation of speech. However, when audio and visual speech was compared to only
audio presentation, greater frontal lobe activity, including in Broca’s area, was revealed. The
authors suggested that the frontal activity associated with speech viewing may reflect the motor
commands needed for speech production. Using transcranial magnetic stimulation (TMS),
Watkins, Strafella, and Paus (2003) found that seeing and hearing speech resulted in greater
motor-evoked potential in the lip muscles during TMS of the left but not the right face area of
the primary motor cortex. Their findings would suggest that not only viewing but also hearing
speech modulates the frontal brain areas traditionally associated with speech production.

Based on clinical and neuroimaging data that suggest Broca’s area is crucial for speech
production (e.g. Broca, 1861; Hillis et al., 2004; Bonilha et al., 2006), it was not surprising that
greatest frontal lobe activity associated with production of simple nonsense syllables was
revealed in Broca’s area. Cortical activation patterns associated with speech production in the
present study are similar to those revealed by Bohland and Guenther (2006) who used fMRI
to study functional correlates of overt syllable production. It is important to note, however, that
the current findings do not discount the role of the insula in speech production as fMRI can
only deduce the areas involved in a given task rather than determine whether these same areas
are crucial for task completion. On this note, it would be interesting to see whether left insular
damage would impair visual speech perception. Although the role of the left anterior insula in
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speech production has been supported by lesion studies (Dronkers, 1996; Bates et al., 2003;
Ogar et al., 2006), it is not clear whether damage to this area interrupts active speech processing
in gray matter or whether it reflects damage to the underlying white matter fibers. Naeser and
colleagues (1989) found that the extent of white matter damage adjacent to the left frontal horn
(deep to Broca’s area and the anterior insula) in non-fluent aphasic patients was an important
indicator of the severity of speech impairment. Similarly, Fridriksson, Bonilha, and Rorden
(2007) showed that damage to the left anterior insula can result in severe Broca’s aphasia.
These results suggest that interruption of white matter fibers that connect the anterior and
posterior speech areas may be a better predictor of speech impairment compared to frank
damage to gray matter in the left insula.

It is a novel finding that the greatest BOLD signal change in the frontal lobes was revealed in
Broca’s area during both passive viewing of speech movements and speech production within
the same participants. This provides evidence for the notion that the posterior portion of Broca’s
area constitutes an area that is involved in speech production as well as the visual perception
of others speech movements. Moreover, based on the comparison between speech viewing and
speech production, which mostly revealed bilateral sensory-motor cortex activity, it is clear
that not only Broca’s area but also several other brain regions respond to both conditions. It is
worth noting that the right homologue of Broca’s area was modulated by both tasks. This would
suggest that this area plays a role in speech processing. However, damage to the right frontal
lobe rarely results in speech problems suggesting that task related modulation of the homologue
of Broca’s area in the current study may be associated with its strong white matter connections
to Broca’s area via the corpus callosum. Whereas right frontal activity may not reflect an active
role for this area in speech processing, extensive evidence has shown that the right temporal
lobe plays a role in speech perception. For example, in their Dual Stream model of speech
perception Hickock and Poeppel (2007) suggest that the bilateral temporal lobe is associated
with frequency encoding of speech; in contrast, their model does not implicate the right frontal
lobe in speech processing (for an excellent review of the roles of the left and right hemispheres
in speech perception see Scott, 2008).

It is important to emphasize that while our two tasks (speech viewing and speech production)
included different instructions, the participants were administered the same stimulus paradigm
twice. Accordingly, it is perhaps not surprising that the speech production task resulted in
greater bilateral sensory-motor area activity compared to only speech viewing. The contrast
‘speech viewing > speech production’ did not yield statistically significant results even though
the participants were required to press a button during the speech viewing task whenever the
tongue of the speaker was visible. However, the tongue was only visible on approximately
10% of the stimuli suggesting that insufficient statistical power may have yielded a null result
for those trials.

The present findings are consistent with the DIVA model of speech production (Guenther,
Hampson, & Johnson, 1998; Guenther, 2006; Guenther, Ghosh, & Tourville, 2006) which
ascribes the speech network to the left inferior frontal gyrus, the superior temporal lobe, and
the supramarginal gyrus. The DIVA model also includes the cerebellum. However, due to the
size of the volume covered by the fMRI sequence (3.25 m3), the whole cerebellum was not
covered in all participants. Visual inspection of the first level fMRI analyses suggested that
the cerebellum showed activity in both tasks (viewing and producing speech) for most of the
participants whose whole cerebellum was imaged. However, this was not reflected in the
higher-level analysis.

As discussed by Iacoboni and Wilson (2006), mirror neuron activity has been revealed in the
macaque homologues of the human posterior, inferior frontal lobe, the inferior parietal lobe,
and superior temporal sulcus during imitation of hand movements. Furthermore, these areas
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constitute the typical lesion sites for aphasia, suggesting their crucial involvement in language
processing. Iacoboni and Wilson suggested that, indeed, these areas cannot be viewed as
specifically subserving a speech/language network but rather reflect an inverse/forward
mechanism that mirrors others’ actions, such as imitation of hand movements.

If Broca’s area not only supports speech production, but also the perception of speech
movements, then AOS could have a receptive component as it has been associated with damage
to Broca’s area (Hillis et al., 2004). While Square-Storer, Darley, and Sommers (1988) found
that patients with AOS did not have difficulty with auditory speech discrimination, Schmid
and Ziegler (2006) showed that AOS patients do have difficulty matching visual speech
movements with their corresponding auditory speech sounds. Their findings complement the
present results, suggesting that Broca’s area may play a role in the perception of others’ speech
movements.

In conclusion, it is clear that brain areas involved in speech production are also modulated
during visual perception of speech movements. It is quite tempting to suggest that Broca’s area
recruitment reflects an active role for this region in speech perception. However, the present
data cannot adjudicate whether intact Broca’s area is crucial for successful parsing of visual
speech movements. Other techniques, such as TMS stimulation and stroke patient data may
offer more convincing evidence regarding this issue.
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Figure 1.
Brain areas that were modulated by both speech viewing and speech production (red color
scale)- the intensity bar denotes the intensity of the BOLD signal measured in Z-scores
compared to baseline. The contrast ‘speech production > speech viewing’ is shown in the green
(the green color scale shows the difference in activity measured in Z-scores between the two
tasks). There was a slight overlap among the two statistical maps in the left middle and inferior
frontal lobe (shown in a shade of yellow). The numbers at the top of the axial images show the
locations of the slices in the z direction (top-to-bottom) in MNI coordinates. All images are
shown in neurological orientation (left = left; right = right).
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Figure 2.
The results from the region of interest analysis where the percent signal change in the left BA
44 and the left anterior insula was compared across the two conditions (speech viewing vs.
speech production). The error bars denote standard error.

Fridriksson et al. Page 11

J Speech Lang Hear Res. Author manuscript; available in PMC 2009 June 9.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript



N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

Fridriksson et al. Page 12
Ta

bl
e 

1
Li

st
 o

f b
ra

in
 a

re
as

 w
he

re
 g

re
at

es
t c

or
tic

al
 a

ct
iv

ity
 w

as
 o

bs
er

ve
d 

du
rin

g 
bo

th
 sp

ee
ch

 v
ie

w
in

g 
an

d 
sp

ee
ch

 p
ro

du
ct

io
n 

(to
p)

 a
s w

el
l a

s f
or

th
e 

st
at

is
tic

al
 c

on
tra

st
 ‘s

pe
ec

h 
pr

od
uc

tio
n 

> 
sp

ee
ch

 v
ie

w
in

g’
 (b

ot
to

m
). 

A
na

to
m

ic
al

 lo
ca

tio
ns

 a
nd

 B
ro

dm
an

n’
s 

ar
ea

s 
co

rr
es

po
nd

 to
 th

e
M

on
tre

al
 N

eu
ro

lo
gi

ca
l I

ns
tit

ut
e 

(M
N

I)
 c

oo
rd

in
at

es
 re

ve
al

ed
 in

 th
e 

hi
gh

er
 le

ve
l f

M
R

I a
na

ly
si

s.

A
ll 

St
im

ul
i

Z
x

y
z

H
em

is
ph

er
e

L
oc

at
io

n
B

A

6.
67

−5
0

−7
4

6
Le

ft
M

id
dl

e 
O

cc
ip

ita
l G

yr
us

19

6.
65

−4
6

−7
2

2
Le

ft
In

fe
rio

r T
em

po
ra

l G
yr

us
19

6.
64

−3
4

−4
6

44
Le

ft
In

fe
rio

r P
ar

ie
ta

l L
ob

ul
e

40

6.
63

50
−7

4
−2

R
ig

ht
In

fe
rio

r T
em

po
ra

l G
yr

us
19

6.
37

58
−6

6
6

R
ig

ht
M

id
dl

e 
Te

m
po

ra
l G

yr
us

37

6.
28

−4
9

13
29

Le
ft

In
fe

rio
r F

ro
nt

al
 G

yr
us

44

Sp
ee

ch
 P

ro
du

ct
io

n 
> 

Sp
ee

ch
 V

ie
w

in
g

Z
x

y
z

H
em

is
ph

er
e

L
oc

at
io

n
B

A

4.
52

−5
8

−2
36

Le
ft

Pr
ec

en
tra

l G
yr

us
6

4.
2

58
−1

0
34

R
ig

ht
Pr

ec
en

tra
l G

yr
us

4

3.
82

58
−1

0
24

R
ig

ht
Po

st
ce

nt
ra

l G
yr

us
3

3.
4

2
6

60
R

ig
ht

Su
pe

rio
r F

ro
nt

al
 G

yr
us

6

3.
91

−2
4

−6
6

Le
ft

Le
nt

ifo
rm

 N
uc

le
us

Pu
ta

m
en

Z 
= 

Z-
sc

or
e;

 x
, y

, a
nd

 z
 d

en
ot

e 
M

N
I c

oo
rd

in
at

es
; B

A
 =

 B
ro

dm
an

n’
s a

re
a

J Speech Lang Hear Res. Author manuscript; available in PMC 2009 June 9.


