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Abstract

Skilled motor actions are associated with handedness and neuroanatomical specializations in
humans. Recent reports have documented similar neuroanatomical asymmetries and their
relationship to hand preference in some nonhuman primate species, including chimpanzees and
capuchin monkeys. We investigated whether capuchins displayed significant hand preferences for
a tool use task and whether such preferences were associated with motor-processing regions of the
brain. Handedness data on a dipping tool-use task and high-resolution 3T MRI scans were
collected from 15 monkeys. Capuchins displayed a significant group-level left-hand preference for
this type of tool use, and handedness was associated with asymmetry of the primary motor cortex.
Left-hand preferent individuals displayed a deeper central sulcus in the right hemisphere. Our
results suggest that capuchins show an underlying right-hemisphere bias for skilled movement.
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One of the most pronounced behavioral asymmetries in humans is hand dominance, with a
majority of individuals (approximately 90%) expressing right-handedness for fine motor
tasks [Coren & Porac, 1977; Annett 2006]. This left-hemisphere dominance for skilled
movement such as tool use is associated with structural and functional asymmetries of the
primary motor cortex, primary somatosensory cortex and cerebellum [Lewis, 2006].
Functional brain asymmetries in nonhuman primates often correspond to those seen in
humans. As in humans, the most marked expression of this is seen in hand dominance.
Chimpanzees, macaques, and capuchin monkeys display individual hand dominance for
various skilled motor tasks [Hopkins 2007], though none of these species demonstrate the
degree of population-level bias observed in humans.

Tool use and gestural communication can be considered goal-directed, manipulative acts.
Bradshaw and Nettleton [1982] and Gibson [1993] proposed that advanced tool use
preceded gestural communication, and may have played a role in its evolution. This suggests
that a common neurological substrate should be involved in both skills [Frey, 2008]. Indeed,
functional neuroimaging studies of humans indicate that similar neural substrates are
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Method
Subjects

involved in both retrieving and planning actions of the hand (as required in tool use) and
planning intransitive gestures — the left parietal and dorsal premotor cortices [Kroliczak &
Frey 2009]. Thus, neurological evidence exists to support the link between the origins of
tool use and gestural communication. Furthermore, this would suggest that neuranatomical
asymmetries would be present in species that display handedness for advanced tool use but
do not show gestural communication, such as capuchins.

Capuchins share with humans, macaques and chimpanzees key characteristics that
contribute to manual control: corticospinal terminals in the ventral horn of the spinal cord
innervating digits of the hand, opposable (or laterally opposable) thumb and precision grips,
complex manipulation, and the use of feeding tools in the wild. Humans, macaques and
capuchins also possess a well-developed parietal Brodmann area 2 and Brodmann area 5 —
cortical regions that receive input from the hand [Padberg et al., 2007]. Capuchins are noted
for their high degree of manipulative propensities and extractive foraging habits, which are
analogous to complex manipulative skills demonstrated by humans and chimpanzees [Parker
& Gibson, 1977]. Whether or not capuchins express a tendency towards population-level
handedness is not clear, with some research groups reporting population-level preferences
[e.g., Spinozzi et al., 1998] and others not [e.g., Fragaszy et al. 2004; Lilak & Phillips, 2008;
Westergaard & Suomi, 1996]. However, individual capuchins do display strong and
significant preferences for a given hand in specific tasks, particularly in those tasks requiring
bimanual coordination [Fragaszy & Mitchell, 1990; Lilak and Phillips, 2008; Limongelli et
al., 1994; Westergaard & Suomi, 1993, 1996]. One frequently used task of bimanual
coordination in nonhuman primates is the TUBE task. Handedness on this task is correlated
with neuroanatomical structures associated with cortical motor areas representing hand in
chimpanzees and capuchins [Hopkins & Cantalupo, 2004; Phillips & Sherwood, 2005].
Whether such relationships are present in capuchins with more complex skilled movements
of the hand, seen in tool-using tasks, is unknown. Therefore, the aim of this study was to
assess the relationship between hand preference on a tool use task and neuroanatomical
asymmetry of primary motor cortical area in capuchins. A demonstration of group-level
handedness for an advanced tool use task and associated neuroanatomical asymmetry in
motor processing areas in capuchins would provide further support for the hypothesis that
the origins of tool use and communicative gesture are linked.

Handedness data and i/ vivo magnetic resonance images were collected from 15 adult and
juvenile brown capuchin monkeys (Cebus apella, male n= 8, female n= 7). Subjects were
housed at The College of Wooster (Wooster, Ohio), Hiram College (Hiram Ohio) and the
Southwest National Primate Research Center (San Antonio, Texas). Subjects ranged in age
from 4 — 22 years (M =10.3, SD=6.7), and were socially housed in large, enriched
enclosures. While adult capuchins have been shown to display a stronger lateral bias than
juveniles [Westergaard and Suomi, 1993], to our knowledge only one longitudinal study has
been conducted to determine if the direction of hand preference changes during
development. Westergaard et al. [1998] reported that hand preference at 23 to 24 weeks was
positively correlated with hand preference at 47 to 48 weeks. All were born in captivity and
had been socially housed since birth. This research complied with protocols approved by the
IACUC at each institution, adhered to the legal requirements governing research with
nonhuman primates in the United States, and adhered to the American Society of
Primatologists Principles for the Ethical Treatment of Nonhuman Primates.
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Behavioral Data

Hand preference was determined on a dipping tool use task, which required subjects to insert
straw into a small hole to dip for a preferred food substance (such as applesauce or yogurt).
A poly-vinyl-chloride (PVC) tube, 28 cm in length and 2.5 cm in diameter, was drilled with
three equally spaced 2mm diameter holes (which were smaller than the subjects’ fingers).
Food was placed inside the tube and a cap secured on each end. This apparatus was then
attached to a fixed substrate. In order to retrieve the food, subjects had to insert straw, which
was readily available in the enclosure, into one of the holes and then bring the straw to the
mouth [see Figure 1 and Supplementary video]. The hand used for inserting the straw was
defined as the dominant hand and the frequency of left and right hand responses within the
trial period was recorded. Each subject was tested four times, with each test session lasting a
maximum of 30 min. A minimum of 50 responses were obtained from each subject.

Handedness index (HI) scores were determined for each subject by using the formula (#R
—#L)/(#R + #L), where #R is the number of instances in which the right hand was used and
#L equals the number of instances in which the left hand was used. The HI produces scores
ranging from — 1.0 to +1.0, with negative scores indicating a preference for the left hand and
positive scores indicating a preference for the right hand. More extreme absolute scores
(ABS-HI) reflect a stronger preference for a preferred hand. A mean handedness index
(MHI) was calculated for each individual by taking the average HI across all test sessions.
To determine if the hand preference of an individual was significantly different from chance,
z-scores were calculated based on the total frequency in left and right hand use. Subjects
with z-scores greater than 2.54 were classified as right-handed; subjects with z-scores less
than —2.54 were classified as left-handed.

MRI Procedure and Image Quantification Method

Subjects were transported to the Research Imaging Institute (RI1), University of Texas
Health Science Center at San Antonio (San Antonio, Texas) or to the Neuroscience Imaging
Center (NIC; Pittsburgh, Pennsylvania) for the imaging procedure, and anesthetized
following standard protocols used at the facilities.

At the RII, subjects were initially immobilized by ketamine (7 mg/kg) and dexmeditomidine
(.06 mg/kg) injection IM. After preanesthetizing the animal with the stated doses of
ketamine and dexmeditomidine, subjects were orotracheally intubated with a cuffed or
uncuffed endotracheal tube of the proper size (estimated to be between 2.0 and 4.0 mm).
One to 2.5% isoflurane mixed with oxygen/air blend was administered through the
endotracheal tube to maintain anesthesia. Animals were placed on a pressure ventilator. At
the NIC, after preanesthetizing subjects with ketamine (7 mg/kg) and dexmeditomidine (.06
mg/kg) injection IM and atropine (0.05 mg/kg) injection SQ, subjects were then given a
bolus of propofol (2-5 mg/kg) intravenously; a constant intravenous drip of 250-330 p.g/kg/
min of propofol maintained anesthesia. All subjects remained anesthetized throughout the
MR procedure (approximately 25 minutes) and respiration rate, heart rate, and oxygen
consumption were continually monitored.

Once subjects were anesthetized, they were placed in a Siemens 3T Trio (Research Imaging
Institute) or Siemens 3T Allegra Scanner (Neuroscience Imaging Center) and heads fitted
inside a 12 cm head coil specifically designed for non-human primates. Sagittal T1-weighted
3D MPRAGE images were acquired through the entire brain using a gradient echo protocol
(pulse repetition = 1500 ms, echo time = 3.04 ms, and a 256 x 256 matrix). Slices were
obtained as 0.5 mm thick contiguous sections. Subjects were allowed to fully recover from
the anesthesia before return transport.

Am J Primatol. Author manuscript; available in PMC 2014 May 01.
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Results

Images were spatially realigned into standard anatomical orientation with the transaxial
plane parallel to the anterior commissure-posterior commissure (AC-PC) line and
perpendicular to the interhemispheric fissure. Computer files for individual subjects were
numerically coded prior to measurement to prevent observer bias, and the individual
performing the tracings was blind to the handedness data. Morphometric measurements of
depth of the central sulcus were performed using Analyze 10.0 (Analyze Direct, Overland
Park, Kansas, USA). The central sulcus can be used to localize the motor hand area of the
primary motor cortex. Measurement of central sulcus depth followed the methodology of
Phillips and Sherwood [2005]. Briefly, central sulcus depth was measured as the intrasulcal
length of the precentral gyrus as viewed in horizontal sections. Only the portion of the
precentral gyrus representing the hand was selected for measurement because asymmetries
in central sulcus depth at this location have previously been shown to correlate significantly
with handedness in human males and capuchin males [Amunts, Jdncke, Mohlberg,
Steinmetz, & Zilles, 2000; Phillips & Sherwood, 2005]. This region constituted the series of
sections located between 40 — 60% of the total dorsoventral length of the central sulcus as
measured starting at the first dorsal section containing the central sulcus. In each section, the
intrasulcal length of the precentral gyrus was manually traced from both hemispheres [see
Figure 2]. The asymmetry quotient (AQ = R-L/[(R+L) x 0.5]) of central sulcus depth was
then calculated for each section. Finally, a summary AQ for the region of hand
representation was calculated as the mean of all AQ measurements in each section, for each
subject.

The hand preference results for the tool use task are provided in Table 1. The internal
consistency (Cronbach’s alpha) was .84, indicating subjects showed high test-retest
consistency for hand preference. All but two subjects exhibited a strong unambiguous
preference to use one hand as dominant, as determined by a zscore for HI exceeding +/-
2.54. Eleven subjects displayed a left-hand preference, three subjects displayed a right-hand
preference, and one subject was ambipreferent. The mean HI across all subjects for this task
was —.46 (SEM =.18). A one-sample #test indicated a group-level left-hand preference for
the tool task, {14) = -2.52, P=.024.

As there was a clear bias in this group for the use of the left hand for tool use, to compare
asymmetry of the central sulcus across handedness groups, we dichotomously categorized
subjects as either left-hand preferent (7= 11) or right-hand preferent (7= 4). [Note that all
subjects with positive HI values are classified as right-hand preferent.] Central sulcus AQ
was significantly different (Mann Whitey U, Z=1.96, P= 0.050) between left-hand
preferent and right-hand preferent individuals [see Figure 3] on the tool use task. Left-hand
preferent monkeys displayed a deeper central sulcus in the right hemisphere.

Discussion

We report two novel and significant findings in this report. First, we provide evidence of a
group-level left-hand preference for capuchins in a dipping tool-use task. Additionally, hand
preference was significantly associated with asymmetry of primary motor cortex for the
region representing hand. Left-hand preferent and right-hand preferent monkeys differed on
lateralization of the primary motor cortex, with left-hand preferent monkeys having a deeper
central sulcus on the right hemisphere. These results are similar to previous findings of a
relationship between asymmetry of the central sulcus and hand preference on a bimanual
coordinated task in male capuchins [Phillips & Sherwood, 2005]. That study, using a small
(n=6) sample of male capuchins, reported left-handed monkeys on the TUBE task showed

Am J Primatol. Author manuscript; available in PMC 2014 May 01.
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a deeper central sulcus in the contralateral hemisphere, whereas right-handed monkeys had a
more symmetrical depth of the central suclus.

Interestingly, wild chimpanzees also show population left-handedness for termite fishing
[Lonsdorf & Hopkins, 2005], and captive male chimpanzees display a bias toward left hand
use in a simulated termite fishing task that requires a precise guiding motion [Hopkins et al.,
2009]. The left-hand preference in both capuchins and male chimpanzees may reflect spatial
characteristics of the dipping task. Fagot and Vauclair [1988) and MacNeilage et al. [1987]
have proposed that the left hand is preferred for precise, visually guided manipulative
actions.

Studies of chimpanzees and capuchins have shown there is little consistency of hand
preference across various motor tasks, except for instances where solving different tasks
requires similar motor actions (Hopkins & Pearson, 2000; Hopkins, Taglialatela, Leavens,
Russell, & Schapiro, 2010; Lilak & Phillips, 2008). Thus, we would not expect individuals
to have consistent hand preferences on the tool use and TUBE task as these utilize different
motor actions. This was indeed the case (Phillips, unpublished data; r= .14, p=0.62).

Wild capuchins from several study sites have been reported to use tools for feeding,
including the use of sticks as probes, leaves as sponges, and rocks as hammer stones
[Chevalier-Skolnikoff, 1990; Fernandes, 1991; Phillips, 1998; Fragaszy et al., 2004]. The
dipping tool use task used in this investigation has a natural counterpart: critically
endangered blonde capuchins (Cebus flavius) of the Atlantic Forest use sticks to fish for
above ground termite nests and spontaneously modify the sticks [Souto et al., 2011].

Our results, showing a group-level hand preference in capuchins for tool use, support the
position that handedness resulted from the increased demands associated with feeding and
tool use [Wundram, 1986]. While there is no population-wide hand preference seen for the
TUBE task [Fragaszy, Visalberghi, & Fedigan, 2004; Lilak & Phillips, 2008; Westergaard &
Suomi, 1996; but see Spinozzi, Castorina, & Truppa, 1998 for a conclusion of right-
handedness in the TUBE task], several studies have indicated that capuchins show stronger
left-hand preferences in certain tool-using tasks, specifically tasks requiring the use of
probing tools [Anderson, Degiorgio, Lamarque, & Fagot, 1996; Westergaard, 1991,
Westergaard & Suomi, 1993]. Contrary to this pattern, Souto et al. [2011] reported
capuchins always used the right hand to insert a stick into the termite nest. However, caution
must be exercised in interpretation, as only three of six study animals were observed to
engage in this behavior, and an extremely limited number of instances (eight, out of 72 days)
were observed. Determining whether the wild blonde capuchins display handedness for
termite fishing will be important for comparison with handedness data in laboratory-reared
Cebus monkeys.

Our results indicate that capuchins show an underlying right-hemisphere bias for skilled tool
use, and that this is associated with structural asymmetry of the primary motor cortex. As
capuchins do not display communicative gestures, these results do not support the
hypothesis that asymmetries for skilled motor actions arose after neuroanatomical
asymmetries for language, as proposed by Corballis [2002]. However, that capuchin
monkeys show neuroanatomical specialization for tool use in the absence of gestural
communication is consistent with the hypothesis that tool use and gestural communication
have common neural origins, as has been proposed by Frey [2008]. While chimpanzees do
show relationships between handedness for tool use and gestural communication with
language area homologues (inferior frontal gyrus and planum temporale) [Hopkins et al.
2007; Meguerditchian et al., 2012; Taglialatela et al., 2006], whether similar relationships
exist between handedness for tool use or gestural communication and asymmetry of the

Am J Primatol. Author manuscript; available in PMC 2014 May 01.
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primary motor cortex is unknown. As Hopkins and Cantalupo [2004] reported that
handedness on the TUBE task correlated with primary motor cortex asymmetries [but not
the planum temporale or FO frontal operculum], we expect chimpanzees would have such
asymmetries associated with handedness for goal-directed actions such as tool use and
gestural communication. Determining whether chimpanzees also show such a relationship
will be important to further evaluate the hypothesis that tool use and gestural communication
have common neural origins.

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.
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Figure 1.
Photograph showing a capuchin monkey using her left hand while engaged in the tool use
task.
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Figure2.
Central sulcus depth was measured as the intrasulcus length of the precentral gyrus as
viewed in horizontal sections.
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Mean Central Sulcus Asymmetry Quotient (+/- SE)

T T
Left Praferant Non-Laft Prefarant

HANDEDNESS CATEGORIZATION

Figure 3.

Mean asymmetry quotient [AQ =R - L/(R + L) * .5] where R and L represent central sulcus
depth in the right and left hemisphere, respectively. Positive values indicate right-
hemipshere bias, negative values indicate left-hemisphere bias. Central sulcus asymmetry is
significantly different between left-hand preferent and right-hand preferent capuchins on a
dipping tool use task.
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