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a  b  s  t  r  a  c  t

Manual  skills  change  dramatically  over  the first  two years  of  life,  creating  an  interesting
challenge  for  researchers  studying  the  development  of  handedness.  A vast  body  of  work
to date  has  focused  on  unimanual  skills  during  the period  from  the  onset  of  reaching  to
walking.  The  current  study  sought  to  connect  such  early  unimanual  hand  use  to  later  role-
differentiated  bimanual  manipulation  (RDBM),  in which  one  hand  stabilizes  the  object  for
the other  hand’s  action.  We  examined  hand  use  in  38 children  over  16  monthly  visits  using
a  validated  measure  for assessing  hand  preference  for  acquiring  objects  when  children
were 6–14  months  old.  We  also  developed  a new  measure  for  assessing  RDBM  preference
presented  when  children  were  18–24  months  old.  The  new  measure  reliably  elicited  RDBM
actions  in  both  toddlers  and  an  adult  control  group  (N = 15).  Results  revealed  that  some
children  show  preferences  for acquiring  objects  as infants;  these  preferences  are  stable
and persist  into  their  second  year  as new  skills  appear.  Moreover,  children  with  no hand
preference  during  infancy  shifted  to left  or right  lateralized  hand  use  as  toddlers.  Despite
a  higher  incidence  of left-handedness  compared  to  adult  norms,  the majority  of  children
were right-handed  by 2 years  of  age.

© 2013 Elsevier Inc. All rights reserved.

. Introduction

Manual skills change dramatically over the first two years of life, making it particularly challenging to measure handedness
ongitudinally. Perhaps as a consequence, many researchers have focused their efforts either on a single skilled behavior
nvolving the hands or a specific time point in development. A large literature has examined unimanual hand use for reaching
o objects, and this work has been centered on the period from the onset of reaching through the onset of walking (e.g.,
arlson & Harris, 1985; Corbetta & Thelen, 1999; Fagard, Spelke & von Hofsten, 2009; Ferre, Babik & Michel, 2010; Hinojosa,
heu & Michel, 2003; Michel, Ovrut & Harkins, 1985; Michel, Tyler, Ferre & Sheu, 2006; Ramsay, 1980; Rönnqvist & Domellöf,
006). Collectively, these studies have identified an early right hand-use preference at the group level amidst some variability

n the trajectories of individual infants.
Much less well studied is bimanual hand use (for a recent review, see Greaves, Imms,  Krumlinde-Sundholm, Dodd &

liasson, 2012). Broadly, symmetrical bimanual actions precede asymmetrical ones in development (e.g., Fagard & Jacquet,

989). Asymmetric bimanual actions are of greater interest because they involve the hands playing complementary and
istinct roles (i.e., one hand holds the object for the other hand’s actions). This type of advanced manual skill has been termed
ole-differentiated bimanual manipulation (RDBM). The ability to successfully reach for and grasp objects (approximately 4
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months of age; see Berthier & Keen, 2006) is temporally linked to the earliest observations of RDBM. Although rudimentary,
Rochat (1989) described 4-month-old infants holding a toy in one hand and exploring its properties with the fingers of the
opposite hand.

Although infants exhibit RDBM early in their first year, it is only a minor aspect of their repertoire. For example, Kimmerle,
Mick and Michel (1995) found that RDBM accounted for less than 10% of all observed manual actions in 7-month-olds. It is
likely that the low rate of RDBM reported in young infants is driven by the affordances or properties of the objects. Perhaps
not surprisingly then, hand-use preferences for RDBM only begin to appear during the 11–13 month age period (Kimmerle,
Ferre, Kotwica & Michel, 2010; Kimmerle et al., 1995; Michel, Ovrut, & Harkins, 1985) when the infant begins coordinating
RDBM actions.

RDBM skills continue to be refined through the second year of life as bimanual strategies shift from partially to fully
differentiated hand use (e.g., Fagard, 1998; Fagard & Jacquet, 1989; Fagard & Marks, 2000; Fagard & Pezé, 1997; Ramsay,
Campos & Fenson, 1979). For instance, Ramsay and Weber (1986) reported that only 50% of bimanual actions in 12- to
13-month-old infants were completely differentiated, but by 17–19 months of age, that figure had increased to 78%. More
recently, Fagard and Lockman (2005) found that 64% of infants 6–12 months of age were successful in using both hands on
a task requiring holding a container with one hand and pulling out a tube with the opposite hand. By 18 months of age,
100% of children used a fully differentiated strategy on the “tube/container” task. Tasks such as the “tube/container” that
effectively constrain hand use are superior for measuring bimanual handedness as compared to tasks that do not clearly
differentiate the roles of the manipulating hand and the stabilizing hand or could potentially be performed with one hand
instead of two (e.g., Geerts, Einspieler, Dibiasi, Garzarolli & Bos, 2003; Fagard & Lockman, 2005; Fagard & Marks, 2000). As in
studies of unimanual hand preferences, studies of bimanual preferences have also found right-handedness (as measured by
the manipulating hand) to be the group-level pattern. However, many of the existing studies in the literature have calculated
bimanual preferences from a single task (e.g., Fagard & Lockman, 2005) or fewer than 10 trials (e.g., Fagard & Marks, 2000).

Building on previous research, our first aim of the current study was to develop a battery of tasks that reliably elicit RDBM
actions. The objectives were twofold: (1) to sufficiently constrain hand use such that two  hands were required to perform
the given task, thus ensuring the roles of each hand were clearly defined and (2) to include a variety of actions to adequately
assess hand-use preference where the minimum number of data points was  20. We  selected 18 months as the starting target
age as this is a time point at which the majority of children should be capable of performing completely differentiated
bimanual actions. We expected that some actions such as unscrewing a lid would be more difficult than other actions. By
providing such challenging items, we hoped to maintain children’s interest in the toys throughout each test session as well as
across test sessions in our longitudinal design. We  also anticipated that by 24 months, children would be able to successfully
complete all of the target RDBM actions.

Our second aim was to connect hand-use preferences from the new RDBM battery to prior unimanual hand use data
collected when the same children had been observed as infants over the 6–14 month period. During this time, both unimanual
actions (manipulation distinct from the unimanual acquisition of objects) and RDBM actions comprise very small portions of
the infant’s manual repertoire and both exhibit hand-use preferences only in the later months of that period (Hinojosa et al.,
2003; Kimmerle et al., 2010). Thus, the action of acquiring objects is the only manual action that remains constant through
this developmental range that can serve as the basis for measuring hand-use preferences. Few studies have examined both
unimanual and bimanual hand use in developing children. Previous research has revealed a relationship between hand-
use preferences in these two domains of manual skill measured concurrently at various ages in development (e.g., Fagard,
1998; Fagard & Lockman, 2005; Fagard & Marks, 2000; Michel et al., 1985). Using a cross-sectional design, Michel et al. (1985)
reported that handedness for RDBM was concordant with handedness for unimanual manipulation (but not reaching) during
the last months of the infant’s first year. In a longitudinal study by Ramsay (1980),  bimanual handedness measured at 13
months corresponded to unimanual handedness measured at 7 or 9 months in 23 of 28 infants.

The major limitation of these previous studies, whether cross-sectional or longitudinal, has been the assessment of the
target manual skill. The current study is the first longitudinal attempt to connect unimanual and bimanual preferences,
and emerging handedness patterns, over repeated monthly assessments in a large group of developing children (N = 38).
We first assessed unimanual hand-use preferences for acquiring objects from 6 to 14 months (9 visits) using a validated
infant measure developed for this age range (Michel et al., 1985). Next, we assessed bimanual hand-use preferences for
RDBM actions when children were 18–24 months (7 visits) using the new toddler measure that was designed to capture
the advanced coordinated bimanual skills exhibited in the latter half of the second year of life. Finally, we  administered the
toddler measure to a control group of adults (N = 15) to confirm that the tasks chosen to assess bimanual handedness in a
developing population were in fact effective in eliciting role-differentiated actions in individuals with established hand use
preferences.

2. Materials and methods

2.1. Participants
2.1.1. Children
Thirty-eight children (21 females) participated in a longitudinal study investigating hand use at monthly intervals from

6 to 14 months (infant visits) and again from 18 to 24 months (toddler visits). Families were initially recruited for the infant
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ortion of the project when their child was 5 months old using birth records obtained from the Guilford County Court
ouse in North Carolina. Inclusion criteria included full-term pregnancy of at least 37 weeks gestation and delivery without
omplications. Sample families were representative of the ethnic backgrounds found in the local community (sample = 65%
aucasian White, 15.8% African American, 13.2% Multiracial, 2.6% Hispanic, 2.6% Other Race).

Data collection began at 6 months and each monthly assessment occurred within 7 days of the child’s birthday. Children
hat had missed no more than 1 infant test session were recruited for the toddler visits. Three children missed 1 infant
ession, and three different children missed 1 toddler session. In sum, six children missed only 1 visit out of 16 over the
ourse of the study. Three additional children (two males and one female) began the toddler portion of the project but missed

 or more sessions. Their data were not included in the analyses.

.1.2. Adults
Fifteen adults (11 females, M ± SD = 31 ± 11 years) also participated in the study to determine whether the items designed

or toddlers reliably elicited role-differentiated bimanual responses in adults. We  chose parents or family members of
hildren who were enrolled in the infant segment of our ongoing project. Adults were tested individually while the infant
nd any other family members were in a separate room. Thus, infants were not exposed to the contents of the toddler battery
rior to their eligibility for that portion of our project and the adult data collected to validate the toddler battery was not
onnected to the child data reported in this study.

.2. Procedure

All test sessions were conducted at the University of North Carolina at Greensboro Infant Development Center. The UNCG
nstitutional Review Board approved all of the procedures and parents gave written consent for their child to participate in
his study. Parents received a $10 Target GiftCard® for each lab visit. Test sessions were recorded with two  Panasonic digital
ameras linked by a Videonics mixer, providing overhead and left facing views of the child’s actions combined into a single
rame for later coding. Video coding was done offline with the Observer® XT program (Noldus Information Technology, v10).
eliabilities were calculated using percent agreement between two  coders for each object presentation (up to 34 coding
ecisions per session), with coders scoring 7–8 videos from each age tested, or approximately 20% of the data.

.2.1. Infant handedness
Nine infant visits occurring monthly from 6 to 14 months of age assessed hand use for apprehending various objects

sing the validated infant handedness measure developed by Michel et al. (1985).  Briefly, infants were seated on a parent’s
ap at navel height at a table and presented with 34 toys. Of these, 24 were presented singly at the infant’s midline and the
emaining 10 items were pairs of toys presented dually in line with the infant’s shoulders. Infants were encouraged to reach
or and manipulate the objects. Hand preference was  scored offline from videotape as the hand used to acquire each toy
see Ferre et al., 2010 for additional details on this procedure; note: the sample reported here was  born in 2009–2010 and
herefore not included in the Ferre et al., 2010 sample). Reliability for the infant handedness measure was  93%.

.2.2. Toddler handedness
Seven toddler visits occurring monthly from 18 to 24 months of age assessed hand use for role-differentiated bimanual

anipulation (RDBM) using the new test battery. Presenters were blind to toddlers’ infant hand preference status. As in the
nfant visits, toddlers were seated on a parent’s lap at navel height at a table. Test objects were then presented one at a time
t the child’s midline. All objects were designed to require the use of the two hands together in an asymmetrical fashion such
hat the supporting hand stabilized the object for the opposing hand’s manipulation and were difficult, if not impossible,
o perform with a single hand. The objects were chosen to elicit target RDBM actions such as removing a toy from inside
f another toy, unlatching a container, peeling a sticker, and unzipping a bag (Fig. 1). Testing consisted of seven objects
resented twice non-consecutively with three of those objects requiring multiple actions and seven objects presented once
Table 1). For objects with a series of actions, each step in the action was  considered a separate data point. In total, there
ere 29 data points possible per session. Hand preference was  scored offline from videotape as the manipulating hand in

he RDBM action. All unimanual or unsuccessful bimanual attempts to complete the target action were discounted. Coders
or the toddler data were blind to infant handedness status. Reliability for the toddler handedness measure was 96%.
.2.3. Adult handedness
Adults were verbally asked to perform the target action (e.g., remove the ball from the tube), but were not given any

nstructions regarding how to do so (i.e., which hand(s) to use). Responses were scored in real-time by two independent
bservers. Reliability for the adult handedness measure based on percentage agreement across all observations was 98%.
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Table 1
Role-differentiated bimanual manipulation (RDBM) test battery.

Item Passive hand Active hand

1. Ball-in-Tube Stabilize tube Remove ball from tube
10  cm × 5 cm PVC tube with 45◦ bend
Soft ball attached inside at center by Velcro

2. Toy-in-Velcro Cup Stabilize cup Remove toy from cup
6  cm × 5.5 cm plastic cup
Plastic figurine attached in center by Velcro

3. Toy-in-Catcher Cup Stabilize cup Remove toy from cup
7.5  cm × 9 cm Snack CatcherTM (flap prevents spills)
Playmobil® figurine inside

4.  Ring-on-Column Stabilize column Remove ring from column
12.5  cm × 19.5 cm Fisher-Price® stacking ring
Single ring affixed to middle of column

5a. Worm-in-Jar Stabilize jar Pull worm from jar
Good Cook® “Shake-A-Pick” toothpick dispenser
(plastic jar 8.75 cm × 4 cm with small hole in lid)
Fuzzy Tricky WormTM sticking out 3 cm from lid

5b.  Lid-off-Jar Stabilize jar Remove jar lid
Jar  represented with lid loosened

6a. First-Latch-Containera Stabilize container Open first latch
Circle:  6.75 cm × 2.5 cm with toy wedged inside
Rectangle: 8.5 cm × 6.5 cm × 4.5 cm with toy wedged inside

6b. Lid-off-Container Stabilize container Remove container lid
6c.  Toy-in-Container Stabilize container Remove toy from container
7a.  Unzip-Bag Stabilize bag Unzip bag

17.5  cm × 11.5 cm clear plastic bag with zipper
Wind-up toy inside bag

7b. Toy-in-Bag Stabilize bag Remove toy from bag
8.  Foam-Peg-Block Stabilize block Remove peg from block

8  cm × 4 cm foam block
Cylindrical peg in center opening

9. Hide-a-Cup Stabilize large cup Remove small cup nested in large cup
Small  cup: 4 cm × 4 cm
Large cup: 7 cm × 7 cm

10. Bolt-in-Box Stabilize box Remove bolt from box
4.5  cm × 4.5 cm square box
6 cm × 2 cm bolt in center of box

11. Phone-in-Purse Stabilize purse Remove phone from purse
Purse: 14.5 cm × 11 cm soft cloth with Velcro closure
Phone: 8 cm × 4 cm

12.  Brush-in-Purse Stabilize purse Remove brush from purse
Second presentation of purse with new object inside
Brush: 8.5 cm × 4 cm

13. Peel-Large-Sticker Hold paper Peel sticker from paper
3.5  cm × 3 cm rectangle
Experimenter folds sticker partway back to start

14. Peel-Small-Sticker Hold paper Peel one sticker from paper
2  × 2 array of stickers in 3 cm × 3 cm square
Experimenter folds one row partway back to start

Items 1–7 presented twice non-consecutively. Items 8–14 presented once. Total test battery = 29 scorable actions.
a Experimenter unlatched container if child could not perform this action so that remaining sequence could be done.

Table 2
Number of toddlers who provided data and the mean number of RDBM actions by age.

Age (months) Number of toddlers Mean RDBM actions (SD)

18 38 20.7 (3.4)
19  37 22.7 (3.3)
20  38 24.7 (2.6)
21  38 26.0 (2.4)
22 38 26.5 (1.6)
23  36 26.8 (1.7)
24  38 27.3 (1.3)

RDBM, role-differentiated bimanual manipulation; SD, standard deviation.
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Fig. 1. Examples of RDBM actions. Top panel: Ball-in-Tube. Bottom panel: Foam-Peg-Block. One hand stabilizes the object and the other hand performs
the  target manipulation.
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. Results

.1. The new test battery reliably elicits RDBM actions in toddlers and adults

Table 2 indicates the number of children sampled at each of the 7 toddler time points and the mean number of RDBM
ctions that were observed. At 18 months, children completed 71% of the target actions (approximately 21 of 29 on average)
sing a completely role-differentiated strategy. By 24 months, the average number of RDBMs had increased to just over 27
ut of 29 or 94% of the test battery. A repeated measures ANOVA with a Greenhouse-Geisser correction found a significant
ffect of age on the number of RDBMs, F(3.595, 115.054) = 48.291, P < 0.001. The number of RDBMs per session appears
o asymptote around 21–22 months. Bonferroni-corrected post hoc tests revealed significant differences in the number of
DBMs performed between all age pairs except 21 and 22 months, 21 and 23 months, 22 and 23 months, 22 and 24 months,
nd 23 and 24 months (all Ps < 0.02). There was no effect of infant handedness status (right hand preference versus no hand
reference; see Section 3.2) on the number of RDBMs performed as toddlers (P > 0.05). There was also no effect of toddler
andedness status (right hand preference versus left hand preference; see Section 3.2)  on the number of RDBMs (P > 0.05).

Data from the adult control group is reported in Table 3. The adults approached the new test battery similarly to the
oddlers, performing nearly every target action with an RDBM strategy (M ± SD = 28.4 ± 0.74). We  calculated each adult
articipant’s percentage of right-hand use using the formula (R/R + L) × 100, where R represents the number of right-hand
ctions and L represents the number of left-hand actions. The measure captured hand use preferences along a full continuum

rom strongly left to exclusively right with a range of percent right-hand use from 7% to 100% (M ± SD = 80.8 ± 29.1), indicating
t was capable of discriminating both degree and direction of preference.
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Table 3
Individual hand use data for adults.

ID Index # RDBMs Gender

1 6.9 29 F
2  25.0 28 M
3  65.5 29 M
4  71.4 28 M
5 74.1  27 F
6 82.8  29 F
7  89.7 27 F
8  96.6 29 F
9  100.0 28 F

10  100.0 28 F
11  100.0 28 F
12  100.0 29 F
13  100.0 29 F
14  100.0 27 M

15 100.0 29 F

Index, percentage of right-hand use; calculated with the formula (R/R + L) × 100, where R, right; L, left; RDBM, role-differentiated bimanual manipulation;
M,  male; F, female.

3.2. The relationship between infant and toddler handedness

We  first calculated each child’s percentage of right-hand use (%R) separately for every visit using the formula described
previously for adults. Next, we computed 95% confidence intervals (CI) derived from each child’s monthly right-hand use
percentages for their block of infant visits (6–14 months) and separately for their block of toddler visits (18–24 months).
Children were classified as left-handed if their mean %R + CI < 50%. Children were classified as right-handed if their mean
%R − CI > 50%. Values that were within 5% of the 50% level were also considered lateralized. All other children were classified
as having no statistically reliable preference (mean %R ± CI crossed the 50% level by more than 5%). As infants,  15 children
were lateralized right (39%), whereas the remaining 23 children had no hand preference (61%). As toddlers, 37 of the children
were lateralized (97%) with only one child maintaining no preference. The majority of toddlers were classified as right-

handed (76%) with a larger minority of left-handers (21%) than what has traditionally been reported for adult samples (e.g.,
Annett, 1985).

We  identified five patterns of handedness trajectories when comparing the groups derived from the CI calculations
linking infant to toddler hand-use preferences (Table 4). A large minority of children (N = 14) exhibited a consistent

Table 4
Individual hand use preferences by pattern for infant and toddler observations.

ID Gender Infant Toddler ID Gender Infant Toddler
%R  (95% CI) %R (95% CI) %R (95% CI) %R (95% CI)

Consistent right (N = 14) No preference to right (N = 15)
340 M 63.3 (8.6) 89.5 (9.2) 349 M 52.5 (10.8) 62.3 (13.7)
344  M 62.5 (11.3) 78.2 (10.6) 366 M 55.6 (10.9) 88.7 (4.4)
354 M 72.1 (18.9) 86.1 (5.1) 368 M 53.9 (12.7) 89.2 (9.6)
356  M 68.8 (12.9) 81.8 (6.3) 372 M 42.3 (14.7) 61.6 (11.3)
379  M 70.1 (13.5) 88.8 (6.4) 376 M 46.8 (12.3) 83.9 (4.8)
387  M 81.0 (11.2) 95.2 (3.5) 377 M 48.0 (19.0) 76.4 (7.5)
352  F 80.8 (4.6) 68.0 (13.3) 382 M 59.1 (14.9) 96.3 (1.5)
353  F 65.7 (14.4) 77.5 (8.6) 338 F 60.2 (14.2) 93.1 (6.6)
361  F 71.7 (9.4) 91.6 (6.4) 359 F 53.3 (17.9) 85.8 (6.4)
363  F 71.4 (13.6) 92.3 (4.8) 360 F 50.6 (16.6) 68.3 (9.1)
369  F 63.7 (9.5) 66.2 (11.0) 362 F 56.2 (18.0) 93.5 (4.8)
378  F 62.3 (11.9) 76.1 (10.6) 364 F 49.1 (12.3) 98.4 (2.2)
383  F 72.6 (11.7) 89.7 (5.1) 365 F 61.2 (16.6) 87.4 (8.3)
392  F 65.1 (12.6) 77.1 (4.5) 384 F 41.0 (16.1) 96.8 (1.9)
391  F 56.8 (15.8) 81.6 (7.0)
No  preference to left (N = 7) Right to left (N = 1)
355  M 58.4 (19.5) 37.9 (12.2) 395 F 67.6 (10.6) 19.7 (12.3)
357  M 55.8 (14.9) 34.6 (7.5)
381  M 43.7 (9.8) 30.0 (4.0)
339 F 62.1 (15.7) 30.5 (12.4) Consistent no preference (N = 1)
341  F 56.0 (11.7) 37.3 (14.2) 380 M 49.5 (12.6) 60.1 (15.7)
386  F 54.8 (16.8) 22.5 (8.5)
394 F  42.6 (15.2) 21.9 (8.7)

Infant, 6–14 months; toddler, 18–24 months; M,  male, F, female; %R, mean percentage of right-hand use. Calculated with the formula (R/R + L) × 100, where
R,  right, L, left. CI, confidence interval. %R + CI < 50%, left. %R − CI > 50%, right. Values within 5% of the 50% level were also considered lateralized. %R ± CI
crossing 50% level by more than 5%, no preference.
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ight-hand preference across both testing blocks (Pattern 1). In this group, the percentage of right-hand use ranged from
2.3% to 81.0% (M ± SD = 69.4 ± 6.2%) during the infant sessions. The range for their toddler sessions was  66.2–95.2%
ight-hand use (M ± SD = 82.2 ± 9.1%). Among children that did not exhibit a consistent hand-use preference as infants, most
N = 15) became right-handed as toddlers (Pattern 2). Their infant scores ranged from 41.0% to 61.2% (M ± SD = 52.4 ± 6.1%)
nd toddler scores ranged from 61.6% to 98.4% (M ± SD = 84.2 ± 12.1%) for right-hand use. Likewise, some children with
o hand-use preference as infants became left-handed as toddlers (N = 7; Pattern 3). Similar to their rightward developing
ounterparts, the infant scores for this group ranged from 42.6% to 62.1% (M ± SD = 53.3 ± 7.4%) right-hand use. As toddlers,
he range was 21.9–37.9% (M ± SD = 30.7 ± 6.5%), reflecting the leftward shift in preferred hand use.

The remaining two trajectory patterns were each found in only one participant. One child maintained no hand-use
reference between the infant and toddler sessions (Pattern 4). As an infant, the mean percentage of right-hand use was
9.5% and as a toddler it was 60.1%. Interestingly, one child shifted in hand preference direction between infancy and
oddlerhood (Pattern 5). As an infant, this child was  mildly right-handed, with a mean of 67.6% right-hand use, but as a
oddler, shifted to a strong left hand-use preference with a mean of only 19.7% right-hand use. Notably, no child exhibited

 left hand-use preference during infancy in our sample and thus, no shifts from left to right preference were possible.

. Discussion

The goals of the current study were to first create a battery of test items to measure hand-use preferences for RDBM
ctions and second to connect early patterns of unimanual hand-use preferences in infancy (acquisition of objects) to later
atterns of bimanual hand-use preferences during toddlerhood (RDBM). The number of test items, as well as the number of
ssessments, is unmatched in the preexisting literature characterizing the development of handedness. We found that our
ew battery elicited RDBM actions in toddlers 18–24 months of age as well as adults. Moreover, the new battery uniquely

dentified left- and right-handedness in both test populations. An important point regarding testing is that toddlers were
apable of completing many more trials than researchers have traditionally attributed to this age period. In addition to the
9 items described in Table 1, toddlers also completed 20–25 other trials at each session unrelated to the analyses presented
ere (these were trials related to problem-solving, tool use and construction abilities). This underscores the need to have
ell-defined constructs that capture the behavior of interest in more than just a single trial, and highlights the fact that this

an be done in the context of administering other measures in tandem.
A noteworthy finding from our results is that there is no single pattern in the development of handedness, an observation

hat serves to reconcile conflicting reports from other longitudinal efforts with smaller sample sizes regarding fluctuations
n handedness and individual differences (e.g., Corbetta & Thelen, 1999). From our analyses of the 16 visits, we  identified
ve patterns of handedness trajectories, of which three patterns characterized 95% of our sample. These patterns were (1)
hildren with a consistent right hand preference throughout the duration of the study; (2) children with no preference as
nfants that became right-handed as toddlers; and (3) children with no preference as infants that became left-handed as
oddlers. Overall, 39% of children exhibited a consistent right hand preference across all sessions from 6 to 14 months and
gain from 18 to 24 months. By the conclusion of the study, the number of right-handed children had grown to 76% and a
urther 21% had become left-handers, leaving just one child whom we could not yet identify as left- or right-handed.

One interpretation of these findings is that stable handedness exists in infancy.  Some, but not all, infants show clear hand
references for acquiring objects unimanually. These preferences are stable and persist into their second year of life as
imanual skills develop. Moreover, infants without a stable preference seem to become lateralized as toddlers, contradict-

ng theories that handedness stabilizes around school age (e.g., Gesell & Ames, 1947; McManus et al., 1988). Because of the
ariability that has long been associated with early hand preferences, the issue of when handedness “emerges” or becomes
onsolidated has been greatly debated. The current study provides some evidence that handedness might begin to stabilize
arlier than traditionally assumed, but there are a few caveats. First, we  caution that these findings need to be replicated. Sec-
nd, we observed a child in our sample shift direction of preference from right-handedness as an infant to left-handedness as

 toddler. Ramsay (1980) also reported a few cases of directional shifts in hand preference from unimanual to bimanual hand
se. One possibility is that the infant handedness assessment lacks sensitivity, in particular for detecting left-handedness,
lthough this is not likely to be the case as we have identified left-handed infants in previous cohorts with this measure.
hird and related to the second point is the level of left-handedness we observed in toddlers (21%) was  much higher than that
hat has typically been reported in adults (∼10%). Nonetheless, this finding matches previous reports of a higher incidence

f left-handedness among toddlers and preschoolers (e.g., Marschik et al., 2008; Ramsay et al., 1979; Tirosh, Stein & Harel,
999). Indeed, Annett (1985) reported a higher proportion of left-handers in her sample of 3.6–5.3-year-old children tested
ith a proficiency task as compared to her sample of teenaged children (13–15 years old). Taken together, these patterns

uggest that the development of left-handedness is not well understood. In addition, it raises the question of whether the
iming or the trajectory of left-handedness differs from that of right-handedness. It is difficult to track left-handedness
n studies with small samples, given that most infants, like adults, show a rightward asymmetry. The issues surrounding
eft-handedness are critical avenues for future research (see Previc, 1991 for additional discussion).
Interestingly, the percentage of preferred hand use increased significantly between the infant and toddler sessions. For
xample, among consistent right-handers, the mean percentage of right-hand use for the 6–14 month period was  69.4%
hereas the mean percentage of right-hand use for the 18–24 month period was 82.2%. Whether this is a difference in the
anual skills sampled (unimanual versus bimanual) is also a question for future research. There is some evidence from the
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nonhuman primate literature to suggest that bimanual tasks elicit stronger hand-use preferences compared to unimanual
tasks (e.g., Lilac & Phillips, 2007). Of course, the nonhuman primate work is typically done with mature adults and not
infants. Targeting skillful behavior is critical in measuring asymmetries in hand use, regardless of the sample population.
Developmental test items should involve activities that balance challenge with a rapidly changing repertoire. As such,
unimanual reaching may  be appropriate for measuring hand-use preferences in infancy when reaching for and acquiring
objects is a new and relatively difficult skill. As toddlers, acquiring objects has become routine and may  not elicit as strong
of a bias in hand use as RDBM, which is likely the new manual challenge for that age period.

The shift to more robust hand use preferences may  also be a developmental phenomenon. We  have hypothesized that
the development of handedness is a cascade involving early postural asymmetries (e.g., Michel, 1981), subsequent object
acquisition and manipulation (e.g., Hinojosa, Sheu & Michel, 2003), and finally complex coordination between the hands.
The next steps in evaluating this hypothesis are to characterize hand-use preferences for partially differentiated bimanual
actions and then examine the links between this earlier form of RDBM and preferences for reaching, unimanual manipulation,
and fully differentiated RDBM. It will also be critical to conduct follow-up analyses as toddlers approach school entry to
further address timing questions surrounding the development of hand-use preferences. Finally, future work should explore
the implications of multiple trajectories and potential differences in developmental timing, as it pertains to handedness
specifically, but also how it shifts our notions of development in general as we  move as a field away from a ‘one size fits all’
model toward understanding individual differences and outcomes.
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