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Background. Object exploration behaviors form the foundation for future global
development, but little is known about how these behaviors are exhibited by infants
born preterm.

Objective. The study objective was to longitudinally compare a comprehensive
set of object exploration behaviors in infants born preterm and infants born full-term
from infancy into toddlerhood.

Design. Twenty-two infants born full-term and 28 infants born preterm were
monitored as they interacted with objects throughout their first 2 years.

Methods. Infants were provided up to 30 seconds to interact with each of 7
objects across 9 visits. Experimenters coded videos of infants’ behaviors. Growth
modeling and t tests were used to compare how much infants exhibited behaviors
and how well they matched their behaviors to the properties of objects.

Results. Infants born preterm explored objects less in the first 6 months, exhibited
less visual-haptic multimodal exploration, displayed reduced variability of explor-
atory behavior in a manner that reflected severity of risk, and were less able to match
their behaviors to the properties of objects in a manner that reflected severity of
risk. Infants born preterm with significant brain injury also had impaired bimanual
abilities.

Limitations. There was a limited sample of infants born preterm with significant
brain injury.

Conclusions. Infants born preterm have impaired abilities to interact with
objects even in the first months of life. This impairment likely limits the knowledge
they acquire about objects and about how they can act on them; this limited
knowledge may, in turn, impair their early learning abilities. These results highlight
the need for assessment and intervention tools specific for object exploration in
young infants.
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Object exploration behaviors
form the foundation for
future development across

domains. For instance, active experi-
ence with objects informs infants
about the properties of objects and
facilitates their learning of object dis-
crimination, categorization, tool use,
and language.1–4 The ability to act on
objects likely plays a key role in early
development because it is a strong
determinant of the amount and type
of information that is available for
infants to perceive, process, and use
for learning.

For infants with typical develop-
ment, there is a strong drive to inter-
act with objects, even early in life.5,6

Infants begin to use their existing
abilities to explore objects within
the first days of life.6,7 By 6 months,
infants have already become sophis-
ticated in exploring objects with
high intensity, variability, and com-
binations of behaviors.8 After 6
months, infants continue to explore
objects using a range of behaviors,
such as fingering, picking, and look-
ing, and these behaviors are exhib-
ited differently in relation to the
properties of objects.9–11

Despite the fact that object explora-
tion behaviors are considered impor-
tant precursors for global devel-
opment, surprisingly few studies
have been done to assess these
behaviors in populations at risk for
future developmental delays, such
as infants born preterm.12 Infants
born preterm have heightened
risks for future impairments in motor
skills, working memory, problem
solving, language, and learning that
negatively affect their academic per-
formance at school age.13–16 These
risks are even greater for infants
born preterm with significant brain
injury (PTBI).15,17 Our recent
research suggests that learning and
cognitive impairments are present
in infants born preterm as early as
the first months of life.14 There-
fore, one might anticipate that the
way in which these infants interact
with objects and the amount and
type of information that they gather
about objects might differ from
infants with typical development.

The aim of this project was to assess
object exploration behaviors in
infants born full-term (FT) and
infants born preterm. We hypothe-
sized that infants born preterm
would demonstrate impaired object
exploration for several reasons. First,
these infants have been shown to
have early impairments in postural
control, visual attention, and limb
coordination, all foundational skills
for object exploration.18–22 Second,
infants born preterm have impaired
early reaching abilities.23,24 The abil-
ity to reach has been shown to
increase the amounts of interaction
and exploration that infants perform
with objects during daily play.25

Finally, because these impairments
are generally more severe for infants
born preterm with other risk factors,
such as brain injury, we hypothe-
sized that object exploration behav-
iors would be more impaired for
infants born preterm with brain
injury.26,27

A few studies have suggested that
early object play is different for
infants born preterm, especially
those born with other risk factors,
such as brain injury. For instance, at
6 months of age, infants born pre-
term with high risk shifted their
looks less often, noticed fewer
objects, and demonstrated less
examination of objects during play
with their mothers.22 At 8 months,
infants born preterm explored famil-
iar objects longer and demonstrated
less preference for novel objects
than did infants born FT.28 At 9
months, infants born preterm with
high risk used less fingering, rotat-
ing, and transferring behaviors with
objects than did infants born FT and
infants born preterm with low risk.27

Even infants born late preterm dem-
onstrated less mouthing and delayed
cyclical arm movement from 5 to
7 months of age.29 These altered
play interactions with objects likely
affect the ways in which caregivers
engage infants with toys. For
instance, mothers of infants born
preterm with high risk needed to
provide more assistance and guid-
ance to elicit object exploration
behaviors from their 12-month-old
infants than did mothers of infants
without such risk.30 The amount and
quality of object exploration by
infants born preterm can even pre-
dict future cognitive abilities.22,27,31

Therefore, object exploration behav-
iors play a significant role in shaping
early learning and future cognition
and may develop differently in
infants born preterm.27,32

These studies on early object explo-
ration in infants born preterm have
provided important insights about
the experiences that affect learn-
ing and development in this at-risk
population. However, significant
gaps remain in basic knowledge.
Studies typically have been done to
assess object exploration later in
development, at limited time points,
and with a restricted set of mea-
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sures.5,6,22,27 These parameters have
limited the abilities to understand
the early learning process, to identify
important developmental patterns,
and to assess the role of variability in
early object exploration.33

The purpose of this study was to fill
these gaps by assessing object explo-
ration behaviors longitudinally and
comprehensively in infants born pre-
term. We monitored infants born FT
and infants born preterm as they
interacted with the same objects
throughout their first 2 years. We
examined important variables,
including bilateral holding, multi-
modal behaviors, and variability (or
diversity) of behaviors.34 We com-
pared how much infants exhibited
behaviors and how well infants
adapted their use of those behaviors
to act on objects with different prop-
erties.35 We hypothesized that, com-
pared with infants born FT, infants at
risk would perform a smaller amount
of exploration, would perform less
variable exploration (less diversity of
behaviors), and would not similarly
adapt their behaviors relative to the
properties of objects. We expected
these differences to be greatest in
infants born PTBI.

Method
Participants
Parents of 50 infants consented to
participate over a 2.5-year period.
Twenty-two infants were born FT
without medical complications or
diagnoses. They were recruited from
the community. Twenty-eight infants
were born preterm between 22 and
30 weeks of gestation. They were
recruited from a regional level 3 neo-
natal intensive care unit. Twenty-two
of these infants did not have peri-
ventricular leukomalacia or grade III
or IV intraventricular hemorrhage
and were identified as born preterm
without significant brain injury (PT
no BI). The remaining 6 had peri-
ventricular leukomalacia, grade III
or IV intraventricular hemorrhage,

or both and were identified as PTBI.
Table 1 shows more details about the
participants.

Procedure
All participants were seen in their
homes at 0, 1.5, 3, 4, 6, 9, 12, 18, and
24 months of corrected age. Partici-
pants were provided opportunities
to interact with the same 7 objects in
a random presentation order (Fig. 1).
Objects varied in size, shape, tex-
ture, hardness, color, and existence
of moving parts. Before participants
were reaching, objects were placed
in their hand by the experimenter,
who alternated the hand of place-
ment with each new object. After
reaching onset, objects were pre-
sented within reach at midline. If a
participant did not grasp an object,
then the experimenter placed it in
the participant’s hand.

Participants were video recorded
with frontal and side view camcord-
ers as they interacted with each
object for up to 30 seconds. If a par-
ticipant dropped an object, then the

experimenter immediately replaced
it in the participant’s grasp. If the
participant dropped the object
more than 3 times before 30 sec-
onds, then that trial terminated and
the next began. Participants were in
the supine position on a blanket on
the floor through 6 months and in a
seat after that because these pos-
tures are typical for these ages. The
young infants in this study main-
tained the supine position without
rolling for the duration of the assess-
ment through 6 months.

The object exploration assessment
was part of a larger study tracking
early learning and development in
infants with high risk. One experi-
menter conducted visits, at times
with the help of an assistant. Visits
typically lasted between 30 and 90
minutes, increasing in duration with
age.

Behavioral Coding and
Outcome Variables
A total of 6 experimenters unaware
of the study hypotheses and infants’

The Bottom Line

What do we already know about this topic?

Object exploration facilitates global development in infants.

What new information does this study offer?

This study is the first early, longitudinal, comprehensive assessment of
object exploration behaviors in infants born preterm. Infants born pre-
term explored objects less than did infants born full-term in terms of
amount of behavior, behaviors combining senses, and variability. Infants
born preterm were more likely to act similarly with objects, even though
different behaviors might be more appropriate for different objects, such
as shaking a rattle or feeling a furry toy.

If you’re a patient or a caregiver, what might these
findings mean for you?

Results suggest early intervention providers should focus as early as
possible on advancing amount and variability of object exploration expe-
riences for infants born preterm.
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medical and birth histories coded the
participants’ behaviors with objects
by using MacSHAPA coding soft-
ware* for a time period of 1.5 years.
Coders were trained until they met
an interrater reliability of greater
than 85% with the primary coder, on
the basis of the equation [agreed/
(agreed � disagreed)] � 100.
Twenty percent of the data were
recoded for reliability. After each
experimenter coded 5 visits for data
analysis, he or she recoded one of
his or her own visits and one of the
primary coder’s visits for reliability.
Average interrater reliability was
87.0% (SD�1.5%). Average intrarater
reliability was 88.7% (SD�3.3%).

Coders reviewed videos multiple
times at one-quarter to one-half
speed as needed to determine
accurate start and end times for
behaviors and coded different behav-
iors in each pass of the video. We
attempted to comprehensively code
all behaviors of participants that
could provide opportunities for par-
ticipants to gather information about
objects. In the first pass, experiment-
ers coded the following 4 behaviors:
holding the object with the left or
right hand when the infant con-
tacted or held the object with only
the left or right hand; bilateral hold-
ing when the infant contacted or
held the object with both hands;
object transfers at the video frame
when the object left 1 hand and
entered the other (frequency only);
and throws at the frame when the
object left the infant’s hand in a man-
ner that was seemingly purposeful,
on the basis of observed coordinated
arm movements or repetition of the
behavior while appearing to enjoy it
(frequency only).

In the remaining passes, experi-
menters coded behaviors only dur-
ing the duration of holding. Trials

* Developed by Penelope Sanderson, Univer-
sity of Illinois.

Table 1.
Demographic Information About Participantsa

Factor FT Group
PT no BI
Group

PTBI
Group

Male 12 (55) 6 (27) 2 (33)

Female 10 (45) 16 (73) 4 (66)

Caucasian 16 (73) 8 (36) 3 (50)

Black 4 (18) 11 (50) 1 (17)

Asian 2 (9) 3 (14) 2 (33)

Hispanic 0 (0) 3 (14) 1 (17)

Gestational age at birth, wkb 39.4 (0.2) 26.6 (0.4) 27.8 (0.8)

Very preterm: �32 wk 0 (0) 6 (27) 4 (67)

Extremely preterm: �28 wk 0 (0) 16 (73) 2 (33)

Birth weight, gb 3,254 (117) 881 (57) 1,084 (88)

Very low birth weight: �1,500 g 0 (0) 7 (32) 3 (50)

Extremely low birth weight: �1,000 g 0 (0) 15 (68) 3 (50)

Receiving physical therapy 0 (0) 10 (45.5) 3 (50)

Receiving occupational therapy 0 (0) 6 (27.3) 7 (31.8)

Receiving speech therapy 1 (4.5) 7 (31.8) 1 (16.7)

a Values are reported as numbers (percentages), unless otherwise indicated. FT�born full-term, PT no
BI�preterm without significant brain injury, PTBI�preterm with significant brain injury.
b Values are reported as means (standard deviations).

Figure 1.
Assessment of infants’ behaviors in the supine position through 6 months (A) and in the
sitting position after 6 months (B) as they explored the same 7 objects (C) on repeated
occasions through 2 years of age. The objects varied along a range of characteristics,
including size, shape, texture, and sound-making ability.
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included only brief periods without
object holding, when experimenters
were retrieving dropped or thrown
objects. In the second pass, experi-
menters coded touching the body
with the object when the infant
brought the object into contact with
part of his or her body, including
the head, face, trunk, arms, and
legs but excluding the mouth and
other hand. In the third pass, exper-
imenters coded fingering when the
infant moved 1 or more fingers of 1
or both hands over the surface of
the object to feel it for 2 seconds
or more. In the fourth pass, experi-
menters coded manipulation when
the infant held the object with 2
hands and used at least 1 hand to
move the parts of the object for 2
seconds or more and picking when
the infant used his or her fingertips
to make upward and downward
motions to dig in and out of the
object surface. In the fifth pass,
experimenters coded squeezing
when the infant applied pressure to
the object with his or her fingers, on
the basis of observations of the
infant’s fingers sinking into the sur-
face of flexible objects or the infant’s
fingers flattening on the surface of
inflexible objects. In the sixth pass,
experimenters coded the following
3 behaviors: cyclical arm movement
when the arm was moving continu-
ously for more than 2 seconds with
changes in direction; banging when
the hand or object contacted a sur-
face or the infant’s body briefly
during or at the end of an excur-
sion, such as when one bangs on a
drum; and rotation when the infant
moved the object in a manner such
that it rotated through at least 45
degrees. In the seventh pass, exper-
imenters coded mouthing when
the object was in contact with the
mouth, tongue, or lips. In the final
pass, experimenters coded looking
when the infant’s eyes were directed
toward the object.

After experimenters coded these
behaviors separately, customized
programs (Filemaker Inc, Santa
Clara, California) were used to
review the start and end times of
the behaviors to determine whether
they occurred simultaneously. All
behaviors were included in this
process, with the exception of hold-
ing. Because behaviors were coded
only during times of holding, hold-
ing always occurred simultaneously
with the other behaviors. The data
processing resulted in the following
8 outcome variables: overall behav-
ioral performance when the infant
exhibited any behavior or combina-
tion of behaviors with the object;
bouts of behavior, or the number
of times infants switched from 1
behavior with an object to another
(this measure represented behav-
ioral change rather than variability
because it required only that 2 con-
secutive behaviors be distinct); indi-
vidual behaviors when only 1
behavior, such as mouthing alone
or looking alone, was exhibited in
isolation; combination behaviors
when 2 or more behaviors, such as
looking while fingering or mouthing
while picking, occurred simultane-
ously; variability of individual
behaviors, or the percentage of the
total possible individual behaviors
of an infant; variability of combi-
nation behaviors, or the percentage
of the observed 155 combination
behaviors of an infant; looking with-
out acting when the infant’s eyes
were directed at the object but the
infant was not exhibiting any other
behaviors with the object; and look-
ing while acting (multimodal behav-
iors) when the infant’s eyes were
directed at the object and the infant
was exhibiting another behavior
with the object.

Data Analyses
We analyzed the data with MPlus
hierarchical linear modeling soft-
ware (Muthén & Muthén, Los Ange-
les, California). To compare behav-

iors among the 3 groups (infants
born FT, infants born PT no BI, and
infants born PTBI) over time, we per-
formed 2-level growth curve model-
ing with multiple groups. The mod-
els shown represent the best fit.
When behaviors differed in their
early and later rates of change, we
performed piecewise growth analy-
ses, in which we allowed for sepa-
rate slopes for the early and later
periods. We used t tests to determine
whether the model-estimated inter-
cepts differed among the groups at
the start of the study and whether
the rates of change (slopes) were
different among the groups. For
bilateral holding time, there was an
abundance of zero values, so we
used a zero-inflated Poisson model.
This model includes 2 components
or analyses, 1 based on the likeli-
hood of having zero values and 1
that estimates intercepts and slopes
expected when behaviors do occur.
We used t tests to determine
whether there were different proba-
bilities of having zero values among
the groups on the basis of the find-
ings of this model. Degrees of free-
dom for all between-group compari-
sons were calculated by subtracting
3 from the total sample size because
these analyses incorporated esti-
mates for the 3 groups.36 Signifi-
cance was set at a P value of less than
or equal to .05 with Bonferroni cor-
rections for multiple tests. Because
Bonferroni corrections are overly
strict and can lead to high false-
negative rates for dependent tests
like those used in this study, we also
reported trends that were less than
or equal to 0.01. Trends are pre-
sented as preliminary results.

To determine whether participants
used different behaviors to act on
objects on the basis of the prop-
erties of the objects, we grouped
objects on the basis of the proper-
ties expected to elicit high or low
levels of the behaviors (Tab. 2). For
instance, we expected more move-
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ment of objects when that would
result in sound production. Within
each group, we performed separate
2-level growth curve modeling pro-
cedures with multiple outcomes. We
used t tests of the model-estimated
means to determine whether they
were different at each visit.
This approach allowed us to deter-
mine whether participants selec-
tively exhibited behaviors more with
objects expected to elicit the behav-
iors at each visit. Degrees of freedom
for these within-group comparisons
were calculated by subtracting 1
from the sample size of each of the 3
groups.36 Again, a P value of �.05
with Bonferroni corrections for mul-
tiple tests was considered signifi-
cant. Trends of �.01 are presented
as preliminary results. The findings
were compared with the findings for
the other groups.

Effect sizes throughout are pre-
sented in terms of Pearson r, with

.1, .3, and .5 representing small,
medium, and large effects, respec-
tively.37 Estimated growth curves
were generated by hierarchical lin-
ear modeling. The variability within
groups for the estimated intercepts
is shown in eTable 1 (available at
ptjournal.apta.org). Raw data slopes
for participants within each group
were not variable enough for the
model to estimate separate slopes
for participants within each group,
so the model-estimated slopes were
fixed within each group, resulting in
no within-group variance to report
for slopes. The raw data averages
and variability are shown in eTable 2
(available at ptjournal.apta.org).

Role of the Funding Source
This research was funded by the
Eunice Kennedy Shriver National
Institute of Child Health and Human
Development, National Institutes of
Health (grant 1R01HD051748).

Results
In presenting the results, we use
the terms “less” and “more” when
referring to time or percentage and
the terms “less often” and “more
often” when referring to number of
behaviors.

Differences in Behaviors
With Objects Over Time
There were no differences in the
ages of the infants in the 3 groups at
each visit. In addition, infants in the
FT, PT no BI, and PTBI groups all
held objects for similar amounts of
time and exhibited similar numbers
of bouts of behavior with them
(Figs. 2A and 2C). When bilateral
holding occurred, it occurred simi-
larly in the 3 groups. However, there
was a greater probability of zero val-
ues for bilateral holding in the PTBI
group than in the other groups
(Fig. 2B) (FT versus PTBI: t47�3.81,
P�.0002, r�.49; PT no BI versus
PTBI: t47��3.07, P�.001, r�.41).

Table 2.
Groupings for Object Analyses

Behavior(s) Hypothesis

Criteria for Inclusion
in Group With High

Level of Behavior

Objects Eliciting the Following
Level of Behavior:

High Low

Overall behavioral
performance

Expect more for objects with
smaller areas for grasping

Graspable area of �1 cm Beaded ring, keys, maraca Ball, crab, frog, smooth
ring

Combination behaviors
(duration and variability)

Expect more for objects with
a variety of exploratory
affordances

Two or more of the
following: moving
parts, textured surface,
sound-making ability,
patterned surface,
squeezability

Ball, beaded ring, crab,
frog, keys

Maraca, smooth ring

Bilateral holding Expect more for objects with
greater overall size

Overall width of �5 cm Ball, beaded ring, crab,
frog, smooth ring

Keys, maraca

Touching the body Expect more for objects with
a larger area, affording
greater opportunity to
contact body surfaces
when held

Overall width � length
of �50 cm2

Beaded ring, frog, keys,
smooth ring

Ball, crab, maraca

Looking Expect more for objects with
a variety of detail and
exploratory affordances

One or more of the
following: surface with
more than 1 color,
textured surface,
movable parts

Ball, beaded ring, crab,
frog, keys, maraca

Smooth ring

Cyclical movement Expect more for objects with
sound-making potential

Ability to produce sound
when moved

Frog, keys, maraca Ball, beaded ring, crab,
smooth ring

Fingering Expect more for objects with
textured surfaces

Textured surface (eg, soft
cloth, fur, bumps)

Ball, beaded ring, crab,
frog

Keys, maraca, smooth
ring
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Figure 2.
(A and C) Overall holding time (A) and number of bouts of behavior (C) were similar among groups. (B) Bilateral holding time was
similar among groups when it occurred, although it was significantly more common for infants born preterm with significant brain
injury (PTBI) not to exhibit any bilateral holding. (D) Infants born preterm spent less time exploring objects in the first 6 months.
(E) Infants born preterm also had decreased performance of individual behaviors in the first 6 months. (F) Infants born PTBI had
decreased performance of combination behaviors throughout the study. FT�full-term, PT no BI�preterm without significant brain
injury.
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Infants in the PT no BI and PTBI
groups spent less time exhibiting
behaviors with the objects through-
out the first 6 months than did
infants in the FT group (Fig. 2D)
(intercept for FT versus PT no BI:
t47��3.73, P�.0002, r�.48; inter-
cept for FT versus PTBI: t47��3.23,
P�.001, r�.42; linear slope for FT
versus PT no BI: t47�3.93, P�.0002,
r�.50; linear slope for FT versus
PTBI: t47�2.39, P�.01, r�.33). Fur-
thermore, the behaviors that they
exhibited were less variable. Infants
in the PT no BI group tended to
show less variability in individual
behaviors and spent less time exhib-
iting them than did infants in the FT
group throughout the first 6 months
(Fig. 2E) (time intercept: t47��2.20,
P�.01, r�.31; linear slope:
t47�2.36, P�.01, r�.33; variability
intercept: t47��2.20, P�.01, r�.31;
linear slope: t47�2.15, P�.01,
r�.30). Infants in the PTBI group
showed less variability in their com-
bination behaviors and spent less
time exhibiting them than did infants
in the other groups throughout the
study (Fig. 2F) (time intercept for FT
versus PTBI: t47��3.85, P�.0002,
r�.49; linear slope for FT versus
PTBI: t47�3.39, P�.0007, r�.44; lin-
ear slope for PT no BI versus PTBI:
t47��3.40, P�.0007, r�.44; vari-
ability intercept for FT versus PTBI:
t47��2.20, P�.01, r�.31; linear
slope for FT versus PTBI: t47�2.18,
P�.01, r�.30).

There were differences in the perfor-
mance of specific behaviors among
the groups as well. Infants in the
PTBI group exhibited many behav-
iors less throughout the first 2 years.
Infants in the PTBI group touched
their bodies with the objects less
than did infants in the FT group
(Fig. 3A) (intercept for FT versus
PTBI: t47��3.68, P�.0003, r�.47;
linear slope for FT versus PTBI:
t47�3.06, P�.001, r�.41). There
were no differences in overall look-
ing behavior, but looking at objects

while exhibiting other behaviors
with them (multimodal behaviors)
occurred less in both PT groups
(Figs. 3B and 3C) (intercept for FT
versus PT no BI: t47��5.68,
P�.0001, r�.64; intercept for FT
versus PTBI: t47��6.37, P�.0001,
r�.68; linear slope for FT versus PT
no BI: t47�14.53, P�.0001, r�.90;
linear slope for FT versus PTBI:
t47�15.16, P�.0001, r�.91; qua-
dratic slope for FT versus PT no BI:
t47��5.64, P�.0001, r�.64; qua-
dratic slope for FT versus PTBI: t47�
�4.56, P�.0001, r�.55). Infants in
the PTBI group also squeezed
objects less than did infants in the
other groups throughout the first
year (Fig. 3D) (intercept for FT ver-
sus PTBI: t47��6.34, P�.0001,
r�.68; intercept for PT no BI versus
PTBI: t47�6.40, P�.0001, r�.68; lin-
ear slope for FT versus PTBI:
t47�23.84, P�.0001, r�.96; linear
slope for PT no BI versus PTBI: t47�
�29.95, P�.0001, r�.97; quadratic
slope for FT versus PTBI: t47�
�7.71, P�.0001, r�.75; quadratic
slope for PT no BI versus PTBI:
t47�6.35, P�.0001, r�.68). There
were also differences in throwing
behavior among the groups (Fig. 3E).
Peaks were observed at 12 months
for the FT group and at 18 months
for the PT no BI group. Throwing
happened less often and did not
peak for the PTBI group (intercept
for FT versus PT no BI: t47��5.51,
P�.0001, r�.63; intercept for PT
no BI versus PTBI: t47��4.91,
P�.0001, r�.58; linear slope for FT
versus PT no BI: t47�8.39, P�.0001,
r�.77; linear slope for PT no BI ver-
sus PTBI: t47�7.39, P�.0001, r�.73;
quadratic slope for FT versus PT no
BI: t47��6.09, P�.0001, r�.66; qua-
dratic slope for PT no BI versus PTBI:
t47��8.01, P�.0001, r�.76). There
were no differences in banging
behavior, but similar trajectories
were observed, with peaks at 6
months for the FT group and at 24
months for the PT no BI group and

the PTBI group showing less banging
without a peak (Fig. 3F).

Trends offered preliminary sugges-
tions that there may have been less
cyclical movement and fingering of
objects by infants in the PTBI group
(Figs. 3G and 3H). There were trends
for differences in the amount of
cyclical movement by infants in the
PTBI group relative to the other
groups (intercept for FT versus PTBI:
t47��2.79, P�.004, r�.38; inter-
cept for PT no BI versus PTBI:
t47�2.78, P�.004, r�.38; linear
slope for FT versus PTBI: t47�
2.71, P�.005, r�.37; linear slope for
PT no BI versus PTBI: t47��2.62,
P�.005, r�.36). Likewise, there
were trends for differences in the
amount of fingering by infants in
the PTBI group relative to infants
in the PT no BI group (intercept
for PT no BI versus PTBI: t47�
2.46, P�.005, r�.34). No differ-
ences were observed for mouthing
or manipulation, but manipulation
trajectories suggested that the
groups may have been on different
trajectories (Fig. 3I).

Differences in Behaviors
With Objects in Relation
to Object Properties
There were differences in terms
of when the groups matched their
behaviors to the properties of objects
(eTab. 3, available at ptjournal.
apta.org; Fig. 4). These results were
based on within-group analyses of
how participants behaved with
objects expected to elicit high or low
levels of each behavior (Tab. 2). For
instance, infants in the FT and PT no BI
groups always exhibited more behav-
iors with objects that were smaller and
easier to grasp. Infants in the PTBI
group never showed this behavioral
difference. Similarly, infants in the FT
group showed trends at 9 months and
significant differences from 12 to 18
months for holding larger objects with
2 hands more often than holding
smaller objects with 2 hands. Infants
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in the PT no BI group showed such
trends from 12 to 18 months. Infants
in the PTBI group never used more
bilateral holding for larger objects.
They exhibited similar amounts of
bilateral holding with all objects
regardless of object size.

Infants in the FT group showed
trends from 3 to 4 months and sig-
nificant differences from 6 to 9
months for more time exhibiting
combination behaviors with objects
with a variety of exploratory options
and showed trends from 4 to 6

months and significance differences
from 9 to 24 months for greater
variability of combination behaviors
exhibited with these objects. Infants
in the PT no BI and PTBI groups
never showed significant differences
in time exhibiting combination
behaviors, and infants in the PTBI
group did not show differences in
the variability of these behaviors.

Differences were observed in the
matching of behavioral performance
to object properties for some individ-
ual behaviors as well. For instance,

infants in the FT group touched their
bodies with larger objects more
often at every visit. Infants in the PT
no BI group did this statistically more
often at all visits except those from 9
to 12 months, when they showed
trends. Infants in the PTBI group
showed trends at 6 months.

There was a general pattern for
the emergence of behavior-object
matching first in the FT group, later
in the PT no BI group, and even
later or not at all in the PTBI group
for many individual behaviors. For

Figure 3.
(A) Infants born preterm touched their bodies less with objects than did infants born full-term (FT) in the first 6 months. (B and
C) Even though groups spent similar amounts of time looking at objects overall (B), infants born preterm spent less time looking at
objects while exhibiting other actions on them (visual-haptic multimodal exploration) toward the latter part of the study (C).
(D) Infants born preterm with significant brain injury (PTBI) squeezed objects less than did infants in the other groups throughout
the first year. (E) Infants born preterm without significant brain injury (PT no BI) had a delay in their peak throwing behavior, whereas
infants born PTBI exhibited throwing less often overall and did not reach a peak similar to those reached by infants born FT and infants
born PT no BI. (F) There were no significant differences in banging behavior, and similar trajectories were observed for infants born
PT no BI (who had a delay in their peak banging behavior) and infants born PTBI (who had lower levels of banging behavior
throughout most of the study and never reached the same peak levels of performance as the other groups). (G and H) There were
trends for less cyclical movement (G) and fingering (H) in infants born PTBI than in infants born FT and infants born PT no BI. (I) No
differences were observed among the groups for manipulation, yet the trajectories suggested that the groups may have been headed
along different paths for this behavior.
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example, infants in the FT group
looked significantly more at objects
with varied surface colors, surface
texture, and movable parts from 9
to 18 months, with trends at 24
months. Infants in the PT no BI
group did this significantly more
from 12 to 18 months, with trends
at 24 months. Infants in the PTBI

group showed trends at 18 months.
Similarly, infants in the FT group
cyclically moved sound-producing
objects more, with trends from 3 to
12 months. Infants in the PT no BI
group showed significant differences
from 9 to 18 months, with trends at
24 months. Infants in the PTBI
group showed trends from 12 to 24

months. Furthermore, infants in the
FT group showed trends for more
fingering of objects with textured
surfaces at 12 months. Infants in the
PT no BI group showed trends at 18
months. Infants in the PTBI group
showed trends at 24 months.

Discussion
In the present study, we compared
object exploration behaviors among
infants born FT, infants born preterm
with low risk, and infants born pre-
term with high risk (FT, PT no BI,
and PTBI, respectively). The results
revealed some similarities in object
exploration among the groups for
behaviors such as holding and num-
ber of behavior bouts. Therefore,
infants in the 3 groups were similarly
able to grasp and were motivated to
interact with objects. The results
also highlighted key differences in
behaviors in infants born preterm—
differences that were more marked
in those born with significant brain
injury. A limitation of the present
study was that there were only 6
infants born preterm with significant
brain injury. The 5 main findings
of the present study are discussed
below.

Infants Born Preterm
Exhibited Less Object Exploration
Than Infants Born FT in the
First 6 Months of Life
Infants in the PT no BI and PTBI
groups held objects for similar
amounts of time but spent less of
this time exploring objects than
did infants in the FT group in the
first 6 months of life. The amount
of time exhibiting behaviors with
objects is important because it
reflects the amount of information
gathered by infants to learn about
objects, their bodies, and their
interrelationships.38 The amount of
object exploration in infancy was
shown in previous studies to relate
to learning and cognition. For
instance, infants who explored
objects more performed better in

Figure 4.
Infants born preterm showed differences from infants born full-term (FT) in the ability
to match their behavioral performances to the properties of objects. Infants born
preterm had delays in or the absence of this ability across multiple behaviors. Differ-
ences were most pronounced for infants born preterm with significant brain injury
(PTBI). Cells shaded in gray represent visits during which increased behavioral perfor-
mance was observed for objects with properties expected to elicit more of a behavior;
dark gray cells represent significant differences (P�.006), and light gray cells represent
trends for differences (P�.01). White cells represent visits during which infants exhib-
ited the behavior similarly with all objects regardless of their properties. See Table 2 for
details on the properties expected to elicit each behavior and eTable 3 for supporting
statistical data. PT no BI�preterm without significant brain injury.
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habituation and novelty tasks.39–41

On the other hand, infants born pre-
term exhibited reduced amounts of
exploratory behaviors with objects
in the present study and other stud-
ies, and the amount was propor-
tional to the risk level.27,31 This
finding was shown even for infants
born late preterm.29 One consistent
result of biological risk factors such
as preterm birth, brain injury, and
Down syndrome is decreased dura-
tion of object interaction.12 The pres-
ent study confirmed that in early
development, infants born preterm
may be able to hold objects in a
manner similar to that of infants not
born preterm but do significantly
less to explore and learn about those
objects.

Infants Born PTBI Had
Impaired Bimanual Abilities
Infants in the PTBI group were
most likely to show a lack of biman-
ual contact with objects. The ability
to interact with objects with both
hands is critical for the performance
of more complex exploratory behav-
iors, such as fingering and manip-
ulation, to gather more detailed
information about objects.42 Early
bimanual holding is also an impor-
tant precursor for essential future
activities, including feeding, dress-
ing, and writing. Bimanual abilities
have not been well studied in young
populations at risk despite the fact
that a lack of midline movement
has been shown to relate to future
impairments in motor and cognitive
abilities.43 One recent study showed
that infants with neonatal stroke
exhibited less bimanual object hold-
ing than did infants born FT.44

Children with cerebral palsy also
typically demonstrate impairments
in their ability to interact with
objects bimanually.45 The findings of
the present study demonstrated that
bimanual object exploration also
was impaired throughout the first 2
years of life in infants born PTBI.
This means that these infants at

high risk may be chronically lacking
opportunities to engage in more
complex object exploration behav-
iors and to prepare for essential
future activities of daily living.

Infants Born Preterm
Exhibited Less Visual-Haptic
Multimodal Exploration
Infants born preterm spent less
time exploring objects simultane-
ously with vision and touch than did
infants born FT. This type of multi-
modal exploration is thought to
be critical for early exploration and
learning. Everyday experiences with
objects involve information gather-
ing and coordination among per-
ceptual systems.5 Multimodal experi-
ence with objects has been shown
to improve infants’ performance
in a variety of perceptual and cogni-
tive tasks, such as color discrimi-
nation tasks, visual occlusion tasks,
and object completion tasks.46–48

Multimodal exploration has been
documented in studies with infants
developing typically but has not
been considered for infants born
preterm.5 The results of the pres-
ent study revealed that infants born
preterm exhibited less multimo-
dal visual-haptic exploration with
objects during the first 2 years of
life. Multimodal exploration facili-
tates early learning, and infants born
preterm did not exhibit this behavior
as often as did infants born FT.

Variability of Exploratory
Behavior in Infants Born
Preterm Was Reduced
in a Manner That
Reflected Severity of Risk
Infants in the PT no BI group showed
less variability (or diversity) in the
individual behaviors that they exhib-
ited in the first 6 months of life.
Moreover, infants in the PTBI group
showed less variability in the combi-
nation behaviors that they exhibited
throughout the study. The variability
in the results can be interpreted
through 2 perspectives. The first is as

an extension of the earlier discussion
about multimodal exploration. Multi-
modal exploration has traditionally
been defined as behaviors coordi-
nating vision and touch. However,
multimodal exploration also occurs
when the kinesthetic and oral
senses are coordinated with vision
and touch.46 Most combinations of
behaviors in the present study
involved the gathering of informa-
tion with 2 or more of these senses.
Therefore, the results could extend
the earlier discussion to suggest that
infants in the PTBI group demon-
strated less variable multimodal
exploration across all modalities
assessed.

An alternative interpretation involves
evaluating the role that behavioral
variability plays in development.
Variability has historically been con-
sidered noise in developmental stud-
ies, but it is becoming increasingly
accepted as a normal and even essen-
tial part of typical development.42,49

By exploring a range of behaviors
and relationships among their bodies
and objects, infants may acquire
both new action possibilities and
knowledge. For example, behavioral
variability is required for learning
important early, foundational skills,
such as postural control, and this
behavioral variability is diminished
in infants with movement impair-
ments.19,33 Despite the fact that vari-
ability is a hallmark of typical devel-
opment and is often diminished in
populations at risk for developmen-
tal delays, the present study is the
first to measure the variability of
object exploration in infants born
preterm. The diminished variability
observed for infants born preterm
suggested that they had a dimin-
ished repertoire of behavioral com-
binations from which to select when
exploring objects and acquiring
knowledge.

It is likely that the aforementioned
differences in infants’ exploratory
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behaviors related to the common
impairments of infants born preterm
(noted earlier). For instance, infants
must be able to control their pos-
ture for balance, for righting of
the head and trunk, to provide a sta-
ble base for supporting limb move-
ment, and to control gaze for explor-
ing objects.50,51 This ability is par-
ticularly needed for more complex
behavioral performance involving
both hands or combinations of
behaviors.44,45

Furthermore, the differences may
be related to intra- and interlimb
coordination impairments in infants
born preterm. These impairments
have been observed in infants born
preterm in relation to lower extrem-
ity behaviors.20,21 It is likely that
similar impairments exist for the
upper extremities. This notion could
explain why infants born preterm
were able to hold objects in a man-
ner similar to that of infants born FT
but were not able to similarly act on
objects while holding them in early
development or to similarly exhibit
comparable levels of multimodal,
combination, and bimanual behav-
iors throughout the study.

The differences in exploratory
behaviors observed in infants born
preterm and infants born FT also
may be attributed to differences in
other intrinsic and extrinsic charac-
teristics. For instance, for many chil-
dren with cerebral palsy, those bet-
ter able to adapt their behaviors for
activities of daily living also tend to
have better motor function.52 This
finding may reflect the fact that
those children have higher levels
of intrinsic characteristics, such as
self-awareness, adaptability, motiva-
tion, problem solving, persistence,
and risk taking. The differences in
exploratory behaviors also may be
the result of differences in extrinsic
characteristics, such as caregiving in
environments that offer different

quantities and qualities of interac-
tions with people and objects.12

Ability of Infants Born Preterm
to Match Behaviors to the
Properties of Objects Was
Impaired in a Manner That
Reflected Severity of Risk
There was a general trend in which
infants born FT were the first to
begin selectively exhibiting behav-
iors with objects on the basis of
the properties of the objects. Such
behaviors emerged later in the PT
no BI group and even later, if at all,
in the PTBI group. The ability to
match behaviors to the properties of
objects facilitates efficient and effec-
tive information gathering. If one is
not able to match behaviors to the
properties of objects, then learning
abilities may be delayed, impaired, or
both.53

It is likely that the impaired ability of
infants born preterm to match their
behaviors to object properties in the
present study emerged, at least in
part, from an early, dysfunctional
cognition-perception-action loop.38,54

This loop includes an impoverished
history of information gathering
characterized by reduced amount
and variability of object explora-
tion. In effect, infants may not have
effectively learned about the prop-
erties of objects and the ways in
which they could act on them. This
diminished learning likely impaired
the ability of infants born preterm to
selectively match their behaviors to
the properties of objects. As a con-
sequence, infants may have contin-
ued to gather information about
objects that was significantly limited
relative to that gathered by their
peers who were developing typi-
cally. An early appreciation of this
dysfunctional exploration-learning
loop is an important initial step to
creating clinical assessment and
intervention tools for young infants
at risk and their families.

Clinical Implications
The results of the present study high-
light important points for early inter-
vention practice and research for
infants born preterm. First, early
interventions that promote object
exploration should begin in the
first weeks of life because impair-
ments that create a dysfunctional
exploration-learning loop that can
impair future ability and learning are
already evident at this point. Exam-
ples of interventions that success-
fully promote object exploration
include kangaroo care, reaching and
object exploration play activities,
caregiver education on handling
and positioning, and activities that
encourage increased general move-
ment of the arms and trunk.24,55–58

Second, further research should be
conducted to determine what types
of interventions can have a posi-
tive effect on object exploration.
One focus of intervention could
be increasing the variability of early
object exploration experiences.25,32,59

Successful interventions may involve
play in various postures with objects
that have a variety of properties
across a range of contexts. A second
focus of intervention could be pos-
tures and activities that promote
midline hand positioning and biman-
ual object exploration. For instance,
play with larger objects and in side-
lying and supine positions facilitates
early bimanual activity.8,60 A third
focus of intervention could be the
use of infant- and family-friendly
rehabilitation tools, such as exo-
skeletons and enriched learning
environments, designed to assist
young infants in initiating and sus-
taining upper extremity actions
required for typical object explora-
tion, such as movements against
gravity and toward the midline.61 A
fourth focus of intervention could be
increasing infants’ adaptive behav-
iors, motivation, and persistence so
that they are more driven to move
and explore.52 A fifth focus of inter-
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vention could be changing caregiv-
ing environments and social dynam-
ics among infants and caregivers to
foster frequent opportunities for
exploratory encounters.56–58

Future studies also could expand
on the results of the present study
to create “normative” object explo-
ration curves from which to iden-
tify delayed development, impaired
development, or both; to study a
larger sample of infants born PTBI; to
determine the causes for early behav-
ioral differences; and to study the
impact of early object exploration
differences on future learning and
school readiness.
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