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Individuals with traumatic brain injury (TBI) exhibit deficits in executive control, which may impact
their reasoning abilities. Analogical reasoning requires working memory and inhibitory abilities.
In this study, we tested adolescents with moderate to severe TBI and typically developing (TD)
controls on a set of picture analogy problems. Three factors were varied: complexity (number
of relations in the problems), distraction (distractor item present or absent), and animacy (living
or non-living items in the problems). We found that TD adolescents performed significantly
better overall than TBl adolescents. There was also an age effect presentin the TBI group where
older participants performed better than younger ones. This age effect was not observed in the
TD group. Performance was affected by complexity and distraction. Further, TBI participants
exhibited lower performance with distractors present thanTD participants. The reasoning deficits
exhibited by the TBI participants were correlated with measures of executive function that
required working memory updating, attention, and attentional screening. Using MRI-derived
measures of cortical thickness, correlations were carried out between task accuracy and cortical
thickness. The TD adolescents showed negative correlations between thickness and task
accuracy in frontal and temporal regions consistent with cortical maturation in these regions.
This study demonstrates that adolescent TBI results in impairments in analogical reasoning
ability. Further, TBI youth have difficulty effectively screening out distraction, which may lead
to failures in comprehension of the relations among items in visual scenes. Lastly, TBI youth

fail to show robust cortical-behavior correlations as observed in TD individuals.
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INTRODUCTION

Traumatic brain injury (TBI) stands as one of the chief health
problems facing today’s youth. It is the most frequent cause of death
and disability among children in the United States (Langlois et al.
2003,2005). There are a variety of cognitive deficits that frequently
result from TBI including both executive functioning deficits (Levin
etal., 1994; Dennis et al., 2001; Ewing-Cobbs et al., 2004) and social
deficits (Taylor et al., 2002; Yeates et al., 2007; Hanten et al., 2008).
Specific cognitive functions necessary for human reasoning include
processing abstract information and screening out distraction. The
current study investigates the effect of TBI upon the reasoning
ability of adolescents.

Reasoning has been assessed across development and find-
ings have revealed that reasoning abilities mature in parallel with
broader increases in executive function abilities. Critical to rea-
soning capacity, a relational shift has been described in which
individuals move from reasoning about surface features and per-
ceptual similarity toward reasoning about relations among ele-
ments (Brown, 1989; Gentner and Rattermann, 1991; Goswami
and Brown 1989; Kotovsky and Gentner, 1996). This shift occurs

when sufficient relational knowledge has been acquired, which is
frequently observed in childhood, but may occur at any point devel-
opmentally when the appropriate knowledge has been obtained.
This shift in focus allows individuals to consider abstract relations
among items when solving problems. This capacity appears to be
unique to humans (Penn et al., 2008) and is believed to underlie
the extended reasoning abilities that humans have over other spe-
cies (Halford et al., 1994; Holyoak and Thagard, 1996). Relational
reasoning abilities have been studied using visual-spatial matrix
problems such as those found in the Raven’s progressive matrices
(Raven, 1938). These capacities have been shown to follow a devel-
opmental time-course such that individuals typically reach higher
levels of competence by adolescence (Sternberg and Rifkin, 1979;
Crone et al., 2009).

REASONING BY ANALOGY

Solving analogies has been considered to be a paramount accom-
plishment in relational reasoning (Gentner, 1983; Hummel and
Holyoak, 2003). Analogy performance requires the ability to under-
stand relations among two or more elements in a source analog
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and to map that relation onto other relations present in a target
analog. These capacities develop across childhood (Goswami and
Brown, 1989; Gentner and Rattermann, 1991; Goswami et al., 1998;
Rattermann and Gentner, 1998; Goswami, 2001) as the ability
to understand similarity improves (Goswami and Brown, 1989;
Goswami et al., 1998). Another key factor relevant to analogy per-
formance is working memory (WM) function with increases in
WM capacityleading to concurrent expansion of relational reason-
ing abilities (Waltz et al., 2000; Morrison et al., 2004). Achieving
successful solutions to analogy problems places high demand upon
WM and may also invoke inhibitory control processes under con-
ditions when perceptual or feature similarities between individual
objects exist (Gentner and Toupin, 1986). Such conditions have
been demonstrated to increase processing time and error rates in
analogy problems (Morrison et al., 2004; Viskontas et al., 2004).

A clear form of analogy problems in which relational and per-
ceptual feature similarity compete is in picture analogies. Markman
and Gentner (1993) tested participants on a set of scene analogy
problems that included relational matches as well as perceptual
distractors. Solutions to such problems were demonstrated to be
dependent upon executive WM in a dual-task study (Waltz et al.,
2000). A more extensive set of picture analogy problems was
recently developed by Richland et al. (2006). These investigators
varied relational complexity of the analogies finding that problems
involving two-relations were more difficult than those that involved
only one relation. Additionally, the presence of perceptual distrac-
tors was varied such that problems with distractors were solved
at lower levels than those without distractors. Developmentally,
children ranging in age from 3- to 7-years old were not as com-
petent as 13- to 14-year-old adolescents. Thus, analogical reason-
ing abilities increase with age and depend upon WM abilities that
enable relational processing and inhibitory control over competing
perceptual alternative matches.

Theoretical models of analogical reasoning have implicated
executive control functions as being central to the analogical map-
ping process. Learning and inference with schemas and analogies
(LISA) is a model that has emphasized that the limits of working
memory also limit the ability to map elements of analogous situ-
ations together (Hummel and Holyoak, 2003). Further, Hummel
and Holyoak (1997) demonstrated that developmental limits on
analogy can be simulated by reducing the working memory capac-
ity of that model. Broader models of cognition, such as ACT-R
have further linked analogical reasoning to working memory proc-
esses through emphasizing active memory retrieval (Salvucci and
Anderson, 2001). These theoretical models provide motivation to
test the degree to which executive functions are related to analogical
reasoning in the current investigation.

Networks involving the prefrontal cortex (PFC), the temporal
cortex, and the parietal lobes may be particularly relevant to analog-
ical reasoning based on prior findings in populations with fronto-
temporal lobar degeneration (Morrison et al., 2004; Krawczyk etal.,
2008). The results of TBI working memory studies suggest that
older children and early adolescents may have deficits in n-back task
performance (Levin et al.,2002,2004) and that WM performance is
related to injury severity and time post-injury with children sustain-
ing mild to moderate TBI showing little change over time, whereas
children with severe TBI perform worse overall, and show a decline

in performance with time. Evidence from neuroimaging suggests
that adolescents with moderate to severe TBI show over-activation
of PFC and parietal regions related to maintenance of information
in WM relative to typically developing (TD) youth, and that this
may represent an inefficient over-recruitment of cortical activity in
compensation for the brain injury (Newsome et al., 2008).

Inhibitory control deficits in working memory are likely to be
particularly problematic for the reasoning abilities of individuals
with TBI, as inhibitory deficits have been strongly implicated in
failures of reasoning in adults (Viskontas et al., 2004; Richland
etal., 2006). Dennis et al. (2001) demonstrated that children with
TBI had difficulties screening out irrelevant digit information in a
vigilance task. Other studies have reported inhibitory control defi-
cits in TBI individuals in go-no-go tasks (Konrad et al., 2000a,b),
stop-signal tasks (Schachar et al., 2004), and shifting tasks (Levin
et al., 1993).

EXECUTIVE FUNCTION IN TRAUMATIC BRAIN INJURY

Adolescents with TBI frequently have disruptions of the frontal
networks associated with executive functions relevant to reasoning
(Levin and Hanten, 2005). This leads to deficits in working memory
and inhibitory control. Such deficits may also lead to disabilities with
abstract reasoning. MRI studies of children with TBI (Levin et al.,
1997; Wilde et al., 2005) have supported this link revealing both focal
lesions and diffuse injury, particularly to the prefrontal, frontal, and
temporal regions relevant to cognitive control. Prefrontal regions are
vulnerable due to their proximity to the sphenoidal ridges and bony
protrusions on the base of the skull and gray matter in these regions
has been found to be reduced even in the absence of focal lesions
(Berryhill et al., 1995). MRI studies conducted several months to
years post-injury have shown that loss of white matter can be exten-
sive (Wilde et al., 2005; Ghosh et al., 2009; Bigler et al., 2010). Diffuse
cortical thinning has been reported in children with moderate to
severe TBI as compared to typically developing children (Merkley
et al., 2008) or children with orthopedic injury (McCauley et al.,
2010). Thus both gray and white matter disruptions likely contribute
to the working memory deficits observed in TBI adolescents. While
there is little current literature on relational reasoning after TBI, the
presence of executive function deficits in TBI predict that they may
be impaired on analogical reasoning. TBI has been demonstrated
to decrease performance on the Raven’s progressive matrices task
(Hiscock et al., 2002), which is a relational reasoning task closely
linked to analogical reasoning performance (Morsanyi and Holyoak,
2010; Geake and Hansen, 2010). Given the declines after TBI in both
basic executive functioning (Levin and Hanten, 2005; Muscara et al.,
2008) and in Raven’s matrices (Hiscock et al., 2002), it is predicted
that adolescents with TBI will have decreases in analogical reason-
ing performance. Additionally, the evidence of inhibitory control
declines after TBI support the prediction that distractor items are
likely to decrease performance on picture analogies (Leblanc et al.,
2006; O’Keeffe et al., 2007).

We compared adolescents with TBI and control participants
who were TD youth on analogical reasoning and executive function
tasks. Participants completed a battery of scene analogies based on a
set previously developed by Richland et al. (2006). We manipulated
the number of relations relevant to solving the analogies (one-
relation versus two-relation). We predicted that both groups would
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show differences in relation numbers, but that TBI participants will
show greater deficits in response to the greater relational demand,
as these participants are likely to have both WM maintenance and
executive control deficits (Levin et al., 2002, 2004). We also tested
for the effect of distractors upon reasoning performance in TBI
participants. We predicted that TBI participants would exhibit defi-
cits in analogical reasoning due to their tendency to have reduced
cortical thickness related to executive functioning (Levin et al.,
2008). This prediction follows from prior studies indicating that
executive control deficits lead to failures of reasoning in young
children (Richland et al., 2006) and older adults with dementia
(Morrison et al., 2004; Krawczyk et al., 2008). Lastly, we modified
the problem set to compare living and non-living analogy prob-
lems. We included an exploratory social component in the cur-
rent study by varying the type of problems so that some analogies
focus on relations among living elements, emphasizing intentions,
and cooperation, while others focus on relational correspondences
among inanimate objects, emphasizing spatial relationships. This
was included to test whether TBI adolescents would show selective
deficits in reasoning about relationships among living items based
on prior evidence of their deficits in perceiving social situations
(Janusz et al., 2002; Yeates et al., 2002; Hanten et al., 2008).

We administered two executive function tasks in order to assess
the degree to which WM updating and inhibitory control abilities
interact with reasoning performance. These tasks assess the ability
to update WM and to allocate attention strategically toward high
priority information while screening out lower priority information.
These skills were predicted to be important for analogical reasoning,
as prior evidence suggests that executive WM dual tasks disrupt the
ability to produce solve picture analogies (Waltz et al., 2000). Similar
deficits have been observed in picture analogy performance under
high anxiety conditions that would likely reduce WM resources
(Tohill and Holyoak, 2000). We predicted that executive control
abilities within WM would be predictive of performance on the
analogical reasoning task and may underlie the performance deficits
predicted to be present in TBI adolescents particularly when prob-
lem complexity is higher and distraction must be screened out.

We also collected MRI data from the participants in order to
assess cortical thickness related to the analogy task. While there is
little literature describing the relationship between morphometry
data and analogical reasoning, prior studies of analogy using func-
tional MRI have demonstrated activation of frontal, parietal, and
temporal cortex, often with a left hemisphere asymmetry (Wharton
et al., 2000; Bunge et al., 2005, 2009; Luo et al., 2003; Green et al.,
2010). Several studies have indicated that the frontal pole is par-
ticularly important for relational responding (Smith et al., 2007;
Christoff et al., 2009; Wendelken et al., 2008). Studies of relational
reasoning in patients with frontotemporal lobar degeneration have
also demonstrated the necessity of intact PFC for matrix reasoning,
transitive reasoning (Waltz et al., 2000), verbal analogy, and visual
analogy performance (Morrison et al., 2004; Krawczyk et al., 2008).
Notably, individuals with PFC damage caused by dementia dem-
onstrated additional impairments when distraction needed to be
screened out in these prior studies. Furthermore, temporal cortex
was implicated as relevant in these studies based on its central role
in semantic memory (Morrison et al., 2004; Krawczyk et al., 2008;
Morrison and Soohyun, 2008). We predicted that healthy control

participants would show relationships between cortical thickness
and analogy performance in the temporal cortex and regions in
the lateral PFC including the left frontal pole.

MATERIALS AND METHODS

PARTICIPANTS

Twelve youth who sustained a moderate-severe TBI (MSTBI)
at least 1 year prior were recruited from a cohort of children
with TBI, specifically from the Baylor College of Medicine and
University of Texas at Dallas sites (7 males and 5 females; age at
test: M = 16.51 years, SD = 2.14, range 12.79-19.12; Glasgow coma
scale (GCS) score: M = 7.33, SD = 3.89, range 3—15; post-injury
interval: M = 2.65 years, SD = 0.76, range 0.94-3.62; parental
education: M = 12.83 years, SD = 3.32, range 6-16; ethnicity: 7
Caucasian, 1 African-American, 4 Hispanic). Severe TBI involved a
non-penetrating TBI arising from closed head trauma (i.e., accel-
eration, deceleration, or impact by a blunt object) with lowest post-
resuscitation GCS score of 3-8 indicative of coma that is not due to
child abuse and is not complicated by hypoxia (PO2 < 96 mmHg
or systolic blood pressure 22 SDs below mean for age) for 30 min
or longer after resuscitation. In cases of delayed neurologic dete-
rioration, the worst GCS score was be used. Following convention
(Teasdale and Jennett, 1974), the best level of response recorded for
each component of the GCS at a specific time was used to obtain
the sum GCS score. Injury variables, including in-hospital CT scan
and pupillary response were recorded (Saatman et al., 2008). Other
inclusion criteria were age 12—18 years, right handedness (Oldfield,
1971) to mitigate heterogeneity in brain asymmetries, cognitive
ability to assent or consent (depending on age). The classification
of moderate TBI differed from severe TBI by a lowest post-resus-
citation GCS score of 9-12, indicating impaired consciousness but
not coma (Teasdale and Jennett, 1974) or a GCS score of 13—15
with an acute brain lesion on the CT scan within 24 h after injury.
Patients with brain lesions despite mild impairment of conscious-
ness were included because they frequently exhibit cognitive deficit
at 12 months post-injury (Levin et al., 2008). Other injury vari-
ables were recorded as described for severe TBI. Table 1 shows
lesion location, GCS, and type of accident for TBI participants,
10 of whom had clear lesions. Eleven TD children were recruited

Table 1| Injury characteristics of TBI Participants who had evidence of
focal lesions.

Subject GCS Mechanism Lesion location(s)

1 10 Auto Occipital, parietal, temporal

2 7 Auto Occipital, temporal, corpus callosum
3 3 Auto No lesion

4 9 Fall Frontal

5 3 Fall Frontal, temporal, basal ganglia

6 15 Fall Frontal, temporal

7 7 Fall Frontal, parietal, temporal

8 8 Auto Unclear

9 3 Auto Frontal, occipital, corpus callosum
10 3 Fall Frontal, parietal, temporal

" 12 Fall Frontal, parietal, temporal

12 8 Auto Temporal
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from our cohort of healthy subjects in the local community (6
males and 5 females; age: M = 16.37 years, SD = 1.89, range
13.94-19.24; parental education: M = 15 years, SD = 2.37, range
11-19; ethnicity: 6 Caucasian, 1 African-American, 4 Hispanic).
There were no significant group differences in gender, Fisher’s
exact test p = 1; age, #(21) = 0.17, p = 0.8702; parental educa-
tion, #(21) = —1.87, p = 0.0888, or ethnicity, Fisher’s exact test,
p = 1. Informed consent was obtained prior to the experiment for
all participants. Experiments were approved by the Institutional
Review Boards at Baylor College of Medicine and The University
of Texas at Dallas.

PICTURE ANALOGY EXPERIMENT

Materials

The set of analogies was developed from prior scene analogy experi-
ments (Richland et al., 2006). The analogies consisted of two pic-
tures of scenes oriented vertically (refer to Figure 1). Each scene
consisted of five items that were objects, people, or animals. Two or
three of these items were involved in a relationship, such as chasing,
pulling, etc. One item in the source scene (top picture) had a black
arrow pointing to it. This item was to be matched to a similar item
in the target scene (bottom picture) in order to complete an anal-
ogy between the top and bottom scenes. The prior task (Richland

~T

— e
/o

A Living, one-relation, no distractor

| B. Non-living, two-relation, no distractor

C. Non-living, one-relation, distractor

| D. Living, two-relation, distractor

FIGURE 1 | (A) An example is shown of a living, one-relation problem with no distraction. (B) An example of a non-living, two-relation problem with no distraction. (C)
A non-living, one-relation problem with a distractor included. (A) A living, two-relation problem with a distractor included.
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etal.,2006) had been designed to investigate the effects of relational
complexity and featural distraction on the reasoning abilities of
children. It was controlled for knowledge of relations in regard to
their youngest age group tested (approximately 3—4 years of age),
therefore the relations and objects correspond to simple motion
verbs (e.g., chase, fall, pull) and objects commonly encountered by
children of that age group including humans, animals, and com-
mon household objects.

We modified the task in two ways. First, in the original version
of the task, the presentation of the distractor items varied. Some
distractor items presented in the target scene were visually identi-
cal (e.g., the same object presented in the same orientation) to the
key item in the source scene of the analogy. In other problems, the
distractor items in the target scene were presented in a different
position or orientation compared to that in the source scene. In
our modified version, all distractor items were presented in a new
position or orientation in the target scene relative to the source
assuring that they were never visually identical between source
and target scene. Second, we tested for the effect of category of
the key items in the analogy (living/non-living), in addition to the
original conditions employed by Richland et al. (2006), featural
distraction and relational complexity, on reasoning abilities. This
was accomplished by dividing the original problem set into exam-
ples in which the key items involved in the relations were alive
(humans or animals) and examples in which the relational items
were non-living. We also added four additional problems in order
to achieve an equal set of items for each category. In order to assure
that non-living problems were free of living items, we also removed
partial images of people in relational roles from problems used in
the original picture analogies (Richland et al., 2006) that fit into
the non-living category in our modified version.

Each of the 24 scene analogies were divided into two categories.
The living category consisted of 12 problems in which the items
relevant to the analogy were either people or animals interacting.
The non-living category comprised 12 problems that included
analogies in which the relevant items were non-living objects that
were either manmade such as cars, trains, and lamps, or naturally
occurring such as ponds, rocks, and mountains. Within each of
these sets, degree of relational complexity was factorially varied.
Relational complexity refers to a quantification of the number of
relations among elements within the problem that must be con-
sidered in order to arrive at a solution. For example, Figure 1A
shows a one-relation problem, meaning that this problem can be
solved with the single relation “reaching”. The boy who is reach-
ing for the cookie jar corresponds to the dog who is reaching for
the dog biscuit box. By contrast, Figure 1B shows a two-relation
problem in which one must consider the relations “pulling” and
“being pulled”, as only when both are considered together can one
appropriately match the pickup truck in the source scene to the car
in the target scene. Other matches are possible on the basis of the
pull relation alone (tow truck to camper for the “pulling” relation
and trailer to boat for the “being pulled” relation). In the current
experiment relational complexity was varied with problems split
between one-relation and two-relation scene pairs. We also varied
the inclusion or exclusion of a distractor object/character in the
target slide that was similar to the item to be mapped in the source
slide. The distractor items in the target scenes were similar in that

they were the same person, animal, or object as the item with the
arrow in the target scene; however, they appeared in a different ori-
entation or position in the target scene. For example, in Figure 1C
the water pitcher in the source scene appears again in the target
scene in a different position and orientation. Figure 1 shows an
example of each of the problem types. Four versions of the task
were employed. These were counterbalanced such that each of the
24 problems appeared in a one and two-relation format and with
and without a distractor across the four versions in order to control
for specific item effects.

Design and procedure
The task was administered to participants on a computer using
Eprime 1.2 software (www.pstnet.com/products/e-prime). All par-
ticipants were given two practice problems that demonstrated the
one- and two-relation problems to familiarize them to the task. The
following instructions were presented to each participant on the
computer screen and read aloud by the experimenter: “You will see
two pictures presented one above the other on the screen. Your job
is to try and understand what is going on in each of the pictures.
There will be a pattern of things happening in the top picture and
your job will be to find that same pattern in the bottom picture.
You will notice that one thing in the top picture of each set will
have a black arrow pointing to it. Your job is to find the object in
the bottom picture that best matches the one in the top picture”.
Participants indicated their response by pointing to an object
in the target picture presented on the computer screen. If the par-
ticipant answered the sample problem correctly, the researcher
would give feedback and then move on to the next sample. If the
participant responded incorrectly, the researcher would repeat
the description of the relationship shown in the source scene. The
experimenter would then ask again which object in the target scene
followed the same pattern. The participant was guided until the
correct answer was reached with a correct description of the pattern.
At this point, the researcher would move on to the next practice
problem. If the participant was able to accurately answer the scene
analogy, the researcher began the task. If the participant struggled
with the second example, the researcher would begin describing
the relationship in the top picture, as in the first sample problem.
The researcher then moved on to the task.

WORKING MEMORY MEASURES

Strategic learning task (SLT)

This task measures the ability to use working memory to strategi-
cally encode high priority information, while avoiding distraction
from low priority information. Success depends on effective alloca-
tion of attention under three levels of speed demand placed upon
working memory. Participants were visually presented with lists of
words to recall. Words within each list were printed in one of two
colors, with one color designating “high value” words (worth 10
points for accurate recall), and the other color “low value” words
(worth 1 point). Participants were instructed to make as high a
score as possible. Speed of word presentation was also manipu-
lated by varying stimulus onset-to-onset time, with slow (1500 ms),
medium (750 ms), and fast (250 ms) conditions. Three lists in each
speed condition were included for a total of nine trials. To investi-
gate whether there was a cost of the selection process, we included
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two lists of words printed all in black (presented at medium speed)
with instructions to simply recall as many words as possible. One
pure recall list was presented before the nine color-value lists and
the other was presented after the color-value lists. In all cases the
dependent measure was number of words recalled. The ratio of
high-value to low-value words recalled was calculated to compute
a strategic efficiency score, corrected for number of words recalled
in each trial. This value ranged from + 1 (for perfect strategic effi-
ciency) to —1 for perfect inefficiency, with zero indicating chance
performance.

Keep track task (KTT)

This computerized updating task required adding and deleting
items in working memory according to semantic category, thus
involving working memory, inhibition, and semantic processing
(Yntema and Schulman, 1969; Friedman et al., 2006). On each trial,
participants were first presented a set of two, three, or four target
categories (e.g., metals, animals, colors), which corresponded to
load. Then the subject was presented 15 words, only some of which
were exemplars of the target categories, one at a time for 2 s each.
Instructions were to remember only the most recent word presented
in each of the target categories. The dependent variables were the
number of words correct for Load 2, Load 3, and Load 4.

MAGNETIC RESONANCE IMAGING

T1-weighted 3D turbo field echo (TFE) axial acquisition series
were performed on Philips Intera 3.0T whole body scanners
(Philips, Cleveland, OH, USA). Parameters included 1.0-mm thick
slices, 0-mm slice gaps, echo time (TE) = 4.6 ms/repetition time
(TR) =9.9 ms, field of view (FOV) = 240 mm, and a reconstructed
isotropic voxel size of 1.0 mm. Additional parameters included
turbo factor = 175 and flip angle = 8°.

MRI post-processing and FreeSurfer analyses

Cortical reconstruction and segmentation were performed with
the FreeSurfer image analysis suite (Athinoula, 2005). Details
of the procedures are described in prior publications (Dale and
Sereno, 1993; Dale et al., 1999; Fischl and Dale, 2000; Fischl et al.,
1999, 2001, 2002, 2004; Segonne et al., 2004, 2007; Han et al,,
2006; Jovicich et al., 2006). Results for each subject were visu-
ally inspected to ensure accuracy of registration, skull stripping,
segmentation, and cortical surface reconstruction. Manual edit-
ing was performed to optimize accuracy of the cortical surfaces.
Cortical thickness was measured as the distance between the gray/
white matter boundary and the pial surface at each point on the
cortical mantle. Procedures for the measurement of cortical thick-
ness have been validated against histological analysis (Rosas et al.,
2002) and manual measurements (Kuperberg et al., 2003; Salat
et al., 2004). The data for each participant was re-sampled to
an average participant and surface smoothing was performed,
using a 10-mm full-width half-maximum Gaussian kernel, prior
to statistical analysis.

Once the processing stream and manual editing were satisfac-
torily completed, the FreeSurfer query design estimate contrast
(QDEC) application was used to fit a general linear model at each
surface vertex for the relation of cortical thickness to the cognitive
performance variables. Statistical parametric maps of the entire

cortical mantle were generated to show the relation of cortical thick-
ness across the brain surface to cognitive performance variables.
Due to the exploratory nature of the analysis, a statistical threshold
of p < 0.01 was used for display purposes, in order to show the
spatial extent of the areas involved.

STATISTICS
Repeated measures ANOVAs were conducted on the four analogy
conditions (group, presence of distractor, relational level, animacy).
Age was also entered into the model in order to control for age
effect and to see whether it modifies the group differences on the
outcomes.

The SLT generated measures of overall word recall for the two
non-strategic recall conditions (i.e., pre- and post-strategic mem-
ory trials). Word recall means were also generated for the strategic
conditions (i.e., slow, medium, and fast). In addition, mean recall
efficiency scores were also calculated for the three strategic condi-
tions. This resulted in five recall scores and three efficiency scores.
These eight scores were also tested for correlation with mean pro-
portion correct for each of six problem categories from the picture
analogy task (one-relation problems, two-relation problems, liv-
ing problems, non-living problems, distractor, and non-distractor
problems) using Spearman correlation coefficients separately for
each participant group.

The KTT produced one percentage correct score for each of the
performance conditions (i.e., two, three, or four category condi-
tions). These scores were tested for correlation with the six picture
analogy problem type means using Spearman correlation coef-
ficients for each participant group separately.

RESULTS

PICTURE ANALOGY TASK

Typically developing youth were significantly better at reason-
ing analogous roles among elements in scenes than were youth
with TBI, F(1,17) = 10.55, p = 0.0047 (refer to Figure 2). Age had

100

90
80
70

60

HTBI

50 oTD

40
30

Mean Percent Correct

20

10

1R-ND 1R-D 2R-ND 2R-D

FIGURE 2 | TD participants showed greater overall performance thanTBI
participants across the task. The number of relations also had a significant
effect on performance, with two-relation analogies (2R) resulting in lower
performance than single-relation analogies (1R) for both groups. Presence of
distractor (D) interacted with relation level so that the effect of relation level

was more pronounced with distractors than without distractors (ND).
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an effect that depended on group, F(1,17) = 5.58, p = 0.0303,
such that younger adolescents with TBI performed more poorly
than older adolescents, but this age difference was not apparent
in TD youth.

Presence of distractor

Presence of distractor had an effect on performance, F(1,17) =17.87,
p = 0.0006, with problems that included a distractor being solved
at a lower rate than those without distractors. Distractor presence
interacted with participant group, F(1,17) = 4.54, p = 0.0481, such
that youth with TBI were more negatively affected by distractors
than were TD youth. Presence of distractor also interacted with
relational level, so that the effect of relational level was more pro-
nounced with distractors than without, F(1,17) = 6.23, p = 0.0231
(refer to Figure 2). No other effects were significant involving dis-
tractor presence.

Relation level

The number of relations had a significant effect on performance in
both groups, with two-relation analogies showing more difficulty
than single-relation analogies, F(1,17) = 12.07, p = 0.0029 (refer to
Figure 2). There were no significant interactions between relation
level and any other variable.

Problem type: living versus non-living
There were no significant differences between the living and non-
living problem types, F(1,17) = 0.00, p = 0.9747.

RELATIONSHIP BETWEEN ANALOGY TASK AND WORKING MEMORY

SLT

Correlational analyses revealed several significant correlations
between SLT category scores and each problem type from the
picture analogy task. The TBI group showed significant correla-
tions on the following pairs: non-living problems and recall at
slow speed (rho = .86, p < 0.01), distractor problems and recall
at slow speed (rho = 0.83, p = 0.01), non-living problems and
recall at medium speed (rho = 0.96, p < 0.001), and distractor
problems and recall at medium speed (rho = 0.77, p < 0.05). For
the TBI participants, there were also strong correlations between
SLT efficiency at the medium presentation speed and the follow-
ing analogy task categories: one-relation problems (rho = 0.87,
p < 0.01), two-relation problems (rho = 0.88, p < 0.01), living
problems (rho = 0.87, p < 0.01), distractor problems (rho = 0.80,
p < 0.05), and non-distractor problems (rho = 0.83, p = 0.01).
In the TD participants, the only significant correlation was SLT
efficiency at the medium presentation and distractor problem per-
formance (rho = 0.69, p < 0.05). Refer to Table 1 for a full report
of these correlation values.

KTT

Correlational analyses revealed that two-category performance was
significantly correlated with mean performance on living problems
from the picture analogy task for TBI participants (rho = 0.93,
p < 0.01). There were no other significant correlations present in
either participant group. Table 2 provides a complete report of
these correlation values. Given the small sample size in this study,
we computed effect sizes. Both categories of one-relation problems

showed large effect sizes (Cohen’s d = 0.77-1.40), as did problems
containing two-relation with distractor (Cohen’s d = 1.55). Two-
relation problems without distractor showed a medium effect size
(Cohen’s d = 0.39).

RELATIONSHIP BETWEEN ANALOGY TASK AND CORTICAL THICKNESS
Correlational relationships were measured by correlating cortical
gray matter thickness with task performance using a general linear
model. The strongest correlations were found for the TD partici-
pants for overall task performance. Figure 3 shows regions of the
brain showing an inversely correlated relationship between overall
analogy accuracy and cortical thickness. Notably, the anterior PFC
(left BA10), bilateral anterior and posterior lateral PFC, bilateral
superior and inferior temporal gyri, and the medial PFC showed
these correlations in the TD group. There was less evidence of
a clear correlational relationship in the TBI group and perform-
ance overall, but some inverse correlations were observed in the
left medial orbitofrontal cortex and the left superior frontal gyrus.
Similar relationships in similar areas were observed for accuracy
on all two-relation analogies and gray matter thickness in the TD
group (see Figure 4). Accuracy on all problems with distractors
present showed an inverse correlational relationship with cortical
thickness with foci in the left superior temporal gyrus, left middle
temporal gyrus, right inferior frontal gyrus, left posterior cingu-
late for the TD group. Additional foci observed in the TBI group
included the anterior left dorsal PFC and right orbitofrontal cortex
(refer to Figure 4). Overall, the cortical thickness data showed the
strongest correlational relationships between thinner cortex and
superior performance overall and at the higher relation level in TD
adolescents. This is broadly consistent with cortical maturity, or
efficiency in anterior PFC and temporal lobe regions.

DISCUSSION

Adolescents with TBI show predictable reasoning deficits. They
exhibit lower overall performance, but particularly in cases in which
distraction is present, and when relational complexity is higher
coupled with distraction. This is consistent with an overall deficit
in working memory maintenance. TBI participants showed defi-
cits consistent with a lowered ability to screen out irrelevant, but
visually competing representations. Lastly, TBI individuals were
insensitive to the manipulation of problems that involved living
compared to non-living items. The TD group performed at rela-
tively high levels across all problem types, and there was not an
age difference present in this group of 13- to 19-year olds. This is
consistent with prior results demonstrating that in a similar set
of scene analogies, adolescents achieve high competence levels by
ages 13—14 years (Richland et al., 2006). This was not the case for
TBI subjects who did show an age effect, suggesting that younger
individuals who sustain a TBI are particularly impaired. This is con-
sistent with the executive function literature in TBI, which indicates
that age of injury can have an influence on higher cognitive abili-
ties, with injuries in younger individuals leading to greater higher
cognition deficits (Andersen et al., 1999; Ewing-Cobbs et al., 2004;
Anderson and Catroppa, 2005). Fortunately, there is also evidence
that younger individuals with TBI impairments may have a greater
potential for recovery in certain areas including inhibitory control
(Leblanc et al., 2006).

Frontiers in Human Neuroscience

www.frontiersin.org

August 2010 | Volume 4 | Article 62 | 7



Krawczyk et al.

Deficits in analogical reasoning

Table 2 | Correlations between performance on the analogy task and the working memory tasks.

Overall  Overall Recall Recall Recall Efficiency Efficiency  Efficiency KTT:2 KTT:3 KTT: 4
recall | recall Il slow medium fast slow medium fast pace category category category
pace pace pace pace pace
TBI
One-relation
p 0.650 -0.200 0.600 0.625 0.346 0.350 0.871** 0.405 0.125 -0.185 0. —-0. 062
p 0.081 0.634 0.116 0.098 0.402 0.395 0.005 0.320 0.813 0.726 0.908
n 8 8 8 8 8 88 8 6 6 6
Two-relation
P 0453  -0.356 0.704 0.528 0.000 0.453 0.877** 0.235 0.509 0.000 0.204
9] 0.259 0.386 0.051 0.178 1.000 0.260 0.004 0.576 0.303 1.000 0.699
n 8 8 8 8 8 8 8 8 6 6 6
Living
p 0.173 -0.772* 0.309 0.1 0.012 0.679 0.867** 0.533 0.926** -0.015 0.059
P 0.682 0.025 0.457 0.793 0.977 0.064 0.005 0.173 0.008 0.978 0.912
n 8 8 8 8 8 8 8 8 6 6 6
Non-living
p 0.646 0.292 0.857**  0.957** 0.362 0.075 0.488 -0.037 -0.470 0.194 0.164
p 0.083 0.483 0.007 0.000 0.378 0.861 0.220 0.932 0.347 0.713 0.756
n 8 8 8 8 8 8 8 8 6 6 6
Distraction
P 0553 -0.114 0.830*  0.767* 0.416 0.340 0.803* 0.148 0.136 0.358 0.315
9] 0.155 0.788 0.011 0.026 0.305 0.41 0.017 0.726 0.797 0.486 0.545
n 8 8 8 8 8 8 8 8 6 6 6
No-Distraction
p 0.254  -0.723* 0.296 0.127 -0.334 0.592 0.830* 0.456 0.801 -0.257 -0.103
P 0.545 0.043 0.477 0.765 0.419 0.122 0.011 0.256 0.056 0.623 0.846
n 8 8 8 8 8 8 8 8 6 6 6
TD
One-relation
p —0.053 0.000 -0.421  -0.584 0.000 0.052 0.104 -0.207 -0.258 0.081 —0.406
p 0.893 1.000 0.259 0.099 1.000 0.894 0.791 0.593 0.576 0.863 0.366
n 9 9 9 9 9 9 9 9 7 7 7
Two-relation
p -0.336 0.000 -0.162  -0.026 0.285 0.200 0.528 0.219 0.000 0.481 -0.275
p 0.377 1.000 0.677 0.948 0.458 0.606 0.144 0.571 1.000 0.275 0.551
n 9 9 9 9 9 9 9 9 7 7 7
Living
p 0.140 0.000 0.000 -0.2M 0.560 0.550 0.41M 0.274 -0.167 0.629 0.105
p 0.720 1.000 1.000 0.586 0.117 0.125 0.272 0.476 0.721 0.130 0.823
n 9 9 9 9 9 9 9 9 7 7 7
Non-living
p -0.363 0.000 -0.394 -0.298 0.000 -0.032 0.323 —-0.061 -0.114 0.113 -0.563
p 0.338 1.000 0.294 0.436 1.000 0.934 0.397 0.869 0.808 0.810 0.188
n 9 9 9 9 9 9 9 9 7 7 7
Distraction
p —-0.095 0.228 -0.152  -0.239 0.152 0.225 0.690* 0.112 0.14 0.184 -0.072
p 0.808 0.554 0.697 0.536 0.696 0.561 0.040 0.775 0.808 0.692 0.879
n 9 9 9 9 9 9 9 9 7 7 7
No-distraction
p -0.326  -0.280 -0.371  -0.234 0.093  -0.046 -0.183 -0.091 0.354 0.297 -0.594
p 0.391 0.466 0.325 0.544 0.811 0.907 0.683 0.815 0.437 0.518 0.160
n 9 9 9 9 9 9 9 9 7 7 7

*0< 0.05; **p < 0.01.
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FIGURE 3 | Correlation maps showing significant correlational
relationships between cortical thickness and overall accuracy on the
analogy task. Regions shown in blue show an inverse correlation such that
thinner cortex is associated with higher performance. The TD participants
showed significant inverse correlations within several lateral areas within the
frontal and temporal lobes. The frontal regions extend between the ventral and

p-value
0.00

dorsal portions with a particularly strong focus within the medial frontal pole. The
TBI participants show less of a strong correlational relationship on this measure,
which may indicate that their performance is affected by the lack of
developmentally typical changes in the cortical mantle within the frontal and
temporal lobes. The p-value in the color bar refers to a —log(10) p-value for
significance level as is customary for FreeSurfer software.

A relational complexity effect was found for both groups indicat-
ing that two-relation problems were more difficult than one-relation
problems. This is consistent with our predictions and similar to
the reports of other studies of analogy and relational reasoning
(Richland et al., 2006; Krawczyk et al., 2008). While the relational
complexity had an impact on accuracy, both groups were still at
around ninety percent accuracy on two-relation problems col-
lapsed across animacy conditions, but without distraction (refer
to Figure 2). The effects of the two relations on problems became
clearer when crossed with distraction. The distraction by relation
level interaction indicates that it is the combination of increased
complexity and distraction which reveals reasoning deficits in TBI
individuals. In the case of TD participants, performance was high for
all problems that had no distraction, while it was lower for the dis-
tractor problems. TBI participants showed reductions in perform-
ance whenever distraction was present, but this was most acute in
the case of all two-relation problems involving distraction. Overall,
TBI participants were less effective in performing higher complexity
problems and particularly those with distraction present. Similar
findings have been observed previously with patients with frontal
dementia (Waltz et al., 1999; Morrison et al., 2004; Krawczyk et al.,
2008) and Alzheimer’s disease (Waltz et al., 2004).

Both participant groups exhibited lower performance when dis-
tracting items were present, but these items had a disproportionate
effect on TBI participants relative to the TD group. This result also
supports an executive control deficit in TBI and specifically a deficit
of inhibitory control over distractors, as has been observed in the
analogy performance of frontal dementia patients (Morrison et al.,
2004; Krawczyk et al., 2008). The ability to screen distractors has been
shown to improve with age between young childhood and early ado-

lescence (Richland et al., 2006), but our data indicate that TBI may
lead to reductions in performance that reduce the capacity of adoles-
cents sustaining TBI relative to their age matched peers. This may be
particularly the case for younger individuals with TBI (age 12-14),
as there was an overall age by group interaction demonstrating that
younger TBI individuals perform worse than older individuals.

The lack of an effect of animacy on reasoning performance may
have been due to our rather broad manipulation. We noted that
most individuals in both groups showed a slight advantage for liv-
ing over non-living item analogies in most cases. This may be due
to the fact that interactions among living items tended to involve
motion, while non-living items were mostly stationary, thus the
salience of the relations may not have been as high with the non-
living problems. As prior studies have reported deficits in social
cognition that are associated with TBI adolescents (Hanten et al.,
2008; Levin et al., 2009) this appears to be an important factor that
may be demonstrated to influence reasoning in TBI. In future work,
we will attempt to manipulate this factor with greater sensitivity and
on multiple social dimensions in order to determine its influence
on reasoning performance.

Working memory measures also indicated that TBI adoles-
cents have impairments that may underlie the deficits observed
in analogical reasoning. Specifically, TBI adolescents have greater
difficulty with updating working memory and screening distrac-
tion. Both of these tasks relied upon properly allocating attention
toward incoming stimuli and making efficient judgments about
which items to encode and which items to discard. Such deficits
in core attention and memory abilities could serve as a basis for
the difficulties that TBI adolescents encountered when faced with
more complex two-relation reasoning problems.
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TBI

TBI

FIGURE 4 | Correlation maps between gray matter thickness and
performance. (A) The maps show evidence of strong inverse correlational
relationships between two-relation performance and thickness in several cortical
areas within the TD participants. The foci of correlations include areas of the
dorsal and ventral frontal lobes with considerable area within the left anterior
PFC. Additional areas of correlation included the middle cingulate cortex, and

p-value
0.00

temporal lobe regions. Few regions showed strong correlations within the TBI
participants on this same comparison. (B) Both TD and TBI participants showed
some degree of inverse correlation between cortical thickness and performance
on distractor problems. These foci were primarily observed in the temporal lobes
and medial parietal cortex, and medial-dorsal PFC. The p-value in the color bar
refers to a —log(10) p-value that is standard in analyses performed in FreeSurfer.

Our correlational analyses suggest that the TBI group showed
strong relationships between certain memory conditions and
analogy problem type conditions. The recall rate on the SLT var-
ied significantly with two of the more difficult problem types in
the analogy task (distractor problems and non-living problems).
Correlations were observed at the slow and medium presentation
rates with these analogy variables. The fast pacing condition of the
task failed to show strong correlations, perhaps due to the overall
difficulty imposed upon this group at the higher rates of speed. It
is likely that TD youth failed to show robust correlations due to
their high overall level performance on both of the tasks leading to
areduction in variability. For the TBI group these correlations likely
reflect analogical performance being mediated by working memory
ability. The large number of correlations between the SLT efficiency

scores at medium speed and nearly all categories of the analogy task
further link strategic allocation of attention to successful analogy
performance. Lastly, the correlation between the KTT task and liv-
ing problems for the TBI group supports a similar linkage.

Our gray matter imaging results were consistent with prior
functional studies of analogical reasoning performed with younger
children (Wright et al., 2007) and adults (Bunge et al., 2005; Green
etal., 2006). Convergent with functional imaging studies, we dem-
onstrated significant behavior—cortical thickness relationships
within the frontal pole, PFC, and temporal cortex. These results
were most robust for TD adolescents and showed an inverse cor-
relation, with decreased cortical thickness associated with stronger
analogy performance in TD participants. This finding is consistent
with increased cortical maturity, through apoptosis and increases
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in myelination (Sowell et al., 1999; Shaw et al., 2008; Giedd et al.,
2009), supporting the functions relevant to analogical reasoning.
The PFC involvement is likely due to the need for executive control in
processing analogical over feature distractor-based matches (Geake
and Hansen, 2010). A similar relationship has been reported between
gray matter thickness and performance on fluid reasoning tasks
in childhood and adolescence (O’Hare et al., 2009). The involve-
ment of the temporal lobes is consistent with the need for semantic
memory representations relevant to analogical reasoning (Morrison
et al., 2004; Krawczyk et al., 2008). Our results are consistent with
performance increases in development being associated with overall
cortical maturity within the PFC, temporal, and parietal lobes. It
should be noted that in individual differences in general intelli-
gence tasks in adulthood tend to show a different relationship with
cortical thickness often correlating with higher performance in the
PFC (Haier et al., 2004; Colom et al., 2006). Thus, after maturation,
there may be different patterns observed in some fluid reasoning
tasks. Our TBI participants showed weaker task—cortical thickness
correlations consistent with gray matter disruption associated with
brain injuries. Possible mechanisms for this lack of relation include
altered apoptosis or plasticity changes that obscure the maturity-to-
task relationships that may otherwise be observed.

There are certain limitations in the present study that may be
addressed in future research on this topic. Notably, the sample size
in our population was relatively small. This may have affected our
ability to observe certain effects. For instance the animacy manipu-
lation did not reveal significant differences, though there is evidence
from other studies that social cognition is affected by TBI (Janusz
et al., 2002; Yeates et al., 2002; Hanten et al., 2008). The lack of an
effect for the living and non-living aspect of the analogy problems
may be shown with a larger sample size. Since participants per-
formed at a relatively high level across the analogy sets, it is also
possible that ceiling effects limited our ability to detect differences
based on the living/non-living manipulation. This was an explora-
tory manipulation and there was little prior literature to guide
our adjustments to the stimuli, so it is also possible that we simply
did not employ a measure sensitive enough to capture effects that
may have reflected social cognition in these TBI adolescents. Lastly,

there is potential that the TBI adolescent sample may have had
individual variability that limits its generalizability to a broader TBI
population. This is always a concern when dealing with TBI, given
that head trauma produces lesions and white matter degeneration
that varies in extent and location on an individual basis due to the
precise characteristics of the trauma.

In conclusion, individuals with TBI show deficits in analogical
reasoning that appear to be related to loss of executive function
abilities due to brain injury. The reductions in cortical thickness
characteristic of MSTBI cases are likely sources of frontal system-
relevant injuries that result in less adequate resources for problem
solving. Specifically, TBI adolescents have more difficulty than
healthy peers in solving analogy problems when feature match
distractors are present. The possibility of feature matches may
lead to either impulsive choices in which matches are based on
perceptual similarity, or choices that are based on a reduced
ability to process and perceive the broader overall meaning of
the relational interactions within a scene. TBI adolescents’ dif-
ficulties with analogical reasoning are most clear when relational
complexity of a scene is high and distraction is present. TBI
adolescents also fail to show robust cortical volume relationships
to task performance as observed in healthy adolescents within
the frontal and temporal lobes. A goal for future research will
be gaining a better understanding how TBI rehabilitation can
improve the executive control functions necessary for reasoning
in this population.
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