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Abstract

Penetrating traumatic brain injury is associated with deficits in cognitive tasks including
comprehension and memory, and also with impairments in tasks of daily living. In naturalistic
settings, one important component of cognitive task performance is event segmentation, the ability
to parse the ongoing stream of behavior into meaningful units. Event segmentation ability is
associated with memory performance and with action control, but is not well assessed by standard
neuropsychological assessments or laboratory tasks. Here, we measured event segmentation and
memory in a sample of 123 male military veterans aged 59-81 who had suffered a traumatic brain
injury as young men, and 34 demographically similar controls. Participants watched movies of
everyday activities and segmented them to identify fine-grained or coarse-grained events, and then
completed tests of recognition memory for pictures from the movies and of memory for the
temporal order of actions in the movies. Lesion location and volume were assessed with computed
tomography imaging. Patients with traumatic brain injury were impaired on event segmentation.
Those with larger lesions had larger impairments for fine segmentation and also impairments for
both memory measures. Further, the degree of memory impairment was statistically mediated by
the degree of event segmentation impairment. There was some evidence that lesions to the
ventromedial prefrontal cortex (vmPFC) selectively impaired coarse segmentation; however,
lesions outside of a priori regions of interest also were associated with impaired segmentation.
One possibility is that the effect of vmPFC damage reflects the role of prefrontal event knowledge
representations in ongoing comprehension. These results suggest that assessment of naturalistic
event comprehension can be a valuable component of cognitive assessment in cases of traumatic
brain injury, and that interventions aimed at event segmentation could be clinically helpful.
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1 Effects of Penetrating Traumatic Brain Injury on Event Segmentation and

Memory

In everyday life, human cognitive systems must confront the fact that the stream of
experience is continuous, dynamic and complex. In the face of this dynamic complexity,
perception and comprehension parse the ongoing experience stream into meaningful events,
a capability known as event segmentation (Radvansky & Zacks, 2014; Zacks, Speer,
Swallow, Braver, & Reynolds, 2007). For example, when watching someone prepare a
turkey sandwich, an observer would likely segment the activity into events such as gathering
the ingredients, arranging turkey and condiments on bread, and tidying up. Activity can be
segmented at a range of time-scales, and fine-grained events tend to correspond to
subdivisions of coarse-grained events; for example, tidying up might break down into
putting away the ingredients, washing up dishes, and wiping objects dry. Event
segmentation ability is not well characterized by standard neuropsychological or laboratory
tasks. This is true in part because such tasks impose a rigid, discrete task structure that
renders event segmentation trivial, and thereby masks individual differences in event
segmentation ability. However, event segmentation is important for the online control of
action (Bailey, Kurby, Giovannetti, & Zacks, 2013; Cooper & Shallice, 2006; Schwartz,
1995) and for subsequent memory (Boltz, 1992; Radvansky, Tamplin, & Krawietz, 2010;
Sargent et al., 2013; Schwan, Garsoffky, & Hesse, 2000). Deficits in sequencing actions and
in episodic memory are frequently associated with focal brain injury (Cohen & Eichenbaum,
1995; Fogassi et al., 2005; Sirigu, Zalla, Pillon, Grafman, Dubois, et al., 1995). Therefore, in
the present study we investigated the chronic effects of penetrating traumatic brain injury on
the segmentation and memory of everyday events in a sample of older male military
veterans.

1.1 Perception and Memory of Events

Research on the behavioral and neurophysiological correlates of event segmentation reveal it
to be a capability at the center of everyday comprehension. Healthy adult observers are able
to segment movies of everyday activity into meaningful events with minimal training
(Newtson, 1976). Their segmentation judgments show strong test-retest reliability and
interobserver agreement (Speer, Swallow, & Zacks, 2003). Event segmentation emerges
early in development (Baldwin, Baird, Saylor, & Clark, 2001; Hespos, Grossman, & Saylor,
2010; Hespos, Saylor, & Grossman, 2009; Sharon & Wynn, 1998) and shows modest
declines in healthy aging (Zacks, Speer, Vettel, & Jacoby, 2006; but see Sargent et al.,
2013). Coarsegrained events and fine-grained events tend to cluster hierarchically such that
the boundaries of coarse-grained events coincide with nearby fine-grained event boundaries
(Zacks, Tversky, & lyer, 2001) and fall slightly later than the end of a group of fine events,
enclosing them (Hard, Tversky, & Lang, 2006). Implicit measures of event segmentation
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indicate that it is an ongoing concomitant of normal perceptual processing (Hard, Recchia,
& Tversky, 2011; Zacks, Braver, et al., 2001), requiring neither intention nor attention.

Event segmentation may be an important component of encoding everyday activity for
subsequent memory. Evidence suggests that effective event segmentation allows for the
formation of effective memory structures. Event boundaries are especially memorable, and
cueing event boundaries can improve memory and learning (Boltz, 1992; Newtson, 1976;
Zacks & Tversky, 2003). Instructions to segment activity at a fine grain rather than a coarser
grain can improve some kinds of memory (Hanson & Hirst, 1989, 1991; Lassiter & Slaw,
1991). One large lifespan individual differences study assessed whether individual
differences in event segmentation could account for differences in memory for everyday
activity (Sargent et al., 2013). Participants completed tasks assessing segmentation and
memory for movies of everyday activity, and also completed a psychometric battery
assessing processing speed, working memory capacity, semantic knowledge, and episodic
memory for words and pictures.

Segmentation was found to be a significant predictor of event memory, accounting for
substantial variability in memory above and beyond individual differences in the
psychometric measures. This result suggests that, for naturalistic everyday activities,
impairments in event segmentation could account for everyday memory deficits that are a
significant component of the clinical presentation of TBI.

1.2 Information-processing Mechanisms of Event Segmentation

What are the functions and mechanisms of event segmentation? One account is given by
Event Segmentation Theory (EST; Zacks et al., 2007). According to EST, segmentation
arises because perceptual systems make predictions about how the immediate environment
will evolve, and these predictions take advantage of sequential dependencies in everyday
environments by constructing a working memory representation of the current event (an
event model) and updating it at boundaries between events. In EST, the system constantly
monitors the accuracy of its predictions and updates its event model when prediction error
increases transiently. When prediction error increases, the current event model
representation is destabilized and a new model is formed by integrating the current sensory
information with information from memory. One particularly important kind of memory is
knowledge about categories of events that are related to the current situation. Event
knowledge is represented in structured event complexes (Grafman, 1995). The SEC
construct is closely related to the constructs of the script and event schema. An SEC
captures information about how a particular category of event typically unfolds, including
information about the objects, settings, actors, and sequences of actions. Event models are
constituted in part by activating relevant knowledge representations in long term memory. In
this regard they are similar to the working memory representations proposed by accounts
such as long-term working memory theory (Ericsson & Kintsch, 1995), the episodic buffer
(Baddeley, 2000), and Cowan’s (1999) short term store. For event models, one important
form of long-term knowledge that is activated to constitute an event boundary is the SEC.
Thus, EST proposes that the function of event segmentation is to improve perceptual
predictions by constructing event models. In information-processing terms, EST proposes
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that event segmentation arises from the interaction of perceptual mechanisms with
mechanisms of working memory, cognitive control, semantic memory, and episodic
memory. The monitoring of prediction error is a form of cognitive control, in that one
cognitive system modulates processing in another in response to task demands. SECs are a
form of semantic memory, and their activation contributes to event model content. Finally,
representations of related previous events are part of episodic memory, and these too
contribute to event model content.

1.3 Neural Mechanisms of Event Segmentation

Event segmentation can be characterized in terms of neural mechanisms as well as
information-processing mechanisms. Of particular interest is the prefrontal cortex (PFC),
which may include components that play at least two distinct roles in event model
maintenance and updating. First, recurrent activity in regions of the PFC, particularly
dorsolateral ones, has been shown to underlie various forms of working memory
maintenance in humans and in nonhuman primates (D’Esposito & Postle, 2002). One
reasonable possibility is that maintaining event models depends on the dorsolateral
prefrontal cortex (dIPFC), possibly in coordination with other structures that maintain long-
term representations that are activated when an event model is instantiated. SECs have been
associated with parts of the PFC providing a second potential role for the PFC in event
segmentation (Koechlin, Corrado, Pietrini, & Grafman, 2000; Krueger, Barbey, & Grafman,
2009). The involvement of the PFC in maintaining SECs has received direct support from
studies of patients with PFC damage (Crozier et al., 1999; Grafman, Sirigu, Spector, &
Hendler, 1993; Humphreys & Forde, 1998; Sirigu, Zalla, Pillon, Grafman, Agid, et al.,
1995), and from neuroimaging studies (Crozier et al., 1999; Krueger et al., 2009; Krueger,
Moll, Zahn, Heinecke, & Grafman, 2007; Partiot, Grafman, Sadato, Flitman, & Wild, 1996).
The neuroimaging studies provide specific support for the role of the ventromedial PFC
(vmPFC) in representing the social aspects of event knowledge. Relatedly, medial PFC is
more associated with predictable and routinely reinforced event sequences, whereas lateral
PFC is more associated with variable sequences (Koechlin et al., 2000; Krueger et al., 2007).
These findings suggests that patients with lesions affecting the vmPFC might be particularly
impaired in segmenting activities that involve multiple interacting participants. A related
possibility is that patients with vmPFC lesions might have particular difficulty with
segmentation at a coarse grain, because coarse segmentation has been more strongly
associated with changes in goals and causes, whereas fine segmentation has been more
strongly associated with changes in physical features such as motion and objects. (Dickman,
1963; Zacks, 2004; Zacks, Speer, & Reynolds, 2009).

Updating an event model entails up-regulating processing in the pathways from sensory
inputs to the substrates of event models. Functional MRI studies show evidence of phasic
increases in activity throughout a broad collection of regions in the posterior parts of the
cortex, particularly at the juncture of the parietal, temporal and occipital lobes on both the
medial and lateral surfaces of the brain (Speer, Reynolds, & Zacks, 2007; Whitney et al.,
2009; Zacks, Braver, et al., 2001). These brain regions are modulated by many aspects of
perceptual processing and task performance, and a reasonable possibility is that their
activation at event boundaries reflects phasic up-regulation during event model updating.
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The observation of these phasic responses was one motivation for the regions of interest
investigated in the current study, as described below.

In order to assess the effects of penetrating TBI on event segmentation, we tested the ability
of people with TBI and controls to segment everyday activities into meaningful events and
to subsequently remember those activities. We hypothesized that TBI would be associated
with impairments of event segmentation and memory. Further, we hypothesized that
memory impairments would be partially statistically mediated by impairments in
segmentation. Finally, we tested whether brain regions that have been associated with event
representations and event segmentation would be specifically associated with impaired event
segmentation or memory.

2.1 Participants

Participants were drawn from the Vietnam Head Injury Study (VHIS) registry (Raymont et
al., 2008). The VHIS registry is a longitudinal study that includes a large sample of
American male veterans who suffered penetrating traumatic brain injury (pTBI), mostly
from combat, while serving in the Vietnam War and non-injured control veterans, who
experienced combat but did not suffer brain damage. The VHIS registry consists of four
phases described in detail elsewhere (Raymont, Salazar, Krueger, & Grafman, 2011). Phase
I was the recruitment period for the registry, Phase Il occurred between 1981 and 1984 at the
Walter Reed Army Medical Center and involved administration of a neuropsychological
battery, Phase 111 occurred approximately 20 years later between 2003 and 2006 and
consisted of both neuropsychological testing and computed tomography (CT) acquisition at
the National Navy Medical Center in Bethesda, MD, and Phase 1V (2008-2012) was
completed as a follow-up assessment, consisting of a week-long testing battery at the
National Institute of Neurological Disorders and Stroke, Bethesda, MD.

Patients with focal penetrating traumatic brain injury (pTBI; n = 123) and noninjured
controls (NC; n = 34) were male combat veterans who served during the Vietnam War
(Glass, Krueger, Solomon, Raymont, & Grafman, 2013; Raymont et al., 2011). To ensure
that veterans were eligible to participate in the VHIS Phase IV testing, a phone interview
prior to arrival and a neurological exam at the test site were conducted to screen all
participants for psychological and neurological exclusion symptoms. All participants gave
their written informed consent and the Institutional Review Board (IRB) at NINDS
approved all study procedures. Participants completed a battery of normed psychological
tests, including the Beck Depression Inventory (Beck, Steer, & Brown, 1996), the Boston
Naming Test (Kaplan, Goodglass, & Weintraub, 1983), the Delis-Kaplan Executive
Function System (D-KEFS; Delis, Kaplan, & Kramer, 2001), the Visual Object and Space
Perception Battery (Warrington & James, 1991), and the Wechsler Memory Scale I11-
abbreviated (Wechsler, 1997). From the D-KEFS, we examined scores on the category
sorting task, letter and category fluency, and the trailmaking test. For all the D-KEFS
measures, scaled scores were used. For the trailmaking test we examined the difference
between the scaled number-letter sequencing and number sequencing conditions; higher
scores indicate stronger executive control over sequence switching. Finally, participants
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completed the Armed Forces Qualifying Test (AFQT). The AFQT has been shown to
correlate strongly with measures of overall 1Q (Raymont et al., 2008). Importantly,
premorbid AFQT scores were also available from participants’ service records. Performance
of the pTBI and NC groups on relevant measures are given in Table 1.

We created movies of four everyday activities: making breakfast, doing the laundry,
preparing for a party, and finding a book at the library. The breakfast and laundry activities
were selected to be relatively high in familiarity, whereas the party and library activities
were selected to be low in familiarity, based on previously collected norms (Rosen, Caplan,
Sheesley, Rodriguez, & Grafman, 2003). For each activity, we filmed two versions: the
social version had two actors who cooperated to complete the task, and the nonsocial
version had only one actor who completed the task alone. This manipulation was motivated
by the finding that the medial PFC is associated with representing the social aspects of
events (Koechlin et al., 2000; Krueger et al., 2007). Representative frames from the movies
are shown in Figure 1. The movie durations ranged from 235 s to 376 s.

2.3 Experimental Design

The flow of data collection procedures is shown in Table 2. In a first session, each
participant performed a segmentation task and two memory tasks with each activity.
Participants were asked to push a button to identify either the largest units that were
meaningful to them (coarse grain) or the smallest (fine grain). The segmentation task was
followed by a test of recognition memory for frames from the movie just segmented,
followed by a test of memory for temporal order of the activity depicted. Each activity was
represented either by the social or nonsocial movie. In a second session separated by one to
four days, the participant segmented the same movies at whatever grain had not been tested
during the first session. Assignment of activities to the social or nonsocial condition, order
of activity presentation, and order of segmentation grain were counterbalanced across
participants.

2.4 Event Processing Tasks

Each participant completed three event processing tasks involving movies of everyday
events: segmentation of the movies, recognition memory for still pictures, and a test of
memory for temporal order. First, they segmented each movie into meaningful units
(Newtson, 1973). Participants were instructed to mark off the activity in the movie into the
largest units [coarse segmentation] or smallest units [fine segmentation] that seemed natural
and meaningful to them, by pressing the space bar on a computer keyboard. They were
instructed that there was no right or wrong answer; the experimenter wanted to know how
they perceived the movies. At the beginning of the session, each participant was given the
opportunity to practice the task with a brief (145 s) movie of a man assembling a model
using Legos. The experimenter monitored to ensure that the participant pressed the button at
least 3 times for coarse segmentation or at least 6 times for fine segmentation; if not, he was
reminded of the instructions and given the opportunity to repeat the practice. (This was done
for 42 pTBI and 15 NC.)
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Immediately after the first segmentation of each movie, participants completed a two-
alternative forced-choice recognition memory test for still frames taken from the movie
(Zacks et al., 2006). For each movie, 20 still frames were selected and paired randomly with
20 frames taken from a similar movie that we had filmed using the same actor or actors in
the same location. Participants were instructed to choose the picture from the movie they
had just seen, and to do so as quickly as possible while remaining accurate. The picture pairs
were presented in random order.

After the recognition tests, participants were given an order memory test. For this test, they
were given 12 cards printed with pictures of distinctive points in the movie they had just
seen. The cards were shuffled and presented in random order, and each participant was
asked to sort them into the order in which they had occurred in the movie. The experimenter
recorded the order given and the time taken to complete the task. Order error was scored as
the mean absolute deviation of each card’s ordinal position from the correct position, and
thus ranged from O (perfect ordering) to 6 (cards arranged backwards).

2.5 Event Segmentation Measures

From the segmentation data we calculated three variables of interest: unit size, segmentation
agreement and hierarchical alignment. Unit size is simply mean duration of the events
identified for each viewing. Segmentation agreement measures the degree to which a given
observer’s segmentation agrees with the normative segmentation of the group as a whole.
Agreement was calculated as described by Kurby and Zacks (2011). Briefly, each movie is
divided into 1-s intervals and each participant’s segmentation is coded as to whether the
participant segmented during each interval. The individual segmentation functions are
cumulated by taking the mean across participants (without regard for group), and then each
individual’s segmentation function is correlated with the group norm. Finally, the correlation
is scaled to a 0-1 variable such that 0 is the worst possible score given the number of event
boundaries identified by the participant, and 1 is the best possible score. Hierarchical
alignment assesses the degree to which fine-grained units are chunked together into larger
structures. To the extent that finegrained events are grouped hierarchically, each coarse unit
boundary should fall close to one of the fine unit boundaries. Hierarchical alignment was
calculated as described by Zacks, Tversky and lyer (2001). Briefly, for each coarse event
boundary we identified the participant’s closest fine boundary and measured the absolute
distance between them. Those distances were compared to the mean distance expected under
a null model in which the coarse and fine segmentation time series are independent; the
amount that the observed distance is lower than the null model expectation is the measure of
hierarchical alignment.

2.6 Computed Tomography Imaging

Computed tomography (CT) scans acquired as part of Phase |11 of the VHIS were used to
analyze patients' brain lesion locations (see Raymont et al., 2008 for details of acquisition
and processing). Structural images were reconstructed with an in-plane voxel size of 0.4 x
0.4 mm and an overlapping slice thickness of 2.5 mm at a 1.0 mm. Lesions were traced
using the Analysis of Brain Lesion (ABLe) software (Solomon, Raymont, Braun, Butman,
& Grafman, 2007), and projected to Montreal Neurological Institute atlas space. The atlas-
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registered lesion images were used to calculate the percentage of each Brodmann area (BA)
affected, and to visualize the lesions for coding using the Caret software package (Van
Essen, 2005).

For seven patients, CT data were unavailable. For the remaining 114, one of the authors
(C.L.) classified the region or regions affected by each subject’s lesion. The regions were
selected based on our a priori hypotheses regarding cortical systems important for event
segmentation and memory, and also based on the observed distribution of brain lesions (see
Figure 2). The regions of interest included two in the PFC, ventromedial prefrontal cortex
(vmPFC) and dorsolateral prefrontal cortex (dIPFC), and one in the posterior cortex: right
superior/posterior (RSP). The division of PFC into dIPFC and vmPFC reflects the
possibility that vmPFC could be selectively important for social or coarse-grained
segmentation. The selection of RSP reflected previous finding of strong fMRI responses in
this region at event boundaries (Speer et al., 2007; Zacks, Braver, et al., 2001); the left
hemisphere was excluded because few patients had lesions affecting this region. Lesions
were classified according to the following criteria:

vmPFC: 40% or more of any of BA 10, 11, 12, 32 affected or 25% or more of any two
of those BAs. Patients with smaller lesions completely enclosed within vmPFC also
were included.

dIPFC: 40% or more of any of BA 8, 9, 10, 45, 46 affected or 25% or more of any two
of those BAs. Patients with smaller lesions completely enclosed within dIPFC also were
included.

RSP: 40% or more of right BA 5, 22, 37, 39, 40 affected, or 25% or more of any two of
those BAs, or more than 20% of BA 7 or 19.

Of the 114 patients with CT data, 36 had lesions in the regions of interest. Of these, 16 had
lesions affecting multiple regions of interest. The distribution of lesions is shown in Table 3.

From the traced lesions we also calculated the total percentage volume loss for each
participant. This global measure of lesion severity was used as a covariate in the analyses.

During the data analysis phase we also considered a voxel-symptom lesion mapping
(VLSM) approach. However, despite the reasonable sample size obtained here, the
distribution of lesions did not provide sufficient coverage for an adequately powered
analysis in our regions of greatest interest. Therefore, we restricted the analyses to region-
based statistics to conserve statistical power.

All analyses were conducted using an alpha level of .05. Data were modeled with linear
mixed models, using the Ime4 (http://cran.r-project.org/web/packages/Ime4) and ImerTest
(http://cran.r-project.org/web/packages/ImerTest) packages in R. Statistical tests were
performed using the Satterthwaite approximation for the degrees of freedom. Outliers were
trimmed by removing observations + 3 SD from the mean (event unit size: 7 observations,

Cortex. Author manuscript; available in PMC 2017 January 01.


http://cran.r-project.org/web/packages/lme4
http://cran.r-project.org/web/packages/lmerTest

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zacks et al.

Page 9

0.6%; segmentation agreement: 4 observations, 0.3%; recognition memory: 4 observations,
0.3%).

Five patients in the pTBI group were unable to complete the event segmentation and
memory tasks. Of these, four had lesions affecting vmPFC and one had a lesion affecting
dIPFC.

3.1 Global Effects of TBI on Event Segmentation and Memory

To assess the overall effects of TBI on event cognition and memory, we fit linear mixed
models that included fixed effects of group (pTBI or NC) and socialness of the activity. We
also included percentage brain volume lost as a covariate, and random effects of activity and
participant. For event unit size and segmentation agreement, observations were made at both
the coarse and fine grains and so this variable was also included as a repeated measure; for
the memory variables, grain was treated as a between-participants variable because memory
was tested after the first viewing. Brain volume loss was allowed to interact with
segmentation grain but not with socialness.

Segmentation agreement—As can be seen in Figure 3, pTBI had poorer segmentation
agreement than NC, F(1, 148.98) = 31.4, p < .001. There was also an interaction such that
the group difference was larger for coarse than for fine segmentation, F(1, 1026.9) = 24.1, p
<.001 (panel A). Finally, there was an interaction between grain and lesion size such that
larger lesions were associated with poorer segmentation, but only for fine segmentation, F(Z1,
1024.8) = 4.3, p = .04 (panel B). Agreement was higher for fine than for coarse
segmentation, F(1, 1026.9) = 223.1, p < .001; however, this main effect is not generally
interpretable because the larger number of fine segmentation observations produces more
reliable measures and thereby higher segmentation agreement. In sum, segmentation
agreement was impaired in people with TBI, and this was especially true for coarse
segmentation, and for fine segmentation in patients with large lesions.

Hierarchical alignment—The model fits revealed no significant fixed effects, largest F =
1.01.

Event unit size—Our training procedure was designed to reduce individual differences in
segmentation grain but was not guaranteed to eliminate them, and previous studies have
found differences in unit size in clinical samples (Bailey, Zacks, et al., 2013; Zacks et al.,
2006; Zalla, Labruyere, & Georgieff, 2013; Zalla, Pradat-Diehl, Monmart, & Sirigu, 2000;
Zalla, Verlut, Franck, Puzenat, & Sirigu, 2004). Because the distribution of unit sizes was
highly skewed (skewness = 5.3), the unit sizes were log-transformed prior to outlier removal
and analysis. Both pTBI and NC were able to modulate the grain of their segmentation in
response to the experimenter’s instructions, resulting in coarse units that were longer
(control: mean 35.2 s, SD 42.3 s; pTBI: mean 39.4 s, SD 43.7 s) than fine units (control:
mean 13.3's, SD 12.4 s; pTBI: mean 13.7 s, SD 11.9 s), resulting in a main effect of grain,
F(1, 1016.77) = 811.2, p < .001. There was a significant interaction of lesion volume with
grain such that patients with larger lesions had shorter coarse units but not fine units, F(1,
1015.21) = 13.4, p < .001. However, this was accompanied by a significant interaction
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between grain and group such that, after correcting for lesion volume, pTBI had slightly
longer coarse units, F(1, 1016.78) = 6.19, p = .01. The presence of these opposing effects
suggests caution in interpreting this pattern. In any case, it is clear that both pTBI and NC
were able to follow the instructions to modulate their segmentation grain. No other effects
were significant, largest F = 2.11.

Recognition memory—Overall, pTBI recognized fewer pictures than NC; however, this
was mostly due to pTBI with large lesions. Thus, there was a large effect of lesion volume,
F(1, 143.7) = 12.50, p < .001, and no significant effect of group once lesion volume was
accounted for, F(1, 143.7) = 0.22, p = .64. Movies with two actors were remembered
slightly less well, leading to a significant effect of socialness, F(1, 478.26) = 8.52, p = .003.
These effects are illustrated in Figure 4. No other effects were significant, largest F = 1.72.

Order memory—Overall, pTBI made more order errors than NC; however, as with
recognition memory this was mostly due to pTBI with large lesions. As a result, the only
significant effect was a large effect of lesion size such that patients with larger lesions made
more order errors, F(1, 147.0) = 32.5, p < .001; the main effect of group was not significant,
F(1, 147.0) = 0.26, p = .61 (see Figure 5). The effect of socialness was marginally
significant, F(1, 495.1) = 2.95, p = .09; all other Fs <= .52.

3.2 Might Segmentation Mediate Effects of Lesion Volume on Memory?

In most process models of memory, memory performance depends causally on operations at
encoding. Given that we observed strong effects of lesion volume on one encoding measure
(fine segmentation agreement) and two memory performance measures (recognition and
order memory), we asked whether the effects of lesion volume on memory might be
mediated by segmentation agreement. To do so, we used the mediation package in R
(Tingley, Yamamoto, Hirose, Keele, & Imai, 2014) to assess whether accounting for the
relationship between lesion volume and fine segmentation statistically reduced the
relationship between lesion volume and memory. As can be seen in Figure 6, segmentation
agreement was correlated with both memory measures, more strongly for fine than coarse
segmentation. For both memory measures, the analysis indicated a significant degree of
mediation. For recognition memory, fine segmentation agreement mediated 18.9% of the
lesion volume effect (quasi-Bayesian 95% confidence interval: 0.05, 0.45); for order
memory, fine segmentation agreement mediated 18.4% of the lesion volume effect (quasi-
Bayesian 95% confidence interval: 0.07, 0.34).

3.3 Regional Specificity

Prior to assessing affects of region-specific injury on event segmentation and memory, we
tested whether any of the demographic or psychometric measures were associated with
region-specific lesions. Surprisingly, RSP lesions were associated with higher levels of
education, t(112) = 4.047, p < .001, and long-term memory, t(112) = 2.24, p = .03, and
marginally lower levels of depressive symptoms, t(112) = -1.91, p = .06. One might
speculate as to why the association between RSP lesions and education occurred, but given
this association the effect of RSP lesions on long-term memory is not surprising. Controlling
for education eliminated the effect of RSP lesions on long-term memory, t(112) =0.98, p=.

Cortex. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zacks et al.

Page 11

33. To control for the potential confound between education and RSP lesions, we included
education in all subsequent models (along with its interaction with segmentation grain, for
the segmentation agreement and unit length models). Education was z-scored prior to model
fitting. None of the other psychometric variables had a significant association with lesion
location.

To evaluate the regional specificity of lesion effects on the dependent measures, we fit linear
mixed models similar to those for the group analysis, but instead of the group variable we
included fixed effects of lesions in vmPFC, dIPFC, RSP, and lesions outside of our areas of
interest. Note that this approach allowed us to model the fact that a number of patients had
lesions affecting multiple regions of interest (16 of 35 with lesions in our regions of
interest). Again, brain volume loss was allowed to interact with segmentation grain but not
with socialness (and not with the lesion indicator variables).

Segmentation agreement—The model indicated that segmentation agreement was
significantly poorer in patients with lesions in vmPFC [F(1, 146.2) = 5.62, p =.02], dIPFC
[F(1, 147.3) = 7.18, p = .008], RSP [F(1, 144.01) = 4.41, p = .04], or outside the areas of
interest [F(1, 144.49) = 36.4, p < .001]. The effects of vmPFC lesions and lesions outside
the interest areas interacted with segmentation grain such that impairments were greater for
coarse than for fine segmentation [vmPFC x grain F(1, 1001.5) = 8.1, p = .003; other x grain
F(1, 987.2) = 20.7, p < .001]. This pattern is depicted in Figure 7. Consistent with the
previous analysis comparing pTBI to NC, segmentation agreement was higher for fine than
for coarse segmentation, F(1, 998.7) = 39.3, p < .001. Neither the main effect of socialness
nor its interactions with region were statistically significant, largest F = 2.1.

Hierarchical alignment—As with the model comparing pTBI to NC, the model fit
revealed no significant fixed effects, largest F = 2.15.

Event unit size—The model provided little evidence of regional specificity of effects on
event unit size. Lesions of vmPFC and outside the regions of interest were marginally
associated with longer unit sizes; F(1, 146.9) = 3.62, p = .06 and F(1, 145.5) = 2.97, p = .09,
respectively. As expected, the effect of grain was highly significant, F(1, 973.7) = 291.6, p
<.001. No other main effects or interactions of interest approached significance, largest F =
2.13.

Recognition memory—The region-specific model clarified the results of the model
comparing pTBI to NC, indicating that lesion volume was the primary predictor of effects of
TBI on recognition memory, F(1, 132.8) = 9.63, p = .002. The effect of socialness was again
significant, F(1, 454.2) = 6.74, p = .010. No other effects were significant, largest F = 1.32.

Order memory—~For order memory as well as for recognition memory, the region-specific
model did not provide evidence that the effects of TBI were region-specific. The only
significant effect was a large effect of lesion size such that patients with larger lesions made
more order errors, F(1, 143.3) = 22.7, p < .001. The interaction between dIPFC lesions and
socialness approached significance, F(1, 431.8) = 2.73, p = .10. No other effects of interest
were significant, largest F = 1.82.
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4 Discussion

4.1 Traumatic Brain Injury Impairs Event Segmentation and Memory

The key results are summarized in Table 4. The most important finding was that penetrating
TBI was associated with substantial impairment in patients’ ability to segment activity into
normative events. This was especially true for those with larger lesions and for coarse-
grained segmentation. This finding adds to the clinical picture of cognitive deficit in pTBI.
Impaired event segmentation could be a clinically significant feature, because impairments
in segmenting the ongoing stream of behavior appropriately could lead to difficulty
organizing one’s actions in sequential tasks and in remaining appropriately oriented to an
ongoing task or situation and in adapting to execution errors in planning.

Impairment in memaory for everyday activity also was associated lesion volume. This finding
is not surprising given the long history associating brain injury with memory impairment
(Schacter & Tulving, 1994). However, quantitative assessments of memory for everyday
activity in brain injury patients are rare. More importantly, the mediation analyses provided
preliminary evidence that impairments in the encoding operation of event segmentation
account for some of the memory deficits observed as a result of pTBI. This result reinforces
the importance of ongoing comprehension during encoding for subsequent memory in brain
injury. It converges with psychometric studies of healthy adults (Sargent et al., 2013) to
suggest that event memory depends importantly on functions that are not simply episodic
memory as captured by typical laboratory tests (Rubin & Umanath, 2015). This has
implications for the assessment and treatment of such memory deficits. When evaluating a
patient’s concerns regarding memory for everyday activity, it may prove valuable to assess
encoding operations including event segmentation. If appropriate representations are not
being formed during encoding, effective memory is unlikely. Further, it may prove valuable
to design memory interventions aimed at initial segmentation and encoding in order to
improve patients’ ability to retrieve and use event information later.

4.2 Limited Evidence for Functional Specificity

Based on the finding that the vmPFC is selectively involved in representing the social
attributes of event representations, we hypothesized that the segmentation of activities
staged with two actors would be selectively impaired by lesions to this region. This was not
supported by the data. We also hypothesized that vmPFC lesions would affect coarse
segmentation more than fine segmentation, because coarse segmentation has been associated
with goal and cause relationships that are also associated with social event representations.
We did find evidence for this effect. However, this finding should be interpreted with
caution because the same pattern was also observed for patients with lesions outside our a
priori regions of interest. Given that the parsing of activity into hierarchically structured
relations between events and sub-events is important for comprehension, it would be
valuable to further assess the role of vmPFC in coarsegrained segmentation.

Surprisingly, coarse segmentation was not sensitive to the size of patients’ lesions; patients
with smaller lesions were impaired equally to those with larger lesions. In contrast, for fine
segmentation the degree of impairment increased with lesion size. One possibility is that this
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lesion size effect reflects the degree of compromise to some cognitive resource that is
widely distributed across the brain. One speculative possibility is that making fine-grained
predictions about activity depends heavily on activation of knowledge representations as
part of event models, and these knowledge representations are widely distributed in the
cortex. The domain of knowledge impairment may be relatively location-dependent
(Patterson, Nestor, & Rogers, 2007), but its contribution to event model quality may be
similarly independent of domain. Another possibility is that with greater lesion size comes a
likelihood that more components of the event segmentation mechanism will be impaired,
resulting in more severe deficits. That is, rather than reflecting a graded resource, the lesion
size effect may reflect the summation of probabilistic effects on multiple individual
mechanisms. A final possibility that cannot be ruled out is that fine segmentation is more
reliable than coarse segmentation, and therefore has a better chance of showing statistically
reliable differences.

Both pTBI and NC were able to modulate the grain of their segmentation in response to the
experimenter’s instructions. Despite the use of a training procedure designed to reduce
differences across individuals in segmentation grain, there was some indication that patients
with TBI identified larger coarse units than controls. However, this effect was accompanied
by an effect of lesion size such that patients with larger lesions formed coarse events that
were closer to the length of controls’ coarse events. This pattern is perplexing and merits
further investigation.

4.3 Potential Mechanisms

The large effect of vmPFC lesions on coarse segmentation is consistent with the view that
the medial PFC is selectively involved in the representation of SECs. SEC knowledge is
more likely to represent features of events on the scale corresponding to coarse events in this
dataset (several tens of seconds in general) than the scale corresponding to fine events (10 to
15 seconds). For example, in the “making breakfast” activity, an SEC might well represent a
step such as “getting a frying pan,” but may not represent the individual actions of “opening
the cupboard,” “taking down the pan,” and “closing the cupboard.” (Presumably, those
actions are captured by other representations such as motor schemata for targeting and
grasping objects.)

The substantial effects of lesion size on fine segmentation agreement and on memory
emphasize that segmentation agreement constitutes a final common pathway for a
processing cascade that involves sensory and perceptual processing, prediction, error
monitoring, and memory updating. An important question is whether segmentation is a
cause of effective comprehension of an activity, a consequence of comprehending the
activity, or a shared consequence of a common cause. Recent data from healthy adults
suggests that segmentation is at least in part a cause, because intervening to improve
segmentation can improve memory (Flores, Bailey, Eisenberg, & Zacks, 2014; Gold &
Zacks, 2014). In future research it would be valuable to probe these processing steps
individually in patients with focal TBI to assess them directly.
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4.4 Limitations

In interpreting the present results it is important to note the basic limitations of the lesion-
based method. Lesions are not randomly distributed. As a result, for many of the areas of the
cortex there were few or no patients with lesions affecting the area. Some of these include
regions of a priori relevance for event segmentation and memory; for example, lesions of
the right superior posterior cortex were well represented, but not the left. Further, lesions in
a particular area may be accompanied by damage to fibers of passage that is not detectable
in the CT imaging. Also, lesions to a particular region may be associated with premorbid
individual differences. (We partially controlled for this by assessing effects of the lesion
variables on education and premorbid AFQT score, and controlling for education
statistically.) In view of these issues, one must interpret null effects conservatively and be
conscious of potential confounding effects.

The lesion methods used here are powerful for studying effects on cortical structures (and
their associated white matter tracts), but provide little information about subcortical
structures. EST proposes a central role for midbrain and striatal structures in event
segmentation (Zacks, Kurby, Eisenberg, & Haroutunian, 2011; Zacks et al., 2007).
However, these structures are too small and central to be studied with the clinical lesion
methods used here.

Finally, we note that, at the point of testing, our sample was mostly in the seventh and eighth
decades of life. Thus, these results may not generalize to event perception and memory in
younger adults. However, it is worth noting that previous studies of age effects on event
segmentation and its relationship to memory show decreases in overall performance but
stable relations amongst measures (Kurby & Zacks, 2011; Sargent et al., 2013; Zacks et al.,
2006).

4.5 Conclusion

In this study, patients with pTBI showed substantial impairments in comprehension and
memory for movies of everyday activity. Such stimuli make for an attractive middle ground
between highly simplified psychometric tasks with rigid trial structures on the one hand, and
highly subjective self-report or informant-report measures of tasks of daily living on the
other. Characterizing how the cognitive components of naturalistic event comprehension and
memory are impaired by brain injury holds the promise both to inform models of healthy
cognition and to suggest interventions to diagnose and remediate clinically significant
difficulties negotiating the everyday world.

Acknowledgments

This study was conducted by the U.S. National Institute of Neurological Disorders and Stroke Intramural Research
Program and took place at the National Institutes of Health Clinical Research Center. The views expressed in this
article are those of the authors and do not necessarily reflect the official policy or position of the U.S. Government.
For further information about the Vietnam Head Injury Study, contact J.G. at jgrafman@northwestern.edu. We
thank the NIH Clinical Center for the provision of their facilities and for their supportive services. We thank Sandra
Bonifant, Michael Tierney, Leila Glass, Lyanne Yozawitz, Carolee Noury, Vivien YJ Tsen, and Anne Leopold who
worked tirelessly to test subjects and organize the study. We thank Yinyuan Zheng for assistance with data coding.
As always, the authors are grateful to all of the Vietnam veterans and caregivers who participated in this study.
Their unending commitment to improving the health care of veterans is the reason this study could be completed.

Cortex. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zacks et al.

Page 15

CAK’s contribution was supported in part by training grant T32 AG000030-31. JMZ’s contribution was supported
in part by grants 1R01MH070674 and RO1AG031150.

Abbreviations

EST event segmentation theory

PFC prefrontal cortex

dIPFC dorsolateral prefrontal cortex

vmPFC ventromedial prefrontal cortex

VHIS Vietnam head injury study

pTBI penetrating traumatic brain injury

CT computed tomography
References

Baddeley A. The episodic buffer: A new component of working memory? Trends in Cognitive
Sciences. 2000; 4(11) 417-417-423.

Bailey HR, Kurby CA, Giovannetti T, Zacks JM. Action perception predicts action performance.
Neuropsychologia. 2013; 51(11):2294-2304. http://doi.org/10.1016/j.neuropsychologia.
2013.06.022. [PubMed: 23851113]

Bailey HR, Zacks JM, Hambrick DZ, Zacks RT, Head D, Kurby CA, Sargent JQ. Medial temporal
lobe volume predicts elders’ everyday memory. Psychological Science. 2013; 24(7):1113-1122.
http://doi.org/10.1177/0956797612466676. [PubMed: 23630222]

Baldwin DA, Baird JA, Saylor MM, Clark MA. Infants parse dynamic action. Child Development.
2001; 72(3):708-717. [PubMed: 11405577]

Beck, AT.; Steer, RA.; Brown, GK. BDI-II, Beck Depression Inventory: Manual. San Antonio, TX:
Psychological Corporation; 1996.

Boltz M. Temporal accent structure and the remembering of filmed narratives. Journal of Experimental
Psychology: Human Perception & Performance. 1992; 18(1):90-105. [PubMed: 1532194]

Cohen, NJ.; Eichenbaum, H. Memory, amnesia, and the hippocampal system. Cambridge, MA: MIT
Press; 1995.

Cooper R, Shallice T. Hierarchical schemas and goals in the control of sequential behavior.
Psychological Review. 2006; 113(4):887-831. [PubMed: 17014307]

Cowan, N. An embedded-processes model of working memory. In: Miyake, A.; Shah, P.; Miyake, A.;
Shah, P., editors. Models of working memory: Mechanisms of active maintenance and executive
control. New York, NY, US: Cambridge University Press; 1999. p. 62-101.

Crozier S, Sirigu A, Lehéricy S, Moortele P-F, van de Pillon B, Grafman J, LeBihan D. Distinct
prefrontal activations in processing sequence at the sentence and script level: An fMRI study.
Neuropsychologia. 1999; 37:1469-1476. [PubMed: 10617267]

Delis, DC.; Kaplan, E.; Kramer, JH. The Delis-Kaplan Executive Function System. San Antonio, TX:
Psychological Corporation; 2001.

D’Esposito, M.; Postle, BR. Principles of frontal lobe function (Vol. Principles of frontal lobe
function. Berkeley, CA: U California, Helen Wills Neuroscience Inst & Dept of Psychology,
Henry H. Wheeler, Jr. Brain Imaging Ctr; 2002. The organization of working memory function in
lateral prefrontal cortex: Evidence from event-related functional MRI; p. 168-187.U Wisconsin,
Dept of Psychology, Madison, WI London: Oxford University Press, 2002, xxi, 616

Dickman, HR. The perception of behavioral units. In: Barker, RG., editor. The stream of behavior.
New York: Appleton-Century-Crofts; 1963. p. 23-41.

Ericsson KA, Kintsch W. Long-term working memory. Psychological Review. 1995; 102(2):211-245.
[PubMed: 7740089]

Cortex. Author manuscript; available in PMC 2017 January 01.


http://doi.org/10.1016/j.neuropsychologia.2013.06.022
http://doi.org/10.1016/j.neuropsychologia.2013.06.022
http://doi.org/10.1177/0956797612466676

1duosnue Joyiny 1duosnue Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zacks et al.

Page 16

Flores, S.; Bailey, H.; Eisenberg, ML.; Zacks, JM. Abstracts of the Psychonomic Society. Vol. 17.
Toronto: 2014. Effective event segmentation improves memory for everyday events over time; p.
204

Fogassi L, Ferrari PF, Gesierich B, Rozzi S, Chersi F, Rizzolatti G. Parietal Lobe: From Action
Organization to Intention Understanding. Science. 2005; 308:662—-667. [PubMed: 15860620]

Glass L, Krueger F, Solomon J, Raymont V, Grafman J. Mental paper folding performance following
penetrating traumatic brain injury in combat veterans: A lesion mapping study. Cerebral Cortex.
2013; 23(7):1663-1672. http://doi.org/10.1093/cercor/bhs153. [PubMed: 22669970]

Gold, DA.; Zacks, JM. Facilitating effective event segmentation and memory in younger and older
adults; San Francisco. Proceedings of the 26th Annual Convention of the Asscoation for
Psychological Science; 2014.

Grafman J. Similarities and distinctions among current models of prefrontal cortical functions
Structure and Functions of the Human Prefrontal Cortex. Annals of the New York Academy of
Sciences. 1995; 769:337-368. [PubMed: 8595036]

Grafman J, Sirigu A, Spector L, Hendler J. Damage to the prefrontal cortex leads to decomposition of
structured event complexes. Journal of Head Trauma and Rehabilitation. 1993; 8(1):73-87.

Hanson C, Hirst W. On the representation of events: A study of orientation, recall, and recognition.
Journal of Experimental Psychology: General. 1989; 118(2):136-147. [PubMed: 2525593]

Hanson C, Hirst W. Recognizing differences in recognition tasks: A reply to Lassiter and Slaw.
Journal of Experimental Psychology: General. 1991; 120(2):211-212.

Hard BM, Recchia G, Tversky B. The shape of action. Journal of Experimental Psychology: General.
2011; 140(4):586—-604. http://doi.org/10.1037/a0024310. [PubMed: 21806308]

Hard BM, Tversky B, Lang D. Making sense of abstract events: Building event schemas. Memory &
Cognition. 2006; 34(6):1221-1235. [PubMed: 17225504]

Hespos SJ, Grossman SR, Saylor MM. Infants’ ability to parse continuous actions: Further evidence.
Neural Networks. 2010; 23(8-9):1026-1032. http://doi.org/10.1016/j.neunet.2010.07.010.
[PubMed: 20729035]

Hespos SJ, Saylor M, Grossman S. Infants’ ability to parse continuous actions. Developmental
Psychology. 2009; 45(2):575-585. http://doi.org/10.1037/a0014145. [PubMed: 19271840]

Humphreys GW, Forde EME. Disordered action schema and action disorganisation syndrome.
Cognitive Neuropsychology. 1998; 15(6-8):771-811.

Kaplan, EF.; Goodglass, H.; Weintraub, S. The Boston naming test. Philadelphia: Lea & Febiger;
1983.

Koechlin E, Corrado G, Pietrini P, Grafman J. Dissociating the role of the medial and lateral anterior
prefrontal cortex in human planning. Proceedings of the National Academy of Sciences. 2000;
97(13):7651-7656.

Krueger F, Barbey A, Grafman J. The medial prefrontal cortex mediates social event knowledge.
Trends in Cognitive Sciences. 2009; 13(3):103-109. http://doi.org/10.1016/j.tics.2008.12.005.
[PubMed: 19223228]

Krueger F, Moll J, Zahn R, Heinecke A, Grafman J. Event frequency modulates the processing of
daily life activities in human medial prefrontal cortex. Cerebral Cortex. 2007; 17(10):2346-2353.
[PubMed: 17190970]

Kurby CA, Zacks JM. Age differences in the perception of hierarchical structure in events. Memory &
Cognition. 2011; 39(1):75-91. [PubMed: 21264613]

Lassiter GD, Slaw RD. The unitization and memory of events. Journal of Experimental Psychology:
General. 1991; 120(1):80-82.

Newtson D. Attribution and the unit of perception of ongoing behavior. Journal of Personality and
Social Psychology. 1973; 28(1):28-38.

Newtson, D. Foundations of attribution: The perception of ongoing behavior. In: Harvey, JH.; Ickes,
WJ.; Kidd, RF., editors. New directions in attribution research. Hillsdale, New Jersey: Lawrence
Erlbaum Associates; 1976. p. 223-248.

Partiot A, Grafman J, Sadato N, Flitman S, Wild K. Brain activation during script event processing.
Neuroreport. 1996; 7(3):761-766. [PubMed: 8733740]

Cortex. Author manuscript; available in PMC 2017 January 01.


http://doi.org/10.1093/cercor/bhs153
http://doi.org/10.1037/a0024310
http://doi.org/10.1016/j.neunet.2010.07.010
http://doi.org/10.1037/a0014145
http://doi.org/10.1016/j.tics.2008.12.005

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zacks et al.

Page 17

Patterson K, Nestor PJ, Rogers TT. Where do you know what you know? The representation of
semantic knowledge in the human brain. Nature Reviews Neuroscience. 2007; 8(12):976-987.
http://doi.org/10.1038/nrn2277. [PubMed: 18026167]

Radvansky GA, Tamplin AK, Krawietz SA. Walking through doorways causes forgetting:
Environmental integration. Psychonomic Bulletin & Review. 2010; 17(6):900-904. http://doi.org/
10.3758/PBR.17.6.900. [PubMed: 21169587]

Radvansky, GA.; Zacks, JM. Event Cognition. New York: Oxford University Press; 2014.

Raymont V, Greathouse A, Reding K, Lipsky R, Salazar A, Grafman J. Demographic, structural and
genetic predictors of late cognitive decline after penetrating head injury. Brain. 2008; 131(2):543-
558. http://doi.org/10.1093/brain/awm300. [PubMed: 18094019]

Raymont V, Salazar AM, Krueger F, Grafman J. “Studying Injured Minds” - The Vietnam Head Injury
Study and 40 Years of Brain Injury Research. Frontiers in Neurology. 2011; 2 http://doi.org/
10.3389/fneur.2011.00015.

Rosen V, Caplan L, Sheesley L, Rodriguez R, Grafman J. An examination of daily activities and their
scripts across the adult lifespan. Behavioral Research Methods & Computers. 2003; 35(1):32-48.

Rubin DC, Umanath S. Event memory: A theory of memory for laboratory, autobiographical, and
fictional events. Psychological Review. 2015; 122(1):1-23. http://doi.org/10.1037/a0037907.
[PubMed: 25330330]

Sargent JQ, Zacks JM, Hambrick DZ, Zacks RT, Kurby CA, Bailey HR, Beck TM. Event
segmentation ability uniquely predicts event memory. Cognition. 2013; 129(2):241-255. http://
doi.org/10.1016/j.cognition.2013.07.002. [PubMed: 23942350]

Schacter, DL.; Tulving, E. Memory systems 1994. Cambridge, Mass: MIT Press; 1994.

Schwan S, Garsoffky B, Hesse FW. Do film cuts facilitate the perceptual and cognitive organization of
activity sequences? Memory & Cognition. 2000; 28(2):214-223. [PubMed: 10790977]

Schwartz MF. Re-examining the role of executive functions in routine action production. Annals of the
New York Academy of Sciences. 1995; 769 321-321-35.

Sharon T, Wynn K. Individuation of actions from continuous motion. Psychological Science. 1998;
9(5):357-362.

Sirigu A, Zalla T, Pillon B, Grafman J, Agid Y, Dubois B. Selective impairments in managerial
knowledge following pre-frontal cortex damage. Cortex. 1995; 31(2):301-316. [PubMed:
7555008]

Sirigu A, Zalla T, Pillon B, Grafman J, Dubois B, Agid Y. Planning and script analysis following
prefrontal lobe lesions. Annals of the New York Academy of Sciences. 1995; 769 ix 411.

Solomon J, Raymont V, Braun A, Butman JA, Grafman J. User-friendly software for the analysis of
brain lesions (ABLe). Computer Methods and Programs in Biomedicine. 2007; 86(3):245-254.
http://doi.org/10.1016/j.cmpb.2007.02.006. [PubMed: 17408802]

Speer NK, Reynolds JR, Zacks JM. Human brain activity time-locked to narrative event boundaries.
Psychological Science. 2007; 18(5):449-455. [PubMed: 17576286]

Speer NK, Swallow KM, Zacks JM. Activation of human motion processing areas during event
perception. Cognitive, Affective & Behavioral Neuroscience. 2003; 3(4):335-345.

Tingley, D.; Yamamoto, T.; Hirose, K.; Keele, L.; Imai, K. Mediation: R package for causal mediation
analysis. 2014. Retrieved from http://dspace.mit.edu/handle/1721.1/91154

Van Essen D. A Population-Average, Landmark- and Surface-based (PALS) atlas of human cerebral
cortex. Neuroimage. 2005; 28(3):635-662. [PubMed: 16172003]

Warrington, EK.; James, M. The visual object and space perception battery. Bury St Edmunds:
Thames Valley Test Company; 1991. Retrieved from http://www.opengrey.eu/item/display/
10068/614948

Wechsler, D. Wechsler Memory Scale (3rd ed.): Administration and scoring manual. San Antonio,
TX: Psychological Corporation; 1997.

Whitney C, Huber W, Klann J, Weis S, Krach S, Kircher T. Neural correlates of narrative shifts during
auditory story comprehension. Neurolmage. 2009; 47(1):360-366. http://doi.org/10.1016/
j.neuroimage.2009.04.037. [PubMed: 19376237]

Cortex. Author manuscript; available in PMC 2017 January 01.


http://doi.org/10.1038/nrn2277
http://doi.org/10.3758/PBR.17.6.900
http://doi.org/10.3758/PBR.17.6.900
http://doi.org/10.1093/brain/awm300
http://doi.org/10.3389/fneur.2011.00015
http://doi.org/10.3389/fneur.2011.00015
http://doi.org/10.1037/a0037907
http://doi.org/10.1016/j.cognition.2013.07.002
http://doi.org/10.1016/j.cognition.2013.07.002
http://doi.org/10.1016/j.cmpb.2007.02.006
http://dspace.mit.edu/handle/1721.1/91154
http://www.opengrey.eu/item/display/10068/614948
http://www.opengrey.eu/item/display/10068/614948
http://doi.org/10.1016/j.neuroimage.2009.04.037
http://doi.org/10.1016/j.neuroimage.2009.04.037

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuep Joyiny

Zacks et al.

Page 18

Zacks JM. Using movement and intentions to understand simple events. Cognitive Science. 2004;
28(6):979-1008.

Zacks JM, Braver TS, Sheridan MA, Donaldson DI, Snyder AZ, Ollinger JM, Raichle ME. Human
brain activity time-locked to perceptual event boundaries. Nature Neuroscience. 2001; 4(6):651—
655. [PubMed: 11369948]

Zacks JM, Kurby CA, Eisenberg ML, Haroutunian N. Prediction error associated with the perceptual
segmentation of naturalistic events. Journal of Cognitive Neuroscience. 2011; 23:4057-4066.
http://doi.org/10.1162/jocn_a_00078. [PubMed: 21671745]

Zacks JM, Speer NK, Reynolds JR. Segmentation in reading and film comprehension. Journal of
Experimental Psychology: General. 2009; 138(2):307-327. [PubMed: 19397386]

Zacks JM, Speer NK, Swallow KM, Braver TS, Reynolds JR. Event perception: A mind-brain
perspective. Psychological Bulletin. 2007; 133(2):273-293. [PubMed: 17338600]

Zacks JM, Speer NK, Vettel JM, Jacoby LL. Event understanding and memory in healthy aging and
dementia of the Alzheimer type. Psychology & Aging. 2006; 21(3):466-482. [PubMed: 16953710]

Zacks JM, Tversky B. Structuring information interfaces for procedural learning. Journal of
Experimental Psychology: Applied. 2003; 9(2):88-100. [PubMed: 12877269]

Zacks JM, Tversky B, lyer G. Perceiving, remembering, and communicating structure in events.
Journal of Experimental Psychology: General. 2001; 130(1):29-58. [PubMed: 11293458]

Zalla T, Labruyere N, Georgieff N. Perceiving goals and actions in individuals with autism spectrum
disorders. Journal of Autism and Developmental Disorders. 2013; 43(10):2353-2365. http://
doi.org/10.1007/s10803-013-1784-0. [PubMed: 23420086]

Zalla, T.; Pradat-Diehl, P.; Monmart, V.; Sirigu, A. Action segmentation in patients with frontal lobe
damage: Losing the forest for the trees. In: Ivry, R.; Kanwisher, N.; Movshon, JA.; Rugg, M.;
Spelke, E., editors. Cognitive Neuroscience. San Francisco: Cognitive Neuroscience Society;
2000. p. 115

Zalla T, Verlut I, Franck N, Puzenat D, Sirigu A. Perception of dynamic action in patients with
schizophrenia. Psychiatry Research. 2004; 128(1):39. [PubMed: 15450913]

Cortex. Author manuscript; available in PMC 2017 January 01.


http://doi.org/10.1162/jocn_a_00078
http://doi.org/10.1007/s10803-013-1784-0
http://doi.org/10.1007/s10803-013-1784-0

1duosnue Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Zacks et al. Page 19

Nonsocial Social

Breakfast

Library

Figure 1.
Example frames from movies of four everyday activities performed with one actor

(nonsocial; left column) or two actors (social; right column).
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Figure 2.
Distribution of lesion overlap projected onto an MNI-registered anatomical image and

thresholded to show only voxels where more than 4 patients’ CT images showed damage.
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Figure 3.
A. Event segmentation agreement was poorer for patients with TBI than controls, and this

difference was larger for coarse than for fine segmentation. B. However, larger lesion
volume was associated with greater impairment for fine but not coarse segmentation. (For
all figures, boxplots show the first, second, and third quartiles as the box, the range trimmed
to 1.58 times the inter-quartile range as the whiskers, and the outliers as dots. Scatterplots
show linear fits with 95% confidence intervals.)
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Figure 4.

A. Overall the pTBI group recognized fewer pictures than the control group, and pictures
from movies with two actors (social) were recognized less well than movies with one actor
(nonsocial). B. Patients with larger lesions due to TBI had poorer recognition memory for

movies of everyday activities, which accounted for the group difference seen in A.
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A. Overall the pTBI group made more order memory errors than the control group. B.
Patients with larger lesions due to TBI made more errors, which accounted for the group

difference seen in A..
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Figure 6.
Correlations between mean participant scores on fine and coarse segmentation agreement,

recognition memory, and order memory.
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Figure 7.
Segmentation agreement was significantly impaired in patients with lesions in vmPFC,

dIPFC, RSP, and outside the a priori regions of interest, and the impairments were larger for
coarse than for fine segmentation in vmPFC and in regions outside the regions of interest.
Points are estimates from mixed linear models for hypothetical participants with lesions in
only one region of interest; error bars are 95% confidence intervals.

Cortex. Author manuscript; available in PMC 2017 January 01.



Page 26

Zacks et al.

aANoax3 uejde-sijaq :S43M-A 1sa1 BulweN uoisog 1 Ng ‘Alowusauj uoissaidaq yoag :1ag ‘1sal bui

‘paleIAaIqae-a]eds AIOWaIAl J3[SUIBAA SINM ‘uondadiad aoeds pue 103[gO [ensIA :dSOA ‘WalsAS uonouny

11enb s82104 pawly 11 O4V ‘[0u0d painfuluou :JN ‘Ainful ureiq anewnesy buiessuad :jg1d

T 6807 09'€T 8riv 0 LTI 9'6  g8€ (81025 payeds ‘SINM) Alowsw wis)-Huo
14 GT 022l €967 0 20T 0Z'%T v¥6T (81025 €101 ‘dSOA) BuIUBaI0S [ensIA
? S88 G9'lT €09 0 v92T LIT'[Z €69 3[eds Buney [eJoIneySgOINSN
z ez g8 9UT- T L'z 8'0T- €70-  (P3Ieds Jo 20uaIHIP ‘SHIM-A) Bunfew)rel |
Z 98¢  6T'C 8LTT 0 vze 8T'T  ¢/6 (24008 pajeds ‘s434-a) Aousni4 Aiobared
¢ 85¢  6T'¥ TKOT 0 99¢ 6T'T 9.8 (21005 payess ‘s434-) Aousnid Jape
¢ 18T I/T'9 8Ll 0 6T¢ LT'T 6807 (e100s payess ‘s33%-q) Buros
¢ v8€ 0997 69'GS 0 €L 09'vT 8G€S (21005 [e303 ' L NG) Butwreu piopm
Z 198 620 60T 0 5. €0 6vL (04035 [B30} '|Qg) uoissaida@
Z v6ST 6L6T <CTTL 0 I¥'se 86T €5SS (sInusouad
104V) aouabijaui [essuab Ainfui-1sod
TT /99T G6'0v  [8TL AR 74 66T 8759 (aInusasad
1 04V) douabijaiui jesauab Aunfui-aid
Z STz 817l €06T 0 STz 0Z'0T v9¥T UOIEINP3 JO SIBDA
T S8E€ 6L'6S 8TE9 0 167 1865 GEEY abv
BuissiN as obuey uesiN  Buissin as obuey uespy
ON 1g.1d
sonsnels alydesbowag
T 8lqel

Author Manuscript

Author Manuscript

Author Manuscript

Author Manuscript

Cortex. Author manuscript; available in PMC 2017 January 01.



1duosnue Joyiny 1duosnuen Joyiny 1duasnuen Joyiny

1duasnuen Joyiny

Zacks et al. Page 27

Table 2

Overview of Data Collection

. Prior to study: Premorbid Armed Forces Qualifying Test (AFQT)
. Phase 111 (2003-2006): Computer Tomography (CT) imaging
«  Phase IV (2008-2012):

- Psychometric battery

4 Beck Depression Inventory, Boston Naming Test, the Delis-Kaplan Executive function System, Visual Object and
Space Perception Battery, and the Wechsler Memory Scale Il1-abbreviated.

- Session 1
¢ For each of 4 movies:
. Segmentation at coarse or fine grain (counterbalanced)
. Recognition memory
. Order Memory
- Session 2
4 For each of 4 movies:

. Segmentation at fine or coarse grain
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Distribution of Lesion Locations in Penetrating Traumatic Brain Injury Patients

Table 3

Region of Interest Count
vmPFC only 2
dIPFC only 8
RSP only 10
vmPFC + dIPFC 13
dIPFC + RSP 2
vmPFC +dIPFC + RSP 1
Total vmPFC 16
Total dIPFC 24
Total RSP 13
Other 80
CT not available 7

Page 28

vmPFC: ventromedial prefrontal cortex; dIPFC: dorsolateral prefrontal cortex; RSP: right superior posterior cortex; CT: computed tomography.
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Table 4

Summary of Key Results

Segmentation agreement

. Impaired in pTBI
. More impaired with larger lesions

. Effects on coarse segmentation somewhat regionally selective

Recognition memory
. Impaired in pTBI with larger lesions

Order memory
. Impaired in pTBI with larger lesions
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