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Abstract

We applied the Item Specific Deficit Approach (ISDA) to California Verbal Learning Test data
obtained from 56 severe, acceleration-deceleration CHI participants and 62 controls. The CHI
group demonstrated deficits on all ISDA indices in comparison to controls. Regression analyses
indicated that encoding deficits, followed by consolidation deficits, accounted for most of the
variance in delayed recall. Additionally, level of acquisition played a partial role in CHI-
associated consolidation difficulties. Finally, CHI encoding deficits were largely driven by low
semantic clustering during list learning. These results suggest that encoding (primary) and
consolidation (secondary) deficits account for CHI-associated verbal memory impairment.
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Episodic verbal memory impairment is among the most profound cognitive deficit produced
by closed-head injury (CHI; Mateer, Sohlberg, & Crinean, 1987) and is a robust predictor of
unemployment in this population (Brooks, Campsie, Symington, Beattie, & McKinlay,
1987). Studies examining the memory profile of CHI have yielded mixed results, with some
suggesting a prominent role for encoding deficits and others suggesting greater
consolidation and/or retrieval deficits (Curtiss, Vanderploeg, Spencer, & Salazar, 2001,
DeLuca, Schulteis, Madigan, Christodoulou, & Averill, 2000; Vanderploeg, Crowell, &
Curtiss, 2001). Although the processes of encoding, consolidation, and retrieval partially
overlap, distinctions have been found among them (e.g., Bernard, Desgranges, Platel, Baron,
& Eustache, 2001; Greicius et al., 2003; Nyberg et al., 1996; Tulving & Osler 1968; Tulving
& Thompson, 1973), with these temporally graded memory processes being partially
subserved by separable neuroanatomical units (see Bernard et al., 2001; Greicius et al.,
2003; Nielsen-Bohlman & Knight, 1994; Nyberg, Forkstam, Petersson, Cabeza, & Ingvar,
2002; Tulving & Markowitsch, 1998; Nyberg et al., 1996).

Research utilizing traditional memory process indices often contradicts quasi-experimental
studies (e.g., Vanderploeg et al., 2001 vs. DeLuca et al., 2000). While quasi-experimental
designs may lack the precision to clearly identify specific types of memory deficits, they are

Correspondence: Matthew J. Wright, Harbor-UCLA Medical Center, 1124 W. Carson St., B-4 South, Torrance, California 90502,
USA (mwright@labiomed.org).



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wright et al.

Page 2

more likely to produce more reliable results than studies purely based on traditional memory
process indices. Traditional measures of encoding have included learning slope, total
learning score, and recall differences between the first and last learning trials. However,
these indices are calculated by including performance on learning trial 1. Unfortunately,
CHl-related inattention can impair trial 1 scores on list-learning tests (Wiegner & Donders,
1999). Indeed, we found evidence that inattention is associated with total learning in a
mixed neurological sample (Wright et al., 2009).

Consolidation deficits are often indexed using forgetting rate. Here, reduced scores on
delayed recall compared to the last learning trial is considered to indicate rapid forgetting
and, thus, a consolidation deficit. However, this assumes that words remembered at the two
comparison points are from the same pool of encoded items. Specifically, different items
may be remembered at the last learning trial than at delayed recall, which may be more
indicative of a deficit in retrieval than consolidation. Additionally, the assumption that lower
scores on delayed recall than during learning reflects poor consolidation, rather than
retrieval difficulties, is also problematic. In a recent study, we found that forgetting rate and
an index of retrieval ability (recognition discriminability-free recall discrepancy) were
moderately correlated in a mixed neurological sample (Wright et al., 2009). Therefore, the
forgetting rate index is contaminated by retrieval processes. Another measure that has been
used as an indicator of consolidation is proactive interference (PI). Pl compares the initial
recall of a second list (B) in contrast to the initial recall of a preceding list (A). This measure
refers to the normative detriment of new learning following recent learning and is suggested
to reflect ongoing consolidation of previously presented information. Thus, lower Pl scores
are thought to represent disrupted consolidation of the first list. However, Pl is likely to be
invalid as a measure of consolidation for CHI participants, whose attention difficulties likely
impair trial 1 recall of both lists (Wiegner & Donders, 1999).

Recognition discriminability-free recall discrepancies have been used to represent retrieval
deficits (Duchnick, Vanderploeg, & Curtiss, 2002; Vanderploeg et al., 2001). However,
Wilde, Boake, and Sherer (1995) showed that results using this measure did not correlate
with other indicators of retrieval ability (semantically cued recall and recall consistency
across learning trials) in CHI participants. In addition, comparing recall to recognition is
problematic, as the processes are not equivalent; recall is a product of recollection, whereas
recognition performances are comprised of both recollection and familiarity (see Aggleton
& Brown, 2006).

Methodological, sampling, and definitional issues in CHI memory research make it difficult
to determine a specific memory profile. For example, there is great heterogeneity in the
etiology and neuropathological consequences of traumatic brain injury [National Institutes
of Health (NIH), 1999; Williamson et al., 1996]. CHI is most often due to acceleration-
deceleration events (e.g., motor-vehicle accidents; Esselman & Uomoto, 1995; King, 1997;
NIH, 1999; Williamson, Scott, & Adams, 1996), which typically results in diffuse axonal
injury (Adams et al., 1989; Adams & Jennett, 2001; Abou-Hamden et al., 1997), although
lesions to the ventral frontal and ventral anterior medial temporal areas are fairly common as
well (Williamson, Scott, & Adams, 1996; Wilson, Hadlet, Wiedmann, & Teasdale, 1995).
Some studies include CHI participants with differing etiologies and injury severities, which
likely contributes to the mixed findings in this area of research (see Nakayama, Okumura,
Shinoda, Nakashima, & Iwama, 2006; Wallesch et al., 2001). Moreover, differences of
opinion with regard to what evidence constitutes a specific memory deficit further
complicates matters as it does in other areas in memory research (e.g., experimental
amnesia; see Miller & Matzel, 2006; Nader, 2006; Squire, 2006;).
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Despite these issues, some consistent themes have emerged. Several studies strongly suggest
that verbal memory dysfunction in CHI results from encoding deficits. CHI participants
show a decreased learning curve (Blachstein, Vakil, & Hoofien, 1993), reduced semantic
clustering (Stallings, Boake, & Sherer, 1995), and lack of spontaneous strategy use during
list-learning (Levin & Goldstein, 1986) compared to controls. One of the most compelling
pieces of evidence for an encoding deficit was provided by DelLuca et al. (2000). In this
study, moderate-to-severe CHI participants and demographically matched controls were
administered a modified version of the Selective Reminding Test (SRT; Buschke, 1973), in
which all of the items were semantically related. Unrecalled items were presented until all
10 words were recalled on two consecutive trials over a maximum of 15 trials. Seventy
percent of the CHI participants (CHI-MET) were able to meet acquisition criteria. The CHI-
MET group did not differ in delayed recall or recognition scores from controls but required
more learning trials to learn the list of words. Overall, these findings suggest that CHI-
associated memory dysfunction results from an encoding deficit.

Other research indicates that CHI participants have a consolidation deficit. Vanderploeg et
al. (2001) examined performances of moderate-to-severe CHI participants and healthy
acquisition- and demographics- matched control groups on common indices derived from
the California Verbal Learning Test (CVLT; Delis, Kramer, Kaplan, & Ober, 1987). They
found accelerated forgetting rate for the CHI group as compared to both control groups. In
addition, demographically matched controls showed more PI than the CHI group. No
differences in encoding (trial 1-5 recall differences; learning slope) or retrieval (i.e., cued-
free recall differences; recognition discriminability-free recall discrepancies) were detected.
It was suggested that the lower Pl and greater forgetting rate exhibited by the CHI
participants indicated that their verbal memory impairment is primarily driven by a
consolidation deficit.

Other investigators addressed the possibility of retrieval deficits following CHI. This work
suggests that a relatively small number of CHI participants suffer from retrieval difficulties
(Duchnick, Vanderploeg, & Curtiss, 2002; Curtiss et al., 2001), although these data are
largely based on recognition-recall discrepancies. In contrast, using the directed forgetting
paradigm (see Basden & Basden 1996; Basden, Basden, & Gargano, 1993), a method for
examining inhibitory and retrieval mechanisms (Basden, Basden, & Wright, 2003), we
found that severe CHI participants exhibited similar memory retrieval abilities as controls,
despite displaying impaired recall performances (Schmitter-Edgecombe, Marks, Wright, &,
Ventura, 2004).

While traditional indices reflect aspects of the memory process in CHI participants, they are
influenced by inattention, provide inadequate distinctions between estimates of
consolidation and retrieval, and result in different conclusions in comparison to quasi-
experimental manipulations. We recently developed an item analytic method (the Item
Specific Deficit Approach; ISDA; see Wright et al., 2009) that provides separable estimates
of encoding, consolidation and retrieval ability within the same list-learning test. Each index
is distinguished by specific, independent patterns of item recall across learning and/or
delayed recall trials (see below). The ISDA was found to be relatively unaffected by
inattention and demonstrated adequate reliability and validity when applied to the CVLT.

The primary goal of the current study was to utilize the ISDA in order to determine the
impact of deficits in encoding, consolidation, and/or retrieval in a sample of severe
acceleration-deceleration CHI participants. Secondarily, we aimed to determine how
reductions in semantic clustering during list acquisition might relate to encoding deficits.
Finally, we sought to determine the impact of encoding level on consolidation difficulties.

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2011 August 1.
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Data were collected from 63 CHI participants and 63 healthy, age- and education-matched
control participants. All participants’ consented to voluntary participation in institutional
review board (IRB) approved studies conducted between 1993 and 2004 in Tennessee
(Memphis area) or Washington (Spokane/Pullman area). We evaluated symptom validity via
two indices derived from the CVLT (recognition discriminability and a discriminant
function; see Millis, Putnam, Adams, & Ricker, 1995). Using failure on both indices as an
indicator of poor effort, we excluded 7 CHI participants and one control participant from our
sample. This resulted in a CHI group comprised of 56 participants and a control group with
62 participants. There were no significant differences between the groups in age, education,
estimated 1Q, or sex ratio (see Table 1), although the control group contained a larger
proportion of minority participants. None of the participants had a significant history of
alcohol abuse or illicit substance use. We excluded CHI participants who were younger than
15 years or older than 55 years at the time of injury to control for possible developmental
effects. All CHIs resulted from acceleration-deceleration incidents (46 motor vehicle
accidents, 8 long falls, 2 pedestrian-automobile collisions). Per medical records (n=54) and/
or careful clinical interviewing of participants and a reliable informant (n=56), all CHI
participants suffered severe injuries, as indicated by a posttraumatic amnesia >7 days (n=44,
M=75.94 days, SD=90.86, range=12.00-547.50 days), and/or a loss of consciousness >36
hrs (n=46, M=817.69hrs, SD=785.49, range=12.00-2,928hrs) (Williamson et al., 1996). All
CHI participants were tested at least one year post injury (M=8.20yrs, SD=7.39, range=1—
28yrs). Individuals with multiple brain injuries, open head injuries, or other neurological
(e.g., stroke, epilepsy, multiple sclerosis) or psychiatric conditions (e.g., depression,
psychosis, substance abuse/dependence) discovered during record review or participant and
informant interview were excluded.

The CVLT was administered in accordance with standard instructions (Delis et al., 1987).
The CVLT is a verbal list-learning test comprised of 16 items that can be grouped into four
semantic categories. The list is presented orally to participants over five learning trials.
Subsequently, a distractor list is presented and participants are asked to recall the distractor
items. Following the distractor trial, participants are administered a short-delayed free recall
test, a short-delayed cued recall test, a long-delayed (20-minute) free recall test, a long-
delayed cued recall test, and a recognition trial. All CVLT data were coded at the item level.

The ISDA was applied to the CVLT data to derive indices of encoding, consolidation, and
retrieval deficits. In a mixed sample of healthy and neurologically compromised participants
the ISDA demonstrated several strengths in contrast to traditional memory process indices
when applied to CVLT (see Wright et al., 2009). These strengths included an encoding
deficit index that was relatively unaffected by attention deficits, separable consolidation and
retrieval deficit indices, adequate internal consistency for the characterization of memory
impairments, and greater predictive validity in terms of discriminating neurological
compromise and impaired performance on the Logical Memory subtest of the WMS-I11
(Wechsler, 1997). The benefits of the ISDA are largely due to the use of item level patterns
of recall. As discussed in greater detail below, item level analyses allow for greater
specificity for characterizing participant performances as opposed the total scores used to
calculate traditional memory process indices.

The ISDA encoding index reflects low acquisition across learning trials. Here, items recalled
less then three times across the five learning trials [the lower half of possible recall

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wright et al.

Page 5

outcomes (0, 1, 2) for a given item during list learning] were summed (maximum value =
16). The greater this value, the greater the encoding difficulties are presumed to be. The
ISDA encoding deficit index is not particularly reliant on any given learning trial, so it is
less likely to be affected by inattention in comparison to more traditional encoding/
acquisition indices. Specifically, previous work showed that the ISDA encoding deficit
index was not associated with impaired auditory attention (Digit Span), while total learning
was related with attention (Wright et al., 2009).

As consolidation deficits are commonly defined by a loss of previously learned material, the
ISDA consolidation index is calculated via summing the individual items that were recalled
during list learning, but not recalled on any subsequent cued or free recall trial. Therefore,
this index is more likely to reflect a loss of encoded information rather than retrieval
failures. To control for possible acquisition differences between groups, the consolidation
index was divided by the sum of the individual items recalled during list learning. Although
retrieval difficulties can theoretically result in a persistent inability to recall a given piece of
information, we reasoned that inconsistent recall was probably the most reliable way to
assess retrieval deficits.

Within the framework of the ISDA, retrieval deficits are operationally defined as an
inconsistent ability to access stored information. That said the ISDA retrieval index was
calculated by summing the individual items that were recalled during list learning but
inconsistently recalled across delayed recall trials. This value was divided by the sum of the
individual items recalled during list learning to control for acquisition level. Since the
consistency of individual list items is tracked across delayed recall trials, this index is more
likely to reflect retrieval problems with less concern about contamination from consolidation
difficulties.

We have previously shown that the ISDA consolidation deficit index is unrelated to the
ISDA retrieval deficit index, in contrast to traditional indices of consolidation (forgetting/
retention) and retrieval (recognition—recall discrepancies) that were moderately associated
with each other (Wright et al., 2009). The ISDA makes use of item level performances
across delayed recall trials to provided separable patterns of performance suggestive of
consolidation and retrieval difficulties. With regard to the ISDA, each encoded item has
three possible delayed recall patterns: 1) the item can be lost at all delayed recall trials (a
consolidation problem); 2) variably recalled across delayed recall trials (a retrieval
problem); 3) consistently recalled across delayed recall trials (intact recall). The item
outcomes for the first two patterns are summed to provide the ISDA consolidation and
retrieval deficit indices, respectively. Also, as mentioned above, these values can be divided
by the sum of the individual items recalled during list learning to control for differing
acquisition levels.

To investigate the role of clustering in possible encoding deficits, semantic and serial
clustering scores were calculated for each of the learning trials of the CVLT. Serial
clustering is an inferior learning strategy compared to semantic clustering (Delis et al., 1987;
Forrester & King, 1971). Semantic and serial clustering indices were derived from the list-
based equations presented in Stricker, Brown, Wixted, Baldo, and Delis (2002).

Finally, to investigate the role of the level of encoding in the development of consolidation
difficulties, modified ISDA consolidation indices were calculated. Specifically,
consolidation deficit indices were calculated for both high acquisition (items recalled 4 or 5
times during learning) and low acquisition (items recalled 1 or 2 times during learning)
items.

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wright et al. Page 6

Data Analysis

A significance level of a<0.05 was adopted, unless otherwise stated. Group differences in
demographics and memory performances were evaluated with either t-tests or chi-square
analyses. Acquisition corrections to the consolidation and retrieval indices resulted in
proportion data. Proportions can artificially reduce variance (see Keppel & Wickens, 2004).
For this reason, arcsine-transformed ISDA consolidation and retrieval indices were
analyzed. These results did not differ from those obtained with the untransformed values.
Therefore, results from untransformed data are presented. Following the determination of
verbal memory impairment and specific memory process deficits, hierarchical regression
was utilized to determine the impact of memory process deficits on delayed free recall
performance of the CHI group. The predictors were entered into the model based on their
temporal relationship with each other (i.e., 1. encoding, 2. consolidation, 3. retrieval).
Mixed-model ANOVAs were conducted to determine between-group differences in serial
and semantic clustering, as well as within-subject differences in clustering over learning
trials. Significant within-subjects trial effects were followed up using paired samples t-tests,
with Bonferroni corrected p-values. Subsequent to demonstrating declines in semantic
clustering in the CHI group, multiple linear regression was used to determine if average
semantic clustering and total change in semantic clustering during list learning (the sum
trial-to-trial differences in clustering) predicted encoding deficits in the CHI group. Finally,
a mixed-model ANOVA was used to determine if the level of item acquisition (high vs. low)
affected consolidation difficulties exhibited by the CHI and control participants.

RESULTS

Sample Characteristics

As can be seen in Table 1, the CHI and controls groups were well matched in age,
education, estimated premorbid 1Q, and sex ratio. The control group contained a larger
proportion of minority participants than the CHI group. However, the controls outperformed
the CHI group on the CVLT (see below). Hours of posttraumatic amnesia (PTA), years of
age, and years post injury were not significantly correlated with CVLT Trials 1-5 Recall (r=
—.19, —.21, —.05, respectively; ps> .13), Short-Delay Free Recall (r=—.18, —.12, .08,
respectively; ps>.23), nor Long-Delay Free Recall (r=—.23, —.14, .05, respectively; ps> .14)
in our CHI group, consistent with the work of Chu et al. (2007) who showed that PTA and
age at injury no longer predicted total learning performances on the Rey Auditory Verbal
Learning Test beyond one year post injury via mixed-effects modeling in a longitudinal
study including a sample of 794 traumatic brain injury survivors.

Memory Performances

The CHI group performed significantly worse than the controls across all of the major
indices of the CVLT (see Table 1), with effect sizes ranging from medium to large.
Additionally, the CHI group exhibited greater deficits on all of the ISDA indices than the
controls, with the group difference on the encoding deficit index representing a large effect
and the group differences on the consolidation and retrieval deficit indices indicating
medium effects. It should be noted that acquisition-corrected values were used for the
consolidation and retrieval deficit indices to control for CHI-related encoding difficulties.

Impact of Memory Process Deficits

Acquisition-corrected values were not used in the regression analyses, since no group
comparisons were made. The raw ISDA indices were not strongly associated (rs<.44). The
predictors were ordered in the regression by their natural temporal relationship (i.e., 1.
encoding, 2. consolidation, 3. retrieval). The encoding index significantly predicted long-

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wright et al.

Page 7

delayed free recall (Model 1), FA(1, 54)=93.42, accounting for 63% of the variance (see
Table 2). The consolidation index added significant predictive power to the model (Model
2), FA(1, 53)=32.39, accounting for an additional 14% of the variance. The retrieval index
added marginal predictive power to the model (see Model 3), FA(1, 52)=5.19, accounting
for an additional 2% of the variance. Overall, the ISDA encoding and consolidation indices
(Model 2) were the most notable predictors of delayed recall in the CHI group.

Role of Clustering in Encoding Deficits

To determine any between- or within-group differences in serial clustering over learning
trials, a 2 (group) x 5 (learning trial) ANOVA, with repeated measures on the last factor,
was conducted. No effect of group, trial, or group X trial interaction was detected, Fs< 2.34.
These findings indicate that CHI participants (trial 1, M=.33, SD=.77; trial 2, M=.34, SD=.
97; trial 3, M=.41, SD=.98; trial 4, M=.48, SD=1.22; trial 5, M=.80, SD=1.40) and controls
(trial 1, M=.14, SD=.74; trial 2, M=.26, SD=.96; trial 3, M=.27, SD=1.22; trial 4, M=.31,
SD=1.31; trial 5, M=.33, SD=1.35) demonstrated similar patterns of serial clustering over
the learning trials.

The same analysis was completed for semantic clustering and this revealed a significant
effect of group, F(1,116)=7.29, MSe=24.05, an:.OG; trial, F(4,116)=39.09, MSe=2.43, an:.
25; and a significant group x trial interaction, F(4,116)=2.99, MSe=2.43, an:.OS. Follow-up
paired samples t-tests (Bonferroni correction: a < .0125) revealed that the controls showed
significantly improved semantic clustering between trials 1 and 2, (trial 1, M=.90, SD=1.71;
trial 2, M=1.63, SD=2.60), t(1,61)=—3.02, d=.33; trials 2 and 3, (trial 3, M=2.20, SD=2.96),
t(1,61)=—2.64, d=.20; and 3 and 4, (trial 4, M=3.41, SD=3.31), t(1,61)=—4.31, d=.39, but
their clustering remained stable between trials 4 and 5 (trial 5, M=3.53, SD=3.44), t(1,61)=
—0.46, d=.04. Conversely, the CHI group showed a significant improvement between trials 3
and 4, (trial 3, M=1.02, SD=1.70; trial 4, M=1.93, SD=2.85), t(1,55)=—2.98, d=.39, but not
between any other contiguous trials, ts<—1.69, ds<.18 (trial 1, M=.57, SD=1.31, trial 2, M=.
70, SD=1.79; trial 5, M=1.98, SD=3.09). These data indicate that the CHI participants, in
comparison to controls, suffered from impairments in the ability to initiate and utilize
semantic clustering strategies during list learning (see Figure 1).

Finally, multiple linear regression was used to determine if 1) average semantic clustering
across trials, 2) changes in semantic clustering over trials, or 3) the interaction between the
two variables predicted encoding deficits in the CHI group. The model was significant, R? =.
48, F(3,52)=15.73, although only average semantic clustering emerged as a significant
predictor, B=—1.19, t=—3.27; change in clustering, B=.02, t=—.09, and average clustering x
change in clustering, B=.01, t=—.09, were not significant predictors. It should be noted that
average semantic clustering and change in semantic clustering were not intercorrelated
(r=0.03). Overall, these results suggest that reduced semantic clustering plays a large role in
encoding deficits for verbal material in individuals with severe CHI.

Impact of Encoding on Consolidation

To determine if greater encoding benefited consolidation of list items, ISDA consolidation
deficit indices were calculated for both high acquisition (items recalled 4 or 5 times during
learning) and low acquisition (items recalled 1 or 2 times during learning); these values
reflect the median split of measurable list acquisition, as the maximum recall value for a
given item on the CVLT is 5. A 2 (group) x 2 (acquisition level) ANOVA, with repeated
measures on the last factor, revealed significant effects of group, F(1,116)=4.43, MSe=0.06,
np?=.04, and acquisition level, F(1,116)=80.03, MSe=.04, 5,?=.41, but no group x
acquisition level interaction, F<1. These results indicated group differences in consolidation
across acquisition levels and greater consolidation deficits for items acquired at a low level

J Clin Exp Neuropsychol. Author manuscript; available in PMC 2011 August 1.



1duasnuey Joyiny vd-HIN 1duasnuey Joyiny vd-HIN

1duasnuey Joyiny vd-HIN

Wright et al.

Page 8

(CHI: M=0.34, SD=0.30, control: M=0.27, SD=0.29) as opposed to a high level (CHI:
M=0.10, SD=0.15, control: M=0.04, SD=0.07) (see Figure 2). Overall, these findings suggest
that level of acquisition plays a role in consolidation difficulties, but like the hierarchical
regression results presented above, that CHI survivors exhibit consolidation difficulties
above and beyond their encoding deficits.

DISCUSSION

In the current study, the ISDA was applied to the CVLT to investigate verbal memory
dysfunction in a group of severe, acceleration-deceleration CHI participants. The ISDA is an
item level technique designed to quantify encoding, consolidation, and retrieval deficits,
with demonstrated reliability and validity (Wright et al., 2009). As expected, the CHI
participants exhibited gross verbal memory impairments on the CVLT in comparison to
controls. On the ISDA indices, the CHI group showed significant deficits in encoding (large
effect), consolidation (medium effect), and retrieval (medium effect). Deficits in encoding
and, to a lesser extent, consolidation, accounted for the majority of the variance (77%) in
CHlI participants’ long-delayed free recall; retrieval deficits played a marginal role,
accounting for only 2% of the variance. Analysis of item clustering over learning trials
indicated that encoding deficits in CHI participants were largely accounted for by reduced
initiation and use of semantic clustering. Finally, when accounting for the level of item
acquisition, we found that encoding deficits played a partial, but not complete, role in item
consolidation. Taken together, these data suggest that encoding deficits, which are driven by
reductions in strategic processing, account for the greater part of CHI-related verbal memory
impairment, while consolidation deficits play a smaller, but significant role.

In contrast to many studies utilizing traditional memory process indices derived from
standard list learning tests (e.g., forgetting rate), our findings are consistent with studies
employing quasi-experimental manipulations (DeLuca et al., 2000; Levin & Goldstein,
1986) and list learning characteristics (Blachstein et al., 1993; Stallings et al., 1995) in
suggesting that moderate to severe CHI leads to encoding deficits for verbal material. We
also found that consolidation deficits played a small, but significant role in CHI-associated
memory impairment, unlike DelLuca et al. (2000). Two important factors most likely
account for the differences between Del uca et al.’s findings and our results. First, DeLuca
et al. equated CHI and control participants on list acquisition, such that each list item was
recalled twice. Second, they employed a modified version of the SRT, in which all of the
items were semantically related. Although CHI participants have difficulty spontaneously
clustering information, they can benefit from semantic organization inherent in to-be-learned
word lists where semantic associates are in contiguous positions (Levin & Goldstein, 1986).
Acquisition control, in conjunction with semantic support, likely provided for the reduction
of consolidation deficits in DeLuca et al.’s study. Although we retrospectively matched the
control and CHI groups on acquisition, we did not provide additional memory support (e.g.,
category blocking), which likely contributed to the consolidation deficits observed in our
CHI sample.

Our sample consisted of severe CHI participants who suffered from acceleration-
deceleration injuries. The ventral frontal lobe and ventral anterior medial temporal lobe
areas have a higher probability of being damaged following CHI (Adams et al., 1989;
Wilson et al., 1995), although lesions to these areas do not uniformly occur. DAI, which
occurs in the majority of acceleration-deceleration CHI cases (Adams et al., 1989; Adams &
Jennett, 2001; Abou-Hamden et al., 1997; Bigler, 2001; Takaoka et al., 2002; Williamson et
al., 1996), can frequently be observed in the corpus callosum, the cerebral lobar white
matter, and the white matter of the dorsolateral quadrant of the midbrain (a.k.a., shearing
injury triad; Takaoka et al., 2002), and is much more evident in diffusion tensor imaging
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(Kraus et al., 2007; Wang et al., 2008). Furthermore, the severity of DAI predicts coma
duration, arousal level/fatigability, and neurocognitive and functional outcome (Adams et
al., 1989; Adams & Jennett, 2001; Auerbach, 1986; Bigler, 2001; Kraus et al., 2007; Wang
et al., 2008; Williamson et al., 1996). It has been suggested that DAI is responsible for
memory deficits following traumatic brain injury (Levine et al., 2002; Timmerman &
Brouwer, 1999). Interestingly, Fork et al. (2005) showed that DAI resulting from CHI, in
contrast to other patterns of CHI neuropathology (e.g., focal lesions), was associated with
impairments in learning and delayed recall. Convergent evidence suggesting a relationship
between diffuse white matter pathology and memory impairment has also been presented.
Interestingly, like CHI survivors, individuals with HIV-1 infection and those with multiple
sclerosis, two populations suffering from diffuse white matter disruption (Medana & Esiri,
2003), also exhibit deficits in encoding verbal material (Arnett et al., 1997; Gongvatana et
al., 2007; Scott et al., 2006; for an excellent review see Rao, 1996). The possibility that
diffuse white matter pathology may underlie certain encoding deficits suggests that novel
approaches to neurocognitive rehabilitation may hold great promise for CHI survivors, and
other neurologic populations, as recent data suggests that axonal regrowth may affect
neuropsychological recovery from severe CHI (Voss et al., 2006).

One limitation of this work is that these results may not be generalizable to other types of
traumatic brain injury (e.g., focal insult). Additionally, we only evaluated verbal episodic
memory, and results may differ for other types of material (e.g., nonverbal memory).
Finally, our analysis was limited to data collected in standard fashion via the CVLT. Other
modes of item presentation (e.g., category blocking, multimodal input, criterion driven
learning trials) may produce varied patterns of recall performances in CHI participants. In
summary, our data suggest that verbal memory impairment in severe CHI due to
acceleration-deceleration mechanisms primarily results from encoding deficits related to
reduced strategic processing, while consolidation deficits play a secondary role. As such, our
data are generally consistent with findings from quasi-experimental studies of verbal
memory in CHI.
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Figure 1.
Mean semantic clustering (£ SE) by learning trial for the CHI and control groups.
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Figure 2.
Mean ISDA consolidation deficit index values (x SE) for high (items recalled 4 or 5 times

during learning) and low (items recalled 1 or 2 times during learning) acquisition levels for
the CHI and control groups.
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Variable CHI (n=56)

Control (n=62)

Test Statistic

Effect Size

Demographics

Age (in years) 34.48 (9.97)
Age Range (in years) 19-54
Education (in years) 14.15 (2.32)
Education Range (in years)  10-20
Estimated Premorbid 1Q2 106.49 (5.94)
% Male 69.64%
% Caucasian 96.43%
CVLT Index
Trial 1 Recall 6.36 (1.93)
Trials 1-5 Recall 45.88 (11.46)
Short-Delay Free Recall 7.87 (4.04)
Long-Delay Free Recall 8.96 (3.69)

Recognition Discriminability ~ 87.35 (13.31)

ISDA Index

Encoding Deficit 6.18 (3.21)
Consolidation Deficit 0.23 (0.17)
Retrieval Deficit 0.33(0.21)

33.81 (9.98)
18-57

14.53 (1.67)
12-20
106.76 (6.17)

74.19%
69.35%

7.87 (2.27)
55.50 (10.25)
11.47 (2.87)
12.09 (2.76)

94.60 (10.44)

3.61(2.43)
0.13 (0.11)

0.21 (0.14)

t (1, 116) = 0.37

t(1,116) = 1.02

t (L, 116) = 0.24
2 (1, n=118)=0.30

(1, n=118)=14.74"

t(1, 116) = 3.89"
t(1, 116) = 4.82°
t(1,116) =5.61"
t(L, 116) =5.25"

t(1, 116) = 4,23"

t(1, 116) = 4.92"
t(1,116) = 3.95"

t(1,116) = 3.66"

d=0.07

d=0.19

d=0.04
@, =0.05
@, =0.35

d=0.72
d =0.90
d=1.05
d=0.98

d =0.62

d=0.92
d=0.71

d =0.69

Note. Table depicts the group comparisons of demographic and memory variables. Ratio data are displayed as mean values and standard deviations
(SD in parentheses) and nominal data are displayed as percentages. Group differences were assessed via t-test or chi-square. A Bonferroni
corrected significance value of o < .01 was used for the CVLT and ISDA analyses. Raw values were used for CVLT index comparisons. The ISDA
consolidation and retrieval indices were divided by the number of items gained during list-learning to control for acquisition level. CHI=Closed-
Head Injury. 1Q= Intelligence Quotient. ISDA= Item Specific Deficit Approach.

aPremorbid 1Q scores were estimated from demographic information (Barona et al., 1984).

p <0.001
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