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Abstract
Persons with multiple sclerosis (MS) suffer memory impairment, but research on the nature of
MS-related memory problems is mixed. Some have argued for a core deficit in retrieval, while
others have identified deficient initial learning as the core deficit. We used a selective reminding
paradigm to determine whether deficient initial learning or delayed retrieval represents the
primary memory deficit in 44 persons with MS. Brain atrophy was measured from high-resolution
MRIs. Regression analyses examined the impact of brain atrophy on (a) initial learning and
delayed retrieval separately, and then (b) delayed retrieval controlling for initial learning. Brain
atrophy was negatively associated with both initial learning and delayed retrieval (ps < .01), but
brain atrophy was unrelated to retrieval when controlling for initial learning (p > .05). In addition,
brain atrophy was associated with inefficient learning across initial acquisition trials, and brain
atrophy was unrelated to delayed recall among MS subjects who successfully acquired the word
list (although such learning frequently required many exposures). Taken together, memory deficits
in MS are a result of deficits in initial learning; moreover, initial learning mediates the relationship
between brain atrophy and subsequent retrieval, thereby supporting the core learning-deficit
hypothesis of memory impairment in MS.
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INTRODUCTION
Learning and memory impairments are common among persons with Multiple Sclerosis
(MS) (Chiaravalloti & DeLuca, 2008; Thornton & Raz, 1997) with negative consequences
for employment and overall quality of life (Kessler, Cohen, Lauer, & Kausch, 1992; S. M.
Rao et al., 1991). There has been disagreement, however, over the nature of MS-related
memory impairment. Some have argued for deficient retrieval processes as the core memory
deficit (Bobholz et al., 2006; S. M. Rao et al., 1993; S. M. Rao, Leo, & St Aubin-Faubert,
1989), while others have identified inefficient initial learning as the core deficit (DeLuca,
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Barbieri-Berger, & Johnson, 1994; DeLuca, Gaudino, Diamond, Christodoulou, & Engel,
1998; Demaree, Gaudino, DeLuca, & Ricker, 2000; Thornton, Raz, & Tucke, 2002), which
secondarily results in poor performance on delayed recall tasks. Determination of the core
memory deficit is critical for development of effective treatments to address memory
impairment.

The predominance of evidence for memory impairment in MS comes from behavioral
studies that examined neuropsychological test performance (Bobholz, et al., 2006; DeLuca,
et al., 1994; DeLuca, et al., 1998; Demaree, et al., 2000; S. M. Rao, et al., 1993; Thornton, et
al., 2002). Recent MRI research estimated that brain atrophy accounts for about 10 – 15% of
the variance in performance on memory tasks of initial learning and delayed retrieval in
persons with MS (Benedict et al., 2006; Benedict et al., 2004; Christodoulou et al.,
2003;Sanfilipo, Benedict, Weinstock-Guttman, & Bakshi, 2006). Although this may appear
to suggest that MS disease-related atrophy (henceforth referred to simply as ‘MS disease’)
impacts learning and retrieval equally, the relationship between MS disease and retrieval
may actually be mediated through initial learning. That is, MS disease may impair initial
learning, which secondarily leads to poor delayed recall. As such, MS disease may not
directly impact retrieval. The current research (a) examines the relationship between MS
disease (brain atrophy) and initial learning and delayed retrieval separately, and then (b)
investigates whether initial learning mediates the relationship between MS disease and
retrieval. That is, we examined whether learning or retrieval represents the core memory
deficit in MS.

METHODS
Subjects

Subjects were 44 persons (39 women, 5 men) with MS(McDonald et al., 2001) without an
exacerbation in the last four weeks, no current corticosteroid use, and no history of serious
psychiatric illness, substance abuse, learning disability, or other neurologic condition.
Demographics were as follows: age: 44.9 ± 6.9 years; education: 16.1 ± 2.3 years; disease
duration: 10.5 ± 7.0 years; disease course: 34 relapsing-remitting, 7 secondary-progressive,
3 primary progressive. Physical disability assessed with Ambulation Index (Hauser et al.,
1983) was relatively mild (N=43, 2.3 ± 2.2). Institutional review boards at UMDNJ and the
Kessler Foundation Research Center approved this study. Informed consent was obtained
from all subjects prior to participation.

Learning and Retrieval
Initial learning and delayed retrieval were assessed with the open-trial Selective Reminding
Test (SRT) (Chiaravalloti, Balzano, Moore, & DeLuca, 2009). Subjects were presented with
a list of 10 words to learn over 15 trials, or until a learning criterion of complete recall (all
10 words) on two consecutive trials was achieved. Initial learning was defined as the total
number of words recalled across the 15 trials (SRT Total Learning). If the learning criterion
was achieved, full credit was awarded for all subsequent trials up to trial 15. Delayed
retrieval was defined as free recall of the word list after a 30-minute delay (SRT 30-Minute
Recall). For the purposes of characterizing this sample’s memory function, we compared
their Total Learning and Delayed Recall scores to a normative sample of 40 healthy controls
(age: 44.8 ± 10.2; 28 women). Relative to healthy persons, our MS sample performed below
average on both Total Learning (mean z = −0.95) and Delayed Recall (mean z = −0.77).

Brain Atrophy
Consistent with previous research (Benedict, et al., 2006; Benedict, et al., 2004), brain
atrophy was estimated with third ventricle width (TVW) defined as the distance in mm
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between the left and right boundaries of the third ventricle as imaged in the axial plane of
high-resolution 3D images of the brain acquired from magnetization prepared rapid gradient
echo (MP-RAGE) scans performed in a 3.0T Siemens Allegra scanner. Detailed procedures
are provided elsewhere (Sumowski, Chiaravalloti, Wylie, & Deluca, 2009) with high
reported interrater and intrarater reliabilities (r’s > .96). Mean TVW was 4.9 ± 2.0 mm.

Statistical Analyses
Separate hierarchical regression analyses were performed to predict initial learning (SRT
Total Learning) and delayed retrieval (SRT 30-Minute Recall), controlling for age and
education in step one, and brain atrophy (TVW) in step two. We were also interested in the
impact of brain atrophy on learning efficiency (i.e., learning curve) across the 15 SRT
learning trials. After dividing the sample into brain atrophy subgroups via a median split
(lower, higher), we performed a 2 (brain atrophy: lower, higher) × 15 (SRT Learning Trial)
repeated measures ANCOVA, controlling for age and education. The brain atrophy × SRT
Learning Trial interaction was analyzed to examine differences in learning efficiency across
levels of brain atrophy.

The aforementioned analyses evaluate the effect of MS disease on initial learning and
delayed retrieval in isolation, but we also wanted to test whether brain atrophy is uniquely
related to retrieval independent of initial learning. A second hierarchical regression was
performed predicting delayed retrieval (SRT 30-Minute Recall), with age and education
controlled for in step one, and initial learning (SRT Total Learning) and brain atrophy
(TVW) entered in a stepwise fashion in step two. If brain atrophy does not uniquely predict
retrieval, then the relationship between brain atrophy and retrieval is likely mediated through
initial learning. In a follow-up analysis, we examined correlations between initial learning
and delayed retrieval with and without controlling for brain atrophy. If MS disease does not
weaken the relationship between initial learning and retrieval, then there is little support for
a direct effect of MS disease on retrieval processes.

As described above, subjects practiced the SRT word list until either (a) the learning
criterion was met, or (b) 15 learning trials were administered. This procedure afforded
multiple opportunities to learn the word list. After identifying a subgroup of subjects (n=38)
who met the learning criterion, we reanalyzed the hierarchical regression predicting delayed
retrieval (SRT 30-Minute Recall), with age and education controlled for in step one, and
brain atrophy entered in step two. If learning difficulty represents the core MS-related
memory deficit, then brain atrophy should be unrelated to delayed retrieval in subjects who
met the learning criterion, regardless of how many trials they needed.

RESULTS
Impact of MS disease on learning and retrieval

The full regression equation predicting SRT Total Learning accounted for 24% of the
variance in initial learning (F [3, 40] = 4.28, p = .01). Controlling for age and education in
step one (F [2, 41] = 1.99, p > .10, R2 = .09), brain atrophy was negatively associated with
learning in step two (F [1, 40] = 8.17, p < .01, R2Δ = .16), indicating that MS disease is
associated with worse initial learning. The full regression equation predicting SRT 30-
Minute Recall accounted for 30% of the variance in delayed retrieval (F [3, 40] = 5.79, p < .
01). Controlling for age and education in step one (F [2, 41] = 2.62, p = .09, R2 = .11), brain
atrophy was negatively associated with retrieval in step two (F [1, 40] = 10.87, p < .01, R2Δ
= .19), indicating that MS disease is associated with worse delayed retrieval. Regarding the
impact of MS disease on learning efficiency (i.e., learning curve) across trials, the 2 (atrophy
group: lower: TVW = 3.3 ± 0.6 mm; higher: TVW = 6.3 ± 1.6 mm) × 15 (SRT Learning
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Trials) repeated measures ANCOVA revealed a significant interaction (F [14, 588] = 2.86, p
< .001). That is, subjects with greater disease required more trials to meet the learning
criterion than subjects with lesser disease (see Figure 1), indicating that MS disease is
associated with inefficient initial learning. Post hoc analyses showed that the points where
the atrophy groups differed were found on trials 2,4,5,6,8,9.

Initial learning as a mediator between MS disease and delayed retrieval
Although brain atrophy is related to both learning and retrieval when analyzed separately,
we tested the hypothesis that the relationship between brain atrophy and retrieval is
mediated through initial learning. After controlling for age and education in step one (F [2,
41] = 2.62, p = .09, R2 = .11), only SRT Total Learning was a significant predictor of SRT
30-Minute Recall in step two (F [1, 40] = 33.83, p < .001, R2Δ = .41). Brain atrophy did not
uniquely predict delayed retrieval over and above initial learning (F = 3.17, p = .08). To
examine the R2 change value for brain atrophy after accounting for initial learning, entering
brain atrophy in the model as a third block showed an R2 change of only 0.036, p = .083 for
this factor. These data suggest that the relationship between MS disease and retrieval
processes is mediated primarily through initial learning. To confirm the primary
involvement of SRT Total Learning as a mediator, we performed a similar hierarchical
regression with age and education in step one, and brain atrophy and a number of other
neuropsychological tasks (symbol digit modalities test, paced auditory serial addition task,
controlled oral word association task, judgment of line orientation)(Benedict et al., 2002)
entered in a stepwise fashion in step two. Eight subjects with missing data on the
aforementioned tasks were excluded from this follow-up analysis. As expected, brain
atrophy remained the only significant predictor of SRT 30-Minute Recall (F [1, 32] = 8.27, p
< .01, R2Δ = .18). When SRT Total Learning was added to the list of neuropsychological
tasks in step two, brain atrophy was no longer significant (t = −0.29, p > .50) and SRT Total
Learning remained the only predictor (F [1, 32] = 36.53, p < .001, R2Δ = .48).

If MS disease impacts retrieval processes over and above initial learning, then the
relationship between initial learning and delayed retrieval should be weakened when
controlling for brain atrophy. There was a strong positive relationship between SRT Total
Learning and SRT 30-Minute Recall (r = .706, p < .001), which remained even when
controlling for brain atrophy (rp = .671, p < .001). MS disease does not disrupt the strong
relationship between initial learning and delayed retrieval, indicating that MS disease has
little direct impact on retrieval processes.

Relationship between MS disease and retrieval after successful learning
Given several opportunities to learn the word list, most subjects eventually met the learning
criterion (N = 38), indicating successful acquistion. If weak initial learning is the core
memory deficit associated with MS, then MS disease should have minimal or no effect on
delayed retrieval among subjects who successfully acquire the word list during the learning
phase. Consistent with this hypothesis, brain atrophy was unrelated to delayed retrieval
within this subsample (r = −.167, p > .10). We also repeated the initial regression predicting
SRT 30-Minute Recall in this subsample. After controlling for age and education in step one
(F [2, 35] = 0.37, p > .50, R2 = .02), brain atrophy did not uniquely predict delayed retrieval
in step two (F [1, 34] = 2.34, p > .10, R2Δ = .06). That is, MS disease was unrelated to
retrieval processes in persons who adequately learned the word list.

DISCUSSION
Memory impairment is prevalent among persons with MS, but there has been disagreement
over whether this deficit is due to weak initial learning (DeLuca, et al., 1994; DeLuca, et al.,
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1998; Demaree, et al., 2000; Thornton, et al., 2002) or deficient retrieval (Bobholz, et al.,
2006; S. M. Rao, et al., 1993; S. M. Rao, et al., 1989). Our findings indicate that MS disease
is associated with weak initial learning, which then leads to poor retrieval. Brain atrophy
was associated with a pattern of inefficient learning across acquisition trials, as well as lower
total learning. Although brain atrophy was also associated with lower retrieval, this virtually
relationship disappeared when controlling for initial learning. That is, the relationship
between MS disease and retrieval was mediated primarily through initial learning. Finally,
MS disease was unrelated to delayed retrieval in persons who successfully learned the word
list (although several opportunities were required to accomplish this).

These findings support the learning-deficit hypothesis of memory impairment in MS, and
they are consistent with previous research showing that delayed recall performance in
persons with MS is comparable to healthy controls when controlling for initial learning
(DeLuca, et al., 1994; DeLuca, et al., 1998; Demaree, et al., 2000). More specifically,
DeLuca and colleagues found that persons with MS required more opportunities to learn
information initially; however, once the information was adequately learned, they had no
difficulty retrieving that information during delayed recall tasks. The current results extend
previous research by incorporating a more direct measure of MS disease, namely, brain
atrophy.

Memory rehabilitation research provides converging evidence for the learning-deficit
hypothesis of memory impairment in MS (Chiaravalloti & Deluca, 2002; Chiaravalloti,
DeLuca, Moore, & Ricker, 2005; O'Brien, Chiaravalloti, Goverover, & DeLuca, 2008;
Sumowski, Chiaravalloti, & Deluca, 2010). Specifically, memory strategies designed to
improve initial learning have led to notable gains in delayed retrieval (e.g., generation effect
(Chiaravalloti & Deluca, 2002), visual imagery (Chiaravalloti, et al., 2005), testing effect
(Sumowski, et al., 2010)). In fact, when using the testing effect to improve initial learning,
memory-impaired MS subjects achieved delayed retrieval comparable to the baseline
retrieval performance of healthy controls (Sumowski, et al., 2010). These interventions
targeting initial learning would be ineffective if retrieval difficulty was the core memory
deficit in MS; rather, these strategies are effective because they treat weak initial learning,
which appears to be the core deficit.

Others have argued that deficient retrieval represents the primary memory deficit in MS
(Bobholz, et al., 2006; S. M. Rao, et al., 1993; S. M. Rao, et al., 1989), based principally on
a neuropsychological profile of poor delayed retrieval despite intact recognition. This
argument is contingent on the use of recognition performance as a proxy of initial learning;
however, there are notable problems with this methodology. First, this strategy assumes that
learning is dichotomous (learned versus unlearned) and can therefore be adequately
measured quantitatively. This is inconsistent with a great deal of research demonstrating
notable variability in the quality of initial learning, with better learning quality leading to
better retrieval (e.g., depth of processing framework (Craik & Lockhart, 1972), encoding
specificity principle (Tulving & Thomson, 1973), transfer appropriate processing (Morris,
Bransford, & Franks, 1977). Indeed, qualitative differences in initial learning also impact
retrieval among persons with MS (Thornton, et al., 2002). Given that recognition is
cognitively less challenging than retrieval (Craik & McDowd, 1987), it is clearly possible
for weak initial learning to be adequate enough to support recognition, but at the same time,
too weak to support retrieval (Westerberg et al., 2006). It is not surprising, therefore, that
researchers have found tremendous recognition capacity in both experimental (Shepard,
1967) and clinical settings (e.g., symptom validity testing(Bianchini, Mathias, & Greve,
2001)). Given that even weak initial learning can support subsequent recognition, intact
recognition performance provides little information about the quality of initial learning.
Conversely, persons who fail to recognize previously presented stimuli likely do have
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notable learning impairments. Contrary to the frequently cited claim that recognition
accuracy among persons with MS is comparable to healthy persons, the evidence has
actually been mixed, with intact performance in some studies (S. M. Rao, et al., 1993; S. M.
Rao, et al., 1989) and deficits in others (Beatty, MacInnes, Porphyris, Troster, & Cermak,
1988; S. M. Rao, Hammeke, McQuillen, Khatri, & Lloyd, 1984). Furthermore, consistent
with the learning-deficit hypothesis, persons with MS have consistently produced lower total
learning scores than healthy controls across many studies (Beatty, Goodkin, Monson,
Beatty, & Hertsgaard, 1988; DeLuca, et al., 1994; DeLuca, et al., 1998; S. M. Rao, et al.,
1993; S. M. Rao, et al., 1984; S. M. Rao, et al., 1989).

The current results stand in contrast to findings from a recent fMRI study by Bobholz and
colleagues (Bobholz, et al., 2006) investigating the relationship between MS disease (T2
lesion load) and cerebral activity during learning and delayed recognition (used as a proxy
of retrieval) (Bobholz, et al., 2006). Stronger correlations were found between MS disease
and cerebral activity during recognition than during learning, from which the authors
inferred that MS disease is more related to retrieval than initial learning. Unfortunately, this
conclusion is marred by conceptual and methodological difficulties. First, given that the
quality of initial learning was not assessed, we cannot know whether the relative absence of
disease-related cerebral activation during the learning phase was due to (a) ease of initial
learning regardless of disease, or (b) failure of the MS subjects with advanced disease to
recruit the necessary resources to support good quality learning. Although these two
scenarios are equally plausible in the absence of data on learning quality, the weak initial
learning of MS subjects in our study and previous research (Beatty, Goodkin, et al., 1988;
Benedict, et al., 2006; Benedict, et al., 2004; Christodoulou, et al., 2003; DeLuca, et al.,
1994; DeLuca, et al., 1998; S. M. Rao, et al., 1993; S. M. Rao, et al., 1984; S. M. Rao, et al.,
1989; Sanfilipo, et al., 2006) suggests that learning was weaker in the MS subjects with
more advanced disease. Regarding recognition, disease-related cerebral activation may
indicate greater challenge among MS subjects with more advanced disease; however, this
increased challenge is likely the product of weak initial learning. Indeed, weak initial
learning leads to greater cerebral recruitment during recognition in healthy persons
(Benedict, et al., 2002). Our findings indicate that the relationship between MS disease and
retrieval is primarily mediated through initial learning, and may explain at least in part the
findings of Bobholz et al (2006).

The present study has several limitations. First, the relationship between strength of
acquisition and retrieval is a complex one and our analysis offers a non-sophisticated
approach to this complex phenomenon. The present results do not provide a definitive
analysis concerning this complex interaction, and future work is needed to continue to
examine this issue. Second, in the present study high and low atrophy was determined using
a median split of the MS data. It would have been desirable to derive brain volume measures
from healthy controls, but this data was not available in the current study. Third, while third
ventricular width has been shown to be highly correlated with cognition, more sophisticated
techniques designed for greater specificity (e.g., widespread grey and white matter damage)
may be required to further test acquisition and retrieval interactions. Lastly, the small sample
size, heavy distribution of females, and preponderance of relapsing remitting subjects limit
the generalizability of the current findings to the broader MS population.

In conclusion, MS disease is associated with weak initial learning, which explains, at least in
part, poor delayed retrieval. These findings support the learning-deficit hypothesis of
memory impairment in MS, and suggest that effective interventions for memory problems in
persons with MS should focus on improving the quality of initial learning.
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Figure 1.
Negative impact of brain atrophy on initial learning efficiency across SRT trials.

DeLuca et al. Page 9

J Neurol. Author manuscript; available in PMC 2014 October 01.

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript

N
IH

-PA Author M
anuscript


