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Abstract

Information processing speed and episodic memory are two commonly affected cognitive abilities in MS. Insights
into the mechanisms of and relationships between these abilities have recently come from structural neuroimaging
techniques, but few studies have used fluid-attenuated inversion recovery (FLAIR), a neuroimaging sequence
known to be sensitive to cortical and juxtacortical lesions in MS. We hypothesized that a volumetric index of
FLAIR total lesion volume (TLV) would be associated with slowed processing speed and verbal memory
dysfunction in MS. Twenty MS patients underwent FLAIR imaging and were administered measures of verbal
memory and processing speed. Correlational and regression analyses indicated that TLV was directly and
independently related to measures of processing speed and verbal memory, and TLV accounted for 56% of the
variance in cognitive performance. These findings, considered in the context of prior work, suggest that FLAIR
TLV is a useful predictor of commonly impaired cognitive functions in MS, and shows promise as a functionally
relevant biomarker for disease statudiNS 2005,11, 205-209.)
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INTRODUCTION mixed findings potentially attributable to use of neuroimag-
ing techniques that are variably sensitive to MS pathology.
Fluid-attenuated inversion recovery (FLAIR) imaging sup-
presses signal associated with cerebrospinal fluid, which
allows for higher levels of T2-weighting relative to other

i inf i ) d and episodi b- equences and increased contrast between lesions and nor-
ies are information processing speed and epISodiC VErbay 5 tissye. FLAIR has been found to detect more cortical

memory. One methoq.that has prgwdgd |n5|ghts Into theandjuxtacortical lesions than other scan sequences (Filippi
mechgmsms of cognitive dysfunction n MS.'S structurgl etal., 1996). Therefore, lesion burden as measured by FLAIR
neurc(;jlmagmg tr)eTearch. Mﬁ-rela;ed defIC|ts_ ”,: erC_:tiSSIr:gnay be a relatively sensitive marker for the pathological

speed and verbal memory have been associated With VoI s trate of cognitive deficits commonly experienced by
metric measurements of lesion burden in some (Rovani/IS patients

et al., 2000) but not all studies (Foong et al., 2000), with Relatively few studies have examined FLAIR lesion bur-

den in relation to cognitive dysfunction in MS. These stud-
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john.j.randolph@dartmouth.edu have also tended to quantify cognitive deficits using a global
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Cognitive impairment has been noted in up to 65% of indi-
viduals with multiple sclerosis (MS) (Rao et al., 1991).
Although cognitive deficits in MS tend to be heteroge-
neous, two of the most consistently affected cognitive abil
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cognitive index. Lazeron et al. (2000) found that total num-patients. All participants provided written informed con-
ber of juxtacortical FLAIR lesions correlated with a cogni- sent in accordance with the Committee for the Protection of
tive impairment index comprised of measures assessingluman Subjects at the study institution.
verbal and visual memory, working memory, processing
speed, and verbal initiation. Moriarty et al. (1999) found
that total number of juxtacortical FLAIR lesions, but not
lesions seen on conventional spin-echo images, correlatéthe Symbol Digit Modalities Test (SDMT) (Smith, 1982)
with two measures of verbal memory. Rovaris et al. (2000)and California Verbal Learning Test (CVLT; Delis et al.,
found that MS patients with cognitive impairment, as deter-1987) were selected for this study from a larger battery. The
mined by composite cognitive index scores, had signifi-SDMT is a measure of attention and information process-
cantly greater total FLAIR and T1 lesion load. ing speed that requires decoding of a series of visual sym-
Although these studies are valuable, important questionbols using a key with symbol-number pairs. The dependent
remain regarding the relation of structural MRI changes tomeasure was total items correct in 90 s. The CVLT is a
cognitive impairment in MS. For example, it is unclear how word-list learning test assessing verbal learning and mem-
a volumetric index of lesion burden relates to specific cog-ory. Participants were read a 16-word list over the course of
nitive domains known to be impacted in MS. In addition, five trials; after each presentation of the list, the participant
no previous research has examined the relationship betweaevaes asked to recall as many items as possible from the list
FLAIR lesion burden and cognition in early stage MSin any order. The verbal learning index (Trials 1-5 total
patients. The present study was designed to address theserds correct) and delayed verbal recall (total words recalled
issues. after a 20-min delay) from the CVLT were employed as
We hypothesized that a volumetric index of FLAIR TLV measures of verbal learning and memory, respectively. We
would be inversely correlated with two commonly affected used both the original and second edition of the CVLT in
cognitive domains in early stages of MS: information pro-the present study due to the multiyear duration of data
cessing speed and verbal memory. Furthermore, given thabllection and subsequent change in CVLT versions, and
these cognitive functions likely rely on distinct though over- did not find performance differences based on test version
lapping neural circuitry, we predicted that they would be(p > .40).
independently associated with TLV.

Clinical Measures

Image Acquisition and Volume Estimation

METHODS All imaging was conducted on the same 1.5T Horizon LX
clinical MR scanner and head coil (General Electric). FLAIR
Research Participants images were acquired using the following parameters=TR

10,000 ms, TE= 156, TI= 2200, and FOVW= 20 cm. Slice
Twenty patients (10 women) with clinically definite thickness was 3 mm (no gap) to minimize partial volume
relapsing-remitting MS were recruited from the Dartmoutheffects on measurements of lesion volume. Lesion volume
MS Center. Patients were diagnosed with clinically definitewas quantified by a trained image analyst (J.W.M.) using a
MS by a board-certified neurologist (L.H.K.) according to semi-automated PC-based segmentation program @lice
established criteria (McDonald et al., 2001). Mean duratiorversion 4.4.9, Parexel International Co., 1999). A seed is
of patients’ MS symptoms was 6.4 yeaBJ= 6.1). Patients’ placed in each lesion, grown to encompass the lesion, and a
mean EDSS score was 2.8 = 1.4). Seventeen age-, boundary is “shrink wrapped” to contain the lesion using a
education-, and gender-matched adults (9 women) serve8lobel watershed filter. Lesion boundaries were verified by
as healthy controls for the neuropsychological testing coma Board-certified neuroradiologist (A.C.M.). Both the radi-
ponent. No patient was experiencing an exacerbation oblogist and image analyst were blind to clinical status and
symptoms at the time of testing. No participant had grossognitive test performance. This procedure was found to be
motor or visual impairment that may have interfered with highly reliable across two internal, six-brain reliability stud-
neuropsychological performance. Participants were excludei@s conducted prior to the present study (ICC for TV
from the present study if they (1) had a history of medical,.98). The mean FLAIR lesion volume was 8,444 fim
neurological, or systemic illness other than MS, (2) had g SD = 10663). Brain MRI readings for all controls were
history of traumatic brain injury with loss of consciousnessunremarkable.
exceeding 1 min, or (3) had a history of drug or alcohol
dependence. No patients were taking disease-modifying me SESULTS
ication at the time of the study; most patients were studie
just prior to initiating therapy, while a minority were off Data were analyzed in three stages. First, one-taitedts
medication by personal choice due to few symptoms andvere conducted to compare MS patients to controls on demo-
early stage of disease. Four patients were taking Neurontirgraphic and cognitive measures. Second, one-tailed Pear-
and 2 patients were taking Amantadine. Amytriptyline, son correlations were conducted to examine the relationship
Zanaflex, and Baclofen were being used by 3 separatbetween TLV and cognitive measures in MS patients. Finally,
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hierarchical multiple regression analyses were conducte@able 2. Hierarchical regression analysis examining relation
to determine whether cognitive variables were indepeneof cognitive indices to TLV

dently associated with TLV, particularly after accounting
for MS-related physical disability as measured by the EDS

SVariable B R? AR?

Compared to matched controls, MS patients showedbtep 1

impaired cognitive processing speep € .05; Table 1).

EDSS -.21 .01 .01

Although group differences on the verbal memory measStep2
sures were not statistically significant, they were in the Processing Speed Index  —.41 33 32%
expected direction, with poorer performance in the MS grouﬁtep 3

(Table 1). We did not find sex differences for patients or

Verbal Memory Index -.51 .57 24%*

controls on any measure (> .30). TLV was moderately o EDSS= Expanded Disability Status scalep & .05; **p < .01.

correlated with cognitive processing speed measures (
—.57 to—.62 for SDMT-Written and Oral versions, respec-
tively, p < .01) and verbal learning and delayed recah(

—.46 to—.49, respectivelyp < .05).

DISCUSSION

Patients’ SDMT—Oral, SDMT-Written, CVLT-Verbal The findings from the present study were (1) FLAIR TLV
Learning, and CVLT-Delayed Recall raw scores werewas associated with both processing speed and verbal mem-

z-transformed based on published normative datcores

ory deficits in patients with mild relapsing-remitting MS,

for domain-related measures were then averaged to derivand (2) information processing speed and verbal memory
separate processing speed and verbal memory index scoregere independently related to FLAIR lesion load. These

These index scores were not significantly correlateer (

findings suggest that common cognitive deficits in MS are

.31, p > .05). We subsequently conducted a hierarchicabssociated with volumetric measures of lesion burden using
multiple regression analysis to determine whether proces$=LAIR, and, more generally, that FLAIR TLV may be a
ing speed and verbal memory indices were independentlfunctionally relevant biomarker for the disease.

associated with TLV after accounting for MS-related phys-

Although we did not directly compare measures of lesion

ical disability. For this analysis, we entered the EDSS at thdurden across multiple sequences, FLAIR has been shown
first step, the processing speed index at Step 2, and th® be more sensitive than conventional T1- or T2-weighted
verbal memory index at Step 3. Order of entry for cognitiveimages for detecting lesions in neuroanatomic areas known
indices was determined based on robustness of bivariat® be associated with multiple cognitive functions, includ-
correlations with TLV. Results indicated that both process-ng cortical and juxtacortical regions (Bakshi et al., 2001;
ing speed and verbal memory indices remained signifiFilippi et al., 1996). Other work indicates that T2-weighted
cantly associated with TLV after accounting for physical sequences remain superior for detecting posterior fossa and
disability. The final regression model accounted for 57% ofspinal cord lesions (Stevenson et al., 1997). Our lesion load—
TLV variance, with 56% of this variance associated with cognition relationships were similar to, though stronger than
cognitive variables p < .05; Table 2). A second hierarchi- those found by Fulton et al. (1999) and Sperling et al. (2001),
cal regression analysis was conducted to determine whetharho used T2 scans to quantify total lesion volume. Some
order of entry of cognitive variables would impact findings. groups have not found associations between T2 lesion load
This analysis revealed nearly identical results as the firsand cognition (Foong et al., 2000; Maurelli et al., 1992).
procedure, with both cognitive indices remaining signifi- Additional research is needed to compare the merits of
cantly associated with TLV after accounting for physical FLAIR, T2, and other imaging modalities in relation to cog-

disability.

Table 1. Demographic and neuropsychological data

MS
Patients*  Controls**

39.8 (8.2) 38.0 (9.7)
148 (3.8) 16.1 (2.3)

Age (yrs)
Education (yrs)
SDMT-Oral, Total Correct

CVLT-Trials 1-5 Total
CVLT-Delayed Recall

485 (13.0) 53.1 (8.4)
10.9 (3.6) 11.8 (2.6)

56.5(11.8) 65.9 (11.8K.05
SDMT-Written, Total Correct  53.5 (12.9) 62.9 (13.9%.05

Note SDMT = Symbol Digit Modalities Test; CVLT= California Verbal

Learning Test.
*n=20.*n=17.
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nition in MS. Multispectral techniques that combine neuro-
imaging modalities sensitive to lesions and changes in
normal-appearing brain tissue may yield particularly robust
brain—behavior correlations. For example, one recent study
in cognitively impaired MS patients found that a combina-
tion of multiple imaging indices was more robustly associ-
ated with overall cognitive performance than any imaging
modality in isolation (Christodoulou et al., 2003).

We found that MS patients were more impaired than con-
trols on measures of information processing speed, and per-
formed slightly though not significantly lower on verbal
memory measures. These findings are consistent with those
of Achiron and Barak (2003), who found that a larger pro-
portion of early stage MS patients (with mean EDSS of 2.2,
similar to our study) showed more impaired processing speed
than verbal memory deficits. MS patients in this study were
in arelatively early stage of their disease, and it may be that


https://doi.org/10.1017/S1355617705050253

208 J.J. Randolph et al.

patients need to cross a threshold of lesion burden before si@akshi, R., Ariyaratana, S., Benedict, R.H.B., & Jacobs, L. (2001).
nificantmemory or otherimpairmentis observed. Inarelated Fluid-Attenuated Inversion Recovery Magnetic Resonance
vein, functional neuroimaging studies have shown that MS Imaging detects cortical and juxtacortical multiple sclerosis
patients with normal motor or cognitive performance dis-  esions.Archives of Neurologys8, 742-748. _
play more distributed brain activation patterns than controlsChristedoulou, C., Krupp, L.B., Liang, Z., Huang, W., Melville,
suggesting that patients may recruit additional brain regions E qugjaciié:(:te:' VIYuFX Mggiﬂétb Mzc’g”e';igrws”
to maln.te.un .adequate perform_ance despite advanc_lng dis- (2003). Cognitive performance and MR markers of cerebral
ease(F|I|pp|&Rocca,_ 2003; Wishart et al.,209_4). Ewdgnce injury in cognitively impaired MS patientsNeurology 60,
also suggests thatlesion burden may play acriticalroleinthe 1793 1793,
intensity and spatial extent of brain activation patterns assopelis, D.C., Kramer, J.H., Kaplan, E., & Ober, B.A. (198Thal-
ciated with cognitionin MS (Filippi & Rocca, 2003). Although  ifornia Verbal Learning Test: Adult VersioSan Antonio, TX:
these possibilities may explain the non-significantgroup dif- The Psychological Corporation.
ference we observed onthe CVLT, this finding may also havédeluca, J., Barbieri-Berger, S., & Johnson, S. (1994). The nature
been due to the relatively small sample size. of memory impairments in multiple sclerosis: Acquisition ver-
It is unclear how deficits in processing speed and verbal SUs retrievalJournal of Clinical and Experimental Neuropsy-
memory interact in MS. Some research indicates that infor- _cN0logy 16, 183-189. _ _
mation processing speed deficits are directly associated Witﬁ'l'Pp." M. & Rocca, M.A. .(2003)' Disturbed funCt.'on and plas'.
verbal memory impairment (DelLuca et al., 1994; Litvan ticity in mu'.t'ple .SClerOS'Stag glgangd’\flromTunctgn;z;lsmgggetm
et al., 19_88). In contrast, a meta-analysis found that S'0_""_99i|iﬁ)ﬁ?&é??{ib@??ﬁzgggtti, ‘éﬁ'ﬂg;ﬁ;ﬂoﬁi% i\/lammi, S
information processing speed and verbal memory deficits gecker, C., Voltz, R., Spuler, S., Campi, A., Reiser, M.F., &
in MS may be independent (Thornton & Raz, 1997). Verbal  comi, G. (1996). Quantitative assessment of MRI lesion load
memory and processing speed indices did not significantly in multiple sclerosis. A comparison of conventional spin-echo
correlate in our study, although they were independently with fast fluid-attenuated inversion recovergrain, 119,
related to lesion volume. A more definitive statement about 1349-1355.
the relationship between these two abilities could be madg&oong, J., Rozewicz, L., Chong, W.K., Thompson, A.J., Miller,
with a larger sample of early-stage MS patients. Additional D-H., & Ron, M.A. (2000). A comparison of neuropsycholog-
structural and functional neuroimaging research is needed Ir(;aslig?]fcl)ctjtr?] i:I F(;;'m:m;zg ;gz;)n;;\ryllgiogresswe multiple scle-
;[jz/:;l::]hc?iro(r:wl?r?fl\);lge underlying mechanisms of cognitive Fulton, J.C., Grossman, R.l., Udupa, J., Mannon, L.J., Grossman,

. . . . M., Wei, L., Polansky, M., & Kolson, D.L. (1999). MR lesion
One strength of this study was the inclusion of patients who load and cognitive function in patients with relapsing-remitting

were not currently using immunomodulatory treatment. - myitiple sclerosisAmerican Journal of Neuroradiology0,
Although previous lesion load—cognition research using T2 1951-1955.

and other sequences has been conducted on immunomodtizeron, R.H.C., Langdon, D.W., Filippi, M., van Waesberghe,
latory treatment-naive MS patients (Fulton et al., 1999), to JH., Stevenson, V.L., Boringa, J.B., Origgi, D., Thompson,
our knowledge this is the first using FLAIR in patients with  A.J., Falautano, M., Polman, C.H., & Barkhof, F. (2000). Neuro-
amean EDSS score below 3. This is notable given that our Psychological impairment in multiple sclerosis patients: The
study provided an opportunity to examine lesion burden and role of (juxta)cortical lesion on FLAIRMultiple Sclerosisé6,
cognition in MS outside the influence of disease-modifying Litvzagno_lzsgrafman 3. Vendrell, P., Martinez, IM., Junque, C
r.nedlcatlon in early stage_ MS patients. An Importam. direc- Vendrell, J.M., & Barraquer-Bordas, J.L. (1988). Multiple mem-
tion for future research will be to determine whether immu-

| . h lati hi ory deficits in patients with multiple sclerosisrchives of Neu-
nomodu atory treatment can impact the relationship between rology, 45, 607—610.
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