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Inflammatory changes and breakdown
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Increased postcontrast enhancement in contrast-enhanced magnetic resonance
imaging (CE-MRI) of the central nervous system (CNS) is a predictor of human
immunodeficiency virus (HIV) dementia severity in HIV-infected subjects. The
present study confirms this earlier finding in a mildly impaired patient cohort,
and demonstrates that the increased postcontrast enhancement is correlated
with increased cerebrospinal fluid (CSF) levels of monocyte chemoattractant
protein (MCP)-1, an inflammatory chemokine, and increased CNS levels of
mI, a microglial marker. These results suggest that early CNS inflammation
may underlie the microvascular changes observed, and may be a factor in the
development of HIV dementia. Journal of NeuroVirology (2004) 10, 223–232.
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Introduction

Neurocognitive impairment (NCI), ranging in severity
from subclinical, through so-called minor cognitive-
motor disorder (MCMD), to human immunodefi-
ciency virus (HIV) dementia (HIVD), remains a
common complication of HIV infection. Highly ac-
tive antiretroviral therapy (HAART) has had a major
impact on many of the neurological complications
of HIV infection (Dore et al, 1999; Sacktor et al,
2001); however, its effect on NCI remains uncertain
(Kandanearatchi et al, 2003). Although the incidence
of HIVD in the era of HAART appears to be de-
clining (Sacktor et al, 2002), the prevalence of HIV
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encephalitis (HIVE) may be increasing (Neuenburg
et al, 2002), presumably due to longer survival of
HIV-infected persons. Also, despite the reduction
in the incidence of HIVD, the cognitive impair-
ments associated with HIV infection, chiefly, but
not exclusively, deficits in psychomotor/motor speed
and verbal and visual memory, remain significant
problems and appear to have been only mini-
mally impacted by the introduction of HAART
(Sacktor et al, 2002). Furthermore, the finding
that the presence of NCI is a significant pre-
dictor of HIVE at autopsy (Cherner et al, 2002)
suggests that the increased incidence of HIVE
(Neuenburg et al, 2002) may underlie, at least in
part, the persistence of NCI in the era of HAART
(Sacktor et al, 2002). Despite HIV’s early penetration
of the central nervous system (CNS), clinically signifi-
cant NCI generally occurs relatively late in infection,
providing a relatively large window of opportunity
to intervene. Unfortunately, the development of
appropriate interventional therapies to prevent or
treat NCI has been hampered on the one hand by
the difficulty of identifying those patients at risk for
developing NCI, and on the other by our relatively
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poor understanding of the complex sequence of early
neuropathogenic events that ultimately lead to NCI,
and in particular, the way in which these events are
modulated by the array of antiretroviral agents avail-
able in the era of HAART (Langford et al, 2003).

HIV’s early, and usually asymptomatic, penetra-
tion of the CNS may involve an initial infection of
the brain capillary endothelial cells (Bagasra et al,
1996; Levy, 1997; Moses et al, 1993) and/or choroid
plexus (Falangola et al, 1995); however, CNS infec-
tion is believed to occur principally by trafficking
of infected macrophages across the blood-brain bar-
rier (BBB). Our understanding of the mechanisms
by which macrophages cross the BBB remains in-
complete (Hickey, 1999), but the endothelial adhe-
sion molecules have been implicated as a critical
mediator of such trafficking, and may be subject
to up-regulation by perivascular inflammatory pro-
cesses (Hurwitz et al, 1994; Nottet, 1999) as well as
HIV proteins (Hofman et al, 1994; Woodman et al,
1999). Indeed endothelial adhesion molecules are
up-regulated in HIV and particularly HIVD patients
(Seilhean et al, 1997). Simple exposure of endothe-
lial cells to HIV-infected monocytes has been demon-
strated to result in a disruption of the endothelial cell
monolayer that would permit inflammatory cell infil-
tration (Dhawan et al, 1995). Neuropathological se-
ries demonstrating the presence of infected perivas-
cular macrophages and multinucleated giant cells of
macrophage lineage (Budka et al, 1987; Jones et al,
2000; Pumarola Sune et al, 1987; Smith et al, 1990)
are consistent with this model of early HIV entry. Fur-
thermore, the demonstration of early microglial infec-
tion (Bagasra et al, 1996; Jones et al, 2000; Pumarola
Sune et al, 1987; Smith et al, 1990) and proliferation
(Gray et al, 1992) suggests that infection and activa-
tion of perivascular microglia represents the next step
in HIV invasion of the CNS.

Increased CNS myo-inositol (mI), a marker of mi-
croglial proliferation, is a hallmark of MCMD and
HIVD (Chang et al, 1999a, 1999b; Ernst et al, 2000;
Laubenberger et al, 1996; Salvan et al, 1997b). Mi-
crovascular abnormalities, including increased re-
gional blood volume and BBB compromise, are
evident in neuropathologic series (Petito and Cash,
1992; Power et al, 1993; Weis et al, 1996) as well
as in vivo (Berger et al, 2000; Tracey et al, 1998).
Both increased CNS mI and microvascular abnor-
malities have been demonstrated in the basal gan-
glia of patients with HIVD. The extent to which
these observations are related is unclear, but acti-
vation of perivascular macrophages and microglia,
and the associated elaboration of proinflammatory
cytokines (Tyor et al, 1992) and matrix metallopro-
teinases (MMPs) might be expected to lead to signif-
icant BBB compromise (Conant et al, 1999; Liuzzi
et al, 2000). The observation of a correlation be-
tween cerebrospinal fluid (CSF) levels of neopterin,
a marker of CNS inflammation, and CSF/serum al-
bumin ratio, a marker of BBB disruption (Andersson

et al, 2001), lends support to this idea. Thus perivas-
cular inflammation and subsequent BBB breakdown
may, by accelerating the rate of viral entry into CNS
and permitting the entry of potentially toxic serum
proteins, represent a key step in the pathogenesis of
NCI. The present study directly examines the rela-
tionship between microglial activation and BBB com-
promise, and their respective roles in the pathogene-
sis of NCI in HIV-infected patients.

Results

Subject demographics
Of 28 patients initially enrolled, 2 patients chose not
to continue before collection of any data, and 1 pa-
tient was excluded due to the recent (<3 months)
initiation of HAART, which may have led to tran-
sient and/or incomplete metabolic and neurocog-
nitive variations. Contrast-enhanced magnetic reso-
nance imaging (CE-MRI) data were unavailable for
an additional 2 patients (1 technical failure, 1 patient
unable to complete MRI study), and proton magnetic
resonance spectroscopy (1H-MRS) data were unavail-
able for 4 patients (all technical failures).

Table 1 summarizes the demographics and clini-
cal characteristics of the 25 patients included in the
study. These patients ranged from cognitively intact
(MSK = 0, HDS = 16)1 to moderately neurocogni-
tively impaired (MSK = 2, HDS = 3), although the
majority of patients with NCI exhibited only mild
impairment (MSK ≤ 1.0, HDS ≥ 6). The severity of
NCI determined by HDS and by MACS NPZ8 were
correlated (R2 = .40, P = .0009). Furthermore, both
HDS and MACS NPZ8 were correlated with the MSK
rating (HDS versus MSK, R2 = .41, P = .0007; MACS
NPZ8 versus MSK, R2 = .28, P = .0076).

Microvascular and metabolic predictors of NCI
Basal ganglia and frontal white matter have been
identified as early targets of HIV neuropathology, and
were therefore the regions investigated in the present
study. We have previously reported a significant de-
pendence of severity of neurological impairment in
HIV patients on the degree of microvascular disrup-
tion in the basal ganglia. The present study confirms
our earlier result, again demonstrating a significant
dependence of the severity of NCI on the severity of
BBB disruption in the basal ganglia (Figure 1: HDS
versus FE30, R2 = .45, P = .0006; MACS NPZ8 ver-
sus FE30, R2 = .37, P = .0023). There was no sig-
nificant dependence of NCI severity on any CE-MRI
marker of microvascular or BBB disruption in the ar-
eas of frontal white matter analyzed.

Severity of NCI was also predicted by the mI/
creatine ratio (mI/Cr) in the basal ganglia (Figure 2:
HDS versus mI/Cr, R2 = .43, P = .0022; NPZ8 versus

1See methods for definitions of cognitive scales.
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Table 1 Subject demographics

Subject ID Age Gender MSK HDS NPZ8 Viral load CD4 Art

A001c 38 M 0.5 16 −0.10 <400 200 Lamivudine, zidovudine, abacavir
A002a 38 M 0.5 13 −0.76 <400 1361 Lamivudine, zidovudine, efavirenz
A005a 49 M 0 15 −0.39 5020 449 Naı̈ve
A006a 36 M 0.5 14 −0.86 6745 252 Failure
A007a 30 M 0 10 −1.00 24106 458 Naı̈ve
A008a 47 M 2 10 −1.30 926 106 Zalcitabine, zidovudine, nelfinavir
A010a 42 M 0 14 −0.50 783 189 Lamivudine, zidovudine, efavirenz
A011a 40 F 0 165 1.14 28222 45 Failure
A012a 44 F 0 13 −0.37 <400 706 Lamuvidine, zidovudine, nevirapine
A013a 29 M 0.5 13.5 −3.21 3588 267 Failure
A014a 30 M 0 14 −0.25 <400 24 Lamivudine, zidovudine, efavirenz
A015a 30 M 0.5 12 −2.17 <400 1299 Lamivudine, zidovudine, abacavir
B001a 48 M 1 8 −2.59 <400 283 Lamivudine, zidovudine, abacavir
B002a2 38 M 0.5 13 −1.07 2831 561 Failure
B003a 34 M 0.5 12 −0.85 1273 984 Failure
B004a 33 M 2 3 −2.23 725956 115 Failure
B005a 37 M 0 16 −0.51 18603 400 Failure
B006a,ss 43 M 0 13 −0.29 <400 359 Lamivudine, zidovudine, nevirapine
B007a 57 M 1 12 −1.82 <400 158 Lamivudine, abacavir, efavirenz
B008a 36 M 0.5 13.5 −1.14 8193 641 Lamivudine, didanosine, nevirapine
B009a 41 M 0 13.5 0.77 22152 610 Failure
B011a 41 M 0.5 6.5 −0.42 <400 840 Lamivudine, zidovudine, nevirapine
B012a 44 F 0 15 0.55 702 1012 Lamivudine, amprenavir, nevirapine
B013a 31 M N/A N /A −1.61 9616 306 Lamivudine, zidovudine, abacavir
B015a 46 M 0.5 4 −3.54 <400 331 N/A

MSK = Memorial Sloan Kettering AIDS Dementia Scale (Price and Brew, 1988).
HDS = HIV Dementia Rating Scale (Power et al, 1995).
NPZ8 = MACS NPZ8 (van Gorp et al, 1994).

mI/Cr, R2 = .40, P = .0026), but not in frontal white
matter.

Finally, severity of NCI was predicted by CSF
levels of the inflammatory chemokine monocyte
chemoattractant protein-1 (MCP-1) (Figure 3: HDS
versus MCP-1, R2 = .704, P < .0001; NPZ8 versus
MCP-1, R2 = .40, P = .011).

CNS inflammatory markers and microvascular
compromise
Because perivascular macrophages, multinucleated
giant cells of macrophage lineage, and perivascular
microglial nodules are neuropathologic hallmarks in
HIV patients (Budka et al, 1987; Jones et al, 2000;
Pumarola Sune et al, 1987; Smith et al, 1990), and
these perivascular sources of proinflammatory cy-
tokines may promote BBB breakdown (Andersson
et al, 2001; Conant et al, 1999; Liuzzi et al, 2000), we
next examined the dependence of BBB breakdown
(measured by postcontrast enhancement) on the de-
gree of microglial activation. We first examined the
relationship between CSF levels of MCP-1, a marker
of CNS inflammation, and microvascular disruption
in basal ganglia and frontal white matter. The CSF lev-
els of MCP-1 were significantly correlated with BBB
compromise in basal ganglia (BG) (MCP-1 versus BG
FE30, R2 = .32, P = .035), but not in frontal white
matter.

The severity of BBB breakdown was also corre-
lated with mI/Cr in the basal ganglia (Figure 4: BG

FE30 versus BG mI/Cr, R2 = .25, P = .034), but not
in frontal white matter.

Discussion

The interval between the early entry of HIV into
the CNS and the much later emergence of neuro-
logic symptoms remains poorly understood, but is
clearly a critical period in the pathogenesis of NCI,
and represents a window of opportunity for thera-
peutic intervention. HIVE, which is believed to be
the neuropathological substrate of HIVD, is charac-
terized by a distinctive constellation of inflamma-
tory features, including activated macrophage in-
filtrates, multinucleated giant cells of macrophage
lineage, and microglial nodules (Budka et al, 1987;
Jones et al, 2000; Pumarola Sune et al, 1987; Smith
et al, 1990). These inflammatory infiltrates are also
found in many neurologically normal HIV patients
(Bell, 1998; Masliah et al, 2000; Soontornniyomkij
et al, 1998), suggesting that they play an important
early role in NCI pathogenesis. Support for such a
view can be found in the growing number of 1H-MRS
studies that have demonstrated increased mI (Chang
et al, 1999a, 1999b; Ernst et al, 2000; Laubenberger
et al, 1996; Salvan et al, 1997b), a marker of mi-
croglial proliferation, in subcortical grey and white
matter not only in HIVD patients, but also in patients
with MCMD (Chang et al, 1999a). Similarly, elevated
subcortical cholines, characteristic of macrophage
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(B)

Figure 1 Dependence of NCI on BBB compromise in the basal
ganglia. NCI was assessed using the HIV dementia scale (HDS;
A), and the MACS NPZ8 (B). BBB compromise was measured by
the fractional T1-weighted MRI signal enhancement in the basal
ganglia 30 min after contrast administration (BG FE30).

infiltration and/or glial activation, were one of the
earliest metabolic abnormalities reported in the CNS
of HIV patients (Barker et al, 1995; Meyerhoff et al,
1996; Salvan et al, 1997a, 1997b; Tracey et al, 1996).
Furthermore, the severity of NCI is correlated with
the levels of these 1H-MRS inflammatory markers,
and neurological improvement following initiation
of antiretroviral therapy (ART) is correlated with nor-
malization of mI (Chang et al, 1999b).

The present study confirms these earlier reports,
again finding that NCI was strongly correlated with
basal ganglia mI/Cr (Figure 2). No such relationships
were found in the frontal white matter; however, a
secondary analysis indicated that NPZ8 was signif-
icantly correlated with frontal white mI/Cr when
those patients with basal ganglia mI/Cr in the upper
quartile were excluded from the analysis (NPZ8
versus mI/Cr, R2 = .65, P = .0048; data not shown).
Thus early effects of frontal white mI/Cr on NCI in

( )

Figure 2 Dependence of NCI on degree of microglial activation in
the basal ganglia. NCI was assessed using the HIV dementia scale
(HDS; A), and the MACS NPZ8 (B). Degree of microglial activation
was determined from the mI/Cr ratio in the basal ganglia.

this mildly impaired population may be obscured by
the greater early influence of basal ganglia changes.
Such an observation is not surprising, given HIV’s
predilection for the basal ganglia (Brew et al, 1995;
Fujimura et al, 1997; Kure et al, 1991; Neuen-Jacob
et al, 1993; Pumarola Sune et al, 1987; Wiley et al,
1998).

The degree of basal ganglia BBB disruption was de-
termined in this study using the fractional enhance-
ment 30 min post contrast (FE30). Gadolinium-DTPA
does not traverse the vasculature in health and late
contrast enhancement has been used as an indica-
tor of BBB disruption (Silver et al, 2001a, 2001b).
Our observation that the severity of NCI is corre-
lated with BBB disruption (Figure 1) is consistent
with immunohistochemical studies demonstrating
BBB breakdown in HIV patients with and without
HIVE (Petito and Cash, 1992; Power et al, 1993), as
well as more recent in vivo studies demonstrating
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(B)

Figure 3 Dependence of NCI on CSF level of monocyte chemoat-
tractant protein-1 (MCP-1; pg/ml). NCI was assessed using the HIV
dementia scale (HDS; A), and the MACS NPZ8 (B).

BBB disruption and microvascular changes in the
basal ganglia of HIVD patients (Berger et al, 2000;
Tracey et al, 1998). These abnormalities may be a di-
rect consequence of HIV infection of brain microvas-
cular endothelial cells (BMEC) (Bagasra et al, 1996;
Levy, 1997; Moses et al, 1993), but the character-
istic perivascular location of inflammatory cells in
HIVE (Budka et al, 1987; Jones et al, 2000; Pumarola
Sune et al, 1987; Smith et al, 1990) suggests that BBB
compromise may result from increased perivascular
levels of proinflammatory cytokines such as tumor
necrosis factor alpha (TNFα), which have been shown
to up-regulate MMPs and increase BBB permeability
in vitro and in vivo (Conant et al, 1999; Liuzzi et al,
2000). The finding that BBB permeability is corre-
lated with mI/Cr in the basal ganglia (Figure 4) is
consistent with this idea, suggesting as it does that
BBB compromise in the basal ganglia is related to
microglial activation.

The dependence of NCI on CSF levels of MCP-1
(Figure 3) observed in this and previous studies

Figure 4 Dependence of basal ganglia BBB disruption (BG FE30)
on degree of basal ganglia microglial activation (mI/Cr).

(Kelder et al, 1998) further supports an inflammatory
mechanism in the pathogenesis of NCI. In contrast to
earlier studies, however, we found no dependence of
NCI on CSF levels of TNFα (data not shown). Indeed
CSF levels of TNFα were generally undetectable. This
discrepancy may simply reflect the fact that the ma-
jority of our patients were only minimally impaired,
because consistent increases in TNFα are generally
observed only in patients with quite advanced HIVD.
Thus the increases in basal ganglia mI/Cr, and the
associated BBB disruption, appear to be more sen-
sitive indicators of early inflammatory changes than
are CSF cytokine and chemokine levels, although an
expansion of the analysis of the repertoire of mark-
ers of neuroinflammation, e.g., β2 microglobulin and
neopterin, in future studies may help address this
issue. Most importantly, stepwise and multiple re-
gression analysis indicate that microglial activation
and BBB breakdown are not independent predictors
of HDS or NPZ8, suggesting that NCI and BBB break-
down are both consequences, at least in part, of mi-
croglial activation. It thus appears that late postcon-
trast enhancement may be a useful surrogate for early
inflammatory changes following HIV infection, with
greater spatial resolution than is currently available
with 1H-MRS.

BBB compromise may be an important determinant
of rate of progression and/or response of NCI to ART.
Previous studies have demonstrated a significant re-
lationship between NCI and CNS viral burden as mea-
sured by CSF viral load (Cinque et al, 1998; McArthur
et al, 1997; Robertson et al, 1998). Thus mechanisms
that increase the rate of viral penetration of the CNS,
or limit HIV elimination, are likely to accelerate the
development and/or progression of NCI. BBB com-
promise may increase the rate of viral entry by allow-
ing movement of free virions from blood into the CNS
in those patients with significant viremia. The obser-
vation of a correlation between CSF HIV viral load
and BBB damage supports this view (Burger et al,
1997).
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HAART can delay the development of NCI in
HIV-infected individuals (Deutsch et al, 2001), and
initiation of ART in HIVD patients can slow or
even reverse HIVD progression (Chang et al, 1999b;
Schmitt et al, 1988). This reversal of clinical symp-
toms appears to be correlated with reversal of
both microvascular (Tracey et al, 1998) and some
metabolic abnormalities (Chang et al, 1999b). Inter-
estingly, in many patients the salutary effects of ART
are only temporary, despite continued control of pe-
ripheral viral load. This short-term efficacy, with
longer term rebound, may reflect the initial effective
penetration of antiretrovirals across a compromised
BBB, but later resealing of the BBB may prevent ef-
fective continued control of virus within the CNS,
because most antiretrovirals have poor BBB penetra-
tion. Alternatively, long term use of ARTs may lead
to dysregulation of BBB maintenance (Langford et al,
2003).

The influence of the nature and duration of HAART
on BBB integrity is beyond the scope of the present
paper, because our study patients have quite vari-
able treatment histories. Nonetheless, the possibil-
ity that BBB function may be modulated directly or
indirectly by the nature and duration of ART is an
important question that remains to be addressed. In-
terestingly, as we note below, some of the longer du-
ration HAART-responsive patients in this study had
significant BBB compromise despite effective periph-
eral viral suppression. The possibility that long-term
HAART may itself lead to BBB compromise in some
patients cannot, therefore, be ruled out.

It has been suggested that poor CNS penetration by
antiretrovirals may allow viral CNS escape, with con-
tinued neurological progression despite peripheral
control. As several of the patients in this study exhib-
ited significant BBB compromise despite being well
controlled on HAART, it seems likely that isolation of
the CNS compartment, if reestablished by ART, may
only be temporary, however. These findings are con-
sistent with several proposals that CNS inflammatory
mechanisms of neurodegeneration, once established,
may become self-sustaining despite eradication of the
virus (Avison et al, 2002), and the observation of sus-
tained increases in CSF proinflammatory cytokines
and chemokines despite control of CSF viral load fol-
lowing initiation of HAART (Gisolf et al, 2000). If this
is in fact the case, it argues for early and effective
control of the rate of viral entry into CNS, as well as
initiation of effective anti-inflammatory therapy, to
prevent neurocognitive degeneration.

Conclusions

In summary, this study demonstrates a correlation in
HIV patients between severity of NCI and both CNS
microglial activation measured by mI/Cr, and BBB
compromise measured by postcontrast MR enhance-
ment. Furthermore, the severity of BBB compromise
is correlated with the degree of CNS inflammation.

This observation, taken together with the consistent
neuropathologic finding of perivascular microglial
activation in HIV patients, suggests that BBB com-
promise is mediated, at least in part, by activation of
perivascular inflammatory processes.

Methods

Subjects
HIV-infected patients, ≥18 years old and ranging
from neurologically intact (MSK = 0) to moderately
impaired (MSK = 2), were recruited from the HIV
clinics of the University of Kentucky, independent of
their viral load and ART status, provided that it was
stable for at least 3 months prior to study. Patients
were excluded from the study if they had evidence
of CNS opportunistic infections or space-occupying
lesion, a history of CNS disorder unrelated to HIV
infection such as trauma, congenital malformations
or genetic disorders, systemic illnesses such as di-
abetes, hepatic or renal dysfunction that may affect
cerebral function, or active substance abuse. Patients
with remote history of substance abuse (>6 months)
were not excluded.

Written informed consent was obtained from each
patient following a detailed explanation of the study,
according to protocols approved by the University of
Kentucky Medical Institutional Review Board.

Neurological and neuropsychological assessments
Detailed general physical examinations and neuro-
logical examinations were performed on all study
subjects. The latter included the HIVD scale de-
scribed by Power and colleagues (1995). A score on
the Memorial Sloan Kettering AIDS Dementia Scale
(MSK) (Price and Brew, 1988) was assigned at the
time of each visit.

Neurocognitive functioning of the study partici-
pants was evaluated with a battery of neuropsycho-
logical measures that assessed attention, verbal mem-
ory and fluency, processing speed, reaction time, and
motor performance. Procedures reflected those used
in the Multi-Center AIDS Cohort Study (MACS; van
Gorp et al, 1994), the AIDS Clinical Trials Group’s
Neurologic AIDS Research Consortium (NARC) stud-
ies (Clifford et al, 2002), and other studies of cog-
nitive functioning in response to antiretroviral ther-
apies (Schmitt et al, 1988, 1997). For the purpose
of the present analyses, a subset of tests from the
MACS battery was used as a composite measure. Us-
ing Z-score transformations of the raw scores from
the following tests derived this composite score from:
Controlled Oral Word Association (COWA), Grooved
Pegboard (GP), Rey Auditory Verbal Learning Test
(RAVLT), Symbol Digit Modalities Test (SDMT), and
Trailmaking A and B (TMT). The resulting raw scores
from these measures were transformed to Z-scores
using age- and education-adjusted normative data
from HIV control subjects provided by the MACS
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study (courtesy of Drs. Ola Selnes and Eric Miller).
Z-scores were then averaged across tests to provide
the final composite score. This composite score is
defined as the MACS NPZ8 (COWA, RAVLT-total,
RAVLT-delayed recall, TMTA, TMTB, GP-dominant,
GP-nondominant, SDMT).

CSF
CSF was collected by lumbar puncture using a 20-
gauge needle. Lumbar puncture was performed on
all study subjects at the time of study entry. Stan-
dard CSF analysis included cell count, protein, glu-
cose, microbiological studies, HIV viral titers TNFα,
and MCP-1. CSF was also banked for possible future
analysis. HIV-1 viral loads were determined by Am-
plicor HIV-1 monitor test version1.5 (Roche Diagnos-
tics Corporation, Indianapolis, IN) according to man-
ufacturer’s protocol.

Immunoassay determinations of MCP-1 (catalog
no. DCP00) and TNFα (catalog no. HSTA00C) were
performed following the procedures from the man-
ufacturer (R&D Systems, Minneapolis, MN). Briefly,
the assays employ the quantitative sandwich enzyme
immunoassay technique in which a monoclonal an-
tibody specific for either MCP-1 or TNFα has been
precoated onto a microplate. Standards and CSF sam-
ples were pipetted into the wells and any target fac-
tor present was bound by the immobilized antibody.
After washing away any unbound substances using
the ELX-50 AutoStrip Washer (Bio-Tek Instruments),
an enzyme-linked polyclonal antibody specific for ei-
ther MCP-1 or TNFα were added to the wells. Follow-
ing a wash to remove any unbound antibody-enzyme
reagent, substrate solution was added to the wells and
color developed in proportion to the amount of tar-
get factor bound in the initial step. The color devel-
opment was stopped and the intensity of the color
was measured using a μQuant Spectrophotometer
plate reader (Bio-Tek Instruments). Intra- and interas-
say coefficients of variance (CVs) were both below
10%. Values are reported as pg/ml for both MCP-1
and TNFα.

MRI
Patients were scanned on a 1.5-T Siemens Magnetom
Vision MR system (Siemens Medical Systems, Iselin,
NJ) using a standard, circularly polarized head coil.
The following sets of MR images were collected ini-
tially to rule out the presence of neurologically sig-
nificant structural lesions:

T1-weighted spin echo (sagittal): TR/TE= 500/14 ms,
FA = 70◦, THK = 5 mm, 3% interslice gap, FOV =
230 mm, MA = 192 × 256.

PD/T2-weighted spin echo (axial): TR/TE1/TE2 =
2000/20/80 ms, FA = 65◦, FOV = 256 × 256 ×
180 mm, MA = 128 × 128 × 90.

T1-weighted 3D FLASH: TR/TE= 21/6 ms, FA= 30◦,
THK = 5 mm, 30% interslice gap, FOV = 230 mm,
MA = 192 × 256.

PD-weighted spin echo (axial): TR/TE = 2000/14 ms,
FA = 62◦, THK = 5 mm, 3% interslice gap, FOV =
230 mm, MA = 192 × 256.

T1-weighted spin echo (axial, pre- and postcontrast):
TR/TE = 610/14 ms, FA = 62◦, THK = 5 mm, 3%
interslice gap, FOV = 230 mm, MA = 192 × 256.
Fixed receiver and reconstruction gains.

The axial T1-weighted spin-echo sequence was used
to measure the time course of cerebral postcontrast
enhancement. A minimum of three precontrast im-
ages were acquired and averaged to improve the esti-
mate of the precontrast image intensities. The pre-
contrast images were also used to obtain an esti-
mate of the precontrast variance for each pixel in
the image. The individual images had sufficient sig-
nal to noise to detect fractional enhancements of
1% or greater. Contrast agent (gadolinium-DTPA;
Magnevist, 0.2 mmol/kg i.v.) was then administered,
and collection of postcontrast T1-weighted images
using identical acquisition conditions was begun.
Collection of images continued without interruption
(one set every ∼2 min) for at least 30 min postcon-
trast, unless an earlier termination was requested by
the patient.

Data analysis: For a given region of interest (ROI),
the fractional enhancement (FE) at time t post con-
trast was defined as FE(t) = (S(t) − S(pre))/S(pre),
where S(t) was the mean MRI signal in the ROI at
time t post contrast, and S(pre) was the mean MRI
signal in the same ROI prior to contrast administra-
tion. As noted earlier, a minimum of three precontrast
images were acquired and averaged to improve the
estimate of S(pre). Mean FE was determined for the
basal ganglia and adjacent white matter as follows:
ROI measurements for each time point pre and post
contrast were collected using a mask traced to outline
basal ganglia structures. These ROI measurements
were combined to determine the mean FE in subcorti-
cal gray for each subject. Circular ROIs placed bilater-
ally in the anterior white matter tracts adjacent to the
head of the caudate were used to assess white matter
enhancement. As with the subcortical gray ROIs, the
white matter ROI measurements were combined to
determine a mean white matter FE for each subject.
FE 30 min post contrast (FE30) were calculated and
used as an index of BBB integrity (Berger et al, 2000).

MRS
1H-MR spectra were obtained using a Siemens 1.5 T
Vision MR scanner with the 1H spectroscopy pack-
age running under Numaris vB33. Scout images were
collected to confirm correct positioning, and then an
automated global shim (MAPSHIM) was performed.
A series of base images was then collected to guide
placement of the volume of interest (VOI) in the
basal ganglia and frontal white matter for localized
spectroscopy. Each VOI was shimmed interactively
to achieve a target water linewidth of less than
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0.15 ppm, with good lineshape. A 20-ms TE STEAM
sequence was used for measurement of relative levels
of mI and Cr. Sequence parameters were TR = 1500,
TE = 20, 1024 complex points, 1024 ms acquisition
time (2 kHz SW), NS = 256.

Data analysis
Prior to postprocessing and analysis, 1H-MRS data
were inspected to ensure adequate shimming and wa-
ter suppression. Peak areas were then measured us-
ing standard Siemens line fitting software (LUISE) for
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