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Hyperperfusion in progressive multifocal
leukoencephalopathy is associated with disease
progression and absence of immune reconstitution
inflammatory syndrome
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We sought to characterize perfusion patterns of progressive multifocal leukoencephalopathy lesions by arterial spin labelling
perfusion magnetic resonance imaging and to analyse their association with immune reconstitution inflammatory syndrome, and
survival. A total of 22 patients with progressive multifocal leukoencephalopathy underwent a clinical evaluation and magnetic
resonance imaging of the brain within 190 days of symptom onset. The presence of immune reconstitution inflammatory
syndrome was determined based on clinical and laboratory criteria. Perfusion within progressive multifocal leukoencephalopathy
lesions was determined by arterial spin labelling magnetic resonance imaging. We observed intense hyperperfusion within and
at the edge of progressive multifocal leukoencephalopathy lesions in a subset of subjects. This hyperperfusion was quantified by
measuring the fraction of lesion volume showing perfusion in excess of twice normal appearing grey matter. Hyperperfused
lesion fraction was significantly greater in progressive multifocal leukoencephalopathy progressors than in survivors (12.8%
versus 3.4% P = 0.02) corresponding to a relative risk of progression for individuals with a hyperperfused lesion fraction > 4.0%
of 9.1 (95% confidence interval of 1.4-59.5). The presence of hyperperfusion was inversely related to the occurrence of immune
reconstitution inflammatory syndrome at the time of scan (P = 0.03). Indeed, within 3 months after symptom onset, hyperperfu-
sion had a positive predictive value of 88% for absence of immune reconstitution inflammatory syndrome. Arterial spin labelling
magnetic resonance imaging recognized regions of elevated perfusion within lesions of progressive multifocal leukoencephalo-
pathy. These regions might represent virologically active areas operating in the absence of an effective adaptive immune
response and correspond with a worse prognosis.
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Introduction

Progressive multifocal leukoencephalopathy (PML) is a devastating
demyelinating disease of the CNS caused by JC virus. This poly-
omavirus infects ~50% of the adult population without causing
any disease (Berger et al., 2013). However, in the setting of im-
munosuppression, JC virus may reactivate, causing a lytic infection
of oligodendrocytes and astrocytes, leading to the development of
PML (Gheuens et al., 2013). PML was first described in a patient
with chronic lymphocytic leukaemia (Astrom et al., 1958), and
was initially reported mainly in patients with haematological malig-
nancies. Since the 1980s the incidence of PML increased dramat-
ically concurrent with the AIDS epidemic. More recently, the
occurrence of PML in patients with auto-immune diseases treated
with monoclonal antibodies has led to a renewal of interest for this
disease (Kleinschmidt-DeMasters and Tyler, 2005; Langer-Gould
et al., 2005).

In individuals with untreated HIV infection, PML survival is only
10% but increases to 43-75% with initiation of combined anti-
retroviral therapy (Berger et al., 1998; Falco et al., 2008; Gasnault
et al., 2011). However, recovery of the immune system after
combined antiretroviral therapy or by withdrawal of an immuno-
suppressive agent can be complicated by a clinical worsening
known as immune reconstitution inflammatory syndrome (IRIS).
The mechanism of PML-IRIS is incompletely understood; however,
it is characterized histologically by inflammation and by lympho-
cytic infiltration of the brain (Vendrely et al., 2005). Of great
concern is the importance of a prompt response to IRIS as the
neurological damage incurred by the inflammatory response often
is irreversible (Johnson and Nath, 2011). An incomplete under-
standing of the pathogeneisis of IRIS in addition to an absence
of reliable indicators of PML severity and of IRIS complicates clin-
ical management. Therefore, in the setting of HIV, early initiation
of combined antiretroviral therapy before the patient experiences
immunosuppression has been proposed as a strategy in reducing
the risk of developing IRIS and its associated morbidity (Martin-
Blondel et al., 2011). Advanced neuroimaging has the potential to
improve disease characterization. A dark lesion core surrounded by
elevated signal on diffusion weighted MRI has been reported in
acute PML, but it has not been associated with progression of
disease or IRIS (Mader et al., 2003; Bergui et al., 2004,
Cosottini et al., 2008; Yousry et al., 2012). Magnetic resonance
spectroscopy results suggest that the ratio of certain metabolites is
associated with IRIS in PML. In particular, the ratio of myo-inositol
to creatine was found to be higher in PML survivors than in
progressors and elevated ratios of these and other metabolites
were associated with IRIS (Katz-Brull et al., 2004; Gheuens
et al., 2012). As inflammation is often associated with elevated
metabolism and perfusion, we hypothesized that perfusion MRI
might provide useful measures of PML and immune response

with potentially higher spatial resolution and sensitivity than mag-
netic resonance spectroscopy.

Arterial spin-labelling (ASL) is a newer magnetic resonance per-
fusion method that has recently become available on clinical ima-
ging platforms (Williams et al., 1992). ASL uses magnetic fields to
alter the magnetization of water in the inflowing arterial blood and
then measures the effect of the inflow of altered magnetization on
the tissue signal. Because the ‘tracer’ used is the endogenous
blood water, ASL does not require any injections or other contrast
agent. The use of freely diffusible water as a tracer has other
benefits including simpler absolute quantification of cerebral
blood flow and better detection of high flow regions than in
methods with an intravascular tracer such as perfusion with CT
or MRI contrast agents (Wang et al., 2012).

ASL MRI has been applied to research and diagnosis in numer-
ous cerebral pathologies (Alsop et al., 2000; Du et al., 2006;
Duhameau et al., 2010; Ozsunar et al., 2010; Scheef et al.,
2010; Detre et al., 2012). Decreased caudate perfusion was asso-
ciated with increasing HIV-associated neurocognitive impairment
(Ances et al., 2006). ASL has also shown areas of increased per-
fusion in subjects with untreated relapsing-remitting multiple scler-
osis. This finding was attributed to the presence of higher
metabolic and cell activity (Rashid et al., 2004).

We evaluated ASL as a tool to characterize brain perfusion in
PML and PML-IRIS and gain insight into PML pathogenesis.

Materials and methods

Standard protocol approvals,
registration and patient consent

This observational study was registered at ClinicalTrials.gov
(NCT01132053). Patients gave written consent to participate accord-
ing to the institution’s guidelines and were enrolled and followed in an
outpatient neurology clinic between 2008 and 2012.

Study subjects and design

PML diagnosis was established according to consensus criteria (Berger
et al., 2013). Of a total of 22 consecutively enrolled patients, four
(18.2%) patients had histology-confirmed PML, 14 (63.6%) patients
had laboratory-confirmed PML with positive JC virus DNA PCR in CSF,
and four (18.2%) patients had possible PML based on clinical and
radiological findings, and ruling out other opportunistic infections
and brain tumours (Table 1). All patients studied had their initial
MRI within 190 days from PML symptoms onset (22 MRIs). Patients
with PML were divided retrospectively into progressors or survivors
depending on survival shorter or longer than 1 year from onset of
neurological symptoms (Marzocchetti et al., 2009). There were 11
patients each in both the survivor and the progressor groups. In the
PML survivors, seven (63.6%) patients were HIV-positive, whereas
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Table 1 Study subjects characteristics
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PML survivors PML progressors

Total number of patients
Number of patients with IRIS

Number of days between PML onset and initial MRI range (median)

Age, range (median)

Gender (M/F)

Ethnicity (Caucasian/African American/other)

Total number of HIV-positive patients

Total number of HIV-negative patients
Malignancy, haematologic®
Haematologic disease, other”
Autoimmune disease®

HIV-positive CD4* at time of first MRI, counts/pl, range (median)
HIV-negative CD4™* at time of first MRI, counts/ pl, range (median)

Karnofsky score at time of first MRI, range (median)

Modified Rankin scale score at time of initial MRI, range (median)

PML diagnosed by:
Biopsy
CSF (PCR)
Clinical criteria + MRI
Diagnosis of hypertension

11 11
8 1

50-190 (107) 23-180 (91)
20-75 (44) 40-69 (63)
10/1 7/4

8/2/1 10/1/0

7 3

4 8

1 4

1 3

2 1

33-833 (232); n=6
112-669 (544); n=4
30-90 (70); n=11

24-251 (148); n=3
61-1072 (324); n=7
30-90 (35); n=10

1-5 (3); n=11 1-4 (4); n=10
2 2
6 8
3 1
2 4

#Chronic lymphocytic leukemia (2), non-Hodgkin lymphoma, NK cell leukemia, cutaneous B cell lymphoma.
Pldiopathic lymphocytopenia, lymphomatosis granulomatosis, Waldenstrom macroglobulinemia (2).
“Multiple sclerosis treated with natalizumab, lupus erythematosus, dermatomyositis.

three (27.3%) patients in the PML progressors were HIV-positive. The
median CD4 count in HIV-positive individuals in the PML survivors
group was 232 compared with 148 in the PML progressors group.

To determine the evolution of perfusion in PML lesions over time,
12/22 patients had multiple MRIs (two to four). An additional five
PML survivors had their first MRI between 223-597 days from PML
symptoms onset. In total, 54 MRIs of 27 patients with PML were
included in a separate analysis regarding the evolution of perfusion.

The presence of IRIS was determined on the basis of laboratory
evaluation, including: (i) evidence of immune reconstitution demon-
strated by an increase of CD4* T cell counts and a decrease in HIV
plasma RNA after starting on combined antiretroviral therapy in HIV-
positive patients or after discontinuation of immunosuppressive
medications in HIV-negative individuals; (ii) sudden worsening of
neurological signs and symptoms occurring in the context of improved
immunological and virological response; and (iii) absence of other
pathogens, inflammatory processes, or tumours. These criteria were
further supported by the presence of swelling, mass effect, or contrast
enhancement on MRI in some cases.

Patients had a full neurological examination by two neurologists
(S.G., 1J.K). CD4* T cell counts, comorbidities, and Karnofsky
score, and modified Rankin Scale were recorded. We performed
brain imaging at the time of enrollment and after 3, 6 and 12
months when possible.

Brain magnetic resonance imaging

All brain MRIs were performed on a single 3-T scanner (GE HDxt,
General Electric Healthcare) and included anatomical imaging, ASL
perfusion, and diffusion imaging. All imaging was performed with a
vendor supplied eight channel receive head coil and body coil trans-
mission. T4-weighted imaging was performed with a Modified Driven-
Equilibrium Fourier Transform (MDEFT) magnetization prepared 3D

sequence that provides excellent grey-white matter contrast
(Deichmann et al., 2004). This sequence used multiple presaturation
pulses followed by a delay and then an adiabatic inversion pulse at
500 ms before image acquisition. A 64-slice encode centric ordered
spoiled gradient echo with 15° flip angle was used for acquisition. A
24-cm field of view, 3-mm slice thickness, and a 256 x 256 matrix
were selected. Fluid-attenuated inversion recovery (FLAIR) was per-
formed with the 2D product sequence, with 3-mm slices, 24-cm
field of view, and a 256 x 256 matrix. Diffusion imaging was per-
formed with a field of view of 24cm, a 128 x 128 matrix, 5mm
slices, b = 1000s/mm?, echo time/repetition time 129 ms/10s, six dir-
ections and one b=0 image. After all other images were acquired,
patients received 0.1mM/kg of intravenous MRI contrast agent
(Magnevist® Bayer Healthcare). A post-contrast sequence identical to
the 3D precontrast T, was run 5min after administration and as the
last sequence of the examination.

ASL was performed before contrast injection using a prototype ap-
plication similar to a later released vendor product application (3DASL,
GE Healthcare). ASL was achieved using pseudocontinuous labelling
for 1.55 (Dai et al., 2008), with a post-labelling delay of 1.55 (Alsop
and Detre, 1996). Optimally timed inversion pulses were used to sup-
press background signal to minimize noise and artefacts from motion
or other instabilities (Ye et al., 2000; Maleki et al., 2012). Images were
acquired with a 3D stack of interleaved spirals fast spin echo sequence.
Slice encodes were centrically ordered and each of the eight spiral
interleaves were acquired in separate repetitions with a repetition
time of 65s. Estimated in-plane resolution was 3.5mm and 44 slices
of 4mm thickness were selected. A reference proton density weighted
image was also acquired to enable quantification. Perfusion was
automatically quantified on the scanner using the equations and as-
sumptions previously described (Pfefferbaum et al., 2010; Dai et al.,
2012).
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Image analysis

Imaging data were transferred to off-line workstations for postproces-
sing. Images were transformed into a standardized space with custom
software using manually selected landmarks on the 3D T, images and
affine transformation. Regions containing all lesions on the FLAIR
images were defined by a semi-automatic region growing algorithm
within MRIcron (Chris Rorden, http://www.mricro.com). In all cases
the PML lesions on FLAIR were larger than and contained the entirety
of lesions defined by any other sequence, so the FLAIR lesion was
used to define the total lesion volume.

Segmentation of the images was performed within MIPAV (http://
mipav.cit.nih.gov) using both the FLAIR and 3D T, images. Custom
software within MATLAB (Mathworks) was used to calculate the
mean blood flow in normal-appearing grey matter outside any FLAIR
lesion, as well as the fraction of the voxels within the lesion volume with
blood flow greater than twice normal grey matter blood flow. Grey
matter was selected as a reference because reliable measurement of
the very low perfusion in normal white matter with ASL can be challen-
ging (van Gelderen et al., 2008; van Osch et al., 2009). This hyperper-
fused lesion fraction (HLF) was motivated by the observation of high
signal within the PML lesions for a number of the patients, and repre-
sents the percentage of the lesion volume harbouring hyperperfusion.

The presence of contrast enhancement and of abnormally high intensity
on calculated isotropic diffusion weighted images and low intensity on
apparent diffusion coefficient maps was determined by visual examination.

Cellular immune response against JC
virus

The T cell response against JC virus in the blood was measured by
intracellular cytokine staining or ELISpot as previously described
(Gheuens et al., 2011).

Statistical analysis

Because of the small sample size and the non-normal distribution of the
data, we used the non-parametric Wilcoxon Rank Sum test to compare
the number of days from PML onset to MRI, CD4* T cell count,
Karnofsky score and modified Rankin scale, and age between PML sur-
vivors and PML progressors. Fisher's exact test was used to compare the
proportions of ethnicity, gender, HIV status, and presence of hyperten-
sion and hyperlipidaemia between the two groups. We analysed the HLF
in PML lesions on the initial MRI from 22 subjects also using the Wilcoxon
Rank Sum test. To find the optimal cut-off point for the HLF threshold to
discriminate between PML survivors and progressors, we divided the
distribution of the HLF into multiple cut-off points and at each point
we dichotomized the data and computed the sensitivity and specificity.
After calculating the area under the operating characteristic curve for
each point, the optimal cut-off for HLF was identified at 4.0%. Using
this value, the relative risk, sensitivity, specificity, positive predictive
value, negative predictive value and also their respective 95% confidence
intervals (Cl) were calculated.

Results

Study subject characterization

Of the 22 patients, 11 (50%) were PML survivors and 11 (50%)
PML progressors (Table 1). PML progressor patients tended to be
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older than PML survivors (P = 0.07). There was no significant dif-
ference between the groups in gender (P=0.31) and ethnicity
(P =0.59). HIV-positive patients accounted for 63.6% of PML
survivors and 27.3% of PML progressors (P =0.20). The CD4"T
cell count at the first MRI was not significantly different between
the HIV-positive PML survivor and HIV-positive PML progressor
groups (P=0.38) or the HIV-negative PML survivor and HIV-
negative PML progressor groups (P=0.65). IRIS was more
common in the PML survivor group (72.7%) than the PML pro-
gressors (9.1%) (P =0.008). Five patients with PML-IRIS received
steroids before the first MRI (three within 1 month of the MRI
with one of those patients receiving steroids at the time of the
MRI).

The Karnofsky score and modified Rankin scale at the time of
the first MRI tended to be better in PML survivors than PML
progressors (P=0.05 and P =0.07, respectively). The difference
in the median number of days between PML onset and MRI be-
tween the two groups did not reach significance (P =0.19). The
prevalence of hypertension between the PML survivor (18.2%)
and PML progressor (36.4%) groups was not statistically signifi-
cant (P =0.64).

We compared the CD4*T cell count in the IRIS and non-
IRIS groups. In all patients, the median CD4* T cell count was
446.4/pl in the IRIS group (seven patients) and 321.5/pl in the
non-IRIS group (13 patients) (P=0.30). In those who were
HIV-positive, the median CD4* T cell count was 385.6/ul in the
IRIS group (five patients) and 114/l in the non-IRIS group (four
patients) (P =0.11).

Hyperperfusion is frequent in
progressive multifocal
leukoencephalopathy lesions

We observed visibly elevated perfusion within PML lesions of 10
patients. This perfusion exceeded not only the perfusion of nearby
white matter but also that of more highly perfused grey matter.
Examples of hyperperfusion and corresponding FLAIR lesions for
six subjects are shown in Fig. 1. Of the 10 patients with visibly
high perfusion in PML lesions on ASL, seven (70%) demonstrated
perfusion primarily along the edge of the lesion.

Lesions of progressive multifocal
leukoencephalopathy progressors
have larger areas of hyperperfusion
than those of survivors

To quantify the high perfusion within PML lesions, we calculated
the hyperperfusion lesion fraction. This quantity reflects the frac-
tion—or percentage—of the lesion volume defined on FLAIR with
perfusion greater than twice normal-appearing grey matter.
Contrary to our hypothesis, the mean HLF was lower, 3.43%, in
PML survivors compared with PML progressors, 12.83%
(P=0.02). Indeed only one PML survivor demonstrated
HLF >4.0% (Fig. 2). Of note, all PML lesions with HLF >4.0%
displayed hyperintense signal on ASL sequences that could readily
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FLAIR ASL

Figure 1 PML lesions contain areas of elevated perfusion. Four
representative cases of PML lesions on FLAIR with correspond-
ing ASL perfusion sequences are shown. Areas of increased
perfusion are marked by an arrow. (A) Right frontal lesion in a
PML progressor. HLF of the PML lesion was 10.9%. (B) Left
fronto-parietal lesion in a PML progressor with an HLF of
26.0%. (C) Left fronto-parietal lesion in a PML survivor with an
HLF of 34.6% (D) Left fronto-parietal and splenium of corpus
callosum lesion in a PML progressor with an HLF of 11.3%.
Perfusion was more commonly elevated along the edge rather
than the core of the PML lesions (B, C and D).
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Figure 2 Perfusion is increased in brain lesions of PML pro-
gressors. Each circle (PML survivors) or triangle (PML progres-
sors) represents the HLF in PML lesions of a given patient at the
first MRI. A filled symbol represents patients with active IRIS.
The dotted line indicates the 4.0 cut-off separating survivors and
progressors. The bars represent the standard deviations and the

means.
*the only PML survivor with an HLF >4.0. This 37-year-old

HIV-infected male had a CD4 + T cell count of 47/pl at the time
of the first MRI and had been on combined anti-retroviral
therapy for ~3 months. The CD4+ T cell count increased to
161/ul when he had his second MRI months later.

**the only PML progressor with IRIS.

***the only PML progressor with contrast enhancement.

be identified visually. Conversely, PML lesions with HLF <4.0%
were not visualized.

The relative risk of PML progression with HLF >4.0% was 9.1
(95% Cl of 1.4-59.5). Using 4.0% as the cut-off point to indicate
the PML progressor status, the sensitivity of this test was 81.8%
(95% Cl: 0.59-1.00) whereas the specificity was 90.9 % (95% Cl:
0.74-1.00). The positive predictive value of the test in determining
PML progressor status at this cut-off point (likelihood that a
patient with HLF >4% is a PML progressor), was 90% (95%
Cl: 0.71-1.00) and the negative predictive value of the test (like-
lihood that a patient with HLF <4% is a PML survivor), was 83%
(95% Cl: 0.62-1.00).

Lesions of PML-IRIS patients had
smaller areas of hyperperfusion
than those without IRIS

The mean HLF was 4.05% in PML lesions of patients with IRIS at
the time of the MRI (n = nine patients), compared with 10.95%
(P=0.03) in those without IRIS (n =13 patients). The only PML
progressor with IRIS (Fig. 2) was also one of only two progressors
with an HLF <4.0%. In our data, which includes results up to 190
days (~6 months) post-disease onset, the positive predictive value
(likelihood that a patient with an HLF >4.0% does not have IRIS)
was 90% (95% Cl: 0.56-0.99), whereas the negative predictive
value (likelihood that a patient with an HLF <4.0% has IRIS) was
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67% (95% Cl, 0.35-0.90). The sensitivity and specificity of this
test is 69% (95% Cl: 0.39-0.91) and 90% (95% Cl: 0.52-0.99),
respectively. However, if only patients with imaging obtained in a
more acute setting of 94 days (~3 months) were analysed, the
positive predictive value was 88% (95% Cl: 0.47-0.99), the nega-
tive predictive value was 80% (95% Cl: 0.28-0.99), sensitivity
was 88% (95% Cl: 0.47-0.99), and specificity of 80% (95%
Cl: 0.28 to 0.99). Of 22 patients, nine (40.9%) had IRIS including
8/11 PML survivors and 1/11 PML progressors. This difference
was statistically significant (P = 0.008).

Hyperperfusion was not associated with
the presence of contrast enhancement

Among the 21 patients who received intravenous contrast, the
mean HLF was 0.19% in contrast-enhancing lesions (n =4) and
10.23% in non-enhancing lesions (n=17) (P =0.06). The only
PML progressors (Fig. 2) with contrast-enhancing lesions did not
have an HLF >4.0%. Hence HLF reflects elevated perfusion with-
out substantial damage to the blood-brain barrier. Representative
examples of discrepancies between hyperperfusion and enhance-
ment in PML lesions are shown in Fig. 3.

Hyperperfusion of progressive
multifocal leukoencephalopathy
lesions tended to be associated
with low immune response

The presence of a JC virus-specific T cell response was determined
by ELISpot or intracellular cytokine staining in 21 patients. In those
with detectable immune response (n=17), the mean HLF was
5.32% compared with 13.45% (P =0.21) in those with undetect-
able immune response (n =4). Of nine HIV-positive patients with
laboratory data available within 2 months from the time of MRI,
the mean HLF in those with a CD4* T cell count >200/ul was
1.03% (n=4) compared with 14.06% in those with a CD4* T
cell count <200/ul (n=5) (P=0.10).

Longitudinal studies of perfusion
in progressive multifocal
leukoencephalopathy

Of 22 patients, 12 had two to four MRIs, including 11 PML sur-
vivors and one PML progressor. Moreover, five additional PML
survivors had one to four MRI scans 223-597 days from symptom
onset, for a combined total of 54 MRIs (42 PML survivors, 12
PML progressors). There were no images obtained beyond 190
days after PML onset that demonstrated areas of elevated perfu-
sion. In the sole PML survivor demonstrating hyperperfusion at
Day 94 of the initial study (Fig. 2), the perfusion had normalized
at Day 165 and remained normal at Day 452. Interestingly, this
patient showed an increase in CD4" T cell count subsequent
to antiviral therapy between the first two scans (from 47/ul to
161/ul). In the one PML progressor who had two studies, the
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perfusion remained elevated on Day 59 and also on Day 164
after symptom onset.

Lesion volume or location was not
associated with progressive multifocal
leukoencephalopathy progression

To determine whether PML progressors had larger lesions than
PML survivors, total FLAIR lesion volume was tabulated. There
was no significant difference between the two groups as the
mean lesion volume of the PML survivors (n=11) was 162.3
cm® compared with 109.2cm® in PML progressors (n=11)
(P =0.40). In addition, FLAIR sequences were reviewed for the
presence of infratentorial lesions. There was no significant differ-
ence between the two groups as two PML survivor patients and
five PML progressor patients had infratentorial lesions (P = 0.36).

Hyperintensity on diffusion weighted
imaging was not associated with
hyperperfusion

Numerous lesions demonstrated hyperintensity on diffusion
weighted imaging, but no lesions showed measurable decrease
in apparent diffusion coefficient. The bright signal on diffusion
weighted imaging thus reflected elevated T, with normal diffusion
coefficient. Bright diffusion weighted imaging was not significantly
associated with hyperperfusion or progression (P=0.76 and
P =0.61, respectively).

Discussion

Contrary to our initial hypothesis, areas of hyperperfusion within
PML lesions were associated with disease progression and were
inversely related to the presence of IRIS. We observed a trend
between hyperperfusion and low immune responses. These find-
ings suggest that hyperperfusion reflects viral activity rather than
immune response or inflammation. Consistent with this conclusion,
our results also demonstrate that areas of increased perfusion in
PML lesions predict a relative risk of disease progression of 9.1.
Our results suggest that ASL may be useful in the clinical man-
agement of patients with PML. Clinicians managing patients with
PML encounter a diagnostic dilemma when the patient's clinical
status deteriorates shortly after withdrawal of the offending im-
munosuppressants in HIV-negative patients, or after initiation of
combined antiretroviral therapy in HIV-positive individuals, con-
comitant to immune reconstitution. Standard MRI with injection
of contrast material cannot reliably differentiate progression of
PML from PML-IRIS (Johnson and Nath, 2011). Recently, we
demonstrated that in the presence of contrast enhancement, and
elevated Lip1/Cr ratio in PML lesions measured by proton mag-
netic resonance spectroscopy yielded a 79% probability of IRIS
(Gheuens et al., 2012). As this study suggests, ASL—which does
not require injection of contrast— has the potential to serve as a
non-invasive and simpler alternative to differentiate clinical
worsening due to the classic evolution of PML from that due to
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FLAIR ASL T1/contrast

PML-P
IRIS-

PML-P
IRIS-

PML-P
IRIS+

PML-S
IRIS+

Figure 3 Discrepancies between perfusion in PML lesions, contrast enhancement and IRIS. FLAIR, ASL sequences and post-gadolinium
T4-weighted images of representative cases are shown. (A) Left parietal lesion of a PML progressor (PML-P) without IRIS shows increased
perfusion (B, arrow) and no enhancement (C). The HLF was 26.7%; (D) right cerebellar lesion from a PML progressor without IRIS has
increased perfusion (E, arrow) and no enhancement (F). The HLF of the PML lesion was 22.0%; (G) left cerebellar lesion from a PML
progressor with IRIS has normal perfusion (H) and does enhance after contrast administration (I, arrowhead). The HLF of the PML lesion
was 0%; (J) bilateral frontal lesions of a PML survivor (PML-S) with IRIS have normal perfusion (K) and no enhancement (L). The HLF of
the PML lesion was 0.02%. Elevated perfusion along the edge of the PML lesions can be seen in B and E.
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PML-IRIS. Indeed, HLF of 4% or greater within PML lesions are
clearly visualized as hyperintense on ASL sequences, whereas
values below this threshold are not.

The intensity of the hyperperfusion in affected white matter and
the use of the relatively new ASL perfusion technique naturally
raises questions of systematic effects in the measurement. ASL can
show elevated signal in larger arteries when flow is very slow
(Chalela et al., 2000), but the high flow nearby and the spatial
distribution of the hyperperfusion argue against this explanation.
Perfusion can appear artificially high if long labelling durations are
used and T, of the lesions is much higher than normal (Tanaka
et al., 2011). Though we cannot exclude the possibility of slight
overestimation of perfusion from these causes, the modest label-
ling duration of 1.5s and the intermediate T, observed at the edge
of the PML lesions do not support a major contribution to the
observed hyperperfusion.

The relationship found between increased perfusion and ab-
sence of IRIS and enhancement is a surprising finding. This
raises the possibility that the source of the increased perfusion is
induced by (i) the virus; (i) the innate immune system; or (iii) an
interplay between the two. One candidate mechanism for the
hyperperfusion is nitric oxide, a potent vasodilator capable of
greatly increasing blood flow (Abrams, 1984). Various investiga-
tions have demonstrated that neurotropic viruses, including influ-
enza, bornavirus, herpes simplex-1, rabies, and coxsackievirus can
induce the immune system to produce nitric oxide synthase (NOS)
(Hooper et al., 1995; Akaike and Maeda, 2000). The human para-
myxovirus respiratory syncytial virus is also capable of directly
upregulating inducible nitric oxide synthase (INOS) in human
type two alveolar epithelial cells independent of pro-inflammatory
cytokines (Tsutsumi et al., 1999). Additionally, reactive astrocytes
and neurons have the capability of activating nitric oxide synthase
(Faraci and Breese, 1993; Sofroniew, 2005). At low levels of nitric
oxide, the host Th1-immune response (and CD8* T cell activa-
tion) is enhanced; however, at high levels, nitric oxide will sup-
press Th1 cell differentiation and proliferation and can also induce
apoptosis of T cells (Tarrant et al., 1999; Aiello et al., 2000; van
der Veen, 2001; Niedbala et al., 2006). The Th1 immune response
is classically considered to be the primary immune response
against viruses and also the driving force behind IRIS (Sun and
Singh, 2009; Johnson and Nath, 2011). We are not aware of
any studies of JC virus and nitric oxide production. This complex
interplay between nitric oxide and the immune system might ex-
plain our finding of increased perfusion in the absence of IRIS.
Furthermore, the location of increased perfusion along the periph-
ery of the lesions supports the role of the innate immune system in
response to advancing JC virus infection. Indeed, the periphery of
PML lesions contain the greatest viral activity and active demye-
lination (Horger et al., 2012). If nitric oxide production involve-
ment in the progression of PML is confirmed, then nitric oxide
synthase inhibition may become a potential therapeutic target
(Salerno et al., 2002; Charriaut-Marlangue et al., 2013).

We examined other factors that could affect cerebral perfusion
and influence the outcome of the study. van Laar et al. (2008)
studied various conditions (including diabetes, hypertension, and
tobacco use) that could affect cerebral blood flow as assessed by
ASL and found that only hypertension was associated with
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increased regional cerebral blood flow. In our study, hypertension
was not associated with increased HLF. Decreased resting cerebral
blood flow has previously been demonstrated in individuals with
HIV (Ances et al., 2009). However, although the PML survivor
group in our study had a larger proportion of HIV-positive indi-
viduals than the PML progressor group this difference was not
statistically significant. Additionally, the dramatic differences in
perfusion as seen in our study cannot be explained by the reduc-
tion in blood flow of HIV-positive individuals alone.

Our study does have several limitations. First, in our patient
population, the PML survivor group overlapped with those with
PML-IRIS. It might appear intuitive that patients with immune
reconstitution—and thus the ability to mount a response to the
JC virus—would be more likely to survive PML. However, the use
of the presence of PML-IRIS as a prognostic indicator for survival
remains an area of controversy (Harrison et al., 2011).
Nonetheless, the increased survival seen in those without an in-
crease in perfusion might be related to their ability to mount an
immune response as evidenced by IRIS.

Second, the functional status recorded at initial MRI was worse
in the PML progressor group than in the PML survivor group
(median Karnofsky scores of 35 and 70, respectively). The differ-
ences in initial disability scores in the PML, survivor and PML
progressor populations could contribute to the differences in sur-
vivorship. Because of the small sample size (which is largely a
function of the incidence of PML), we were unable to perform a
multivariable analysis to control for potential confounders such as
functional status, as well as age, gender, CD4* count, PML sur-
vivor/progressor, or presence or absence of IRIS.

Third, of the nine patients with IRIS in our study, five had
received corticosteroids before the MRI. Steroid use in brain
tumours  can
(Leenders et al., 1985). However, these changes were minimal
compared with the large difference in perfusion observed in our
study.

This study is the first to show that ASL can demonstrate high
perfusion patterns in PML lesions. Areas of elevated perfusion
might indicate virologically active PML, which portends a poorer
prognosis compared with a virologically inactive PML devoid of
elevated perfusion. Additionally, and likely related to the lack of
an appropriate immune response and hence an undeterred virolo-
gic progression, ASL has the potential to be a useful tool in dis-
tinguishing the natural evolution of PML from PML-IRIS as the
cause of clinical worsening. In the study previously mentioned, we
used proton magnetic resonance spectroscopy (‘H-MRS) to ex-
plore the metabolic profile within PML lesions with and withour
IRIS (Gheuens et al., 2012). We plan to validate these data in
another cohort of patients with PML, combining ASL and
"H-MRS with the purpose of evaluating MRS metabolic param-
eters in areas of increased perfusion. A benefit of ASL over other
techniques is that results are readily visualized on MRI images, it is
not invasive, does not require intravenous injection of contrast,
and is also a relatively short MRI sequence. The information ob-
tained by ASL MRI technique can provide valuable insight into the
course of PML and will guide physicians in the management of
their patients.

cause a decrease in cerebral blood flow
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