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Patients with secondary progressive multiple sclerosis (SPMS) are

lacking efficient medication to slow down the progression of their

disease. PET imaging holds promise as a method to study, at the
molecular level and in vivo, the central nervous system pathology

of SPMS. PET might thus help to elucidate potential therapeutic

targets and be useful as an imaging biomarker in future treatment

trials of progressive multiple sclerosis. The objective of this study
was to evaluate whether translocator protein (TSPO) imaging could

be used to visualize the diffuse inflammation located in the

periplaque area and in the normal-appearing white matter (NAWM)

in the brains of patients with SPMS. Methods: This was an imaging
study using MR imaging and PET with 11C-PK11195 binding to

TSPO, which is expressed in activated, but not in resting, microglia.

Ten SPMS patients with a mean expanded disability status scale
score of 6.3 (SD, 1.5) and eight age-matched healthy controls were

studied. The imaging was performed using High-Resolution Re-

search Tomograph PET and 1.5-T MR imaging scanners. Microglial

activation was evaluated as the distribution volume ratio (DVR) of
11C-PK11195 from dynamic PET images. DVR estimations were

performed with special interest in NAWM and gray matter using

region-of-interest and parametric image–based approaches.

Results: The DVR of 11C-PK11195 was significantly increased in
the periventricular and total NAWM (P 5 0.016 and P , 0.001, re-

spectively) and in the thalamic ROIs (P 5 0.027) of SPMS patients,

compared with the control group. Similarly, parametric image anal-
ysis showed widespread increases of 11C-PK11195 in the white

matter of SPMS patients, compared with healthy controls. In-

creased perilesional TSPO uptake was present in 57% of the

chronic T1 lesions in MR imaging. Conclusion: The finding of in-
creased 11C-PK11195 binding in the NAWM of SPMS patients is in

line with the neuropathologic demonstration that activated micro-

glial cells are the source of diffuse NAWM inflammation. Evaluating

microglial activation with TSPO-binding PET ligands provides
a unique tool to assess diffuse brain inflammation and perilesional

activity in progressive multiple sclerosis in vivo.
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Multiple sclerosis (MS) is a chronic demyelinating disease of
the central nervous system (CNS), in which inflammation and neu-

ronal damage inflict significant neurologic deficits on the affected

individuals, who at the time of diagnosis are mostly young adults

(1,2). In most cases, the disease is initially of the relapsing form

(relapsing remitting MS), in which focal demyelination of the cere-

bral white matter (WM) represents the hallmark of the disease. With

time, there is almost invariably progression into a secondary stage

(secondary progressive MS [SPMS]), for which the clinical picture is

of gradually increasing disability, which may or may not be super-

imposed with relapses (3). Neuropathology studies have been valu-

able in defining the various pathologic substrates of MS. The path-

ologic features consist of focal lesions, which can be detected both in

the WM and in the gray matter (GM) and which vary in composition

depending on the disease stage (4). The WM lesions in relapsing

remitting MS are typically of the active-lesion type, and they are

likely the pathologic correlate of clinical attacks (5). In SPMS, the

plaques are mostly of the chronic active, slowly expanding (smol-

dering), or chronic inactive derivatives, with the classification de-

pending on the presence and distribution of macrophages and acti-

vated microglial cells in the plaque edge (4). In SPMS, there is

additionally diffuse inflammation and accumulating neurodegenera-

tion throughout the WM and GM, with scattered activated microglial

cells and lymphocytes, and the meninges are laden with B-cell fol-

liclelike structures (6–8). The inflammation in SPMS is described as

being compartmentalized within the CNS, instead of as inflamma-

tory cells being brought in from the periphery as in relapsing re-

mitting MS attacks (4,8,9). The observed tight correlation between

inflammation and axonal injury suggests that inflammation plays

a central role in contributing to neurodegeneration and disease pro-

gression (4,7,10).
MR imaging is the most sensitive technique for detecting focal

WM lesions in vivo, and lesion-load measurement based on con-

ventional T2-weighted MR imaging is used in diagnostics and in the

monitoring of treatment (11). Conventional MR imaging can dis-

tinguish between acute and chronic lesions, with separation being

based primarily on the evidence of blood–brain barrier breakdown

by contrast enhancement. Quantitative MR imaging techniques,

such as diffusion tensor imaging and high-field MR imaging, have

shown promise in detecting subtle abnormalities in the normal-

appearing WM (NAWM) and normal-appearing GM (NAGM)

in vivo (12,13). What, however, is still entirely lacking from the
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investigational armamentarium of MS is the ability to identify the
heterogeneity of chronic WM lesions in vivo. This would be of great
value in the evaluation of the pathologic process in SPMS, in the
estimation of the true inflammatory burden, and in identifying patients
with progressive MS, who still have demonstrable periplaque inflam-
mation. Importantly, these patients might benefit from active antiin-
flammatory treatment. Here, PET imaging, with the ability to detect
activated microglial cells in vivo, might prove helpful (14).
In this study, we have applied PET imaging as a tool to detect

microglial activation using the radioligand 11C-PK11195 binding to
the 18-kDa translocator protein (TSPO), a molecule upregulated in
activated microglial cells and macrophages but otherwise expressed at
a low level in the CNS (15). We used 11C-PK11195 to detect diffuse
inflammation in the NAWM of SPMS patients. We also demonstrated
that TSPO imaging has the potential to differentiate between different
types of chronic T1 hypointense WM lesions in vivo.

MATERIALS AND METHODS

Study Subjects

The study was performed as a clinical, cross-sectional PET and MR

imaging study at the Turku PET Centre and Turku University Hospital.
The study protocol was approved by the Ethical Committee of the

Hospital District of Southwestern Finland, and a written informed
consent form was obtained from all participants. On the basis of prior

brain PET studies with 11C-PK11195 (15–18), it was estimated that 10
subjects per study group would suffice to reveal 15% group differ-

ences in 11C-PK11195 binding, with 90% power at a P level of less
than 0.05. Ten SPMS patients (mean age 6 SD, 49.8 6 7.9 y; age

range, 42–61 y; 7 women and 3 men) and eight healthy controls (mean
age 6 SD, 49.7 6 10.5 y; age range, 39–66 y; 6 women and 2 men)

were included in the final evaluation. The main inclusion and exclu-
sion criteria, and information on the two excluded control subjects, are

provided in supplemental material (supplemental materials are avail-
able at http://jnm.snmjournals.org). The mean expanded disability sta-

tus scale score of the SPMS patients was 6.3 (SD, 1.5), and mean
disease duration was 13.3 y (SD, 5.8 y).

MR Imaging and Data Analysis

The methodology for obtaining conventional MR images and MR

image parameters and the preprocessing of the 3-dimensional (3D) T1
MR images for the parametric PET image analysis are described in the

supplemental material.

11C-PK11195 Radioligand Production and PET Imaging

The radiochemical synthesis of 11C-PK11195 is described in the
supplemental material. PET imaging using the 11C-PK11195 radio-

ligand was performed with a brain-dedicated high-resolution ECAT
HRRT scanner (CTI/Siemens) (19) with an intrinsic spatial resolution

of approximately 2.5 mm (20). First, a 6-min transmission scan for atten-
uation correction was obtained using a 137Cs point source. Thereafter,

60-min dynamic imaging was started simultaneously with the intra-
venous, smooth bolus injection of the radioligand. Head movements

during the scan were minimized using an individually shaped thermo-
plastic mask. The mean administered dose of 11C-PK11195 radioactivity

was 480.3 MBq (SD, 17.8 MBq), with no significant differences between
the groups (SPMS mean 6 SD, 481.7 6 18.8; control mean 6 SD,

478.6 6 17.7 MBq; P 5 not significant) and corresponding to a mean
mass of 4.3 mg (SD, 1.4 mg).

PET Data Analysis

Image reconstruction was performed using 17 time frames (2 · 15,

3 · 30, 3 · 60, 7 · 300, and 2 · 600 s; total, 3,600 s) as described
previously (21). The dynamic data were then smoothed using a gauss-

ian 2.5-mm postreconstruction filter (22). The possible displacements

between frames were corrected using mutual information realignment

in statistical parametric mapping (SPM8, version 8; Wellcome Trust

Center for Neuroimaging).
Manually delineated regions of interest (ROIs) were created using

in-house–developed software (Carimas 2.4; Turku PET Centre) on the

coregistered 3D T1 images. The ROIs included bilateral cortical ROIs in

lateral frontal, lateral temporal, parietal, and occipital cortices (forming

a combined ROI of the neocortex); bilateral medial temporal ROIs; deep

GM ROIs in the thalamus and striatum; unilateral ROIs in the pons and

posterior part of the sinus sagittalis superior; bilateral ROIs in the cere-

bellar cortex; and bilateral WM ROIs in periventricular NAWM (lateral

and cranial WM in relation to the lateral ventricles). All the WM and

GM ROIs were placed into areas outside demyelinating lesions—that is,

in areas appearing normal in the reference MR imaging.
In addition to the manually delineated ROIs, a semiautomated

approach for the analysis of the 11C-PK11195 binding in global NAWM,

NAGM, and areas of MS pathology visible in conventional MR imaging

(referred to as pathologic WM, including lesional WM with active and

chronic plaques visible in T1, T2, and FLAIR [fluid attenuated inversion

recovery]) was applied. At first, the MS lesions were identified using the

Lesion Segmentation Tool (23), a toolbox running in SPM8. The initial

threshold for the lesion-growing algorithm was set to 0.3, and the result-

ing lesion probability maps were transformed into binary masks consist-

ing of voxels greater than a value of 0.9. Thereafter, an exclusive binary

mask image of the deep GM, temporomedial regions, and cerebellum

was created using the Automated Anatomic Labeling template (24). The

mask image was warped to match the individual dynamic images using

in-house–developed software that maps integer values from a template

image to subject space by applying the inverse deformation fields

resulting from Voxel-Based Morphometry (VBM8, version 8; Struc-

tural Brain Mapping Group) segmentation. Another mask image was

created using the group of cortical GM regions in the Automated

Anatomic Labeling template and multiplying the warped image by

the segmented GM (thresholded using a value of 0.5). The acquired

individual binary masks were used for the global ROI evaluation of the
11C-PK11195 dynamic images: first, the individual lesion masks were

used for creating the corresponding lesional WM ROI, and second, the

segmented GM and WM were cleaned using the exclusive masks

combined with the lesion mask and consequently used to generate

global NAGM and NAWM ROIs.

For the estimation of 11C-PK11195 distribution volume ratio (DVR),

the time–activity curve corresponding to a reference region devoid of

specific TSPO binding was acquired using a supervised cluster algorithm

(SVCA) approach with 4 predefined kinetic tissue classes (SuperPK

software, SVCA4 classification) (16,25). Kinetic classes describing bind-

ing in normal GM, normal WM, and vasculature were defined using data

from control subjects. The high-specific-binding class was defined using

thalamus region data from SPMS patients, because the thalamus has

been shown to have an age-dependent increase in 11C-PK11195 binding

(26), and binding is also increased in patients with MS (15). Then, the

graphical Logan method was applied to the ROI-specific time–activity

curves using the SVCA4 gray reference input (further details are given in

supplemental material).

Parametric 11C-PK11195 DVR images were created using the Logan
method with SVCA4 gray reference input. The DVR images were ex-

amined to provide similar regional results, compared with the results

calculated from the regional average time–activity curves. The paramet-

ric images were normalized to the Montreal Neurologic Institute space

using subject-specific transformation parameters from 3D T1 MR image

preprocessing. To prevent the spill-over effect from the binding in the

vasculature and soft tissue, the following procedure was performed. The

parametric DVR images were multiplied by the average binary mask
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image created from the segmented GM and WM images of both control

and SPMS patients using Masking toolbox in SPM8. Thereafter, the
masked parametric images were smoothed with an in-house–created

edge-preserving gaussian 3D filter (8 mm in full width at half maximum)
before the statistical analysis using SPM8.

In addition, the 11C-PK11195 DVR images were assessed with re-
spect to MS lesions by overlaying the DVR images with 3D T1 and

FLAIR sequences to form fusion images using the Carimas software.
Furthermore, the T1 hypointense lesions were classified by visual,

qualitative assessment, in which the lesion was regarded as 11C-
PK11195–positive if the signal surrounding the T1 hypointense lesion

in the 11C-PK11195 DVR image was increased in more than half of
the lesion’s circumference (in all axial slices), compared with the

adjacent or contralateral NAWM. The analysis was performed using
Carimas software.

Statistical Methods

The statistical analyses of PET, MR imaging, and clinical parameters

were performed using SPSS (SPSS Statistics, version 21; IBM). The
normality of distribution of the variables was checked using the Shapiro–

Wilk test. Because of nonnormally distributed variables, and the small
number of subjects per group, the nonparametric Mann–Whitney U test

was used to estimate group differences. To evaluate the possible associ-
ations between different variables of interest, the Spearman nonparamet-

ric test for correlations was performed.
The voxelwise evaluation of differences in 11C-PK11195 binding

between groups was performed by analyzing the normalized and
smoothed parametric 11C-PK11195 DVR images. The statistical anal-

ysis was performed with SPM8 using an independent-samples t test to
test for possible differences between groups. The group differences

in voxel level with a P value of less than 0.001 (uncorrected), and in
cluster level, with a P value of less than 0.001 (corrected for multiple

comparisons; familywise error) were regarded as significant.

RESULTS

11C-PK11195 Binding in NAWM of SPMS Patients, Compared

with Healthy Controls

All SPMS patients had widespread MS pathology in the WM,
with a mean lesion load of 61 cm3 (SD, 44; Table 1), when eval-
uated using MR imaging. There was also significant brain atrophy,

compared with healthy controls: the mean WM volume of SPMS
patients was 713 cm3 (SD, 56) versus 783 cm3 (SD, 33) in healthy
controls (P 5 0.001). The respective mean GM volumes were 730
cm3 (SD, 67) and 824 cm3 (SD, 48) (P 5 0.006).
The DVR of 11C-PK11195 was significantly increased among

SPMS patients, compared with healthy controls, in the manually
delineated ROIs of periventricular NAWM (median, 0.96; inter-
quartile range [IQR], 0.91–1.02, in SPMS vs. median, 0.86; IQR,
0.83–0.89, in controls; P 5 0.016) and thalami (median, 1.19; IQR,
1.12–1.21, in SPMS vs. median, 1.10; IQR, 1.08–1.13, in controls;
P5 0.027) (Fig. 1). In other ROIs, no significant differences between
groups were found (P5 0.534–0.790) (Fig. 1). Segmentation analysis
yielded similar results—that is, there was increased 11C-PK11195
uptake within the segmented global NAWM ROI of the SPMS group,
compared with controls (median, 0.96; IQR, 0.96–0.97, in SPMS vs.
median, 0.92; IQR, 0.92–0.93, in controls; P , 0.001). Uptake in the
abnormal WM (plaque areas derived from the Lesion Segmentation
Tool) was significantly lower (DVR median, 0.88; IQR, 0.85–0.92),
compared with the segmented global NAWM in SPMS patients
(related-samples Wilcoxon signed-rank test, P 5 0.008). Similarly,
the voxelwise group comparison of parametric 11C-PK11195 DVR
images revealed areas of significantly increased 11C-PK11195 bind-
ing in widespread areas of periventricular and subcortical WM
(Fig. 2). Significant differences in the segmented cortical NAGM
DVR were not found between the groups (P 5 0.110). The differ-
ences in the 11C-PK11195 binding patterns between healthy
controls and SPMS patients in individual level are visualized in
Figure 3.

11C-PK11195-Binding in Chronic Plaques

A pattern of increased TSPO binding in the periplaque area
surrounding the borders of T1 hypointense plaques in the WM was
noted in the parametric DVR images fused with 3D T1 and FLAIR
images (Fig. 3), and on quantification, increased periplaque bind-
ing was observed in an average of 57% of the chronic T1 lesions
(Table 1). All but one patient had chronic lesions both with and
without periplaque binding (Table 1). In active plaques with gado-
linium enhancement, increased binding was observed in the core
of the lesions but not in the area surrounding them. Additionally,

TABLE 1
Quantification of MR Imaging Lesions and Number of T1 Lesions with TSPO Uptake

Patient

no.

Age

(y) Sex

Disease

duration

(y)

Expanded

disability

status

scale

GM

volume

(cm3)

WM

volume

(cm3)

T2 lesion

load

(cm3)

T1

lesions

(n)

PK11195

1 T1
lesions*

n %

1 51 F 9 6.0 742.0 721.4 22 3 3 100

2 39 F 15 8.0 782.1 698.6 102 19 11 58

3 61 M 16 6.5 775.2 756.5 50 19 13 68

4 51 M 21 3.5 713.8 721.3 41 22 11 50
5 48 F 23 7.5 710.7 759.4 22 1 0 0

6 33 F 9 6.5 782.7 731.3 20 11 6 55

7 60 F 15 7.5 769.9 715.5 33 8 5 63
8 48 F 6 7.5 794.0 655.0 132 33 20 61

9 66 F 12 6.0 609.2 694.2 58 17 9 53

10 40 M 7 4.0 623.2 672.7 128 31 22 71

*No. of chronic T1 lesions with 11C-PK11195 uptake and percentage of 11C-PK11195–positive lesions of all T1 hypointense lesions.
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focal areas with increased PK binding were found in the NAWM
(Fig. 4).

DISCUSSION

Our in vivo PET study of SPMS patients demonstrates that
TSPO imaging has additional value over MR imaging, because it
can detect two aspects of pathology associated with progressive
disease—that is, the diffuse widespread inflammation in the
NAWM and the active inflammatory rim of the chronic active
plaques, both manifestations of microglial cell activation not de-
tectable by MR imaging. The demonstration of increased TSPO
binding in a proportion of chronic plaques extends earlier obser-
vations of in vivo focal TSPO binding in chronic lesions and ex
vivo neuropathologic analysis of chronic plaques (4,15). The eval-
uation of TSPO binding could thus be a promising method for
differentiating between different subtypes of chronic lesions, and

its usability as an outcome method should
be tested in treatment studies of progres-
sive disease.

11C-PK11195 has been tested so far in a
few in vivo MS studies (17,18,27,28). De-
spite the challenges created by the short-
comings of the ligand (i.e., the low signal-to-
noise ratio and difficulties in quantification),
increased ligand binding has been suc-
cessfully correlated to active MR imag-
ing lesions (15,27). Additionally, increased
binding has been described in areas outside
focal lesions, suggesting the ability to dem-
onstrate diffuse inflammation (15,17,28).
Binding of 11C-PK11195 to focal areas cor-
responding to active MS plaques is expected
according to pathologic evidence of strong
activation of microglial cells in active
lesions and homing of activated blood-borne
monocytes into the CNS through the open
blood–brain barrier (29). The TSPO ligand
binding to NAWM and NAGM and the abil-

ity to identify in vivo the activation status of chronic plaques (57% of
the plaques being of the chronic active type in our study) are, how-
ever, the parameters that truly bring added value over MR imaging
methods.
PET data analysis regarding the measurement of diffuse

inflammation in advanced MS requires special attention. Notably,
no desirable, anatomically distinct reference region free of
pathology, and hence free of specific radioligand binding, can be
found in the brain of patients with longstanding MS disease.
Because of the variation in data analysis methods, one must be
cautious when comparing earlier MS studies with each other. For
example, in some studies, the cortical GM was used as a reference
region (27,28), whereas in others GM was among the target areas
of interest (17). To overcome the lack of suitable reference region
in the MS brain, a supervised clustering technique (16,25) has
been developed to derive a clustered reference area devoid of
specific binding, a method used also in our study. This technique

has already been applied to earlier MS
studies with 11C-PK11195, similarly with
demonstration of diffuse inflammation
(17). One difference in findings between
our study and the one by Politis et al.
(17) is the lack of increased 11C-
PK11195 binding in the GM in our patient
cohort. This lack of increased binding
might result from different data processing
and modeling approaches (reviewed in the
supplemental material) or from neuropath-
ologic differences in the relatively small
study groups evaluated in both studies. Par-
ticularly, in the present study, the seg-
mented MR images were created using an
improved segmentation method, and the
parametric PET images were masked using
segmented images to avoid spill-over from
binding to the soft tissue and vasculature.
Theoretically, the spill-over might contrib-
ute to a finding of increased binding in the
cortical GM (17,18). Alternatively, the use

FIGURE 1. 11C-PK11195 DVR in different ROIs of SPMS patients and healthy controls. Results

are visualized as box plots showing median, minimum, maximum, first and third quartile limits,

and outliers (s). (A) ROIs derived by semiautomated segmentation. (B) ROIs derived by manual

delineation. NAWM 5 regions of normal-appearing periventricular WM and sentrum semiovale;

NAGM (ctx) 5 combined ROI of bilateral ROIs in normal-appearing frontolateral, parietal, tem-

poral, and occipital cortices; PWM 5 pathologic white matter. *P , 0.05. **P , 0.001.

FIGURE 2. Results of SPM analysis of parametric 11C-PK11195 DVR images from healthy

controls and SPMS patients. Areas of significantly increased 11C-PK11195 DVR in SPMS vs.

control group indicated according to red color bar (T score . 3.8 corresponding to P , 0.001;

independent-samples t test, familywise error correction for multiple comparisons, cluster extent

threshold, 604 voxels) and rendered on study subjects’ average 3D T1 MR template. In addition,

areas significant in voxel peak level but not significant after multiple comparisons are shown in

blue (T score . 3.7 corresponding to uncorrected P , 0.001).
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of the more up-to-date segmentation algorithm tools in our study,
and the exclusive mask used to prevent the spill-over from the
extracerebral structures in the parametric image analyses, might
have led to too stringent exclusion of cortical ligand binding, thus

accounting for the lack of increased cortical TSPO binding. In-
terestingly, despite no significantly increased TSPO binding in
the cortical GM, we did demonstrate increased deep GM bind-
ing of 11C-PK11195, as also reported earlier (15). Taken to-
gether, TSPO studies of diffuse inflammation require elaborate
methodology in analyzing the data, and it is of the utmost impor-
tance that the methodology be validated and harmonized to allow
comparison between studies.
PET imaging provides a unique method for the in vivo detection

of the various pathologic hallmarks of progressive MS disease,
such as the presence of activated microglial cells or the degree of
demyelination, and various PET targets can hence be viewed as
potential imaging biomarkers in the evaluation of progressive MS
(30,31). New, more specific TSPO ligands are being developed for
improved detection of activated microglial cells, but methodologic
problems such as the individual genetic variability in the ligand
binding (32) have thus far hampered their use. Simple genetic
testing, however, now allows prescreening of patients and enables
the control of the interindividual physiologic variation in TSPO
ligand binding properties (33), and the use of second-generation
TSPO ligands will certainly also be seen in MS studies, both in
longitudinal evaluation of disease progression and in treatment
trials.

CONCLUSION

Our results show that evaluation of microglial activation using
TSPO-binding PET ligands allows the assessment of diffuse brain
inflammation and perilesional activity in progressive MS in vivo.
Furthermore, our results suggest that TSPO binding could be used
to differentiate between different subtypes of chronic lesions.
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FIGURE 3. Differences in 11C-PK11195 binding of a healthy control

(man, 42 y) (A) and an SPMS patient (man, 40 y; patient 10 in Table 1)

(B). Fusion images of gadolinium-enhanced 3D T1 MR image coregis-

tered with parametric 11C-PK11195 DVR images, with arrows indicating

increased binding in WM (white arrows in NAWM, yellow in periplaque

regions of T1 hypointense lesions, and red in and around a plaque with

slight gadolinium enhancement).

FIGURE 4. Visualization of 11C-PK11195 uptake patterns with respect to MR imaging findings.

Axial views of gadolinium-enhanced 3D T1 (A), parametric 11C-PK11195 DVR image (B), FLAIR

sequences (C), and surface plots of 11C-PK11195 DVR image (D) in areas of slightly enhancing

active plaque with increased 11C-PK11195 signal within plaque (1); NAWM with increased 11C-

PK11195 signal (2); and chronic active T1 lesion with increased 11C-PK11195 signal around but

not in core of plaque, demonstrated in D(1)–D(3) (3). Scales in B and D represent DVR values, and

scale in C represents intensity of FLAIR signal. Images are from patient 2 in Table 1.

11C-PK11195 PET IN SPMS • Rissanen et al. 943



REFERENCES

1. Degenhardt A, Ramagopalan SV, Scalfari A, Ebers GC. Clinical prognostic

factors in multiple sclerosis: a natural history review. Nat Rev Neurol. 2009;5:

672–682.

2. Nylander A, Hafler DA. Multiple sclerosis. J Clin Invest. 2012;122:1180–1188.

3. Lublin FD, Reingold SC. Defining the clinical course of multiple sclerosis:

results of an international survey. National Multiple Sclerosis Society (USA)

Advisory Committee on Clinical Trials of New Agents in Multiple Sclerosis.

Neurology. 1996;46:907–911.

4. Frischer JM, Bramow S, Dal-Bianco A, et al. The relation between inflammation

and neurodegeneration in multiple sclerosis brains. Brain. 2009;132:1175–1189.

5. Brück W, Porada P, Poser S, et al. Monocyte/macrophage differentiation in early

multiple sclerosis lesions. Ann Neurol. 1995;38:788–796.

6. Moll NM, Rietsch AM, Thomas S, et al. Multiple sclerosis normal-appearing

white matter: pathology-imaging correlations. Ann Neurol. 2011;70:764–773.

7. Magliozzi R, Howell OW, Reeves C, et al. A gradient of neuronal loss and

meningeal inflammation in multiple sclerosis. Ann Neurol. 2010;68:477–493.

8. Kutzelnigg A, Lucchinetti CF, Stadelmann C, et al. Cortical demyelination and

diffuse white matter injury in multiple sclerosis. Brain. 2005;128:2705–2712.

9. Lassmann H, van Horssen J, Mahad D. Progressive multiple sclerosis: pathology

and pathogenesis. Nat Rev Neurol. 2012;8:647–656.

10. Prineas JW, Kwon EE, Cho ES, et al. Immunopathology of secondary-progressive

multiple sclerosis. Ann Neurol. 2001;50:646–657.

11. Filippi M, Rocca MA, Barkhof F, et al. Association between pathological and

MRI findings in multiple sclerosis. Lancet Neurol. 2012;11:349–360.

12. Filippi M, Iannucci G, Cercignani M, Assunta Rocca M, Pratesi A, Comi G. A

quantitative study of water diffusion in multiple sclerosis lesions and normal-

appearing white matter using echo-planar imaging. Arch Neurol. 2000;57:1017–

1021.

13. Mistry N, Tallantyre EC, Dixon JE, et al. Focal multiple sclerosis lesions abound

in ‘normal appearing white matter’. Mult Scler. 2011;17:1313–1323.

14. Ching AS, Kuhnast B, Damont A, Roeda D, Tavitian B, Dolle F. Current para-

digm of the 18-kDa translocator protein (TSPO) as a molecular target for PET

imaging in neuroinflammation and neurodegenerative diseases. Insights Imaging.

2012;3:111–119.

15. Banati RB, Newcombe J, Gunn RN, et al. The peripheral benzodiazepine binding

site in the brain in multiple sclerosis: quantitative in vivo imaging of microglia as

a measure of disease activity. Brain. 2000;123:2321–2337.

16. Turkheimer FE, Edison P, Pavese N, et al. Reference and target region modeling

of 11C-(R)-PK11195 brain studies. J Nucl Med. 2007;48:158–167.

17. Politis M, Giannetti P, Su P, et al. Increased PK11195 PET binding in the cortex

of patients with MS correlates with disability. Neurology. 2012;79:523–530.

18. Ratchford JN, Endres CJ, Hammoud DA, et al. Decreased microglial activation

in MS patients treated with glatiramer acetate. J Neurol. 2012;259:1199–1205.

19. Heiss WD, Habedank B, Klein JC, et al. Metabolic rates in small brain nuclei

determined by high-resolution PET. J Nucl Med. 2004;45:1811–1815.

20. de Jong HW, van Velden FH, Kloet RW, Buijs FL, Boellaard R, Lammertsma AA.

Performance evaluation of the ECAT HRRT: an LSO-LYSO double layer high

resolution, high sensitivity scanner. Phys Med Biol. 2007;52:1505–1526.

21. Alakurtti K, Aalto S, Johansson JJ, et al. Reproducibility of striatal and thalamic

dopamine D2 receptor binding using 11C-raclopride with high-resolution posi-

tron emission tomography. J Cereb Blood Flow Metab. 2011;31:155–165.

22. Hinz R, Jones M, Bloomfield PM, et al. Reference tissue kinetics extraction from
11C-(R)-PK11195 scans on the high resolution research tomograph (HRRT)

[abstract]. Neuroimage. 2008;41(suppl 2):T65.

23. Schmidt P, Gaser C, Arsic M, et al. An automated tool for detection of FLAIR-

hyperintense white-matter lesions in multiple sclerosis. Neuroimage. 2012;59:

3774–3783.

24. Tzourio-Mazoyer N, Landeau B, Papathanassiou D, et al. Automated anatomical

labeling of activations in SPM using a macroscopic anatomical parcellation of

the MNI MRI single-subject brain. Neuroimage. 2002;15:273–289.

25. Yaqub M, van Berckel BN, Schuitemaker A, et al. Optimization of supervised

cluster analysis for extracting reference tissue input curves in (R)-11C-PK11195

brain PET studies. J Cereb Blood Flow Metab. 2012;32:1600–1608.

26. Schuitemaker A, van Berckel BN, Kropholler MA, et al. SPM analysis of para-

metric (R)-[11C]PK11195 binding images: plasma input versus reference tissue

parametric methods. Neuroimage. 2007;35:1473–1479.

27. Debruyne JC, Versijpt J, Van Laere KJ, et al. PET visualization of microglia

in multiple sclerosis patients using 11C-PK11195. Eur J Neurol. 2003;10:257–

264.

28. Versijpt J, Debruyne JC, Van Laere KJ, et al. Microglial imaging with positron

emission tomography and atrophy measurements with magnetic resonance im-

aging in multiple sclerosis: a correlative study. Mult Scler. 2005;11:127–134.

29. Nesbit GM, Forbes GS, Scheithauer BW, Okazaki H, Rodriguez M. Multiple

sclerosis: histopathologic and MR and/or CT correlation in 37 cases at biopsy

and three cases at autopsy. Radiology. 1991;180:467–474.

30. Wu C, Zhu J, Baeslack J, et al. Longitudinal positron emission tomography

imaging for monitoring myelin repair in the spinal cord. Ann Neurol. 2013;74:

688–698.

31. Rissanen E, Virta JR, Paavilainen T, et al. Adenosine A2A receptors in secondary

progressive multiple sclerosis: a [C]TMSX brain PET study. J Cereb Blood Flow

Metab. 2013;33:1394–1401.

32. Owen DR, Yeo AJ, Gunn RN, et al. An 18-kDa translocator protein (TSPO)

polymorphism explains differences in binding affinity of the PET radioligand

PBR28. J Cereb Blood Flow Metab. 2012;32:1–5.

33. Kreisl WC, Jenko KJ, Hines CS, et al. A genetic polymorphism for translocator

protein 18 kDa affects both in vitro and in vivo radioligand binding in human

brain to this putative biomarker of neuroinflammation. J Cereb Blood Flow

Metab. 2013;33:53–58.

944 THE JOURNAL OF NUCLEAR MEDICINE • Vol. 55 • No. 6 • June 2014


