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Abstract

Background: Magnetic resonance spectroscopy quantitatively monitors biomarkers of neuron-myelin

coupling (N-acetylaspartate (NAA)), and inflammation (total creatine (tCr), total choline (tCho), myo-

inositol (mI)) in the brain.

Objective: This study aims to investigate how ocrelizumab and interferon beta-1a differentially affects

imaging biomarkers of neuronal-myelin coupling and inflammation in patients with relapsing multiple

sclerosis (MS).

Methods: Forty patients with relapsing MS randomized to either treatment were scanned at 3T at

baseline and weeks 24, 48, and 96 follow-up. Twenty-four healthy controls were scanned at weeks 0,

48, and 96. NAA, tCr, tCho, mI, and NAA/tCr were measured in a single large supra-ventricular voxel.

Results: There was a time� treatment interaction in NAA/tCr (p¼ 0.04), primarily driven by opposing

tCr trends between treatment groups after 48 weeks of treatment. Patients treated with ocrelizumab

showed a possible decline in mI after week 48 week, and stable tCr and tCho levels. Conversely, the

interferon beta-1a treated group showed possible increases in mI, tCr, and tCho over 96 weeks.

Conclusions: Results from this exploratory study suggest that over 2 years, ocrelizumab reduces gliosis

compared with interferon beta-1a, demonstrated by declining ml, and stable tCr and tCho. Ocrelizumab

may improve the physiologic milieu by decreasing neurotoxic factors that are generated by inflamma-

tory processes.
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Introduction

Magnetic resonance spectroscopy (MRS) can assess

changes in brain metabolism associated with mul-

tiple sclerosis (MS) disease pathophysiology.

Several MRS studies have previously reported

decreased N-acetylaspartate levels (NAA) in MS

compared with healthy controls,1,2 which recent lit-

erature suggests may reflect underlying mitochon-

drial dysfunction or insufficient myelin

maintenance,3 rather than neuronal density, as pre-

viously attributed. In addition, MRS studies have

repeatedly shown elevated and/or rising total

creatine (tCr¼ creatineþ phosphocreatine), total

choline (tCho¼ choline containing compounds)

and myo-inositol (mI) levels in MS, consistent

with ongoing gliosis.2,4–6 MRS can also provide

information about potential therapeutic mecha-

nisms of action. Studies monitoring treatments for

MS have posited that an increase in the NAA/tCr

ratio demonstrates neuroprotection due to treat-

ment.7–11

Ocrelizumab is a B-cell-depleting monoclonal anti-

body with greater efficacy on preventing clinical
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relapses, disability progression, and new focal

inflammatory lesions on brain MRI in phase II &

III trials compared with placebo and interferon

beta-1a.12,13 The goals of this study were to use

MRS to monitor patients with relapsing MS com-

pared with healthy controls to investigate how ocre-

lizumab and interferon beta-1a differentially affect

brain metabolites in relapsing MS, and to aid in the

understanding of ocrelizumab’s mechanism

of action.

Methods

Subjects

All patients recruited into the OPERA II (clinical-

trials.gov NCT01412333) double blind, double

dummy, active control relapsing MS trial of ocreli-

zumab 600mg IV every 24 weeks versus interferon

beta-1a 44 lg subcutaneous three injections weekly

(as detailed elsewhere13) at a single site (University

of British Columbia, Vancouver, Canada) were

invited to participate in an advanced MRI substudy.

Forty patients were scanned with the MRS protocol

at baseline and weeks 24, 48, and 96 follow-up. MRS

data from 37 participants who completed at least two

time points were included in the analysis (see Table 1

for details). Twenty-four healthy age and gender-

matched controls were also scanned at baseline and

weeks 48 and 96, and data from all healthy controls

were included in the analysis. The study was

approved by the local clinical research ethics board,

and written, informed consent was obtained.

Participant characteristics are summarized in Table 1.

Magnetic resonance spectroscopy

All participants were scanned with an 8-channel

phased array head coil on a 3.0 T Philips Achieva

MRI system (Best, The Netherlands). Proton density

(TE/TR¼ 10/2000ms, reconstructed voxel size

0.98� 0.98� 3.00mm3) and T2 weighted images

(TE/TR¼ 80/6100ms, reconstructed voxel size

0.98� 0.98� 3.00mm3) were acquired and used to

prescribe a 6.5� 4.5� 1.8 cm3 primarily normal-

appearing white matter voxel above the ventricles,

as shown in Figure 1. Point RESolved Spectroscopy

(PRESS) was used to acquire single-voxel spectra

with TE/TR¼ 36/4000ms, 8 phase cycle steps,

56 water-suppressed, and 8 non-water-suppressed

acquisitions, which were saved as the final averaged

spectrum. Automated pencil beam second-order

shimming was performed on the same region as

the voxel.

Analysis was performed blinded to treatment allo-

cation. Spectra were fit using LCModel version 6.3

with water scaling.14 MRS voxels were segmented

into white matter, lesion, gray matter, and cerebro-

spinal fluid (CSF) using the proton density and T2

weighted images with an approach previously

described elsewhere15 and resulting volume frac-

tions are listed in Table 2. The tissue fractions were

used to correct the water peak area for compart-

mentation and relaxation to produce absolute

metabolite concentrations, as previously

described.16 Individual metabolite fits were deter-

mined to be reliable if the absolute value of their

error estimate was below 30% of the median

metabolite concentration across all spectra.17

Table 1. Participant characteristics.

Relapsing MS Patients

Healthy Controls

Ocrelizumab

Treated

Interferon Beta-1a

Treated

Total Number of Subjects 19 18 24

Females :Males 11 : 8 11 : 7 14 : 10

Age in years median (range) 37.0 (22.8–51.6) 42.2 (18.1–55.5) 35.2 (21.6–56.0)

Total Number of Subjects with

MRS at Weeks 0/24/48/96

13/18/18/17 11/17/18/18 24/0/24/24

EDSS at Baseline

median (range)

2.0 (0.75–4.5) 2.5 (1.25–4)

Disease Duration at Baseline in

years median (range)

2.9 (0.2–15.8) 5.4 (0.4–19.3)

Gadolinium MRI at Baseline

Enhancing Lesions Yes : No

3 : 16 3 : 15
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Outcome measures were the ratio of NAA/tCr, and

the absolute concentrations of NAA (marker of

neuron-myelin coupling),3,18 tCr (cellular energy

metabolism),19 tCho (membrane building

block),19 mI (glial cell marker),20,21 glutamate

(excitatory neurotransmitter),19 and glutamine

(involved in the glutamate uptake cycle).19

Statistics

Metabolite concentrations and the NAA/tCr ratio

from the treatment groups were fit to a mixed effects

model to account for repeated measures over time on

each subject and to handle incomplete data from

missing time points using the R Project for

Statistical Computing.22 An interaction effect was

Figure 1. Top: Localization of the MRS Voxel. Bottom: Example MR spectrum from a patient with MS.
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included to allow the differences between treatment

arms to vary by week. The visit week and treatment

arms were kept as fixed effects while the subject was

a random effect to account for individual variability.

A separate mixed effects model was fit to the healthy

controls because there were no data at week 24 for

this group, with week as a fixed effect and subject as

a random effect. An ANOVA was used to test for

significant differences between healthy controls and

treatment arms for measures of spectral quality and

in the percent change over 96 weeks with the Tukey

method to control for multiple comparisons. Raw

uncorrected p-values are reported.

Results

This study obtained spectra with high signal to noise

ratios (SNR) (median 47, range 33–58) and narrow

linewidths (median 5.9 Hz, range 4.0–8.8 Hz), as cal-

culated by LCModel based on the NAA peak. No

spectra were rejected from the analysis. Across all

visits, the SNR was not significantly different between

patient groups, the mean SNR in the ocrelizumab

cohort was 46.4 (95% confidence interval 45.4 to

47.4) and in the interferon beta-1a cohort was 46.9

(46.0 to 47.7). However, it was slightly higher in the

healthy controls as compared with both patient groups

(mean 48.9 (48.1 to 49.8), ANOVA p< 0.0001). The

linewidths were not significantly different between

any groups. The excellent spectral quality led to reli-

able fits for all metabolites listed above in each spec-

trum with the exception of glutamine, which was

reliably fit in 103 out of 202 spectra.

The NAA/tCr ratio and absolute concentrations at

each time point for patients with relapsing MS in

both treatment arms are shown in Figure 2. There

was a time� treatment interaction for the ratio of

NAA/tCr (p¼ 0.04). The absolute concentration of

tCr also demonstrated a time� treatment interaction

(p¼ 0.06), where patients receiving ocrelizumab

exhibited stable levels over time while those receiv-

ing interferon beta-1a experienced an increase after

48 weeks of treatment. There was also a time� treat-

ment interaction for mI (p¼ 0.06), arising from a

decreasing trend in the ocrelizumab group and

increasing trend in the interferon beta-1a group

over 96 weeks.

Table 2. Mean voxel tissue composition for each group over time with 95% confidence intervals in brackets.

Subject Group

Visit

Week

Voxel Tissue Composition Fractions

White Matter Gray Matter

Cerebrospinal

Fluid Lesion

Relapsing MS:

Orelizumab

Treated

0 68.4%

(65.8 to 70.9%)

21.4%

(19.4 to 23.4%)

8.8%

(7.3 to 10.2%)

1.5%

(0.9 to 2.2%)

24 68.2%

(66.3 to 70.2%)

20.7%

(18.9 to 22.5%)

10.0%

(8.7 to 11.3%)

1.9%

(1.0 to 2.8%)

48 68.6%

(66.4 to 70.8%)

20.2%

(18.2 to 22.3%)

9.8%

(8.1 to 11.5%)

1.9%

(1.2 to 2.7%)

96 67.4%

(64.8 to 69.9%)

21.0%

(18.8 to 23.3%)

9.7%

(8.2 to 11.2%)

1.8%

(1.0 to 2.5%)

Relapsing MS:

Interferon

Beta-1a

Treated

0 68.3%

(64.7 to 71.8%)

20.0%

(16.9 to 23.1%)

9.6%

(7.4 to 11.8%)

2.7%

(0.6 to 4.8%)

24 67.3%

(64.1 to 70.5%)

19.6%

(17.3 to 21.8%)

11.1%

(9.1 to 13.1%)

2.2%

(1.0 to 3.4%)

48 66.6%

(63.8 to 69.4%)

19.2%

(16.6 to 21.7%)

11.9%

(9.9 to 13.9%)

2.4%

(1.2 to 3.6%)

96 66.9%

(63.9 to 69.9%)

18.9%

(16.9 to 20.8%)

11.7%

(9.5 to 13.9%)

3.0%

(1.4 to 4.5%)

Healthy Controls 0 69.8%

(68.1 to 71.6%)

22.3%

(20.4 to 24.1%)

8.4%

(7.5 to 9.3%)

48 69.7%

(68.0 to 71.5%)

21.7%

(19.9 to 23.5%)

8.6%

(7.5 to 9.6%)

96 70.0%

(67.8 to 72.2%)

21.1%

(19.2 to 23.0%)

8.8%

(7.7 to 10.0%)
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On average over 96 weeks, the NAA/tCr ratio was

more likely to increase for ocrelizumab-treated

patients (mean þ4.4 (0.8 to 8.1) %) than for those

treated with interferon beta-1a (–1.3 (–5.2 to 2.5)

%), as shown in Figure 3 and Table 3. However,

NAA alone tended to increase in both treatment

arms, whereas tCr tended to increase in the interfer-

on beta-1a group but remained constant in the ocre-

lizumab cohort. Myo-inositol was more likely to

decrease in the ocrelizumab group than in the inter-

feron beta-1a group (post-hoc contrast p¼ 0.03).

Table 3 also demonstrates that the changes in metab-

olite concentrations over time were more similar

between the ocrelizumab-treated patients and

healthy control groups than the interferon beta-1a

treated cohort for tCr, tCho, and mI.

Glutamate and glutamine did not exhibit any time-

� treatment interactions or differences between sub-

ject groups over 96 weeks (p> 0.23).

Discussion

This phase III clinical trial of ocrelizumab versus

interferon beta-1a demonstrated a significant inter-

action of time� treatment for the ratio of NAA/tCr.

Patients receiving ocrelizumab experienced a greater

overall increase in NAA/tCr from baseline to week

96, while patients receiving interferon beta-1a were

more likely to exhibit a decline over 96 weeks.

Investigating the absolute metabolite concentrations

revealed that the NAA/tCr treatment interaction is

primarily driven by the differing directions of tCr

concentration changes between treatment groups.

NAA levels were more likely to increase over time

in both treatment groups and did not show a time-

� treatment interaction (p¼ 0.45). The tCr levels

showed a time� treatment interaction trend over

time (p¼ 0.06), with stable levels in the

ocrelizumab-treated cohort and an overall possible

increase in the interferon beta-1a group.

Changes in markers of neuron and myelin integrity

NAA is synthesized in neuronal mitochondria,

released into the extracellular space, and is thought

to be taken up by oligodendrocytes to provide ace-

tate for lipid synthesis in myelin production.18

A case report of a 3-year-old child with no detect-

able NAA via in vivo MRS without extensive loss of

neuroaxonal tissue23 suggests that NAA is not solely

related to neuronal density. In addition, a recent his-

tology finding of higher NAA concentrations in oli-

godendrocytes and myelin than in the axonal/

neuronal cytosol or mitochondria of adult mice

Figure 2. Metabolite concentrations over time in both

treatment arms.

Boxplots of metabolite concentrations from patients

treated with ocrelizumab (OCR) are shown in blue and

those treated with interferon beta-1a (INFb) are shown in

green. Data from matched healthy controls are demarcated

by a solid line for the median with dashed lines for the

25th and 75th percentiles. p-values for the time� treat-

ment interaction effects are listed above the plot

when p� 0.06.
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brains suggests that myelin synthesis is one of the

primary roles of NAA in the brain.3 Hence, reduced

NAA in MS brain may reflect a decline in neuron-

myelin function,24 and treatment-related increases in

NAA may be interpreted as improved neuron-myelin

coupling.2,7–9,11,25 It should be noted that most pre-

vious studies are difficult to interpret since NAA is

not often reported independently but as the con-

founding measure of NAA/tCr or the combination

of NAA and N-acetylaspartylglutamate into a mea-

sure of total NAA (tNAA).2,7–9,11,25

In the present study, there was a trend that the abso-

lute concentration of NAA may be more likely to

increase in the ocrelizumab group compared with the

interferon beta-1a group over 96 weeks; however,

replication with a larger sample size is needed to

confirm these observations. A previous longitudinal

study of absolute metabolite concentrations that

monitored 18 treated patients with relapsing–remit-

ting MS (almost entirely treated with interferons or

glatiramer acetate) found that NAA increased at a

rate of 1.4% per year (raw uncorrected p¼ 0.04),2

which is in between the rates reported for both treat-

ment groups in the present study. NAA was more

likely to be constant over time in the healthy con-

trols, consistent with trends observed in healthy

cohorts of previous MS studies that reported abso-

lute metabolite concentrations over a similar

age range.2,25

Changes in markers of glial cell density

The total creatine and total choline signals in the

brain arise from all cell types, including neurons

and glia, whereas the myo-inositol signal has been

shown to arise almost exclusively from glia.20,21

Thus, changes in mI levels can add cellular specific-

ity to the interpretation of similar trends in tCr

and tCho levels. Elevated levels of these three

metabolites in the normal-appearing white matter

of relapsing–remitting MS, or combined relapsing

and progressive MS groups, have previously been

suggested to indicate ongoing gliosis.2,4,5 Further

evidence that these metabolites are markers of

active gliosis was recently revealed by correlations

between increased tCr and tCho levels in the normal-

appearing white matter with increased intrathecal

markers of inflammation in natalizumab-treated

MS patients.6 In the present study, the interferon

beta-1a cohort exhibited possible increases in con-

centrations of tCr, tCho, and mI between baseline

and week 96, suggesting ongoing gliosis. These

metabolite levels increased more rapidly than previ-

ously observed in a cohort of low Expanded

Figure 3. Percent change in mixed effects model means

over 96 weeks.

Change in the mixed effects model means over 96 weeks

shown with error bars representing the 95% confidence

intervals. While the NAA/tCr ratio changes in opposite

directions for the ocrelizumab and interferon beta-1a

treated cohorts, these groups show the same direction of

change in NAA over time. The opposing change in the

NAA/tCr ratio arises from different directions of change in

the tCr concentrations over time, thus the absolute con-

centrations are necessary for accurate interpretation of

metabolic changes. The only difference between groups

with p< 0.05 is the difference in the change in mI con-

centration over time between the two treatment arms.
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Disability Status Scale (EDSS) relapsing–remitting

MS patients primarily treated with glatiramer acetate

or interferon beta.2 Conversely, the healthy control

and ocrelizumab groups exhibited stable or possibly

declining concentrations of these three metabolites,

indicative of constant or decreasing glial cell densi-

ty. Furthermore, mI was more likely to decline in the

ocrelizumab-treated cohort than the interferon beta-

1a treated group (p¼ 0.03). While stable tCr and

tCho levels in treated relapsing–remitting MS

patients have previously been reported,25 to our

knowledge this is the first report of a declining

trend in the glial cell marker mI over time in treated

or untreated MS patients.

Study limitations

While there was a larger number of patients (40)

enrolled in this study in comparison to similar MS

clinical trial substudies, which involved 27 to 34

patients,6,7,11 the present substudy recruitment

began after the initial study, and baseline spectra

were not obtained from 6 out of 19 patients in the

ocrelizumab cohort and 7 out of 18 patients in the

interferon beta-1a cohort. To ensure that the lower

number of baseline scans as compared with follow-

up scans did not affect the overall results of this

study, all analyses were also conducted separately

on the subset of patients who had a baseline and at

least one follow-up scan. Results from the subset of

the subjects who had a baseline scan are listed in the

supplemental data, and are not different from the full

study results.

The excellent SNR of the spectra acquired in this

study is due in part to the very large voxel size

(6.5� 4.5� 1.8 cm3¼ 53mL) which was placed to

encompass primarily white matter, with approxi-

mately 20% of the voxel being composed of gray

matter (see Table 2 for voxel composition details).

Thus, the metabolite concentration changes pre-

sented here reflect metabolic changes from a large,

central, area of the brain above the ventricles, and it

was not possible to capture regional changes in

metabolite concentrations.

Conclusion

This in vivo MRS investigation demonstrated that

patients treated with ocrelizumab were significantly

more likely to experience declining gliosis, while

patients treated with interferon beta-1a were more

likely to exhibit increasing gliosis, based on MRS

markers of inflammation measured in the normal-

appearing white matter over 96 weeks.

Ocrelizumab is an anti-CD20 B-cell depletion ther-

apy, and is thought to reduce inflammation in MS by

disrupting the role of CD20þ B-cells in antigen pre-

sentation and cytokine production.26 This targeted

reduction in B-cell-mediated immune response is

supported by the greater likelihood of declining

glial cell density in patients treated with ocrelizumab

reported here. In addition, the percent change in the

marker of neuron-myelin function, NAA, over 96

weeks, appeared that it may be greater in the ocre-

lizumab group than in the cohort treated with inter-

feron beta-1a. Furthermore, there were opposing

changes in absolute tCr levels after week 48 between

the treatment groups that would have led to the

incorrect interpretation of NAA changes if only the

NAA/tCr ratios were reported. This opposing change

in tCr levels reemphasizes the importance of obtain-

ing absolute concentrations to ensure maximal sen-

sitivity to changes from the treatment, as well as

correct interpretation of the biochemical mecha-

nisms of action. Taken together, this study revealed

unique, pathologically specific, insights into the

Table 3. Summary of percent change in metabolite concentrations from week 0 to 96.

Metabolite

Relapsing MS Patients

Healthy Controls

ANOVA

Between

Groups (p)

Ocrelizumab

Treated

Interferon

Beta-1a Treated

Time�Treatment

Interaction (p)

NAA/tCr 4.4 (0.8 to 8.1) % –1.3 (–5.2 to 2.5) % 0.04 2.4 (–0.2 to 5.0) % 0.09

NAA 3.9 (–0.5 to 8.3) % 1.8 (–2.8 to 6.4) % 0.45 0.5 (–2.6 to 3.6) % 0.44

tCr –0.3 (–4.5 to 4.0) % 3.6 (–0.8 to 8.0) % 0.06 –1.9 (–4.9 to 1.1) % 0.12

mI –6.0 (–12.2 to 0.3) % 5.9 (–0.6 to 12.5) % 0.06 –2.8 (–7.3 to 1.6) % 0.03

tCho 0.1 (–5.2 to 5.4) % 4.6 (–0.9 to 10.1) % 0.17 –1.8 (–5.5 to 2.0) % 0.17

Percent differences are expressed as mixed effects model means and 95% confidence intervals with associated p-values for the time� treatment

interaction effect between the ocrelizumab and interferon beta-1a treated groups. Healthy control changes with time are given for comparison,

as well as the p-value for the ANOVA between all three cohorts. p-values less than 0.05 are highlighted in bold.
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potential mechanisms of action of two different

treatments in patients with MS actually receiving

these therapies, and demonstrates a practical

approach to including MRS to unlock such insights

in future clinical trials or clinical research.
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