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ABSTRACT

Objective: To determine the frequency and consequences of neutralizing antibodies (NAbs) in
patients with a first event suggestive of multiple sclerosis (MS) treated with interferon �-1b
(IFN�-1b).

Methods: In the Betaseron/Betaferon in Newly Emerging MS For Initial Treatment (BENEFIT)
study, patients were randomly assigned to 250 �g IFN�-1b (Betaferon) or placebo subcutane-
ously every other day for 2 years or until diagnosis of clinically definite MS (CDMS). Patients were
then offered open-label IFN�-1b for up to 5 years. NAb status was assessed every 6 months by
the myxovirus protein A induction assay. A titer �20 NU/mL was considered NAb-positive, with
low (�20–100 NU/mL), medium (�100–400 NU/mL), and high (�400 NU/mL) titer categories.
Here we examine early-treated patients, who received IFN�-1b for up to 5 years.

Results: NAbs were measured in 277 of 292 early-treated patients and detected at least once in
88 (31.8%) patients, with 53 (60.2%) reverting to NAb negativity by year 5. Time to CDMS, time
to confirmed disability progression, and annualized relapse rate did not differ between NAb-
positive and NAb-negative patients or between periods of NAb positivity vs NAb negativity within
patients. Increases in newly active lesion number and T2 lesion volume and conversion to McDon-
ald MS were associated with NAb positivity and were more pronounced with higher titers.

Conclusions: Although NAb positivity was associated with increased brain MRI activity, no dis-
cernible effects on clinical outcomes were found. This finding may reflect the greater power of
MRI compared with clinical outcomes to detect the treatment effects of IFN�-1b and may also
result from temporal changes in NAb titers and biology. Neurology® 2011;77:835–843

GLOSSARY
BENEFIT � Betaseron/Betaferon in Newly Emerging MS For Initial Treatment; CDMS � clinically definite multiple sclerosis;
CI � confidence interval; EDSS � Expanded Disability Status Scale; HR � hazard ratio; IFN� � interferon �; MS � multiple
sclerosis; NAb � neutralizing antibody.

Neutralizing antibodies (NAbs) can develop during interferon � (IFN�) treatment,1 as with
other injected protein therapies,2 and reduce or abrogate normal biologic and treatment effects
by preventing IFN� binding to its receptor, thereby blocking receptor activation and expres-
sion of IFN-inducible genes.3–6 NAbs against IFN� usually develop 3–18 months after treat-
ment initiation and may disappear with continued therapy.7–18 The effects of NAbs on clinical
outcomes in IFN�-treated patients are inconsistent.19 Some studies show that clinical out-
comes are the same for NAb-negative and NAb-positive patients,8–11 and others report differ-
ences.7,12,13,16,20–22 Failure to detect consistent NAb effects on clinical outcomes may be a result
of most prospective studies being relatively short.
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The Betaseron/Betaferon in Newly Emerg-
ing MS For Initial Treatment (BENEFIT)
study assessed IFN�-1b (Betaferon, Bayer
HealthCare Pharmaceuticals, Wayne, NJ) in
patients with a first event suggestive of multi-
ple sclerosis (MS) over 5 years.22–24 It pro-
vided a unique opportunity to prospectively
assess the frequency/dynamics of NAb evolu-
tion and their long-term consequences.

METHODS Study design. Patients were randomly assigned
to 250 �g IFN�-1b subcutaneously every other day or placebo
(5:3), within 60 days after onset of the first clinical event, for �2
years or until clinically definite MS (CDMS) was diagnosed.25

Patients were then offered IFN�-1b for up to 5 years. Neuro-
logic assessments were undertaken at least every 6 months. Up to
10 MRI scans were obtained (screening, annually during years
1–5, and months 3, 6, 9, and 18 in the placebo-controlled phase
only). Anti-IFN� antibodies were evaluated every 6 months us-
ing the myxovirus protein A induction assay with IFN�-1b.26,27

Statistical analyses. Analyses were limited to patients initially
randomized to IFN�-1b, to provide a longer, more homoge-
neous observation period than delayed treatment in patients ini-
tially randomized to placebo. p Values are for 2-sided tests.

Definitions of NAb status. A titer of 20 NU/mL was the
cutoff between NAb negativity (�20 NU/mL) and positivity
(�20 NU/mL). NAb-positive titers were further categorized
into low (�20–100 NU/mL), medium (�100–400 NU/mL),
medium-high (�100 NU/mL), and high (�400 NU/mL) titers.
Two definitions for eventually NAb-positive patients were eval-
uated: at least one NAb-positive titer or 2 consecutive (con-
firmed) positive measurements. Reversion to persistent NAb
negativity was assumed if a patient had at least one NAb-negative
titer at a subsequent timepoint and no additional NAb-positive
titers after reversion. NAbs measured �30 days after the end of
study medication were excluded.

Effect of NAbs on outcomes. Differences between “never
NAb-positive” and “eventually NAb-positive” subgroups were
evaluated cross-sectionally. Because results from unconfirmed
and confirmed definitions of NAb positivity were very simi-
lar, findings using the confirmed definition are presented in
the supplementary material on the Neurology® Web site at
www.neurology.org.

Because NAb status may have changed over time, further
analyses compared NAb-negative with NAb-positive time peri-
ods by time-to-event analyses, considering NAb status as a time-
dependent covariate, and by longitudinal analyses for repeated
outcome measures.16 All switches between titer levels (dynamic
switching) were considered. The effect of NAbs on outcomes
was analyzed for NAb positivity �20 NU/mL and with respect
to different titer categories.

Cross-sectional analyses in eventually NAb-positive
patients. In individuals enrolled for �365 days, time to
CDMS, McDonald MS, and confirmed progression (Expanded
Disability Status Scale [EDSS] score increase �1.0 after at least
140 days) were analyzed using Cox proportional hazards regres-
sion comparing the NAb-negative vs eventually NAb-positive
patients. Relapse rates observed 1) over the entire study period,
2) excluding the first study year, and 3) annually in years 1–5

were compared for eventually NAb-positive and NAb-negative

patients by Poisson regression. Five-year MRI outcomes (cumu-

lative number of newly active lesions and T2 volume change)

were compared by nonparametric analysis of covariance. The

presence or absence of neutralizing activity was compared by the

presence of active inflammatory lesions on annual brain MRI

scans using Fisher exact test.

Comparison of outcomes in NAb-negative and NAb-
positive periods within patients. The risk during NAb-

negative and NAb-positive periods for time to event outcomes

was analyzed by baseline-adjusted Cox proportional hazards re-

gression including NAb status as a time-dependent covariate.

Hazard ratio (HR) estimates and 95% confidence intervals (CI)

indicated whether periods of NAb positivity were associated with

increased risk.

Longitudinal analyses for repeated outcome measures was

used to further explore the relationships between NAb status and

relapse risk, EDSS score change, newly active lesion rate, and T2

volume change. The generalized estimating equation approach,

with an exchangeable correlation structure, was used.16 Specifi-

cally, the generalized estimating equation extensions of log-

binomial, Poisson, and ordinary regression were used to analyze

risk of relapse at any day, rate of development of newly active

lesions on successive MRI, and changes in EDSS score or T2

lesion volumes. To account for potential trends over time, a

linear relationship was incorporated into all statistical models.

Standard protocol approvals, registrations, and patient
consents. Written consent was obtained from all participants

for both the original study and the 5-year follow-up phase. The

ethics committees and institutional review boards of all partici-

pating centers approved the study protocols. The study was reg-

istered with ClinicalTrials.gov (identifier NCT00185211).

RESULTS NAb characteristics. NAbs were measured
in 277 of 292 early-treatment patients. Over 5 years,
31.8% (88 of 277) were NAb-positive at least once;
of these, 15.2% had low (42 or 277), 7.2% medium
(20 of 277), and 9.4% (26 of 277) high peak titers.
By year 5, 60.2% (53 of 88) with �1 NAb-positive
titer reverted to NAb negativity: �85.7% (36 of 42)
with low, 65.0% (13 of 20) with medium, and
15.4% (4 of 26) with high NAb titers. NAbs were
measured consecutively at least twice in 26.7% (74 of
277) of patients, with 12.3% (34 of 277), 6.9% (19
of 277), and 7.6% (21 of 277) achieving low, me-
dium, and high titers, respectively. By year 5, 54.1%
(40 of 74) of patients with at least 2 consecutive
NAb-positive titers reverted to NAb negativity, with
76.5% (26 of 34), 68.4% (13 of 19), and 4.8% (1 of
21) of those with low, medium, and high titers, re-
spectively, reverting. There was a stronger tendency
in NAb-negative vs eventually NAb-positive patients
to prematurely terminate study medication (34.4%
vs 19.3%) or leave the study (14.8% vs 11.4%).
NAb-negative compared with NAb-positive patients
were more likely to terminate study medication
(36.9% vs 11.8%) and the study (21.4% vs 10.0%)
because of adverse events.
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Of 88 eventually NAb-positive patients, 48
(54.5%) had a monophasic increase in NAb burden
with reversion to NAb negativity by study end; 29
(33.0%) experienced a persisting increase in NAb
positivity; and 11 (12.5%) fluctuated between NAb

positivity and NAb negativity. In 48 patients with a
monophasic increase in NAb positivity, 32 reached
low, 13 medium, and 3 high peak titers. Duration of
NAb positivity was comparatively short in the low-
titer group and increased in a stepwise manner from
medium to high titers (mean numbers of consecu-
tively positive NAb measurements in monophasic
patients with low, medium, and high peak titers were
2.2, 5.3, and 6.7, respectively). In 29 patients with
persisting NAb positivity, 2 achieved low, 6 medium,
and 21 high peak titers (5 of them had a �3-year
observation period because of premature study ter-
mination). Patients with persisting NAb positivity
and high peak titers showed declining titers over
time.

Effect of NAbs on clinical outcomes. No significantly
increased hazard in time to CDMS and time to
EDSS score progression occurred in eventually NAb-
positive patients for any titer (figure 1). Notably, pa-
tients with low peak NAb titers exhibited a
significantly reduced hazard in time to CDMS rela-
tive to that of never NAb-positive patients (HR
0.536; p � 0.037) (figure 1). Similar results for eventu-
ally NAb-positive patients with at least 2 consecutively
positive NAb measurements are shown in table e-1.

When NAb status was used as a time-dependent
covariate, there was no increased risk for CDMS or
EDSS score progression during NAb-positive periods
(table 1). There was also no measurable increased risk
for CDMS or EDSS score progression during low, me-
dium, and high NAb titer periods (table 1). Similar re-
sults were obtained when medium to high NAb titer
levels were combined in a single category (table e-2).

Annualized relapse rate did not increase in even-
tually NAb-positive patients, regardless of whether
data were analyzed for the entire study period or after
year 1 (tables 2 and e-3). A significantly lower annu-
alized relapse rate over the entire study period oc-
curred among eventually NAb-positive individuals,
specifically in patients developing low peak NAb ti-
ters. There was also no increase in relapse rates in
persistently NAb-positive patients (table 2), and
there were no systematic differences for NAb-
negative vs NAb-positive patients in study years 1–5
with the exception of high NAb titers in year 2 (neg-
ative vs high titer 0.18 vs 0.41; p � 0.03) and low
NAb titers in year 5 (negative vs low titer 0.17 vs
0.46; p � 0.01). Notably, patients with medium to
high NAb titers in year 4–5 showed low relapse rates
(�0.13; table e-4).

Longitudinal analyses showed that the switch
from NAb negativity to positivity at any titer level
did not increase relapse risk and EDSS score (table
3). Notably, in NAb-positive periods, estimated ef-

Figure 1 Percentage of patients with >1 gadolinium-enhancing lesion vs
neutralizing antibody (NAb) positivity at annual timepoints

Mean NAb titers (NU/mL) in positive patients were lowest in year 1, increased until year 3,
and then slightly decreased. Of note, because of reversion to stable NAb status in the ma-
jority of patients who eventually became NAb-positive, the number of NAb-positive pa-
tients decreased at later timepoints.
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fects on EDSS score changes showed disability im-
provements (table 3).

Because of the relatively low clinical disease ac-
tivity, the power to detect the effects of NAbs on
clinical outcomes was limited. For example, in the
cross-sectional analysis comparing eventually
NAb-positive (n � 88) vs NAb-negative patients,
estimated power (of a 2-sided test at � � 0.05) to
detect a 50% increase in relapse rate was approxi-
mately 62% (this drops to 32% if only the 26
patients with high peak titers are considered; the
power for longitudinal analysis is similar).

Effect of NAbs on time to McDonald MS. Cross-
sectional analyses showed that eventual NAb positiv-
ity in patients with high peak titers was associated
with increased risk of McDonald MS (figure 1, table
e-1). Progression to McDonald MS was driven pri-
marily by MRI events. NAb-positive periods at each
titer level were associated with an increased risk of
McDonald MS (tables 1 and e-2), particularly during

medium (p � 0.001) and high NAb titer periods
(p � 0.001).

Effect of NAbs on MRI outcomes. Eventually NAb-
positive patients had an increased mean number of
newly active lesions (12.2 vs 8.6, p � 0.001) and
change in T2 lesion volume (�82 vs �289 mm3,
p � 0.001) over 5 years. Compared with never NAb-
positive patients, increases in the mean number of
newly active lesions were significant for patients with
low (9.3 vs 8.6, p � 0.048), medium (15.9 vs 8.6,
p � 0.001), or high NAb titers (13.6 vs 8.6, p �
0.001). For median change in T2 lesion volume, in-
creases relative to those in never NAb-positive pa-
tients were significantly greater only for patients with
medium (�271 vs �289 mm3, p � 0.018) and high
titers (�210 vs �289 mm3, p � 0.001).

Longitudinal analyses showed a significant increase
in newly active lesions in NAb-positive vs NAb-negative
time periods (table 3). There were no significant in-
creases in T2 lesion volume during NAb-positive time

Table 1 Risk of CDMS, confirmed EDSS progression, and McDonald MS by NAb titera

Risk of event, HR (95% CI), p valueb

CDMS EDSS progression McDonald MS

Positive (>20 NU/mL) vs negative 0.82 (0.48–1.42), 0.48 0.97 (0.50–1.89), 0.93 2.84 (1.94–4.14), �0.001

Single model

Low titer (20–100 NU/mL) vs negative 0.97 (0.51–1.85), 0.93 0.97 (0.41–2.29), 0.95 2.13 (1.36–3.33), �0.001

Medium titer (100–400 NU/mL) vs negative 0.98 (0.35–2.70), 0.96 1.29 (0.39–4.23), 0.67 8.23 (3.94–17.19), �0.001

High titer (>400 NU/mL) vs negative 0.25 (0.03–1.78), 0.17 0.71 (0.17–2.96), 0.63 6.78 (2.32–19.79), �0.001

Abbreviations: CDMS � clinically definite multiple sclerosis; CI � confidence interval; EDSS � expanded disability status
scale; HR � hazard ratio; MS � multiple sclerosis; NAb � neutralizing antibody.
a Results are based on the unconfirmed definition of NAb status and the dynamic switching model.
b p Value by Cox proportional hazards regression with NAb status as a time-dependent covariate adjusted for age, gender,
number of T2/gadolinium-enhancing lesions, monofocal or multifocal presentation, and use of steroids at the time of a first
clinical event suggestive of MS. HRs � 1.0 indicate increased risk.

Table 2 Cross-sectional analysis of annualized relapse rate by NAb titer

No.

Entire observational period After year 1

Annualized relapse
rate (95% CI) p Valuea

Annualized relapse
rate (95% CI) p Valuea

Negative 189 (182)b 0.23 (0.20–0.26) 0.21 (0.18–0.25)

Positive (>20 NU/mL)c 88 0.17 (0.14–0.22) 0.039 0.17 (0.13–0.23) 0.24

Low (20–100 NU/mL)c 42 0.15 (0.10–0.21) 0.021 0.16 (0.10–0.24) 0.20

Medium (100–400 NU/mL)c 20 0.18 (0.11–0.29) 0.35 0.18 (0.09–0.30) 0.55

High (>400 NU/mL)c 26 0.21 (0.14–0.31) 0.67 0.20 (0.12–0.30) 0.77

Medium to high (>100 NU/mL)c 46 0.20 (0.14–0.27) 0.38 0.19 (0.13–0.26) 0.57

Persistently positive patientsd 29 0.19 (0.13–0.28) 0.39 0.18 (0.12–0.28) 0.57

Abbreviations: CI � confidence interval; NAb � neutralizing antibody.
a Poisson regression: all p values are for comparisons with the never NAb-positive group.
b Number in parentheses is the number of never NAb-positive patients who contributed data after year 1.
c Results are based on the unconfirmed definition of NAb status.
d Persistently positive patients are defined as patients with at least one positive NAb titer (�20 NU/mL) not reverting to
NAb negativity up to the end of the study.
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periods (table 3). This may be due to the resolution of
T2 hyperintensity on the screening MRI originating
from brain edema induced by the first clinical event
leading to an apparent decrease in T2 lesion volume
during the first trial year when neutralizing activity was
just evolving or below detection.

On annual MRI scans, inflammatory activity in-
dicated by the presence of at least one gadolinium-
enhancing lesion was more frequent in NAb-positive
patients than in NAb-negative patients (figure 2),
with significant between-group differences at years 1
and 3. However, the percentage of NAb-positive pa-
tients with MRI activity decreased at years 4 and 5
and was not statistically different from that of NAb-
negative patients.

DISCUSSION BENEFIT is the longest prospec-
tively planned follow-up study of patients with a first
event suggestive of MS and is thus suited to evaluate
the long-term impact of IFN�-1b–induced NAbs on
clinical and MRI outcomes.

We could not show any effect of NAbs on key
clinical outcomes (development of CDMS, relapses,
and EDSS score progression). No differences in clin-
ical outcomes were found for never NAb-positive
and eventually NAb-positive patients or during
NAb-positive and NAb-negative time periods within
individual patients. In fact, neutralizing activity was
associated with numerically better clinical outcomes.
In many IFN�-1b and -1a studies, it has been curi-
ously noted that patients who were eventually NAb-
positive experienced a greater reduction in relapses
and EDSS score progression before NAb detectabil-
ity.10,13,21,22,28 Once measurable, however, NAb posi-
tivity was shown to be associated with a higher
relapse rate in several IFN� trials.7,16,20,21,22,28 The ob-
servational Danish patient registry study, combining
data from all 3 IFN� treatments, showed that relapse
rates were significantly higher during NAb-positive
periods.28 These results differ from our findings in
that over 5 years there was no apparent association
with higher relapse rates. An obvious explanation
could be that there were fewer overall relapses and
little disability progression in BENEFIT, such that
the power to detect significant differences between
those with and without measurable NAbs was low,
especially if the moderate treatment effect of IFN�

products on these clinical outcomes is considered: in
the 88 eventually NAb-positive patients, the ability
to detect a 50% increase in relapse rate/risk was ap-
proximately 60%. The power is further reduced to
32% when only the 26 patients who achieved high
peak NAb titers (�400 NU/mL) are considered.

Conversely, the absent effect of NAbs on clinical
outcomes in BENEFIT agrees with several IFN�-1b
and IFN�-1a prospective studies.8–11,29 The largest
randomized, controlled study of IFN� in patients
with relapsing-remitting MS evaluated NAbs in
1,775 IFN�-1b–treated patients for up to 3.5 years.
This study had more power than BENEFIT to dem-
onstrate the effect of NAbs on relapse rates, because
of the higher clinical disease activity of participants
and greater number of evaluable NAb-positive pa-
tients (n � 659).29 Increased relapse rates occurred
during periods of high NAb titers only in patients
receiving an experimental higher dose (500 �g sub-
cutaneously every other day) rather than the ap-
proved dose in BENEFIT.29 Moreover, 2 large
observational studies involving 10,000 patients did
not demonstrate a relationship between NAb positiv-
ity and clinical worsening.30,31

The 5-year observation period of our dataset pro-
vides insight into the complexity of IFN�-1b–in-
duced NAbs, because the heterogeneity in NAb
evolution and persistence becomes more evident over
this time: peak titer levels differed across patients and

Table 3 Effects of NAb switching on clinical and MRI disease parameters over
5 yearsa

Estimates (95% CI) p Value

Relapse risk, %

Positive (>20 NU/mL) vs negative 15.3 (�20.1 to 66.3) 0.45

Single model

Low (20–100 NU/mL) vs negative 30.5 (�11.8 to 93.1) 0.18

Medium (100–400 NU/mL) vs negative 17.4 (�45.0 to 150.7) 0.68

High (>400 NU/mL) vs negative �31.1 (�66.3 to 41.0) 0.39

EDSS change

Positive (>20 NU/mL) vs negative �0.09 (�0.18 to 0.00) 0.055

Single model

Low (>20–100 NU/mL) vs negative �0.10 (�0.19 to �0.01) 0.032

Medium (>100–400 NU/mL) vs negative �0.04 (�0.20 to 0.13) 0.66

High (>400 NU/mL) vs negative �0.10 (�0.32 to 0.12) 0.31

Newly active lesion rate, %

Positive (>20 NU/mL) vs negative 107.6 (70.5 to 152.8) �0.001

Single model

Low (20–100 NU/mL) vs negative 93.6 (54.5 to 142.5) �0.001

Medium (100–400 NU/mL) vs negative 130.5 (77.6 to 199.3) �0.001

High (>400 NU/mL) vs negative 139.8 (76.3 to 226.0) �0.001

T2 lesion volume change, mm3

Positive (>20 NU/mL) vs negative 80 (�66 to 226) 0.28

Single model

Low (20–100 NU/mL) vs negative 65 (�82 to 212) 0.39

Medium (100–400 NU/mL) vs negative 73 (�120 to 267) 0.46

High (>400 NU/mL) vs negative 181 (�140 to 503) 0.27

Abbreviations: CI � confidence interval; EDSS � Expanded Disability Status Scale; NAb �

neutralizing antibody.
a Results are based on the unconfirmed definition of NAb status and the dynamic switching
model.
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Figure 2 Kaplan-Meier curves for time to (A) clinically definite multiple sclerosis (CDMS), (B) confirmed Expanded
Disability Status Scale (EDSS) score progression, and (C) McDonald multiple sclerosis (MS)

Time to event outcomes (time to CDMS, time to confirmed progression defined by an EDSS score increase of at least 1.0,
and time to McDonald MS) were analyzed by Cox proportional hazards regression comparing the risk in neutralizing anti-
body (NAb)–negative patients vs that in eventually NAb-positive patients with low, medium, and high titers, while also
adjusting for the covariates age, gender, number of T2/gadolinium-enhancing lesions, monofocal or multifocal presenta-
tion, and use of steroids at the time of a first clinical event suggestive of MS. Time to McDonald MS is a combined endpoint
of clinical and MRI events. Arrows indicate when MRI was performed. Of note, the increase in risk in NAb-positive patients
occurred at approximately the time of MRI, indicating that this risk increase was driven primarily by MRI events.
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usually did not exceed low to moderate burdens,
with a strong tendency for reversion to NAb negativ-
ity, particularly with peak low to moderate titers
(85% and 65%). High titers occurred in approxi-
mately 10% of patients; the reversion rate was only
15% in those with at least 1 high titer and 5% with 2
consecutive high titers. Most IFN�-1b–induced
NAb titers are low and transient; IFN�-1a is less
likely to induce NAbs, but they are more persistent.15

The reason for more frequent NAb reversion among
IFN�-1b–treated patients is unclear but may involve
the earlier induction of immunologic tolerance be-
cause of a higher protein load.

As in previous studies, NAb evolution was associ-
ated with more inflammatory disease activity on ce-
rebral MRI, which increased with peak titer
level.7,11,13,20,22,29 This was reflected by increased con-
version to McDonald MS, a phenomenon driven
mainly by the appearance of new lesions over time.
The dissociation between clinical and MRI outcomes
is partly related to the detection of asymptomatic le-
sions on brain MRI, which occur more frequently
than relapses or EDSS score progression.32,33 In addi-
tion, because the effect of IFN� is greater on MRI
parameters than on clinical outcomes, MRI clearly
has the greater power to determine treatment re-
sponse. Nevertheless, patients reaching high peak
NAb titers demonstrated the most pronounced MRI
changes, with numerically better relapse rates and de-
creased relapse risk in periods of high NAb titers. In
contrast, many studies have shown a correlation be-
tween MRI and relapse-related outcomes.34 –36 In
BENEFIT, the effect of NAbs on MRI parameters
did not translate into clinical effects over 5 years,
indicating limitations to use of MRI activity alone
for predicting clinical outcomes.37,38

Reasons for the NAb-associated divergence be-
tween clinical and MRI findings include the rever-
sion of many NAb-positive patients to seronegativity
and a potentially paradoxical benefit of low NAb ti-
ters. Furthermore, NAb biology may change in ways
that do not necessarily affect the NAb titer, e.g., the
binding properties and immunoglobulin G subclass
specificity of IFN�-induced antibodies may change
over time and vary across IFN� preparations.39 We
observed a lower association of NAbs with MRI ac-
tivity after 4 years of treatment, possibly resulting
from such changes in NAb biology or the gradual
waning of MRI activity. Moreover, patients destined
to develop anti-IFN� NAbs may be biologically differ-
ent, with an altered disease course. Finally, divergence
between clinical and MRI outcomes might disappear if
biomarkers that measure IFN� bioactivity in vivo are
tested. Recent data have shown that measuring IFN�

bioactivity may improve the monitoring of patients and

predict therapeutic responses, especially for those with
low to moderate NAb titers.6,40

Overall, BENEFIT data show that the relation-
ship between NAb status and long-term MS out-
comes under IFN�-1b treatment is complex: despite
a significant association of NAb positivity and MRI
activity measures, there was still no eventual effect on
any clinical parameter over 5 years other than the
combined clinical/MRI outcome of time to McDon-
ald MS. Discordance between clinical and MRI out-
comes reflects the greater power of MRI to detect
reductions in IFN�-mediated treatment effects in
the few patients with persisting NAbs; temporal
changes in NAb titers and biology may contribute to
this. Given this complexity, treatment decisions re-
garding IFN�-1b use should not be based solely on
NAb measurements but rather reached within the
context of other disease aspects.
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CORRECTION
Interferon �-1b–neutralizing antibodies 5 years after clinically isolated syndrome
In the article “Interferon �-1b–neutralizing antibodies 5 years after clinically isolated syndrome” by H.-P. Hartung et al. (Neurology® 2011;77:835–843),
the following errors occurred.

The authors did not plan to publish figure 1 and therefore did not reference it in the text. Moreover, this figure was published with an incorrect title and
an incorrect legend. However, the figure presents correct data providing characteristic examples of the development and reversion of NAb positivity over
time: (A) monophasic NAb course in 3 patients with peak low, medium, and high titers; (B) sustained NAb increase in a patient with peak high titers; and
(C) fluctuating NAb course in 2 patients with peak low and high titers.

Figure 2 in the manuscript is also incorrect as it is an older version of similar analyses but provides less detailed information. See below for the new version of this
figure, which should be figure 1 as referenced in the text of the manuscript. The correct version shows Kaplan-Meier curves in NAb-negative patients vs “eventually
NAb-positive patients” with low, medium, and high titers for time to (A) CDMS, (B) confirmed EDSS progression, and (C) McDonald MS as presented below.

The figure referenced in the text as figure 2 is missing from the published article. This figure provides the percentage of patients with �1 gadolinium-
enhancing lesion on brain MRI vs NAb positivity at annual timepoints as presented below.

The version of the paper that was peer-reviewed had the correct figures. Inadvertent substitution of the figures occurred later. The authors regret the errors.

Figure 1 Kaplan-Meier curves for time to (A) CDMS, (B)
confirmed EDSS progression, and (C)
McDonald MS

Figure 2 Percentage of patients with >1 gadolinium-enhancing
lesion vs NAb positivity at annual timepoints

Figure 2 *Mean NAb titers (NU/mL) in positive patients were lowest in year 1, in-
creased until year 3, and then slightly decreased. Of note, due to reversion to stable
NAb status in the majority of patients who eventually became NAb-positive, the num-
ber of NAb-positive patients decreased at later timepoints.

Figure 1 Time-to-event outcomes (time to CDMS, time to confirmed progression
defined by an EDSS increase of at least 1.0, and time to McDonald MS) were
analyzed by Cox proportional hazards regression comparing the risk in NAb-
negative patients vs “eventually NAb-positive patients” with low, medium, and
high titers, while also adjusting for the covariates age, gender, number of T2/
gadolinium-enhancing lesions, mono-/multifocal presentation, and use of steroids
at the time of a first clinical event suggestive of MS. Time to McDonald MS is a
combined endpoint of clinical and MRI events. Arrows indicate when an MRI was
performed. Of note, increase in risk in NAb-positive patients occurred around the
time of MRI, indicating that this risk increase was driven primarily by MRI events.
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