
The effect of daclizumab on brain atrophy in relapsing-remitting
multiple sclerosis

Isabela T. Borgesa, Colin D. Sheaa, Joan Ohayona, Blake C. Jonesa, Roger D. Stonea, John
Ostunia, Navid Shieeb,c, Henry McFarlanda, Bibiana Bielekovaa, and Daniel S. Reicha,b,*

aNational Institute of Neurological Disorders and Stroke, National Institutes of Health, USA
bRadiology and Imaging Sciences, Clinical Center, National Institutes of Health, USA
cCenter for Neuroscience and Regenerative Medicine, Henry M. Jackson Foundation for the
Advancement of Military Medicine, USA

Abstract
Daclizumab is a monoclonal antibody that reduces inflammation in multiple sclerosis (MS).
Through a retrospective analysis, our objective was to determine whether daclizumab treatment
reduces the rate of brain structure atrophy in comparison to a mixture of other disease-modifying
therapies (mainly different interferon β preparations). We analyzed MRI examinations (1332
scans from 70 MS cases) obtained between 2000 and 2011 in a single center and processed with
an automated brain segmentation method. We used mixed-effects multivariable linear regression
models to determine whether a median of 4.3 years of daclizumab therapy in 26 patients altered
rates of brain-volume change, controlling for variations in MRI protocol. The control group
consisted of 44 patients not treated with daclizumab. We found that supratentorial brain volume
declined by 5.17 ml per year (95% confidence limits: 3.58–6.77) off daclizumab therapy. On
daclizumab, the annual rate of volume loss decreased to 3.72 ml (p=0.01). The rate of ventricular
enlargement decreased from 1.26 to 0.42 ml per year (p<0.001). Focused analysis suggests that
reduction in gray matter atrophy rate most likely underlies these results. In summary, in this
retrospective analysis, daclizumab therapy substantially decreased the rate of brain atrophy in
relapsing-remitting MS in comparison to other disease-modifying therapies, predominantly
interferon β.
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1. Introduction
Neurodegeneration and axon damage have been proposed to be primary mechanisms of
permanent disability in MS. Axon loss can be very prominent in the early stages of the
disease and is at least partially independent of the number or volume of inflammatory
lesions (De Stefano et al., 2001; Filippi et al., 2003; Kuhlmann et al., 2002). As axon
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damage causes loss of brain tissue, imaging-based measures of tissue atrophy are considered
markers of disease progression and have been adopted as primary and secondary outcome
measures in clinical trials (Barkhof et al., 2009; Filippi et al., 2004; Hardmeier et al., 2005;
Kapoor et al., 2010; Molyneux et al., 2000; Rudick et al., 2000; Turner et al., 2003). In MS,
atrophy is most prominent in gray matter structures and minimal in white matter (Pirko et
al., 2007).

Daclizumab, a monoclonal antibody that blocks the CD25 molecule (α chain of the IL-2
receptor), has been tested in clinical trials for the treatment of active forms of relapsing-
remitting and secondary-progressive MS since 1999. In clinical trials, adding daclizumab
therapy to patients with suboptimal therapeutic response to interferon β reduced, by 70% to
86%, the number of new contrast-enhanced lesions (Bielekova et al., 2009; Rose et al.,
2007; Rose et al., 2004; Wynn et al., 2010). Although the drug was initially designed to
selectively inhibit activated T cells, its mechanism of action is complex, and its therapeutic
efficacy most likely relates to unexpectedly broad effects on the innate immune system
(Bielekova et al., 2006; Jiang et al., 2011; Wuest et al., 2011).

We reported previously that short-term daclizumab therapy does not reduce brain atrophy; in
fact, in comparison to pretreatment baseline, we observed a decrease in normalized brain
volume after either 9 (Bielekova et al., 2009) or 15.5 months (Bielekova et al., 2011) of
daclizumab therapy. These results were thought to reflect “pseudoatrophy” –reduced brain
volume related to reduction in inflammation-associated edema – because on a case-by-case
basis the decrease in brain volume correlated with a decrease in the volume of contrast-
enhanced lesions (Bielekova et al., 2011).

Much longer-term follow-up MRI data from daclizumab-treated patients in our center are
now available; these data can now be aggregated with those obtained during the original
studies. In addition, we have recently found that daclizumab may inhibit lymphoid tissue
inducer (LTi) cells (Perry et al., 2012), which may reduce the formation of tertiary lymphoid
follicles that appear to be associated with cortical subpial demyelinating lesions (Howell et
al., 2011; Magliozzi et al., 2007). For these reasons, and as daclizumab is currently
undergoing testing in Phase III trials, we undertook the present study to assess whether
daclizumab changes the rate of brain atrophy relative to other disease-modifying therapies
(DMT), which are themselves known to slow atrophy. To address this question, we
measured the volumes of individual brain structures based on MRI scans in cases of
relapsing-remitting MS that were followed for up to 11 years.

2. Material and methods
2.1. Participant and scan selection

We included 70 relapsing-remitting MS cases in this retrospective study (Table 1). All
studies were IRB-approved and carried out in accordance with accepted ethical standards. In
the context of two single-center trials (Bielekova et al., 2009, 2011; Bielekova and Martin,
2004), and following trial completion in an off-label fashion, patients in the daclizumab
group (n=26) were treated with that drug for a median of 4.3 years, with or without
adjunctive interferon β-1b therapy. Patients in the non-daclizumab group (n=44) were
selected from our research database based on the availability of multiple MRI scans
performed during the same time period (2000–2011) using similar data acquisition protocols
(i.e., both 3D T1-weighted and T2-FLAIR scans were available). Treatment regimens varied
across the non-daclizumab patients: 84% were taking a preparation of interferon β, 15%
glatiramer acetate, and the remaining 1% other DMT (Fig. 1). No untreated patients were
included in this analysis. Scans performed less than 30 days after intravenous steroid
administration for relapses were not included.
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2.2. MRI acquisition
We analyzed 921 brain scans from daclizumab cases and 411 scans from non-daclizumab
cases. Scans from the daclizumab cases were performed prior to, on, and in some cases
following the discontinuation of, daclizumab. All scans were obtained on a single 1.5T
scanner (GE Medical Systems, Milwaukee, WI). During this period, and across the clinical
protocols under which data were acquired, there were numerous changes in the scanning
protocols related to upgrades in scanner software and hardware. The latter include the
adoption of multi-channel brain coils and more powerful scanners. The slice thickness also
varied. Scanning parameters for the T1-weighted protocols, and for the most common T2-
FLAIR protocols, are provided in Table 2.

2.3. Image analysis
Images were examined by a radiologist (ITB) for the presence of artifacts, usually from
subject motion, that would interfere with automated segmentation. Brain volumes were
automatically derived with Lesion-TOADS (http://nitrc.org/projects/toads-cruise) (Shiee et
al., 2010). This method uses intensity information from input images and brain atlases to
accomplish detailed segmentation of normal brain structures (cerebral white and gray
matter, ventricles, and subcortical structures) and lesions (Fig. 2). Analyzed images were
examined for gross segmentation errors, and failed cases were discarded from the analysis.

2.4. Statistical analysis
We tested whether daclizumab therapy altered rates of brain-volume change. In order to
investigate this hypothesis, we used a statistical model to account for changes in brain
structure volumes

In this multivariable mixed-effects linear regression model, which was applied separately to
each brain structure, the volume for patient i at time point j (Volij) was determined by fixed
effects (β0, …, β4) and patient-specific “random”) effects (b0,I and b1,i). Sex and MRI
protocol were modeled as indicator variables, whereas ageij and time on daclizumab
(tDAC,ij)+, measured in days, were continuous. The premise of this model is that brain
volume declines approximately linearly with age (Hasan et al., 2010). After fitting, the
average background rate of decline, which is derived from patients in both groups, is β1;
patient-specific variation is captured in the random slope, b1,i. After 90 days of therapy, the
addition of daclizumab is postulated to change the average rate of decline by an amount
equal to β2. (We also performed a similar analysis with other delay times.) For simplicity,
the model does not consider differential responses to daclizumab therapy across patients.
Analysis was performed with STATA version 9.2 (StataCorp LP, College Station, TX). In
general, we took p=0.05 as the threshold for statistical significance, without adjustment for
multiple testing.

3. Results
There were no significant differences in sex, baseline disease duration, baseline EDSS,
baseline brain volume (normalized to skull size), or baseline rates of brain atrophy, between
the daclizumab and non-daclizumab groups (p>0.05 in all cases). The median baseline age
in the non-daclizumab group was 4 years older than in the daclizumab group (p=0.02,
Wilcoxon rank-sum test). There were many more scans per patient in the daclizumab group
(median: 38 vs. 14), as well as a longer total duration of follow-up (median: 6.7 vs. 5.4),
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reflecting the intensity of monitoring during and after the clinical trials under which they
received the drug.

The results of the model-fitting procedure are shown in Fig. 3A for supratentorial brain
volume, which includes cortex, deep gray matter, extralesional white matter, and white
matter lesions. Background supratentorial brain volume declined by 5.17 ml per year (95%
confidence limits: 3.58–6.77); on daclizumab, the annual rate of volume loss slowed to 3.72
ml (p=0.01) (Table 3). Specific decreases in atrophy rate in the daclizumab group were also
noted in the thalamus and caudate nucleus, and a trend toward decreased atrophy was
observed in the cerebral cortex. There was no evidence of background atrophy or
daclizumab-related volume changes in cerebral white matter, which includes both lesions
and so-called normal-appearing white matter. In the putamen, the model fit found increased
atrophy in the daclizumab group, but the background rate of putamen atrophy was only
0.006 ml per year.

Fig. 3B shows the results of the model fitting procedure for the ventricles. The background
rate of ventricular enlargement was 1.26 ml per year (4.50% in a typical 40-year-old man).
This decreased significantly to 0.42 ml per year (1.49%; p<0.001) in daclizumab-treated
patients and represented the largest percentage change of any structure that we examined.

By varying the parameter in the model that controls the delay between initiation of
daclizumab therapy and the onset of a treatment effect, we investigated the point at which
the brain atrophy rate begins to slow. For supratentorial brain volume, the earliest evidence
of a treatment effect occurred at a delay of 60 days (p=0.05), with larger effects at 90 days
(p=0.01) and 120 days (p=0.003).

4. Discussion
Our aim was to evaluate whether daclizumab substantially reduces the rate of brain atrophy
in relapsing-remitting MS relative to other DMT. Daclizumab’s strong ability to inhibit the
formation of new white matter lesions in MS has been effectively demonstrated in Phase II
trials, and a form of the drug is now undergoing definitive Phase III trials. Although it is a
retrospective analysis, the present study is the first to show a substantial reduction in brain
atrophy rate related to daclizumab therapy.

We analyzed data from a cohort of 70 patients with a large number (1332) of MRI scans
who were seen at our center over an 11-year period (average: 19 scans per patient). These
patients were seen in a variety of clinical trials and natural history studies, and analysis was
pooled across these studies. Despite the fact that the data were not prospectively acquired for
the analysis described here, the study groups were relatively well matched, including for
baseline brain atrophy rate. Our primary finding is that in daclizumab-treated patients, there
was a significantly smaller atrophy rate in the supratentorial brain, which includes cerebral
cortex, deep gray matter, extralesional white matter, and white matter lesions. This translates
into a meaningful difference of nearly 1.5 ml less brain volume loss per year, compared with
about 5 ml brain volume loss per year in patients treated with other DMT.

A recent meta-analysis demonstrated that brain volume loss occurs at a rate of ~0.5% per
year in untreated MS (De Stefano et al., 2010), compared to 0.1–0.3% per year in normal
controls (Chard et al., 2002; Coffey et al., 1992; Pfefferbaum et al., 1994); our background
data (see Table 3) replicate these findings. Brain atrophy in MS occurs throughout the
course of the disease, even in its early stages (Chard et al., 2002; Zivadinov et al., 2001), as
demonstrated in studies of patients with clinically isolated syndromes suggestive of MS. On
MRI, this is manifested as loss of brain tissue as well as increasing ventricular size (Dalton
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et al., 2006), and our results confirmed, not surprisingly, that these two processes occur in
parallel.

Studies have repeatedly demonstrated that deep gray matter volume loss, particularly in the
thalamus and caudate nucleus but also in the cortex, occurs from the earliest stages of MS
(Bendfeldt et al., 2012b; Hasan et al., 2009; Mesaros et al., 2011; Neema et al., 2009; Tao et
al., 2009; Wylezinska et al., 2003). Some studies indicate that conventional DMT, including
interferon, reduce the rate of brain atrophy (Filippi et al., 2004; Khan et al., 2012) and, in
particular, gray matter atrophy (Nakamura et al., 2010; Zivadinov et al., 2007). In our study,
the protective effect of daclizumab on gray matter was evident through significant
reductions in atrophy rate in the thalamus and caudate nucleus, and through a trend toward a
significant reduction in cerebral cortical atrophy. (The paradoxical increase in putamen
atrophy in daclizumab-treated patients may be a statistical fluctuation, and given the low
background rate of putamen atrophy of 0.006 ml per year, it is probably not important.) On
the other hand, we found no evidence for white matter atrophy in our study population,
consistent with other studies in relapsing-remitting MS (Pirko et al., 2007).

There are many mechanisms by which anti-inflammatory therapies can protect against loss
of brain tissue over the long term, following the initially high rate of brain volume loss
(pseudoatrophy) that was observed in the early daclizumab trials and that can be attributed
to reduced inflammation (Zivadinov et al., 2008). If, as we and others have observed (Shiee
et al., 2012), most brain atrophy occurs in gray matter to begin with, then it makes sense that
DMT-related reductions in brain atrophy would be most strongly manifested in the gray
matter. Specific possible mechanisms include direct inhibition of tissue destruction within
lesions as well as indirect effects, such as creating a milieu where remyelination and tissue
repair can occur.

In the case of daclizumab, a potential mechanism for decreased atrophy in structures that are
directly apposed to the meninges – including the cerebral cortex – is inhibition of lymphoid
tissue inducer (LTi) cells (Perry et al., 2012). These cells have been linked to the formation
of ectopic lymphoid follicles (Bouskra et al., 2008; Schmutz et al., 2009) that have been
observed in the meninges in MS and that may be linked with destruction of underlying tissue
(Howell et al., 2011; Magliozzi et al., 2007, 2010). Unfortunately, lymphoid follicles cannot
currently be visualized in vivo, so the results of our study are consistent with, but do not
provide direct evidence for, this hypothesis.

The finding that the daclizumab-induced change in cerebral cortical atrophy rate did not
meet the significance threshold of p=0.05 probably reflects inconsistent segmentations of
white and gray matter across the heterogeneous scans that were aggregated in this study.
Moreover, most of the volumetric data were obtained using an older, non-inversion-prepared
T1-weighted sequence performed with a volume head coil on a 1.5 T MRI system, which
yields inferior gray–white matter contrast compared to contemporary image acquisition
methods. It is also the case that although simple, regression-based, additive adjustments for
differences in MRI acquisition protocols were generally statistically significant, for these
data, at least, more sophisticated adjustments may be necessary, particularly when assessing
volumes of individual brain structures. Recent reports suggest that this may be possible to
accomplish (Bendfeldt et al., 2012a).

Our conclusions about daclizumab’s effects on brain atrophy rate are based on multivariable,
mixed-effects linear regression modeling that accounts for covariates including age, sex, and
MRI protocol (the last two modeled as indicator variables). This model assumes linear
changes in brain volume, which is reasonable in the age range of participants in this study
(Hasan et al., 2010), and yields participant-specific atrophy rates. It also assumes that the
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effect of daclizumab is delayed by approximately 3 months (90 days) following treatment
initiation, and that the atrophy rate returns to pre-daclizumab values 3 months following
treatment cessation. The results of our analysis suggest that the onset of daclizumab’s effect
on brain atrophy is likely to occur within the first 2 to 3 months after treatment initiation, but
the model framework and structure of our data, with variable lengths of follow-up across the
population, preclude a direct investigation of the exact timing of the effect.

A major advantage of the type of modeling performed here is that it allows individuals to
contribute data prior to, during, and following daclizumab therapy. Although there are
numerous potential sources of variance that we did not account for in our modeling, the
results (see Fig. 3) suggest that the fits were reasonable. Nevertheless, the study has certain
limitations, principal among which is that it retrospectively amalgamates data from a variety
of clinical protocols that ran over slightly more than a decade at our center, rather than being
a prospective trial with matched cohorts. We used historical controls originally recruited for
other purposes. For prospective validation of our results, the ongoing DECIDE trial
(Efficacy and Safety of Daclizumab High Yield Process Versus Interferon β-1a in Patients
With Relapsing-Remitting Multiple Sclerosis; http://clinicaltrials.gov identifier
NCT01064401), which includes 1800 patients and is scheduled to be completed in March
2014, should yield adequate data. An additional limitation is that we did not separately
evaluate changes in lesion burden over time. Our segmentation method (Shiee et al., 2010)
identifies and localizes white matter lesions, and it correctly distinguishes lesions from gray
matter, a common and important problem with automated and semi-automated segmentation
tools that can mar the assessment of brain volumes (Battaglini et al., 2012; Chard et al.,
2010; Gelineau-Morel et al., 2012 Sdika and Pelletier, 2009). However, this method has not
yet been evaluated in the context of a longitudinal study, and manual segmentation of
lesions in the 1332 scans we included was not within the scope of our study.

5. Conclusions
Our study provides initial, retrospective evidence that daclizumab, a promising therapy that
is currently in Phase III clinical trials, reduces the rate of brain atrophy in MS relative to
conventional DMT.
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Fig. 1.
Distribution of non-daclizumab disease-modifying therapies: IFN, interferon; SC,
subcutaneous; IM, intramuscular.
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Fig. 2.
Schematic depiction of the segmentation process, which uses T2-FLAIR and T1-weighted
images to derive tissue segmentation including lesions (red), cerebral white matter (white),
cerebral cortex (dark orange), caudate (light orange), putamen (light yellow), thalamus (dark
yellow), and ventricles (brown). (For interpretation of the references to color in this figure
legend, the reader is referred to the web version of this article.)
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Fig. 3.
Supratentorial brain volume (A, small points) and ventricular volume (B, small points), with
corresponding model fits (solid lines), for each participant. In both, a change in slope can be
seen in the daclizumab cases (red points and lines), beginning 90 days after initiation of
therapy and ending 90 days after cessation. Data points are corrected for differences relating
to acquisition protocols, as described in Section 2.
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Table 1

Demographics.

Daclizumab Non-daclizumab

Patients (n) 26 44

Sex (% females) 58% 68%

Age at baseline, years (median, range) 35, 18–54 39, 19–58

Disease duration at baseline, years (median, range) 4, 0.1–15 8, 0.1–30

EDSS at baseline (median, range) 1.5, 0–5.5 1.5, 0–6.5

Total time on daclizumab, years (median, range) 4.3, 0.4–9.5 N/A

Normalized brain volume (mean±SD) 0.785±0.032 0.787±0.034

Scans per patient (median, range) 38, 5–55 14, 1–25

Total duration of follow-up, years (median, range) 6.7 (1.9–10.5) 5.4 (1.0–9.4)
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