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Abstract

Background: Brain volume atrophy is observed in relapsing–remitting multiple sclerosis (RRMS).

Methods: Brain volume changes were evaluated in 23 patients with RRMS treated with interferon β-1a 44 μg given
subcutaneously (SC) three times a week (tiw) and 15 healthy controls. Percentages of whole brain and
tissue-specific volume change were measured from baseline (0 months) to 3 months, from 3 to 6 months, and
from baseline to 6 months using SIENAX Multi Time Point (SX-MTP) algorithms. Immunological status of patients
was also determined and correlations between subsets of T cells and changes in brain volume were assessed.

Results: Interferon β-1a 44 μg SC tiw in 23 patients with RRMS resulted in significant reductions in whole brain and
gray matter tissue volume early in the treatment course (baseline to 3 months; mean change; –0.95 %; P = 0.030, –1.52 %;
P = 0.004, respectively), suggesting a short-term treatment-induced pseudoatrophy effect. From baseline to 6 months,
there were significant correlations observed between decreased T- cell expression of IL-17 F and decreased whole
brain and brain tissue-specific volume.

Conclusions: These findings are consistent with the interpretation of the pseudoatrophy effect as resolution of
inflammation following treatment initiation with interferon β-1a 44 μg SC tiw, rather than disease-related tissue loss.

Trial registration: ClinicalTrials.gov; NCT01085318
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Background
Relapsing–remitting multiple sclerosis (RRMS) is associ-
ated with ongoing loss in brain volume (atrophy) [1],
and this loss contributes to irreversible neurologic impair-
ment and cognitive decline [1–4]. Several clinical trials of
disease-modifying drugs (DMDs) include some form of

brain atrophy measurement as an endpoint [5–10] or in
subgroup or post hoc analyses [1, 11–17]. Although treat-
ment has been shown to significantly reduce the rate of
brain volume loss compared with no treatment, this rate
remains substantially higher than that seen in healthy con-
trols [18]. Somewhat paradoxically, despite a long-term re-
duction in atrophy rate, initiation of anti-inflammatory
therapy itself has been associated with brief but detect-
able reductions in brain volume – an effect termed
pseudoatrophy [19]. This pseudoatrophy effect is
thought to reflect hydrodynamic changes related to
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resolution of inflammation, edema, and cellular infiltra-
tion rather than the loss of actual brain tissue [19, 20].
Because both destructive tissue atrophy and these

beneficial/benign pseudoatrophy changes may result in
similar observations of brain volume reduction and con-
found efficacy measurements [21], it is critical to disen-
tangle the two to understand the true impact of DMDs.
Some initial work was done by looking at atrophy rates
over different study time periods [9], and showed that
the effect was predominantly driven by loss in white-
matter (WM) volume; this loss was greater with higher
initial inflammatory activity as measured by gadolinium-
enhancing lesions. However, a full understanding remains
elusive owing to the relative non-specificity of in vivo
measurement methods. One important complementary
approach might be to evaluate brain volume changes in
combination with key immunological markers.
Response to DMDs and the occurrence of pseudoatro-

phy may be influenced by the underlying immunological
status of patients prior to and during treatment. A
priori, an association in patients with greater reduction
in inflammatory markers and a greater amount of pseu-
doatrophy over the same time period would be expected.
Chronic inflammation in MS is driven by production of
pro-inflammatory cytokines, such as interferon gamma
(IFN γ) and interleukin (IL)-17 by CD4+ T cells [22],
which promote the disruption of blood–brain barrier in-
tegrity, allowing egress of activated T cells into the central
nervous system (CNS), targeting of CNS-resident cells
and resulting in demyelination [23]. The presence of CD4
+ T cells and an abundance of CD8+ T cells in MS lesions
is well documented [24, 25].
The efficacy of IFN beta-1a given subcutaneously three

times a week (IFN β-1a SC tiw) for the treatment of
RRMS has been established [25–28]. However, its effect
on early changes in brain volume and its relationship to
changes in inflammatory markers have not been investi-
gated previously.
Advanced imaging techniques are able to detect whole

brain atrophy via change analysis directly between scans
rather than through the more error-prone post hoc com-
parisons of cross-sectional data of whole brain volume
measurement over time [29]. Direct measurement of whole
brain volume change is possible with approaches such as
the Structural Image Evaluation using Normalization of
Atrophy (SIENA) method [30]. This technique measures
the percent of whole brain volume change between scans
of the same subject acquired at specific time points during
the study (eg, at baseline and following treatment). How-
ever, since SIENA does not allow for discrimination of
tissue-specific atrophy, it is not possible to evaluate the
relative contributions of gray matter (GM) and WM to
whole brain atrophy in MS. As it is important to gain a
more comprehensive insight into the relative contributions

of these two compartments to MS pathophysiology, this
study used the recently described SIENAX Multi Time
Point (SX-MTP) analysis algorithm [29] to allow for the
direct and sensitive measurement of tissue-specific brain
volume changes.

Study objectives
The Rebif Advanced MRI and Immunology Pilot Trial
(NCT01085318) [31] was a two-arm, open-label, 6-
month trial conducted to evaluate remyelination/demye-
lination, brain volume, and iron deposition in the CNS,
as well as the immunological status of 23 patients with
RRMS treated with IFN β-1a 44 μg SC tiw compared
with 15 healthy controls (HCs). The objective of the
present study was to measure changes in global (whole
brain) and tissue-specific (GM and WM) percent brain
volume in patients following initiation of treatment with
IFN β-1a SC tiw. Comparisons with changes in HCs
were carried out, as were investigations of the correlations
between potential immunological biomarkers, gadolinium
(Gd)-enhancing lesions, and short-term brain volume
changes following treatment initiation.

Methods
Eligible patients were 18–65 years of age, with a diagno-
sis of RRMS according to the 2010 revised McDonald
criteria [32]. Patients received IFN β-1a SC tiw titrated
to 44 μg for 6 months. For all participants, conventional
magnetic resonance imaging (MRI) exams of the brain
were performed on a 3 T GE Signa Excite 12.0 scanner
at baseline and at 3- and 6-month follow-up visits.

Ethics, consent, and permissions
The trial was conducted in accordance with the Inter-
national Conference on Harmonisation guidelines for
Good Clinical Practice and applicable local regulations,
as well as the Declaration of Helsinki. Written informed
consent was given by patients before participation and
the protocol was approved by the Institutional Review
Board at the University at Buffalo Health Sciences.

Brain volume analysis
Percent of whole brain volume change was measured
from baseline (0 months) to 3 months, from 3 to
6 months, and from baseline to 6 months using SIENA
analysis algorithms [30]. Serial scans were co-registered
and relative edge motions (measuring expansion or con-
traction of the brain) were detected between scans and
used to extrapolate the percent change in brain volume.
SIENA measurements were improved by application of
an in-house developed inpainting technique, nonunifor-
mity correction [33], and intensity standardization [34].
Changes in GM and WM volumes were measured dur-
ing the same study periods described above using the
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SX-MTP analysis algorithms on the inpainted, corrected,
and standardized images. For GM/WM segmentation,
4D accuracy was improved through MTP modification
via longitudinal regularization of a hidden Markov ran-
dom field model.

Immunological markers of inflammation: screening
For the immunological marker analysis, CD4+ and CD8+

T-cell expression of an array of immunological markers
with known immunomodulatory properties was quanti-
fied at baseline and at 6 months. Blood samples were
collected from patients. Peripheral blood mononuclear
cells (PBMCs) were placed in serum-free medium and
stimulated with phorbol myristate acetate (50 ng/mL)
and Ionomycin (500 ng/mL; Sigma, St. Louis, MO) for
2 h and brefeldin A (1:1000 dilution; eBioscience, San
Diego, CA) for an additional 3 h for the intracellular
cytokine staining. PBMCs were fixed, permeabilized, and
stained with fluorescein-conjugated antibodies against
IFN γ, IL-4, IL-17A, IL-21, IL-22 (eBioscience, San
Diego, CA), IL-17 F, brain-derived neurotrophic factor
(BDNF; R&D Systems, Minneapolis, MN), IL-10, CD4,
and CD8 (BD Biosciences, San Jose, CA). For nerve
growth factor (NGF) staining, the cells were stained with
primary antibody against NGF (Epitomics, Cambridge,
MA), followed by staining with fluorescein isothiocyanate-
conjugated secondary antibody (BD Bioscience). The per-
cent of CD4+ and CD8+ T cells expressing each marker of
interest was determined using a BD FACSCalibur™ flow
cytometer and CellQuest software (BD Biosciences) and
gated by size and granularity.

Statistics
All statistical comparisons were planned in advance of
data collection. The Wilcoxon signed-rank test was used
to test for within-group differences in percent of brain
volume change (whole brain, GM, and WM) at each of
the study periods (from baseline to 3 months, from
3 months to 6 months, and from baseline to 6 months).
The Wilcoxon rank-sum test was used to test for differ-
ences in percent of whole brain volume change, GM,
and WM between patients and HCs during each study
period. Correction for multiple comparisons by the
Holm-Bonferroni method was applied. Spearman’s rank
correlation was used to test the correlations between im-
munological parameters, Gd-enhancing lesions at base-
line, and percent change in brain volume and GM and
WM over 3 and 6 months of treatment. No corrections
for multiple comparisons were made to the correlation
results.

Results
All 15 HCs and 21/23 patients completed the study; one
patient was lost to follow-up and one patient

discontinued owing to the investigator’s decision. The
mean age (standard deviation [SD]) of the enrolled pa-
tients was 39.9 (10.17) years and 61 % (14/23) of the pa-
tients were female. Baseline characteristics were similar
between patients and HCs; patient baseline characteris-
tics were described previously in the primary study [31].

Whole brain volume analysis
Whole brain volume analysis is shown in Table 1 and
Fig. 1. In patients, the mean (SD) change from baseline
to 3 months in brain volume was –0.95 % (1.71; P =
0.030 for difference from baseline; P = 0.090 after adjust-
ing for multiple comparisons), –0.08 % (1.36; P = 0.960)
from 3 to 6 months, and –0.91 % (1.88; P = 0.051) from
baseline to 6 months. For comparison, in HCs the mean
change from baseline to 3 months in brain volume was
0.24 % (1.07; P = 0.359), –0.32 % (1.50; P = 0.626) from 3
to 6 months, and 0.01 % (1.89; P = 0.952) from baseline
to 6 months.

GM volume analysis
GM volume analysis is shown in Table 1 and Fig. 2. The
pattern for GM was similar to that of whole brain. In pa-
tients, the mean (SD) change from baseline to 3 months
in GM volume was –1.52 % (2.41; P = 0.004 and after
adjusting for multiple comparisons, P = 0.029), –0.46 %
(3.11; P = 0.176) from 3 to 6 months, and –1.66 % (1.84;
P < 0.001 and after adjusting for multiple comparisons,
P = 0.002) from baseline to 6 months. There were no sig-
nificant differences observed for the HCs: mean change
from baseline to 3 months was 0.01 % (SD 2.42; P =
0.934), –0.60 % (2.19; P = 0.426) from 3 to 6 months,
and –0.51 % (2.47; P = 0.268) from baseline to 6 months.

WM volume analysis
WM volume analysis is shown in Table 1 and Fig. 3.
Changes in WM tissue volume of patients were not sig-
nificant at any timepoint. In patients, the mean (SD)
change from baseline to 3 months in WM volume was –
0.41 % (2.16; P = 0.390), 0.30 % (2.99; P = 0.626) from 3
to 6 months, and –0.21 % (3.20; P = 0.933) from baseline
to 6 months. In HCs, the mean (SD) change from base-
line to 3 months in WM volume was 0.51 % (1.94; P =
0.107), –0.03 % (1.96; P = 0.952) from 3 to 6 months,
and 0.58 % (2.46; P = 0.463) from baseline to 6 months.

Correlations between changes in whole brain, GM, and
WM, baseline Gd-enhancing lesions, and immunological
markers following treatment
Only 8 of the patients with RRMS had any Gd-
enhancing lesions at baseline, and there were no sig-
nificant correlations between the number or volume
of Gd-enhancing lesions at baseline and the changes
in whole brain, GM, or WM volumes.
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There were a number of significant correlations be-
tween whole brain and brain tissue-specific volumes and
immunological markers following 6 months of treatment
with IFN β-1a SC. Decreased percentage of IL-17 F-ex-
pressing CD4+ T cells from baseline to 6 months corre-
lated significantly with decreasing whole brain volume
over the same period (r = 0.51; P = 0.022; Fig. 4).
Decreased percentage of IL-17 F-expressing CD8+ T

cells from baseline to 6 months correlated with decreasing
GM volume over the same period (r = 0.47; P = 0.037;
Fig. 5). In addition, decreased percentage of IL-17 F-
expressing CD4+ T cells from baseline to 6 months

correlated with a decreasing WM volume (r = 0.46; P =
0.043; Fig. 6), suggestive of pseudoatrophy.
A higher percentage of IL-22–expressing CD4+ T cells

at baseline correlated with smaller decreases in GM
volume from baseline to 6 months (r = 0.59; P = 0.005;
Fig. 7).

Discussion
Brain volume analysis
The aim of this study was to use advanced imaging tech-
niques to measure the extent of global and tissue-
specific brain volume changes, and to examine the

Table 1 Brain volume changes in RRMS patients treated with IFN β-1a SC tiw and HCs over time

Baseline to 12 weeks 12 to 24 weeks Baseline to 24 weeks

Patients HCs Patients HCs Patients HCs

n (missinga) 23 (0) 15 (0) 21 (2) 14 (1) 21 (2) 14 (1)

Percent change in whole brain (%)

Mean (SD) –0.95 (1.712) 0.24 (1.068) –0.08 (1.358) –0.32 (1.500) –0.91 (1.880) 0.01 (0.885)

Median –0.90 0.33 0.07 –0.02 –0.63 0.05

Min, max –4.7, 2.8 –2.0, 1.7 –2.8, 2.6 –3.6, 2.2 –5.1, 2.4 –1.2, 1.8

P valueb 0.030 0.359 0.960 0.626 0.051 0.952

Adjusted P-valueb,c NS NS NS NS NS NS

P-valued 0.015 0.702 0.071

Adjusted P-valuec,d NS NS NS

Adjusted P-valuec,e NS/NS

Percent change in gray matter (%)

Mean (SD) –1.52 (2.406) 0.01 (2.415) –0.46 (3.109) –0.60 (2.189) –1.66 (1.836) –0.51 (2.472)

Median –1.89 0.80 –1.20 –0.72 –1.24 –1.31

Min, max –6.3, 2.3 –3.7, 3.7 –6.3, 9.4 –4.4, 2.5 –5.9, 1.7 –4.5, 5.1

P-valueb 0.004 0.934 0.176 0.426 <0.001 0.268

Adjusted P-valueb,c 0.0286 NS NS NS 0.0016 NS

P-valued 0.093 0.778 0.342

Adjusted P-valuec,d NS NS NS

Adjusted P-valuec,e NS/NS

Percent change in white matter (%)

Mean (SD) –0.41 (2.159) 0.51 (1.940) 0.30 (2.991) –0.03 (1.985) –0.21 (3.202) 0.58 (2.461)

Median –0.63 0.69 0.93 0.50 0.08 0.95

Min, max –5.4, 3.5 –5.1, 3.0 –6.5, 7.4 –3.4, 2.7 –5.9, 8.4 –4.5, 3.6

P-valueb 0.390 0.107 0.626 0.952 0.933 0.463

Adjusted P-valueb,c NS NS NS NS NS NS

P-valued 0.093 0.630 0.309

Adjusted P-valuec,d NS NS NS

Adjusted P-valuec,e NS/NS
aFailed analysis or missing MRI at Week 24
bFor the difference from zero within groups from the Wilcoxon signed-rank test
cAdjusted for multiple comparisons with the Holm-Bonferroni correction; NS denotes adjusted P-values ≥ 0.05
dFor the difference between IFN β-1a SC tiw and HCs from the Wilcoxon rank-sum test
eFor the difference between the first 12 weeks and the second 12 weeks within groups from the Wilcoxon signed-rank test (P-value for patients/HCs)
GM gray matter, HC healthy control; max: maximum; min: minimum, NS non-significant, SD standard deviation
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Fig. 1 Brain volume changes in RRMS patients vs HCs. Percent change in whole brain volume in RRMS patients treated with IFN β-1a SC tiw and
in HCs was measured. No P-values remained significant after adjustment for multiple comparisons. *P < 0.05, within-group difference from zero
(Wilcoxon signed-rank test). †P < 0.05, patients versus HCs (Wilcoxon rank-sum test). In the box plots, the bold line represents the median; the
boxes represent the middle 50 % of data; the top and bottom of the box represent the third and first quartiles; the open circles are outliers. The
whisker lines above and below the boxes represent the largest and smallest values that are not considered to be outliers. Means are denoted by
a ‘+’ sign. HC healthy control; IFN interferon; RRMS relapsing–remitting multiple sclerosis; SC subcutaneously; tiw three times weekly

Fig. 2 Gray matter volume changes in RRMS patients and HCs. Percent change in GM volume in RRMS patients treated with IFN β-1a SC tiw and
in HCs was assessed. P-values were for the difference from zero within groups from the Wilcoxon signed-rank test. P-values in parentheses are
those remaining significant after Holm–Bonferroni correction for multiple comparisons. *P < 0.05. **P < 0.01. ***P < 0.001. In the box plots, the bold
line represents the median; the boxes represent the middle 50 % of data; the top and bottom of the box represent the third and first quartiles;
the open circles are outliers. The whisker lines above and below the boxes represent the largest and smallest values that are not considered to be outliers.
Means are denoted by a ‘+’ sign. GM gray matter; HC healthy control; IFN interferon; RRMS relapsing–remitting multiple sclerosis; SC subcutaneously;
tiw three times weekly
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involvement of IFN β-1a 44 μg SC tiw, in the pseudoa-
trophy phenomenon in patients with RRMS. A better
understanding of the pathophysiological mechanisms in
RRMS, including a differentiation of the dynamics of
inflammation and demyelination leading to brain vol-
ume loss observed in MS, could aid in devising means
for halting disease progression and for treatment moni-
toring and optimization. In particular, the early study
period measurement from baseline to 3 months repre-
sents an opportunity to investigate acute treatment-
associated pseudoatrophy following IFN β-1a 44 μg SC

tiw therapy initiation. The investigation of brain vol-
ume loss in whole brain tissue, as well as in GM and
WM, allowed for a greater insight into the specificity of
tissue volume changes suggestive of pseudoatrophy. In
whole brain and GM, the effect of IFN β-1a SC treat-
ment was associated with a reduction in brain tissue
volume; in both cases the majority of the reduction oc-
curred shortly (within 3 months) following treatment
initiation, in comparison with the 3–6-month period, a
result that is highly consistent with an acute pseudoa-
trophy effect.

Fig. 3 White matter volume changes in RRMS and HCs. Percent change in WM volume in RRMS patients treated with IFN β-1a SC tiw and in HCs
was measured. Changes in WM volume were not significant at any timepoint. In the box plots, the bold line represents the median; the boxes
represent the middle 50 % of data; the top and bottom of the box represent the third and first quartiles; the open circles are outliers. The whisker
lines above and below the boxes represent the largest and smallest values that are not considered to be outliers. Means are denoted by a ‘+’ sign.
HC healthy control; IFN interferon; RRMS relapsing–remitting multiple sclerosis; SC subcutaneously; tiw three times weekly;WM white matter

Fig. 4 IL-17 F–expressing CD4+ T cells and brain volume changes in RRMS patients and HCs. Decreased percentage of IL-17 F–expressing CD4+ T
cells from baseline to 6 months correlated with decreased whole brain volume from baseline to 6 months in RRMS patients treated with IFN β-1a
SC tiw. HC healthy control; IFN interferon; IL interleukin; RRMS relapsing–remitting multiple sclerosis; SC subcutaneously; tiw three times weekly
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Treatment-associated pseudoatrophy has been thought
previously to be more evident in WM than in GM [9, 35].
This was not observed in the present study, where decline
in whole brain tissue volume loss appeared to be driven
by GM tissue volume loss. GM loss was more pronounced
in the first 3 months than the second 3 months, and only
loss in the first 3 months was statistically significant.
While pseudoatrophy owing to WM volume has been
noted during treatment with natalizumab [9], the longer
term brain tissue changes in RRMS and clinical measures
(such as physical and cognitive disability) have been asso-
ciated more with GM volume changes rather than loss of
WM volume [36, 37].
This conflicting finding of a GM rather than a WM

effect may be due to a number of factors. Given the

small sample size, issues of statistical power cannot be
ruled out – in fact, the observed but not statistically
significant WM volume changes were in the expected
direction and were lower from 0–3 months than from
3–6 months. Methodological effects should also be
carefully considered. Although the SIENAX-MTP
method employed has been shown to more accurately
measure GM volume change than was previously pos-
sible, it was not compared head-to-head with SIENAX
or SPM for this study. It is noteworthy, though, that
cortical GM measurement is much more susceptible to
partial volume errors owing to its thin and convoluted
nature, and that previous studies using less sensitive
analysis techniques failed to detect significant brain at-
rophy progression over a 3-month period in RRMS [38]

Fig. 5 IL-17 F–expressing CD8+ T cells and GM volume changes in RRMS. Higher percentage of IL-17 F–expressing CD8+ T cells from baseline to
6 months correlated with smaller decreases in GM volume from baseline to 6 months in treated patients with RRMS. GM gray matter; IL interleukin;
RRMS relapsing–remitting multiple sclerosis

Fig. 6 IL-17 F-expressing CD4+ T cells and WM volume changes in RRMS. Decreased percentage of IL-17 F-expressing CD4+ T cells from baseline
to 6 months correlated with decreased WM volume from baseline to 6 months in treated patients with RRMS. IL interleukin; RRMS relapsing–remitting
multiple sclerosis; WM white matter
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or in an open-label study of 30 patients with RRMS
treated with IFN β-1b [5].
If correct, though, these exploratory results merit

speculation about the potential pathophysiological basis
for the observed GM changes. Over the past decade, it
has become clear that GM plays an enormous role in
both the pathology and the clinical picture of multiple
sclerosis [39]. What remains unclear is whether the in-
volvement of GM is secondary to WM damage or a
semi-independent process [40]. Of particular relevance
to the current work is the inflammatory nature of GM
pathology. Histopathological studies have found much
lower inflammation in the GM than in the WM [41, 42].
However, biopsies have shown substantial inflammation
[43, 44]. Notably, cortical inflammation appeared in pa-
tients with early RRMS, much like the cohort studies de-
scribed here. It is also possible that different therapeutic
mechanisms of DMDs may affect any pseudoatrophy of
specific tissue compartments differently.

Correlations between brain tissue volume, Gd-enhancing
lesions, and immunological markers of inflammation
Investigating correlations between brain volume and
pro- and anti-inflammatory markers has provided some
new insight into the proposed mechanisms of action of
IFN β-1a SC tiw. The significant correlations between
the decreased percentage of pro-inflammatory IL-17 F–
expressing CD4+ or CD8+ T cells and reductions in
whole brain, GM, and WM tissue volumes are support-
ive of an early anti-inflammatory therapeutic effect for
IFN β-1a SC tiw.
The correlation between higher baseline percentage of

IL-22–expressing CD4+ T cells and less GM tissue at-
rophy from baseline to 6 months in patients is also of
potential interest. Although interpretation of cross-

sectional markers should be undertaken with care, it is
possible that higher baseline IL-22 levels may be indi-
cative of a different pseudoatrophy response – either
via less resolvable baseline inflammatory-related volu-
metric changes or via differences in treatment
response.
The comprehensive battery of immunological markers,

including BDNF, was used to screen for correlations with
brain tissue volume changes. Beyond IL-17 F and IL-22,
no further significant correlations were observed, despite
previous reports that BDNF secretion was associated
with inflammatory activity in MS lesions in the brain
and with higher WM tissue volume [45].
We did not detect a relationship between brain volume

and the resolution of Gd-enhancing lesions, likely due to
the high proportion of patients with no Gd-enhancing le-
sions at baseline.

Implications for future investigations of brain volume
changes
Our findings imply the need for caution when planning
the timing of using MRI techniques to measure disease
progression in terms of brain volume. They suggest that
the baseline for MRI measures of brain volume in pa-
tients with RRMS with active disease embarking on
DMD therapy should start only after several months of
therapy, once the pseudoatrophy effect has run its
course, rather than at the beginning of therapy, indicat-
ing a need for additional MRI measurements. Based on
these results, the pseudoatrophy effect may account for
a 1 % or more change in volume. Although seemingly
small in an absolute sense, the yearly percent brain vol-
ume change in MS may be as low as 0.5 % (and 0.1 % in
HCs). Thus, early pseudoatrophy over 3 months may
produce volume changes commensurate with 2 years of

Fig. 7 IL-22–expressing CD4+ T cells and GM volume changes in RRMS. Higher percentage of IL-22–expressing CD4+ T cells at baseline correlated
with smaller decreases in GM volume from baseline to 6 months in treated patients with RRMS. GM gray matter; IL interleukin; RRMS relapsing–remitting
multiple sclerosis
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MS disease effect, and completely mask treatment ef-
fects in clinical trials of that length. This is highly rele-
vant, as such trials are becoming more common.
It is even conceivable that in the future more accurate

MRI and analysis techniques might lead to individual pa-
tient care decisions based on rates of brain atrophy in
addition to the conventionally used lesion burden. Any
such initiatives will need to carefully account for the
pseudoatrophy effect in order to be useful.

Limitations
With the exception of GM tissue volume change from
baseline to 3 months, the statistical significance of other
associations observed was lost following adjustment for
multiple comparisons. This may be as a result of this be-
ing a pilot study with a relatively small sample size, as
well as the large number of exploratory comparisons
that underwent correction. It is also possible that the
improved SIENAX-MTP algorithm may be more power-
ful to detect real GM change than WM change [29].
Therefore, the lack of WM changes detected should be
interpreted with caution.
The additional measurement of immunology marker

changes from baseline to 3 months were also not feasible
for this study, but would have enabled the same time-
point comparison with the brain volume analysis, con-
tributing to the understanding of short-term changes in
immunology alongside pseudoatrophy.
As GM and WM atrophy occurs with aging in normal

controls [46–49], the use of the HC group in this study
as a comparison with the treated patients provided a
control for the normal aging processes but not for time
course of brain volume changes in patients with RRMS.
In future studies, an active comparator group may help
to establish the extent to which treatment-related pseu-
doatrophy is affected by treatment with IFN β-1a SC in
comparison with other DMDs. In addition, more fre-
quent measurements over the first 6 months and exten-
sion of measurement periods would allow the chance to
better delineate the time course over which pseudoatro-
phy occurs in order to be able to differentiate it from
true atrophy.

Conclusions
The results of this pilot study demonstrated a significant
reduction in whole brain volume within 3 months fol-
lowing IFN β-1a 44 μg SC tiw treatment initiation, but
not between 3 and 6 months, which is suggestive of
treatment-induced pseudoatrophy. The observed reduc-
tion in pro-inflammatory cytokine IL-17 F expression by
T cells correlating with whole brain and GM volume
decreases is consistent with an anti-inflammatory ef-
fect of IFN β-1a SC normalizing brain volume to a pre-
inflammatory level, and is consistent with the interpretation

of the pseudoatrophy effect as resolution of inflammation
rather than tissue destruction. Given these findings, at-
tempts to measure treatment effects on atrophy should
consider the use of an MRI baseline at least 3 months
after treatment initiation.

Abbreviations
BDNF: Brain-derived neurotrophic factor; CNS: Central nervous system;
DMD: Disease-modifying drug; Gd: Gadolinium; GM: Gray matter; HC: Healthy
control; IFN: Interferon; IL: Interleukin; MRI: Magnetic resonance imaging;
NGF: Nerve growth factor; RRMS: Relapsing–remitting multiple sclerosis;
SC: Subcutaneously; SD: Standard deviation; SIENA: Structural Image
Evaluation using Normalization of Atrophy; SX-MTP: SIENAX Multi Time Point;
tiw: three times weekly; WM: White matter.

Competing interests
MGD received consulting fees from Claret and EMD Serono, Inc.* RZ received
personal compensation from Biogen Idec, Claret, EMD Serono, Inc.,* Novartis,
Sanofi-Genzyme, and Teva Pharmaceuticals, and for speaking and consulting
fees; he has also received financial support for research activities from Biogen
Idec, Claret, EMD Serono, Inc.,* Novartis, Sanofi-Genzyme, and Teva
Pharmaceuticals. YT and XZ received consulting fees from EMD Serono,
Inc.* DH received speaker honoraria and consulting fees from Biogen
Idec, EMD Serono, Inc.,* Pfizer, and Teva Pharmaceuticals. BW-G received
honoraria as a speaker and a consultant for Acorda, Biogen Idec, EMD
Serono, Inc.,* Novartis, Pfizer, Sanofi-Genzyme, and Teva Pharmaceuticals,
and has also received research funds from Acorda, Biogen Idec, Cyberonics,
EMD Serono, Inc.,* Novartis, Pfizer, and Teva Pharmaceuticals. BH and FD are
employees of EMD Serono, Inc.* SM-P received personal compensation
from EMD Serono, Inc.* and Genzyme Inc. for consulting fees, and also
received research grants from Biogen Idec, EMD Serono, Inc.,* Genzyme Inc.,
and Novartis.CK, NB, DPR, and JD declare that no competing interests exist.
*A business of Merck KGaA, Darmstadt, Germany.

Authors’ contributions
NB performed the experiments and interpreted the data. BH analyzed and
interpreted the data. YT and XZ performed immunology studies; YT, XZ, and
SM-P analyzed the immunology data and contributed to the manuscript
preparation. MGD, RZ, CK, DPR, JD, DH, and BW-G contributed to study
design, data acquisition and interpretation, and manuscript preparation. FD
contributed to study design, data interpretation and reviewed the manuscript.
All authors read and approved the final manuscript.

Acknowledgements
The authors thank Sara Hussein for technical assistance with imaging,
Manisha Chopra for assistance in conducting and managing the
immunological aspects of the study, and Esther Law of Caudex (supported
by EMD Serono, Inc., a business of Merck KGaA, Darmstadt, Germany) for
editorial assistance in preparing the manuscript.
EMD Serono, Inc., Rockland, MA, USA (a business of Merck KGaA, Darmstadt,
Germany) and Pfizer Inc, New York, NY, USA sponsored this study. The
principal investigators designed and performed the study, and the sponsor
provided central statistical support. All authors revised this report and
approved its final version for submission.

Author details
1Department of Neurology, Buffalo Neuroimaging Analysis Center, State
University of New York at Buffalo, 100 High St, Buffalo, NY 14203, USA.
2Department of Biomedical Informatics, State University of New York at
Buffalo, 100 High St, Buffalo, NY 14203, USA. 3Department of Neurology,
State University of New York at Buffalo, 100 High St, Buffalo, NY 14203, USA.
4Department of Neurology, Microbiology and Immunology, University of
North Carolina at Chapel Hill, 125 Mason Farm Rd., 6109D Neuroscience
Research Bldg, CB #7125, Chapel Hill, NC 27599, USA. 5EMD Serono, Inc., One
Technology Pl, Rockland, MA 02370, USA.

Received: 12 May 2015 Accepted: 31 October 2015

Dwyer et al. BMC Neurology  (2015) 15:232 Page 9 of 11



References
1. Rudick RA, Fisher E, Lee JC, Simon J, Jacobs L. Use of the brain

parenchymal fraction to measure whole brain atrophy in relapsing-
remitting MS. Multiple Sclerosis Collaborative Research Group.
Neurology. 1999;53:1698–704.

2. Calabrese M, Agosta F, Rinaldi F, Mattisi I, Grossi P, Favaretto A, et al. Cortical
lesions and atrophy associated with cognitive impairment in relapsing-remitting
multiple sclerosis. Arch Neurol. 2009;66:1144–50.

3. Luks TL, Goodkin TE, Nelson SJ, Majumdar S, Bacchetti P, Portnoy D, et al. A
longitudinal study of ventricular volume in early relapsing-remitting
multiple sclerosis. Mult Scler. 2000;6:332–7.

4. Simon JH, Lull J, Jacobs LD, Rudick RA, Cookfair DL, Herndon RM, et al. A
longitudinal study of T1 hypointense lesions in relapsing MS: MSCRG trial of
interferon beta-1a. Neurology. 2000;55:185–92.

5. Frank JA, Richert N, Bash C, Stone L, Calabresi PA, Lewis B, et al. Interferon-
beta-1b slows progression of atrophy in RRMS: Three-year follow-up in
NAb- and NAb + patients. Neurology. 2004;62:719–25.

6. Ge Y, Grossman RI, Udupa JK, Fulton J, Constantinescu CS, Gonzales-Scarano
F, et al. Glatiramer acetate (Copaxone) treatment in relapsing-remitting MS:
quantitative MR assessment. Neurology. 2000;54:813–7.

7. Rinaldi F, Calabrese M, Seppi D, Puthenparampil M, Perini P, Gallo P.
Natalizumab strongly suppresses cortical pathology in relapsing-remitting
multiple sclerosis. Mult Scler. 2012;18:1760–7.

8. van den Elskamp I, Lembcke J, Dattola V, Beckmann K, Pohl C, Hong W,
et al. Persistent T1 hypointensity as an MRI marker for treatment efficacy in
multiple sclerosis. Mult Scler. 2008;14:764–9.

9. Vidal-Jordana A, Sastre-Garriga J, Perez-Miralles F, Tur C, Tintore M, Horga A,
et al. Early brain pseudoatrophy while on natalizumab therapy is due to
white matter volume changes. Mult Scler. 2013;19:1175–81.

10. Wolinsky JS, Narayana PA, Johnson KP. United States open-label glatiramer
acetate extension trial for relapsing multiple sclerosis: MRI and clinical
correlates. Multiple Sclerosis Study Group and the MRI Analysis Center. Mult
Scler. 2001;7:33–41.

11. Jones CK, Riddehough A, Li DKB, Zhao GJ, Paty DW. MRI cerebral atrophy in
relapsing remitting MS: results of the PRISMS trial. Neurology. 2001;56:A379.

12. Paolillo A, Pozzilli C, Giugni E, Tomassini V, Gasperini C, Fiorelli M, et al. A
6-year clinical and MRI follow-up study of patients with relapsing-remitting
multiple sclerosis treated with interferon-beta. Eur J Neurol. 2002;9:645–55.

13. PRISMS Study Group, University of British Columbia MS/MRI Analysis Group.
PRISMS-4: long-term efficacy of interferon-beta-1a in relapsing MS.
Neurology. 2001;56:1628–36.

14. Rovaris M, Comi G, Rocca MA, Wolinsky JS, Filippi M. Short-term brain
volume change in relapsing-remitting multiple sclerosis: effect of glatiramer
acetate and implications. Brain. 2001;124:1803–12.

15. Sormani MP, Rovaris M, Valsasina P, Wolinsky JS, Comi G, Filippi M.
Measurement error of two different techniques for brain atrophy
assessment in multiple sclerosis. Neurology. 2004;62:1432–4.

16. Turner B, Lin X, Calmon G, Roberts N, Blumhardt LD. Cerebral atrophy and
disability in relapsing-remitting and secondary progressive multiple sclerosis
over four years. Mult Scler. 2003;9:21–7.

17. Gasperini C, Paolillo A, Giugni E, Galgani S, Bagnato F, Mainero C, et al. MRI
brain volume changes in relapsing-remitting multiple sclerosis patients
treated with interferon beta-1a. Mult Scler. 2002;8:119–23.

18. Khan O, Bao F, Shah M, Caon C, Tselis A, Bailey R, et al. Effect of disease-
modifying therapies on brain volume in relapsing-remitting multiple
sclerosis: results of a five-year brain MRI study. J Neurol Sci. 2012;312:7–12.

19. Zivadinov R, Reder AT, Filippi M, Minagar A, Stuve O, Lassmann H, et al.
Mechanisms of action of disease-modifying agents and brain volume
changes in multiple sclerosis. Neurology. 2008;71:136–44.

20. Riley C, Azevedo C, Bailey M, Pelletier D. Clinical applications of imaging
disease burden in multiple sclerosis: MRI and advanced imaging techniques.
Expert Rev Neurother. 2012;12:323–33.

21. Filippi M, Rocca MA. Preventing brain atrophy should be the gold standard
of effective theraphy in MS (after the first year of treatment): No. Mult Scler.
2013;19:1005–6.

22. Ramgolam VS, Sha Y, Jin J, Zhang X, Markovic-Plese S. IFN-beta inhibits
human Th17 cell differentiation. J Immunol. 2009;183:5418–27.

23. Battistini L, Piccio L, Rossi B, Bach S, Galgani S, Gasperini C, et al. CD8+ T
cells from patients with acute multiple sclerosis display selective increase of
adhesiveness in brain venules: a critical role for P-selectin glycoprotein
ligand-1. Blood. 2003;101:4775–82.

24. Babbe H, Roers A, Waisman A, Lassmann H, Goebels N, Hohlfeld R, et al.
Clonal expansions of CD8(+) T cells dominate the T cell infiltrate in active
multiple sclerosis lesions as shown by micromanipulation and single cell
polymerase chain reaction. J Exp Med. 2000;192:393–404.

25. Mars LT, Saikali P, Liblau RS, Arbour N. Contribution of CD8 T lymphocytes
to the immuno-pathogenesis of multiple sclerosis and its animal models.
Biochim Biophys Acta. 1812;2011:151–61.

26. Li DK, Paty DW. UBC MS/MRI Analysis Research Group, PRISMS Study Group.
Magnetic resonance imaging results of the PRISMS trial: a randomized,
double-blind, placebo-controlled study of interferon-beta1a in relapsing-
remitting multiple sclerosis. Ann Neurol. 1999;46:197–206.

27. Panitch H, Goodin D, Francis G, Chang P, Coyle P, O'Connor P, et al. Benefits
of high-dose, high-frequency interferon beta-1a in relapsing-remitting
multiple sclerosis are sustained to 16 months: final comparative results of
the EVIDENCE trial. J Neurol Sci. 2005;239:67–74.

28. PRISMS Study Group. Randomised double-blind placebo-controlled study of
interferon beta-1a in relapsing/remitting multiple sclerosis. Lancet.
1998;352:1498–504.

29. Dwyer MG, Bergsland N, Zivadinov R. Improved longitudinal gray and white
matter atrophy assessment via application of a 4-dimensional hidden
Markov random field model. Neuroimage. 2014;90:207–17.

30. Smith SM, Zhang Y, Jenkinson M, Chen J, Matthews PM, Federico A, et al.
Accurate, robust, and automated longitudinal and cross-sectional brain
change analysis. Neuroimage. 2002;17:479–89.

31. Zivadinov R, Dwyer MG, Markovic-Plese S, Kennedy C, Bergsland N,
Ramasamy DP, et al. Effect of treatment with interferon beta-1a on changes
in voxel-wise magnetization transfer ratio in normal appearing brain tissue
and lesions of patients with relapsing-remitting multiple sclerosis: a
24-week, controlled pilot study. PLoS One. 2014;9:e91098.

32. Polman CH, Reingold SC, Banwell B, Clanet M, Cohen JA, Filippi M, et al.
Diagnostic criteria for multiple sclerosis: 2010 revisions to the McDonald
criteria. Ann Neurol. 2011;69:292–302.

33. Sled JG, Zijdenbos AP, Evans AC. A nonparametric method for automatic
correction of intensity nonuniformity in MRI data. IEEE Trans Med Imaging.
1998;17:87–97.

34. Nyul LG, Udupa JK, Zhang X. New variants of a method of MRI scale
standardization. IEEE Trans Med Imaging. 2000;19:143–50.

35. Kelemen A, Dwyer MG, Horakova D, Ticha V, Havrdova E, Zivadinov R.
Measurement of gray matter volume is less susceptive to pseudoatrophy
effect than that of white matter or whole brain volume in patients with
multiple sclerosis. Mult Scler. 2008;14:S29–294.

36. De SN, Airas L, Grigoriadis N, Mattle HP, O'Riordan J, Oreja-Guevara C, et al.
Clinical relevance of brain volume measures in multiple sclerosis. CNS
Drugs. 2014;28:147–56.

37. Horakova D, Kalincik T, Dusankova JB, Dolezal O. Clinical correlates of grey
matter pathology in multiple sclerosis. BMC Neurol. 2012;12:10.

38. Zivadinov R, Bagnato F, Nasuelli D, Bastianello S, Bratina A, Locatelli L, et al.
Short-term brain atrophy changes in relapsing-remitting multiple sclerosis. J
Neurol Sci. 2004;223:185–93.

39. Geurts JJ, Calabrese M, Fisher E, Rudick RA. Measurement and clinical
effect of grey matter pathology in multiple sclerosis. Lancet Neurol.
2012;11:1082–92.

40. Calabrese M, Magliozzi R, Ciccarelli O, Geurts JJ, Reynolds R, Martin R.
Exploring the origins of grey matter damage in multiple sclerosis. Nat Rev
Neurosci. 2015;16:147–58.

41. Bo L, Vedeler CA, Nyland H, Trapp BD, Mork SJ. Intracortical multiple
sclerosis lesions are not associated with increased lymphocyte infiltration.
Mult Scler. 2003;9:323–31.

42. Peterson JW, Bo L, Mork S, Chang A, Trapp BD. Transected neurites,
apoptotic neurons, and reduced inflammation in cortical multiple sclerosis
lesions. Ann Neurol. 2001;50:389–400.

43. Lucchinetti CF, Popescu BF, Bunyan RF, Moll NM, Roemer SF, Lassmann H,
et al. Inflammatory cortical demyelination in early multiple sclerosis. N Engl
J Med. 2011;365:2188–97.

44. Popescu BF, Bunyan RF, Parisi JE, Ransohoff RM, Lucchinetti CF. A case of
multiple sclerosis presenting with inflammatory cortical demyelination.
Neurology. 2011;76:1705–10.

45. Weinstock-Guttman B, Zivadinov R, Tamano-Blanco M, Abdelrahman N,
Badgett D, Durfee J, et al. Immune cell BDNF secretion is associated
with white matter volume in multiple sclerosis. J Neuroimmunol.
2007;188:167–74.

Dwyer et al. BMC Neurology  (2015) 15:232 Page 10 of 11



46. Chard DT, Griffin CM, Parker GJ, Kapoor R, Thompson AJ, Miller DH. Brain
atrophy in clinically early relapsing-remitting multiple sclerosis. Brain.
2002;125:327–37.

47. Lim KO, Zipursky RB, Watts MC, Pfefferbaum A. Decreased gray matter in
normal aging: an in vivo magnetic resonance study. J Gerontol.
1992;47:B26–30.

48. Passe TJ, Rajagopalan P, Tupler LA, Byrum CE, MacFall JR, Krishnan KR. Age
and sex effects on brain morphology. Prog Neuropsychopharmacol Biol
Psychiatry. 1997;21:1231–7.

49. Pfefferbaum A, Mathalon DH, Sullivan EV, Rawles JM, Zipursky RB, Lim KO. A
quantitative magnetic resonance imaging study of changes in brain
morphology from infancy to late adulthood. Arch Neurol. 1994;51:874–87.

Submit your next manuscript to BioMed Central
and take full advantage of: 

• Convenient online submission

• Thorough peer review

• No space constraints or color figure charges

• Immediate publication on acceptance

• Inclusion in PubMed, CAS, Scopus and Google Scholar

• Research which is freely available for redistribution

Submit your manuscript at 
www.biomedcentral.com/submit

Dwyer et al. BMC Neurology  (2015) 15:232 Page 11 of 11


	Abstract
	Background
	Methods
	Results
	Conclusions
	Trial registration

	Background
	Study objectives

	Methods
	Ethics, consent, and permissions
	Brain volume analysis
	Immunological markers of inflammation: screening
	Statistics

	Results
	Whole brain volume analysis
	GM volume analysis
	WM volume analysis
	Correlations between changes in whole brain, GM, and WM, baseline Gd-enhancing lesions, and immunological markers following treatment

	Discussion
	Brain volume analysis
	Correlations between brain tissue volume, Gd-enhancing lesions, and immunological markers of inflammation
	Implications for future investigations of brain volume changes
	Limitations

	Conclusions
	Abbreviations
	Competing interests
	Authors’ contributions
	Acknowledgements
	Author details
	References



