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In preclinical models of multiple sclerosis, systemic inflammation has an impact on the compartmentalized inflammatory process within 
the central nervous system and results in axonal loss. It remains to be shown whether this is the case in humans, specifically whether sys
temic inflammation contributes to spinal cord or brain atrophy in multiple sclerosis. Hence, an observational longitudinal study was con
ducted to delineate the relationship between systemic inflammation and atrophy using magnetic resonance imaging: the SIMS (Systemic 
Inflammation in Multiple Sclerosis) study. Systemic inflammation and progression were assessed in people with progressive multiple scler
osis (n = 50) over two and a half years. Eligibility criteria included: (i) primary or secondary progressive multiple sclerosis; (ii) age ≤ 70; 
and (iii) Expanded Disability Status Scale ≤ 6.5. First morning urine was collected weekly to quantify systemic inflammation by measuring 
the urinary neopterin-to-creatinine ratio using a validated ultra-performance liquid chromatography mass spectrometry technique. The 
urinary neopterin-to-creatinine ratio temporal profile was characterized by short-term responses overlaid on a background level of inflam
mation, so these two distinct processes were considered as separate variables: background inflammation and inflammatory response. 
Participants underwent MRI at the start and end of the study, to measure cervical spinal cord and brain atrophy. Brain and cervical 
cord atrophy occurred on the study, but the most striking change was seen in the cervical spinal cord, in keeping with the corticospinal 
tract involvement that is typical of progressive disease. Systemic inflammation predicted cervical cord atrophy. An association with brain 
atrophy was not observed in this cohort. A time lag between systemic inflammation and cord atrophy was evident, suggesting but not 
proving causation. The association of the inflammatory response with cord atrophy depended on the level of background inflammation, 
in keeping with experimental data in preclinical models where the effects of a systemic inflammatory challenge on tissue injury depended 
on prior exposure to inflammation. A higher inflammatory response was associated with accelerated cord atrophy in the presence of back
ground systemic inflammation below the median for the study population. Higher background inflammation, while associated with cer
vical cord atrophy itself, subdued the association of the inflammatory response with cord atrophy. Findings were robust to sensitivity 
analyses adjusting for potential confounders and excluding cases with new lesion formation. In conclusion, systemic inflammation associ
ates with, and precedes, multiple sclerosis progression. Further work is needed to prove causation since targeting systemic inflammation 
may offer novel treatment strategies for slowing neurodegeneration in multiple sclerosis.
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Graphical Abstract

Introduction
Multiple sclerosis (MS) is an autoimmune condition affecting the 
central nervous system (CNS) leading to a gradual progressive 
accumulation of irreversible neurological disability. Relapses oc
cur in the early stages of the condition but progression is fre
quently dissociated from relapses. While treatments to prevent 
relapses are available, effective treatments to slow down or pre
vent progression are lacking. For this reason, progression has 
been identified as a priority for research.1 Axonal loss occurs 
in MS2,3 and there is robust evidence showing that the patho
logical substrate of progressive disability is axonal loss.4-6

Systemic inflammation, occurring outside the CNS, impacts on 
axonal loss through activation of the brain’s innate immune re
sponse.7 In an animal model of MS, increased axonal injury was 
observed after systemic inflammatory challenge, and was asso
ciated with a damaging microglial phenotype.7 If systemic in
flammation is confirmed to be a driver of progression, this 
would offer new avenues for intervention to slow disease pro
gression. However, it remains to be shown that systemic inflam
mation is related to tissue loss in humans with MS.

To address this gap in knowledge, we investigated the 
association between systemic inflammation and CNS atrophy 
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using magnetic resonance imaging (MRI) in a prospective lon
gitudinal study. We hypothesized that systemic inflammation 
would correlate with loss of tissue volume. The MRI measures 
were selected due to their association with clinical outcome, 
and included atrophy of the spinal cord8 and brain.9

Systemic inflammation was quantified through measurement 
of urinary neopterin.10 Neopterin is produced after IFN-γ ac
tivation and is a non-specific marker of systemic inflammation; 
levels in the systemic compartment are independent of CNS in
flammation.11 It can be conveniently measured in urine due to 
high renal clearance, and expression as a ratio to urinary creatin
ine controls for glomerular filtration rate and hydration status. 
These qualities make urinary neopterin an ideal biomarker 
for monitoring of systemic inflammation in longitudinal 
studies.10

The effects of a systemic inflammatory challenge on tissue 
injury depend on prior exposure to inflammation and may be 
markedly different depending on the duration and magni
tude of the previous exposure, ranging from ‘priming’ to 
‘tolerance’. This property of the innate immune system, 
termed ‘innate immune memory’, occurs as a result of tran
scriptional re-programming via epigenetic changes.12 For ex
ample, single13 or very low14 doses of lipopolysaccharide 
induce higher subsequent responses with tissue damage, 
while multiple13 or higher14 doses have the opposite (pro
tective) effect. For these reasons, systemic inflammation 
was modelled as two separate variables: the inflammatory re
sponse (UNCR peaks) and background levels of systemic in
flammation (background UNCR level).

Methods
Study design and participants
The SIMS (Systemic Inflammation in Multiple Sclerosis) study 
was a longitudinal cohort observational study conducted at 
the Wessex Neurological Centre, University Hospital 
Southampton NHS Foundation Trust, a tertiary neurological 
centre on the south coast of England (National Research 
Ethics Service approval 12SC0176 and institutional research 
ethics approval ERGO5562). Participants gave written in
formed consent. Recruitment occurred between January 
2015 and September 2017. Inclusion criteria were: (i) diagno
sis of primary or secondary progressive MS; (ii) age ≤ 70; 
(iii) EDSS score ≤ 6.5; and (iv) availability of a home freezer 
for storing urine samples. Exclusion criteria were: (i) relapse 
in the last year; (ii) disease-modifying or immunosuppressive 
treatment in the previous six months; (iii) comorbidities that 
could contribute to neurological disability; and (iv) pregnancy. 
A priori, it was planned that participants with on-study re
lapses would be excluded from the analysis, due to possible as
sociations with systemic inflammation and progression, which 
would have complicated the analysis. In summary, this study 
was designed to focus exclusively on people with relapse-free 
progression. Primary progressive MS was defined according 
to the 2010 McDonald criteria.15 Secondary progressive MS 
was defined as sustained and steady progression in the 

preceding two years, confirmed by either an increase of at least 
one EDSS point or clinical documentation of increasing dis
ability, where such worsening was not relapse-driven, similar 
to contemporary studies.16,17 A relapse was defined as patient- 
reported symptoms or objective signs typical of an acute 
inflammatory demyelination in the CNS, lasting 24 hours or 
more.15,18 The null hypothesis was that systemic inflamma
tion, as measured by urinary neopterin, did not correlate 
with MRI measures of atrophy in cervical spinal cord and 
brain. Previous studies had shown that significant changes in 
cervical cord cross-sectional area and brain volume can be de
tected over two years with a sample size of 40 participants,19,20

so we aimed to recruit a similar number.
Participants were seen at six-monthly intervals for a total 

follow-up duration of 2.5 years. At the first timepoint, partici
pants received verbal and written information about the study, 
written consent was obtained, baseline data were collected, 
and urine collection kits were provided. Participants collected 
weekly urine samples and stored them in their home freezer, re
turning them at subsequent visits.

Clinical measures
Clinical disability was assessed six-monthly using the Multiple 
Sclerosis Functional Composite (MSFC),21 Expanded 
Disability Status Scale (EDSS),22 Multiple Sclerosis Impact 
Scale-29 (MSIS-29)23 and daily step count recorded over a 
6-day period using a wearable device (SenseWear Armband, 
Model MF-SW, Body Media, Pittsburgh, PA).24 The MSFC 
Z-scores were normalized using the study baseline scores.21

All clinical measurements were performed by trained and cer
tified research staff.

MRI measures
MRI was performed at baseline and study exit, on a Siemens 
Skyra 3T MRI (Siemens Healthineers, Erlangen, Germany) 
using a 20-element phased-array head and neck coil, for a to
tal scan time of 54 minutes. Due to the long duration of the 
study, scans at entrance and exit were naturally interleaved.

Structural images of the brain were acquired using a 3D 
magnetization-prepared rapid gradient echo (MP-RAGE) 
sequence with the following parameters: TR = 2200 ms, 
TE = 2.45 ms, TI = 900 ms, flip angle = 8°, GRAPPA under
sampling with parallel imaging factor = 2, field of view of 
250 × 250 × 176 mm3 and isotropic voxel resolution of 
1.0 mm3. This sequence has excellent grey-white matter con
trast, suitable for volume and atrophy estimation and tissue 
classification.25 All raw images were visually inspected by an 
experienced neuroradiologist.

Imaging processing was conducted in FSL.26 After crop
ping the field of view (using ‘robustfov’), brain extraction 
was performed with ‘BET’ with a fractional intensity thresh
old of 0.1 and applying bias field removal and standard- 
space masking, as recommended for MS.27 Images were 
lesion-filled prior to brain volume measurements to reduce 
segmentation errors due to T1 hypointense lesions.28
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Annualized percentage change of brain volume between two 
timepoints was estimated with ‘SIENA’.29

Brain lesions were segmented using the lesion growth algo
rithm30 from the lesion segmentation toolbox (LST, version 
20.0.15), operating within SPM (version 12) in MATLAB 
(Mathworks, Natick, MA, USA), on an axial fluid-attenuated 
inversion recovery (FLAIR) sequence covering the whole brain 
with the following parameters: TR = 5000 ms, TE = 397 ms, 
TI = 1800 ms, field-of-view = 256 × 248 × 194 mm3, voxel 
size 1.0 × 1.0 × 1.1 mm3, 176 slices.

The spinal cord was imaged using 3D MP-RAGE from the 
fourth ventricle to T4 with the following parameters: 
TR = 2200 ms, TE = 2.45 ms, TI = 900 ms, flip angle = 8°, 
GRAPPA undersampling with parallel imaging factor = 2, field 
of view 176 × 250 × 250 mm3, isotropic voxel resolution of 
1.0 mm3. The mean spinal cord cross-sectional area between 
C2 and C5 levels was computed using ‘PropSeg’,31 part of the 
Spinal Cord Toolbox32; annualized percentage change between 
timepoints was calculated. This method for spinal cord volume
try is validated and has low scan-rescan variability.8 The 
analysis pipeline was developed in MATLAB running within 
Linux Red Hat 7 (Red Hat Inc, Raleigh, NC, USA).

Urine collection and analysis
Urinary excretion of neopterin shows diurnal variation with 
maximum excretion in the early morning.33 Participants 
were trained to collect a first morning midstream urine sample 
on the same day once a week (using urine Monovettes from 
Sarsted, Nümbrecht, Germany), document the sampling date 
on a pre-prepared tube label, wrap the tube in aluminium 
foil (to shield the sample from light since neopterin is photo
sensitive) and store immediately in a −20°C home freezer. 
Participants received weekly text reminders to collect urine 
samples. Samples were brought to study appointments every 
three or six months. As part of quality control, these samples 
were checked and participants’ technique was assessed 
during clinic visits. Sample dates were monitored to ensure 
the weekly sampling schedule was being adhered to. Mean 
weekly urine collection rate was 88.1% (±10.1%). Upon 
sample receipt, urine was thawed and centrifuged at 10°C 
and 2000 g for 5 minutes. Aliquots were stored at −80°C 
until analysed.

Urinary neopterin and creatinine were measured using a va
lidated ultra-performance liquid chromatography mass spec
trometry technique, and the UNCR computed, as previously 
described.10 Briefly, urine samples were diluted in running buf
fer, 0.2% formic acid (primary mobile phase) and 0.2% formic 
acid in acetonitrile (co-solvent) (Fisher, UK) and kept in the 
dark at 5°C. Samples were analysed using a Waters 
ACQUITY UPLC interfaced with a Waters Xevo triple quadru
pole mass spectrometer equipped with an electrospray ioniza
tion (ESI) probe, column oven and autosampler. Separation 
was achieved using a Waters UPLC penta-fluoro-phenyl (PFP, 
1.7 µm, 2.1 × 100 mm) column, held at 24°C. After separation, 
the compounds (creatinine, neopterin and their internal stan
dards, creatinine-d3 and neopterin 13C5) were monitored in 

scheduled multiple-reaction monitoring (MRM) mode with 
ESI-positive ionization, cone energy of 30 V and collision en
ergy of 20 V. Concentration of analyte was calculated by inte
grating the area under the peaks using MassLynx v4.1 software 
and expressed as the urinary neopterin-to-creatinine ratio 
(UNCR) measured in µmol/mol.

Quantifying inflammation over time
In preliminary work we noted significant inter-individual 
variation of UNCR time series with respect to two main compo
nents: (i) background UNCR—henceforth referred to as ‘back
ground inflammation’; and (ii) short-term UNCR peaks, some 
of which were temporally associated with clinically apparent 
stimuli, such as symptomatic systemic infections, while others 
were asymptomatic10—henceforth referred to as the ‘inflam
matory response’. Analysis of longitudinal UNCR data to 
quantify background inflammation and the inflammatory re
sponse was performed using a custom-built script in 
MATLAB. For each participant, the UNCR time series was 
plotted and a regression line fitted using the iteratively re
weighted least squares method (to reduce the effect of peaks 
on the regression line). The midpoint of the regression line 
was reported as a measure of the participants’ background 
inflammation. Each UNCR value above the regression line 
was then expressed as a percentage height above the predicted 
value. The trapezoidal area-under-the-curve of peak height per
centages was reported as a measure of the inflammatory 
response, and then annualized. A representative case is illu
strated in Fig. 1.

Statistical analysis
Statistical analyses were performed using SPSS version 27 
(IBM Corp., Armonk, NY, USA). All measures of change 
were annualized to account for differences in follow-up dur
ation. Data distribution was determined graphically and using 
Kolmogorov–Smirnov tests. Means and standard deviations 
are here given for parametric variables and medians and inter
quartile ranges for non-parametric data. All hypothesis testing 
was conducted at the two-tailed 5% significance level. To as
sess progression between baseline and follow-up, paired 
Student’s t-tests or paired Wilcoxon signed rank tests (for 
parametric and non-parametric data, respectively) were used. 
A one sample Student’s t-test was used to assess whether an
nualized MRI measures were significantly different from 
zero. Linear regression techniques were used to investigate 
the relationship between outcome measures and (i) back
ground inflammation and (ii) inflammatory response. Since 
priming and/or preconditioning effects are known to occur 
in the CNS,34-38 the interaction between background inflam
mation and the inflammatory response was studied. In sensitiv
ity analyses, the robustness of findings to the addition of 
covariates was tested. The selection of covariates was based 
on two considerations. First, the sample size limits the max
imum number of variables, minimizing overfitting. Second, 
the aim of this study was to test a hypothesis (specifically to 
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determine the effect of systemic inflammation on atrophy) ra
ther than account for the maximum variance in outcome mea
sures (as would be the case if one were to construct a model for 
prognostication). Hence, covariates were determined a priori 
using direct acyclic graph theory as those with robust evidence 
for a confounding effect, i.e. a documented causal path from 
these potential confounders to both exposure and outcome. 
These criteria were met by age and sex, which have been 
shown to affect both UNCR10 and neurodegeneration.39

Results
Study population characteristics
Fifty-three participants completed the study. Three cases 
were excluded due to a relapse on the study, gross motion 
artefact during imaging and spurious creatinine values. 
Hence, data from 50 participants were used in the analysis 
(Fig. 2). Mean follow-up duration was 2.6 years (range: 
1.3–3.2 years). There were 28 (56%) individuals with 
PPMS and 22 (44%) with SPMS, 29 (58%) were female 
and the mean age was 53.4 (±8.0). This was a cohort with 
established disease (mean duration 12.4 years) and signifi
cant disability (74% had EDSS score ≥ 6.0, indicating the 
need for assisted ambulation). Other than the excluded 

case, none of the 50 participants developed relapses on the 
study, or received any disease-modifying treatment. T2 le
sion count was not significantly different between the two 
timepoints (means of 19.8 and 20.2 lesions at the start and 
end, respectively, P = 0.473 in a paired t-test). Significant dis
ability progression was observed clinically during the study 
period, as reflected by changes in the EDSS, MSFC and 
MSIS-29 (Table 1). Progression in this study population 
mainly affected limb function, compared to higher mental 
functions. Significant deterioration occurred in the timed 
25-foot walk and nine-hole peg test, but not the Paced 
Auditory Serial Addition Test, when considering the MSFC 
(Table 1). Similarly, progression was observed in the physic
al, not psychological, sub-scores of the MSIS-29 (Table 1). 
Finally, a significant decrease in daily step count was 
observed (Table 1). The largest progression effect sizes 
were seen with MSFC, specifically the T25FW. Both brain 
and cervical cord atrophy occurred on the study, similar to 
rates published in previous studies,19,41 but the most striking 
change was seen in the cervical spinal cord (Fig. 3). This is in 
keeping with the corticospinal tract involvement that is typ
ical of progressive disease.42 Since most of the progression in 
the study population clinically localized to the spinal cord, 
we next examined associations of systemic inflammation 
with cord atrophy.

Figure 1 Longitudinal UNCR analysis demonstrated from a single representative case. The top panel shows the urinary neopterin-to- 
creatinine ratio (UNCR) time series (blue data points) and regression line (straight red line). The midpoint of the regression line (133 µmol/mol) is 
indicated (vertical dotted red line) and was used as a measure of background inflammation. There is a positive long-term gradient in the regression 
line. The obvious peaks (Days 173 and 838) were associated with symptomatic respiratory tract infections. The bottom panel shows the height of 
points above the regression line expressed as percentage above predicted value. The area under this curve (shaded, cyan) was used as a measure of 
the inflammatory response, incorporating the number, height and duration of peaks, separated from the inter-individual variation in background 
inflammation. 
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Systemic inflammation associates 
with cervical cord atrophy
We independently modelled the contribution of background 
inflammation and the inflammatory response as well as their 
interaction, since priming and/or preconditioning phenom
ena have been documented in the CNS.34-38 In order to test 
the hypothesis that systemic inflammation was associated 
with cord atrophy, multivariable regression was performed 
with annualized percentage change in cervical cord cross- 
sectional area as outcome and the following systemic inflam
matory variables: background inflammation, inflammatory 
response and their interaction. All variables of systemic 

inflammation significantly predicted cord atrophy (back
ground inflammation: P = 0.03, standardized β = −1.23, 
inflammatory response: P = 0.03, standardized β = −1.34, 
interaction: P = 0.02, standardized β = 1.68, model R2 =  
0.12, Table 2). While the degree of atrophy varied with the 
inflammatory response, this effect was modulated by back
ground inflammation. A higher inflammatory response was 
associated with more pronounced cervical cord atrophy in 
the presence of background inflammation below the median 
(Fig. 4, red data points), but was associated with less marked 
cervical cord atrophy in the presence of background inflam
mation above the median (Fig. 4, blue data points). Variables 
of systemic inflammation did not significantly predict brain 

Figure 2 SIMS (Systemic Inflammation in Multiple Sclerosis) study participant flow diagram. The aim of this prospective longitudinal 
study was to investigate the association between systemic inflammation and (i) brain atrophy and (ii) spinal cord atrophy in non-relapsing 
progressive multiple sclerosis. Systemic inflammation was quantified as the urinary neopterin-to-creatinine ratio (UNCR). Atrophy was measured 
on magnetic resonance images (MRI) at the beginning and end of the study. aOne participant experienced a relapse accompanied by gadolinium 
enhancement on MRI, one participant had UNCR analyses that failed internal quality control due to spuriously low creatinine values and all MR 
images from one participant were unsuitable for analysis due to motion artefact. bOne participant’s MR images were unsuitable for brain atrophy 
measurement and one for cervical cord atrophy measurement.
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atrophy (background inflammation: P = 0.68, β = −0.26, 
inflammatory response: P = 0.62, β = −0.33, interaction: 
P = 0.80, β = 0.19, Table 2).

Sensitivity analyses
Controlling for the potential confounders of age and sex 
showed that the effect of systemic inflammation on MRI 

measures was robust (Table 3). The mean rate of lesion ac
crual was slow (0.17 ± 1.89 lesions per year, mean ± SD). 
However, 15 (30%) subjects accrued on average at least 1 le
sion per year. In a sensitivity analysis excluding these sub
jects, the model for prediction of spinal cord atrophy 
performed better than when using the whole cohort, both 
in the unadjusted model (background inflammation: P =  
0.02, standardized β = −1.40, inflammatory response: P =  
0.02, standardized β = −1.82, interaction: P = 0.01, standar
dized β = 2.25, model R2 = 0.46) and the model including 
age and sex as confounders (background inflammation: 
P = 0.01, standardized β = −1.59, inflammatory response: 
P = 0.01, standardized β = −1.87, interaction: P = 0.006, 
standardized β = 2.41, model R2 = 0.29).

Exploratory analyses
Although the study was not adequately powered for a clinic
al primary outcome, an exploratory analysis of the correl
ation between systemic inflammation and clinical measures 
(MSFC, EDSS, MSIS-29 and step count) was still conducted 
since the data were available, but no association was de
tected (data not shown).

Time course
Since follow-up was for 2.5 years, further analysis was con
ducted to determine the length of time needed for systemic 
inflammation to affect cord atrophy. For each individual, an
nualized values for background inflammation and the in
flammatory response were re-calculated after restricting the 
UNCR time series to a one-year epoch. The first epoch was 
the one-year window beginning 2.5 years prior to study 
exit, while the last epoch was the one-year window ending 
on the day of study exit. Intervening one-year epochs were 

Table 1 Baseline and mean annualized change in clinical scores

Baseline Mean annualized change over study

Clinical variable Mean (SD)
Median  
(IQR)

Mean annualized 
change (±SD)

95% confidence intervals for 
annualized change 
(Lower)–(Upper)

Test 
statistic  
(t or Z)a

Significance 
(effect size)a

EDSS scoreb 5.6 (1.4) 6.0 (0.5)
0.34 (0.66) (0.15)–(0.53) −3.34

0.0004 (0.48)
EDSS 0–5.5, No. 12
EDSS 6.0–6.5, No. 37

MSFC, Z-score 0.06 (0.7) 0.1 (1.2) −0.63 (1.43) (−1.04)–(−0.23) −3.72 0.0001 (0.53)
T25FW, seconds 12.7 (8.7) 9.7 (7.0) 17.32 (42.5) (5.24)–(29.4) −3.64 0.0002 (0.52)
9HPT, secondsc 34.4 (52.9) 25.4 (9.2) 23.79 (116.78) (−9.4)–(56.98) −2.45 0.014 (0.35)
PASAT, number correct 43.1 (12.9) 47.0 (22.5) −1.1 (6.3) (−2.89)–(0.69) −0.95 0.35 (0.14)
MSIS-29 physical, points 47.9 (13.0) 49.0 (19.0) 2.58 (7.73) (0.38)–(4.78) 2.36+ 0.022 (0.33)
MSIS-29 psychological, 

points
17.9 (5.9) 17.0 (9.8) 1.34 (4.83) (−0.03)–(2.71) 1.96+ 0.060 (0.28)

Step count, steps/dayd 3617.6 (3007.9) 2574.8 (3162.6) −768.26 (1814.14) (−1300.91)–(−235.61) −3.08 0.002 (0.45)

SD, standard deviation; IQR, interquartile range; EDSS, Expanded Disability Status Scale; MSFC, Multiple Sclerosis Functional Composite; T25FW, timed 25-foot walk; 9HPT, nine-hole 
peg test; PASAT, Paced Auditory Serial Addition Test; MSIS-29, Multiple Sclerosis Impact Scale. aProgression was assessed using paired tests (Student’s paired t-tests for parametric 
data, denoted by ‘+’, or paired Wilcoxon signed rank tests for non-parametric data) using end-point and baseline values and effect sizes calculated by Cohen’s D (parametric data) or by 
dividing the Wilcoxon Z by the square root of the number of observations (Z/√n, non-parametric data).40 Significant changes (P-values) are highlighted in bold. bBaseline EDSS 
unavailable for one participant since accurate assessment was not possible due to a co-existing ankle problem. cAverage of both hands. dTwo participants were allergic to the physical 
activity monitor used to measure step count, one from baseline, one from six months.

Figure 3 Annualized percentage change in MRI measures. 
A one sample t-test was used to assess progression (n = 49 
individuals for brain atrophy and n = 49 individuals for cord 
atrophy). Both MRI measures showed significant progression (for 
brain atrophy: t = 8.170, df = 48, P < 0.001; for cord atrophy: 
t = 8.673, df = 48, P < 0.001), with cord atrophy exhibiting the 
highest mean annualized percentage change from baseline.

Systemic inflammation and progression in MS                                                                         BRAIN COMMUNICATIONS 2024, fcae143 | 7

D
ow

nloaded from
 https://academ

ic.oup.com
/braincom

m
s/article/6/3/fcae143/7655554 by Southam

pton U
niversity user on 13 M

ay 2024



created by incrementally shifting the time window by one 
week; in total, one could analyse 79 one-year epochs 
covering the 2.5 year study duration (Fig. 5A). If an individ
ual did not have data in the specified epoch due to limited 
follow-up duration, they were excluded from that iteration; 
this applied to four individuals (8%). For each epoch, a 

multivariable regression was conducted with the inflamma
tory variables as predictors and cord atrophy as the outcome. 
The effect size plotted across the rolling epochs is shown in 
Fig. 5B. The association between systemic inflammation 
and cord atrophy is clearly shown but was not significant 
for the last third of epochs (Fig. 5B). This was the case for 

Table 2 Regression of MRI outcome measures on systemic inflammation

Dependent 
variable

Independent 
variable

Unstandardized 
coefficients

Standardized 
β coefficients t-Statistic

Significance 
(two-tailed)

95.0% confidence interval 
for B

Effect 
sizeB

Standard 
error

Lower 
bound

Upper 
bound

Annualized 
cervical 
cord 
atrophy

Constant 5.815 4.009 1.450 0.154 −2.260 13.890
Background 

UNCR
−4.525 × 10−2 2.062 × 10−2 −1.233 −2.194 0.033 −8.679 × 10−2 −3.72 × 10−3 0.10

UNCR 
response

−1.55 × 10−3 7.03 × 10−4 −1.341 −2.199 0.033 −2.96 × 10−3 −1.30 × 10−4 0.10

Interaction 8.91 × 10−6 3.73 × 10−6 1.684 2.392 0.021 1.41 × 10−6 1.64 × 10−5 0.13
Overall model: F(3,48) = 2.03, P = 0.12, R2 = 0.12

Annualized 
brain 
atrophy

Constant 0.145 0.834 0.174 0.863 −1.535 1.825
Background 

UNCR
−1.77 × 10−3 4.22 × 10−3 −0.26 −0.419 0.677 −1.03 × 10−2 6.73 × 10−3 0.00

UNCR 
response

−7.18 × 10−5 1.44 × 10−4 −0.329 −0.498 0.621 −3.62 × 10−4 2.18 × 10−4 0.01

Interaction 1.91 × 10−7 7.52 × 10−7 0.19 0.253 0.801 −1.33 × 10−6 1.71 × 10−6 0.00
Overall model: F(3,48) = 0.46, P = 0.71, R2 = 0.03

Annualized cervical cord atrophy and brain atrophy were dependent variables. Background urinary neopterin-to-creatinine ratio (UNCR), UNCR response and their interaction were 
predictor variables. P values < 0.05 are shown in bold. Effect size was computed using Cohen’s f 2.43

Figure 4 Systemic inflammation is associated with cervical cord atrophy. Systemic inflammation was modelled as a system of two 
variables: the inflammatory response and background inflammation. To visualize the interaction between the two inflammatory variables, 
individuals in the lower tertile (n = 16 individuals) and upper tertile (n = 17 individuals) of background inflammation are plotted separately (A). The 
whole dataset (n = 49 individuals), split into two equally-sized groups with background inflammation above (blue, square data points) and below 
(red, triangular data points) the median of the whole dataset, is shown in B. Predicted annualized cervical cord atrophy is shown on the y-axis and 
the inflammatory response is shown on the x-axis. The inflammatory response is quantified as annualized area under the curve of peak height 
percentages above baseline (see ‘Methods’). 95% confidence intervals are shown between dotted lines.
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both the inflammatory response and background inflamma
tion (Fig. 5B). This is in keeping with a time lag between sys
temic inflammation and cord atrophy.

Discussion
In this longitudinal study following individuals with estab
lished progressive MS over a 2.5-year study period, we ob
served a robust association between markers of increased 
systemic inflammation and cord atrophy. Association does 
not equate to causation and reverse causation needs to be con
sidered, for example increasing cord atrophy may lead to high
er levels of systemic inflammation because of a greater risk of 
infections with more disability. However, temporal analysis 
showed that the inflammatory response was only associated 
with cord atrophy when it pre-dated study exit imaging by 
∼30 weeks (Fig. 5B). Axon/myelin loss is a slow process, so 
such a delay would be expected if systemic inflammation 
was causative, due to the need for the tissue degeneration 
underlying atrophy to progress to a measurable extent. This 
time lag between the inflammatory response and cord atrophy 
argues against the association being a reverse causation.

Interaction plotting showed that a higher inflammatory re
sponse was associated with accelerated cord atrophy in the 
presence of background systemic inflammation below the me
dian for the study population (Fig. 4). This is an important ob
servation since it confirms that conditioning in humans is also 
sensitive to the dose of pre-existing inflammatory stimulus, 
with lower conditioning doses more likely to induce ‘priming’ 
as has been observed in experimental studies.13,14 Conversely, 
the data suggest that higher background inflammation, while 
leading to cervical cord atrophy itself, may subdue the tissue- 
damaging effects of subsequent acute inflammatory challenges. 
Such a ‘tolerizing’ preconditioning effect is well-recognized in 
the context of cerebral ischaemic37 and spinal cord injury, 
where prior exposure to inflammation promoted microglial ac
tivation to a reparative phenotype with subsequent improved 
functional outcomes.34 It is important to note that cervical 
cord atrophy occurred in all patients except for one (Fig. 4), 

so the interaction between background inflammation and the 
inflammatory response was associated with the extent of cord 
atrophy observed, rather than the occurrence of cord atrophy 
(Fig. 4).

Background inflammation in MS participants was not sig
nificantly different from non-MS controls in a published co
hort,10 in an analysis of covariance adjusting for age and sex. 
The estimated marginal means for background UNCR was 
216.7 (95% confidence interval: 201.0–232.4) for controls 
and 195.8 (95% confidence interval: 177.8–213.8) for the 
MS participants in this cohort (P = 0.093). It is therefore un
likely that MS disease activity contributed to UNCR. Indeed, 
a previous study demonstrated compartmentalization of the 
neopterin response, such that when cerebrospinal fluid neop
terin increased in MS, it was not reflected in the serum.11

Moreover, in our study, there was no association between 
T2 lesion volume change and systemic inflammation as mea
sured with UNCR, whether background inflammation or in
flammatory response (data not shown).

In this study, the aetiology of the inflammatory response 
(UNCR peaks) was not determined. In a previous study,10 we 
followed the time course of UNCR in young and elderly healthy 
controls, while recording symptoms and possible sources of 
sterile inflammation such as injuries or surgery. Some peaks 
were associated with clinically apparent infections, while 
many peaks were asymptomatic. The aetiology of these asymp
tomatic peaks remains to be determined; possibilities include 
stochastic perturbations in the immune response, asymptomat
ic viraemia or bacteraemia, or sterile inflammatory stimuli.10

An important question arises: why did systemic inflamma
tion associate with spinal cord and not brain atrophy in our 
study? Several reasons may underlie this observation. In our 
population of progressive MS, most active progression oc
curred in the limbs, with little change in cognition for ex
ample, suggesting that spinal pathology was the dominant 
driver of progression. A higher level of microglial activation 
in the spinal cord, compared to the brain, may have resulted 
in a greater susceptibility to systemic inflammation in the 
cord in the study population. Macroscopic and microscopic 
structural differences between the spinal cord and brain may 

Table 3 Sensitivity analysis

Dependent 
variable

Independent 
variable

Unstandardized 
coefficients

Standardized 
β coefficients t-Statistic

Significance 
(two-tailed)

95.0% confidence interval 
for B

Effect 
sizeB

Standard 
error

Lower 
bound

Upper 
bound

Annualized 
cervical 
cord 
atrophy

Constant 6.07 4.22 1.437 0.158 −2.45 14.58
Background 

UNCR
−4.57 × 10−2 2.23 × 10−2 −1.246 −2.048 0.047 −9.07 × 10−2 −7.01 × 10−4 0.094

UNCR response −1.54 × 10−3 7.27 × 10−4 −1.336 −2.117 0.040 −3.00 × 10−3 −7.31 × 10−5 0.101
Interaction 8.90 × 10−6 3.91 × 10−6 1.681 2.279 0.028 1.03 × 10−6 1.68 × 10−5 0.119
Age −5.31 × 10−3 3.44 × 10−2 −0.025 −0.155 0.878 −7.47 × 10−2 6.40 × 10−2 0.000
Sex 0.17 0.60 0.048 0.285 0.777 −1.04 1.38 0.002
Overall model: F(5,48) = 1.2, P = 0.33, R2 = 0.12

Regression results for annualized cervical cord atrophy as independent variable, and background urinary neopterin-to-creatinine ratio (UNCR), UNCR response and their interaction as 
predictor variables, with age and sex as confounding covariates. P values < 0.05 are shown in bold. Effect size was computed using Cohen’s f 2, as in Table 2.
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explain a true biological differential susceptibility to system
ic inflammation. For example, the spinal cord has a smaller 
cross-sectional area and inflammation spreading from the 
pial circulation is likely to affect a larger fraction of the 
cord parenchyma, compared to brain. The blood–spinal 
cord barrier is leakier than the blood–brain barrier,44 and 
these barriers play an important role in mediating the effects 
of systemic inflammation on the CNS.45 Finally, it is possible 
that brain atrophy was masked by an increase in brain 
volume associated with systemic inflammation, such that 
the relationship between systemic inflammation and brain 
atrophy was hard to detect. Inflammation may increase brain 
volume due to: (i) increased water content46 associated with 
widespread low level blood–brain barrier hyperpermeability 

especially in progressive MS;47 and (ii) increased microglial, 
astroglial or infiltrating leucocytes numbers.48 A similar 
phenomenon underlies the paradoxical increase in brain 
atrophy during first few months after starting anti- 
inflammatory disease-modifying agents, a phenomenon 
called ‘pseudo-atrophy’.49 While recent imaging techniques 
such as restriction spectrum imaging may be used to measure 
free water content,50 changes in glial and leucocyte compo
nents would be impossible to distinguish from neuroaxonal 
damage with MRI. A biochemical marker of neurodegenera
tion such as neurofilament-light51 may be a better readout of 
brain tissue damage than brain volume, and should be con
sidered in future studies. The possibility that the spinal 
cord is especially susceptible to systemic inflammation is 

Figure 5 Delay between systemic inflammation and subsequent cervical cord atrophy. A outlines the method for analysis of urinary 
neopterin-to-creatinine ratio (UNCR) time series data in one-year epochs. Each horizontal line represents one of 79 one-year UNCR epochs, 
frame-shifted one week apart. For each UNCR epoch, inflammatory variables within this epoch from all participants were passed into a 
multivariable regression with cord atrophy as the outcome variable. The epochs coloured red (epochs 17-50) showed a significant effect (P < 0.05) 
as B elaborates further. B shows the effect size and 95% confidence intervals for the systemic inflammatory response (upper plot) and background 
inflammation (lower plot) on cervical cord atrophy, according to one-year UNCR epochs. The plots represent line graphs of connected individual 
data points (n = 79 UNCR epochs) where each data point is the effect size of a single one-year UNCR epoch. In both cases, systemic inflammation 
in the middle third of epochs was significantly associated with cord atrophy (epochs 17–50 ending 29 weeks prior to study exit for the systemic 
inflammatory response and epochs 17–49 ending 30 weeks prior to study exit for background inflammation). This association was lost for: (i) the 
early epochs, probably because their effect was overshadowed by later epochs; and (ii) the last third of epochs, suggesting that a delay is essential 
for the association between systemic inflammation and cord atrophy.
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most intriguing and worthy of further investigation, not only 
from a scientific view but more importantly since cord atro
phy has profound clinical consequences.

Both relapses and progression contribute to long-term 
disability.52,53 Several studies have demonstrated that sys
temic infections are associated with subsequent relapses54-56

and more frequently lead to disability compared with non- 
infection associated exacerbations.55 This study adds to the 
literature by demonstrating that systemic inflammation con
tributes to long-term disability progression in the absence of 
relapses, i.e. progression independent of relapse activity.

This study has a number of strengths and limitations. 
Findings were robust to sensitivity analyses. Weekly urine sam
pling was sustained with a high rate of compliance for the 
study’s duration, which shows that long-term inflammation 
monitoring using UNCR is practical and acceptable. More fre
quent sampling would have minimized the risk of failing to 
capture the true peak of the inflammatory response, particular
ly if this was short-lived. However, the study was designed 
with substantial patient and public input, and it was felt that 
more frequent sampling would have affected the participants’ 
experience and retention on the study. Neopterin was used to 
quantify systemic inflammation since the IFN-γ pathway is a 
master checkpoint for many cytokines in the inflammatory re
sponse.57 However, neopterin is more representative of a 
Th1-type immune response and possibly more responsive to 
cellular infections such as viral infections, compared to bacter
ial infections.58 Other markers of systemic inflammation 
would increase the robustness of future studies. The reliance 
on imaging at only two timepoints, the start and end of the 
study, was a limitation, as intermediate imaging timepoints im
prove power,59 minimize the effect of drop-out, enable recog
nition of non-linear trajectories of progression and allow a 
closer examination of the temporal relationship between pro
gression and systemic inflammation. However, patient input 
during study design suggested that more MRI acquisitions 
would not be favoured by participants and could jeopardize 
their retention in this study that had a long duration.

In conclusion, this study has demonstrated that systemic 
inflammation is associated with tissue loss in MS along crit
ical spinal cord pathways. However, causation is not proven, 
and further work is needed since efforts to minimize systemic 
inflammation in people with MS may be warranted, using a 
combination of vaccination, optimized symptom manage
ment and early treatment of infections. Further experimental 
interrogation of the hypothesis that systemic inflammation 
drives MS-related CNS atrophy is needed, for instance using 
preclinical models of progressive MS and experimental 
suppression and enhancement of systemic inflammation. 
Further clinical investigation is needed to study this phenom
enon. Systemic infections are a common source of systemic 
inflammation, and commoner in MS.60 It would be challen
ging to undertake a comprehensive identification of all 
systemic infections in a longitudinal study with the purpose 
of relating these infections to long-term markers of 
progression such as brain or cord atrophy, given the lag in 
time between inflammation events and neurodegeneration. 

More pragmatically, future studies could focus on earlier ef
fects on the brain, such as blood–brain barrier permeabil
ity,61 perfusion changes, or slowly expanding lesions,62,63

and their association with the systemic inflammatory signa
ture of common infections such as those affecting the 
bladder. Lastly, immunosuppressive disease-modifying 
treatments target the adaptive immune response, more so 
than the innate immune response, yet the latter mediates 
the brain’s response to systemic inflammation.12 This may 
explain the lack of efficacy of immunosuppressive disease- 
modifying treatments on the progressive phase of MS. 
However, the identification of systemic inflammation as a 
driver of tissue damage in progressive MS offers a 
therapeutic opportunity, so further study of the underlying 
biology is needed.
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