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A B S T R A C T   

Background: Smoking, cardiovascular risk factors, and genetic factors can have adverse effects in MS. 
Objective: To determine if smoking after disease onset, cardiovascular risk factors, and genetic variants influence 
primary progressive MS (PPMS). 
Method: In this cross-sectional study, smoking habits, Framingham Risk Score (FRS), genetic variants, including 
the low-density lipoprotein receptor-related protein 2 (LRP2) SNP rs12988804 and MRI were collected in 60 
PPMS trial participants. Disability and cognition were assessed with the Age-Related Multiple Sclerosis Severity 
(ARMSS) score, the Progressive-Onset MS Multiple Sclerosis Severity Score, and the Brief International Cognitive 
Assessment for MS. 
Results: Smoking after PPMS onset was significantly associated with higher ARMSS (95% CI 0.8–2.4, p =
0.00016) statistically significant after Bonferroni correction. Lower magnetization transfer ratio in lesions was 
also significantly associated with smoking after onset of PPMS after correction (95% CI -0.9–-4.4, p = 0.0035). 
Pack-years in people who smoked after onset was likewise significantly associated with higher ARMSS score (b =
0.06 95% CI 0.02–0.09, p = 0.0021) as well as lower Symbol Digit Modalities Test scores (b = -0.40; 95% CI 
-0.66–-0.13, p = 0.0037), both statistically significant after Bonferroni correction. The LRP2 risk allele was 
associated with decreased performance on the California Verbal Learning Test 2 after correction (CC vs. CT+TT 
95% CI -14.2–-3.4, p = 0.0018). 
Conclusion: If validated, these findings suggest that intervention regarding smoking may be beneficial in PPMS. If 
confirmed, assessment of the LRP2 gene variant may aid in the understanding of underlying pathological 
mechanisms in PPMS.   

1. Introduction 

Primary progressive multiple sclerosis (PPMS) represents approxi-
mately 10–15% of the MS population (Miller and Leary, 2007). MS has a 
multifactorial aetiology where both environmental and genetic factors 
are involved. Smoking is a considerable contributor to increased car-
diovascular risk and has been associated with many facets of MS: 
generally increased risk of developing MS by up to 50%; faster disease 

progression; increased risk of conversion from relapsing-remitting MS to 
secondary progressive MS; increased relapse rate; and increased risk of 
PPMS onset (Rosso and Chitnis, 2020a). Additionally, an association 
between the cumulative dose of smoking and the risk of developing MS 
has also been reported (Manouchehrinia et al., 2013; Hedström et al., 
2016). However, smoking cessation decreases the risk of progression 
and accrual of disability, and the disability burden in ex-smokers reverts 
to a nonsmoker level within five years of smoking cessation, irrespective 
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of the cumulative exposure to smoking (Rosso and Chitnis, 2020a). 
Non-smoking cardiovascular risk factors have been associated with 
worse pathology on MRI (Geraldes et al., 2020; Weinstock-Guttman 
et al., 2013; Dossi et al., 2018; Lorefice et al., 2019; Kappus et al., 2016). 
The Framingham Risk Score was developed to estimate the 10-year 
likelihood of a cardiovascular event. It combines individual cardiovas-
cular risk factors into one outcome measure that has been associated 
with MS disability, relapse rate, severity, course, and risk of escalation of 
disease-modifying treatment (D’Agostino et al., 2008; Moccia et al., 
2015; Petruzzo et al., 2020). A relatively new way of determining 
disability is by assessing the age-related MS severity (ARMSS) score. It 
ranks scores from the Expanded Disability Status Scale based on age at 
the time of assessment, thereby enabling comparison of disability across 
ages. The ARMSS improves on the Multiple Sclerosis Severity Scale 
(MSSS) by removing the bias of age at onset, which is often difficult to 
assess retrospectively, especially in PPMS (Manouchehrinia et al., 
2017). Until recently the MSSS was indiscriminative of MS phenotype, 
but the progressive onset MS (POMS) MSSS can be applied in PPMS 
(Zhou et al., 2020). 

Various single nucleotide polymorphisms (SNPs) have in genome- 
wide associations studies been linked to increased risk of MS (Patso-
poulos et al., 2019). Recently, a SNP in the gene encoding low-density 
lipoprotein receptor-related protein 2 (LRP2) has shown an associa-
tion with increased relapse risk and a risk allele in the gene encoding 
myelin basic protein (MBP) was associated with an increased relapse 
hazard and higher annualized disability progression (Y Zhou et al., 
2017; Hilven et al., 2018; Zhou et al., 2017; Espino-Paisán et al., 2020). 
However, the strongest genetic risk factor associated with MS is the 
Human Leucocyte Antigen (HLA)-DRB1*15:01 allele, which has also been 
associated with a significantly increased risk of developing PPMS 
(Vasconcelos et al., 2009). Not all genetic variants carry adverse effects 
in MS, e.g. the HLA-A*02:01 allele has been shown to decrease suscep-
tibility to MS (Brynedal et al., 2007). 

Little attention has been given to investigating these factors in PPMS. 
The primary aim of this exploratory study was to investigate the asso-
ciations between smoking after disease onset with disability, cognitive 
function, and MRI outcome measures in PPMS. Secondly, we explored if 
there were associations between these outcome measures and the Fra-
mingham Risk Score and genetic variants. 

2. Method 

This study is an exploratory, cross-sectional analysis of data from 60 
PPMS participants that participated in a placebo-controlled trial of 
dimethyl fumarate treatment at the Danish Multiple Sclerosis Center at 
Copenhagen University Hospital Rigshospitalet, Denmark (Højsgaard 
Chow et al., 2021). The data were obtained at the screening visit before 
randomization. The participants were included from December 6, 2016, 
to January 16, 2019. The local Danish ethics committee gave approval 
(no. H-16032162) and data monitoring was provided by the Good 
Clinical Practice Unit at Copenhagen University Hospital Bispebjerg, 
Denmark. All participants provided written informed consent. All study 
procedures were performed in accordance with the principles of Good 
Clinical Practice and the Declaration of Helsinki. The main inclusion 
criteria in the trial were: a diagnosis of PPMS according to the revised 
McDonald 2010 criteria and the Lublin criteria from 2014, (Polman 
et al., 2011; Lublin et al., 2014) age between 18 and 65 years, and 
neurofilament light chain levels in the cerebrospinal fluid above 380 
ng/L. The main exclusion criteria were: EDSS above 6.5, treatment with 
corticosteroids within 3months, or immunosuppressive or immuno-
modulatory treatment within the last 6 months prior to enrolment. The 
study is registered at ClinicalTrials.gov, number: NCT02959658. 

2.1. Smoking and Framingham risk score 

The study population was divided into two groups based on smoking 

history. One group contained the participants who smoked after their 
first MS symptom (n = 20), and the other group contained those who 
ceased to smoke before MS onset combined with those who never 
smoked (n = 40). No participants smoked other tobacco products than 
cigarettes. The number of pack-years were obtained by focused 
interview. 

The Framingham Risk Score was calculated as the 10-year risk of a 
vascular event for each participant using Excel spreadsheets from www. 
framinghamheartstudy.org and included: sex, age, systolic blood pres-
sure, total cholesterol, HDL cholesterol, and yes/no answers regarding 
diabetes, treatment for hypertension, and smoking. Blood pressure was 
measured after 5 min of seated rest without talking; cholesterol levels 
were analysed in plasma samples non-fasting; occurrence of diabetes 
was assessed through all following measures for all participants: inter-
view, reviewing medical records, and measuring haemoglobin A1C 
levels; treatment for hypertension was assessed by reviewing the med-
ical records, and smoking was assessed by focused interview of each 
participant. One participant had ceased to smoke just two months before 
the screening visit and was, therefore classified as a smoker in the Fra-
mingham Risk Score calculation in accordance with Moccia et al., 
201512. For all participants, we used the Framingham Risk Score that 
includes total cholesterol and HDL cholesterol except for two where we 
used the model that includes body mass index instead of lipids. Two 
participants had a risk score above 30% (30.6% and 33.8%). According 
to specifications provided in the Framingham Risk Score spreadsheets 
the value of 30 was applied for these individuals. 

2.2. Genetic analyses 

DNA samples for genotyping were collected and stored at the Danish 
Multiple Sclerosis Biobank at minus 80 ◦Celsius. DNA was extracted 
from blood cells from all 60 participants. TaqMan allelic discrimination 
assays were used to analyse the LRP2 SNP rs12988804 
(C_11829317_20), MBP SNP rs12959006 (C_3079229_20), the tag SNP 
rs9271366 for HLA-DRB1*15:01 allele determination (C__33416976_20) 
and the tag SNPs rs12206499 and rs2975033 (C__31338281_10; 
C__15,962,692_20) for HLA-A*02:01 allele determination (Life Tech-
nologies Europe B.V.). PCR and genotype scoring were performed ac-
cording to the protocol described by the manufacturer on a ViiA7 real- 
time PCR system. Detection quality was above 98%, and accuracy was 
determined on each plate showing 100% genotype concordance. 

2.3. Disability and cognitive function 

In this study, we calculated and used the global ARMSS score using R 
statistics and applied it as a disability outcome measure (Man-
ouchehrinia et al., 2017). For sensitivity purposes, we assigned each 
participant their respective POMS MSSS based on data by (Zhou et al., 
2020). Values were missing for 4 participants due to disease duration 
above 30 years. Cognitive assessment was done with the Brief Interna-
tional Cognitive Assessment for MS panel, which comprises three indi-
vidual tests: Symbol Digit Modalities Test (SDMT), California Verbal 
Learning Test 2 (CVLT-II), and the Brief Visuospatial Memory 
Test-Revised (BVMT-R). The latter was scored by a trained 
neuropsychologist. 

2.4. Magnetic resonance imaging 

MRI metrics were chosen based on the results of a previous study on 
the same participants (manuscript in preparation) and were: mean 
diffusivity (MD) in cortical grey matter (CGM); fractional anisotropy 
(FA) in normal-appearing white matter (NAWM); magnetisation transfer 
ratio (MTR) in lesions; and volume of the thalamic nuclei, CGM, NAWM, 
and lesions. Due to quality issues, data from one participant were 
missing regarding MD in CGM, FA in NAWM, and MTR in lesions. Data 
on MTR in lesions was missing from one additional participant. All 60 
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participants were scanned with a 32-channel head-coil on the same 3 
Tesla Verio scanner (Siemens Healthcare, Erlangen, Germany). T1- 
weighted, T2-weighted, and fluid-attenuated inversion recovery 
(FLAIR) 3D sequences were attained with a 1 mm (Manouchehrinia 
et al., 2013) isotropic resolution. Diffusion tensor imaging data were 
acquired with a twice refocused diffusion-weighted echo-planar imaging 
sequence, and data on MD and FA data were derived. MTR data were 
calculated from a 3D fast low angle shot sequence with and without a 
magnetization transfer saturation prepulse (Weiskopf et al., 2013). The 
Jim software (Xinapse systems, UK) was used with local thresholding 
and manual editing supported by T1-weighted and T2-weighted images 
to segment T2 white matter lesion regions of interest on FLAIR se-
quences. This was done by the same person. Subsequent structural image 
analysis was based on the T1-weighted images using methods from 
version 5.0.5 of the FSL software package. The images were initially 
lesion-filled to avoid misclassification of cerebrospinal fluid (Battaglini 
et al., 2012). Volumes of CGM and NAWM were calculated from prob-
abilistic segmentations produced by SIENAX threshold at 50%, and 
NAWM volume was calculated after subtraction of the lesion maps 
(Jenkinson et al., 2012). Lesion volume was detected as the volume of 
connected regions in the binary lesion masks. Thalamus volumes were 
segmented with FIRST, and the mean value of the left and right-sided 
nuclei were applied for all analyses (Patenaude et al., 2011). All vol-
ume measures were scaled according to standardised head size of each 
participant except lesion volume. The scaling factor was computed from 
an affine registration of the head (not brain) to an MNI template, which 
is used as a surrogate measure of intracranial volume. 

2.5. Statistical analyses 

Analyses on differences in disability, cognitive function, and MRI 
outcome measures between groups regarding smoking and genetic 
variants, were done using analysis of covariance (ANCOVA) adjusting 
for disease duration in all analyses except for global ARMSS and POMS 
MSSS. Analyses on genetic variants were performed for homozygous, 
heterozygous, and non-carriers except regarding the MBP variant in 
which there were only 3 homozygous carriers of the risk variant. For 
exploratory analyses of never smokers vs. ceased before onset vs. 
continued smoking after onset we used ANCOVA as well. Analyses on 
associations between pack-years, disability, cognitive function, and MRI 
outcome measures were done using multiple linear regression adjusting 
for disease duration except for global ARMSS and POMS MSSS. The same 
approach was used regarding Framingham Risk Score analyses. 

To adjust for multiple testing, we applied a Bonferroni correction for 
each outcome (n = 12) resulting in a threshold for significance of 
p<0.0042. P-values less than 0.05 but not significant after Bonferroni 
correction were classified as suggestive. Data are presented with 95% 
confidence interval (CI). Due to the non-normal distribution of data on 
lesion volume, this data was log-transformed and used as such in all 
analyses. Model control included tests for normal distribution and in-
spection of residual plots. All analyses were complete cases. All statis-
tical analyses were performed in SPSS version 25. 

3. Results 

The study population consisted of 25 women and 35 men with a 
median age of 56 years (interquartile range [IQR] 51 – 59). Twenty 
participants smoked after MS onset of which 6 were actively smoking at 
the time of the screening visit. Forty participants ceased to smoke before 
onset of symptoms or never smoked (n = 14 and n = 26). Additional 
baseline characteristics can be seen in table 1. The median number of 
pack-years in the 20 participants who continued to smoke after PPMS 
onset were 15.7 [IQR 8.8–26.9]. Seven participants ceased to smoke 
within the 5 years leading up to the screening visit. When adding these 7 
participants to the 20 who continued to smoke after PPMS onset the 
median pack-years were 19.5 years [IQR 9.0–28.0]. 

All results from the ANCOVA analyses regarding smoking can be seen 
in table 2. Participants who smoked after onset of PPMS had a signifi-
cantly higher disability as assessed by global ARMSS with a 1.6 points 
mean difference (95% CI 0.8–2.4, p <0.00016), which was partially 
supported by a suggestive higher POMS MSSS in the smoking group. 
Additionally, the smoking group had significantly lower MTR values in 
lesions with a 2.6 percentage units (PU) mean difference (95% CI 
− 0.9–− 4.4, p = 0.0036). The results of the analyses when dividing the 
participants into never smokers, smokers before onset and continued 
smokers after PPMS onset can be seen in Table 1 in the supplemental 
material and show a significantly higher global ARMSS score in the 
participants who continued to smoke after PPMS onset compared with 
never smokers, but also compared with those who ceased to smoke 
before onset. Additionally, there were also suggestive associations with 
POMS MSSS, SDMT and MTR in lesions. 

Results from the analyses on association between pack-years and the 
12 different outcomes in this study can be seen in Table 3. These ana-
lyses show a significant association between pack-years and increased 
global ARMSS score (b = 0.06 95% CI 0.02–0.09, p = 0.0021), a sug-
gestive association with POMS MSSS (b = 0.04 95% CI 0.00–0.08, p =
0.037) and a significant association between pack-years and decreased 
SMDT (b = − 0.40 95% CI − 0.66–− 0.13, p = 0.0037). The latter result 
was suggestive in the initial ANCOVA analysis. These associations were 
not evident when adding the pack-years from the 7 participants who 
ceased to smoke within 5 years prior to the onset of PPMS (Table 3). 

All results from the association analyses regarding Framingham Risk 
Score can be seen in Table 4. Higher Framingham Risk Scores were 
suggestively associated with lower CGM volume with a 1.7 ml decrease 
for every 1 percent increase in Framingham Risk score (b = − 1.7 95% CI 
− 3.0–− 0.3, p = 0.015). However, there was also a negative, association 
between the Framingham Risk Score and ARMSS (b = − 0.06, 95% CI 
− 0.10–− 0.01, p = 0.023). 

Table 1 
Baseline characteristics.   

Total n = 60 

Age (years), median [IQR] 56.0 [51.0–59.0] 
Sex  
Female, n (%) 25 (41.7) 
Male, n (%) 35 (58.3) 
Disease duration (years), median [IQR] 10.5 [5.0–19.5] 
Never smokers, n (%) 26 (43.3) 
Active smokers, n (%), package years median [IQR] 6 (10.0), 23.5 

[11.9–26.5] 
Previous smokers, n (%), package years median [IQR] 28 (46.7), 18.0 

[6.3–30.6] 
Framingham Risk Score (%), median [IQR] 9.3 [5.4–15.0] 
Framingham Risk Score without smoking (%), median 

[IQR] 
9.1 [4.8–14.2] 

Global ARMSS 5.3 (1.6) 
POMS MSSS 2.6 (1.7) 
SDMT score (correct in 90 s) 43.0 (11.9) 
CVLT-II score (out of 80 points) 51.9 (11.3) 
BVMT-R score (out of 36 points) 21.6 (6.3) 
MD in CGM (µm2/ms) 0.8 (0.05) 
FA in NAWM 0.39 (0.03) 
MTR in lesions (PU) 26.8 (3.1) 
Thalamic volume (ml) 9.5 (1.1) 
CGM volume (ml) 583.4 (38.2) 
NAWM volume (ml) 697.3 (47.4) 
Lesion volume (ml), median [IQR] 4.3 [1.9–4.2] 

IQR = Interquartile range; ARMSS = Age-related MS severity; POMS = Pro-
gressive onset MS; MSSS = Multiple sclerosis severity score; SDMT = Symbol 
digit modalities test; CVLT-II = California verbal learning test 2; BVMT-R = Brief 
visuospatial memory test-revised; MD = Mean diffusivity; CGM = Cortical grey 
matter; FA = Fractional anisotropy; NAWM = Normal appearing white matter; 
MTR = Magnetisation transfer ratio; PU = Percentage units. 
Data are presented in mean with standard deviation except if otherwise speci-
fied. POMS MSSS data were missing for four individuals. MRI data were missing 
for two participants. 
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The distribution of genotypes is shown in Table 2 in the 

supplemental material. Results on all analyses involving genetics can be 
seen in the supplementary material (Table 3–6). When combining het-
erozygous and homozygous carriers of the risk allele T in the LRP2 gene 
there was a significant association with lower performance on the CVLT- 
II (CC vs. CT+TT, 95% CI − 14.2–− 3.4, p = 0.0018) with 8.7 mean point 
difference. This association was also evident when comparing non- 
carriers directly with homozygous carriers of the risk allele (CC vs TT, 
95% CI − 3.9–− 18.7, p = 0.0035) with a mean point difference of 11.2. 
There were no other significant associations between the LRP2 SNP and 
any other outcome. Neither were there any significant associations be-
tween the investigated parameters and carriers vs. non-carriers of the 
HLA-DRB1*15:01 allele, the HLA-A*02:01 allele, or the MBP risk SNP 
(supplementary material Tables 3–5). 

4. Discussion 

This study shows a significant association between continued 
smoking after disease onset and more severe disability with a 1.6-point 
higher ARMSS score in the group that continued smoking after disease 
onset. A division regarding smoking habits can be influenced by recall 
bias, but because the participants who continued smoking after PPMS 
onset did so with a median duration of 4.5 years, we believe this way of 
grouping is reliable. Grouping the participants who ceased to smoke 
before PPMS onset with those who never smoked can be a source of bias 
in this current study. However, the participants who ceased to smoke 
before PPMS onset did so with a median duration of 5.5 years prior to 
disease onset, and it has been reported that smoking cessation decreases 
risk of progression and accrual of disability and that the disability 
burden in ex-smokers reverts to a nonsmoker level within 5 years of 
smoking cessation, irrespective of the cumulative exposure to smoking 
(Rosso and Chitnis, 2020b). To further investigate this, we divided the 
participants into three groups: never smokers, those who ceased to 
smoke before onset, and those who continued to smoke after onset of 
PPMS. In these analyses, we saw roughly the same results as when 
dichotomizing the group as described above. We even showed a signif-
icant difference in global ARMSS between those who ceased to smoke 
before onset compared with those who continued smoking after onset. 
Thus, we believe that grouping our cohort this way allows us to assess 
which consequences continued smoking after onset may have in a cohort 
of PPMS participants. Smoking after onset of PPMS was likewise asso-
ciated with a 2.3 PU decrease of MTR values in lesions. Whether or not 
the increased disability and decreased MTR values in lesions are directly 
caused by smoking cannot be concluded from our analyses. We cannot 

Table 2 
Differences between groups.   

Smoking cessation 
before onset or never 
smokers n = 40 Mean 
(SD) 

Smoking after 
onset n = 20 
Mean (SD) 

Effect size 

Global 
ARMSS 

4.7 (1.4) 6.3 (1.5) 1.6 (0.8–2.4) p =
0.00016** 

POMS MSSS 2.3 (1.3) 3.3 (2.1) 1.0 (0.2–2.0) p =
0.022* 

SDMT 
(correct in 
90 s) 

45.8 (10.7) 45.8 (10.7) − 8.3 (− 1.7–− 14.9) 
p = 0.015* 

CVLT-II (out 
of 80 
points) 

53.5 (11.5) 48.9 (10.5) − 4.6 (− 2.7–10.3) p 
= 0.244 

BVMT-R (out 
of 36 
points) 

22.2 (5.1) 20.4 (8.2) − 1.8 (− 2.6–4.6) p 
= 0.585 

MD in CGM 
(µm2/ms) 

0.81 (0.04) 0.83 (0.05) 0.02 (− 0.05–0.01) p 
= 0.162 

FA in NAWM 0.39 (0.03) 0.38 (0.03) − 0.01 
(− 0.003–0.030) p =
0.103 

MTR in 
lesions 
(PU) 

27.7 (2.7) 25.1 (3.5) − 2.6 (− 0.9–− 4.4) p 
= 0.0035** 

Thalamic 
volume 
(ml) 

9.7 (0.98) 9.2 (1.2) − 0.5 (− 0.9–1.2) p 
= 0.092 

CGM volume 
(ml) 

584.5 (35.7) 585.4 (46.0) 0.9 (− 24.8–20.9) p 
= 0.867 

NAWM 
volume 
(ml) 

700.1 (47.7) 697.0 (49.6) − 3.1 (− 24.3–31.9) 
p = 0.787 

Log2 Lesion 
volume 

12.0 (1.9) 12.5 (1.9) 0.5 (− 1.6–0.59) p =
0.353 

SD = Standard deviation; ARMSS = Age-related MS severity; POMS = Pro-
gressive onset MS; MSSS = Multiple sclerosis severity score; SDMT = Symbol 
digit modalities Test; CVLT-II = California verbal learning test 2; BVMT-R =
Brief visuospatial memory test-revised; MD = Mean diffusivity; CGM = Cortical 
grey matter; FA = Fractional anisotropy; MTR = Magnetisation transfer ratio; 
PU = Percentage units; NAWM = Normal appearing white matter. 
Analysis of covariance (ANCOVA). Effect size is presented with 95% confidence 
interval and p-values. 
*p<0.05. 
**p<0.0042. 

Table 3 
Association with pack-years.   

Pack-years in smokers after onset Pack-years in smokers including up to 5 years before onset  

Constant R B P Constant R B p 

Global ARMSS 4.9 (4.5–5.3) 0.152 0.06 (0.02–0.09) 0.0021** 5.03 (4.5–5.5) 0.047 0.025 (− 0.005–0.056) 0.097 
POMS MSSS 2.4 (1.9–2.8) 0.078 0.04 (0.00–0.08) 0.037* 2.4 (1.9–3.0) 0.000 0.02 (− 0.01–0.05) 0.226 
SDMT 45.4 (42.1–48.7) 0.137 − 0.40 (− 0.66–− 0.13) 0.0037** 43.0 (39.9–46.1) 0.000 − 0.08 (− 0.31–0.15) 0.480 
CVLT-II 51.9 (49.0–54.9) 0.000 − 0.11 (− 0.39–0.16) 0.424 51.9 (49.0–54.9) 0.000 0.01 (− 0.21–0.23) 0.925 
BVMT-R 21.6 (19.4–23.0) 0.000 − 0.07 (− 0.22–0.08) 0.357 21.6 (19.9–23.2) 0.000 0.00 (− 0.12–0.12) 0.996 
MD in CGM (µm2/ms) 0.81 (0.80–0.82) 0.053 0.00 (− 0.00–0.00) 0.079 0.82 (0.80–0.83) 0.000 0.000 (− 0.00–0.00) 0.652 
FA in NAWM 0.39 (0.38–0.40) 0.000 0.00 (− 0.00–0.00) 0.158 0.39 (0.38–0.40) 0.000 0.00 (− 0.00–0.00) 0.897 
MTR in lesions (PU) 27.3 (26.3–28.2) 0.064 − 0.07 (− 0.15–0.00) 0.056 26.8 (26.0–27.7) 0.000 − 0.01 (− 0.07–0.05) 0.750 
Thalamic volume (ml) 9.7 (9.4–10.0) 0.055 − 0.02 (− 0.05–0.00) 0.072 9.6 (9.3–9.9) 0.000 − 0.01 (− 0.03–0.01) 0.558 
CGM volume (ml) 585 (575–595) 0.000 − 0.37 (− 1.31–− 0.50) 0.418 585 (575–595) 0.000 − 0.43 (− 1.20–0.31) 0.248 
NAWM volume (ml) 699 (687–711) 0.000 − 0.14 (− 1.34–1.01) 0.803 69 (687–711) 0.000 0. 07(− 0.86–0.99) 0.883 
Log2 Lesion volume 12.1 (11.7–12.6) 0.000 0.017 (− 0.028–0.062) 0.448 12.1 (11.7–12.6) 0.000 − 0.00 (− 0.04–0.03) 0.810 

ARMSS = Age-related MS severity; POMS = Progressive onset MS; MSSS = Multiple sclerosis severity score; SDMT = Symbol digit modalities Test; CVLT-II = California 
verbal learning test 2; BVMT-R = Brief visuospatial memory test-revised; MD = Mean diffusivity; CGM = Cortical grey matter; FA = Fractional anisotropy; MTR =
Magnetisation transfer ratio; PU = Percentage units; NAWM = Normal appearing white matter. 
Multiple linear regression analysis of associations with pack-years with and without adding the 7 participants who ceased to smoke within 5 years leading up to the 
onset of PPMS. Constant is given with 95% confidence interval (CI). B is given with 95% CI. 
*p<0.05. 
**p<0.0042. 
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exclude reverse causality as more disabled participants may be less 
prone to cease smoking. Smoking is known to be associated with 
increased lesion load, but to our knowledge, there are to date no other 
publications on the relationship between smoking and MTR in lesions. 
This finding suggests that the macromolecular content of myelin in le-
sions is lower in the participants who continued to smoke after PPMS 
onset than in those who did not or never smoked (Heath et al., 2018). We 
believe that the results from the association analyses applying 
pack-years, support our choice of dichotomizing the group as described 
above since the significant results were not evident when adding the 
participants who smoked in the five years leading up to the screening 
visit. 

The Framingham Risk score was suggestively associated with 
decreased CGM volume. However, there was also a negative association 
with ARMSS of equal magnitude indicating that both findings may be 
coincidental. Therefore, caution must be taken when interpreting these 
results. There was no between-group difference in CGM volume when 
dichotomising the participants into smoking groups. However, the 
suggestive association with Framingham Risk Score and decreased CGM 
volume might indicate that cardiovascular risk factors other than 
smoking drive the relationship. To our knowledge, only two previous 
publications have applied the Framingham Risk Score in participants 
with MS. These publications reported associations between this score 
and increased disability, relapse rate, severity, course, and risk of 
escalation of disease-modifying treatment (Moccia et al., 2015; Petruzzo 
et al., 2020). Framingham Risk Score is a combined tool of several risk 
factors, and a recent paper reported a significant association between 
having multiple risk factors combined and decreased CGM volume 
(Lorefice et al., 2019). In addition, studies have shown that hypertension 
and dyslipidaemia are also associated with decreased CGM volume 
(Geraldes et al., 2020; Weinstock-Guttman et al., 2013; Dossi et al., 
2018; Lorefice et al., 2019; Kappus et al., 2016). Although we cannot 
confirm the previously reported associations for the Framingham Risk 
Score in MS, we still believe that the Framingham Risk Score may pro-
vide independent information in MS. 

The association between carrying the risk allele in the LRP2 gene and 
decreased cognitive performance in verbal memory is interesting and 
has not previously been reported in people with MS. The Analysis 
showed 11.2 points mean difference between non-carriers and homo-
zygous (CC vs TT) in a test where the maximum score is 80 points. 
Studies of the rs12988804 SNP in the LRP2 gene in MS have shown that 
carrying this risk allele is associated with increased relapse rate, but 
since people with PPMS rarely have relapses, we cannot address this in 
our study (Zhou et al., 2017; Hilven et al., 2018). Histologically the 

LRP2 receptor is found in various sites in the CNS and is involved in 
regulating signalling pathways (Spuch et al., 2012). The LRP2 SNP 
investigated in this study is intronic and without any known functional 
effects. Therefore, it is difficult to predict why it is associated with 
cognitive impairment, but it is possibly in linkage disequilibrium with 
other variants with biological effects. Other mutations in the LRP2 gene 
have been linked to neurological disorders: a missense mutation in 
autism spectrum disorder and another variant acting recessively has 
been found in a family with intellectual disabilities (Zhou et al., 2017). 
Thus, if validated our finding of decreased cognitive function in carriers 
of the investigated variant may aid in the understanding of underlying 
pathological mechanisms in PPMS. The lack of associations between the 
MBP risk variant rs12959006 and any measure of disability is interesting 
since Zhou et al. have reported an association between this variant and 
increased relapse rate and annualized disability progression (Zhou et al., 
2017). However, the MS population in this paper is a pure PPMS cohort 
whereas the MS population in the previous paper was mixed. This and 
the low number of participants included in our study may explain the 
lack of association with this genetic variant. The lack of associations 
with the two HLA variants may be explained by the fact that one is 
known as a susceptibility variant and the other as a protective variant of 
MS not known to be involved in disease attenuating or ameliorating 
effects (Jensen et al., 2010). 

This study carries obvious limitations in sample size, and because of 
its exploratory nature it is difficult to explain why some risk factors are 
significantly associated with some outcomes and not with others. Thus, 
our findings require validation in other MS cohorts e.g. of different 
phenotypes. The observed effects may not specifically relate to PPMS but 
to MS in general and we investigate a large number of heterogeneous 
predictors and a large number of MS-related outcome measures. We 
were not able to address whether active smoking at the time of the 
assessment carried additional adverse effects because only six partici-
pants smoked at that time point. On the one hand, the association be-
tween smoking and increased disability is perhaps not surprising, but the 
association between carrying the LRP2 SNP and decreased cognitive 
function can be viewed as hypothesis-generating, although the analysis 
was very exploratory. An additional limitation is the inability to adjust 
for depression or educational level regarding the cognitive tests. Data on 
both were missing in the dataset. One major advantage in this study is 
the quality of the data obtained by only two neurologists, two study 
nurses, and one neuropsychologist, providing very uniform data. 

Given the exploratory and descriptive nature of this study, our pre-
liminary findings require validation in larger groups or other pheno-
types of MS, and causality cannot be concluded. However, our findings 

Table 4 
Associations with Framingham Risk Score.   

Framingham Risk Score with smoking Framingham Risk score without smoking  

Constant R B P Constant R B p 

Global ARMSS 6.0 (5.2–6.7) 0.10 − 0.06 (− 0.10–− 0.01) 0.023* 5.9 (5.2–6.6) 0.10 − 0.07 (− 0.1–− 0.01) 0.020* 
POMS MSSS 2.5 (1.6 –3.2) 0.00 0.01 (− 0.05–0.07) 0.697 2.6 (2.2–3.0) 0.00 0.01 (− 0.05–0.07) 0.765 
SDMT 46.0 (38.6–53.3) 0.03 − 0.3 (− 0.7–0.1) 0.169 44.9 (37.7–52.1) 0.02 − 0.2 (− 0.7–0.2) 0.308 
CVLT-II 56.4 (49.4–63.4) 0.04 − 0.2 (− 0.6–0.2) 0.429 56.0 (49.2–62.8) 0.03 − 0.1 (− 0.5–0.3) 0.515 
BVMT-R 24.2 (20.4–28.1) 0.05 − 0.07 (− 0.3–0.2) 0.552 24.1 (20.4–27.9) 0.05 − 0.06 (− 0.3–0.2) 0.589 
MD in CGM (µm2/ms) 0.81 (0.78–0.84) 0.02 0.00 (− 0.00–0.00) 0.416 0.82 (0.79–0.85) 0.01 0.00 (− 0.00–0.00) 0.678 
FA in NAWM 0.39 (0.37–0.40) 0.02 0.00 (− 0.00–0.00) 0.660 0.39 (0.37–0.40) 0.01 0.00 (− 0.00–0.00) 0.847 
MTR in lesions (PU) 25.4 (23.4–27.3) 0.05 0.08 (− 0.04–0.2) 0.179 25.1 (23.2–27.0) 0.08 0.1 (− 0.00–0.23) 0.055 
Thalamic volume (ml) 10.0 (9.4–10.7) 0.06 − 03 (− 0.07–0.00) 0.077 10.0 (9.3–10.6) 0.04 − 0.03 (− 0.07–0.008) 0.119 
CGM volume (ml) 607 (583–630) 0.10 − 1.7 (− 3.0–− 0.3) 0.015* 604 (582–627) 0.09 − 1.6 (− 3.0–− 0.2) 0.022* 
NAWM volume (ml) 707 (677–737) 0.01 − 0.7 (− 2.5–1.0) 0.406 702.5 (673.3–731.7) 0.00 − 0.4 (− 2.2–1.3) 0.654 
Log2 Lesion volume 11.4 (10.2–12.6) 0.05 0.06 (− 0.01–0.12) 0.098 11.6 (10.4–12.7) 0.03 0.04 (− 0.03–0.11) 0.211 

ARMSS = Age-related MS severity; POMS = Progressive onset MS; MSSS = Multiple sclerosis severity score; SDMT = Symbol digit modalities test; CVLT-II = California 
verbal learning test 2; BVMT-R = Brief visuospatial memory test revised; MD = Mean diffusivity; CGM = Cortical grey matter; FA = Fractional anisotropy; MTR =
Magnetisation transfer ratio; PU = Percentage units; NAWM = Normal appearing white matter. 
Multiple linear regression analysis of associations with Framingham Risk Score with and without smoking. Constant is given with 95% confidence interval (CI). B is 
given with 95% CI. 
*p<0.05. 
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on smoking support the literature and if confirmed, assessment of the 
LRP2 gene variant may aid in the understanding of underlying patho-
logical mechanisms in PPMS. 
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