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Abstract 
Background:

Among the environmental factors associated with MS causation, some of the strongest associations are with Epstein-Barr virus (EBV), and to a lesser extent human herpesvirus 6 (HHV6). Associations with clinical course are less conclusive, however.
Methods:

We evaluated serum anti-EBV-EA-R IgG and anti-HHV6 IgM, and EBV and HHV6 viral load (VL) for their associations with relapse, disability and progression in disability in a prospective cohort of 198 participants with clinically definite MS. 
Results: 

Anti-EBV-EA-R IgG was detected in 81.8% of cases at study entry, and titres remained essentially unchanged during the study. Anti-HHV6 IgM was detected in only one participant, and EBV-VL (29%) and HHV6-VL (1.8%) were detected in a minority of samples, and where detected levels were low. Our previously demonstrated association between anti-HHV6 IgG and relapse hazard was not affected by adjustment for parameters of reactivation. We found no evidence that any of the viral markers were associated with disability or progression in disability. In relation to relapse, only EBV-VL was positively associated, though this was strongly influenced by a single individual. 
Conclusion:

Using a prospective cohort design, we found no convincing evidence that reactivation parameters of EBV or HHV6 were associated with subsequent MS relapse hazard or progression in disability, confirming previous findings, and indicating that herpesvirus reactivation is not an important driver of relapse or disability in this established MS population. 

Introduction 
Of the environmental factors investigated for their role in MS, exposure to the common human herpesvirus Epstein-Barr virus (EBV) have been among the strongest and most consistent 
 ADDIN EN.CITE 
(1)
. Human herpesvirus 6 (HHV6) exposure and reactivation have also been associated2()
. We have previously demonstrated that anti-HHV6 IgG titre is significantly predictive of subsequent risk of relapse, while neither anti-EBV-EBNA or anti-EBV-VCA IgG titre were associated3()
. Studies evaluating the associations between serological and viral load (VL) markers of reactivation of these two viruses with clinical course are scarce, however, and have mixed results
 ADDIN EN.CITE 
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. We hypothesised that parameters of viral reactivation of HHV6 and EBV would be positively associated with clinical outcomes in MS, specifically relapse, disability and progression to increased disability. 
We describe the natural history of anti-EBV-EA-R IgG titre and anti-HHV6 IgM, and EBV and HHV6-VL over time in our prospective cohort with clinically definite MS, and evaluate their associations with relapse, disability and progression in disability.
Methods

Study design
As described elsewhere10()
, the Southern Tasmanian Multiple Sclerosis Longitudinal Study followed a cohort of 203 persons with clinically definite MS11()
 living in southern Tasmania, Australia over 2002-2005. An estimated 78% (203/259) of eligible cases in the region were included, and data from 198 participants were obtained for analysis. 
The study methodology has been previously described10()
. Briefly, at each biannual review participants were asked about relevant environmental and behavioural factors. Covariates assessed by questionnaire and biological sampling were obtained at biannual review, rather than in an at-risk or not at-risk period relative to clinical outcomes like relapse, so as to allow a prospective longitudinal assessment of causal relationships.
Each year, clinical disability was measured by the Expanded Disability Status Scale (EDSS)12()
 and the MS Severity Score (MSSS)
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. 
Ethics approval was obtained from the Southern Tasmania Human Research Ethics Committee. All participants provided informed consent.

Measurement of relapses
A relapse was defined according to the 2001 McDonald Criteria11()
 as the acute or subacute appearance or reappearance of a neurological abnormality (lasting at least 24 hours), immediately preceded by a stable, improving, or slowly progressive neurological state for 30 days, in the absence of fever, known infection, concurrent steroid withdrawal, or externally derived increases in body temperature. Relapses were reported in real time by phone or at biannual review, and all reports validated by the study neurologist.
Biological samples
Serum and other samples were collected at study entry and at each biannual review and stored at -80°C until after the conclusion of the study.

Anti-EBV-EBNA, anti-EBV-VCA and anti-HHV6 IgG titres were measured from samples collected at study entry; anti-EBV-EA-R IgG and anti-HHV6 IgM were measured from samples collected at study entry and each biannual review. Serum anti-HHV6 IgG and IgM titres were measured in parallel using an indirect immunofluorescence assay (Panbio Inc., Columbia, MD, USA). Dilution series were performed to obtain titres, by a single operator, at the same time in batches, and using positive and negative controls. Serum anti-EBV (VCA, EBNA, EA-R) IgG titres were measured using an analogous assay (Sigma-Aldrich, Castle Hill, NSW, Australia). 
Viral load for EBV and HHV6 were taken from serum and peripheral mononuclear cell layers of blood samples collected at study entry and at each biannual review. DNA was extracted from all samples using the Qiagen Blood mini kit. 800ng of DNA from each extracted sample was used in a quantitative polymerase chain reaction using primers and probes specific for EBV or HHV6 (Attostar, LLC). For EBV, BamH1W primers and probe were used
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(14)
. The Namalwa cell line, containing 2 EBV copies per cell, was used in the standard curve to determine EBV copy numbers. For HHV6, an Attostar commercial primer and probe set was used which is specific for the U22 gene and can detect both A and B variants. A standard curve was established using a U22-containing plasmid to determine the HHV6 copy numbers. For HHV6, one person was found with HHV6-VL of 195,160 copies/mL (all other samples for this person were not measurable). As this was regarded to possibly reflect chromosomally integrated HHV6, rather than independent virus, this value was excluded from all analyses.

Statistical analysis

Anti-human herpesvirus IgG titres were derived from a serial dilution, yielding a left skewed categorical variable, while viral loads were a right skewed continuous variable. Thus where either was a dependent variable, a transformation was applied as required to satisfy homoscedasticity; however all coefficients are reported on the scale of the original measure. 
Predictors of anti-EBV-EA-R IgG titres and viral load were assessed using multilevel mixed-effects linear regression. Selection of variables to assess was made on the basis of expectation of an association, including factors which may be expected to relate to the viral parameters like other viral serological and viral load variables and immunomodulatory medication, factors which have previously been associated with MS like smoking and vitamin D, and general confounders like age and sex.
Agreement between serological and VL parameters was assessed by pair-wise correlation. 

The effect of anti-human herpesvirus IgG titres and other covariates on time-to-relapse was estimated using Cox proportional hazards models for repeated events, as described previously15()
, whereby multiple relapses by the same persons are treated as independent observations but accounted for at the intra-individual level, and the time until a prior event does not influence the composition of the risk set for a subsequent event. All covariates satisfied the proportional hazards assumption with the exception of the binary variable for sex and the categorical variable for baseline EDSS (0-<3, 3-<5.5, 5.5-<7.5, 7.5-9). For this reason, all models are stratified to allow the baseline hazards to differ by sex and baseline EDSS category.

Factors associated with baseline disability were assessed by linear regression. Factors associated with change in disability were assessed by multilevel mixed-effects linear regression. All analyses were adjusted for age, sex, and a dichotomous term (0/1) indicating whether a person was having a relapse at the time of measure; analyses of change in disability were further adjusted for baseline disability. Further adjustments are specified in the table captions. Transformation was applied as required to satisfy homoscedasticity; however all coefficients are reported on the scale of the original disability measure. 
For all instances where data was missing, analyses were restricted to persons with complete data.

All analyses were performed using STATA/SE for Windows (Version 12.1; StataCorp LP College Station, TX USA).

Results 

Participant characteristics 

The cohort of 198 persons was followed for an average of 2.2 (SD: 0.5) years; follow-up time did not differ by relevant exposure and outcome variables, e.g. by level of anti-HHV6 or anti-EBV-EA IgG, or HHV6 or EBV VL, nor by the occurrence of relapse or level of disability during the study (data not shown). Of those with RRMS at study entry followed beyond one review (n=145), a total of 122 confirmed relapses occurred in 70 participants (mean: 0.37 relapses per person/year). Participants were of low-moderate disability (median baseline EDSS: 3; median baseline MSSS: 4.3). Other characteristics of the total cohort and the RRMS subsample are shown in Table 1. 
Natural history of anti-EBV-EA-R IgG, anti-HHV6 IgM, and EBV & HHV6-VL 
All 1064 samples could be evaluated for the presence of anti-EBV-EA-R IgG during the study and anti-EBV-EA-R IgG was detected in 81.9% of samples. Most participants (162/198, 81.8%) had detectable anti-EBV-EA-R IgG at study entry, the majority with an anti-EBV-EA-R IgG titre of 10-160 (152/194, 78.4%). and thereafter most of these (161/162, 99.4%) kept at or within one dilution of the same titre for the remainder of the study, with only one participant moving more than one dilution, going from 40 at study entry to 160 for five reviews and then to 640 at the final review. No cases demonstrated a change in titre of more than one dilution between any two consecutive reviews throughout the study. 
Anti-HHV6 IgM was assessed in 1042 samples. All were below the 1:20 detection threshold except for six samples (all from one person) which were 320 at study entry declining to 80 at the next review and thence to 40 where it remained for successive reviews. No correlations between the higher levels were evident with either relapse or level of disability.
Of the 1064 samples, 484 were analysed for EBV-VL and 603 for HHV6-VL due to DNA yield limitations. For EBV-VL, 61.0% of samples measured had no detection, and 104/186 (44.1%) of participants had no detection during the study. Of those with detections, the median measure was 3.4 (IQR: 1.9 – 7.5), and the median change between reviews was 0 (IQR: 0 – 1.4). For HHV6-VL, the majority of samples analysed had no detection (98.2%) and of the 11 samples with detections, the median was 2.2 copies/mL (IQR: 1.5 – 3.4), with no change between reviews (median 0, IQR: 0 – 0).
Comparing the serological reactivation and VL parameters for EBV there was little agreement (r=0.066, p=0.15), with most participants having a constant levels of anti-EBV-EA-R IgG, but most participants having no or low levels of EBV-VL. Similarly for HHV6, while both VL and IgM levels were low for the entirety of the cohort, the one subject with detectable anti-HHV6 IgM had no detection of HHV6-VL, so there is no agreement between these two parameters (r=-0.01, p=0.87) .
Predictors of anti-EBV-EA-R IgG and EBV & HHV6-VL 
Evaluating samples measured and not measured for VL, HHV6-VL samples were more likely to be from females than males (97.3% vs. 90.3%, p=0.040), persons of progressive than relapsing-remitting MS course (98.5% vs. 94.0%, p=0.081), among ever than never smokers (98.1% vs. 89.8%, p=0.014), and persons of higher than lower baseline EDSS (98.8% vs. 92.2%, p=0.026). A greater proportion of samples measured for EBV-VL were among persons of progressive than relapsing-remitting MS course (99.2% vs. 94.7%, p=0.064) and among ever than never smokers (98.0% vs. 91.9%, p=0.038). 

Evaluating measured levels, anti-EBV-EA-R IgG titre was higher in females (p=0.003), among persons with higher BMI (p=0.008), persons of relapsing-remitting MS type (p=0.005), persons using immunomodulatory medication during the study (p=0.014), those with higher anti-EBV-VCA IgG (p<0.001), and those with detectable EBV-VL at review (p=0.030) (Table 2). 

Examining predictors of EBV-VL, age (p=0.020) and anti-EBV-VCA IgG titre (p=0.026) were positively associated, while detection of HHV6-VL at review (p<0.001) was inversely associated; a positive relationship with anti-EBV-EA-R IgG was evident but did not reach significance (p=0.087). 
Since HHV6-VL was only detected in 11 of the 604 samples tested, it could not be evaluated as an outcome.

Other factors, including having any relapse during the study, progression from RRMS to SPMS, duration of disease, use of immunomodulatory medication at review, ever-smoking, history of infectious mononucleosis/glandular fever or anti-HHV6 or anti-EBV-EBNA IgG titre were not associated with either anti-EBV-EA-R IgG or EBV-VL. 
Relationship between viral parameters and relapse 
As noted in the Methods, relapses identified in real time during the study were evaluated as discrete outcomes in Cox regression models. 

In relation to the single person with a positive anti-HHV-6 IgM, the high anti-HHV6 IgM titre (titre of 320) at study entry could possibly be related to a relapse 1.5 months prior to the study entry measure; the high anti-HHV6 IgG(titre of 640) is in agreement with this. However, a subsequent relapse by the same person during the study was not found to correlate with a similar rise in anti-HHV-6 IgM (titre of 40). Similarly, there were no similar elevations in serum IgM amongst any of the other 69 persons who experienced the other 121 relapses during the study. 
We also found no association between either anti-EBV-EA-R or HHV6-VL and relapse hazard (Table 3). While a positive association was found between having any EBV-VL or EBV-VL level and relapse hazard, enhancing on adjustment, the effect between EBV-VL level and relapse was driven by one person with high EBV-VL (113.1 copies/mL), and removing this person abrogated the association (p=0.31). The association between having any EBV-VL and relapse hazard was slightly attenuated and of borderline significance (p=0.062) when this person was removed. Importantly, the previously demonstrated association between anti-HHV6 IgG and relapse hazard (p<0.002) was not affected by adjustment for anti-EBV-EA-R IgG (p<0.001) or EBV-VL (p=0.002) (Supplementary Table 1). Adjustment for immunomodulatory therapy did not affect the observed associations (data not shown).
While anti-EBV-EA-R IgG was relatively static during the study and thus, measures taken from the review preceding measure could be applied to the relapse occurring in the interval after. However, we sought to evaluate this further by making use of serum samples taken in the 30 days before or after the onset of a relapse (n=71), to see if titres in these samples were higher than those outside the relapse period. No evidence for this was found (p=0.32). VL was much more dynamic. Unfortunately, only two of the relapse-associated samples were tested for EBV-VL, so this analysis could not be undertaken. 

Relationship of viral parameters and disability & progression 
No association was found between anti-EBV-EA-R IgG or EBV-VL and either baseline EDSS or MSSS or with mean annual change in EDSS (Table 4). We could not statistically test the association between HHV6-VL and baseline or progression in disability. However, the fact that only 2 people out of the 116 who had HHV6-VL measured at study entry had detectable HHV6-VL and only 2 out of the 131 people who had HHV6-VL measured for those reviews used in the progression analysis, this suggests that HHV-6 VL is not a major determinant of disability or progression in disability. 
Discussion 
Using one of the most comprehensive prospective longitudinal studies of MS clinical course to date, we systematically evaluated the natural history of anti-EBV-EA-R IgG, anti-HHV6 IgM, and EBV & HHV6-VL, and analysed their relationships with relapse and disability. We found that the previously observed association between anti-HHV6 IgG and relapse was not mediated by HHV6 reactivation. Indeed, we did not observe any evidence that anti-HHV6 IgM or HHV6-VL were associated with relapse hazard, disability or progression in disability. We found a high frequency of sustained anti-EBV-EA IgG levels, but this was not associated with relapse, disability or progression in disability, nor was EBV-VL associated with disability or progression in disability. While we observed that EBV-VL was positively associated with relapse hazard, this was largely driven by one person with a high viral load. 
Anti-EBV-EA-R IgG titre was significantly higher in females, persons with higher BMI, persons of relapsing-remitting MS course, those with higher anti-EBV-VCA IgG and those with detectable EBV-VL at review. EBV-VL was positively associated with age and anti-EBV-VCA IgG, while baseline EDSS and detection of HHV6-VL at review were inversely associated. One person tested positive for anti-HHV6 IgM and 11 people had detectable HHV6 VL with levels that were very low. 
Our previously demonstrated association between anti-HHV6 IgG and subsequent increased hazard of relapse3()
 was not affected by adjustment for reactivation parameters of HHV6 or for EBV. The significance of this finding is that it indicates that, while exposure to HHV6 appears to modulate relapse risk, the virus is not exerting these effects directly via reactivation, but more likely is inducing some pathway earlier in life which impacts upon the conditions which can increase relapse frequency, possibly including molecular mimicry16()
 yielding later autoimmune attack on host antigens in the CNS. Our findings add to a rather inconclusive literature on the relationship between HHV6 reactivation parameters and clinical course, with prospective cohort studies on HHV6 VL divided
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 and none evaluating anti-HHV6 IgM and clinical course.
We observed a high prevalence of elevated anti-EBV-EA-R IgG levels at study entry (81.8%) and levels generally remained raised, with 99.4% keeping at or within one dilution of the same titre for the remainder of the study. This is interesting, since anti-EBV-EA-R IgG is canonically only detectable for up to two months after primary infection or reactivation18()
, although there have been longitudinal studies, one in healthy adults following infectious mononucleosis19()
 and one in persons with MS20()
, where low/moderate levels of anti-EBV-EA-R IgG were detected over 6-12 months of follow-up. Our finding of prevalent sustained anti-EBV-EA-R IgG levels is atypical in comparison to the MS literature, with others finding samples with detectable anti-EBV-EA IgG in just over half of participants, or none at all
 ADDIN EN.CITE 
(20-22)
. The question is whether these sustained anti-EBV-EA-R IgG levels should be interpreted as sustained lytic activity. If we utilise the characterisation of EBV serological reactivation as a three-fold increase in serum anti-EBV-EA-R IgG23()
, then none of our cohort could be defined as having serological reactivation during the study. This is in line with the fact that EBV viral load was less frequently detected (39% of participants, 55.9% of samples tested) and the viral load levels were very low (median: 3.7 (IQR: 1.9 – 7.5) among those with detectable viral load) and correlated poorly with anti-EBV-EA-R IgG titres. It is possible that some cohort participants could have experienced EBV reactivations and elevations in titre that then fell back to within three dilutions of initial titre. Given our cohort sample size and the duration and frequency of follow-up, however, it is improbable that we would not have seen at least one such reactivation occur within proximity to the sampling time wherein we would see that elevated titre. Irrespective of the interpretation of these sustained levels of anti-EBV-EA-R IgG, we did not find that they were associated with relapse, disability or progression in disability. Our lack of association with relapse is in line with one study20()
, while others found greater frequencies of anti-EBV-EA-R IgG during relapse relative to remission9()
. Our lack of association with disability is in agreement with Buljevac and colleagues20()
. 
Overall, EBV-VL levels were associated with relapse hazard; however this was driven by one person and removing this person abrogated the association. Other studies on EBV-VL and relapse are inconclusive, with some finding higher frequencies of detection or higher viral loads during relapse relative to remission
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, while others found no differences
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. We did not find an association with disability or change in disability, this in contrast to Hollsberg and colleagues8()
 who found greater increases in EDSS in persons with detectable serum EBV-VL relative to those without. 
Our analyses are stronger than others by virtue of our prospective cohort with repeated exposure and outcome measures. Most previous studies examining EBV and HHV6 for their association with clinical course have done so in a cross-sectional fashion. However, our study design enabled us to evaluate associations at multiple time points. Our study cohort was also much larger and had longer follow-up than other studies evaluating EBV and HHV6 in MS. A weakness of our study may be in the mode by which we measured VL, specifically in that the component analysed, the buffy coat with serum, may not capture a fully representative measure of viraemia. Others measuring viral load have done so using serum/plasma
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 or whole blood29()
, as this fraction is likely to contain most free virus. However, we feel that ours is a valid measure of both latent and replicating virus and thus we have analysed and interpreted the results accordingly. An additional weakness with regard to VL is the measure used for the relapse analyses. VL is very dynamic and thus, the measure taken at biannual review may not be the same as that at or around the time of relapses occurring later. While we obtained blood samples within 30 days of relapse for 71 relapses, only two of these could be measured for EBV-VL and thus we could not make use of the relapse-associated blood samples to bolster our relapse analysis. Finally, it is possible that our finding of sustained titres of anti-EBV-EA-R IgG is a reflection of the distinct immunological activity in MS, which we may not have observed in healthy controls. That we did not have these controls to compare serological results from our MS participants to does weaken our capacity to interpret these serological results, but as our main aim of the study was to evaluate associations of serology and viral load with clinical course, we necessarily did not have healthy controls participating in our study.
Overall, we found no convincing evidence that serological or viral load reactivation parameters of EBV or HHV6 were associated with MS relapse hazard or progression in disability, suggesting that reactivations of these herpesviruses are not the predominant drivers of MS clinical course. 
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Table 1. Demographic and clinical characteristics of the total cohort and those with relapsing-remitting MS at study entry

	
	Total cohort (n=198)
	RRMS sample (n=145)

	
	n/N (%)
	n/N (%)

	Female
	137/198 (69.2)
	109/145 (75.2)

	Age at study entry (years)

  21 – 38 

  39 – 44 

  45 – 51 

  52 – 77 
	37/198 (18.7)

40/198 (20.2)

45/198 (22.7)

76/198 (38.3)
	34/145 (23.5)

36/145 (24.8)

34/145 (23.5)

41/145 (28.3)

	MS course at study entry
	
	

	  RRMS

  SPMS

  PPMS
	149/198 (75.3)

40/198 (20.2)

9/198 (4.6)
	145/145 (100)a

0

0

	Progression to SPMS during study
	17/149 (11.4)
	17/145 (11.7)

	Relapse during study
	70/149 (35.4)
	70/145 (48.3)

	Any immunomodulatory therapy during study?
	130/198 (65.7)
	119/145 (82.1)

	Smoker during study?
	49/198 (24.8)
	39/145 (26.9)

	anti-EBV-EA-R IgG titre at study entry
  <10

  10

  40

  160

  640
	36/198 (18.2)

57/198 (28.8)

65/198 (32.8)

34/198 (17.2)

6/198 (3.0)
	18/145 (12.4)

46/145 (31.7)

50/145 (34.5)

26/145 (17.9)

5/145 (3.5)

	anti-HHV6 IgM titre
  <20

  40

  80

  320
	197/198 (99.5)

0/198

0/198

1/198 (0.5)
	144/145 (99.3)

0/145

0/145

1/145 (0.7)

	EBV-VL at study entry
  0

  >0.0 – 20.2
	86/113 (76.1)

27/113 (23.9)
	56/79 (70.9)

23/79 (29.1)

	HHV6-VL at study entry
  0

  >0 – 2.3
	114/116 (98.3)

2/116 (1.7)
	81/83 (97.6)

2/83 (2.4)

	
	Mean (SD; Range)

	Age at study entry, years
	48.2 (11.4; 21 – 77)
	45.5 (10.4; 21 – 76)

	
	Median (IQR)

	MS duration from diagnosis, years
	6 (3 – 14)
	4 (2 – 10)

	EDSS at study entry 
	 3 (2.0 – 5.5)
	2.5 (2.0 – 4.0)

	EDSS at study exitb
	4.0 (2.5 – 6.0)
	3.5 (2.0 – 4.5)

	Total study change in EDSS
	+0.5 (0 – 1)
	+0.5 (0 – 1)

	MSSS at study entry
	4.3 (2.3 – 6.5)
	3.3 (2.0 – 5.3)

	MSSS at study exitb
	4.6 (2.8 – 6.8)
	4.1 (2.5 – 6.1)

	Total study change in MSSS
	+0.03 (-0.20 – 0.95)
	+0.23 (-0.32 – 1.06)

	a Only 145 of the 149 persons with RRMS at study entry were used in the relapse analysis since the other four persons only completed one review, precluding survival analysis of the occurrence of relapse.; b 8 participants only completed one review, so their entry measure is the same as their exit measure. 

Abbreviations: MS, multiple sclerosis; RRMS, relapsing-remitting multiple sclerosis; SD, standard deviation; EDSS, Expanded Disability Status Scale; MSSS, Multiple Sclerosis Severity Score; EBV=Epstein-Barr virus; HHV6=human herpesvirus 6; IgG=immunoglobulin class G; IgM=immunoglobulin class M; SD=Standard deviation; IQR=Interquartile range.


Table 2. Predictors of anti-EBV-EA-R IgG titre and EBV viraemia. Mean titres and viral load are provided for the reference group for each predictor, while succeeding rows are for the coefficients relative to the reference group.
	
	Anti-EBV-EA-R IgG
	
	EBV VL

	
	Univariable
	Univariable, restricted to persons with BMI and EBV-VL data
	Adjusted*
	
	Univariable
	Adjusted*

	Sex

  Male

  Female
	13l.24 (7.33, 19.15)

+14.75 (5.14, 24.36)

p=0.003
	13.40 (6.55, 20.26)

+14.30 (3.87, 24.72)

p=0.007
	16.21 (9.32, 23.10)

+10.30 (0.86, 19.74)

p=0.032
	
	0.29 (0.21, 0.37)

-0.03 (-0.13, 0.06)

p=0.49
	Not retained in model

	Age

  21 – 38

  >38 -44

  >44-51

  >51-77

  Trend:
	27.31 (12.76, 41.860

-4.77 (-23.51, 13.97)

-4.28 (-22.74, 14.17)

-6.99 (-23.51, 9.53)

p=0.40
	29.09 (13.42, 44.76)

-6.47 (-26.47, 13.540

-8.26 (-27.64, 11.12)

-7.33 (-25.45, 10.79)

p=0.43
	Not retained in model
	
	0.22 (0.15, 0.30)

-0.02 (-0.11, 0.08)

-0.00 (-0.10, 0.09)

+0.14 (0.02, 0.26)

p=0.020
	0.23 (0.15, 0.31)

-0.02 (-0.13, 0.09)

-0.00 (-0.11, 0.10)

+0.11 (-0.01, 0.23)

p=0.059

	MS Course at Entry
	
	
	
	
	
	

	  RRMS

  SPMS

  PPMS
	26.56 (19.59, 33.53)

-13.41 (-23.50, -3.32)

-14.08 (-30.32, 2.15)
	28.04 (20.78, 35.300

-21.57 (-30.43, -12.72)

-12.61 (-34.62, 9.41)
	27.35 (21.13, 33.56)

-18.41 (-27.56, -9.26)

-11.60 (-32.38, 9.17)
	
	0.27 (0.22, 0.32)

-0.05 (-0.13, 0.03)

+0.07 (-0.20, 0.34)
	0.29 (0.24, 0.35)

-0.10 (-0.19, -0.02)

-0.08 (-0.23, 0.07)

	BMI category
	
	
	
	
	
	

	  Normal

  Overweight

  Obese

  Trend:
	15.99 (9.51, 22.46)

+2.90 (-6.65, 12.45)

+36.24 (11.21, 61.26)

p=0.008
	17.53 (10.23, 24.82)

+1.90 (-8.49, 12.29)

+34.38 (8.26, 60.51)

p=0.018
	21.35 (13.97, 28.72)

-2.97 (-12.61, 6.67)

+27.36 (6.04, 48.68)

p=0.033
	
	0.22 (0.17, 0.27)

+0.14 (0.03, 0.25)

+0.05 (-0.06, 0.15)

p=0.24
	Not retained in model

	Immunomodulatory medication during study?

	  No

  Yes
	15.01 (8.61, 21.40)

+12.43 (2.49, 22.37)

p=0.014
	11.33 (5.49, 17.17)

+18.27 (8.21, 28.32)

p<0.001
	17.89 (9.51, 26.27)

+8.14 (-3.12, 19.40)

p=0.16
	
	0.25 (0.19, 0.32)

+0.01 (-0.07, 0.10)

p=0.74
	0.22 (0.16, 0.28)

+0.07 (-0.02, 0.15)

p=0.12

	Immunomodulatory medications at review?

	  No

  Yes
	22.49 (16.78, 28.20)

+0.23 (-3.32, 3.78)

p=0.90
	19.59 (13.31, 25.88)

+5.57 (-0.84, 11.98)

p=0.088
	Not retained in model
	
	0.24 (0.19, 0.29)

+0.04 (-0.03, 0.12)

p=0.25
	0.22 (0.17, 0.27)

+0.07 (-0.01, 0.15)

p=0.077

	Smoked during study?

	  No

  Yes


	20.07 (14.49, 25.66)

+10.63 (-3.85, 25.11)

p=0.15
	21.10 (14.79, 27.40)

+7.89 (-6.95, 22.74)

p=0.30
	21.49 (16.18, 26.80)

+8.43 (-4.23, 21.10)

p=0.19
	
	0.25 (0.21, 0.29)

+0.06 (-0.04, 0.17)

p=0.24
	0.24 (0.20, 0.29)

+0.08 (-0.04, 0.19)

p=0.18

	EDSS at study entry

	  0 – 3

  3.5 – 5.5

  6 – 7

  7.5+

  Trend:
	22.56 (15.15, 29.97)

+0.19 (-12.71, 13.09)

-2.33 (-17.18, 12.53)

+4.14 (-18.13, 26.41)

p=0.90
	24.56 (16.37, 32.75)

-2.75 (-15.91, 10.41)

-3.50 (-19.84, 12.83)

-13.92 (-53.17, 25.33)

p=0.54
	Not retained in model
	
	0.28 (0.22, 0.34)

-0.03 (-0.13, 0.06)

-0.01 (-0.13, 0.11)

-0.08 (-0.19, 0.04)

p=0.30
	0.33 (0.25, 0.420

-0.10 (-0.21, 0.01)

-0.11 (-0.23, 0.02)

-0.16 (-0.27, -0.04)

p=0.006

	Ant-EBV EBNA IgG titre

	  0

  10

  40

  160

  640

  Trend:
	25.57 (-11.33, 62.47)

+16.01 (-38.20, 70.21)

-4.32 (-43.26, 34.62)

-4.92 (-42.37, 32.53)

+2.72 (-37.22, 42.66)

p=0.56
	14.43 (-10.18, 39.05)

+30.51 (-17.91, 78.930

+3.63 (-23.49, 30.74)

+8.82 (-16.98, 34.62)

+11.24 (-17.54, 40.02)

p=0.74
	Not retained in model
	
	0.28 (0.03, 0.54)

-0.06 (-0.35, 0.23)

-0.07 (-0.33, 0.20)

-0.00 (-0.26, 0.26)

-0.03 (-0.30, 0.25)

p=0.83
	Not retained in model

	Anti-EBV VCA IgG titre

	  160

  640

  2560

  Trend:
	5.63 (1.17, 10.09)

+10.21 (3.88, 16.55)

+58.34 (36.49, 80.19)

p<0.001
	4.65 (0.71, 8.58)

+13.06 (6.46, 19.66)

+57.95 (35.26, 80.63)

p<0.001
	6.80 (1.61, 11.98)

+10.64 (3.52, 17.76)

+51.87 (31.15, 72.58)

p<0.001
	
	0.30 (0.05, 0.55)

+0.25 (-0.07, 0.56)

+0.59 (0.13, 1.05)

p=0.026
	0.18 (0.10, 0.26)

+0.07 (-0.03, 0.16)

+0.15 (0.02, 0.28)

p=0.055

	Anti-EBV EA IgG titre at review

	  0

  10

  40

  160

  640

  Trend:
	XX
	XX
	XX
	
	0.19 (0.14, 0.25)

+0.06 (-0.02, 0.14)

+0.08 (-0.01, 0.17)

+0.15 (0.02, 0.29)

+0.22 (-0.17, 0.60)

p=0.087
	Not retained in model

	Anti-HHV6 IgG titre

	  10

  40

  160

  640

  Trend:
	9.43 (-1.11, 19.97)

+11.10 (-2.74, 24.95)

+17.12 (3.25, 30.99)

+12.58 (-3.14, 28.29)

p=0.77
	18.59 (-3.47, 40.64)

+1.43 (-22.65, 25.510

+6.40 (-17.40, 30.21)

+5.94 (-20.26, 32.13)

p=0.67
	Not retained in model
	
	0.38 (0.07, 0.68)

-0.03 (-0.35, 0.29)

-0.15 (-0.46, 0.16)

-0.14 (-0.45, 0.18)

p=0.24
	Not retained in model

	EBV-VL at review (continuous)
	+0.02 (-0.19, 0.21)

p=0.89
	+0.03 (-0.19, 0.25)

p=0.80
	Not retained in model
	
	XX
	XX

	Any detectable EBV-VL at review?

	  No

  Yes
	22.18 (16.68, 27.69)

+4.10 (0.39, 7.81)

p=0.030
	21.42 (15.84, 27.00)

+4.80 (0.86, 8.75)

p=0.017
	21.94 (17.13, 26.75)

+4.73 (0.81, 8.64)

p=0.018
	
	XX
	XX

	Any detectable HHV6-VL at review?

	  No

  Yes
	24.57 (18.58, 30.55)

-0.81 (-9.96, 8.34)

p=0.86
	24.97 (18.52, 31.42)

-17.65 (-27.50, -7.80)

p<0.001
	24.65 (19.38, 29.91)

-2.32 (-11.45, 6.81)

p=0.62
	
	0.26 (0.22, 0.30)

-0.19 (-0.26, -0.12)

p<0.001
	0.26 (0.22, 0.30)
-0.19 (-0.26, -0.11)

p<0.001

	Analyses by multilevel mixed-effects linear regression, variables transformed as needed to maintain homoscedasticity, coefficients backtransformed to normal scale.

* Predictors of anti-EBV-EA-R IgG adjusted for sex, body mass index, study entry MS course, immunomodulatory medication use during the study, anti-EBV-VCA IgG titre and having any detectable EBV-VL at review.
* Predictors of EBV-VL adjusted for age, study entry EDSS, anti-EBV-VCA IgG titre, and having any detectable HHV6-VL at review.

Other factors evaluated but not found to be significant predictors of anti-EBV-EA-R IgG or EBV VL included serum 25(OH)D, progression to SPMS during the study, having any relapses during the study, disease duration from diagnosis, and having ever had infectious mononucleosis.


Table 3. Anti-EBV-EA-R IgG and EBV-VL predictors of relapse hazard. 
	
	
	
	
	Relapse HR (95% CI)

	
	n (%)
	Total number relapses/Person-years
	Relapse rate
	Univariable
	Basicd
	Adjustede

	Any anti-EBV-EA-R IgG at review
	
	
	
	
	

	  No

  Yes
	110a (13.8)

690 (86.3)
	27/46.3

95/283.4
	0.58

0.34
	1.00 [Reference]

0.91 (0.54, 1.52)

p=0.71
	1.00 [Reference]

0.83 (0.48, 1.43)

p=0.50
	1.00 [Reference]

0.91 (0.50, 1.65)

p=0.75

	EBV-EA-R IgG titre
	
	
	
	
	
	

	  0

  10

  40

  160

  640

  Trend:
	110a (13.8)

224 (28.0)

283 (35.4)

160 (20.0)

23 (2.9)
	27/46.3

28/91.6

51/118.8

13/62.9

3/10.2
	0.58

0.31

0.43

0.21

0.29
	1.00 [Reference]

0.72 (0.40, 1.31)
0.97 (0.55, 1.70)

1.06 (0.54, 2.11)

0.92 (0.41, 2.08)

p=0.58
	1.00 [Reference]

0.67 (0.36, 1.23)

0.85 (0.49, 1.50)

1.05 (0.50, 2.21)

0.79 (0.33, 1.88)

p=0.37
	1.00 [Reference]

0.74 (0.38, 1.44)

0.96 (0.51, 1.81)

1.33 (0.57, 3.11)

1.31 (0.47, 3.65)

p=0.18

	Any EBV-VL at review
	
	
	
	
	

	  No

  Yes
	208b (59.1)

144 (40.9)
	29/97.9

23/61.7
	0.30

0.37
	1.00 [Reference]

1.23 (0.72, 2.10)
p=0.455
	1.00 [Reference]

1.43 (9.88, 2.35)f
p=0.15
	1.00 [Reference]

1.70 (1.02, 2.83)f
p=0.043

	EBV-VL(continuous)
	52/159.6
	0.33
	1.02 (0.99, 1.04)
p=0.20
	1.01 (0.99, 1.04)g 
p=0.26
	1.02 (1.00, 1.04)g
p=0.018

	Any HHV6-VL at review
	
	
	
	
	

	  No

  Yes
	493c (97.8)

11 (2.2)
	62/169.3

1/2.4
	0.37

0.42
	1.00 [Reference]

1.01 (0.15, 6.86)
p=0.99
	1.00 [Reference]

1.63 (0.38, 7.07)

p=0.51
	1.00 [Reference]

1.48 (0.43, 5.03)

p=0.53

	All models adjusted for age at study entry and stratified by sex and study entry EDSS categorical. 

a Total number of samples measured for anti-EBV-EA-R IgG among persons of RRMS course followed beyond one review is 800.

b Total number of samples measured for EBV-VL among persons of RRMS course followed beyond one review is 352

c Total number of samples measured for HHV6-VL among persons of RRMS course followed beyond one review is 504

d Adjusted for age and stratified by sex and baseline EDSS.
e Further adjustment for anti-HHV6 IgG, anti-EBV-EBNA IgG and anti-EBV-VCA IgG. 

f One person with an EBV-VL of 113.1 units/mL at two reviews (the only two reviews for which EBV-VL was measured for this person) was influential in this analysis. Excluding this person from the analysis yielded a hazard ratio of 1.38 (95% CI: 0.84, 2.27), adjusted 1.64 (95% CI: 0.98, 2.75).

g One person with an EBV-VL of 113.1 units/mL at two reviews (the only two reviews for which EBV-VL was measured for this person) was influential in this analysis. Excluding this person from the analysis yielded a hazard ratio of 0.98 (95% CI: 0.95, 1.01), adjusted 0.99 (95% CI: 0.96, 1.03).


Table 4. EBV serology and viral load predictors of study entry EDSS and MSSS, and mean annual change in EDSS. Coefficient (95% CI) or Mean (95% CI) and coefficient (95% CI).

	
	Baseline EDSS
	Baseline MSSS
	Annual change in EDSS

	Anti-EBV-EA-R IgG titre at review
	

	  0

  10

  40

  160

  640

  Trend:
	3.49 (2.81, 4.16)

-0.01 (-0.87, 0.86)

-0.25 (-1.08, 0.58)

+0.01 (-0.95, 0.97)

+0.32 (-1.50, 2.13)

p=0.64
	4.15 (3.25, 5.04)

+0.27 (-0.89, 1.43)

-0.52 (-1.61, 0.57)

+0.46 (-0.84, 1.77)

+0.35 (-2.04, 2.75)

p=0.53
	2.24 (2.06, 2.41)

+0.01 (-0.22, 0.23)

+0.08 (-0.14, 0.31)

+0.12 (-0.13, 0.36)

+0.43 (-0.05, 0.91)

p=0.41

	Further adjusted
	
	
	

	  0

  10

  40

  160

  640

  Trend:
	3.30 (2.72, 3.88)

+0.36 (-0.38, 1.11)

-0.02 (-0.74, 0.70)

+0.01 (-0.83, 0.84)

+0.66 (-0.92, 2.25)

p=0.66
	3.79 (2.98, 4.61)

+0.66 (-0.41, 1.73)

-0.02 (-1.04, 0.99)
+0.85 (-0.37, 2.07)

+0.93 (-1.35, 3.21)

p=0.34
	2.23 (2.05, 2.40)

+0.02 (-0.21, 0.24)

+0.11 (-0.12, 0.33)

+0.12 (-0.13, 0.36)

+0.44 (-0.05, 0.92)

p=0.45

	EBV-VL (continuous)
	-0.04 (-0.25, 0.17)
p=0.70
	+0.04 (0.29, 0.36)

p=0.83
	-0.01 (-0.04, 0.02)

p=0.58

	Further adjusted
	a
	a
	-0.01 (-0.04, 0.02)

p=0.57

	All analyses adjusted for age, sex and whether having relapse at time of disability measure. EBV-EA & study entry EDSS analysis further adjusted for study entry MS course. EBV-EA & study entry MSSS analysis further adjusted for study entry MS course. EBV-EA & change in EDSS analysis further adjusted for study entry MS course and any immunomodulatory medication use during study. EBV-VL & change in EDSS analysis further adjusted for ever smoked, anti-EBV-VCA IgG titre and anti-EBV-EA-R IgG titre.

a No further adjustment needed analyses of study entry EBV-VL as a predictor of study entry EDSS or MSSS. 


Supplemental Table 1. Anti-HHV6 IgG predictor of relapse hazard, adjusted for anti-EBV-EA IgG, EBV VL and HHV6 VL.

	
	All
	
	Adjusted for anti-EBV-EA-R IgG

	
	n=145, r=122a

	HHV6 IgG

10

40

160

640

Trend:
	1.00 [Reference]

1.05 (0.27, 4.11)

1.72 (0.48, 6.21)

2.63 (0.72, 9.61)

p=0.002
	
	1.00 [Reference]

1.02 (0.26, 3.94)

1.67 (0.46, 6.07)

2.62 (0.71, 9.63)

p=0.001

	
	All
	Restricted to persons with EBV VL data
	Adjusted for EBV VL

	
	n=145, r=122
	n=134, r=52

	HHV6 IgG

10

40

160

640

Trend:
	1.00 [Reference]

1.05 (0.27, 4.11)

1.72 (0.48, 6.21)

2.63 (0.72, 9.61)

p=0.002
	1.00 [Reference]

0.42 (0.11, 1.67)
0.86 (0.29, 2.60)

1.47 (0.48, 4.46)

p=0.004
	1.00 [Reference]

0.39 (0.10, 1.48)

0.86 (0.30, 2.51)

1.52 (0.52, 4.49)

p=0.002

	
	All
	Restricted to persons with HHV6 VL data
	Adjusted for HHV6 VL

	
	n=145, r=122
	n=131, r=63

	HHV6 IgG

10

40

160

640

Trend:
	1.00 [Reference]

1.05 (0.27, 4.11)

1.72 (0.48, 6.21)

2.63 (0.72, 9.61)

p=0.002
	1.00 [Reference]

0.56 (0.18, 1.72)

0.77 (0.28, 2.11)

1.19 (0.43, 3.32)

p=0.016
	1.00 [Reference]

0.56 (0.18, 1.72)

0.77 (0.28, 2.11)

1.19 (0.43, 3.32)

p=0.016

	n=number of participants included in analysis, r=number of relapses included in analysis

All models adjusted for age at study entry and stratified by sex and study entry EDSS categorical.

a All persons had data for anti-EBV-EA-R so no restriction to persons with data required.


1

