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1. Environmental Susceptibility

1a. Defining Environmental Susceptibility () ]

The population @& consists of O individuals. The “genetically-susceptible” subset 0 —i.e., the subset
of everyone who has any non-zero chance of developing MS under some environmental circumstances — consists
of & O individuals 1 pich8 & , each having a unique genotype [0 . Even MZ-twins, despite having
“identical” genotypes 00 , still have subtle genetic differences from one another [4]. For the purpose of this
analysis, it is assumed these subtle differences are unrelated to susceptibility [4]. The probability of the event that
an individual, randomly selected from & , is a member of the (0  subset — a subset consisting of a single
individual i is: 0 '0 PTG . The MS-penetrance for this subset & , during (0 ,is: @ © OY 010
By the definition of 0 , above, it must be that: 8'0 N 0 ¢ ® 71U under some environmental conditions.

The family O includes every set of environmental exposures, each of which is “sufficient”, by itself,
to cause MS to develop in the it susceptible individual (including any necessary interactions between genes and
environment). Each “sufficient” exposure-set within the ‘O family must be distinct (in some way) from each
other although, otherwise, there can be any degree of overlap between the exposures that comprise these sets.
Moreover, the O family can contain an unlimited number of “sufficient” exposure-sets although, because:

10N 0dw 7 under some environmental conditions, the family cannot be empty. The event 0 indicates
that, at least, one of these “sufficient” exposure-sets within the O family occurs. Moreover, it is possible that
two or more members of '0 may share the same 'O family of exposures — although perhaps requiring different
“critical exposure intensities” [4]. If so, such individuals are said to belong to the same “i-type” exposure-group.

For the it susceptible individual to develop MS, the events O and 0 must occur jointly — i.e., the
individual "0 must experience one or more of the O environments. This joint occurrence is reflected by the
subset ‘0 ['0 and the occurrence of 'O 10 represents the event that an individual, selected randomly from

@ - the proband — is both the it susceptible individual and that they experience an O environment “sufficient”
to cause MS in them. The probability of this event, given that this personisin "0 and given the environmental
conditions of (O , is represented as 0O O f'0 '0h0 . Iftheevent 0 occurs without O , then whatever
exposure does occur, it is insufficient, and the it susceptible individual cannot develop MS.

The event 'O is defined to be the union of the disjoint events, which exhibit the pairing of the &
susceptible individuals with their “sufficient” exposure-sets, such that:

0 040 ° ©0f0 8 0 i0
inwhich case: 0 0 000 B 0 00 0i0

e e

on OO0 B 00 00 zd O 0i0i0)

Because genotype is assumed to be independent of the environmental conditions of O

1oN0450 00 060D 0D — —— pé&

sothat: O 0 0h0 pfa zB 0 0 '000i0)
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In this way, the term P(E | G, ET) represents the probability of the event that an individual, selected
randomly from the (G)-subset, and whose relevant-exposure occurs during (E), actually experiences an
environmental exposure, which is “sufficient” to cause MS in them. Furthermore, by definition, the event (E)

can only occur in circumstances where the event (G) also occurs. Therefore: P(E,G) = P(E)

2. Adjusting the MZ-twin Concordance for the Shared Environment of Twins

2a. Adjustment for the Shared Environment of MZ-twins i [} 1 bpuy [

By definition, anyone with MS must belong to 0 and must have experienced the event O . Therefore:

OY 0 OY0 O O0Yio 0O OYioho

C2

sothat: 0 DY O 0 OYI0I0 D B 0 OY 00 O
where: 114 0 pici8hé :
O OV 0 10 OO OO0Y 0 i0fIDG 2z0 0 0iIOG z00 OO

In this manner, the probability that the proband is a member of the O'YA O 10  subset, given the
fact that their co-twin is a member of the O¢G  subset Ti.e., 0 OYi 0 1’0 O® T can be deconstructed
and re-expressed as the product of three component probabilities T 1) the probability that MS develops in an
MZ-proband 0 who experiences a fsufficientd exposure O ; 2) the probability that this MZ-proband
experiencesan O exposure, which is fisufficientdto cause MS in them; and 3) the probability that this MZ-
proband is a member of the "0 -subset T where each probability is conditioned on fact that the proband has

an MZ co-twin, who is a member of the O¢  subset within & T see Main Text.

For probands who are members of 0 , but who are otherwise unspecified, the analogous probabilities

can be written:
ODOYO OOYIol0O'0 B O OY 00 0

where: 114 0 pici8hé :
OO0 0 OOY 010 z0 0O 0 z00 0
Therefore, to determine the necessary adjustment, the impact of MZ-twins sharing environments needs
to be removed while, at the same time, leaving the genetic impact of being MZ-twins unchanged. To this end,

one can define the term 00 such that:

0 OV 0 10 00 0 OY 0 f0fto zd 0 VIO zH 0 00
where: O 0 0100 00 0
and: 0 0 00 00 OO
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Moreover, the conditioning events ({0 10 and (0 10h0D¢  both represent the same underlying
event for the proband 7 i.e., the event that the i™" susceptible individual (the proband) experiences an
environment fAsufficientd to cause MS in them. In this circumstance, therefore:

0 OY 0 10106 0 OY 0 10fv0 0 OY 0 0
Incorporating these equivalences, into the above definition of 00 , yields:

0 OYI'0 00 0 OYI 0 f'0 10 OOY 010 z0 0 0 z00 OO

or: 0 OYI0 00 ODOY0 z0'0 OO ® zZ0'0 O
In this manner, the above definition for 00  can be re-expressed such that:
10N 0| ﬁ 0 OY 0000 OOY 0 @

and 80N 04 OO 00 00 O
And, thus, the appropriate fiadjusted © probability, ® OY U0 , can be expressed as:
0 OY 00 B 0 OYI0 00 B 00 O za

This adjustment, effectively, represents a thought-experiment, in which susceptible MZ-twins are
separated at conception, and where the proband twin is expected to experience the same environmental
exposure as would any 0 -subset member, given the environmental conditions of 0

{NB: This definition represents the intended meaning of the fiadjustedd proband-wise (or case-wise)
recurrence rate [25] for MZ-twinsi i.e., 0 OY U0 . The appropriate adjustment can be made such that:

i 0O0YO0Q 7TO0OYY
and: 0 OV 00 0 OY DO Ti

as demonstrated in the Supplementary Material of Reference #4.}
2b. Adjustment for the Susceptible Women and Men Considered Together [

Assertion: 0 OY 00 TBpOP

Proof: The following point-estimates (Table 3; Main Text; see also Section 10b; Table S2; below) from the

Canadian twin-study [5] will be used:

0 OY OO T8CUO
0 OY 00 TéTUT
0 OY Y TBTIC 0

From the Supplementary Material (Reference #4), one can estimate the point-value of 0 O 00 as:

0 OY 06 TO OY Y TBTUTTTEC W  Php

5 en

and: O OY 00 0 OY DO Ti TiquoTpiyp TipoQ
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2c¢. Adjustments for Susceptible Women and Men Considered Separately [

Assertions:  P(MS|F,1Gys) = P(MS|F,MZy;)/1.95
P(MS|M,1Gys) = P(MS|M,MZ,5)/1.63

Proof: Two parameters (s,,, = 1) and (s,,, = 1) are defined such that:
P(MS | F,1Gys) = P(MS | F,MZy5)/Sqw
P(MS| M,I1Gys) = P(MS | M, MZy5)/Sam

From the point-estimates of the Canadian epidemiological data [5,8,17-23] — see Section 10b; below —
and from Assertion 4A (Section 4a; below), therefore:

P(F|MS) = P(F|1G,s) = 0.717
P(F|MS,MZ,;s) = P(F| MS, 1Gys) = 0.917
P(MS|F,MZys) = 0.340

P(MS | M, MZ,;) = 0.065

The term, P(MS, F | 1Gys), can be deconstructed in two different ways:
P(MS,F|1Gys) = P(F|1Gys) * P(MS | F,1Gys) = (0.717 x 0.340)/s,,,
and:  P(MS,F|1Gys) = P(MS|1Gys) * P(F | MS, IGys) = (0.136 * 0.917)
Combining these two equations leads to:

Saw = (0.717 % 0.340)/(0.136 * 0.917) = 1.95
Similarly: P(MS,M |1Gys) = P(M | 1Gys) * P(MS | M, IGyys) = (0.283 * 0.065)/Sym
and:  P(MS,M |IGys) = P(MS|1Gys) x P(M | MS, 1Gys) = (0.136 * 0.083)

leading to: s, = (0.283 * 0.065)/(0.136 * 0.083) = 1.63

Thus, the point estimate for the impact of MZ-twins sharing their intrauterine and some of their other
environments on the likelihood that the proband twin is a member of (MS), given the fact that their co-twin a
member of the (MZ,s), is very similar for both susceptible women and men.
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3. Enrichment of Women among MS-Patients and Concordant MZ- Twins

3a. Enrichment of More Penetrant Genotypes [

If the MS-penetrance for susceptible women exceeds that in susceptible men (i.e., Zw  Zm) then,
from the Supplementary Material (Reference #4), from the definition of (I1G ;) — see Section 2a; above —

and from Assertion 4A (below), women can be described as being “enriched” such that:
P(F|G,MS,MZys5) = P(F|G,MS,1Gys) > P(F|G,MS) > P(F|G)
The terms (G;1) and (G;,) represent the events that any pair of probands, randomly selected from

(G), belong, respectively, to the (G;;) and (G;) subsets — each subset consisting of a single individual. The
probability of each of these events — see Section 1a; above — is:

P(Gu|6) = P(G|G) = 1/m
The MS-penetrance values of these two subsets are designated, respectively, as:
X1 = P(MS|G,G;) and: x, = P(MS|G,Gp)
Moreover, these two subsets can be suitably defined such that: (x;; = x;).
For notational simplicity, the following probability terms [including the definition of (IGys) — Section 2a

(above) & Table S1—and from Assertion 4A; below] are defined such that:

R 000 No OVOYOD :; & ©OOYI0

M TC B B ATo
a O0OYoO0 ;& OOY00KO ;& OOY OO ;a OOY OO
@ 0 OY 0 000 @ ; o OOY 000 )
Assertion: Almost certainly: Zw = P(MS | F,G) > P(MS | M,G)=Zm
Development: With respect to the subsets (G;;) and (G;;), therefore:
P(Gi1,G,.MS)  P(Gi1 | G)xP(MS|G,Gy)
P(Giy | G, MS) = =R = TS S = (6 ] 6) + (xia /)
. P(Gi2,.G.MS)  P(Giz | G)xP(MS|G,Giz)
and:  P(Gip| G, MS) = =N = SRR = (Gic | 6) * (xia/)

Therefore:  V G;; & Gjy € (G): P(Gyy | G, MS) = P(Gi, | G, MS)

AISO: P(Gil | G, MS, IGMS) — P(Gil-GrMSrIGMS) — P(Gil | G'IGMS)*P(MS|G'Gi1'IGMS)

P(G,MS,IG ;) P(MS|GIG,q)

From the definition of (IGys) — Section 2a (above) —and Assertion 4A (below), therefore
P(Gir| G, MS,1Gys) = P(Gir | G, MS) * (xin/x")
and similarly:  P(Gy, | G, MS,1Gys) = P(Giz | G, MS) * (x1/x")

Thus: VG &Gy € (G): P(Giy|G,MS,1Gys) = P(Giy| G, MS,1Gys)
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Therefore, within the (MS, G) subset, genotypes are fisortedd in the sense that the most prevalent
genotypes are also the most penetrant for every pair-wise comparison. Similarly, within the (MS, G, 1Gys)
subset, this fisortingo is even more extreme for every pair-wise comparison and, therefore, there is a continuing
fienrichmento of more penetrant genotypes such that:

PGin|6) _ PGu|GMS) _ P(Gin|GMSIGy)
P(Giz|6) = P(Gi2|GMS) = P(Giz| G.MSIGyg)

VGM & GiZ € (G) 1=

Moreover, using the terminology of Section 7h (below) to specify members of the (G) subset, the
(mp) members of the [(F, ) = (Gw)] subset are designated such that: (d = 1,2, ... ,mp), each with a unique
genotype (G4y), an MS-penetrance value of (zy,,), and a variance for the set of these penetrance values of
(6.2). Analogously, the [m(1 — p)] members of the [(M, G) = (G,)] subset can be designated such that:
[d =1,2,..,m(1 — p)], each with a unique genotype (G4), an MS-penetrance value of (z4,,,), and a
variance for the set of these penetrance values of (¢;3). In this case:

mp

2y = P(MS|F,G) = X1 _, P(MS, Gy | F,G) = ZiF_ P(Gaw | F,G) * (Zaw) = E (Zaw)
andalso:  z, =P(MS | M, G) = E(Z4m)
Similarly:  P(MS|F,G,1Gys) = X0 _, P(MS, Gy, | F, G, 1Gys) = X0 _ P(Ga | F, G, 1Gys) * (Zaw)
where: P(Gaw | F,G,1Gys) = P(Gay | F,G) * (24)/P(MS|F,G)
so that: z!, = E[(zaw)?1/ 20 = 24 + 0% /2,

Following the logic of the Assertion 4B proof (below), therefore:  z, = (z,,/2) £+/(z,/2)? — a2

And also: zh, = E[(Zam)?)/Zm = Zm + 0%, /2,  SOthat:  z, = (z/,/2) +/(z,/2)? — 62

Both P(MS) and the (F:M) sex ratio are currently increasing, both around the world and in Canada
[1-4,23] 7 see also Table 3 (Main Text), Sections 8a & 10a-b (below). Therefore, also, currently, (Zw) must be
increasing at a faster rate than (Zm) i see Section 7g (below). Moreover, the MS data from Caridd [see

Section 10b (below) i indicate that currently:
P(MS|F,MZys),= (5.C) * P(MS| M, MZys), & P(F|MS),=0.762

Therefore, unless [P(F | G) = P(F | MS),] 1 or, equivalently, unless: [p/(1 — p)] = the current (F:M)
sex ratio 7 see Equation S5j; below i and unless susceptible men and women have markedly different variance-
distributions for their MS-penetrance values, one of which is non-unimodal [2-4], then, currently, it must be that:

z,=2Zw = P(MS|F,G) > P(MS|M,G) = Zm = z,,

Moreover, if susceptible men and women can both be members of every fii-typeo exposure-group (see

Sections 7g-h; below), it would be very hard to rationalize such an extreme difference in variance-distributions.

Consequently, we assume that this relationship pertains during the ficurrentd Time Period.

{NB: Because the observations regarding (Zw) and (Zm), presented in the Main Text (Table 3), only relate to

the ficurrento Time Period, the circumstances of other Time Periods cannot be determined.}
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4. Cross-sectional Model
4a. Model Development [_]

For notational simplicity, the following probability terms are defined:
n 00" ;o 0OOYD ;0 OOYDOVIOOG ;& OOY O ;ad & OOY 0

Assertions: 4N, A0 N 04 D 0IDY OO O 0hOY

1o~ 0¢ 00 00 00 O 00 OY
0 00 0 OO 0 OY
0 0 00 00 OO 00 OY
00 OYi00 00 OYNOG
4B. O g ®jgq ”

4C. n ., wjcg

Definitions and Assumptions:  The subset "0 is defined (see Main Text & Section 1a) and, as noted:
L0N04 0 OOYDO

Thus, (& ) represents the MS-penetrance for the it susceptible individual whose exposure occurs
during any specific Time Period and it is unique to the i individual. The set @& is defined to include the
penetrance-value for each of the & members of the '0 subset—i.e., & who 8o —andits
variance is defined to be ,, . Finally, each of the 0 individuals in the population 0 pici$#siG hasa
unique genotype 0 —including MZ-twins who, despite sharing “identical” genotypes, still have subtle
genetic differences from one another [4].

A random variable (& ) can be defined to represent any of the & elements within the set & and
from this, and from Section 1a (above), the following terms can be defined:

00 ard

LOND{00 0 pa&

0w B & zpiad 0OY0 @ (Equation S4a)
0 B o zpa ® v (Equation S4b)
o 0OV 00 0 OYi0 "0i00 B O OYI0 0100 (Equation S4c)

These Equations, and those derived below, describe relationships for the subset 0 . In a similar
manner, analogous relationships can be established and derived for the subsets 000 and OI'0 — see

Section 3a; above — see also Supplemental Material; Reference #4.
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Two assumptions are made:

Assumption #1
MZ-twinning is generally thought to be non-hereditary [4]. If so, then every person (i.e., genotype) in
the population (Z) has the same chance, a priori, of having an MZ-twin (i.e., MZ-status is independent of

genotype). In this circumstance, during any Time Period, it will be the case that:
Y Gy € (Z): P(MZ|G,) = P(M2)

and, thus: Vv G; € (G): P(MZ|G,) = P(MZ)

Even if MZ-twinning were thought to be hereditary in some circumstances [4], but where those
genetic factors, which relate to MZ-twinning, are independent of MS-susceptibility, then the same conclusion

would follow. Either this, or the above condition, are assumed to pertain.

Assumption #2

The MS-penetrance for any proband MZ-twin (whose co-twin is of unknown status) is assumed to be
independent of MZ-status. Thus, this penetrance-value for any genotype is presumed to be the same regardless
of whether that genotype occurs with or without having an MZ co-twin. This assumption is equivalent to
assuming that experiencing any particular environment together with an MZ co-twin has the same impact as
experiencing that environment alone. Alternatively, it is presumed that the mere fact of having an MZ co-twin
does not alter the environment in such a way that the development of MS becomes more or less likely in both

the proband and the co-twin. Specifically, it is assumed, for any Time Period, that:

V G; € (G): P(MS|G,,MZ) = P(MS|G))

Proof of Assertion 4A: ]

From Assumption #1, it follows that:
VG, € (2): P(G,,MZ) = P(Gy) x P(MZ| G) = P(Gy) * P(MZ)
and therefore: V Gy € (2): P(G|MZ) = P(Gy, MZ)/P(MZ) = P(Gy)

Consequently, also: Vv G; € (G): P(G;|MZ)=P(G)
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From this conclusion, from the definitions of (M Z,,s) and from Assumption #2, it follows that, during

any Time Period:
V G; € (G): P(G;,MZys) = P(MS,G; | MZ) = P(G; | MZ) + P(MS | G;, MZ)
= P(G,) x P(MS| G)) = P(MS, G))

and:  P(MZyg) = P(MS|MZ) = X7, P(G;|MZ) x P(MS | G, MZ)
= X1, P(G) * P(MS| G) = P(MS)
From the definition of (IG,s) T see Section 2a (above) i and from these two equivalences, therefore, during

any Time Period:

P(G;,MZys) _P(Gy,MS)
P(MZys) ~ P(MS)

VG € 6): P(Gi|1Gys)=P(Gi|MZys) = = P(G; | MS)

Also, because the subsets (IG) and (MZ) are identical (see Main Text), therefore, both:
P(IG) =PMZ) and: P(G;,IG) =P(G;,MZ)
Consequently, from above, it follows that:  P(G;,IGys) = P(G;,MZys) and:  P(IGys) = P(MZys)

Therefore: P(IGys) = P(MZys) = P(MS)

Moreover, from the definition of (IG,s) i see Section 2a; above 1 it follows that:

P(MS|MZys) = (s3) * P(MS | IGyys)
Therefore: ~ P(MS|MZys) = X, (s0) * P(MS, G; | IGys) = X, P(G; | IGys) * [ (s2) * (x)]
andalso:  P(MS|MZyg) = Y™, P(MS,G; | MZys) = X, P(G; | MZys) * (x)")
Consequently, from above:  V G; € (G):
P(Gi [ 1Gus) * [(sa) * ()] = P(G; | MZys) * [(50) * (k)] = P(Gi | MZis) * (x{")
sothat:  V G; € (G): (sg)* () = (x/') & (sq)* P(MS,G;|1Gys) = P(MS,G; | MZys)

Therefore:  P(G; | MS, 1Gys) = P(G; | MS, MZ,;5)

Using the terminology of Section 7h (below) to designate the women of (G), it follows that each of

these (mp) women (d = 1,2, ..., mp), has a unique genotype (G, ) and, therefore:
P(F | 1Gys) = 232, P(Gaw | 1Gus) = 42, P(Gayy | MS) = P(F | MS)
and:  P(F|MS,1Gys) = X0 P(Gay | MS, 1Gys) = X0%, P(Gayy | MS, MZyy5) = P(F | MS, MZy5)

similarly: ~ P(M|1G,s) = P(M|MS)  and: P(M | MS,1Gys) = P(M | MS, MZy5)
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Proof of Assertion 4B: [___|
From the definitions of (0) & (00 ) see Main Text ; Section 2a (above) & Table S1 7 it follows that:

0 OY 0h00 0 OY 000100 @ OOY 00 OOYO @
Therefore, during any Time Period, the probability 0 O'Yi'0 "0100  can be re-expressed as:
1. P(MS,G;|G,1Gys) = P(G; | G, 1Gys) * P(MS| G;, G, 1Gys)
= P(Gi| G, 1Gys) * ()
From Assertion 4A and from the definitions of (G) & (IGys) T see Main Text & Sections 1a & 2a (above) T the
term P(G; | G, 1Gy) can be re-expressed as:
2. P(G;|G,1Gys) = P(G;| G, MS) = P(G;, G, MS)/P(MS, G)
= P(MS| G;,G) = P(G;,G)/P(MS,G)
= () * PG| 6)/PMS | 6) = () = (1/m)/x
Combining 1 & 2 (above) yields:

P(MS, G; | G, 1Gys) = (x)? * (1/m)/x

However, from Equations S4b-c, it is the case that:
x' =P(MS,G|G,1Gys) = X™, P(MS,G; | G, 1Gys)

where: X7, P(MS,G; | G,1Gys) = X1, (x2) * (1/m)/x = E(x3)/x

Therefore, from Equation S4b, it follows that:
x'=@?+0d)/x=x+0/x (Equation S4d)
Rearrangement of Equation S4d, yields a standard-form quadratic Equation in (x) such that:
x2—(xD)x+02=0

which, in turn, can be solved to yield:

x=(x'/2) £/ (x'/2)? — o (Equation S4e)
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Proof of Assertion 4C: [_]
Equation S4e has real solutions only for the range of:
0< a2 <(x'/2)? (Equation S4f)

Notably, the maximum variance (¢2) for any distribution [Reference: see footnote #1; below] on the
closed interval [a, b] is:
0% =[(b-a)/2]
Consequently, regardless of any Assumptions (see above), the variance-range indicated by Equation S4f

represents the maximum possible variance-range for any distribution on the closed interval of: mao .

Also, rearrangement of Equation S4d yields:

o =x(x' —x) (Equation S4g)

4b. Quadratic Equations for Penetrance in Succeptible Women and Men [__]

For notational simplicity, the following probability terms are defined:
x=P(MS|G); x'=P(MS|G,IGys) =PMS|IGys) ;
Zw =z, = P(MS|F,G); z, =P(MS|F,G,1Gys) = P(MS|F,1Gys) :
Im=z, =PMS|M,G); z,=PMS|M,G,IGys)=PMS|M,IGys) :

p= P(F|G); and the two ratios: r = z,/z, and: s= z,/z,

_ xt/x2- (14 (/) A-p)/P)}a?~xx (1-p)/5}

Assertions: 1 Zw = z, (/%) (D)
_ _ x=/x%= (1+(s/n) @/ A-p}x?-xx" p/T}
2 Zm =z = (1-p)+(s/T)p
Proof: P(MS|G) = P(MS,F|G) + P(MS,M | G)

=P(F|G) » (P(MS|F,G) + P(M|G) x (P(MS | M, G)

or: x=p(z,)+ 1 —p)(zn)

with re-arrangement, this becomes:
Zy = [x —p(24)]/(1 — p) (Equation S4h)

Also:  x' = P(MS|G,1Gys) = P(MS,F|G,1Gys) + P(MS, M| G,1Gys)

#1 Jacobson HI. The maximum variance of restricted unimodal distributions. Ann Math Stat. 1969;40:1746-52.
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Therefore, from Assertion 4A (above):
P(MS,F|G,1Gys) = P(F| G, 1Gys) * (z,) = P(F |G, MS)  (z,,)
and: P(MS,M|G,1Gys) = P(M|G,1Gys) * (z,) = P(M| G, MS) = (z},)
where:  P(F|G,MS) = P(F,MS|G)/P(MS|G) = p(z,)/x
and, similarly: P(M | G,MS) =1 -p)(zn)/x
so that: xx' = p(2,)(Z5)*+ (1 = p)(2n) (z1) = pr * (2,,)* + (1 — P)s * (zp)?
or: (z)? = [xx’ — pr(z,)?]/[(1 — p)s] (Equation S4i)

Therefore, there are two simultaneous Equations for (z,,)? —i.e., Equations S4h and S4i, above.

Using these two estimates to eliminate the (z,,) parameter, yields:
[{x = p(z)}/ A = P)I* = (z)? = [xx" = pr(2,)*]/[(1 = p)s]
or: {x—p(z,)}? = {xx’ — pr(z,)3A —p)/s = {xx’(1 —p)/s} — (r/s)p(1 — p)(2w)?
and: x* —2xp(z,) + p*(2,)* — xx'(1 —p)/s + (r/s)p(1 —p)(2,)* =0
This last Equation can be rearranged to yield a standard-form quadratic Equation in (z,,) such that:
{p? + (r/s)p(1 = P)}(zw)? — {2xp}(2) + {(x* —xx'(1 —p)/s} = 0 (Equation S4j)

Because: (z;, > z,, ) and because both P(MS) and the (F:M) sex ratio are ficurrentlydo known to be
increasing [3,4,23] 1 see also Sections 8a & 10a-b (below) 7 it is assumed, during the current Time Period,
that: (z,, > z,,,) T see Section 3a (above). Therefore, Equation S4j is solved for (z,,) as:

_ xh/x2- (1t (r/)A-p)/P}a?—xx (1-p)/5}
p+(r/s)(1-p)

Zw =z, (Equation S4k)

Equation S4h (above) can then be solved for (z,,). Alternatively, the above arguments can be

reframed to eliminate (z,,) instead of (z,,), and the resulting quadratic Equation can be solved for (z,,) as:

x—/x2— {1+(s/r)(p/A—p)}{x?—xx" p/7}
1-p)+(s/m)p

Im=z, = (Equation S4l)
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5. Longitudinal Model:

5a. Model Development [__]

Following standard survival analysis methods [26], the cumulative survival Y 6 and failure 0 6
functionswhere: 0 6 p Y 6 can be defined separately for susceptiblemen Y 6 0€Q'0 6 and for
susceptible women Y & (0&€Q0 06 . Also, the (unknown and unspecified) hazard functions for
developing MS at different environmental exposure-levels (u) Ti.e., @ 0 andQ ¢ T can be defined for
susceptible men and susceptible women, respectively. These hazard functions for susceptible women and men

may be proportional to each other and, if they are proportional, a hazard proportionality factor 'Y 1t can

then be defined suchthat: @ 6  'YZQ 6 . Furthermore, from Section 1a (above), the term, 00 00 |,

represents the probability of the event that a proband, randomly selected from 0 , and who has their relevant

exposures during O , experiences an environmental exposure fsufficientd to cause MS in them. The

exposure-level (u) is then defined as the odds that this event occurs such that:
0 0 0h0

é - - _ .
p 00 000

The cumulative hazard function (for susceptible men), ‘0 ¢ , is defined as the definite integral of the
hazard function, Q & , from an exposure-level of ¢ 1T to an exposure-level of 6 @ such that:
Ve _ Q0600
Similarly, the cumulative hazard function (for susceptible women), O @ , is defined as the definite integral
of the hazard function, Q 0 , from an exposure-level of & Tt to an exposure-level of 6 @ such that:
Vo . hoo
If these hazards are proportional, then:
VO . YzZROQ YZO0®
For susceptible men, using the common definition of the hazard function [26] that:
N6 0 ojY o
together with the fact that, by definition:
M o6 Q0 6jQR QY 6 jQo
a standard derivation from survival analysis methods [26] demonstrates that, for susceptible men, because:

N0 0o QY o jY o
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Therefore, the cumulative hazard function "0 & can be re-expressed such that:
06 . QY 6y 6 MY m MY o
where:'0mm ITY m IY m ™
Exposure is here being measured as the odds, during O , thata 0 -subset member experiences an

environmental exposure fisufficientd to cause MS in them. By definition, when: O O '0i'0 T, N0 member

of 0 candevelopMST[ie,Y 1 p],inwhichcase: ITY m ITp 1. Thus

Y oo Q

This standard derivation from survival methods [26], therefore, demonstrates that the survival function
is exponentially related to the integral of the underlying hazard function 7T i.e., the cumulative hazard function.

Consequently, the failure function for susceptible men can be stated such that:

Do p Y o p 0

5b. Environmental Exposure Levels during Different Time Periods [

{NB: In this and the Sections that follow, observations made during the two Time Periods are
distinguished by the use of subscripts (1) and (2). For example, 0 O refersto 0 O during the 1t Time
Period whereas 0 OY  refersto ® O'Y during the 2" Time Period. Also, it is important to note that

cumulative hazard is being used as a measure of exposure, not failure — see Main Text & Reference #4.}

The environmental exposure-level for susceptible men during the 1t Time Period is defined as
[0 @ 1]. Inturn, the failure-probability for a susceptible man is definedas: 0 & @& , which represents
the life-time probability of the event that a susceptible man, randomly selected from 00 , and who has their
relevant exposures during O , develops MS. Moreover, if the constant {} is defined as the maximum
possible failure-probability for susceptible men, then:

5

0 ¢ G& O OY 000 0 OO0 DIVI0

0 OY Oflo  p

Q

and: § IEX @

In this circumstance, this failure-probability during the 1% Time Period & |, can be stated as:
0 © 0& O Ovo Ofo  Fzp 0 ] (Equation S5a)

If the exposure-level for susceptible men during the 2™ Time Period is defined as [O @ ], then, because

A is currently increasing with time [3,4] — see also Section 8a (below) i the difference in the exposure-level
for men between the 1%t and 2" Time Periods can be represented by the parameter 1}  such that:

0o 0o ] s
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In this case, the failure-probability during the 2" Time Period & |, can be stated as:
0 & O& 0 OYi0 DI0 #zp 0 (Equation S5b)
Equations S5a & S5b can be rearranged to yield:
p &t 0
and: p G&jF 0 (Equation S5c)
Dividing the 1% of these two Equations by the 2™ yields:
p hajtip a&jfF 0 (Equation S5d)

or: n IMp oajf TMp oaj+ (Equation S5e)

Thisunit f  is arbitrary but, nonetheless, depends upon the actual (but unknown) change in the
environmental exposure-level, which has taken place between the two Time Periods. From Equations S5di e, the
estimated magnitude of this exposure-level change depends upon the value of {} , which can range over the interval
of: p {} & . The ratio on the LHS of Equation S5d (above) is always greater than unity because &
increases with increasing exposure. Moreover, it increases monotonically as {} varies throughout its range T being

ataminimum when: 4 p and approaching infinity as: #© @&

Consequently, the term 1 is defined to be the Aiminimumo exposure-level change that is possible for

susceptible men between these two Time Periods. In this case, this minimum exposure-level change will occur when:

£ 0 OY Oioio  p

Therefore, from Equation S5e: 1) MTp d&a 1T p a&

Nevertheless, this minimum exposure-level change 1 may not accurately reflect the actual (but
unknown) change in the exposure-level, which has taken place between the two Time Periods. Therefore, the
term 1 s called the fiactualo exposure-level change for susceptible men. This may well be different from

the fiminimumo possible exposure-level change so that:
n N
In a directly analogous manner, the term 0 & U is defined to be the failure-probability for
susceptible women during any Time Period and the constant ® s defined to be the maximum possible
failure-probability for susceptible women such that:

0 % GO 0 OY 000 0 OYh0 "0i0i0
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Similar to Equations S5a-b (above), because @O is also increasing with time [3,4], the failure-

probability in susceptible women during the 15& 2" Time Periods, U ®&Q GO |, can be stated as:
0% o0 0 OYI0 0o Mz o 1 (Equation S5f)
and: 0 & GO 0 OYI0 010 Bz, 0 (Equation S5g)
where U @ indicates the exposure-level in women during the 1% Time Period and the term 1} s called
the factuald exposure-level change for women that has occurred between the two Time Periods. Therefore:
O O M m
Also, in a directly analogous manner to the derivation of Equation S5e (above):
R iTp ooj® Tp gojm (Equation S5h)

Therefore, similar to those circumstances in susceptible men, the fiminimumo possible value (f ) for the

exposure-level change in susceptible women will occur when: ™ p | so that:
) MTp o0 1T p OO

and: R n

5¢. Relationship between Failure to True Survival [

In true survival everyone dies if given a sufficient amount of time. By contrast, as theexposure-
probability, 0(0 "0, '0+), approaches unity, the probability of failure (i.e., developing MS), either for
susceptible-men (&) or for susceptible-women (G0), may not similarly approach 100%. Moreover, the
maximum possible value for this failure-probability for susceptible men ({'rj might not be the same as the
maximum possible failure-probability for susceptible women (™). Although the values of the (J|Ir5 and (d)
parameters are unknown, they are constants whenever the pathogenesis of disease involves environmental
events, and regardless of whether the hazards are proportional. Finally, because exposure is being measured as
the odds that the proband experiences a fisufficientd environment, the fithresholdo exposure (i.e., the exposure-
level at which MS becomes possible) must occur at: D(0 "0, 0y) = 0; for susceptible men, or for susceptible
women, or for both, provided that this exposure-level is possible [3]. If the hazards are proportional, the
threshold- difference (_) is defined to be the difference between the threshold in susceptible women (_s) and
that in susceptible men (_g) Ti.e., C=_p _&)- Consequently, if the threshold in susceptible men is greater
than that in women, (L) will be negative and (_, = 0); if the threshold in women is greater than that in men,

(L) will be positive and (_g = 0); and if the threshold in women and men is the same, then: (_=_y=_a=0).

Also, in true survival, both the clock and the risk of death begin at time-zero and continue into the
future indefinitely. As a consequence, the cumulative probability of death increases monotonically with time.
By contrast, for MS, it may be that the prevailing environmental conditions, during some Time Period (Ov),
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are such that: © 0 "0h0 m; even for a very extended Time Period (e.g., for centuries or millennia).
Moreover, unlike the cumulative probability of death, for MS, the exposure-level may vary in any direction
with time, depending upon the specific environmental conditions during ‘O . Therefore, despite the
cumulative probability of failure (i.e., of developing MS) increasing monotonically with increasing exposure-

level, it may decrease, increase, or stay constant with time.

5d. Relationship of the (F:M) Sex Ratio to Exposure [_]
Regardless of _ , and regardless of whether the hazards are proportional, the failure-probability

during any Time Period for susceptible women &0 can be stated as:
@O O OYI0 000 0O 0 000z O DY 0i0i0
or: GO0 00 0icio zM
and, similarly, the failure-probability for susceptible men @& can be stated as:
O& 0 OYi0 0100 0 0 01DI0 4
Dividing the 1%t of these two Equations by the 2", during any Time Period, yields:
Zw/Zm = [P(E | G, F, Er) /P(E | G, M, Ep)] = [d/c] (Equation S5i)

Consequently, during any Time Period, any disparity observed between &0 and & , must be due
to a difference between men and women in the likelihood of their experiencing a fisufficientd environmental

exposure, to a difference in the values of constants 4 and ® | or to a difference in both.

Therefore, by assuming that: {} B,  oneisalso assuming that any difference observed in

disease expression between susceptible women and men is due entirely to a difference between susceptible men
and women in the likelihood of their experiencing a fisufficientd exposure, despite the fact that, for every 1,
the exposure O is both fixed and population-wide during any ‘O . Thus, this exposure is fiavailableo to
everyone, so that, if the fisufficientd exposure-level differs between sexes, one possible explanation might be a
systematic behavioral difference between susceptible women and men i i.e., to an increased exposure to, or
avoidance of, susceptible environments by one or the other sex (perhaps consciously or unconsciously; or
perhaps as a result of differing recreational activities, differing occupations, differing gender-roles, etc.).
Nevertheless, the fact that most men behave differently from women does not indicate that all men do so,
which makes a difference in threshold difficult to rationalize. Notably, also, if a findingof _ 1 wereto be
explained by a systematic behavioral difference, then the finding of _ 1 would suggest that the behavior of
men leads to a greater exposure than the behavior of women. Any general conclusion in this regard, however,
cannot be easily rationalized with the current observation that: @O & . T see Section 3a (above); see
also Supplemental Material; Reference #4.

Another possible explanation for T , is that there may be distributions of so-called ficritical

exposure intensityo levels (i.e., fithresholdso) that differ between susceptible men and women who are members
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of the same fii-typeo exposure-group (see Supplemental Material; Reference #4). In such a case, perhaps, despite
the fact that the same fiexposure-leveld is experienced equally by the two sexes, the fiintensityo of this exposure
might be disproportionately fisufficientd for susceptible women or susceptible men [4].

Membership in (G) is assumed to be independent of (E). In this case, the proportion of women among
susceptible individuals [p = P(F | G)] is also independent of (E;). Following the logic and notation leading to
Equation S4h (Section 4b; above), therefore, regardless of whether the hazards are proportional, for any solution,
the observed (F:M) sex ratio during any Time Period is proportional to the observed (Zw/Zm) ratio. Thus:

) . PMSF|Ep) _ (zw D . .
(F: M) sex ratio = s En (Zm) * (1_p) (Equation S5j)

5e. Response-Curves to Increasing Exposure [

From Section 5a (above) the response-curves for both susceptible men and women are exponential.
Importantly, any two points on any exponential curve completely defines the entire response-curve. Thus, the
values of Zw, ZmhP(MS), and the (F:M) sex ratio, during any two Time Periods, completely defines these
response-curves for both susceptible men and susceptible women i see Equations S5a & S5b and S5f & S5¢g
(above). Moreover, if these response-curves for both sexes can be plotted on the same x-axis (i.e., if both sexes
are responding to the same environmental events), the hazards are always proportional (see Section 7h; below).
Also, in this circumstance, the values of (R = q,,/¢,,) and (1) are determined from Equations S7f-g (below).

6. Non-proportional Hazard Models
6a. General Considerations [ ]
If the hazard functions for susceptible men and women are not proportional, the “actual” exposure-
level changes for susceptible men and women could each be at their fiminimumso — i.e., (g% and (q7%™).
Such a circumstance, however, occurs when, and only when: (c = d = 1) — see Section 5b (above).

Also, in this circumstance, although the “plausible” parameter-value-ranges for both observed and
non-observed epidemiological parameters (see Table 3; Main Text) still limit possible solutions and, although
(c <1)and (d < 1) will be constants, nothing about them or about their relationship to each other can be
inferred from the changes that take place in the (F:M) sex ratio and P(MS) over time. Thus, any differences in
the values that these parameters take during different Time-Periods could be attributed, both potentially and
plausibly, to the differing environmental circumstances of different times and different places. In this
circumstance, both the hazard proportionality factor (R) and the parameter (1) — which relates the threshold in
susceptible women to that in susceptible men — are meaningless.

Nevertheless, during any Time Period, the ratio of (Zw/Zm) will still be proportional to the observed
(F:M) sex ratio (see Equation S5j) and, if: ¢ = d < 1, then any observed difference between (Zw) and (Zm),
must be the result of a difference between susceptible women and susceptible men in the likelihood that they

have experienced a “sufficient” environmental exposure during that Time Period (see Equation S5i).

Goodin DS. J Neurol Neurosurg Psychiatry 2024; 95:1002-1011. doi: 10.1136/jnnp-2023-333296



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Neurol Neurosurg Psychiatry

7. Proportional Hazard Models

7a. General Considerations [__]

If the hazards for susceptible women and men are proportional with the proportionality factor (R),
the situation is altered. First, because (R > 0), the penetrance-values of P(MS | F,G) and P(MS | M, @), if
they change over time, must have the same directionality. Indeed, the epidemiological observation that MS-
prevalence has been increasing for both women and men over the past several decades, accords with this
requirement [3,4,23]. Second, the proportional hazard Model (see Section 5a; above), including the
possibility of a difference in the fithreshold 0 exposure-level between the sexes, can be generalized such that:

oo _D Od YZOH _ m (Equation S7a)

In this circumstance, Equations S5f & S5g, which represent the failure-probabilities during the
18'& 2™ Time Periods for susceptible women, can be re-stated as:

oo MWz o9 Bz, o * 1 (Equation S7b)
and: o0 MWz p Q L ES (Equation S7c)

Equations S5a & S7b can be rearranged for any Time Period to yield:
p ouj® | N (Equation S7d)
and:  p oajE 0 (Equation S7e)

Dividing Equation S7d by S7e, this result can be rearranged to yield:
MTp woi® Tp a&FjY Y pjYz0d (Equation S7f)
Then Equation S7f can be applied to the exposure-levels'0 @ and’0 ¢ and one can subtract the 2" of the

resulting two Equations from the 1% Then, applying Equations S5e & S5h, together with the defining

Equations for 1 and 1  from Section 5b (above), this result can be rearranged to yield:
Y p=zn n n
oY Rin (Equation S79)
In addition, under circumstances where: 'Y  p , Equation S7f becomes:
iTp ooj®™ 1Tp dajt (Equation S7h)
At any specific exposure-level '0 @  _, the values of U and @c are unknown. However, if a

proportional hazard Model is appropriate for the disease being considered, the parameters {}ﬁ'ﬁ YIQ _ are

constants (albeit unknown), so that, from Equations S7d & S7e, the probabilities of @& and @O are also

fixed at any specific exposure-level 0 &

7b. Defining an AApparentod Proportionality Factor [
An fiapparento hazard proportionality factor 'Y can be defined such that: 'Y n in ,

which represents the value 'Y when: {} B 5 i see Section 6a; above. Potentially, this value incorporates
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two different processes. First, it may reflect the increased level of fisufficientd exposure experienced by one sex
compared to the other. Indeed, from Equation S5i, this is the only possible interpretation for circumstances in
which: & ™ o Second, however, if: + ™ o isadmitted as a possibility, then a portionof 'Y will

be due to the difference of 4 from unity.

{NB: The possibility that: ® & is directly analogous to that of: & ™  and, thus, is not considered further.}

Considering those circumstances in which: ™ p & 'Y p , from Sections 5b (above) and Section 8a
(below), the Aactualo exposure-level change in susceptible men 1 has a limited range such that:
1y Y opion n N
where: +  a& z 0 0 OIOY jOOIDY jo p p
From this, the factuald hazard proportionality factor 'Y Y p,at ® p canbe defined such that:
Y Y on o oJn
In this manner, if 1 n , some of the flapparento value 'Y will be accounted for by the fact

that, in this case, % p . Furthermore, if a reduction of 3 from unity is possible in susceptible men, then,

clearly, it is also possible for the value of ® in susceptible women to be less than unity. For example, when:

{} B [, the Aactual® exposure-level in women i will be greater than its minimum value A such that:

Y onin o M
As a result, in each of these cases, the fiactualo 'Y value may differ from its fiapparento value (Y

7c. Implications that the Values of 4 , #, 4 and ® have for Each Other ]

Assertions: 1 LY p{_ m
2. L_ nid W™,
3 LY pQlly v (4 ®m
4 14 B 540800 Y p GEQ _ m

Proof: Theratios & Q& are defined in Section 8a (below) and, because both O O and the (F:M) sex

ratio are currently increasing [3,4,23] 1 see also Sections 8a & 10a; Figure S1 (below) i therefore:

6 00I0Y JOOIOY O OIDY jO DIDY 6
From Equation S5j, during any Time Period:
010 Q0 1dolE  GOJO& zZ NTp N

and, as noted earlier, ;0 '0 0 is independent of the environmental conditions during 0 . Therefore, for

,,,,,
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1. For those Conditions in which: (R = 1):

From Section 7a (above) for circumstances where: {R = (q,,/qn) = 1}, it must be that:

Im = qw = g™

When: (1 = 0), from Equation S7h (above):
Zmfc=2Zw/d
or: Zw/Zm=d/c (Equation S7i)
Therefore, the (F:M) sex ratio will remain constant in this case, regardless of the exposure-level.
However, when: 'Y  p , then: [f) N 17 see above. Therefore, from Section 8; Equations S8c-d (below):
d/c={Zw/Zm}« {(e — Cp)/ (et — Cy)} > Zw/Zm
or, with rearrangement: Zmjc > Zw/d
Therefore, from Equation S7h: 1 >0

Consequently, if (R = 1), and if both the (F:M) sex ratio and P(MS) are currently increasing, then
the threshold for susceptible women must be greater than that it is for susceptible men.

2. For those Conditions in which: (A <0) & (R > 1):

For {H(a) = 0}, from Equation S7f, during any (E), under these conditions:
{In(1-Zw/d)-In(1 —Zm/c)}/R=2—-[(R—1)/R]*H(a) <0
or: In(1-Zw/d)—In(1-Zm/c)<0 (Equation S7j)
In turn, under these conditions, Equation S7j requires that:
Zmfc<Zw/d
or. Zw/Zm=d/c (Equation S7k)
Also, regardless of the value of (R), from the definitions of (c), and (d) — Section 5b — from the
definition of (E) — Section 5b —and from Equation S5i:

‘li_)rr.}o(Zw/Zm) =d/c (Equation S71)
Because, with increasing exposure, both (Zw) and (Zm) increase monotonically (see Section 4a), and because
(R > 1), and because (1 < 0), and because {H (a) > 0}, the condition that:
Zw/Zm =d/c
requires that: Zw,/Zm, = Zw,/Zm, = d/c:
Thus, under these conditions, the (Zw/Zm) ratio either decreases or remains constant with increasing
exposure. Because the (Zw/Zm) ratio mirrors the (F:M) sex ratio, therefore, the (F:M) sex ratio will also

decrease or remain constant (e.g., Figure 1C; Main Text) — a conclusion, which is inconsistent with the evidence
[1-4,23]. Thus, the conditions: (R > 1) & (1 < 0) are not plausible, given the Canadian data [23].
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Combining these two conclusions (i.e., Conditions 1 & 2 ; above), it must be the case that:
VR=1):21>0
From the Canadian MS data [23], both P(MS) and the (F:M) sex ratio are currently increasing when the
ficurrentd epoch is compared to any of the previous 5-year epochs from the same study i see Section 10a,
Figure S1 (below). An increasing MS-prevalence disproportionately affecting women is also reported from other
parts of the world [1-4]. Therefore, based exclusively on the increasing P(MS) and (F:M) sex ratio, and on purely
theoretical grounds, one can conclude, that, if the hazards in susceptible men and women are proportional and if;

(R = 1), then susceptible women must have a higher threshold than susceptible men.

3. For those Conditions, in which: (1 > 0) & (R < 1)

If: (1=0)&(R<1)&(c=d < 1); then the failure-probability for susceptible men would be as great
(or a greater) than the failure-probability for women (i.e., Zm = Zw) at every exposure-level (see Figure 2B;
Reference #4). Because: (Zw, > Zm,), these conditions are impossible. Therefore, whenever: (1 >0) & (R < 1),

then: (c <d < 1) —e.g., Figure 1B (Main Text).

4. For those Conditions, in which: (1 < 0) & (R < 1):

In these conditions, Equation S7k still applies and, thus, if: (¢ = d < 1), following the intersection of the
response curves for susceptible men and women, then (Zm > Zw) at every exposure-level (e.g., Figure 1; Main
Text). Because an increasing (F:M) sex ratio only takes place after this intersection, the condition that both:

(Zwy, > Zm,) & (c = d < 1), is not possible. Nevertheless, the condition that: (¢ < d < 1) is still possible —
e.g., Figure 1D (Main Text). Therefore, combining Conditions 2 & 4 (above), it must be the case that:

VIA<0):c<d<1

5. For those Conditions, in which: (R%? > 1) or (R*"? > R):

The value of (R) is related to how quickly the response curves for susceptible men and women go from
onset to their maximums. Thus, this value is independent of (1). Rather, it depends only upon how quickly this
transition occurs. Consequently, for comparison, one is free to choose any (1) value. Therefore, when (¢ = d) &
(1= 0), for any (E), Equations S5a & S5f can be multiplied by the scaling factor of: (1/c), and then restated as:

Zm/c = (1 — etH(@})
and:  Zw/c = (1 — eR*H@})
The RHS of both Equations is independent of scale. Also, the relationship between the LHS of two

Equations is also independent of scale. Therefore, the relationship between these two Equations, when (¢ = d), is
independent of scale. In his case, when: (¢ = d) the value of (R) is constant for all: (Zm, < ¢ < 1) and

therefore:
V(c = d): RWP = qli" /g™ = q,,/qp = R
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However, whenever: (R < 1), then also, (q,, < qpn)-

Consequently, whenever: (R%PP > 1), then:
R¥P = g /qp™ > 12 qy/qm = R
Any circumstance in which: (R*PP > 1), therefore, implies that:
VIR<1): c<d

Combining the three conclusions from Conditions 3i 5 (above), it is clear that:

V(R<1): c<d<1

Indeed, following a logic directly analogous to that above, it must also be that:

V(R > R): c < d

6. Finally. Combining each of the conclusions from Conditions 11 5 (above), one can further conclude, based on

purely theoretical grounds, that whenever: (¢ = d < 1), it must also be the case that both: (R > 1) and: (1 > 0).

7d. Strictly Proportional Hazard: (A =0) [__]

If the condition of “strictly” proportional hazards in susceptible men and women were to apply, then, by
definition:(A = 0). Consequently, whenever: (A > 0), as it must be when (R = 1), the hazards cannot be “strictly”
proportional to each other. In fact, for those cases in which (R = 1) and (1 = 0), the observed (F:M) sex ratio
either decreases or remains constant with increasing exposure (see Equations S7ji |; above), regardless of the
values that (c) and (d) parameters take — e.g., Figure 1C (Main Text). Therefore, the only possible “strictly”
proportional conditions, are those in which the hazard in susceptible men is greater than that in susceptible women
—i.e, (R<1). Importantly, if the hazard in susceptible men is greater than that in women, then, as noted in Section 7c;

(above), the simultaneous conditions of: (c =d < 1) & (1 = 0) are excluded.

Consequently, the only “strictly” proportional conditions possible are those, in which both (R < 1) and

(c<d <1)-eg.,Figure 1D (Main Text).

{NB: In the Figures presented in the Main Text, all response curves serving as examples for conditions in
which: (¢ = d < 1), are depicted for the condition (c = d = 1). Nevertheless, for all conditions (and, therefore,
for all Figures) in which the condition of (c = d < 1) applies, the depicted response curves differ only in so far
as the scale of the y-axis is different. Thus, any response curve, depicted at:(c = d = 1), is representative of all

curves for conditions in which (c =d) T see Section 7c; Condition 5 (above).}

7e. Intermediate Proportional Hazard: (A<0) [_]
It is possible that a different Model, the so-called “intermediate” Model, is more appropriate than the

“strictly” proportional Model considered above. In this Model, the hazards in susceptible women and men are
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still held to be proportional to one another but the onset of the response curves in susceptible women and men are
offset from each other by an amount (1 # 0). As noted previously: Vv (R = 1): 2 > 0. Consequently, whenever:
(A < 0), it must be that the hazard in susceptible men is greater than it is in women. In addition, under conditions,
where (c=d <1) & (R< 1) & (1< 0), the (F:M) sex ratio initially decreases with increasing exposure until
the two response curves intersect at a point below [p/(1 — p)] on the y-axis (e.g., Figure 1A; Main Text).
Following this intersection, the (F:M) sex ratio increases steadily, ultimately reaching a level of [p/(1 —p)] on
the y-axis and, notably, never exceeds this level. In addition, after this intersection (i.e., after the nadir), the
response curves maintain a relationship such that: (Zm > Zw), throughout the remainder of response curve until
the (F:M) sex ratio reaches the level of: [p/(1 — p)] on the y-axis (e.g., Figure 1A; Main Text). Moreover,
defining the term: [(p") = P(F | MS)]; it follows from Equation S5j (above) and the condition that: (Zw, > Zm,)

requires both of the conditions:

®)>r & [p/A-0)].>p/(1—-Dp)

Therefore, the condition of: (1 < 0) is only possible, when: (¢ < d) i e.g., Figure 1B (Main Text).

7f. Intermediate Proportional Hazard: (4 > 0) & Autosomal Genotypes [__]

By contrast, when (1 > 0), there are no constraints on the relationship that the hazards can take in
susceptible women compared to susceptible men. Thus, both the conditions of: (R < 1) & (4 = 0) and the

conditions of: (R = 1) & (4 > 0) lead to similar conclusions (see Figures 3 & 4; Reference #4).
In this case, it is useful to define a so-called fisusceptibility genotypeo, (G;;), for the it" susceptible

individual. This genotype includes only those genetic factors (located on any chromosome), which are related
to MS susceptibility. Because (G;) includes the specification of fewer genetic factors than does the complete
genotype of the it individual (G;), it is possible for more than one person in the population to belong to the
same susceptibility-genotype. For example, because MZ-twins have fiidentical genotypesd, therefore, based on
our assumption (see Section la, above), they necessarily have the same susceptibility-genotype. The group of
individuals, who have the same susceptibility-genotype as the i" individual is referred to as the (G;) subset within
(Z). The occurrence of (G;,) represents the event that a person, randomly selected from (Z), belongs to the (G;,)
subset. The probability of this event is represented as P(G;s ). Because some members of (G) are MZ-twins,
therefore, the total number of these susceptibility-genotypes in the population (m; ) is less than (m) i i.e.,
(m;s <m). The subset (G ) includes all of the susceptibility genotypes within (Z). The occurrence of (G)
represents the event that an individual, selected randomly from (Z), is member of the (G) subset.

Also, it is possible for two or more individuals (perhaps, each with a different susceptibility genotype) to
share the same family of fisufficiento environmental exposures {E; } with the it individual (see Section 1a).
Therefore, the fii-typeo exposure-group (G;;) T or the fi-typed group i is defined to include all individuals

(possibly with different fisusceptibility genotypeso) who share the same {E; } family. The probability: P(G;;)

Goodin DS. J Neurol Neurosurg Psychiatry 2024; 95:1002-1011. doi: 10.1136/jnnp-2023-333296



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Neurol Neurosurg Psychiatry

represents the probability of the event, "0 , that an individual, randomly selected from & , belongs to the 0
exposure-group. Also, from above, the total number of fii-typed exposure-groups in the population (& must be
lessthan & 1 ie., (& a & . The family 0 is defined to include all of the fii-typed exposure-groups,
0, within & .

The fiautosomal susceptibility genotypeo of the it susceptible individual, 0 , is defined to include all of
genetic factors (located on autosomal chromosomes) that are related to MS susceptibility. The occurrence of 0
represents the event that an individual, randomly selected from & , is a member is a member of the 0 subset T
a subset consisting of a single autosomal susceptibility genotype. The subset "0 is defined to include all of these
autosomal susceptibility genotypes within the 0 subset. In a similar manner, the occurrence of 0  represents
the event that an individual, randomly selected from & , is a member of the 0 subset.

Because the genotypes within "0  are exclusively autosomal, it is anticipated that:
1o ~0 ¢ 00 O 00 0
L0 ~ 0 { 00 foioio G oo

Oh0

C2

and: X0 N0 ¢ 00 (D00

Certainly, it is possible for susceptible women and men may be members of the same 0 subset, but not
be members of the same 0  subset. Consequently, these anticipated equivalences do not, necessarily, imply
either that:

10 N0 ¢ OO0 O DI

orthatboth: 20 N~ 0 D O 0i0 T and: 10 N0 ¢ OO0 T

However, all but one of the 233 MS-associated genetic loci, reported by the International Multiple
Sclerosis Genetics Consortium, are located on autosomal chromosomes [6]. Moreover, even for the single locus
found on the X-chromosome, men and women both carried the risk-variant [6]. In such a circumstance, therefore,
it seems very likely that:

10 N0 ¢ OO0 O OI0
And that the same conclusion will hold for all fii-typed exposure-groups 0 . Therefore, likely:
10 N0 000 0 0OI0

As a result, likely, both men and women (at least potentially) could belong to any ofthe fii-typeo exposure-
groups i in which case they will be referred to asfi-typeo individuals. The same conclusion is suggested by the
evidence from the occurrence of MS within families (see Main Text). In this context, those environmental factors,
which comprise each of the fisufficientd exposure-sets within the 0  family, are envisioned to be the
same regardless of whether the fii-typeo individual is a woman or a man. However, it may be that the Asufficiento

exposure for an fi-typed woman needs to be more or less fiintenseo than it is for an fii-typed man [4].

Goodin DS. J Neurol Neurosurg Psychiatry 2024; 95:1002-1011. doi: 10.1136/jnnp-2023-333296



BMJ Publishing Group Limited (BMJ) disclaims all liability and responsibility arising from any reliance
Supplemental material placed on this supplemental material which has been supplied by the author(s) J Neurol Neurosurg Psychiatry

7g Considerations of Exposure “Intensity” [___|

Before considering notions of fiexposure-intensityo, it is notable that there seem to be four well-
established conclusions. First, for every proportional hazard solution, which was identified by this analysis (see
Results; Main Text), it was found that:

(R? > 1)
Second, on theoretical grounds, from Section 7¢ (above), it must be the case that:

V(R<1)& V(R <RW¥P) & V(A1 <0): c<d

Third, from Section 7c (above), under those conditions where both P(MS) and P(F | MS) are

increasing, then it must be the case that:
VR=1):1>0

And fourth, from the Canadian MS-data [23], as the probability of a “sufficient” environmental
exposure has increased over the last several decades, so too has the (F:M) sex ratio i see Sections 8a & 10a-b;
see also Figure S1 (below). From these two observations, one can conclude that, over this period of time, the
probability [00  O'Y 010  must have increased at a faster rate than has the probability [0)& OV OI0
and, therefore, almost certainly, it is currently the case that: @0 @& — see Section 3a (above).

From these four conclusions, if susceptible men and women have proportional hazards, it follows (see

Section 7c; above) that following two conditions must also hold.

1) if: R<1;oriff R<R®?; or,if: A<0 ; then: c<d
Therefore: if: ¢=d <1 ;then, both: R>1 and:1>0
2) ift: R>1; then: 1>0
Condition #1, clearly, excludes any possibility that: c=d =1
Considering condition #2, notably, both of the exposure measures used in this analysisi i.e., (a) and H(a)
T are directly related to the parameter P(E | G), which represents the probability of the event that an individual,
randomly selected from the (G) subset, experiences an environmental exposure fisufficiento to cause MS in them.
Consequently, this condition T i.e., where: 2> 01 indicates that, as the odds of a “sufficientd exposure decreases,
there must come a point where only susceptible men can develop MS. This implies that, at (or below) this
exposure-level, (R = 0). As a result, the additional requirement that: (R > 1) poses a potential paradox in that, if
both of these conditions were true, susceptible women would be more likely than men to experience a fisufficiento
exposure when the probability [P(E | G)] is high and, yet, susceptible men would be considerably more likely than
susceptible women to experience a fisufficientd exposure when this probability is low.
There are two obvious ways to avoid this paradox. Principal among them is for one to conclude that

the hazards are not proportional. Despite this possibility, however, such a conclusion creates other problems
(see Main Text). For example, susceptible women and men who are members of the same fii-typed exposure-group
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necessarily have proportional hazards (see Section 7h; below). Therefore, in this case, one would also have to
conclude further that susceptible women and men can never be in the same fii-typeo exposure-group and,
consequently, that the fisufficiens” exposure sets are different for the two sexes. In such a circumstance, MS in
women would represent a different disease from MS in men. Alternatively, if it were possible that both women
and men could be members of some fii-typed exposure-groups but not others, one would conclude that MS
represents three distinct diseases (one in women, one in men, and a third in both). Neither conclusion is
supported by the available genetic and the epidemiological evidence (see Main Text).

The second way to avoid the paradox is to accept Condition #1, which is compatible with any (4).
However, if: (1 > 0) and (R < 1), then, at every population exposure-level (a), the probability of the event
that a susceptible-man, randomly-selected, will experience a sufficient-exposure is as great, or greater, than the
same probability for a susceptible-woman. Thus, although developing a notion of a so-called ficritical
exposure-intensityo may be necessary to rationalize any threshold difference between susceptible women and
men [4], it is not necessary to resolve any paradox. Nevertheless, accepting the conclusion that (4 > 0) and
(R < 1), does require also accepting the fact that (¢ < d) and therefore that some susceptible men will never
develop MS, even when the correct genetic background occurs together with an environmental exposure

fisufficiento to cause MS in a person with that genetic background (see Section 7c; above).

7h. Variability in the Values of (R;) and (4;) between “i-type” Groups [_]

In the circumstance where both men and women are (or potentially could be) members of some
specific fii-typed exposure-group {G;;}, by definition, such men and women each will have some non-
zero probability of developing MS in response to every fisufficientd exposure-set within the {E;} family.

For notational clarity, a subset (G,,) will be defined to include of all female members of the (G)
subset {i.e., (G,) = (F,G)}. Asin previous Sections, the proportion of women in the (G) subset is defined
as: [p=P(F | G)]. Inthis case, each of the (m = p) women inthe (G,,) subset (d = 1,2, ... ,mp) hasa
unique genotype (G, )- The occurrence of (G,,,) represents the event that an individual, selected randomly
from the population (Z), belongs to the (G, ) subset T a subset consisting of only single individual (i.e., the
d susceptible woman) T and the probability of this event is represented as: {P(Gg,,) = 1/N}. Also, the
probability of the event that an individual, selected randomly from the population (Z), belongs to the (G,,)
subset is represented as: {P(G,) = P(F,G) = mp/N}.

{NB: The use of (G ) and (G,,,) terminology is used only when the listing of individual susceptible

genotypes for women is important to the argument being made.}
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In the circumstances where both men and women are (or, potentially, could be) members of every
fii-typed exposure-group and where every exposure-group as the same threshold difference (1), then, at every
exposure-level for a man {H(a) > A}, a proportionality constant (R; > 0) is defined, so that the exposure-level

for any i-type susceptible woman {K;(a) = 0} can be stated as:
V Gqw € (F,Gi): Ki(a) = R; *{H(a) — A}

{NB: In this case, one doesndt need to consider the fii-typed specific exposure for men, H;(a),
because, by definition, if each exposure-group has the same threshold difference (4 > 0) then, for all
{H(a) = A} and for all (?), it will be true that, for all (a), both {H(a) — 1 = 0]} and {K;(a) = 0}.
Consequently, in this case, there will be some constant (R; > 0) that permits this statement to be true for

each (i). The impact of different fii-typed exposure-groups having different thresholds is considered below.}

Because each susceptible woman (G,,) is a member of some fii-typed exposure-group (G;;), an
exposure-level [K,,, (a)] and a proportionality factor [Ry,, ] can be defined for each susceptible woman so that:
V Gaw € (Gy): Kagw(a) = Rgy * (H(@) — 4)
where: VY Ggyw € (F,Gi): Ky (a) = K;(a) and: Ry, = R;
In this circumstance, the expected exposure-level for susceptible women can be stated as:
Ve 00U & B Y z0d _Jjan Yz 0d
where: 'Y 0
Consequently, if women and men can (at least potentially) be members of every “i-type” exposure-group,

the hazards for women and men will always be proportional. However, the hazard proportionality factor 'Y may

be different for different “i-type” exposure-groups.
It is also possible that the threshold-difference between suscitpible women and men _  varies between

the different “i-type” exposure-groups. Initially, the circumstances where (_ 1 are considered. The “i-type”

exposure group 0 with the smallest threshold _ , for men of any “i-type” group, can be defined such that:
_ TET_
By definition: _ T —see Section 5c; above. Similarly, in this case, the i-type” exposure-group Q
with the smallest threshold _ , for women of any “i-type” group can be defined such that:
TET _ m

In this case, from the definition of threshold, some men and some women will begin to develop MS at

these exposure-levels so that, in this circumstance:

Moreover, it is possible that the men and women who develop MS at these exposure-levels are not

members of the same “i-type exposure-group and, therefore, it is not necessarily the case that 1 0 . Regardless,
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however, a difference in threshold can then be defined between (4,,) for each susceptible woman and

(4jm = 0). In this circumstance, therefore, one can define one can define (4; > 0) such that:
\4 Git € {Gt} &V de € (F, Git): Adw = /1,:

In this way, the proportionality constants for each fii-typeo (R; > 0) and each woman (R, > 0) can

be replaced by a fiadjustedd proportionality constants (R; > 0) and (R, > 0) such that:
V Gay € (Gy): Kaw(a@) = Ray * (H(@) — Aqw) = Ray * {H(a) — 1}
where: V Gy, € (F,Gi): Kgy(a) = K;(a); Rgyw =R; ; Ry, =R ; and: A, = 4;
Thus, in this circumstance, the expected exposure-level for susceptible woman can be stated as:
K(@) = E{Kaw (@)} = 232, Ray, * {H(a) = A}/mp = R+ {H(a) — 1}
where: Ry, = Ray * {(H(@) — Aqw)/(H(a) — 1)} < Ry,

and where now: R = E(R},,)

When: (1 < 0), this analysis is only changed in that the roles of susceptible men and women are
interchanged for all of the above arguments and conditions. Thus, in both cases, the hazards will be
proportional. Moreover, because failure-probability is described only as a function of the probability of a
fisufficientd exposure, given the environmental conditions of the time (see Section 5a; above), and because it is
posited that women and men can (at least potentially) be members of every fii-typed exposure-group, it is
unnecessary to specify the composition of the fisufficientd exposure-sets, within each {E;}, which have resulted
in the observed failure-probability change between Time Period #1 and Time Period #2.

By contrast, if men and women each require distinct fisufficientd exposure-sets, the hazards will not be
proportional and women and men would require their response curves plotted separately; each graph having its
own x-axis scale. In this case, one would also need to envision men and women with MS as each having

different underlying diseases.

{NB: One might also imagine the possibility that (R;) or (4;) or both varied between the different exposure-
sets within {E;}. In such a circumstance, susceptible-men and susceptible-women (considered separately)
would still have an exponential relationship between their failure-probability and their exposure as measured
by the odds that a proband (either male or female) experiences an exposure fisufficiento to cause MSin them
(see Section 5a; above). However, if this variability were large enough, the relationship between fii-typed men
and fi-typed women could become non-proportional and effectively equivalent to those circumstances, in
which these men and women were actually members of distinct fi-typed exposure-groups. In this case, for
such fii-typeo individuals, as is also the case in other non-proportional circumstances (see above), female-MS

and male-MS would represent distinct diseases.}
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8. Summary Equations for the Longitudinal Model

8a. Derivations [___]

For notational simplicity, three related ratios are defined:
6 0ODY joOY or OOY 6z0 OY

6 0'010Y jO 0lOY 6z00 OY 00 OY

5

6 0 OI0Y jOOIDY 6z00 OY 0O OY
The following Summary Equations can be derived using these definitions:

1. First, one can re-express GO & @O such that:

@0 0 OYio 00 0 OY 00 00 OY 2 —
60 b OY§I0  ————— 5250 DY 2
Therefore: OO Jo 0 OY OO TEZ00 OV
sothat: OO OO z0z oo z oo z6 Equation S8a
and similarly: & o 26z — @A z 0 z6 Equation S8b

Equation S5d (see Section 5b; above) for men can then be rearranged to yield:
£ 0 za&  d& jO p
Substituting in this equation for & from Equation S8b yields:

o0 6 J0  p Equation S8c

and similarly: B o0 0 6 Jjo P Equation S8d

2. Also, notably, both: && 4 ;and: @0 ™. Therefore, from Equation S8c and from the

definition of the ratio 6 T see above T it must be the case that:
Oa & z Q 6z 00D OY DO OY TQ p

Dividing both sides of this inequality by @& and, with rearrangement, yields:

6 0O OY 0O OY Equation S8e

5 L3y

and similarly: 6 00 OY 00 OY Equation S8f
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One can use the point estimates from Section 10b (below) —i.e, 0 O O oy &

00O OY T8opu — and, inserting these estimates into Equation S8e, yields:
¢ < P(M|ms),/P(M|MS), = 0.238/0.315 = 0.756
Therefore, the observations from the CCPGSMS dataset [23] translate to a minimum increase in
MS-penetrance by more than 32% between Time Period #1 and Time Period #2 i or, equivalently, to an
increase in the prevalence of MS in Canada by more than 32% between the two Time Periods.
3. And, finally, because: P(MS | E,G,M) = ¢ and: P(MS | E,G,F) = d ; during any Time Period, then:
Zm, = P(MS,E | G,M), = P(E| G,M), x P(MS | E, G, M)
or: O& 00 0D z 4
with rearrangement, this becomes:

0 00 oa jF Equation S8g

C2

and, similarly: 0 0 "01'0 oo ju Equation S8h

8b. Limits on the Value of the Parameters: P(MS | E), (c)and (d) ]
As noted earlier (see Section 2a), the observed MZ-twin concordance rate [i.e., P(MS | MZys, Er)]

may need to be converted into an adjusted rate [i.e., P(MS | 1Gys, E7)] because the observed rate may reflect,
in part, the fact that MZ-twin probands share both their intrauterine and some of their other environments with
their co-twin. If this co-twin either has, or will subsequently develop, MS then, potentially, these shared
environmental experiences may also make MS more likely in the proband. In this case, to isolate the genetic
contribution, the impact of these environmental similarities needs to be removed (see Section 2a).

By definition, an exposure-level can never be greater than its maximum value so that:
[PE| MZys), < 1]
Moreover, if any susceptible MZ-proband (G;) is known to have experienced {E;}, then both the

environmental experience of their co-twin, and the Time Period, become irrelevant such that:
P(MS|E,MZys), = P(MS|E), = P(MS | E)
Therefore: P(MS|MZys), = P(MS,E | MZys), = P(MS| E,MZys), * P(E | MZys),
or:  P(MS|MZyg), = P(MS|E) * P(E| MZyg),
so that: P(MS|E) = P(MS| MZys), Equation S8i

Thus, the value of the parameter [P(MS | E)] must be, at least, as large as thecurrently observed
MZ-twin concordance rate. And similarly:
c=PMS|E,M) = P(MS|M,MZyg), Equation S8j

and:  d=PMS|E,F) > P(MS|F,MZy;), Equation S8k
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Table S1a. Definitions for Terms used in the Mathematical Development i see also Tables 1 &2; Main Text [__]

Terms Definitions
® The population T a set consisting of O individuals i see Main Text
0 The unique genotype of the k! individual within the population & : 0 pici8hG 1 see Main Text & Section 4a
0, O Subsets of women 0 and men O within @ 7T see Main Text
oY Subset of all individuals within & who either have, or will subsequently develop, MS; or,
equivalently, all individuals who develop MS over the course of their life-time i see Main Text;
0 Subset of individuals within & who have any non-zero life-time chance of developing MS under some environmental
conditions T see Main Text & Section 1a
0 The unique genotype of the i susceptible individual within 0 : 1 pici8hic& i see Main Text
Proportion of women inthe ‘0 subseti i.e, f 0 '0 0 i see Main Text
0 Environmental conditions of some specific Time-Period i see legend; Table 3; Main Text
. Designations for parameter-values during Time Period #1 (1941-1945) and Time Period #2 (1976-1980
Subscripts (1) & (2) . 9 o P P g . . ( . ). ( )
i e.g.,0 OY represents 0 OY during Time Period #2 1 see Section 5b
0 O0Y 0 Penetrance of MS for the population ¢ during O 7 see Main Text
® O OY 010 Penetrance of MS for the ‘0 subset of the population & during 0 T see Main Text
5Oy 060 Penetrance of MS for the i individual in the "0 subsetof & during O 7 see Section la
e oou By the definition of 0 T above i it must be that, during some 0 0N 0w ™
60 a Penetrance of MS for the subset of susceptible women "0i'0 within & during O
T Also called the failure probability for susceptible women during O 7 see Sections 3a & 5b
P Penetrance of MS for the subset of susceptible men OI'0 within ¢ during O
.1 Also called the failure probability for susceptible men during O i see Sections 3a & 5b
c d Limiting values (constants) for the maximum failure probability in susceptible-men {} ; and susceptible women ® 7 je.,
: G 4 pand @0 M p i see Sections Sb-c
Theratioof: 0 OY 0d T0 OY Y ; used to adjust the MZ-twin concordance for the environments shared by
i, i MZ-twins; considered collectively i , or the comparable ratios forwomen § andmen i ;considered separately
T see Main Text & Sections 2b-c
MZz-twin Concordance (penetrance) values for members of the 01 0¢  subset, (@ , for the subsets "01°0f D@

i and for the subset '0fOG T (e
T see Main Text & Sections 4a-b & 10b

(@ iand 0NONDG T (e 1 considered separately

Teg, @ 0OY OO

fiAdjustedd MZ-twin Concordance (penetrance) values for members of the "'01 0%  subset, (& , for members of the

subsets 0h0ND® T (@ Tand 0hOIOG V(@ Tand 0ROG i @ i considered separately
0.0 .0 .0 ieg, o 0OY 0O i 00Y 00 i see Main Text & Sections 2a, 3a & 4a-b
By the definition of the adjusted MZ-twin Concordance, 0 OY 00 ® @ T seeSection?2a
s Ratios (_Jf the adju_sted Mz—n/\{in_(;oncotdance to 'the MS penetrance in susceptible women,i.e, 1 @ jd ;and
' susceptible men,ie, i & ja I see Section 4b
o Set of MS-penetrancve vglu?s for all & members of the figenetically-susceptibleo subset 0
iie, @ ® 1o 18he T see Main Text & Section 4a
Variance of the MS-penetrance values for all susceptible individuals ,, and for susceptible women, (,, , and
oo susceptible men, (,, , considered separately T see Sections 3a & 4a
0 0 Alternative designations for subsets of all 'susceptible woment i.e., 0 000 T
' and all susceptible meni i.e., 0 OI'0 7 see Sections 3a, 4a & 7h
0o 0 Alternative designations for the genotypes of the an ‘women in t'he"‘(')h"o subset i 0 ph_cﬁ8ﬁé(r‘] i and for the
' genotypesofthe [t p 1] meninthe OO0 subseti Q pich81& p 1 T seeSections 3a, 4a & 7h
. MS-Penetrance values for the d" susceptible womanin 0 : Q pici8hian ;

and for the d susceptiblemanin '0 : [Q pici8i& p 1 T see Section 3a
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Table S1b. Definitions for Terms used in the Mathematical Development i Continued [__|

Terms Definitions
0,0 Any pair of susceptible individuals, randomly-selected from 0 7 see Section 3a
0,0 MS-penetrance values, respectively, for the individuals'0 and 0 T see Section 3a

Adjusted MS-Penetrance values, respectively, for membersofthe 0 10@ and 0 1OG  subsets
O, By the definition of the adjusted MZ-twin Concordance, © OY 10 { & & and: (@ o
T see Sections 2a & 3a

Subset of susceptible individuals who share the same fisusceptibility genotypeo with the it susceptible individual
0 i.e., the genotype considering only those genetic factors related to figenetic susceptibilityo

T see Sections 7f-h

0 Subset of all fisusceptibility genotypeso within ¢ T see Sections 7f-h

Subset of susceptible individuals who share the same fiautosomal susceptibility genotypeo with the i
0 susceptible individual i i.e., the genotype considering only those autosomal genetic factors related to
figenetic susceptibilityd i see Sections 7f-h

0 Subset of all fiautosomal susceptibility genotypeso within & 1 see Sections 7f-h

Subset of susceptible individuals (possibly with different susceptibility genotypes) who are in the same fi-typeo
0 exposure-group i i.e., individuals who share the same 0 family of fisufficientd environmental-exposures

T see Sections 7f-h

0 Family of all fii-typeo exposure-groups within @& 7 see Sections 7f-h
0 Family of every set of environmental-exposures, each of which is fisufficiento, by itself, to cause MS in the ith
susceptible individual within "0 : 1 pich8h& 1 see Section la
0 Event that a randomly selected member of "0 1 the proband i experiences an environment sufficient to cause MS in
them i see Section 1la
O 0 0o Probability that the event ‘O occurs during O T see Section la
6 Variable representing the level of environmental-exposure, as measured by the odds that the event ‘0 occurs during
any O T see Section 5a
® Level of environmental-exposure during some specific O 7 i.e., when: 6 &
6 06 Unknown (and unspecified) hazard functions for susceptible meni Q ¢ 1 and for susceptible womeni © 0

T see Section 5a

Cumulative hazard functions for susceptible-men "0 & ; and susceptible-womeni O ¢
Do ,00 T Defined as the definite integrals of these unknown and unspecified hazard functions from an exposure-level of:
0 T toanexposure-level of: & & T see Section 5a

n,n Actual exposure-level change between Time Periods forwomen ; andmen 13 i see Section 5b
NN Minimum exposure-level change possible between Time Periods for women (i and men R 1 see Section 5b
- Value of the proportionality-factor (if the hazards are proportional)
iie, R0 YZQ 6 i seeMain Text & Sections 5a & 7a
y The fiapparentd value of 'Y i i.e., the value of Y for proportional hazards when: v ™ p
i see Section 7b
P Ratio of the MS:penetranfe during Time Period #1, [0 OY , to that during Time Period #2, [0 O'Y
Tie, 0 0 OY jO OY 7 seeSection8a
5 6 Analogous ratiosto 6 consideringwomen 6 andmen & separtately.

iie, 6 O OYi0 jOOYI0O O & 0 OYIO jO OO 7 see Section 8a

Environmental exposure-thresholds for developing MS in susceptible women 1  and susceptible men 13
. i see Main Text & Section 5¢

Difference in the environmental exposure-threshold between susceptible women and susceptible men
= iie, ¥ 3 3 T seeMain Text & Section 5¢
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Figure S1. Reported change [23] in the proportion of women among MS patients (y-axis) T i.e.,
[DC0 OY,0y)]7 over the time of birth-year date (x-axis) for persons born in Canada from 1931 until 1980.
Each data point in the Figure represents a sequential 5-year epoch beginning with puop  1935) and ending
with pax@ pwlrt . In the CCPGSMS dataset there were total of (29,748) identified MS-cases, of whom
(27,074) were born during this date-range and who were included in the analysis [23]. Each 5-year epoch
from pwop 1980) contained a minimum of (500) identified patients and, of the total number of patients
identified in this date-range, (19,417) were women and (7,657) were men. In addition, there were reported to
be an average of (2,400) patients identified in each of the ten 5-year epochs, for an average of (480) patients
in each birth-year [23]. {NB: It is unclear from Reference #23 why these last two numbers are not reported as
¢hixmxét and utpsty, respectively}. For purposes of the present analysis, the epoch of puxp paxu was
chosen as Time Period #1 because it was the earliest epoch with a very small confidence-interval [23]. The
epoch of pux® 1980) was chosen as Time Period #2 because it represents the most recent of the reported
Canadian epochs [23]. Nevertheless, choosing any 5-year epoch from pwop puxu as Time Period #1 still

demonstrates and increasing proportion of women between Time Period #1 and Time Period #2.
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Table S2. Epidemiological Data regarding Multiple Sclerosis in Canada circa (2000 -2015) [__|

Canadian Data for MZ Twin-Pairs” Women Men Totals
Concordant for MS 22 2 24
Discordant for MS 66 43 109
Totals 88 45 133
Proband-wise Concordance™ 0.340 0.065 0.253
Concordance Ratio (F/M) 5.231 — -
Proportion of Concordant Twins 0.917 0.083 1.000
Proportion of Discordant Twins 0.606 0.394 1.000

Population Data for Canada in 2001-2010:
Total Population = 34,108,800 individuals -- from the 2010 Canadian census [24]
P(F) = 0.504 -- from the 2010 Canadian census [24]

MS-prevalence (~2001) = (100 — 153) cases per (100,000) population -- from Reference [5]

Case Ascertainment in the CCPGSMS:

Estimated using: Twin-rate = (0.0091) twins per birth; and: MS-prevalence = 100 cases per 10° persons

-- (454) Indentified Cases / (547) Expected Cases = 83.0% -- from Reference [5]
-- Expected Number of Concordant MZ-Twins = (2 * 24)/0.83 = 57.8 -- from both above and Table
-- (37) Ascertained / (57.8) Expected = 64.0% -- from Reference [5]

Estimated from the Double Ascertainment Rate for Concordant MZ-Twins —i.e., (13) out of (24) Total

-- (13) Doubly Ascertained / (24 —5.5) = 70.3%  -- from Table, above; References [5,25]
{NB: This “double ascertainment” estimate is independent of the twin-rate and the MS-prevalence}

Summary Data for MS-Concordance among DZ-Twins and Non-twin Siblings in Canada:
P(MS | DZys) = 0.054 -- from Reference [5]

P(MS | Sus) = 0.029 -- from Reference [5]

Summary Data for the Preponderance of Women among MS Patients in Canada
P(F | MS) = 19,417/27,074 = 0.717  -- from Reference [23]
P(F | MS,MZys) = 22/24 = 0917 -- from Table, above; Reference [5]

During Time Period #1 (1941-1945): P(F | MS); = 0.685 --from Figure S1, above; Reference [23]
During Time Period #2 (1976-1980):  P(F | MS), = 0.762 -- from Figure S1, above; Reference [23]

* Data drawn from the MS-patients in the CCPGSMS database as of (~2001) — Reference [5]

** Proband-wise (or case-wise) concordance calculated according to [5,25] -- adjusted for double ascertainments (13/24 = 54%)
-- Proband-wise Concordance in men = P(MS | M,MZys)
-- Proband-wise Concordance in women = P(MS | F,MZys)
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