Appendix

This Appendix provides a detailed formulation of the modhalttgenerated the results reported
in the main text. The within-household model is describegllinand a key component to embed this
household model into the the broader epidemiological motidisease spread describedih2 of
the main text is formulated if2. The global infection rate is estimated§& and infection control

measures are assesseg4n

1 TheW:ithin-Household M odel

This section describes the mathematical model of diseasadpvithin a household that contains a
single infected person and— 1 susceptibles. The viral dynamics are modeledliri, the dose is
calculated ir§1.2 and the dose-response model is formulatéd iB. For more information about this

model see [1].

1.1 TheViral Dynamics

The infected person becomes infectious at time 0, develpppt®ms at timel,, and stops being
infectious at timel’;. This subsection develops an ordinary differential equrathodel for the time
period[0, T;]. We assume the house consists of three compartments: itihg djuarters (indexed by
j = 1), the infected’s bedroomy (= 2), and a susceptible’s bedroom £ 3). We do not explicitly
model multiple susceptible bedrooms, and hence ignoretial amount of virus that could leak out
of the living quarters and into these other bedrooms. Theréhaee state variables: the concentration
of virus of diameter in the air at timef in each of the three compartments; (z, ¢) for j = 1, 2, 3).
There are several differences in the model between theypngtsmatic phasé, 7] and the
symptomatic phasél,, 7;]. The infected person stays in his bedroom throughout thegtymatic

period and one of the susceptibles, referred to as the waregpends some time in the infected’s



bedroom to provide care; during the symptomatic periodpthern — 2 non-caregiving susceptibles
never go into the infected’s bedroom. In addition, as desdrin§3 of [1], some of the parameters
take on different values in the pre-symptomatic and symptanperiods to reflect increased social
distancing.

We use the indicator functions;(¢) to describe the presence or absence of peigon= 1
for infected,i = 2 for non-caregiving susceptible,= 3 for caregiver) in compartment During
the pre-symptomatic period, each person spekgsours each day in the living quarters followed
by A, hours in his bedroom, and is out of the house Zér— A; — A, hours. We assume that
these times are perfectly synchronized, so that each fameiypber is in his bedroom, in the living
quarters, or out of the house during the same hours. The a@uiging symptomatics follow this
same schedule throughout the symptomatic period, and tkegiear does also, except for spending
Az hours providing care in the infected’s bedroom in lieu ofrgeout of the house. The indicator
functions (where time is in hours ang andr, specify the beginning of the living quarters time and

the caregiving time, respectively - note also that= 24 hr and that:t = max{x,0}) are



; + mi i + P Ty 4.
L) = 1 for te.[(24z—|—7'1) ymin{ (24 + 7 + Aq)*, Tp}) for i=—1,..., 55 — 1; (A1)
0 otherwise,
(1) = { 1 for t € min{(24i + 7 + A1)", Tp}, min{(24i + 71 + Ay + A) T, T, }) Ut € [Tp, Ty] for i = —1,..., % -1
0 otherwise,
(A.2)
; + mi ; + i T q.
D (t) = 1 fort E.[(24Z+T1) ymin{(24i + 7 + Aq) 1, T7}) for 4 Lo..,sx—1 (A3)
0 otherwise,
1 for t € [(24i + )", min{(24i + 7 + Ay) ", T7}) for i =—1,..., % -1
Is1(t) =< 0 if Isa(t) =1 (A.4)
0 otherwise,
. . . . . T .
Dos(t) _{ (1) fot;t 6.[m1n{(24z + 71+ AT, Tr,min{ (240 + 71 + Ay + Ag) T, Ty}) for i =—1,..., 58 — 1;
otherwise,
(A.5)
1 for t € min{(24i + 71 + A1) ", T7}, min{(24i + 7 + Ay + Ap) T, T4} for i=—1,..., 2 —1;
I33(t) = 0 if Igg(t) =1
0 otherwise,

(A.6)

—_

for t € [24i 4 713,247 4+ 13 + Ag) for izla---a%—l'

I3 (t) = ’ AT
22(t) {O otherwise, (A7)

and3(t) = Ix(t) = 0fort € [0,77]. In the base case, we assume that bedroom doors are closed
when the bedroom is occupied and open when the bedroom isujied.

Let A(¢) be the rate of viral shedding at time= [0, 77]. We assume that the viral shedding rate
grows exponentially at rate starting from the level\, during the pre-symptomatic phase and then

drops exponentially at rate during the symptomatic phase, so that

A(t) = (A.8)

{ Age”* for te0,1,];
Age?Tr=T0) for t € [T, Ty).
Equation (A.8) is consistent with the observation that hv@t@dedding is maximal at the time when
symptoms appear, and decreases exponentially there2ft8}. [To capture the interperson hetero-
geneity in viral shedding, we lét, be a log-normal random variable with probability densitrdtion

h(\), where the natural logarithm of the iniital shedding rats heeanm, (i.e., the median initial
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shedding rate ig”*) and standard deviatian, (i.e., the dispersion is’>).

Compartmeny has air volumé/; and ventilation (i.e., outdoor air supply) rafg. In addition,
Q;; is the air flow rate from compartmento compartmeng, whereQ,; = (32 = 0. We assume that
particles smaller thad, in diameter immediately evaporate in the air and becomeletropclei with
diameter half their original size, and all particles witlamlieter larger that. instantaneously settle
on a surface; the actual times until evaporation for-sdjbparticles and settling times for supet.
particles are orders-of-magnitude smaller tig4, 5]. The diameter of a particle is the aerodynamic
diameter and when we refer to a particle of diametdris the pre-evaporation size (and thus its size
in the air as a droplet nuclei would be of diamefgr Let p(x) be the probability density function
(pdf) of particle sizes (i.e., diameters) emitted by theatéd (before evaporation), which represents a
weighted average of particle sizes emitted during coughinthsneezing. Because the amount of virus
in a particle is roughly proportional to the particle’s vola [6], we definef (x) = % which
is the pdf for the proportion of shed virus that is in partictd each size. Let, be the penetration
factor of the infected’s respirator (i.e., the fraction apelled virus that escapes the respirator and
gets into the air), wherg, = 1 if the infected person does not wear a respirator. The ded¢hof
virus in the air isu,. By Stokes Law, we assume that airborne virus of diameteeposits on the
surfaces at rate proportional to the diameter squared [[figiwwe denote by:z?. We also assume
that at each point in time and independent of particle siZegdion p, of the shed virus ends up on
surfaces due to protective measures on the part of the @uf€etg., the virus lands on tissues for a
sneeze, or hands for a cough).

The above description implies that ferc [0, d.], the state equations are

Ci(w, t) = prf (@) (1 = ps)AE) 11 (2) n Q21 Cs(x,t) + Q3,C3(, 1)

Vi Vi
(@it Q‘f + Q13 o + mxz] C(x,1), (A.9)
1

~ pef(@)(1 = p) A1) 12(2) n Q1201 (2, t) [QQ + Qa

: 2
Cy(z,t) = v, A 7 + pa + kx| Co(x,t), (A.10)
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_ QusCi(z,t) Qs+ Es

(.t
Ca(a, 1) Vs Vs

+ po + K2? | Cs(z,1). (A.12)

Equations (A.9)-(A.11) can be solved numerically {6¥;(x,¢), ¢ > 0} for j = 1,2,3 andz € [0, d_].

1.2 TheDose

Aerosol transmission occurs because a susceptible indedpget nuclei that contain virus. In this
subsection, we compute the dose received by a susceptiteenis of the solutio’;(z, t) to (A.9)-
(A.11). The relationship between this dose and the lik@dof infection is described ifl.3.

Let b be the breathing rate and; be the penetration factor (the virus concentration in the ai
outside of the respirator divided by the virus concentraibthe air inside of the respirator) for a
susceptible in compartmerit wherep,; = 1 if no respirator is being worn. Then the total dose

inhaled of sizer by a non-caregiving susceptible= 2) and the caregivefi = 3) is

T 3
DZ(.T) = b/o Zpa]C](x, t)[lj(t) dt. (A12)

1.3 The Dose-Response Relationship

In this subsection, we derive the probability that a susblpgets infected in terms of the dosk(z)
in equation (A.12). Human influenza virus preferentiallyds too2-6-linked sialic acids on receptors
of ciliated columnar epithelial cells, leading to viral hiegtion in the respiratory epithelium [8, 9].
Let g(z) be the fraction of inhaled virus of size that is deposited on the respiratory epithelium
(Figure 3 of [1] illustratesy(x)). Then the total dose deposited on the respiratory epitimefor
non-caregiving susceptibles<£ 2) and the caregiver (= 3) is
de
D, = Di(x)g(zx) dx. (A.13)

0

We use the Poisson model to compute the likelihood of indectivhich is standard in the liter-

ature and which has been shown to model influenza infectidrotrer airborne infections reasonably



well [4, 10]. Let ID5, denote the median infectious dose for inhaled virus depdgit the respiratory
epithelium and define the constant= %. We denote the infection probability &5;, where capital
I stands for infection and lowercasélistinguishes between the non-caregiving susceptibite 2)
and the caregiveri (= 3). If we write the dose in (A.13) as a function of the initiafal shedding
rate Ay, which has pdfi()), then the probability that a non-caregiving susceptible- 2) and the
caregiver { = 3) become infected, assuming probabilistic independentwedas the various modes
of infection, is

Pi=1- / e~ P R(N) d. (A.14)
0

2 Calculation of the Total Number of Household I nfections

In this section we will derive the expression B{C], introduced ir§2.2.1 of the main text, fon = 4
because that is the value used in this study. We can no loegeride susceptibles as either caregiver
or noncaregiver, for we need to take into account situatwinsre the caregiver becomes ill and a
noncaregiver must take over the role as caregiver and ca@dlfeick individuals in the house. We
assume that the original caregiver remains caregiver @sdsine remains healthy, regardless of how
many other susceptibles become sick. However, the noriears@re no longer indistinguishable;
each is given a rank based on when they will become the camregiv noncaregiver becomes the
caregiver only if the original caregiver, as well as all athencaregivers with higher rank, become
sick. In this section, to avoid confusion, we will refer teetmembers of the house as person 1
(initial infected), person 2 (initial caregiver), persofi@itial noncaregiver, first alternate caregiver),
and person 4 (initial noncaregiver, second alternate camgg In order to computé[C] we need to
compute the infection probabilities for person 2, persoan®, person 4.

We first analyze person 2, who is infected in the first wave ptitibability P;5. With probability
(1 — Pp3), person 2 is not directly infected in the first wave, and theme 3 remaining scenarios

where person 2 can be infected indirectly. If both person®@erson 4 get sick in the first wave
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(with probability P2,), then person 2 now cares for all three sick people, howegezam only be
infected in the second wave by person 3 or person 4. Assumamgrhission from each infected
is independent, the total probability of person 2 gettingk $n the second wave in this scenario is
(1 — P3)P4(1 — (1 — Pp3)?) . In the next scenario, person 3 gets sick in the first wave érggn 4
does not (with probability1 — Pj,)Pr2). There are two subcases where person 2 can now get sick.
Person 3 can infect person 2 in the second wave (with prababil;), or person 4 can infect him in
the third wave after person 3 infects person 4 in the secomg ahich implies person 3 does not
infect person 2 in the second wave). The total probabiliat fferson 2 gets sick in the second wave
in this scenario ig1 — Pr3)(1 — Pr2) P2 Pr3, Wwhereas the total probability that person 2 gets sick in
the third wave in this scenario {8 — P;3)(1 — Pr2) Pro(1 — Pr3) P2 Prs. The final scenario is person

4 gets sick in the first wave but person 3 does not, howeveistkiguivalent to the last scenario. Thus

the total probability person 2 (the original caregiver)sggtk is

P.=Pry+ (1 — Pr3)Ppy (1 — (1 = P3)*) +2(1 = P3)(1 = Pa)Prs~ Pr

1st wave 2nd wave 1st wave 2nd wave
+2(1 = Pr3)(1 = Pro)Pry (1 — Pr3) Py Pry . (A.15)
1st wave ond wave 3rd wave

The derivation for person 3 is similar. If both person 2 antspe 4 get sick in the first wave, then
person 3 becomes the caregiver. If person 4 gets sick in Stenfave but person 2 does not, then
person 3 remains a noncaregiver in the second wave (but ntayrigea caregiver in the third wave).
Finally if person 2 gets sick in the first wave and person 4 duss then person 3 becomes the

caregiver. Thus the total probability person 3 (originahcaregiver, first alternate caregiver) gets



sick is

Poe1=Prp+(1- PIZ)PIZPI?;El —(1- P13)22+£1 — Pp)(1— PIS)PI% 52/
1st wave 2nd wave 1st wave 2nd wave

+ (1= Pr)(1 — Pr3)Pra (1 — Pra)Prs Prs +(1— Pra)(1 — Pra)Prs P

1st wave 2nd wave 3rd wave 1st wave 2nd wave
+ (1 = Pra)(1 — Ppa)Prs (1 — P3)Pra - Prs . (A.16)
1st wave 2nd wave 3rd wave

Finally, person 4 becomes the caregiver only when both pe2smd person 3 are sick. Using similar
calculations, the total probability that person 4 (origimancaregiver, second alternate caregiver) gets
sick is

Peo =P+ (1 — P12)P12P13£1 —(1- P13)22+£1 — Pp)(1— PI3)PI% Pry
1st wave 2nd wave 1st wave 2nd wave

+ (1= Pr)(1 = Pr3)Pra (1 — Pra)Prs Prs +(1— Pra)(1— Pra)Prs Pro

1st wave 2nd wave 3rd wave 1st wave 2nd wave
+ (1= Pp)(1 = Ppp)Pr3 (1 — Pro) P Prs, . (A.17)
1st wave 2nd wave 3rd wave

Putting these values together, we have
E[C] = ]-+Pc+Pnc,1+Pnc,27 (A18)

which allows us to compute the threshold parameter in egudfi) of the main text. While it is
certainly possible to extend these computations for a gémerthe number of possible scenarios
grows exponentially and there is no obvious way to write teegal probabilities in a compact form.
We also look at a situation where a susceptible shares a ratimthe infected §4.1). To embed
this in the global model we assume that person 3 (originatareyiver, first alternate caregiver)

shares the room. We also assume that the room is shared amyg dloe first wave (e.g., if person
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4 gets sick in the first wave, then person 3 does not then shra@awith person 4). Making these
slight adjustments, and definirg,;, to be the probability the susceptible sharing the room isadly
infected by the initial infectedX;, and P;; are the same as in the other situations), we have the

following probabilities for the roomsharing scenario:

P.=Pri+ (1 - PIS)PIQPIsE(l —(1- P13)22+£1 — Prs)(1— PIZ)PISZ Prs
1st wave 2nd wave 1st wave 2nd wave

+ (1= Pr3)(1 — Pr2)Prsp (1 — Pr3)Prs P35 + (1 — Pr3)(1 — Prsp)Pra Prs

1st wave 2nd wave 3rd wave 1st wave 2nd wave
+ (1= Pr3)(1 = Pran)Pra (1 — Pr3) P Prs, . (A.19)
1st wave ond wave 3rd wave

Phe1 =Prop+ (1 — PIsh)P12P13£1 —(1- P13)22+£1 — Prop)(1 — PIS)PI% 52/
1st wave 2nd wave 1st wave 2nd wave

+ (1= Pran)(1 = Pr3)Pro (1 = Pro)Prs Prs + (1 — Prop)(1 — Pr2)Prs Prs

1st wave 2nd wave 3rd wave 1st wave 2nd wave
+$1 — Prop)(1 - P12)P1§$1 - Pls)Plg Pz . (A.20)
1st wave 2nd wave 3rd wave

Pheo=Prp+ (1 - PIZ)PIshP13£1 —(1- P13)22+£1 — Pp)(1— Pls)PIs@ Pry
first wave 2nd wave 1st wave 2nd wave

+ (1= Pr2)(1 — Pr3)Prsp (1 — Pro)Prs P +(1— Pra)(1 — Prsp)Prs Pro
NCEZEN NG

1st wave 2nd wave 3rd wave 1st wave 2nd wave
+$1 — Pr)(1 - Plsh)P@Q - Plz)Plg Pz . (A.21)
1st wave 2nd wave 3rd wave



3 Estimating the Global I nfection Rate A\

The values of all of the parameters except for the globatiida rate)\; were estimated in [1], and for
convenience are listed in Table A.1. In this section, wenestie \;. The basic reproductive number
R, for the 1918 influenza has been estimated tezliz— 3, which incorporates both social distancing
(e.g., limited school and public gatherings, and crude maxdten worn in public, sometimes by
decree [28, 29]) and partial immunity from the first wave ddedise in the spring of 1918 [30]; if
the pandemic hit during the first wave and there was no pdpualanmunity, then the reproductive
number would bex 2.9 — 3.9. More recently, the generation time was estimated to be&y6 chther
thana 4 days, which revises the pandemic influenza value downwaft) te 1.8 [14]. BecauseRr,
and R, have different interpretations R, is the basic reproductive ratio of within-house infectious
clumps, i.e., infected people within a house arising froningle infected household member [31]
— we estimate the global infection ratg;, so that equation (4) in the main text is satisfied with
replaced by the fraction of the population that gets infécte

Although our main goal is to estimate; for pandemic influenza, we also estimate it for in-
terpandemic influenza. Typicalvalues are 0.15-0.25 for interpandemic influenza [32] addf@r.
pandemic influenza (Fig. S17 in [14]). For interpandemiai@fiza, we let the residence times in the
bedroom and living quarters ke, = 4 hr andA, = 8 hr, respectively. The probability of infection
in our model varies with the time of day that the household lmen® gather in the living quarters
(r1) and the time of day that the caregiver initiates carg, (@and we choose the base-case values
71 = 13 hrandr; = 11 hr (Fig. 5a in [1]), which achieve typical infection probhies; e.g., we can
think of the infection beginning at 5 am, people mixing in ivég quarters during 6-10 pm, and the
caregiver providing care during 4-5 pm. In [1], we constrie secondary attack rate (SAR) within
the household, which is the weighted average infection gisidity of susceptible household mem-
bers,%, to be% for interpandemic influenza (which agrees with [33]). Thilgs the infection

probabilities for the non-caregiving susceptibles andctiregiver to be?;, = .109 and P;3 = .282.
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Inserting these values fdf;; and P;; into the analysis ig2 gives E[C] (and henceZ[S]). Solving
equation (4) in the main text with = 0.2 yields \¢ = 5.63 x 10~*/hr and, by equation (1) in the
main text,R, = 1.15. These values are very similar to thoge. (= 1.13, z = 0.18) derived in [34],
which uses the households epidemic model and interpandefiienza data from [31].

We assume less time outside the home in the pandemic se28@9, 35] and lef\; = 8
hr andA, = 12 hr. We again let;, = 13 hr andr; = 11 hr, which also achieve typical infection
probabilities for the pandemic case. Running our modéflinvith the pandemic parameters yields
P, = 0.176 and P;3 = 0.296. Solving Solving equation (4) in the main text with= 0.4 yields
Ae¢ = 5.93 x 1073/hr and R, = 1.38 for pandemic influenza. Becau$g and R, have different
interpretations, we expect the, derived here to be less than tiig = 1.8 value derived in [30].
Indeed,R, — 1 =~ rT, ~ 0.8, wherer ~ 0.3 is the two-week average gradient in the excess mortality
curves and; ~ 2.6 days is the mean generation time [14]. In our model, the rbte@net growth
rate Ry — 1 is played by(R. — 1) E[C] = 0.73, and so our parameter values are not inconsistent with
the gradients of the excess mortality curves in [30, 14].

We conclude this section by comparing the interpandemicpamtlemic values of two other
measures. First is the secondary attack rate, Whi%h‘dﬂi interpandemic influenza and 0.216 in the
pandemic case. The second measure is the fraction of trasiems that occur outside of the home,
or —, which is 0.586 for interpandemic influenza and 0.516 fordeamic influenza, both of which

E[C]”

are lower than thé estimate in the interpandemic literature [14].

4 Results

In §4.1 we use the model to assess various infection controlumesand irg4.2 we include larger
particles in the analysis and determine how the effectisgmé several of the control measures will

change under this scenario.
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4.1 Infection Control Measures

We analyze six control measures in this section: respsabamidifiers, ventilation, social distancing,
workplace interventions, and surgical masks. We also aseesmpact of opening doors and sharing
a bedroom.

Respirators An estimate of the average penetration factor (i.e., thetion of virus that passes
through the respirator) for a N95 filtering-facepiece resfpr is 0.1 [36, 37], where nearly all of
the inefficiency occurs due to face-seal leakage. We congigieetration values of 0.1, 0.3, and
0.8, the latter two values incorporate suboptimal fit andrmittent use [28, 29]. The penetration
values of 0.3 and 0.8 correspond to a 0.1 penetration fadtenvthe respirator is worn due to face-
seal leakage as well as accounting for individuals only wgathe respirators approximately 75%
(penetration value of 0.3) or 25% (penetration value of @B)he time they are suppose to wear
the respirators. If an individual only wears the respirat6% of the time, the average penetration
factor will be0.1 x 0.75 4+ 1 x 0.25 = .325, and rounding down yields a penetration factor of 0.3. A
similar calculation yields a 0.8 penetration factor whem téspirator is worn only 25% of the time.
We look at five possiblities: (i) respirators are only wornthg caregiver in the infected’s bedroom
during the symptomatic period; (ii) respirators are wornallysusceptibles during the symptomatic
period; (iii) respirators are worn by the caregiver whensproviding care during the symptomatic
period and by everyone (including the infected) when thaygcegate in the living quarters during
the pre-symptomatic period; (iv) respirators are worn srgone during the pre-symptomatic period
and by all susceptibles during the symptomatic period; ahdgme as (iv) except the infected also
wears a respirator with penetration factor 0.5 during thempmatic period (in the 0.8 penetration
factor scenario, the penetration factor of the infecteepirator is also 0.8). We do not change the
protection factop, because the infected may still attempt to protect his coagkssneezes with his
hand or a tissue. The results appear in Table | of the mairatexiTables A.2 and A.3 for penetration

factors 0.3, 0.1, and 0.8, respectively.
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Humidifiers We assume that a humidifier increaggsdrom 0.36/hr to 6.0/hr, which is the loss rate
when the relative humidity is 65% [21]. We consider five pbgisies for humidifier use: (i) in
the infected’s bedroom during the symptomatic period;iiijhe living quarters during the symp-
tomatic period; (iii) in the entire house during the sympatimperiod; (iv) in the infected’s bedroom
during the symptomatic period and in the living quarters mvpeople congregate there during the
pre-symptomatic period; and (v) in the entire house durrggdntire infectious period. The results
appear in Table A.4.

Ventilation A portable indoor air cleaner with a fan operated at a flowe &t404 ni/hr, which

is representative of commercial air cleaners, can achievairaexchange rate of 3.0/hr in a closed
room the size of our infected’s bedroom [38]. The outdoosaply rates range from 0.3 to 2.9 air
exchanges per hour in various office buildings, with higredugs associated with schools [39]. One
wide open window in a house can increase the air exchangeyatpproximately 1/hr even without
fans [40]. We change the ventilation rates in our model to\metimes the room volume in locations
where additional ventilation is attempted, e.g., by usexgsfand wide open windows. We consider
the same five possibilities as for the humidifiers. The resapipear in Table A.5.

Bedroom doorsThe air flow rate between two rooms has been measured to bé/B0ifrthe door

is open and 1.0 Adhr if the door is closed [18]. In the base case, bedroom da@slosed when
occupied and open when unoccupied. We continue to keep draditoors open when unoccupied and
explore four other possibilities for opening bedroom doenen occupied: (i) all bedroom doors are
open during the pre-symptomatic period; (ii) all bedroormmaare open during the pre-symptomatic
period and susceptible bedroom doors are also open durengytmptomatic period; (iii) and all
bedroom doors are open during the pre-symptomatic periddtaninfected’s bedroom door is also
open during the symptomatic period; and (iv) all bedroomrd@we open throughout the infectious
period. The results appear in Table A.6.

Shared bedroomHere, we consider the possibility that the infected and rxcaregiving suscep-
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tible share the same bedroom. We consider four differemasaes: (i) they share during the pre-
symptomatic period with their bedroom door open when ocaip(ii) they share during the pre-
symptomatic period with their bedroom door closed when pdj (iii) they share during the entire
period with their bedroom door open when occupied; and ligy share during the entire period with
their bedroom door closed when occupied. The other sustegtbedroom doors are as in the base
case: closed when occupied and open when unoccupied. Bynitkescenarios (i) and (ii) above, the
infected’s bedroom door is closed throughout the symptmpatiod, as in the base case. The results
appear in Table A.7. See sectigid for how the value oF[C] changes in this scenario.

Social distancing Social distancing within the house is achieved in our mdyesimultaneously
reducing the amount of time household members spend tagattiee living quarters and increasing
the time they spend alone in their bedrooms with the dooredoEig. 4 in the main text presents the
values ofR*, SAR, and the proportion of susceptibles that get infectea fainction of the number of
hours per day spent together in the living quarters.

Interventions in the workplacéA careful analysis of interventions in the workplace wordduire a
generalization of the households model to the overlappiogms model [41], in which the population
is partitioned into households and workplaces. Becausdat imore difficult to obtain explicit results
for the latter model [41], we obtain a rough assessment okplace interventions by reducing the
global infection rate\ in the households model (Fig. A.1). We assume that out-okbdransmis-
sions are evenly divided between the community and the iackd14]. Recall that each household
member spends 4 hr out of the house during the 24-hr pre-syngtic period. Let us redistribute
these 16 hr so that 1 of the 4 household members is the workerspnds 8 hr at work and the
other 3 members each sper@ih} in the community. We conservatively assume that no ietaions
are used in the community. We further assume that the pagemeduction in the workplace infec-
tion rate from the respirators-humidifiers-ventilatiomdmnation is equal to the percentage reduction

from the combination intervention in the pre-symptoma#d:3n the home, the rationale being that
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people spend 8 hr/day in the living quarters during the 2grbrsymptomatic period and this is also
how long the infected worker spends with his fellow workeusidg the pre-symptomatic period. To
aid in the construction of Fig. A.1, we compute the pre-syonmtic SAR in the home (assuming all
household members spend 8 hr together in the living quantersus the proportion of households
complying to the respirators-humidifiers-ventilation dmmation (Fig. A.2).

To review how Fig. A.1 is constructed, we derive the globdédtion rate \; that corre-
sponds to 70% of the workplaces complying to the respiraiarsidifiers-ventilation combination.
By Fig. A.2, the pre-symptomatic SAR in the home is reducemmfr0.176 to 0.089 if there is
70% compliance in the home. The base-case global infectimis \; = 5.93 x 1073/hr (Ta-
ble A.1). Hence, because the reduction only impacts halhefglobal infections (the half trans-
mitted in the workplace), the global infection rate thatresponds to 70% workplace compliance is
0.5(5.93 x 1073) + 05(%) (5.93 x 1073) = 4.46 x 10~3/hr, which agrees with the two horizontal
axes in Fig. A.1.

Surgical masksFig. 2 of [42] shows the penetration factor of the filter n@edi 8 surgical masks, as
a function of particle diameter. These eight curves natugabup into three types: Three of these
curves (the top 3 in the figure) are very similar and are gfedwminated by the other five, in that they
have higher penetration factors at all diameters. Threeratirves are very similar and have higher
penetration factors than the other two curves (which aréairo each other) at diametets 2 ym
and lower penetration factors at diameter® pm. We compute how much protection these latter
two sets of curves offer assuming there is no face-seal ¢gafad the masks are worn throughout the
infectious period. We refer to the two curves with lowestgtestion factors at diametets2 um as
the “lower” curves and refer to the three non-dominated esias the “middle” curves. We now view
the penetration factor as a function of particle diametesnd refer to it ap,(z). We fit the lower

curves to the function
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0.06127%692 for  x < 3.0 pum;
pa(z) =< 0.939273%  for z € [3.0,4.0) um; (A.22)
0.013 for x > 4.0 pm.

and the middle curves to the function

0.4 for x < 0.4 pm;

0.158z 1 for x €[0.4,1.1) pm;
o(z) = ’ ’ A.23
Pal®) =\ 0182029 for 2 e [11,4.0) pm: (A.23)

0.006 for x > 4.0 pm,
The appropriate measure of protection is the ratio of theuarnof virus (over the course of

the infectious period) that is deposited in the respiragpighelium with the mask on divided by the
amount of virus that is deposited in the respiratory epitimelith the mask off. This quantity differs
for the caregiveri = 3) and the non-caregiving susceptiblés={ 2) because they are exposed to
different doses. By equations (A.12) and (A.13) and notirag the particles shrink to half their size
while airborne, these ratios are given by
Jo Wy " 3251 pa(§)Cy(a, )1 (1)dilg (x) d
S by 325 Gy, I (0)dt) g () d

For the lower curves defined by equation (A.22), the ratiogunation (A.24) is 0.0167 for the care-

(A.24)

giver and 0.0166 for the non-caregivers, and for the middiges in equation (A.23), we get 0.0095
for the caregiver and 0.0093 for the non-caregivers.

Because the 1918 and 1957 influenza strains and the curréit ktBain all bind to receptors
on the respiratory epithelium and the alveoli, we re-astespenetration factor for the surgical mask
filters by adding the alveoli deposition function §¢x) (Fig. 3 of [1]). For the lower curves, the
penetration factor is now 0.0179 and 0.0177 for the careginel non-caregivers; for the middle

curves, the factor is 0.0111 for the caregiver and 0.010&#®non-caregivers.
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4.2 LargeParticle Transmission

In our analysis we assume that aerosol transmission ocalysaith particles that are smaller than
d. = 20 um in diameter. We assume that particte20 pxm immediately shrink to half of the original
diameter [5] and become droplet nuclei, and that particleX) ym immediately settle on surfaces.
In a companion paper [1] we analyze aerosol transmissicargét particles only during an expiatory
event (such as a cough or sneeze) directly in front of a stibtep face. Because particles20 ym
can stay airborne for several minutes, in this subsectiorepweat some of the analysis assuming that
larger particles can also contribute to aerosol transomissif larger particles are a part of aerosol
transmission than that would strengthen the finding in [&} #erosol transmission is the dominant
route of transmission.

The removal rate (per minute) of a particle of diametiom gravitational settling |§%+01766)
[5], whereH is the height of room; we séi = 2.44m (8 ft). For particles of sizé0 yum (the maxi-
mum diameter in the air in our model after they have shrunlatbthe original diameter) this removal
rate is 0.075/min, and for particles of size xm the rate is 1.85/min. Thus after 5 minutes nearly
70% of the particles of sizé0 xm will still be airborne, but essentially all of the partislef size
50 um will have settled on surfaces. Thus we get= 100 um (which corresponds to0 pm in the
air after evaporation and shrinking to half the originalndéter) as the upper bound for the diameter
of airborne particles in this analysis.

To perform this analysis we first have to recompute severalega The initial median viral
shedding rate2.88 x 107 TCIDs,/day (Table A.1), was estimated under the assumptiondhat
20 pm [1]. Assuming thatl. is now 100 xm yields an estimate of the initial median viral shedding
rate of 5.79 x 10° TCIDs,/day (see§3.5 in [1] for details on this estimation procedure). In the
interpandemic case the infection probability is 0.281 far ¢taregiver and 0.110 for a non-caregiving
susceptible. For the pandemic case the values increas&®d and 0.295 respectively. As §8 we

solve equation (4) in the main text with= 0.4 to determine\o = 5.93 x 10~3/hr. The value of
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R, = \¢T; E[C] in this scenario is the same as it was in the case wiere20 um (R, = 1.38).

Table A.8 illustrates how effective the three primary inrtions (N95 respirators, humidifiers,
and ventilation) are when we include these larger particléise analysis. We only look at the situa-
tion where humidifiers and ventilation are implemented alitving quarters when people congregate
there during the pre-symptomatic period and in the infésteddroom during the symptomatic pe-
riod. Everyone wears a respirator in the living quartersripthe pre-symptomatic period, and during
the symptomatic period only the caregiver wears a respivatide tending to the infected. We only
analyze these scenarios because as Table | of the main teXahtes A.2-A.5 illustrate, most of the
potential benefits from the interventions are realizedtiese implementations.

The relevant comparisons between rows 2, 3, and 4 of Tabla.Bw 4 of Table | in the main
text, row 5 of Table A.4, and row 5 of Table A.5, respectivéliire respirators are as effective in this
scenario as they are fdr = 20 um because the penetration factor is independent of thec|gesize.
The humidifiers and ventilation are less effective when wauide particles with diameter greater
than20 um. The reason for this is that the larger particles play aromamt role in the the spreading
of influenza because there is a much greater quantity of windarger particles. The removal rate of
the virus on the larger patrticles is dominated by settlihg £tz term in equations (A.9)-(A.11)) and

thus the ventilation and humidity terms in the removal ratendt have as much of an impact.
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Figure Legends

Fig. A.1. The impact of a reduction in the global infection rate. We assume that out-of-house
transmissions are evenly divided between the communitgfg/ho interventions are used) and the
workplace [14], and that the percentage reduction in thekplace infection rate from the combi-
nation intervention is equal to the percentage reductiomfthe combination intervention in the
pre-symptomatic SAR (Fig. A.2) in the home (people spend/8ayrin the living quarters in the
24-hr pre-symptomatic period, which corresponds to thesgreptomatic period falling on a typical
work day). We consider no interventions in the home (—) anth @mpliance of the respirators-
humidifiers-ventilation intervention in the home (- - -). @hght vertical axis is color-coded with the
two curves.

Fig. A.2. Pre-symptomatic secondary attack rate (SAR) vs. the ptigmoof households complying

to the respirators-humidifiers-ventilation combination.
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Parameter Description Value References
Tr Total infectious period 120 hr [11,12]

T, Pre-symptomatic infectious period 24 hr [13, 14]

A1, Ao, Az | Time Durations 8,12,1 hr §3.1in[1]
T, T3 Time Schedules 13,11 hr §3.4,83.5in [1]
v Pre-symptomatic viral shedding parameter 4.94/day [12]

w Symptomatic viral shedding parameter 1.70/day [12]

e Median initial viral shedding rate 2.88 x 10”7 TCIDso/day | [5, 12, 15, 16]
eo> Dispersal of initial viral shedding rate 40 [3, 10, 17]
Vi, Vo, Vs Volume 228.3,32.6,32.6 M §3.1in[1]
Q1,Q2,Q3 | Ventilation rate 228.3,32.6,32.6 dihr | [7]

Q13, Q31 Internal air flow rate (door open) 60, 60 n¥/hr [18]

Q12, Q21 Pre-symptomatic internal air flow rate (door open) | 60, 60 n¥/hr [18]

Q12, Q21 Symptomatic internal air flow rate (door closed) 1,1 md/hr [18]

de Critical diameter for droplet nuclei 20 um [5]

p(x) pdf of pre-evaporation particle diameter equation (22) in [1] [5, 19, 20]
Dr Respirator penetration factor for infected 1.0 §3.1in[1]
L Death rate of virus in air 0.36/hr [21]

K Deposition parameter 0.18/hrum? [22, 23]

Ds Pre-symptomatic fraction of virus to protective surfaced.75 §3.1in[1]
Ds Symptomatic fraction of virus to protective surfaces | 0.5 §3.1in[1]

b Breathing rate 20 m’/day [24]
DalsPa2,Pa3 | RESPirator penetration factor for susceptibles 1.0,1.0,1.0 §3.1in[1]
g(x) Deposition fraction to respiratory epithelium Fig. 3 of [1] [25, 26]
1D5o ID5g in respiratory epithelium 0.671 TCIDyg [27]

a In 2/IDs 1.033 TCID

n Household size 4 §3.1in[1]
g Global infection rate 5.93 x 10~3/hr 63

Table A.1 Base-case parameters values From [1]. The spbsdri2 and 3 represent the three com-

partments in our model. Tildes represent values duringythgsomatic period.
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Respirators

Who When P | Py | R | =
no one never 0.176] 0.296| 1.38| 0.400
caregiver symptomatic period 0.176| 0.197| 1.24| 0.285
all susceptibles symptomatic period 0.175| 0.197| 1.24| 0.284
caregiver when providing care
everyone in pre-symptomatic living quarters0.024| 0.121| 0.85| —
all but symptomatic infected infectious period 0.019| 0.120| 0.84| —
everyone infectious period 0.019| 0.090| 0.81| —

Table A.2 Efficacy of N95 respirators with penetration faddal. In Tables A.2-A.8P,, Pr3, R*
andz are the infection probability for a non-caregiving susdapt the infection probability for the
caregiver, the threshold parameter for an epidemic, angrthgortion of susceptibles who get infected

if there is an epidemic (which can only occuriif > 1).

Respirators
Who When P | Py | R | =

no one never 0.176| 0.296| 1.38| 0.400
caregiver symptomatic period 0.176| 0.281| 1.36| 0.384
all susceptibles symptomatic period 0.176| 0.281| 1.36| 0.384
caregiver when providing care

everyone in pre-symptomatic living quartens0.149| 0.273| 1.29| 0.328
all but symptomatic infected infectious period 0.148] 0.273| 1.29| 0.328
everyone infectious period 0.148| 0.258| 1.26| 0.309

Table A.3 Efficacy of N95 respirators with penetration fa€@.
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Humidifiers

Where When P | Py | R | =
nowhere never 0.176| 0.296| 1.38| 0.400
infected bedroom symptomatic period 0.176| 0.279| 1.35]| 0.382
living quarters symptomatic period 0.176| 0.296| 1.38| 0.400
entire house symptomatic period 0.176| 0.279| 1.35| 0.382

infected bedroom symptomatic period
living quarters in pre-symptomatic living quarters0.161| 0.275| 1.32| 0.352
entire house infectious period 0.161| 0.275| 1.32| 0.352

Table A.4 Efficacy of humidifiers (65% humidity).

Ventilation
Where When P | Py | R | =

nowhere never 0.176| 0.296| 1.38| 0.400
infected bedroom symptomatic period 0.176| 0.283| 1.36| 0.386
living quarters symptomatic period 0.176| 0.296| 1.38| 0.400
entire house symptomatic period 0.176| 0.283| 1.36| 0.386
infected bedroom symptomatic period

living quarters in pre-symptomatic living quarters0.165| 0.280| 1.33| 0.364
entire house infectious period 0.165| 0.279| 1.33| 0.364

Table A.5 Efficacy of ventilation (5 outside air exchangestpg.

Open Bedroom Doors When Occupied

Which When Pp | Ps | R | =
none never 0.176] 0.296| 1.38| 0.400
all pre-symptomatic period 0.177| 0.296| 1.38 | 0.402
all pre-symptomatic period

susceptibles symptomatic period 0.177| 0.296| 1.38| 0.403
all pre-symptomatic period

infected symptomatic period 0.192| 0.294| 1.41| 0.424
all infectious period 0.198| 0.297| 1.43| 0.435

Table A.6 Impact of status of bedroom doors when occupiedi(ai rate = 1 ni/hr if closed and 60

m?3/hr if open). Bedroom doors are open when unoccupied.
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Status of Shared Bedroom

Door When Occupied When Shared Prsn | Pro Pr3 R, z
— never — 0.176| 0.296| 1.38| 0.400
open pre-symptomatic periogd 0.348| 0.176| 0.296| 1.54| 0.501
closed pre-symptomatic periogd 0.356| 0.176| 0.296| 1.54| 0.505
open infectious period 0.552| 0.191| 0.294| 1.74 | 0.604
closed infectious period 0.561| 0.176| 0.296| 1.73| 0.601

Table A.7 Impact of the infected and a non-caregiving susigiepsharing a bedroomp,, is the

probability of infection for the susceptible who sharesitifected’s bedroom.

Interventions

| P2 | P | R | 2 |

base case (no interventions) 0.177| 0.295| 1.38| 0.400
N95 respirators (0.3 penetration factor) | 0.063| 0.188| 1.00| —
humidifiers 0.173| 0.290| 1.36| 0.389
ventilation 0.174| 0.291| 1.37| 0.391
N95 respirators, humidifiers, and ventilatip®.060| 0.182| 0.98| —

Table A.8 Results assuming that partickesl00 ym in diameter contribute to aerosol transmission.

All interventions are implemented in the living quartersitpeople congregate there during the

pre-symptomatic period and in the infected’s bedroom dyite symptomatic period
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