How room ventilation affect
influenza infection control

Yuguo Li ZEE
Built Environment and Energy Group 2 RIMNE S8R/ NA
Department of Mechanical Engineering ¥/l TF£ R
The University of Hong KongZ& /& K=
Hong Kong SAR, China ! [F| #5 #5hr A1 4 7 I [X




The idea of Sanatoriumiz X J7 75 [t (186 3-

Dr Edward L Trudeau‘
(1848-1915)

Dr Trudeau built the first Sanatorium
near Saranac Lake, NY in 1882.
Trudeautd -7 188241k 2l £ Saranacii i} it
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The Health Bulletin, North Carolina State Board of Health, October 1919
BRI RN BER@EREAL, 19194104

During the recent war
approximately 1000 men from
North Carolina were killed in
battle.
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THE WAY THE GERMANS DID IT AT CHATKAU-THIERRY

ths recont war 1000 men from Narith Carolinen were killed in]

During the epidemic last fall and
winter13,664 North Carolinians
laid down to their lives to a “spit-

borne” disease — influenzal e it ..,.,..m_.,,..m.m. ':‘
FAEKA W, BE 2 kg1 13,664 [ e e
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Our understanding of the
transmission of influenza is
woefully inadequate.

AR, AT T B A AR AR ) A RIS ZE R T !

US National Academy of Sciences Report on
Preparing for Influenza Pandemic, 2007
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The myths in 2009 HIN1 pandemic 2009 FHINL K47 146 X

Influenza infection mostly occurs in close proximity to the
Index patient. Hence it is unlikely to be airborne. Brankston
et al. Lancet (2007) it /2 /e 4L i B Y5l A 35 DBz fis ey A
A, IEIRIEA S &S 4%# . Brankston et al. Lancet
(2007)

*There are some evidences for airborne transmission of
Influenza infection. Hence airborne precaution such as N95
masks need to be used. Tellier, EID, 2006 and NAS (2009)
PATTA —LCi B 73 AR TR B RS, DR KUY 1 55
WAL TR R G i, B ZA NI H 5 . Tellier,
EID, 2006 and NAS (2009)
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Ventilation refers to supply of outdoor or
“properly filtered” air in a building and
distribute within it.

AL 54 BRI e %
PIRNIF AR -

Bedroom \ Bathroom
RINE= Wok=

« Ventilation flow ratesifi X &

e Airflow directioniii 2/ /7 1 \_/

« Air distribution="< 7> 111 E-J?
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Airborne infection* < fL#% 1% ¢ - the passage of micro-organisms from a
source to a person through aerosols, resulting in infection with consequent
disease. i EW NI S AL RIN, T BN YA NI

Droplet infection ¥i£14%: occurs via large droplets (>5 ¢ m diameter), which
propelled a distance of less than 1 m and are deposited on the nasal or oral
mucosa of the new host or in their immediate environment. These large
droplets do not remain suspended in the air; therefore, special ventilation is
not required. i w5l I B AL RR IR 2 A B K BB (EARADNT5RUK) i, %
VBTG T B AR e MO AN BERE T, B, AN R
GBI = §iil

Modified from Brankston et al., Lancet Infect Dis 2007:7:257-65

\\

Droplet-borne route Airborne route

ot *

The sneezing photo, courtesy of Dr Julian Tang Af7mimEf 55/, hDr Julian Tang A%{t66



An epidemic occurs when new cases of a certain disease, in a given human

population, and during a given period, substantially exceed what is
"expected," based on recent experience, e.g. 2003 SARS epidemic.

Ml L2y, 2 AR e I TRIBUA, SO H BT 093 1) 0 HLHC e Jre i ot
LTI, XIS RO R AT . Bl 2003 47 S

A pandemic is an epidemic of infectious disease that spreads through human

populations across a continent, or even worldwide, e.g. 2009 HIN1

pandemic.

R ARG G P AL FRTE FEE B — AN KU, LA R At S B A N e . il
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Infected Susceptible Infected Susceptible
A 55

Direct (spray) droplet
B CRK) Bl

Indirect contact
E(Sy=E, =03 0
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Infected Susceptible Infected Susceptible

Dust-borne Airborne
DB TR IR FR
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Direct spray

IERE- N/
Infe;gjeLd Ventilation Susceptible
A S Decay i) Airflow Vs 5
Wb N\ R
~[Airborne | Inhalar
| Pathogen [ diation
| aatEge | "

|- | Resuspension
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Surfaces
R

Surface movement  Decay
K 5) /DB AET
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Modified from Atkinson and Wein, Bulletin of Mathematical Biology, 2008, 70t 820867






Let’s explore what happens to

respiratory droplets in detail??
L FRATTER I WO P H s B PR AR L 7 2




Exhalation puffs/jets — breathing, coughing, sneezing or even singing
AR I B B — W, R, i L A R i
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Droplets — the beauty and the Beast
N — % 5 LA

Droplet stain-mark on Teflon surfaces

I SRR 52 2 T ) YRR 775 P )
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The peak size of exhalation droplets are 50-70 um!
WP L Y3 ) B KR ST 250 — 708K
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Xie et al, Journal of the Royal Society Interface, to appear

Morawska et al., 2009, Chao et al., 2009, Xie et al (not published)
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Large droplet and droplet nuclel

RN AN VB A%

Droplet diameter (um)
0 25 50 75 100 125 150 175 200

0 ~%TTT T 77177

0
o 151 .
£ Time to evapo
2 1 completely
25 |
3 1

O_

v/ Time to reach floor

Adapteddii Hfrom Wells, Am J Hyg 1934;20:611-618

Xie et al, Indoor Air 2007:17:211-225
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(Tp = 33°C, Too = 20 ° C, RH = 50%, U, = 10 m/s, d, = 0.04 m, Re =24,640).

Xie et al, Indoor Air 2007;17:211-225 18 0760



Important studies/events related to airborne infection and ventilation.
T AL AT B P38 XL FE B SR A

Year Description

1840 Jacob Henle (1840) suggested “Miasmatic diseases...develop
epidemically...where a large number of people are crowded together with a
diminished circulation of air.”.

1854 John Snow showed London cholera outbreak was caused by something in
sewage-contaminated water, not by miasma as shown by William Farr.

Dr. John Snow

1861 Pasteur showed there are microorganisms in air as S-shaped flask kept microbes
out but let air. (1813-1858)
1884 JS Billings (1884) recommended 60 cfm ventilation rate per person to

minimize the disease spread, and 30 cfm for comfort.

1897 C Flugge (1897) showed that droplets from the nose and mouth contained
bacteria, but did not travel more than 2 m.

1910 Charles V Chapin (1910) argued that “most diseases are not likely to be dust-
borne, and they are spray-borne only for two or three feet, a phenomenon
which, after all, resembles contact infection more than it does aerial infection as
ordinarily understood”. “In reviewing the subject of air infection it becomes
evident that our knowledge is still far too scanty, and that the available
evidence is far from conclusive...It is impossible, as I know from experience,
to teach people to avoid contact infection while they are firmly convinced that
the air is the chief vehicle of infection...”

Lieutenant Colonel
John Shaw Billings
(1838-1913)
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1934 William F Wells (1934) introduced the concept of droplet nuclei. First peak of
studies on airborne infection in 1940s and 1950s.

1942 William F Wells et al (1942) showed UVGI prevented measles spread in
schools.

1955 William F Wells (1955) introduced the quanta concept, and the Wells-Riley
model, and the commonly-used form was first presented in Riley et al (1978).

1962 Riley et al. (1962) demonstrated that tuberculosis is airborne by infecting
guinea pigs exposed to exhaust air from a human tuberculosis ward.

1976 Legionnaires' disease first identified among people attending a convention of
the American Legion in Philadelphia in 1976, but from person to person.

1986 Renewed interest in airborne TB due to the first increase of TB cases in 1986
since 1953 (annual decrease of 5% until 1985) (CDC, 1989).

2004 Yu et al (2004) demonstrated the SARS outbreak in a high-rise estate was
airborne.

2009 Munster et al (2009) showed that transmission via aerosol or respiratory

droplets was equally efficient for the swine-origin 2009 A (HIN1) influenza.

Carl Fltigge
(1847-1923)

i ik

Charles Value Chapin
(1856 -1941)
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Infected Susceptible
O SRR

Exposure to exhalation puffs/jets by either direct spray or short range airborne
PP 2 R - EL R CIRAE R 2 1 R i S A 4R
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Evidences for droplet infection K &AL 15 [F)iF 3 2

Infection occurs in close proximity to the index patient in

outbreaks. & e e i, g &A= 48 B 11T B 2 fget oy A e
—e.g. Place animals such as ferrets into the same cage — how the
short range airborne infection is ruled outlt &1 25 5345 sh ) iAE )4

o B — BRER A AL B R
*A logical problem with this “evidence” ix A~ A2 4 i) 1

Correct — Droplet spray infection occurs in close proximity to the

Index patient.

TEAf — QAR 2 KA AR T B B R ke Y 451 I

Wrong - Infection occurring in close proximity is always via droplet
spray infection.

e — G R A AR I PR B Rl Y ) BN I IR AR R
*There have been no any direct evidence of large-droplet infection.
Droplet infection is a much lower probability event than airborne
infection %A HERUESEUEV R sEl o IR R . CIRMEFR I Al Ae Ik Eb s =A%
BT fet /MEZ£ . (Atkinson and Wein, 2008)
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Droplet precaution — the roles of surgical masks
VTR A% 4% B TR 4 it — SR

Infected Susceptible
Infected Susceptible C kg Dy PR
LR Ge ORI i

Respirator Mask
BRI E e o 60



Settles G and Tang J. Journal of the Royal Society Interface, Oct, 2009
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Settles G and Tang J. Journal of the Royal Society Interface, Oct, 2009
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Droplet or short range airborne Infection
RIRAL AR B3 PE B S S A3 2

Short range airborne infection has been incorrectly

lumped into droplet infection since Wells (1934) )\ wells ¢
1934) JHifi, UTEE B AL R IRIN S IR R R

The two mechanisms are different.ix & A As a1 4y #k fi

Control methods of droplet and short range airborne

Infection routes are different. L% fir i g 2= S AL iy
PR N1

Droplet precaution does not work for preventing airborne
INFECTION. WA A3 FD7 45 it 7 30 S 4 S A% 3 e e I 2 TE ALY
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Close contact (inc

Spray-borne)
WAL IR AR

Chapin, 1910

Droplet-borne
IRALTR

Flugge, 1897

Water-borne
TKALHE

Snow, 1854

Miasma-borne
e AL

Henle 1840

1910 Q

1897 O

1854 O

1840 O

Droplet

transmission cannot

be controlled by

ventilation
R IEE ) Gk AR
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Direct contact [ $:%fil

eIndirect contact|: F {22 2% ik

«Droplet spray-borne KL+

sAirborne &%
shortf fF %< 1.5 m
long < 25 >1.5 m

ContactZ i

Direct contact 15 1 F il
Indirect contact|: 4%

Large droplet Kk
Airborne=* S £ 1%

Mangili and Gendreau,
Lancet, 365:2005, 989-996

2009 ()

2005 ()

1955 ()

1934 C)

General ventilation for

long range airborne
R R T KB B AR A

Personalized ventilation
for both short and long

range airborne???
AN A 308 RS FE T s R B 3 2
42 2

Airborne epidemics are
absent from an ecological
population provided with
adequate air hygiene.

Wells, 1955
FINEHRAE R 21 DA ZR, 54
AL G851t 2> T Ok
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0.2-0.4m/s

Body convective flows and exhalation puffs/jets create

a body microenvironment
S [l P AN I S v A B T 5 A TR PP A A 55
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The so-called cloud baby and cloud adult may be relevant?
BT VB /55 28" M 55 NPV 5 AR ?

Eichenwald et al. Am J Dis Child.
1960;100:161-73 showed that some
babies caused explosive S. aureus
outbreaks in nurseries. They are literally
surrounded by clouds of bacteria, so

they were called cloud babies .
Eichenwald et al. Am J Dis Child. 1960;100:161-
73R — L84y ) L5 ST LT P <8 3 160 3 % BR 1A )
BRR o MATTR AN TR S5 R B, BT DARR Ay 55 28

Sherertz et al Ann Intern Med. 1996:;
124:539-47) showed cloud adults occur
In certain nasal carriers of S. aureus -

cloud adults.
Sherertz et al Ann Intern Med. 1996; 124:539-47)
RIS N e 4541 4 o 8 R PR
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7.00 \'\ 15m
( RN | a5 ."*. v
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Distance (m)
Inhaled tracer gas concentration of the receiving manikin as a function of
distance from the exhaled manikin=z fi AR s i A i 5 0 AR i 2
[iESER
Compiled with data from Nielsen et al., ASHRAE Trans., vol. 114 (2), 2008

Liu et al, not published
fFENielsen et al., ASHRAE Trans., vol. 114 (2), 2008 ¥ 4 31 of 60
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Airborne transmission does not
mean that everywhere In the
room Is infectiously risky.

AR SRR A B

A R R

1

] — N ML T




The body microenvironment and expiratory jet/puff

iInteracts with the room air distribution system
SRR BN RAE % N 2 S B R G52 i 1 A AR H
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Airflow pattern in the isolation room is not unidirectional, but mixed!
fblﬁ%%, S G AL, TEREH .

of 60
Qian et al., Building and Environment 2008;43:34&%%4



Ventilation controlii X2

e Control intakef= il A I'1: Personalized ventilation for
controlling body microenvironment > A XU Sk 5

PRI S

o Control airflows¥ < 77 Overall air flow direction ja =
J7 7]

o Use “sufficient” ventilation rates to remove efficiently fine
droplet nuclei, not large droplets F & 1% 1)1 X & 7 2
o /NBORAZ, AN Z R KIR !
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A typical CDC recommended design in a multi-bed ward — A full-scale test room at HKU
— A SR ) S ] ] 9508 TS5 AT i P O HEE ) 22 IRAE 47 7 — s Ko 4 RO IR
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Particles Droplets

WURLY) KK 10“m

Particle Birth Time

Qian Hua, PhD Thesis, 2007



Partticle Bith Time

. Partticle Bith Time
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Video produced by Prof Qian Hua

1 micron particles
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Particle Bith T
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Need to work with doctors and nurses
Ay +E51F

Prototype in the test room
I a) v ) Ji 28 40 "of 60




Grantham Hospital -A TB hospital that

has been naturally ventilated since 1950s
Grantham & Bt — 201t 2050440 F 46 K- HH AR XU -— 22 3607 il 25 4% 11 125 Bt

Spot cooling
JRI s K

Ceiling fans

I H,
TR Open windows for 24 hrs a day

and 365 days a year
BT

.«—"““‘g
dlA \

_\_.

'W""'




WHO publication/guidelines

Natural ventilation for infection control In
health care settings

Geneva Final 30/06/09
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WHO 2009 NatVent Guideline — key ideas

THF AR ZH 21 20094F H 2830 K45 5 | — Bt J AR

 For natural ventilation, a minimum hourly averaged ventilation rate of
160 L/s/patient for airborne precaution rooms (with a minimum of 80
L/s/patient). X} T HARIE M, 4 T TP TAARAL LN, P8R/ M BN X
SR APIL60L/S, AR I 2 fie /)Nl X AN FE /N T-80LISEBEM A

160 I/s

80 I/s

 When natural ventilation alone cannot satisfy the requirements,
mechanically assisted natural ventilation system should be used. > [ 71l X
TCIR AL EORIN 5 B AME HTA LA XK ) B 2R 38 X

Overall airflow should bring the air from the agent sources to areas
where there is sufficient dilution, and preferably to the outdoors.

AU Z AT PURE 2 SIS 7 21 ] DU H 8 0 MR I 7, Il o2 =4k
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Are there any evidences on
associating between
ventilation and airborne

infection i A Ul 46 71~ 10 X

R = 6 e Y Fz@m%ﬂv

Two systematic studiespii~ 74 ik 2gid iy
IndiVent - Li et al. Indoor Air 2007 of 43 relevant studies
WHOVent - Li et al. WHO 2008 of 53 studies



v

7% @‘:

- A *L.\

5 minutes later

5ot )a... _ ) n .
We cannot even get consensus in photo taking



Even more difficult in the WHO meeting, but enjoying EWHO& I FEZFInAME, HRZEZXARE Hf 60




Ventilation rate and infection
A XA I
8 good quality studies on ventilation rate.
8L G T3 A i (AR e PR I
The diseases were TB (2 studies), pneumococcal disease (1),

SARS (1), influenza (1), influenza for mice or ferrets (2); and febrile
acute respiratory disease (1).

gk (2>, WFREKEE (L, SARS (1), W& (L, RAMBhRE (2)
, AR R (D)

Lack of ventilation or low ventilation rates are shown to be
associated with an increase of infection rates or disease outbreak
for airborne transmission.

Tt 97 2 BB /D 3 XURITE X B /N 55 25 SAL A8 AL G B 1 R R &R

High ventilation rates could lead to decrease of infection rates.

R 0 DR 2 PR A IR G Feg XU

But the minimum ventilation flow rate is unknown.

(L2 P AT A 48 1) s /NI X TS PR AR A o o 60
o)



Airflow direction and infection
LT ) FI K G

12 studies provide good gquality of evidence on the association for an

association of airflow direction with spread of certain infectious

diseases.

12 T5U0IT 93 0 P 7 S T A 8 P AR 2 T oS &, A8 T AR L ARSI

The diseases are TB (3 studies), TB for guinea pigs (2), measles (1)

, smallpox (1), chickenpox (2), SARS (2) , and coxsackievirus (1),
Influenza for guinea pigs (1) and ferrets (1))

XL, gz (3) , KR4 (2, e (L, KRie (L,
KIG (1) , SARS (2) , MgEdEae (1) PLAIKERAIEL e (2)

The airflow can “transport” infection.

SO AT LA B g XU

The rate of infection (attack) was often found to reduce as the
distance from the source increases.

YRS SIS N & S a5
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Example 1 - An old study—/MRE A PRI 525

11 experiments — 2 infected and 2 susceptible ferrets each, 13 transmission
114525, FHSMNE2R CREREKI2E 552 Bge M, La13 Rk

i EE
§ A LTS .
i N
i N
/ i N
5 5 ft
oYororerd
P v B - Infected
/ e

Ventilation rate of the room not provided, affected by wind = i XU AT 25 L, 52 XU 20

Drawn based on Andrews and Glover, Bri J Exp Pathology,1941



3 experiments — 2 infected and 2 susceptible each, 4 transmission
BM L, 114, BHDMA2R CRREK2RE 52 G Rh, a4k
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A
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R _ g FRD ° 5
| ; | - | Recipient
: : ! Infected e esuicts Y
| (7)) '
. E eTES)
é § 1;';;)/@) g Recipient
S ! S v
N~ ! o !
- ; ﬁ i : .
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i N~ '
| A 4 |
T g ﬁ Infected
/Lm Infected SEED
S

Modified from Andrews and Glover, Bri J Exp Pathology,1941
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Example 2: The Amoy Gardens :> L o\ gg -
SARS outbreak o 1%, 34
B YKL SARSHER: Wind I :
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Li et al, Indoor Air 2005;15:96-111 Reentrant space p|5tg ggi
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Spread from Block E to other blocks in the Amoy Gardens Outbreak
1 TLPISARSIRUS S - T ERS FE IR - A5

Li et al. Pop Dyn and Infect Dis in Asia 2006:305-327 (left) 55 "of 66
Yu et al. NEJM 2004;350:1731-39 (right)



Ventilation and airborne infectioniifl JXUF1 45 A% 3§ 1 YL i

« We knowdk ([ JH1IA:
— Ventilation matters for “long range” airborne infection for some
diseasesili X5 H: 50 4L Y IR oE 3 = UL A R R
— Ventilation may become an effective public health intervention
method il Xt 1F25 il A 3 R 4R 23 AR B v
— There is a need for multi-disciplinary approach i 2 2 2= 8} 2 [n] 1]
RIS
« We do not knowf& A J AN %11

— The minimum ventilation flow rate for infection control{% fil| 4% 4% 1]

H /)N AU
— Relative importance of transmission routes [ri] 1% 4% id: ¢ (1 A %
L

— Effective control methods for short-range airborne route /| £ il
AL R A R T B
— Multi-disciplinary effort is difficult= 2% FH5 11 4 A A 1)



Change of research interests/activities since 1840

interests/activities
SRV 2%

Miasma-borne

i AL

Henle 1840

Droplet-borne
VR A 4k

OO

1840 1854

Snow, 1854

Flugge, 1897

O=0

1897 1910

Water-borne
TKAL ¥

Chapin, 1910

H 18404 LLRA 5T P4 N 211 AR

Close contact (inc
spray-borne)
HYU R (RS IR
4D

Large droplet

Airborne
Rk =S A 1/

2009 H1N1
Pandemic

2003 SARS

O—0O=—=0

1934 1962

2003

SARS may be airborne
SARSHFRZ L4k

TB is

Airborne
il 45 %




Change of research interests/activities since 1840 [ 18404 LA 57 24/ P 75 1) 24 A%

Old problem, new challenge!
interests/activities EACPEE %ﬁ Pk !

. 2009 HIN1
MR N 2 Pandemic

2003 SARS

Miasma-borne

m% Droplet-borne
VR AT
Flugge, 1897

OO O=0

O=—0=—=0

1840 1854 1897 1910 1934 1962 1986 2003
Snow, 19 Large droplet SARSH S
Water-borne Airborne
TKAL # Chapin, 1910 KMk S A4
TB is

Close contact (inc Airborne

spray-borne) ISy P i

w) e CEFE RIARERD e
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Thanks to my collaborators and students, and to Technical University of
Denmark for my two months visit this summer where this talk was
prepared. i S DL TR AT, RN B P e SRR, A
20095 RV [a) PF AR KA A IR ], g T IX BT
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