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NPPV – Independent Risk Factor for Nosocomial Outbreak

Figure: The summary of the major risk factors associated with the nosocomial outbreak in medical 
ward environments (Yu 2007).

Source: Yu, Ignatius T. Xie, Zhan Hong; Tsoi, Kelvin K. et al. (2007). “Why Did Outbreaks of Severe Acute Respiratory Syndrome Occur in Some Hospital Wards but Not in Others?”, 
Clinical Infectious Diseases. 44 (8), pp. 1017-1025.
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Nosocomial Infection (hospital-acquired)

“Even with the current stringent design and practice 
guidelines, nosocomial (hospital-acquired) infection 
of healthcare workers (HCWs) and inpatients 
continues to occur. What might be the limitations in 
current isolation ward designs?”

Source: https://medstudentinmoz.wordpress.com/page/2/
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Nosocomial Infection (hospital-acquired)

Source: Tsang, K.W. et al. “A Cluster of Cases of Severe Acute Respiratory Syndrome in Hong Kong.” New England Journal of 
Medicine 348, no. 20 (May 15, 2003): 1977–85.
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Nosocomial Infection (hospital-acquired)

Source: ASHRAE Position Document on Airborne Infectious Diseases (2017)
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Jet nebulizer (negative pressure isolation ward)

(Hui DS, Chow Benny, et al. Chest 2009;135:648-54)
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Main Topics for Today

1. Verify the ventilation performance based on the detailed 
indoor airflow environment of existing isolation wards for 
both renovation and new construction hospitals;

2. Examine the distinctive patient exhaled airflow patterns, 
from different oxygen delivery interventions for patient 
with different lung breathing conditions and oxygen flow 
rate settings, as modeled by a human patient simulator 
(HPS);

3. Investigate the dynamic airflow interaction between 
patient exhaled air plumes as induced by common clinical 
oxygen administration and the indoor airflow environment 
of an AII room.



Copyright by Dr. Benny Chow



Ventilation Design for Health Care Facilities

Guidelines for Healthcare 
Engineering Systems of 
Private Hospitals

Department of Health Hong Kong SAR, 
China December 2018
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Ventilation Design for Health Care Facilities

Guidelines for Healthcare Engineering Systems of Private Hospitals (2018) Department of Health Hong 
Kong SAR, China December 2018

1. Airborne Infection 
Isolation (AII) Rooms 
(Isolation Ward),

2. Protective Environment 
(PE) Rooms,

3. Operating Theatres (OT)
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Guidelines for Healthcare Engineering Systems of Private Hospitals (2018) Department of Health Hong 
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Ventilation Design for Health Care Facilities

Guidelines for Healthcare Engineering Systems of 
Private Hospitals (2018) Department of Health 
Hong Kong SAR, China December 2018

Airborne Infection Isolation
Negative Pressure -2.5Pa
Differential Air Pressure Monitor
Exhaust air grilles location

Protective Environment
Positive Pressure +2.5Pa
Differential Air Pressure Monitor
Supply Air Diffusers Location
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Ventilation Design for Health Care Facilities

Source: ASHRAE Madison Chapter (Don MacDonald, Phoenix Controls)

Airborne Infection Isolation
Negative Pressure -2.5Pa
Differential Air Pressure Monitor
Exhaust air grilles location
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Ventilation Design for Health Care Facilities

Source: ASHRAE Madison Chapter (Don MacDonald, Phoenix Controls)

Protective Environment
Positive Pressure +2.5Pa
Differential Air Pressure Monitor
Supply Air Diffusers Location
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Ventilation Design for Health Care Facilities

ASHRAE Standard 170-2017

(Supersedes ASHRAE Standard 170-
2013) Includes ANSI/ASHRAE/ASHE 
addenda listed in Appendix C
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Ventilation Design for Health Care Facilities
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Isolation System in a Hospital

Figure: Three levels of isolation precautions controls as stipulated at WHO.

Level 1  - 

  

Administrative Control 

Such as proper triage of patients, detecting infections early and, 

separating infectious patients from others (WHO 2007; CDC 

2007); Adequate staff training and patients education; Effective 

communication with all relevant departments. 

Level 2  -

   

Environmental and Engineering Controls 

Include cleaning of the environment, spatial separation, 

ventilation of spaces 

Level 3 -

  

Personal Protection 

Have personal protective equipment (PPE), including, masks, 

respirators, gowns, gloves, eye protection, etc. 
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Negative Pressure Isolation Ward

Figure: Downward ventilation system provides negative pressure to isolation room B 
of PWH. (Source : Benny Chow)
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Negative Pressure Isolation Ward

Figure: Downward ventilation system provides negative pressure to isolation room B 
of PWH.
Source: Benny Chow
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Main Design Principles for an Isolation Room

1. The AII room should be at least 2.5 Pa (0.01-inch water gauge) Negative 

Pressure with respect to adjacent spaces, between patient rooms and the 

double door anteroom to prevent air leaking outward;

2. The Dilution Ventilation Rate should be at least 6 ACH for existing 

facilities and 12 ACH for new facilities;

3. The AII room can be constructed with or without an anteroom.  An 

anteroom can act as an airlock space and is recommended to store personal 

protective equipment (PPE);

4. Outdoor fresh air intakes shall be located at not less than 7.6 m 

horizontally from aII exhaust outlets. The exhaust shall be discharged 

above roof level. Avoid direct exhaust towards operable windows, walkways, 

public areas, and parking areas;
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Main Design Principles for an Isolation Room

Figure: Sectional view of the 
conceptual of airflow diagram of 
AII room with anteroom (CDC 
2003)

 [engineering features] 
Airborne Infection 

Isolation room (AII) 

Operating 

Theatres (OT) 

Protective 

Environment (PE) 

Air pressure Negative Positive Positive 

Pressure differentials in 

relation to the adjacent 

areas 

 > -2.5 Pascal (i.e. 0.01 

inch water gauge) 

Positive > +2.5 to +8 Pascal 

Room air changes per 

hour (ACH) 

Minimum 6 ACH (for 

existing facilities);  

> 12 ACH (for renovation 

or new construction) 

> 15 ACH > 12 ACH 

Sealed Yes Yes Yes 

Filtration efficiency of 

supply air 

As per local hospital 

policy 

> 90% HEPA filter at 99.97% 

at 0.3µm 

Filtration efficiency of 

exhaust air 

Not required if direct 

exhaust air to the outside; 

or HEPA filter at 99.97% 

at 0.3 μm for re-circulated 

air 

Not required if exhaust 

air to outside; or HEPA 

filters should be 

installed for re-

circulated air 

Not required 

Recirculation No, unless HEPA filters 

are installed 

Yes Yes 

Clean to dirty airflow All towards patient and 

exhausted 

For supply across 

patient and exhausted 

From supply across 

patient and exhausted 

 

Figure: The summary of the 
engineering control specification 
for AII room, operating theatres 
and protective environment 
issued by the Center for Health 
Protection (CDC 2003; WHO 2009; 
CHP 2007)
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Isolation Room A at PMH

Figure: Isolation Room A at PMH showing a spacious single bed patient room with an anteroom as 
airlock between corridor and patient room.
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Clinical Settings & Human-centred Design
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Isolation Room A at PMH

Figure: Fully glazed air-tight, auto-swing door (left) and the ultraviolet germicidal irradiation (UVGI) 
lamp mounted on the top of patient bed (right) for isolation room A at PMH.
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Clinical Settings & Human-centred Design
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Isolation Room A at PMH

Figure: Spacious single bed patient room of isolation room A at PMH, with air supply diffusers 
mounted on the ceiling at the end of the patient bed and floor level exhaust underneath the head 
of the patient bed. 



Dr. Benny CHOW
(ASHRAE-HKC/Med.CUHK)

Isolation Room B at PMH

Figure: The more congested isolation room B at PWH, with air supply diffusers mounted on the 
ceiling at the foot of the patient bed and floor level exhausts underneath the head of the patient 
bed.  
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Common Oxygen Therapies

Figure: The illustrations of the common oxygen masks and its laser flow visualization in a negative 
pressure isolation room.
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Common Oxygen Therapies

Figure: The illustrations of the common oxygen masks and its laser flow visualization in a negative 
pressure isolation room.
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Common Oxygen Therapies

Figure: The illustrations of the common oxygen masks and its laser flow visualization in a negative 
pressure isolation room.
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Airflow Visualization – Laser Imaging System

Figure: Set-up of Spectra Physic OEM 532nm DPSS of the Laser Imaging System (LIS).
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Airflow Visualization – Laser Imaging System

Figure: Powerful laser beam and light sheet was generated from Nd:YAG DPSS laser 
system passing through an optical system developed for this study.
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Image Capture and Frame Extraction

Figure: Calibrating the low-powered LIS with the dimension grid mounted on the 
median sagittal plane of the mannequin.
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Experiments on Jet Nebulizer

Figure: A jet nebulizer was attached to a HPS with a LST laser light sheet in the 
transverse plane.
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Experiments on Jet Nebulizer

Figure: Photograph showing aerosol dispersion and patient exhaled air plume of jet nebulizer.
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Image Capture and Frame Extraction

Figure: Mask fitting to seal the air leakage and aliging the laser light sheet to the centerline of the 
mask side vents.
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Deliberated Air Leakage of ResMed Ultra Mirage Full Face Mask
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Human Patient Simulator – Support Physiological Functions

Figure: HPS system includes a mannequin, a control console and a lab rack (METI 2009).
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Human Patient Simulator – Support Physiological Functions

Figure: The HPS lab rack is equipped with sophisticated mechanical lung bellows and precise mass 
flow controllers to simulate the human airway and oxygen compliance physiology (METI 2009).
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Human Patient Simulator – Support Physiological Functions

Figure: HPS mannequin with realistic airway including oropharynx, nasopharynx and larynx for 
simulating human respiratory physiology.
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Human Patient Simulator – Support Physiological Functions

Figure: HPS system console can dynamically control the airway parameters, including variation of 
tidal volume, respiratory rate and oxygen consumption (METI 2009).
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Human Patient Simulator – Support Physiological Functions

Figure: Three different lung settings of the HPS applied in this study.

Control Parameters 
Normal Lung 

Condition 

Mild  

Lung Injury 

Severe 

Lung Injury 

Oxygen consumption (ml/min) 200 300 500 

Lung compliance (ml/cmH2O) 70 35 10 

Respiratory rate (breaths/min)* 12 25 40 

Tidal volume (ml)* 700 300 150 

*  The respiratory rate and tidal volume were adjusted by the HPS program to 

achieve the target oxygen consumption and lung compliance. 
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Human Patient Simulator – Support Physiological Functions

Figure: On-site equipment setup of the HPS, including HPS lab rack and HPS control console with 
supporting accessories.
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Human Patient Simulator – Support Physiological Functions

Figure: A mini device developed for the study to synchronize the mechanical movement of the HPS 
bellows with the laser imaging system (LIS).
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Quantitative Flow Visualization Analysis

Figure: Background intensity image with ambient lighting switched off for stray background light 
subtraction.
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Quantitative Flow Visualization Analysis

Figure: Grey scale camera frames captured for light intensity analysis routine to generate 
normalized particle concentration contours.
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Quantitative Flow Visualization Analysis

Figure: MathCAD routines developed for the calculation of ensemble-averaged intensity and 
normalized particle concentration contours.
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Quantitative Flow Visualization Analysis

Figure: Normalized concentration contour after the background light subtration and intensity 
averaging routine.
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Negative Pressure Isolation Ward

Figure: Isolation room A at PMH (left) and isolation room B of PWH (right) used in experiments.
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Summary of the Configurations of the Isolation Rooms

Figure: Summary of the patient ward configurations, geometries and physical settings for the 
experiments.

Settings Room A Room B 

Dimension (W x L x H)  4.1 x 5.1 x 2.6m 2.7 x 4.2 x 2.4 m 

Pressure -7 Pa -5 Pa 

Air changes per hour 16 12 

Number of beds 1 1 

Ambient temperature (C) 21.4 degree 23.4 degree 

Relative humidity 62% 65% 

Double exhaust fans No No 
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Ventilation Performance of Isolation Room A

Figure: Room interior of the single patient bed isolation room for on-site measurement.
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Ventilation Performance of Isolation Room A

Figure: Unoccupied isolation floor at PMH for the smoke particle experiment.
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Ventilation Performance – Air Changes per Hour

Figure: The whole 7th floor of Infectious Disease Center at PMH holds large scale mechanical 
plants for supporting the air change and negative pressure requirements of AII rooms.
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Figure: Ventilation performance of the isolation room A at PMH in daily averaged ACH.

Ventilation Performance – Air Changes per Hour
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Ventilation Performance – Negative Pressure Control

Figure: Front door panel for monitoring the negative pressure in the room.
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Ventilation Performance – Auto-Swing Door Closed

Figure: Laser light sheet parallel to the floor revealed the smoke particle movement between the 
anteroom and the patient room (viewing from patient room towards anteroom).
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Figure: Laser flow visualization showing air enters in from the anteroom (right) to the 
patient room (left) from the door gap at the auto-swing door, (above) visual image 
(below) false color map of normalized smoke particle concentration.

Ventilation Performance – Auto-Swing Door Closed
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(Isolation Ward) (Anteroom)

(designated airflow direction)(-ve Pressure)

Airflow Direction Control (view from patient ward to anteroom)
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Ventilation Performance – Auto-Swing Door is being Opened

Figure: Laser flow visualization showing air enters in from the anteroom (right) to the 
patient room (left) from the door gap at the auto-swing door, (above) visual image 
(below) false color map of normalized smoke particle concentration.
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Airflow Direction Control (view from anteroom to patient ward)
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Experimental Setup – Effects of Different Room Settings

Figure: HPS sitting on a 45 degree inclined hospital bed with nasal cannula.
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Experimental Setup – Effects of Different Room Settings

Figure: Experimental set-up, light sheet in sagittal plane at room B.



Room A:
- Smaller room
- 12 ACH
- Turbulent flow 

ventilation system

Room B
- Larger room
- 16 ACH
- Downward laminar 

flow ventilation



Comparisons of floor vs ceiling vs mixed floor/ceiling level exhaust 

in a simulated isolation room in removal of exhaled air during 

aerosol-generating procedures

Rationale: Air exhaust is installed at the floor level in conventional negative pressure isolation rooms on the 
assumption that this would remove respiratory droplets effectively but the idea has not been proven objectively. We 
compared the exhaled air dispersion distances and directions during application of a jet nebulizer filled with water 
and driven by 6L/min of air on a high fidelity human patient simulator (HPS) in a simulated isolation room (6.0 x 6.7 x 
2.6m (LWH)) with 12 ACH and the air exhaust located at a) ceiling level, b) floor level and c) both ceiling & floor levels.



Methods: The HPS was positioned at 45 and programmed to mimic different severity of lung injury. Airflow was 
marked with intrapulmonary smoke for visualization. A leakage jet plume was revealed by a laser light-sheet and 
images captured by high definition video. 
Normalized exhaled air concentration in the plume was estimated from the light scattered by the smoke particles. 
Significant exposure was arbitrarily defined as where there was  20% of normalized smoke concentration. 



Application of a jet nebulizer to the HPS  - Air exhaust located and operated at floor level 
led to longer exhaled air distance towards the floor but less spatial contamination at the 
breathing zone than ceiling level exhaust or a combination of ceiling and floor exhausts. 
(David Hui et al)
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Jet Nebulizer (with smoke and droplet particles)
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led to longer exhaled air distance towards the floor but less spatial contamination at the 
breathing zone than ceiling level exhaust or a combination of ceiling and floor exhausts. 
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Jet Nebulizer (with smoke and droplet particles)
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Wishing YOU Good 

Health and Happiness!

Self-portrait taken in PWH SARS Ward in 2003
Courtesy: Dr. Benny Chow


