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Foreword

ISO (the International Organization for Standardization) is a worldwide federation of national standards bodies
(ISO member bodies). The work of preparing International Standards is normally carried out through ISO
technical committees. Each member body interested in a subject for which a technical committee has been
established has the right to be represented on that committee. International organizations, governmental and
non-governmental, in liaison with ISO, also take part in the work. ISO collaborates closely with the International
Electrotechnical Commission (IEC) on all matters of electrotechnical standardization.
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task of technical committees is to prepare International Standards. Draft International Standarg
by the technical committees are circulated to the member bodies for voting. Publication as 4
nal Standard requires approval by at least 75 % of the member bodies casting a vote.

rcumstances, particularly when there is an urgent market requirement for such documents, a technic|
£ may decide to publish other types of document:

O Publicly Available Specification (ISO/PAS) represents an agreement between technical experts
O working group and is accepted for publication if it is approved by morethan 50 % of the membe
b parent committee casting a vote;

O Technical Specification (ISO/TS) represents an agreement between the members of a technic

ng a vote.

AS or ISO/TS is reviewed after three years in order to décide whether it will be confirmed for a furth
I's, revised to become an International Standard, or withidrawn. If the ISO/PAS or ISO/TS is confirme
ved again after a further three years, at which time‘itmust either be transformed into an Internation
or be withdrawn.

is drawn to the possibility that some of the.elements of this document may be the subject of pate
D shall not be held responsible for identifying any or all such patent rights.

6976-4 was prepared by TechnicalFCemmittee ISO/TC 94, Personal Safety — Protective clothing af

6976 consists of the following parts, under the general title Respiratory protective devices A

1: Metabolic rates ahd,respiratory flow rates
2: Anthropometrics

3: Physielogical responses and limitations of oxygen and limitations of carbon dioxide in tf
thing enironment

4. Work of breathing and breathing resistance: Physiologically based limits
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The following parts are under preparation:
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Part

Part

5: Thermal effects
7: Hearing and speech

8: Ergonomic factors
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Introduction

A respiratory protective device (RPD) is designed to offer protection from the inhalation of hazardous
substances. However, this protection requires extra effort by the respiratory muscles as they need to generate
higher pressures to overcome the associated respiratory loads imposed by the RPD.

© 1SO 2012 — All rights reserved \%
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TECHNICAL SPECIFICATION ISO/TS 16976-4:2012(E)

Respiratory protective devices — Human factors —

Part 4:
Work of breathing and breathing resistance: Physiologically
based limits

11 Scope

nis Technical Specification describes how to calculate the work performed by a personis-fespiratory muscles
th and without the external respiratory impediments that are imposed by RPD ofyall kinds, except diving
quipment. This Technical Specification describes how much additional impedimgnt)people can tolerate and
bntains values that can be used to judge the acceptability of an RPD.

Q ® = —

Z

DTE These calculations are explained in some textbooks on respiratory physiology (in the absence of anfRPD), but
mjost omit them or are incomplete in their explanations.

2| Normative references

The following referenced documents are indispensable for<the application of this document. For dated
rdgferences, only the edition cited applies. For undated references, the latest edition of the referenced gocument
(ihcluding any amendments) applies.

IO 16972, Respiratory protective devices — Terms, definitions, graphical symbols and units of meajsurement

ISO/TS 16976-1, Respiratory protective devices'— Human factors — Part 1: Metabolic rates and r¢spiratory
flow rates

3| Terms and definitions, symbols and abbreviated terms

1 Terms and definitions
br the purposes of this. document, the terms and definitions given in ISO 16972 and the following apply.
bdy temperature pressure saturated

PS

3
F
3n1
b
B
standard c@ndition for the expression of ventilation parameters

NPTEA Body temperature (37 °C), ambient pressure and water vapour pressure (6,27 kPa) in saturated air;

NOFE2—Adapied-fromtSO16072

31.2
compliance
change in volume of the human lung that results from a change in pressure, measured in | kPa™'

NOTE This termis the typical term for the elastic behaviour of the lungs and chest. Compliance is the inverse of elastance.

31.3
elastance
change in pressure that results from a given volume change of the human lung, measured in kPal/l

NOTE This term is the typical term for the elastic behaviour of an RPD. Elastance is the inverse of compliance.

© 1S0O 2012 — All rights reserved 1
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31.4

relaxation volume

lung volume when respiratory muscles are relaxed, i.e. the volume at the beginning of an inspiration, also
known as functional residual capacity (FRC) and expiratory reserve volume (ERV)

3.1.5

tidal volume

43

volume of a breath, measured in litres BTPS

31.6
vital cachity
VvC
volume of the largest breath a person can take, i.e. the volume difference between a maximum inspiration and
a maximym expiration, measured in litres BTPS

31.7
work of breathing
woOB
work requiired for an entire breathing cycle, measured in Joules

NOTE Adapted from ISO 16972.

31.8
work of breathing per tidal volume
WOB/I't
normalizgd WOB (equivalent to volume-averaged pressure), measured in Joules per litre = kPa

3.2 Symbols and abbreviated terms

BTPS body temperature pressure saturated

ERV expiratory reserve volume

FRC functional residual capacity

RPD respiratory protective device

VC vital capacity

WOB work of breathing

Pel pressure required to overcome the elastance

Paw pressureequired to overcome the flow resistance of the airways

Diext pressure required to overcome the inspiratory flow resistance of the RPD

4 Pressure and volume changes during breathing

4.1 Pressure and volume changes in the absence of an RPD

During an inspiration the inspiratory muscles contract which makes the chest expand and the diaphragm
flatten. This action causes the lungs to expand to a larger volume. Even in the absence of flow resistance, it
takes a certain pressure to expand the chest and lungs. The term used in respiratory physiology for this elastic
behaviour is compliance. The term compliance is also used in laws and regulations; to avoid confusion
with this use of the word, the remainder of this Technical Specification will use the term elastance instead.
By definition, elastance is the inverse of compliance. Elastance describes how much an elastic material
changes when a force or a pressure is applied.

2 © 1S0 2012 — All rights reserved
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Figure 1 shows the lungs (Key 1) inside the chest wall (Key 2) and diaphragm (Key 3). The lungs are connected
to the airway (Key 4). The elastance of the lungs tries to act to shrink them (shown by the arrows), similarly to a
stretched balloon trying to shrink in volume. The elastance of the chest acts by trying to expand it. Thus, in the
absence of muscle effort, the forces on the chest and lungs oppose each other and will, at some volume, be
equal and opposite and come to a position of rest. The lung volume at which this happens is referred to as the
relaxation volume. During an inhalation the chest wall expands and the diaphragm (Key 3) moves downwards.

Key

1] lungs

2| chestwall
3| diaphragm
4| airway

Figure 1 — Schematic cross=section of a person’s chest and lungs

Flgure 2 illustrates/defines changes in breathing. An inspiration is shown to start at point A and the lurlg volume
increases until it reaches its end, point:B, where the following expiration starts. The volume differencq between
bints A and B is the size of the breath, referred to as the tidal volume.

p

Al maximum inspiration is shown at point C and a maximum expiration at point D. The volume difference
between these two points is the maximum volume change achievable and is referred to as the vital|capacity,
VL. The range of VC varjes from 3 | to 6 | and depends on a person’s age, height and gender. Even with
a|maximum expiratory effort some volume remains in the lungs. Had the lungs been able to bg emptied
completely the volume illustrated by line E would have been reached.

Ppint A is the-point where the respiratory muscles are relaxed and that volume is referred to as “felaxation
volume”. Another term used for this point is “expiratory reserve volume”, ERV, which can be calculated as
the diffefence between points A and D. A third term used is “functional residual capacity”, FRC, wHhich is the
volume difference between points A and E.

© 1S0O 2012 — All rights reserved 3
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Key
time
lung vplume

start of an inspiration

end of an inspiration and start of the following expiration
maximum inspiration

maximum expiration

lungs pnd chest completely empty

moom>» < X

Figure 2 — Definitions of volume changes

In order tp inhale, effort is required to overcome the combined elastance of the chest and lungs, as well as the
flow resigtance in the airways. Figure 3 illustrates the pressure generated and the resulting volume changes|.

4 © 1S0 2012 — All rights reserved
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Key
X| alveolar pressure, in kPa
Y| volume, in percent of VC
A| start of an inspiration and end of the following expiration
B| end of an inspiration and start of the following expiration
C| point on the elastance line partway through an inspiration
D| point on the combined elastance and pressure drop line.ddring an inspiration
E| point on the combined elastance and pressure drop line-during an expiration
NPTE The interrupted line is not a straight line but beeomes less steep at low and high volume.

Figure 3 — Lung volume versus pressure in the absence of an RPD (see 4.1 for detail$)

For a person, the muscles generate the pressure which in turn generates a change in lung volume. Therefore,
the pressure is the independent ariable and the volume is the dependent one. It is the opposite fo an RPD,
r which it is the change in volume in the lungs (i.e. gas flow) that generates pressure across a flow rgsistance.
the beginning of the inspiration (point A in Figure 3) no pressure is generated, i.e. it is the relaxatiop volume.
the end of the inspiration (point B) the greatest volume has been achieved, called the tidal volume, V1. The
terrupted line shows the interaction of the pressures and volumes from the combined elastance ofthe chest
nd lungs. For instance, at point C the elastance requires a pressure of about 0,8 kPa to change the yolume to
bout 50 % of ¥/C;’values given are based on a VC of 4 | and a typical textbook value for elastance of 1 kPal/l.
ne lower sqlid-line ADB shows the total pressure (elastance plus pressure due to flow resistance) generated
the respiratory muscles and the resulting change in volume during the inspiration. The expiratign follows
e uppersolid line BEA. To reach the volume of 50 % VC during inspiration (point D), a total pressur¢ of about
3 kPa is reqwred This i is the sum of the pressure of about 0,8 kPa required for the total elastance, pg|, and an
’ ow resistanc A o ihspiration
the flow slows down and the pressure drop due to row resrstance decreases and the |nsp|rat|on ends at point
B where there is no flow. The tidal volume becomes 70 % VC — 30 % VC =40 % VC. The inspiratory and
expiratory curves combine to form a volume-pressure loop.

9’—‘5—*0'49’9’5'29295“

At the end of the inspiration (point B) pressure is stored due to the total elastance. During low breathing rates
this pressure is sufficient to move the gas out during the following expiration. Thus, such an expiration is said
to be passive because the expiratory muscles are inactive. However, the inspiratory muscles are active by
controlling the flow. When more ventilation is desired, the pressure due to elastance is not sufficient and the
expiratory muscles take an active part.

© 1S0O 2012 — All rights reserved 5
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4.2 The effect of RPD flow resistance on pressure and volume changes while using an RPD

An RPD imposes additional flow resistance. This external flow resistance is present both during inspiration
and expiration, but does not have to be of the same magnitude. For instance, an unassisted filtering RPD
will generally have a larger inspiratory flow resistance. Figure 4 illustrates how the internal and external flow
resistances add up. The pressure needed to achieve a volume of 50 % VC is now the pressure at point E. At
this point, the external, inspiratory flow resistance requires an additional pressure increase by about 0,7 kPa
Pi.ext for a total pressure of about 2 kPa (pe| + paw + pi ext)-

Y

100 -

80 -

60 -

40 -

20
_’ Pel P aw pi,ext

Key
alveolgr pressure, in kPa

volumg, in percent of VC

start gf an inspiration and end of the following expifration

end of an inspiration and start of the following.expiration

point ¢n the elastance line partway through an‘inspiration

point ¢n the combined line for elastance and internal pressure drop during an inspiration

point ¢n the combined line for elastance and pressure drop (internal and external) during an inspiration
point during an expiration where-expiratory muscles start to generate pressure to continue expiration
point during expiration, beyond,point F, where the expiratory muscles generate pressure

G Mmoo w>» < X

Figure 4 — Lungwvolume versus pressure in the presence of an RPD (see 4.2 for details)

4.3 The effect of RPD with static pressure on pressure and volume changes while using
an RPD

Some RPD are designed to have a positive pressure to improve protection against contaminants. Figure 5
illustrates how such a pressure influences lung mechanics. For this illustration, a static pressure (i.e. the
pressure in the RPD in the absence of gas flow) of +0,5 kPa is assumed. Without the positive pressure, an
inspiration starts at point A. The static pressure moves the new relaxation volume (point A’) 0,5 kPa horizontally.
The elastance curve determines the vertical movement which becomes 10 % VC. Thus, this static pressure is
sufficient to move the relaxation volume from 30 % VC to 40 % VC.

6 © 1S0 2012 — All rights reserved
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start of an inspiration

start of an inspiration with a positive static pressure

Figure 5 — Lung volume versus pressure in-the presence of an RPD with static pressyre

(see 4.3 for details)

4/4 The effect of RPD flow resistance’and static pressure on pressure and volume changes
while using an RPD

For this type of RPD, the static pressure changes the relaxation volume. Using the numbers from thg example
given in 4.3 and in Figure 5, the\new starting point is at 40 % VC. Figure 6 illustrates how the volume versus
pressure plot changes. By comparing Figures 4 and 6, it can be noted that the only noticeable difference is
the starting and ending paints (A" and B’). Since A’ is the relaxation volume, the pressure generatgd by the
rgspiratory muscles is Zero: However, the pressure measured in the RPD would be 0,5 kPa.

© 1SO 2012 — All rights reserved


https://standardsiso.com/api/?name=45991d20a2f2f06e6ae23ee24cb80681

ISOITS 16976-4:2012(E)

100

Key
X alveol
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Figure 6 — Lung volume versus pressure in the presence of an RPD with flow resistance

4.5 Effects of high static pressure

As canb
volumes
lungs ang
inspiratio
negativel
that the r
Such mu

The typic

to 1,1 kPal3ll13]. Therefore -an-éxcessive positive pressure may also have undesirable effects by reducing the

blood flo
difficult, i

5 Wor

-1,5 -1 -0,5 0 0,5 1 1,5 2

br pressure (relative to relaxation pressure), in kPa
B, in percent of VC

and static pressure (see 4.5 fordetails)

e seen from Figure 6, a large static pressure will move the end of a breath (B’) towards higher lung
bnd restrict the tidal volume as point B, @approaches 100 % VC. In addition, at high lung volumes the

chest get less elastic which makes.it.harder and harder to reach the desired volume at the end pf
n. It has been shown that people resist the volume change imposed by static loads, both positive and
(11101, Only a third to half of the volume change that could be expected actually happened. This means
pspiratory muscles are active, generating the required pressure to resist the imposed static pressurg.
bcle activity is a physiological'load.

al diastolic pressure/i.e/ pressure between heart beats) in the blood circulation in the lung is 0,7 kRa

v in the lungs anhd-therefore the venous return. High static pressures will also make expiration mofe
ncreasing thewvork for the expiratory muscles.

k of breathing (WOB)

5.1 Physiologicalr Work Versus physicalr work

5.1.1 General

There is a difference between the physiological work and physical work. This is particularly noticed from static
work or when work is performed on elastic materials.

5.1.2 Static work

Static work is performed when a muscle is active but no motion results, for instance when holding an arm
outstretched. It can be tiring to do so. This is physiological work since the muscle is expending energy. However,
from a physical perspective no work is done since there was no motion.

© 1SO 2012 — All rights reserved
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5.1.3 Elastic work

Physiological work is also performed against elastic materials. Consider an ideal rubber band: when

:2012(E)

the band

is stretched, energy is stored and can be returned when the band is returned to its original length. Therefore,
no net physical work was performed. If a muscle is used to stretch this rubber band, then effort is expended

by the muscle. When the rubber band is allowed to return to its original length under control (not j

ust let go

of) more effort is expended. In other words, the energy stored in the band is not returned to the muscle. On

the contrary, energy is consumed during both the stretching phase and the returning phase. Since

the force

generated is always in the same direction but the direction of the resulting movement changes when the rubber

band shortens, the product can be either positive or negative.

1.4 Positive and negative physical work

prspective, both positive physical work and negative physical work cost energy. The\physiologic

5
Ffom a physical perspective, negative work can be seen as the return of energy. However, ffom a phyj
p
negative work is less than for positive work (see, for example, References [1] and [9])-

5|2 Calculations of inspiratory WOB

The inspiratory WOB can be calculated from recordings of pressure and the resulting volume. The wg
vided into three parts: work against the elastance, the internal flow resistance and external, inspir
gsistance. The work against the elastance can be seen in Figure 7 as-the triangle formed by ACBFA.

O 0 =T QO

ternal, inspiratory flow resistance can be seen as the area foimed by AEBDA. Thus, the total work|
5 well as physiological) of the inspiration is the area enclosed by the AEBFA.

V)

siological
al cost of

rk can be
htory flow
The work

jainst internal flow resistance can be seen as the area formediby ADBCA. Similarly, the work against the

(physical
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Key
X alveolgr pressure, in kPa

Y volumg, in percent of VC

A start of an inspiration and end of the following expiration

B end of an inspiration and start of the following expiration

C point ¢n the elastance line partway through an inspiration

D point ¢n the combined line for elastance and internal pressure drop_during an inspiration

E point ¢n the combined line for elastance and pressure drop (internal and external) during an inspiration
F  point gt zero pressure and the same volume as point B

G point dluring an expiration where expiratory muscles startto generate pressure to continue expiration

H point during expiration, beyond point F, where the expiratory muscles generate pressure

Figure 7 — Lung volume versus/pressure for calculations of WOB: illustration for
a person wearing.a resistive RPD (see 5.2 and 5.3 for details)

5.3 Calculations of expiratory WOB

The expifatory WOB can beseen for the breath in Figure 7 broken down in two parts. The stored elasiic
pressure |pushes the gas out but inspiratory muscles are generating pressure to control the expiratory flo
Part 1 ofthe work isir€presented by the area formed by BFGB. Since the pressure generated is positive bt
the flow has changed direction, the physiological work is negative. Part 2, the positive physical and positiye
physiological work’generated by the expiratory muscles, is represented by the area enclosed by GHAG.

<

5.4 Calculations of total WOB

5.4.1 Calculations of the wearer’s WOB while using an RPD

The total WOB is the sum of the inspiratory and expiratory physical work as explained in 5.2 and 5.3. For
the breath in Figure 7 the physical positive work by the inspiratory muscles is the area AEBFA. Negative
physiological work by the inspiratory muscles is BFGB. Positive work by the expiratory muscles is represented
by the area GHAG.

It is obvious that the WOB for an RPD and its wearer is difficult to predict and calculate. The parameters
needed (e.g. flow resistance, elastance, cost of negative work) are hard to quantify in all situations and vary
between individuals. It is not practical to provide theoretical calculations for all situations. However, empirical
data are available to guide in finding acceptable levels of WOB.

10 © 1S0 2012 — All rights reserved
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5.4.2 Calculations of WOB for an RPD only

A brief description is warranted to show the link between a person’s volume-pressure loop and an RPD’s
pressure-volume loop. It is also worth noting that, for an RPD, the air flow is imposed on it by the wearer
and this causes a pressure change. Therefore, for an RPD, the volume is the independent variable and the
pressure the dependent one.

NOTE 1 Measurements for the WOB for an RPD alone are shown in ISO 16900-12.

Figure 8 shows an example of a pressure- -volume Ioop for just an RPD. AXIS X shows volume changes and axis

1 The tidal
vIume is the dlfference in volume between points F and G. The explratlon foIIows I|ne BEA Theinspiratory

WOB is the area J enclosed by ADBA. The expiratory WOB is the area K enclosed by BEAB."Apy elastic
behaviour of the RPD would be shown as pressure difference between points A and B.
Cpmmonly, the WOB/VT varies from 0,1 kPa at rest up to over 4 kPa at 135 I/min.
NPTE2  See ISO 16900-12 for more information.
Y

M

+

0

L
Key
X| volume
Y| pressure
A| start of @njinspiration and end of the following expiration
B| end.of\an inspiration and start of the following expiration
D| lowest pressure point during the inspiration
EL_highest pressure point during the expiration
F  volume at the start of inspiration
G volume at the end of inspiration
J  area representing inspiratory WOB
K area representing expiratory WOB
L lowest inspiratory pressure
M highest expiratory pressure
N peak to peak pressure

Figure 8 — Pressure-volume loop for an RPD (see 5.4.2 for details)

© 1S0O 2012 — All rights reserved 1
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5.5 Breathing resistance

Peak inhalation breathing pressure (historically called “inhalation breathing resistance”) is the lowest pressure
during inspiration (L in Figure 8). Peak exhalation breathing pressure (historically called “exhalation breathing
resistance”) is the highest pressure during expiration (M). However, the WOB includes all parts and dynamic
behaviour of an RPD during a breath, not just the peak pressures.

5.6 Physiologically acceptable WOB

Several a

uthors[2I41516]1113][141[16]1[17] have proposed limits on the respiratory effort imposed by an RPD. Data

have recently been summarized!'2] from these studies and new data added from exercise testing at chigh
workloadp in a laboratory with and without an unassisted filtering RPD. In deciding on acceptable levels pf
WOB, copsiderations were given to the effects of flow resistance in three ways:

a) lack pf reduction in minute ventilation,

b) lack pf reduction in exercise endurance,

C) avoiq

The limit$ are expressed as normalized WOB, i.e. WOB divided by the tidal ¥olume. This is equivalent fo
volume-averaged pressure and has the unit of pressure (kPa).

The abilit

Most RPL
be calcul
exercise
who coul
limits wit
while for
authors 4
WOB/V7.
minute ve
130 I/min
these val

ance of respiratory distress in 80 % to 90 % of the people studied.

y to tolerate added respiratory loads may be affected by certaindis€ases.

D have differences between the inspiratory and expiratory flow'resistance. Therefore, the WOB shou
hted separately for inspiration and expiration. It was concldded!'?] (see Figure 9) that for long duratig
up to 1 h) the inspiratory WOB/F'1 should not exceed"0;9 kPa. The authorsl?] noted that peop
] maintain high minute ventilations could also sustain‘higher levels of WOB/VT. Thus, for short-ter|
n a minute ventilation exceeding 110 I/min, the .inspiratory WOB/VT should be less than 1,3 kP
minute ventilations exceeding 130 I/min the inspiratory WOB/V'T should be less than 1,6 kPa. Tk
rgued, based on two published studies, that the expiratory WOB/V'T can be as large as the inspiratof
The authors further proposed that thepeak inspiratory pressure should not exceed 1,2 kPa fpr
ntilations up to 110 I/min; it should not,exceed 1,8 kPa for minute ventilations in the range 110 I/min fo
and for minute ventilation above 130\/min it should not exceed 2,0 kPa. Table 1 shows a summary pf
ies for the eight classes of minute'ventilations as defined in ISO/TS 16976-1.
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The dots indicate the eight classes of minute ventilations.as defined in ISO/TS 16976-1.

Figure 9 — Physiologically acceptable levels of WOB//'t

the eight classes of minute ventilations as defined in ISO/TS 16976-1

Table 1 — Physiologically acceptable/levels of WOB//'T, peak pressures and elastance tabul

lated for

Minute WOB/1t Peak pressures Elastance
ventilation Inspiratory Expiratory Inspiratory Expiratory

(/min) (kRa) (kPa) (kPa) (kPa) kRa/l
10 0,9 0,9 1,2 1,2 110
20 0,9 0,9 1,2 1,2 110
35 0,9 0,9 1,2 1,2 110
50 0,9 0,9 1,2 1,2 110
65 0,9 0,9 1,2 1,2 110
85 0,9 0,9 1,2 1,2 110
105 0,9 0,9 1,2 1,2 110
135 1,6 1,6 2,0 2,0 1,0

6 Other respiratory loads

6.1 Static load

Subclause 4.4 showed how the relaxation volume changes with externally applied static pressure and pointed
out that tidal volume may become restricted. A slight increase in lung volume is likely to increase the diameter
of the airways which would decrease the flow resistance. A few studies have been conducted on the effects of
static pressure in divers. These are summarized in Reference [17], which states that static loads for exercising
people should not exceed +1,0 kPa to +1,5 kPa and should not be more negative than —1 kPa.
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