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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.

The proce@lures used to develop this document and those intended for its further maintenanee
described In the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed fofj
different types of ISO documents should be noted. This document was drafted in accordance 'with
editorial ryles of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).
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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.
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3.1
bod
BT
sta

Scope

5 document describes how to calculate the work performed by a person’s respiratory m
without the external respiratory impediments that are imposed by RPD of'all' kinds, ex

1scles with
Cept diving

ipment. This document describes how much additional impediment people;can tolerate and contains

es that can be used to judge the acceptability of an RPD.

), but most omit them or are incomplete in their explanations.

Normative references

following documents are referred to in the text ihlsuch a way that some or all of th
Ktitutes requirements of this document. For dated references, only the edition cited 3
ated references, the latest edition of the referenced document (including any amendmen

16972, Respiratory protective devices — Vogabulary and graphical symbols

Terms and definitions
the purposes of this document, the terms and definitions given in ISO 16972 and the follo

and IEC maintain terminglogy databases for use in standardization at the following addj

[SO Online browsingplatform: available at https://www.iso.org/obp

[EC Electropedia:-available at https://www.electropedia.org/

y temperature pressure saturated
S
dardeondition for the expression of ventilation parameters

E These calculations are explained in some textbooks on respiratory physiology (in the alpsence of an

Pir content
pplies. For
[s) applies.

ving apply.

esses:

EXA

MPLE Body temperature (37 °C), atmospheric pressure (1 013,25 hPa) and water vapo

I pressure

(6,27 kPa) in saturated air.

Note 1 to entry: It is the atmospheric pressure at the test location that should be used whenever BTPS conditions
are specified.

3.2

compliance
change in volume of the human lung that results from a change in pressure

Note 1 to entry: The compliance is measured in 1/kPa.

Note 2 to entry: This term is the typical term for the elastic behaviour of the lungs and chest. Compliance is the
inverse of elastance.
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3.3
elastance

change in pressure that results from a given volume change of the human lung

Note 1 to en

try: The elastance is measured in kPa/l.

Note 2 to entry: This term is the typical term for the elastic behaviour of an RPD. Elastance is the inverse of

compliance.

3.4

relaxation volume

3.5

tidal volume

Ve
volume of 4

) breath

Note 1 to enftry: The tidal volume is measured in litres BTPS.

3.6
vital capa
VC
volume of
inspiration

City

and a maximum expiration

Note 1 to enftry: The vital capacity is measured in litres BTPS.

3.7

work of bijeathing

WoB
work requ

red for an entire breathing cycle

Note 1 to enftry: The work in breathing is measpred in Joules.

3.8

work of bijeathing per tidal volume

WoB/V;
normalize

Note1toe

4 Symb

BTPS

WoB (3.7) (equivalént to volume-averaged pressure)

ols andabbreviated terms

beody temperature pressure saturated

as functional residual capacity (FRC) and expiratory reserve volume (ERV)

ry: The work inbreathing per tidal volume is measured in Joules per litre = kPa.

ion,

the largest breath a person can take, i.e. the volume’ difference between a maximum

ERV
FRC
RPD
VC

WoB

Pel
Paw

expiratory reserve volume
functional residual capacity
respiratory protective device
vital capacity

work of breathing

pressure required to overcome the elastance

pressure required to overcome the flow resistance of the airways
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Di ext pressure required to overcome the inspiratory flow resistance of the RPD

5 Pressure and volume changes during breathing

5.1 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
laws and
reghlations; to avoid confusion with this use of the word, the remainder of this documentiyill use the
terin elastance instead. See Note 2 to entry of 3.3, "elastance is the inverse of compliance'l Elastance
desfribes how much an elastic material changes when a force or a pressure is applied.

Figilire 1 shows the lungs (item 1) inside the chest wall (item 2) and diaphragm\(item 3). The lungs are
conpected to the airway (item 4). The elastance of the lungs tries to act to shtink them (shpwn by the
arr¢pws), 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 pesition of rest. The lung volume at
whilch this happens is referred to as the relaxation volume. During airinhalation the chest wall expands
and the diaphragm (item 3) moves downwards.

4

Key

1 [lungs

2 |chest wall
3 |diaphragnt
4 |airway

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

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

A 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, VC. The range of VC varies from 3 1 to 6 1 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
be emptied completely the volume illustrated by line E would have been reached.

©1S0 2023 - All rights reserved 3
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Point A is the point where the respiratory muscles are relaxed and that volume is referred to as
"relaxation volume". Another term used for this point is "expiratory reserve volume", ERV, which can be
calculated as the difference between points A and D. A third term used is "functional residual capacity”,
FRC, which is the volume difference between points A and E.
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Figure'\2/— Definitions of volume changes
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of about 0;95kPa. The lower solid line ADB shows the total pressure (elastance plus press

2,5

alveolar pressure, in kPa

volume, in percent of VC

start of an inspiration and end of the previous expiration

end of an inspiration and start of the following expiration

point on the elastance line partway through an inspiration

point on the combined elastance and pressure drop line;during an inspiration
point on the combined elastance and pressure drop line during an expiration

E The interrupted line is not a straight linebut becomes less steep at low and high volume.
Figure 3 — Lung volume versus pressure in the absence of an RPD
a person, the muscles generate the pressure which in turn generates a change in lu

refore, the pressure is thétindependent variable and the volume is the dependent on
osite for an RPD, for whieh it is the change in volume in the lungs (i.e. gas flow) thaf
Esure across a flow resistance. At the beginning of the inspiration (point A in Figure 3) no
erated, i.e. it is the relakation volume. At the end of the inspiration (point B) the greatest
h achieved, called-the tidal volume, V. The interrupted line shows the interaction of thg
volumes from the combined elastance of the chest and lungs. For example, at point C
changed fromiabout 30 % of VC (at point A) to about 50 % of VC. The volume change co
|. With actypical textbook value for elastance of 1 kPa/l, the elastance requires a press

U resistance) generated by the respiratory muscles and the resulting change in volume

flov
ins

itation. The expiration follows the upper solid line BEA. To reach the volume of 50 %
Lﬁ[_FD‘]_FFI—f_b_m'IFP—d_rEh—fTh_, a total pressure of about 1, a is required. This 15 the sum of the

inspiration (poin

hg volume.
e. It is the
generates
pressure is
yolume has
pressures
he volume
11d then be
ire change
ure due to
during the

VC during

pressure of

about 0,9 kParequired for the total elastance, p,}, and an additional 0,5 kPa (approximately) for the flow
resistance of the airway, p,,,- Towards the end of the inspiration the flow slows down and the pressure
drop due to flow resistance decreases and the inspiration ends at point B where there is no flow. Thus,
the pressure at point B is only due to the elastance. The tidal volume becomes 70 % VC - 30 % VC =40 %
VC, giving a resulting pressure of (0,40 x 4) 1 x 1 kPa/l = 1,6 kPa. The inspiratory and expiratory curves
combine to form a volume-pressure loop.

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.
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5.2 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 (p, o) for a total pressure of about 2 kPa (pg| + P,y + Pj ext)-

Y
100 [

~ Pel Paw Pdext
0 | | | | |
-1 -0,5 0 05 091 13 16 2 25 X
Key
X  alveolar pressure, in kPa
Y volume in percent of VC
A start of|an inspiration and end of the previous _expiration
B  end of gn inspiration and start of the following expiration
C point oh the elastance line partway thrqugh an inspiration
D point oh the combined line for elastance and internal pressure drop during an inspiration
E  point oh the combined line for elastance and pressure drop (internal and external) during an inspiration
F  point djiring an expiration where expiratory muscles start to generate pressure to continue expiration
G point dpiring expiration, Beyond point F, where the expiratory muscles generate pressure

Figure4 — Lung volume versus pressure in the presence of an RPD

5.3 The|effect of RPD with static pressure on pressure and volume changes while usipg
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 © IS0 2023 - All rights reserved
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5.4 The effect of RPD flow resistance and’static pressure on pressure and volu
chgnges while using an RPD

For|this type of RPD, the static pressute' changes the relaxation volume. Using the numbe
example given in 5.3 and in Figure( 5;*the new starting point is at 40 % VC. Figure 6 illus
the|volume versus pressure plots thanges. By comparing Figures 4 and 6, it can be noted th
not]ceable difference is the stafiting and ending points (A’ and B’). Since A’ is the relaxation ¥
pregsure generated by thesrespiratory muscles is zero. However, the pressure measured

WO

5.5 Effects of high static pressure

As

lun

vol

shown/that people resist the volume change imposed by static loads, both positive and neg
Only‘a’third to half of the volume change that could be expected actually happened. This med
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100
80 - _

60 - _

40 - A

20 —

alveolar pressure, in kPa

volume, in percent of VC

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 pr¢

yld be 0,5 kPa.

an be seen{rom Figure 6, a large static pressure will move the end of a breath (B’) tow{

ssure

me

s from the
trates how
at the only
rolume, the
n the RPD

irds higher

b volumes and restrict the tidal volume as point B’ approaches 100 % VC. In addition, aft high lung

[t has been
ativel8I[11],

\E,nes itthecomes harder and harder to reach the desired volume at the end of inspiration.

ns that the

respiratory muscles are active, generating the required pressure to resist the imposed static pressure.
Such muscle activity is a physiological load.

The typical diastolic pressure (i.e. pressure between heart beats) in the blood circulation in the lung
is 0,7 kPa to 1,1 kPal4l[16], Therefore, an excessive positive pressure may also have undesirable effects
by reducing the blood flow in the lungs and therefore the venous return. High static pressures will also
make expiration more difficult, increasing the work for the expiratory muscles.
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Y
100 - ~7
~
0 | | | | | |
-1 -0,5 0 0,5 1 1,5 2 25 X

Key
X  alveolar pressure relative to relaxation pressure, in kPa
Y volume in percent of VC
A start of|an inspiration and end of the previous expiration

=

end of gn inspiration and start of the following expiration

Figure § — Lung volume versus pressure in the presence of an RPD with flow resistance and
static pressure

6 WorkK of breathing (WoB)
6.1 Physiological work versus physical work

6.1.1 Gelneral

There is a|difference between the.physiological work and physical work. This is particularly notfced
from statid work or when work-is’performed on elastic materials.

6.1.2 Static work

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

6.1.3 Elastic work

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

8 © IS0 2023 - All rights reserved
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6.1.4 Positive and negative physical work

From a physical perspective, negative work can be seen as the return of energy. However, from a
physiological perspective, both positive physical work and negative physical work cost energy. The
physiological cost of negative work is less than for positive work (see, for example, References [1] and

El)

6.2 Calculations of inspiratory WoB

The 1nsp1ratory WoB can be calculated from recordlngs of pressure and the resultmg volume. The work

A - d external,
he triangle
by ADBCA.
Simijilarly, the work against the external, inspiratory flow resistance can be seen as, the’area formed by
AEBDA. Thus, the total work (physical as well as physiological) of the inspiration is the area ¢nclosed by
the|AEBFA.

Y
100

80

60

40

20

Key
alveolar pressure, in kPa

volume, in percent of-V.C

start of an inspirationand end of the previous expiration

end of an inspifation and start of the following expiration

point on theselastance line partway through an inspiration

point onnthe combined line for elastance and internal pressure drop during an inspiration
point\én the combined line for elastance and pressure drop (internal and external) during an inspJration

peint at zero pressure and the same volume as point B

point during an expiration where expiratory muscles start to generate pressure to continue expiration

T O T m g o0 W < X

point during expiration, beyond point G, where the expiratory muscles generate pressure

Figure 7 — Lung volume versus pressure for calculations of WoB: Illustration for a person
wearing a resistive RPD without static pressure (see 6.2 and 6.3 for details)

6.3 Calculations of expiratory WoB

The expiratory WoB can be seen for the breath in Figure 7 broken down in two parts. The stored elastic
pressure pushes the gas out but inspiratory muscles are generating pressure to control the expiratory
flow. Part 1 of the work is represented by the area formed by BFGB. Since the pressure generated is

©1S0 2023 - All rights reserved 9
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positive but the flow has changed direction, the physiological work is negative. Part 2, the posi
physical and positive physiological work generated by the expiratory muscles, is represented by
area enclosed by GHAG.

6.4 Calculations of total WoB

6.4.1 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 6.2 and

tive
the

6.3.

For the breath in Figure 7 the physical positive work by the inspiratory muscles is the area AEBFA.

Negative pghysiological work by the inspiratory muscles is BFGB. Positive work by the expiraf
muscles is fepresented by the area GHAG.

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

6.4.2 Calculations of WoB for an RPD only

A brief degcription is warranted to show the link between a person’s volume-pressure loop and
RPD’s pressure-volume loop. It is also worth noting that, for an RPDythe air flow is imposed on i
the wearetf and this causes a pressure change. Therefore, for an RPD; the volume is the indepeng
variable ar]d the pressure the dependent one.

NOTE 1 easurements for the WoB for an RPD alone are showngn ISO 16900-12.
Figure 8 shows an example of a pressure-volume loop for just an RPD. Axis X shows volume char

and axis Y[shows the pressure. An inspiration starts.at point A and follows the line ADB and end
point B. Thie tidal volume is the difference in volume between points F and G. The expiration follows
BEA. The ipspiratory WoB is the area ] enclosed byxADBA. The expiratory WoB is the area K enclose

ory

fers
ons
DI S.

an
L by
lent

ges
s at
line
l by

BEAB. Any|elastic behaviour of the RPD would bg shown as pressure difference between points A and B.

Commonly| the work of breathing per tidal volume, WoB/V+, varies from 0,1 kPa at rest up to over 4
at 135 I/min.

NOTE 2 $ee IS0 16900-12 for mor€ information.

kPa

10 © IS0 2023 - All rights reserved
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Key

X |volume

Y |pressure

A |start of an inspiration and end of the previous expiration
B |end of an inspiration and start of the following expiration
D |lowest pressure point during the inspiration

E |highest pressure point during the expiration

F |volume at the start of inspiration

G |volume at the end of inspiration

] |arearepresenting inspiratory WoB

K [|arearepresenting expiratory WoB

L [lowest inspiratory pressure

M |highest expiratory pressure

N [peak to peak pressure

Figure'8'— Pressure-volume loop for an RPD (see this subclause for details)

6.5/ Breathing resistance

Peak'ibhalation breathing pressure (historically called "inhalation breathing resistance") isthe 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.

6.6 Physiologically acceptable WoB

Several authors[31(3][6](Z]{14][15][17][18] have proposed limits on the respiratory effort imposed by an
RPD. Data have recently been summarized[13] from these studies and new data added from exercise
testing at high workloads in a laboratory with and without an unassisted filtering RPD. In deciding on
acceptable levels of WoB, considerations were given to the effects of flow resistance in three ways:

a) lack of reduction in minute ventilation,
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b) lack of reduction in exercise endurance,
c) avoidance of respiratory distress in 80 % to 90 % of the people studied.

The limits are expressed as normalized WoB, i.e. WoB divided by the tidal volume. This is equivalent to
volume-averaged pressure and has the unit of pressure (kPa).

The ability to tolerate added respiratory loads may be affected by certain diseases.

Most RPD have differences between the inspiratory and expiratory flow resistance. Therefore, the WoB
shall be calculated separately for msplratlon and explratlon It was concluded[13] (see 1gure ) that for
long duratien-e e frsha ceed-0-9 athot reted
that peopl¢ who could malntaln high mlnute Ventllatlons could also sustain hlgher levels of WoB}/ V.
Thus, for short-term limits with a minute ventilation exceeding 110 1/min, the inspiratory WoB/J/; shall
be less thah 1,3 kPa, while for minute ventilations exceeding 130 1/min the inspiratory WoB/ V4 shall be
less than 1|6 kPa. The authors argued, based on two published studies, that the expiratory'WoB/V|can
be as largelas the inspiratory WoB/ V. The authors further proposed that the peak inspiratory presqure
shall not exceed 1,2 kPa for minute ventilations up to 110 1/min; it shall not exceed-1;8 kPa for minute
ventilationfs in the range 110 I/min to 130 1/min and for minute ventilation above 130 1/min it shall
not exceed| 2,0 kPa. Table 1 shows a summary of the values for the eight minuteventilations showp in

[SO 16900412:2016, Table 1.
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NOTE The dots indicate the eight classes of minute ventilations shown in ISO 16900-12:2016, Table 1.

Figure 9 — Physiologically acceptable levels of WoB/V;

12 © IS0 2023 - All rights reserved


https://standardsiso.com/api/?name=664071de11c5932f6d4269163c0ed8f8

ISO 16976-4:2023(E)

Table 1 — Physiologically acceptable levels of WoB/V, peak pressures and elastance tabulated

for the eight classes of minute ventilations

Minute ven- WoB/V; Peak pressures
e o . o . Elastance
tilation inspiratory | expiratory | inspiratory | expiratory
1/min kPa kPa kPa kPa kPa/l

10

20

35

50 U9 U9 1,2 1,2

1,0

65

85

105

135 1,6 1,6 2,0 2,0
7 |Other respiratory loads
7.1 Static load
5.4 |showed how the relaxation volume changes with externally applied static pressure ahd pointed
out|that tidal volume can become restricted. A slight increase in lung volume is likely to ifjcrease the
diaeter of the airways which would decrease the flowtesistance. A few studies have been|conducted
on the effects of static pressure in divers. These are.summarized in Reference [18] which [states that
staflic loads for exercising people shall not exceed,+%,0 kPa to +1,5 kPa and shall not be mofe negative
thah -1 kPa.
7.2| Elastic loads
As {discussed in 6.1.3, there is a physSiological load associated with elastic materials. The elastic

beh|
RPI}
hea
sing
of e
but

aviour of the chest and lungs are‘referred to as compliance in respiratory physiology W
it is referred to as elastance. An RPD can exhibit elastance if a mask or a hose defot
py breathing. An RPD with $pring loaded bags or bellows (such as closed-circuit RPD) ha
e the pressure changes.with volume. Apparently, only one study has determined accep
kternal elastancell8]{The investigators found that an imposed elastance of 0,7 kPa/l was
1,4 kPa/l was not.In these experiments with diving subjects the breathing resistance ¥

rhile for an
ms during
5 elastance
able levels
acceptable
vas kept at

a mlinimum. People.wearing tight wetsuits or tight elastic straps may experience an additignal elastic

load. Two otherdimits on elastancel2l[12] have set the limit to be 1,0 kPa/l which is set as th¢ limit here
(seq Table 1),

7.3| Other loads

Reskrietivestrapsmayforeeapersentochange bodyposture whichmayrestrietbreathingthus making

it harder to use the RPD. A change in body posture may also change the lung and chest compliance.

Inspired CO, (e.g. from the respiratory interface dead space and/or from incomplete CO, removal in a
rebreather) forces a wearer to increase the minute ventilation. The weight of an RPD will also force the
wearer to work harder and increase the minute ventilation. Increased minute ventilation amplifies the
effects of the respiratory loads. The WoB shall therefore be judged at the resulting minute ventilation,
not at the nominal minute ventilation.

7.4 How respiratory loads add up

It is not obvious how flow resistance, static load and elastic loads add to a total load. After all, flow
resistance acts primarily at the highest flow (typically in the middle of the breath), however the resulting
effects of flow resistance are measured by WoB/V . The elastic load acts mostly at large volumes (end
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