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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 wor

k.

ISO collaborates closely with the International Electrotechnical Commission (IEC) on all matters of

electrotechnical standardization.

The prog¢edures used to develop this document and those intended for its further maintenance ay

describefl in the ISO/IEC Directives, Part 1. In particular, the different approval criteria needed for th
different| types of ISO documents should be noted. This document was drafted in accordance, with tk
editoriallrules of the ISO/IEC Directives, Part 2 (see www.iso.org/directives).

Attention is drawn to the possibility that some of the elements of this document may;be the subject
patent rights. ISO shall not be held responsible for identifying any or all such patentrights. Details
any patent rights identified during the development of the document will be in the_Introduction and/
on the ISP list of patent declarations received (see www.iso.org/patents).

Any trade name used in this document is information given for the conveniénce of users and does n
constitute an endorsement.

For an ¢xplanation of the voluntary nature of standards, the-mganing of ISO specific terms arg
expressipns related to conformity assessment, as well as infermation about ISO's adherence to t}
World Tfade Organization (WTO) principles in the TechnicalyBarriers to Trade (TBT) see www.is
.org/iso/fforeword.html.

This dochiment was prepared by Technical CommitteedSO/TC 94, Personal safety — Personal protectiy
equipment, Subcommittee SC 15, Respiratory protective devices.

This secpnd edition cancels and replaces thexfirst edition (ISO/TS 16976-4:2012), which has beg
technically revised. The main changes compared to the previous edition are as follows:

a) adjuptment of key-points in Figures 3,4 and 7 to correspond with the 50 %-reference line;
b) adjuptment of keys in Figures .3,4; 7 and 8;

c) adjuptment of Figures 3, 4-and 6;

d) clarification on flow résistance and elastic load given in 7.4.

Alist of 4ll parts in the ISO/TS 16976 series can be found on the ISO website.

Any feedpack or.questions on this document should be directed to the user’s national standards body.
completq listing-of these bodies can be found at www.iso.org/members.html.
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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.

© IS0 2019 - All rights reserved v
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Respiratory protective devices — Human factors —

Part 4:
Work of breathing and breathing resistance:

Physiologically based limits

Scope

ith and without the external respiratory impediments that are imposed by-RBD of all kind|
ving equipment. This Document describes how much additional impedimentpeople can tole
contains values that can be used to judge the acceptability of an RPD.

1
This document describes how to calculate the work performed by a person’s\respiratory
\
d

DTE These calculations are explained in some textbooks on respiratory physiology (in the abse

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

2| Normative references

The following documents are referred to in the text ihisuch a way that some or all of theil

uhdated references, the latest edition of the referenced document (including any amendmentsj}

p—

40 16972, Respiratory protective devices — Definitions of terms pictograms

3| Terms and definitions
F

I40 and IEC maintain terminelogical databases for use in standardization at the following add

— ISO Online browsing(platform: available at https://www.iso.org/obp

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

1
pdy temperature pressure saturated

TPS

standard-condition for the expression of ventilation parameters

T W

muscles
s, except
rate and

nce of an

' content

constitutes requirements of this document. For dated-references, only the edition cited applies. For

applies.

br the purposes of this document; the terms and definitions given in ISO 16972 and the following apply.

fesses:

Npte 1'to entry: Body temperature (37 °C), ambient pressure and water vapour pressure (6,27 kPa) in satTrated air.

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. Complia
inverse of elastance.

© IS0 2019 - All rights reserved
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3.3

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

Note 1 to entry: 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

relaxatipn-velume

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

3.5

tidal volume

4

volume df a breath

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

3.6

vital capacity

VC

volume pf the largest breath a person can take, i.e. the volumeydifference between a maximum
inspiratipn and a maximum expiration

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

3.7

work of preathing

WOB

work redquired for an entire breathing cycle

Note 1 tojentry: The work in breathing is measured in Joules.

3.8

work of preathing per tidal volume

WOB/Vrt

normalided WOB (equivalent to volume-averaged pressure)

Note 1 tojentry: The work in breathing per tidal volume is measured in Joules per litre = kPa.

4 Symbols and-dbbreviated 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

2 © IS0 2019 - All rights reserved
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Del pressure required to overcome the elastance
Daw pressure required to overcome the flow resistance of the airways
Diext pressure required to overcome the inspiratory flow resistance of the RPD

5 Pressure and volume changes during breathing

5—Pressure-and-volumechangesintheabsenceofanRPD———
During an inspiration the inspiratory muscles contract which makes the chest expand

flow resistance, it takes a certain pressure to expand the chest and lungs. The term uséd in re{
physiology for this elastic behaviour is compliance. The term compliance is alse’used in |
ré¢gulations; to avoid confusion with this use of the word, the remainder of this-document wi
tgrm elastance instead. See Note 2 to entry of 3.3, "elastance is the inverselef‘compliance”. H
describes how much an elastic material changes when a force or a pressure-is applied.

connected to the airway (item 4). The elastance of the lungs tries to-act to shrink them (show
arrows), similarly to a stretched balloon trying to shrink in volume. The elastance of the cheq
tilying to expand it. Thus, in the absence of muscle effort, the forces on the chest and lungs opp
other and will, at some volume, be equal and opposite and edmie to a position of rest. The lung yj
wihich this happens is referred to as the relaxation volume."During an inhalation the chest wall
ahd the diaphragm (item 3) moves downwards.

4

and the

d]aphragm flatten. This action causes the lungs to expand to a larger volume. Even in the alpsence of

piratory
aws and
1 use the
lastance

Flgure 1 shows the lungs (item 1) inside the chest wall (item 2) and diaphragm (item 3). The Jungs are

'n by the
t acts by
ose each
olume at
expands

Kpy

1| lungs

2| ~chestwall
3 —dtaphragm
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 | and depends on a person’s age, height and gender.

© IS0 2019 - All rights reserved
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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.

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.

Y

Key
X  time
Y lungpolume
A startfof an inspiration
B  end qf an inspiration and start of the followingtexpiration
C maximum inspiration
D maximum expiration
E lunggand chest completely empty
Figure 2 — Definitions of volume changes
In order|to inhale, effort is required to overcome the combined elastance of the chest and lungs, s
well as the flow resistance in the airways. Figure 3 illustrates the pressure generated and the resulting
volume dhanges:
4 © IS0 2019 - All rights reserved
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Y
100
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60

40

20

0 | | | | |
-1 -0,5 0 05 091 13 16 2 25 X

Kpy
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 an inspiration and start of the following expiration
C| pointon the elastance line partway through an inspiration
D| pointon the combined elastance and pressure drop linéduring an inspiration
E| pointon the combined elastance and pressure dropdiné during an expiration
NPTE The interrupted line is not a straight line'but becomes less steep at low and high volume.

Figure 3 — Lung volume-versus pressure in the absence of an RPD

For a person, the muscles generate the pressure which in turn generates a change in lung volume.
Therefore, the pressure is the independent variable and the volume is the dependent one.|It is the
opposite for an RPD, for which it is the change in volume in the lungs (i.e. gas flow) that generates
pressure across a flow registance. At the beginning of the inspiration (point A in Figure 3) no prjessure is
generated, i.e. it is the relaxation volume. At the end of the inspiration (point B) the greatest voJume has
bgen achieved, called-the tidal volume, VT. The interrupted line shows the interaction of the gressures
a
h
0
0
fl

nd volumes froni-the combined elastance of the chest and lungs. For example, at point C the volume
hs changed from’about 30 % of VC (at point A) to about 50 % of VC. The volume change could then be
O 1. With astypical textbook value for elastance of 1 kPa/l, the elastance requires a pressurg change
f about 0,9)kPa. The lower solid line ADB shows the total pressure (elastance plus pressufe due to
bw resistance) generated by the respiratory muscles and the resulting change in volume diiring the
rispitation. The expiration follows the upper solid line BEA. To reach the volume of 50 % V|IC during
rjspiration (point D), a total pressure of about 1,3 kPa is required. This is the sum of the pressure of
about 0,9 kPa required for the total elastance, pe], and an additional 0,5 kPa (approximately) for the flow
resistance of the airway, paw. 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 %
V(, giving a resulting pressure of (0,40 x 4) 1 x 1 kPa/1 = 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.

© IS0 2019 - All rights reserved 5
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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 (pj ext) for a total pressure of about 2 kPa (pe] + paw + Pi ext)-

Y
100

80

60

40

20

- Pa Paw Db
0 | | | | |
-1 -0,5 0 05 091 13 16 2 25 X
Key
X  alvedlar pressure, in kPa
Y voluihe, in percent of VC
A startfof an inspiration and end of the previous expiration
B  endqfan inspiration and start of the following expiration
C poinfon the elastance line partway through an inspiration
D poinfon the combined line for elastance and internal pressure drop during an inspiration
E poinfon the combined line for elastance and pressure drop (internal and external) during an inspiration
F  poinfduring an expiration where expiratory muscles start to generate pressure to continue expiration
G poinf during 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
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 © IS0 2019 - All rights reserved
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Y
100
-~
i ~
~
80 - -
~
- ~
_ -~
60 - _
~
- ~
—
40 |- 1
| /.A
— 1A
20 _——
0 | | | | |
-1 -0,5 0 0,5 1 1,5 2 25 X
Kpy
X| alveolar pressure, in kPa
Y| volume,in percent of VC
A| start of an inspiration
Al start of an inspiration with a positive static pressure
Figure 5 — Lung volume versus pressure in the presence of an RPD with static press
5|4 The effect of RPD flow resistance and static pressure on pressure and volum

o

®

th

<o

xample given in 5.3 and in Figure.5,/the new starting point is at 40 % VC. Figure 6 illustr

hanges while using an RPD

pr this type of RPD, the static pressure changes the relaxation volume. Using the numbers

le volume versus pressure plotsichanges. By comparing Figures 4 and 6, it can be noted thaf]
bticeable difference is the starting and ending points (A’ and B’). Since A’ is the relaxation vo
ressure generated by the-reéspiratory muscles is zero. However, the pressure measured in
ould be 0,5 kPa.

5 Effects of high/static pressure

pure

from the
htes how
the only
ume, the
the RPD

5 can be seemfrem Figure 6, a large static pressure will move the end of a breath (B’) towar
ng volumesrand restrict the tidal volume as point B’ approaches 100 % VC. In addition, at

plumes if\becomes harder and harder to reach the desired volume at the end of inspiration. It
own that people resist the volume change imposed by static loads, both positive and negat

s higher
igh lung

as been
ivel8][11],

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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6 Wol
6.1 Ph

6.1.1 (

There is
from sta

6.1.2

Static wq
arm outs
energy. |

40

20

0 ] ] ] ] ] |
-1 -0,5 0 0,5 1 1,5 2 25 X

lar pressure relative to relaxation pressure, in kPa

voluipe, in percent of VC

of an inspiration and end of the previous expiration
fan inspiration and start of the following expiration

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

'k of breathing (WOB)
ysiological work versus physical work

heneral

a difference between thephysiological work and physical work. This is particularly notice
[ic work or when workys performed on elastic materials.

tatic work

rk is performed when a muscle is active but no motion results, for instance when holding 3
tretched. It can be tiring to do so. This is physiological work since the muscle is expendir
[owever, from a physical perspective no work is done since there was no motion.

6.1.3 [Elasticwork

d

18

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.

© ISO 2019 - All rights reserved


https://standardsiso.com/api/?name=2cad213661727d654bbffb5486dda5c4

ISO/TS 16976-4:2019(E)

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 [9]).

6.2 Calculations of inspiratory WOB

The inspiratory WOB can be calculated from recordings of pressure and the resulting volume. The work
can be divided into three parts: work against the elastance, the internal flow resistance and external,
irfspiratory flow resistance. The work against the elastance can be seen in Figure 7 as the| triangle
fdrmed by ACBFA. The work against internal flow resistance can be seen as the area formed-by ADBCA.
Similarly, the work against the external, inspiratory flow resistance can be seen as the' area fgrmed by
A[EBDA. Thus, the total work (physical as well as physiological) of the inspiration is the’area en¢losed by
the AEBFA.

100 -

80

60

40

20

0 | | | | | |
-1 -0,5 0 0,5 1 1,5 2 25 X
Kpy
X| alveolar pressure, in kPa
Y| volume,in percent of VG
A| start of an inspiratiomand end of the previous expiration
B| end of an inspiratien and start of the following expiration
C| pointon the elastance line partway through an inspiration
D| point on the‘eombined line for elastance and internal pressure drop during an inspiration
E[ pointemnthe combined line for elastance and pressure drop (internal and external) during an inspiraftion
F| pointat zero pressure and the same volume as point B
G| point during an expiration where expiratory muscles start to generate pressure to continue expiratign
H pn€n|- r‘IIw;v\g nvp"uno-:n“ L\nyn“A pr\;v\" C ahaoratha o p: f\"r\w} maucclac gr\v\nwr\"r\ pwnﬂn!‘wn
oirerigexphatetheyondpointbwhere-the-expiraterynuscleseenerate FessHre

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
positive but the flow has changed direction, the physiological work is negative. Part 2, the positive

© IS0 2019 - All rights reserved 9
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and positive physiological work generated by the expiratory muscles, is represented by the

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 6.3.
For the breath in Figure 7 the physical positive work by the inspiratory muscles is the area AEBFA.

Negative
muscles

Itis obvi
needed

and vary
However

6.4.2 (

A brief ¢
RPD’s pr
the wear
variable

NOTE 1

Figure 8
axis Y sh

The tida
The insp

BEAB. Any elastic behaviour of the RPD would be-shown as pressure difference between points A and

Common

NOTE 2

physiologicat work by the Inspiratory MUuscCies IS BFGB. POSITIVE WOTK Dy The expiratony
s represented by the area GHAG.

bus that the WOB for an RPD and its wearer is difficult to predict and calculate. The parameters
e.g. flow resistance, elastance, cost of negative work) are hard to quantify in all'Situations
between individuals. It is not practical to provide theoretical calculations for\al situation|s.
empirical data are available to guide in finding acceptable levels of WOB.

Lalculations of WOB for an RPD only

escription is warranted to show the link between a person’s valunie-pressure loop and gn
essure-volume loop. It is also worth noting that, for an RPD, the air flow is imposed on it iy
er and this causes a pressure change. Therefore, for an RED,‘the volume is the independent
hnd the pressure the dependent one.

Measurements for the WOB for an RPD alone are shown inlSO 16900-12.

shows an example of a pressure-volume loop for just an RPD. Axis X shows volume changes arj
pws the pressure. An inspiration starts at point‘A.and follows the line ADB and ends at point

volume is the difference in volume betweenpoints F and G. The expiration follows line BE
iratory WOB is the area ] enclosed by ADBA. The expiratory WOB is the area K enclosed L

T mHFa

ly, the WOB/ VT varies from 0,1 kPaatrest up to over 4 kPa at 135 1/min.

See ISO 16900-12 for more information.

10
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Kpy

X| volume

Y| pressure

A| start of an inspiration and end of the previous expiratian
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

J| arearepresenting inspiratory WOB

K| arearepresenting expiratory WOB

L| lowestinspiratory 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

pak 1nhalat10n breathlng pressu

re (hlstorlcally called 1nhalat10n breathlng resmtance i is the lowest
! n-Ligy | 3 ally called
exhalatlon breathmg re51stance ) is the hlghest pressure durlng explratlon (M) However the WOB
includes all parts and dynamic behaviour of an RPD during a breath, not just the peak pressures.

"CS"U

6.6 Physiologically acceptable WOB

Several authors[3][5][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,

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

should b

o calculated cpnarafn]v for lncnn‘ahnn and pvnwahnn It was concluded(13] (qm: pl()’lll“ﬁ Q\ th

t

for long ¢
noted th
V1. Thus
should b
should b
WOB/ VT
inspirata
exceed 1
above 173
minute Vv

Key

WOB

maxi

N

maxi

minute ventilation, iin]/min

luration exercise (up to 1h) the inspiratory WOB/VT should not exceed 0,9 kPa The authors[l
it people who could maintain high minute ventilations could also sustain higher levels of WOR
for short-term limits with a minute ventilation exceeding 110 I/min, the inspiratory-WOB/1
e less than 1,3 kPa, while for minute ventilations exceeding 130 1/min the inspiratory WOB/|
e less than 1,6 kPa. The authors argued, based on two published studies, that/the' expiratof
can be as large as the inspiratory WOB/VT. The authors further proposedithat the pe3
ry pressure should not exceed 1,2 kPa for minute ventilations up to 110 I)/n1in; it should n
8 kPa for minute ventilations in the range 110 I/min to 130 1/min and for minute ventilatia
0 1/min it should not exceed 2,0 kPa. Table 1 shows a summary of the values for the eig
entilations shown in ISO 16900-12:2016, Table 1.

Y
3,5

3

2,5

2

1,5

N

1

0,5

|
80

| | | | | |
90 100 110 120 130 140 X

o

10 20 30)°40 50 60 70

per tidal volume, WOB/ VT, in kPa
mum totalWOB/Vr
mum level for each of inspiratory and expiratory WOB/Vt

NOTE

B]

b/

12

The dotsindicate the pighf classes of minute ventilations shown in [SQ 16900-12:2016 _Table 1

Figure 9 — Physiologically acceptable levels of WOB/Vt
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Table 1 — Physiologically acceptable levels of WOB/ VT, peak pressures and elastance tabulated
for the eight classes of minute ventilations

Mil}ute: ven- WOB/ VT Peak pressures Elastance
tilation Inspiratory | Expiratory | Inspiratory | Expiratory
1/min kPa kPa kPa kPa kPa/l

10

20

35

50 0,9 09 1,2 1,2

e 1,0
85

105

135 1,6 1,6 2,0 2,0

7| Other respiratory loads

1 Staticload

7

5/4 showed how the relaxation volume changes with externally applied static pressure and
ofit that tidal volume can become restricted. A slight incfease in lung volume is likely to inct
d
0

h the effects of static pressure in divers. These are stimmarized in Reference [18] which st
static loads for exercising people should not exceed+%,0 kPa to +1,5 kPa and should not be more
than -1 kPa.

2 Elasticloads

7

Ak discussed in 6.1.3, there is a physiological load associated with elastic materials. Th
behaviour of the chest and lungs are referred to as compliance in respiratory physiology wh
RPD it is referred to as elastance.”An RPD can exhibit elastance if a mask or a hose deformn]
heavy breathing. An RPD with'spring loaded bags or bellows (such as closed-circuit RPD) has ¢
since the pressure changes with volume. Apparently, only one study has determined acceptal
of external elastancel18]. The investigators found that an imposed elastance of 0,7 kPa/l was ad
bt 1,4 kPa/l was not.\In these experiments with diving subjects the breathing resistance wg
a|lminimum. People'weéaring tight wetsuits or tight elastic straps may experience an addition
ldad. Two otherdimits on elastancel9][12] have set the limit to be 1,0 kPa/l which is set as the |
(dee Table 1).

713 Other loads

Restgictive straps may force a person to change body posture which may restrict breathing, thu

pointed
ease the

ameter of the airways which would decrease the flowiresistance. A few studies have been conducted

ates that
negative

e elastic
le for an
s during
lastance
ble levels
ceptable
s kept at
al elastic
mit here

5 making

ittrardertouse the RPDAThrange i body posture ray atso cirange tie tung and chestcompiid

nce.

Inspired CO3 (e.g. from the respiratory interface dead space and/or from incomplete CO2 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 should 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/VT. The elastic load acts mostly at large volumes (end
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