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Abstract

The effect of nosecups on respirator performance in three National Fire Protection
Association-compliant 60-minute open-circuit positive-pressure self-contained breathing
apparatus (SCBA) was investigated. Six men performed a continuous, variable work rate
treadmill protocol which consisted of three exercise periods of 5 minutes at a high intensity
work rate, 15 minutes at a moderate work rate, and 10 minutes at a low work rate while•
wearing an SCBA without a facepiece. Average oxygen consumption (Vo2), minute venti-
lation (VE), and expired peak flow (PFE) were 338 ± 0.13,79.1 ± 10.6, and 254.4 ± 29.1 for
the high intensity work rate; 2.21 ± 0.09,48.7 ± 5.1, and 182.4 ± 36.3 for the moderate work
rate; and 1.00 ± 0.09,25.8 ± 7.2, and 113.6 ± 32.4 for the low work rate, respectively (all units
L • mirr1, STPD, and mean ± S.D.). The same exercise tests were then performed with
subjects wearing three different model SCBAs with and without a nosecup. Time to alarm,
minimum and average inspired CO2 concentration, tidal volume, and breathing frequency
were measured for each test. Time to alarm was significantly reduced without versus with
a nosecup [30.0 min (without) versus 34.1 min (with), p<0.05]. Minimum and average
inspired CO2 concentrations, as well as the volume of reinspired CO2, were significantly
greater without a nosecup than with a nosecup across all work rates (p<0.005). Inspired
minute volume was significantly greater (p<0.05) without a nosecup (86.6 ± 12.5 L • murr1)
than with (76.5 ± 12.7 L • min-1) during the high intensity work rate but not during the
moderate or low intensity work rate. These findings may have significant implications
regarding nosecup use and testing conditions for those involved in updating NFPA fire
service SCBA regulations.

We attest that this article cited was prepared by U.S. government employees as a part of their official
duties and legally may not be copyrighted.
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Introduction

Open-circuit self-contained breathing apparatus
(SCBAs) used in the fire service have been reported
to have air cylinder service times that vary inversely
with the volume of facepiece dead space (Raven,
1989). This concern has received enough attention
that in 1989, a subcommittee of the National Fire
Protection Association (NFPA) considered proposing
legislation which would require the mandatory use
of a nosecup with all respirator facepieces used by
the fire service. The proposal was based on manufac-
turers' promotional literature claiming increases in
service time of 25% using a nosecup, anecdotal
evidence from users, and several studies which have
demonstrated dead space-induced increases in
ventilation; however, the actual magnitude of the
effects of nosecups is not known. The objective of
this study was to quantify the effect of a nosecup on
inspired CO2 concentration, ventilation, and service
time in three different manufacturers' NFPA-ap-
proved SCBAs.

The effects of dead space on physiological
variables were recognized as early as 1948 (Stannard
and Russ, 1948) and were addressed again in an early
NIOSH document (James, 1971). As facepiece dead
space increases, the concentration of inspired CO2

and volume of reinspired CO2 both increase. Most of
the research in this area has not been performed on
actual SCBAs; dead space or inspired CO2 concentra-
tions have been experimentally increased in order to
simulate wearing an SCBA facepiece. Warkander
(1988) summarized data from four such studies
(Bartlett et al., 1972; Clark et al., 1980; Jones et al.,
1971; Kelman and Watson, 1973) and found that for
each liter of added dead space, ventilation may be
expected to be increased an average of 53%. He

concluded that ventilatory demand can be predicted
to increase 10 to 40% with commercially available
breathing devices (dust masks to full facepiece), with
a corresponding reduction in air cylinder service
time for SCBAs.

Only one study (Raven, 1989) investigated one
full facepiece and nosecup combination using fire
fighters and measured inspired CO2, service time,
and ventilation. Minute ventilation, inspired CO2

concentration and volume of reinspired CO2 with a
nosecup were significantly lower across all work
rates. Service time was improved by as little as 7.9%
(1 minute) and as much as 11.4% (2 minutes). Raven
stated that this was far lower than the improvements
predicted with nosecups in some SCBA manufactur-
ers' promotional literature.

Both Raven's study (1989) and the present study
used the method of Dahlback et al. (1987) to deter-
mine reinspired CO2 concentrations and dead space
volumes. This method employs a modification of the
Bohr equation, where dead space (VQg) multiplied by
end tidal CO2 (FACO2) equals inspired tidal volume
(VTI) multiplied by the inspired fraction of CO2

(FjCO2), and the product is equal to the volume of
reinspired CO2 (VjCO2):

The present study investigated several open-
circuit SCBAs commonly used by the fire service
with and without a nosecup to discover if the find-
ings of Raven hold for these devices.

Materials and Methods

The subjects for this study were six nonsmoking
men between the ages of 18 and 35 years. Two were
experienced SCBA users, and four were inexperi-
enced.

Prior to inclusion in the study, all subjects signed
a consent form, completed a medical history ques-
tionnaire, and received a resting 12-lead electrocar-
diograph and spirometry. Each subject also com-
pleted a graded exercise test on a treadmill using a
modified Balke protocol (Balke and Ware, 1959).
Maximum aerobic capacity was determined by

measuring maximum oxygen consumption (Vo^^)
using an MMC Horizon, Advanced Exercise System
5, metabolic cart (SensorMedics, Yorba Linda, CA).

Following these screening procedures, subjects
were placed into one of three body weight categories.
The rationale for these body weight categories and
the energy expenditures for the variable work rate
protocol is described in a previous study (Turner
et al., 1995). The treadmill speed and grade combina-
tions for the variable work rate protocol are
presented by body weight group in Table 1. Subject
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characteristics are shown by body weight group in
Table 2.

SCBAs selected for this study consisted of three
different manufacturers' National Fire Protection
Association-compliant 60-minute open-circuit
positive pressure SCBA. Only SCBAs which are
certified by NIOSH to be used either with or without
a nosecup were tested. Relevant open-circuit SCBA
performance variables were continuously monitored;
data were sampled at 60 Hz and logged by a
Hewlett-Packard Vectra QS-20 IBM-compatible
computer. Inspired dry bulb temperatures were
measured using a fast-response Type T copper-
constantan thermocouple. Inspired and expired
pressures were measured using a Validyne differen-
tial pressure transducer and carrier demodulator
(Northridge, CA). Tidal volumes and flow rates
were measured and calculated, respectively, using a
Sensormedics Ventilation Measurements Module
turbine (Yorba Linda, CA). Inspired CO2 and O2

concentrations were measured by Ametek CD-3 and
S-3A/II analyzers, respectively (Pittsburgh, PA). All
exercise was performed on a Quinton 645 program-
mable treadmill (Seattle, WA).

Instrumentation of each SCBA was accomplished
by drilling small holes in the facepiece lens and
nosecup, as pictured in Figure 1. The gas sampling
line was placed in the center, so that the tip of the
line was approximately 1 cm from the tip of the nose
for both the with and without nosecup (NC) condi-
tions. The temperature/pressure line and the sample
return line were placed 2 cm on either side of the gas
sample line. The turbine volume transducer was

inserted into the breathing hose at the point where
the facepiece attached to the hose. The dead space of
the turbine was approximately 75 ml, and the
diameter of the turbine casing (2.5 cm) was identical
to that of the breathing hose for each SCBA.

There are three distinct measurements of in-
spired gas concentration which can be made during
the human subject testing of respirators: (1) mini-
mum inspired, (2) maximum inspired, and (3)
average inspired concentration. However, measure-
ment of the first two quantities does not reveal the
actual concentration inhaled by the user because it
fails to take into account apparatus dead space. The
measurement of average inspired gas concentration
does take apparatus dead space into account but
requires more instrumentation and modification to
the apparatus being tested. Instantaneous inspired
flow rates are required for the accurate measurement
of average inspired gas concentrations and may only
be obtained through insertion of a flow measurement
device into the breathing line of the SCBA. Both
flow-weighted and time-weighted average inspired
CO2 concentrations were measured in the current
study; however, the flow-weighted concentrations
were found to be inaccurate due to respirator-
induced variations in turbine response time and
therefore will not be reported.

Each subject performed the variable work rate
test first wearing only the Model A SCBA harness
and cylinder (control test) and then while wearing
one of three different fire service SCBA with and
without a nosecup, for a total of six respirator tests.
Test order was randomized for each subject. Test

Table 1. Durations and treadmill speed and grade combinations for the variable work rate protocol by
body weight group.

Target Work RateA

Body Weight Group (kg)

3.0 L • min
(5 min)

2.0 L • min
(15 min)

"

Speed Grade

(mph) (%)

Speed Grade

(mph) (%)

A Oxygen consumption
B Repeat the 30-minute protocol for a 60-minute apparatus

0.5 L • min
(10 min)

Speed Grade

(mph) (%)

80-86.5

87-92.5

93-100

3.5

3.5

3.5

13.5

12.0

11.0

3.5

3.5

3.5

6.5

5.5

4.5

2.0

2.0

2.0

0.0

0.0

0.0
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Table 2. Mean and S.D. of subject characteristics (n=6).

Body Weight Group (kg)

80-86.5 (n = 2)

87-92.5 (n = 2)

93-100 (n = 2)

Age (yrs)

27.0
±9.9

21.5
±2.1

31.0
±1.4

Ht (cm)

184.0
±1.3

184.0
±5.7

188.0
±4.2

Wt (kg)

80.1
±0.8

90.0
±2.7

99.2
±4.0

v A
V02max

(ml • kg"1 • min"1 )

51.5
±2.4

45.5
±0.3

42.2
±2.2

VEmax
(L • mirT1 )

129.1
±2.6

111.6
14.1

98.1
±7.6

Maximum oxygen consumption (STPD)
Maximum minute ventilation (STPD)

gas sampling

k
sample return

temperature/
pressure

turbine

Figure 1. SCBA facepiece and nosecup instrumentation.
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duration was measured as the time to the sounding
of the first-stage regulator alarm, and the same
regulator was used within each SCBA model. The
amount of air remaining in each cylinder at the time
of alarm was recorded.

Data were collected using custom software that
phased the various signals into a breathing wave-
form, located minimum and maximum values, and
calculated average inspired gas concentrations by
integration versus flow rates. Five to fifteen breaths

were obtained for each minute, and minute averages
were calculated and stored. Representative CO2

curves were also obtained using a high-speed chart
recorder for later analysis. Data from the last two
minutes of each work period were used in the
analysis. Data were analyzed using a 2-way analysis
of variance (ANOVA) with repeated measures
(SCBA Model by Nosecup). Multiple comparisons
were made using the Student-Newman-Keuls test
(SigmaStat, San Rafael, CA).

Results

The results of the 30-minute control test (SCBA
cylinder, no facepiece) are presented in Table 3 by
body weight group. The observed Vo2 values are
slightly greater than the target values because of the
additional weight of the SCBA (approximately
17 kg). The absolute Vo2 and VCo2 were identical
among the three body weight groups. These energy
expenditures represent 82,54, and 24% of all sub-
jects' Vo2 max f°r the hig*1/ moderate, and low
intensity work rates, respectively. While there
was greater variability in minute ventilation (VE)
among the three body weight groups, overall
test time-weighted averages of VE were quite similar
(44.7,48.6, and 44.3 L • min"1 for the lightest to the
heaviest body weight group, respectively). Expired
tidal volume (VTE) and peak expiratory flows (PFE)
for the control test are also shown in Table 3.

The time to alarm data collected during the
variable work rate protocol when three different
SCBA models were worn without and with a
nosecup are presented in Table 4. Time to alarm was
measured as the first sounding of the first-stage
regulator alarm. These alarms were found to be very
consistent; the means and standard deviations of the
cylinder pressure remaining at the time of alarm for
models A, B, and C were 1160 ± 40,1075 ± 60, and
1170 ± 40 psi, respectively. Mean cylinder pressure
at the time of alarm was not significantly different
across SCBA models for the without NC condition
(1133.3 ± 59.4 psi) as compared to the with NC
condition (1127.8 ± 73.2 psi). Time to alarm was

significantly greater with a nosecup than without
(p<0.05). SCBA model B showed the smallest
increase in time to alarm (7.5%), and the average
increase across all three SCBA models was 4.1 min,
or 14.0%.

Physiological data from the variable work rate
protocol when three different SCBAs were worn with
and without a nosecup are shown in Table 5. In-
spired minute ventilation (Vj, STPD) was signifi-
cantly reduced (p<0.05) with the use of a nosecup for
the high intensity work rate but not for the moderate
or low intensity work rate. Both minimum and
average inspired CO2 concentrations were signifi-
cantly lower (p<0.005) with a nosecup across all
work rates, as was the volume of reinspired CO2 per
breath. There were no statistically significant differ-
ences in either inspired tidal volume (VTI, STPD) or
breathing frequency between the with and without
nosecup conditions.

•
In order to explore the differences in Vj more

thoroughly, data for every five minutes were
graphed versus time for the with and without NC
conditions (Figure 2), and a separate repeated
measures ANOVA was performed. Significant
differences in Vj were observed for minutes 5 and
20. Areas under the two curves were calculated in
order to estimate the total amount of air used
(SigmaPlot, San Rafael, CA) and equaled 1701 and
1663 liters for the with and without NC conditions,
respectively.

Discussion

The results of the current study, although they
were obtained using a variable work rate protocol,
can be compared with those of Raven (1989). In that

study, inspired CO2 during exercise while using
a nosecup declined 0.87% (2.08% to 1.21%) at
40 L - min'1, and 0.61% (1.43% to 0.82%) at
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Table 3. Mean and S.D. of control data for the variable work rate protocol by body
weight group (n=6).

Target VQJ Observed VQJ
(L • mm" ) (L • mirf )

80-86.5 kg (n=2)

3.0

2.0

0.5

87-92.5 kg (n=2)

3.0

2.0

0.5

93-100 kg (n=2)

3.0

2.0

0.5

3.3
±0.2

2.2
±0.1

0.9
±0.1

3.3
±0.1

2.3
±0.1

1.0
±0.1

3.5
+0.2

2.2
±0.1

1.0
±0.1

VCo^
(L • min )

3.7
±0.4

2.0
±0.1

0.8
±0.1

3.6
±0.1

2.1
±0.1

1.0
±0.2

3.5
±0.1

1.9
±0.1

0.9
±0.1

^
(L • min )

80.8
±13.6

47.7
±8.5

22.2
±2.6

76.6
±5.5

51.0
±6.1

31.0
±12.6

75.4
±1.0

47.4
±1.0

24.2
±1.1

cVTC
C

(L)

2.2
±0.1

1.4
±0.1

0.8
±0.1

2.1
±0.1

1.3
±0.1

0.9
±0.1

2.8
±0.4

1.7
±0.1

1.0
±0.1

<,
(L • min )

285.6
±57.7

211.2
±33.9

112.8
±30.6

249.6
±6.8

194.4
±3.4

146.4
+10.2

228.0
±23.8

141.6
±10.2

81.6
±6.8

A CO2 production (STPD)
B Minute ventilation (STPD)
c Expired tidal volume (STPD)
D Peak expiratory flow rate (STPD)

Table 4. Time to alarm (Mean and S.D.) for the variable work rate protocol by respirator model
without and with a nosecup (NC).

SCBA Model

A

B

C

Without NC

28.4
±5.4

30.5
±6.0

31.0
+6.0

Time to Alarm (min)

With NC

33.6*
±3.8

32.8*
±5.8

36.0*
+4.9

% Increase

18.3

7.5

16.1

* With NC time significantly greater than Without NC (p<0.05)
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Table 5. Mean and S.D. of respirator data for the variable work rate protocol by work rate without
and with a nosecup (NC).

Variable

VjA (L • mirf )

FlC02minB (%)

FlC02aveC (%)

ViCO2
D (ml • breath"1)

VTIE (liters)

Frequency (breaths • min )

High Intensity

Without With
NC NC

86.6
±12.5

0.25
±0.06

2.00
±0.44

59.9
±16.5

3.0
±0.5

29.6
±5.8

76.5*
±12.7

0.04**
±0.02

1.30**
±0.32

36.5**
±7.5

2.9
±0.5

27.2
±5.0

Moderate

Without
NC

59.6
±6.8

0.58
±0.10

2.11
±0.43

48.2
±15.2

2.3
±0.6

27.2
±5.0

Intensity

With
NC

53.8
±6.6

0.07**
±0.02

1.27**
±0.28

27.1**
±4.8

2.2
±0.5

25.6
±5.8

Low Intensity

Without With
NC NC

32.8
±6.8

1.17
±0.13

2.24
±0.38

33.6
±7.3

1.5
±0.2

21.9
±3.5

30.3
±7.5

0.18**
±0.04

1.38**
±0.31

18.4**
±3.7

1.3
±0.2

22.8
±6.2

* With NC significantly lower than Without NC (p<0.05)
* * With NC significantly lower than Without NC (p<0.005)
A Inspired minute ventilation (STPD)
^ Minimum inspired CO 2 concentration (± standard error of mean)
^ Average inspired CO2 concentration
D Volume of reinspired CO2 (STPD)
E Inspired tidal volume (STPD)

80 L - min"1. The study found that with a nosecup
the group-averaged air bottle service time increased
2.0 minutes (11.4%) at a minute ventilation of
40 L - min"1,1.0 minute (7.9%) at 60 L • min"1, and
1.0 minute (10%) at 80 L • min"1. In contrast, the
current study demonstrated an average improvement
of 14.0%, or 4.1 minutes for a test of 30 minutes
duration, across three different manufacturers'
SCBAs.

In addition, Raven (1989) calculated a quantity
described as "total air saved," which was equal to the
difference in mean VE (without versus with NC)
multiplied by the service time obtained when using a
nosecup. When the total volume of air used in the
current study was divided by the time to alarm, mean
minute ventilations for the entire test were 55.4 and
49.9 L • min"1 for the without and with NC condi-
tions, respectively. Therefore, the quantity "total air
saved" across all three SCBAs was calculated to be
approximately 188 liters when a nosecup was used
for the current variable work rate protocol.

Current NIOSH respirator certification testing
requires that inspired CO2 concentrations in open-
circuit SCBAs will be measured during a breathing
machine test at a minute ventilation of 10.5 L • min 1

(NIOSH, 1995,42 CFR Part 84.97). The reason for
this choice of ventilation, stated in a report by the
U.S. Bureau of Mines (Kloos and Lamonica, 1966), is
as follows:

Since dead-space air is a fixed volume, an
increase in tidal volume will dilute the CO2

in the dead space and give a lower average
concentration of CO2 in the inspired air.
The sedentary rate, therefore, provided the
most severe breathing condition for this
CO2 test on self-contained breathing appa-
ratus.

However, results from one very recent study
demonstrate that dead space is not necessarily a
fixed volume but can increase with increased ventila-
tion (Warkander and Lundgren, 1995). In addition,
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Q
QL

fe
'c
E

o Without NC
• With NC

10 15 20 25 30

Time (min)

35 40 45

Figure 2. Inspired minute ventilation (Vj) versus time for all respirator tests (n=18; * Without NC the
inspired minute ventilation was significantly greater than With NC, p<0.05). Shaded areas under curves
represent total breathing air used.

that study demonstrated that the highest mean
inspired CO2 concentrations do not always occur at
the lowest ventilations. In the current study, average
inspired CO2 concentrations were similar across
work rates within each NC condition. These findings
may serve to justify testing SCBAs at more than
one ventilation or at greater than resting minute
ventilations, as is the case with the 50 L • min"1 test
employed in the European Standard (CEN, 1989, EN
136, Part 5.6).

In conclusion, time to alarm was significantly
reduced without versus with a nosecup [30.0 min
(without) versus 34.1 min (with), p<0.05]. Minimum
and average inspired CO2 concentrations, as well as
the volume of reinspired CO2, were significantly
greater without a nosecup than with a nosecup
across all exercise intensities (p<0.005). These
findings may have significant implications for those
involved in updating NFPA regulations for the use
and testing of fire service SCBAs.
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