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ABSTRACT: Commercial devices for tidal breathing measurements in newborns allow
only short-term measurements, due to the high apparatus dead space of the face mask
and pneumotachometer. The flow-through technique (FTT) minimizes the dead space by
a background flow, thereby allowing long-term measurements. The aim of this study was
to investigate the comparability of tidal breathing parameters using both techniques.

Paired measurements of tidal breathing were performed in 86 sleeping infants (median
(range) body weight 2.8 kg (1.9-5.3 kg), age 65 days (3—150 days)), using the FTT and
SensorMedics 2600 (SM 2600).

There was a significant bias (p <0.001) in all tidal breathing parameters. Compared
with the FTT, increases (95% confidence interval (CI)) in tidal volume (7'T), respiratory
frequency (fR), and minute ventilation gV‘E) were 0.74 (0.5-1.0) mL-kg”, 9.0
(6.9-11.2)'min™ and 92 (74-109) mL-min -kg'l when measured with the SM 2600,
representing average increases of 13, 17 and 30%, respectively, in response to the added
dead space. By contrast, time to peak tidal expiratory flow as a proportion of expiratory
time (fPTEF//E) was changed by -0.09 (-0.11—-0.08). The mean (95% CI) change in
tPTEFItE of -54 (-62—45)%, when measured in infants by the SM 2600, was remarkably
similar to that observed during in vitro validation studies (-59 (-73—44)%), suggesting
that the discrepancies in timing parameters may be largely attributable to differences in
signal processing.

In conclusion, differences in measurement technique and precision of the devices used
can result in significant differences in tidal breathing parameters. This may impede the
comparison of results within and between infants and the clinical interpretation of tidal
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Most methods for respiratory function testing (RFT)
in newborns currently require an accurate measurement
of ventilation and correct recognition of the beginning
of each inspiration and expiration. With the exception
of forced expiratory manoeuvres, ventilatory measure-
ments in infants are most commonly performed during
tidal breathing [1]. While both respiratory inductance
[2] and "face out" body plethysmography [3] have been
used to record tidal breathing without any facial
attachments, thereby eliminating all external dead
space, the former only provides quantitatively accurate
measurements if measurement conditions remain very
stable [4], while the latter is too expensive and
cumbersome for routine bedside application [5]. Con-
sequently, direct measurement of airflow at the airway
opening using a pneumotachometer (PNT) or similar
flow meter connected to a face mask, has remained the
most popular option for quantitative measurements.

Unfortunately, while being very simple, this mea-
surement technique influences the very parameters it is
designed to measure, respiration being stimulated by
irritation of the nucleus trigeminus during facial
attachment of the mask [6, 7], the additional resistance

of the pneumotachometer (RPNT) and, most impor-
tantly, the apparatus dead space (VD,app) [8]. The
latter is of particular concern in newborns due to their
low absolute tidal volumes (5-8 mL-kg! body weight)
[9]. While recent technological advances have facili-
tated the development of low dead space flowmeters,
there are limitations to how much the effective dead
space of the mask (which often represents the greatest
component of VD,app during tidal breathing measure-
ments) can be reduced [10]. Since the water displace-
ment of the smallest available face mask appears to
be in the order of 10mL, about half of which will
represent effective dead space once in situ, this will
present a considerable challenge to spontaneously
breathing newborns, especially those <3 kg. Conse-
quently, the duration of RFTs in newborns is limited
if the conventional technique is applied. However,
representative recordings of tidal breathing often
require a relatively long acquisition period due to
the high variability of sleep state and respiratory
signals, especially in preterm newborns. RUTTIMANN et
al. [11] described a method for overcoming this
problem in ventilated neonates, by using differential
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pneumotachography based on flow measurements in
the inspiratory and expiratory limb of the respirator
circuit. This technique was subsequently used for
ventilatory measurements in intubated, spontaneously
breathing infants [12]. An adaptation of this technique
for tidal breathing measurements using a face mask is
shown in figure 1. This technique was called the flow-
through technique (FTT) [13] because the face mask
and PNT are continuously and thoroughly rinsed by a
constant background flow which virtually eliminates
VD,app. In contrast to the conventional technique, the
functional reduction of VD,app by FTT allows long-
term tidal breathing measurements.

The aim of this study was to investigate the
comparability of the most commonly measured tidal
breathing parameters, using both techniques, in new-
borns.

Materials and methods
Subjects

Tidal breathing measurements were performed in 86
newborns (table 1) over a 10-month period (November
1996-August 1997), in the respiratory function labora-
tory of the Dept of Neonatology at Humboldt Uni-
versity (Charité, Berlin, Germany). The measurements
were part of a prospective follow-up study of infants
requiring mechanical ventilation during the neonatal
period. In addition to other lung function tests such as
the measurement of lung volume [14], paired measure-
ments of tidal breathing parameters were performed
using the conventional method and the flow-through
technique. Admission criteria to this study were: spon-
taneous ventilation, quiet sleep according to PRECHTL
[15], and written parental consent. Infants with major
malformations, upper airway obstruction, acute res-
piratory infection, congenital heart disease or central

/
Outflow

Inflow

Fig. 1. — Tidal breathing measurements in newborns using the
flow-through technique in which the face mask is continuously
rinsed by a constant background flow and the infant's ventilation
is given by the flow difference between the two pneumotacho-
graphs (PNT; PNT),).

Table 1. — Patient characteristics

Parameter Median (range)

Body weight g

Body length cm

Age days

Postconceptional age weeks
Sedation incidence

2800 (1880-5300)
49 (38-57)
65 (3-150)
40.4 (34.0-49.4)
27 out of 86/31%

nervous malfunction were not eligible for recruitment.
This study was approved by the medical faculty
(Charité) of the Humboldt University (protocol 54/
92). Parents were given a full explanation of the tests
and equipment used before their consent was obtained.

Equipment for tidal breathing measurements

For the conventional tidal breathing measurements,
the SensorMedics 2600 (SM 2600; SensorMedics Inc.,
Anaheim, CA, USA) was used, as previously described
[16]. Ventilatory measurements were performed using
transparent face masks for premature neonates (size 1)
or infants (size 2) (Vital Signs Inc., Totowa, NJ, USA?,
connected to a PNT (flow range: 0-10 L-min™,
RpNT=0.5kPa-L s total resistance of the PNT defi-
ned by the back pressure at 5 L-min!, Hans Rudolph
Inc., Wyandotte, MI, USA). The VD,app of the face
mask and PNT was 9 mL for mask size 1 and 18 mL
for mask size 2, determined by water displacement
using a head model. Integration of airflow to derive
volume was performed at 256 Hz without any filtering
of the raw signals [16]. The calibration of the PNT,
including the linearization procedure, was performed
prior to each measurement, according to the recom-
mendations of the manufacturer. Custom made equip-
ment was used for the tidal breathing measurements
using the FTT (fig. 1). The inflow and outflow of the
face mask were measured by two screen PNTs (linear
range 0-240 L-min™!, RPNT=0.2kPa-L s, total resis-
tance, defined by the back pressure at 5 L'min’!, Baby
PNT Jaeger, Wiirzburg, Germany) and the infant's
airflow was given by the difference between the two
flow signals. The continuous background flow, which
was generated by an air mixer and flow regulator, was
fed into the inspiratory limb and the same face mask as
used with the SensorMedics 2600 (SM 2600) via a
modified y-piece. Flow was recorded at 200 Hz and
filtered by an analogue Bessel filter of fourth order
with a cut-off frequency of 48 Hz to avoid aliasing
[17]. The software Labview (Version 4.0.1., National
Instruments, Austin, Texas, USA) was used for data
acquisition and further signal processing. The in vitro
measurement accuracy of the two devices was assessed
as described previously, using a mechanical model
pump to generate flow profiles that simulated those
observed in infants [18].

Measurements in infants

Normally, a clean, dry newborn falls asleep in
comfortable environmental conditions within about



110 G. SCHMALISCH ET AL.

half an hour of feeding. This biological reaction and the
infant's sleep-waking rhythm were used to determine
timing of respiratory function tests. Most infants were
studied during natural, quiet sleep, assessed by behavio-
ural criteria [15], but 27 children (31%) were sedated
with chloral hydrate (50 mg-kg™") given orally 15-30 min
before testing. Sedation was primarily necessary in older
infants and for the additional lung function tests, such as
measurement of lung volume. Parents were usually
present during the RFT. For the measurements, sleeping
infants were placed in a supine position with the neck in a
neutral position, supported by a head seal. After the
infant was asleep, tidal breathing measurements were
performed, firstly with the FTT, followed immediately
afterwards with the SM 2600. The duration of both
measurements was normally 20-30 min, depending on
the period of acclimatization to the face mask. Infants
were continuously monitored throughout the whole
procedure by pulse oximetry.

During the FTT, the constant background flow
(V' const) was adjusted in such a way that it was always
higher than the infant's peak tidal inspiratory flow
[13]. After a sufficient period of adaptation (5-20
min), tidal breathing was measured and the airtight
seal of the mask on the infant's face was checked by
continuous leak monitoring [19]. The end of the
adaptation period is commonly characterized by a
more regular breathing pattern without any visible
drift in breathing parameters. When using the FTT,
on-line display of time based signals and flow/volume
loops facilitate both recognition of the end of the
period of adaptation and selection of suitable epochs,
with low breath-to-breath variability and minimal
artefacts for subsequent evaluation. The graphical
display of instantaneous respiratory frequency over
the last 60 breathing cycles also assists assessment of
the stability of the tidal breathing parameters.

Depending on the variability of the breathing
pattern, at least 10, but not more than 30 consecutive
breaths were evaluated. Immediately afterwards, tidal
breathing measurements were carried out with the SM
2600. An identically sized face mask connected to the
Rudolph PNT was placed on the face. When using the
SM 2600, single breathing cycles of the stored signals

have to be selected by the investigator. For the current
study, tidal breathing parameters were determined from
4-12 selected breathing cycles when the infant was
breathing regularly.

Statistical methods

Meantsp was calculated for all ventilatory para-
meters, together with the mean (95% confidence
interval (CI)) of the within-subject differences in tidal
breathing parameters between the two methods. The
comparability of the two techniques was assessed using
paired t-tests and the statistical approach described
by BLanD and ALTMAN [20]. The software STAT-
GRAPHICS (Version 4.0, Manugistics Inc., Rockville,
Maryland, USA) was used for the statistical evalua-
tions. A level of statistical significance of p<0.05 was
accepted.

Results

The comparison of the tidal breathing parameters
recorded with both methods are shown in table 2, where
statistically significant differences between techniques
for all parameters investigated (p <0.001) are displayed.
Thus, when compared with the FTT, tidal volume (7'T),
respiratory frequency (fR) and minute ventilation
(V'E) were on average 13, 17 and 30% higher, res-
pectively, when measured by the SM 2600. Even
greater differences were found for parameters depen-
dent on the shape of the flow signal or the tidal
breathing flow/volume loop (TBFVL), with meantsp
time to peak tidal expiratory flow as a portion of
expiratory time (fPTEF/tE) decreasing from 0.24£0.08
(FTT) to 0.15%£0.08 (SM 2600), representing a mean
(95% CI) change in fPTEF/tE of -54 (-62—-45)%. The
parameter volume to peak tidal expiratory flow as a
portion of tidal volume (VPTEF/V'T), which describes
the site of maximum expiratory flow on the TBFVL,
and which is strongly correlated with ¢PTEF/fE (r=
0.959 for SM 2600 and r=0.834 for FTT), was also
found to have decreased (by about 39%) during
measurements with the SM 2600. By contrast, the

Table 2. — Comparison of tidal breathing parameters measured in infants with SensorMedics 2600 (SM 2600) and flow-

through technique (FTT)

Group means

Mean individual differences (95% CI) (SM 2600-FTT)***

Parameter

SM 2600 FTT Absolute difference Relative difference %
VT mL-kg! 6.1£1.5 53%14 0.74 (0.5-1.0) 12.9 (8.0-17.8)
R min’! 58.6+13.0 49 5+11.8 9.0 (6.9-11.2) 16.8 (12.8-20.9)
V’E mL-min kg™ 349+97 258+74 92 (74-109) 29.5 (24.5-34.5)
tE s 0.61+0.16 0.74+0.19 -0.12 (-0.16—-0.09) -18.0 (-22.5—-13.4)
{PTEF/(E 0.15+0.08 0.24+0.08 -0.09 (-0.11-0.08) -53.5 (-62.4—-44.6)
VPTEF/ VT 0.20+0.09 0.294+0.07 -0.085 (-0.1--0.07) -39.4 (-46.7--32.0)
TEF25 L'min"" kg 0.56%0.20 0.44+0.14 0.12 (0.09-0.16) 23.2 (16.9-29.6)

Group means are presented as meantsp, within-subject differences between measurement techniques are shown as absolute
and relative mean difference with the 95% confidence interval (CI): VT: tidal volume; fR: respiratory frequency; V'E: minute
ventilation; 7E: expiratory time; fPTEF/{E: time to peak tidal expiratory flow as a proportion of expiratory time; VPTEF/VT:
volume to peak tidal expiratory flow as a portion of tidal volume; TEF25: expiratory flow when 25% of tidal volume remains in
the lung. ***: for all p<0.001 for difference between SM 2600 and FTT.
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Fig. 2. — Scatter plots, according to the method of BLAND and
ALTMAN [20], of differences in tidal volume (VT), respiratory fre-
quency (fR) and time to peak tidal expiratory flow as a propor-
tion of tidal expiratory time (fPTEF/fE) between the SM 2600
and flow-through technique (FTT). The mean within-subject dif-
ference (—) and the 95% limits of agreement (- -; 1.96 sD) are
indicated. Mean within subject differences for VT, fR and ¢PTEF/
tE are 0.7 mL-kg™", 9.0-min”" and -0.09, respectively.

parameter expiratory flow when 25% of tidal volume
remains in the lung (TEF25), which reflects the
curvature of the end-expiratory limb of the TBFVL,
was significantly higher (p<0.001) when measured
with the SM 2600. Individual within-subject differ-
ences for VT, fR and fPTEF/tE are shown in figure 2,
plotted according to the BLAND and ALTMAN method
[20]. It can be seen that while there was considerable
individual variability to the change in measurement

technique, with wide limits of agreement between the
methods, a significant bias was evident in all the
measured parameters (table 2).

Discussion
Relative advantages and limitations of the two methods

The conventional technique, which simply requires a
face mask and low-dead space PNT, is widely used for
RFT in newborns. The physical properties of the gas
flow through the PNT (room air during inspiration,
alveolar gas with body temperature and pressure
saturated (BTPS) conditions during expiration) can
be corrected [21]. In contrast to the FTT, it can be used
in conjunction with techniques requiring airway occlu-
sions (e.g. plethysmography and passive respiratory
mechanics [1]). However, a crucial disadvantage of this
method is the high apparatus dead space, which in
newborns often exceeds the physiological dead space.
The duration of measurements, therefore, needs to be
as short as possible in such infants to avoid compro-
mising alveolar gas exchange. This disadvantage can be
overcome by using the FTT. The virtual elimination of
VD,app by the background flow permits long-term
measurements, the duration of which can readily be
adapted to the prevailing measuring conditions (e.g.
time required to reach a steady state) as well as to
check the variability of the respiratory signals. In
addition, the FTT has the advantage that the inspired
oxygen fraction can be adjusted, tracer gases for other
RFTs can be added [13], and it can easily be used in
infants requiring continuous positive airway pressure
[22]. Furthermore, the FTT can be combined with
oesophageal manometry [23] or forced oscillations to
investigate lung mechanics during tidal breathing [24].
The FTT also allows continuous assessment of air
leaks between the face and the mask which is helpful
for maintaining airtight placement of the face mask
[19].

Potential disadvantages of the FTT include the
higher technical expenditure and demands on both
PNTs (e.g. linear characteristics required over a wider
flow range to avoid any influence of the background
flow on the measurement). In addition, as mentioned
previously, the FTT cannot be used for all respiratory
function tests, particularly those requiring airway
occlusions. Nevertheless, it would appear to be the
method of choice for tidal breathing measurements in
newborns, especially those delivered prematurely.

Factors influencing tidal breathing measurements

The biggest difference between the techniques used in
this study was with respect to the apparatus dead space.
In contrast to the FTT, the VD,app of the SM 2600 (9 or
18 mL, depending on mask size selected) could have a
significant influence on alveolar gas exchange and
blood gases. Although the apparatus resistance of the
SM 2600 was also higher than that of the FTT (0.5
versus 0.2kPa-L"s respectively), both are consider-
ably smaller than the infant's own resistance and it is,
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therefore, unlikely that this difference in resistive load
between methods made any major contribution to the
observed differences in the tidal breathing parameters.
As shown in table 1, body weight was less than 2,800 g
in half of the infants studied, and in such infants the
intrinsic resistance is likely to be nearly ten times
higher that that of the apparatus, even when using the
SM 2600 [25]. While the air stream from the back-
ground flow on the infant's face could potentially
influence measured tidal breathing parameters when
using the FTT, it has been previously shown that this
flow has no significant influence on breathing pattern,
provided infants are allowed to adapt for a sufficient
period of time [26]. All other factors that could
potentially influence tidal breathing were the same for
both techniques.

Ideally, order of measurements would have been
randomised, whereas in this study the FTT was always
applied first. This was to ensure that the two sets of
measurements could be obtained as closely in time as
possible without any interruption of infant's sleep. Had
the SM 2600 been applied first in some infants, a much
longer interval would have been required for "wash
out" because, in contrast to FTT, measurements with
the SM 2600 have a significant influence on both tidal
breathing parameters [27] and blood gases. Such a
prolonged waiting time (>30 min) would have ham-
pered the comparability of the measured parameters
and decreased the feasibility of completing the protocol
in many of the infants. It has previously been shown
that actual duration of measurements may also
influence tidal breathing parameters [27]. The FTT
allows the investigator to wait until a steady state in the
parameters has occurred, whereas during measure-
ments with the SM 2600, the first regular breaths within
the first 1-2 min after placement of the face mask have
to be used due to the dead space ventilation.

Important differences also exist between the two
devices in the estimation of breath-to-breath variability
which precludes direct comparisons. For the SM 2600,
this is based on user selection of breathing cycles with
large amplitudes and minimal disturbances and defor-
mations [28], which has a high risk of subjective bias [5].
In contrast, consecutive evaluation of a sufficient
number of breathing cycles was used in the FTT to
ensure a more representative evaluation, as described
previously [29]. However, since RFTs were only
performed in sleeping infants with a regular breathing
pattern, this should not have been a source of
discrepancy in this particular study.

Differences in the measured tidal breathing parameters

The increase in V'T and fR seen during measurements
in infants with the SM 2600 (table 2), are in agreement
with a previous study which found increases in the
variables of about 25 and 20% respectively, within
2-3min of mask placement when using the same
equipment [27]. This was primarily attributed to
carbon dioxide (CO,) rebreathing due to the high
apparatus dead space. The fact that tidal breathing
parameters measured with the conventional technique
are so dependent on the time of measurement after

placement of the face mask, increases the difficulties in
attempting to standardize such measurements.

The parameter TEF25 described the end-expiratory
course of the TBFVL and was significantly higher when
measured with the SM 2600 (table 2). This may reflect
the fact that such flows were measured at a higher lung
volume due to the increased VT per se and/or dynamic
elevation of the end expiratory level, secondary to the
increased fR and decreased ¢E with this device [30, 31].
In this study, the greatest differences between mea-
surement techniques were with respect to tPTEF/E and
VPTEF/ VT, with values being reduced by up to 50%
when compared with the FTT. It is unlikely that such
differences can simply be attributed to the physiolo-
gical changes in V'T and fR induced by the added dead
space, particularly since similar errors can be identified
during in vitro simulations [18]. During in vitro vali-
dation studies, no differences were observed in the raw
flow signal obtained from the two devices, nor between
values calculated automatically or manually from the
FTT [18]. Similarly, the deviations between the FTT
and SM 2600 were < 3% for VT, fR and V'E. However,
when compared either with manually calculated values
or those derived automatically from the FFT, there
was a significant underestimation of shape-dependent
parameters such fPTEF/fE derived by the SM 2600,
with errors being up to 60% when flows simulating
those observed in preterm neonates were applied.
These errors appear to result from differences in signal
processing and can only be detected if appropriate
nonsinusoidal flow profiles, representing those seen in
infants, are used to evaluate equipment [18].

Both ¢PTEF/tE and VPTEF/V'T are not only critically
dependent on the accurate determination of PTEF,
but on the accurate determination of zero flow and
hence, start of expiration. In the FTT, which was
developed recently, considerable efforts were made to
ensure correct breath detection even in the smallest
infants, by using a flow-threshold algorithm with an
additional plausibility check for the zero crossings that
were detected [32]. Further validation was performed
by comparing results that were derived automatically
with manual calculations of the time-based trace and
TBFVL. Unfortunately, such an approach was not
feasible with the SM 2600, since this was developed
over 15 yrs ago, before recent technological advances
in equipment and software. Since the algorithms used
by the SM 2600 for signal evaluation were not
available, and manual evaluation of the graphical
presentation was not feasible, detailed analysis of the
source of the discrepancies was not possible. The
results from this study suggest that equipment for
infant RFTs needs to be carefully checked using a
suitable in vitro model before clinical application [18,
33, 34]. Sinusoidal model pumps, which are commonly
used to investigate the accuracy of devices for infant
RFT, are not necessarily appropriate. Instead, model
pumps with adjustable flow profiles covering the
relevant measuring range, should be used in such
assessments [18].

Clinical implications

It is a fundamental principle of all physiological
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measurements that measuring procedures should have
no or minimal influence on the parameters being
measured, and that different techniques and equipment
should lead to the same results. However, this demand
is extremely difficult to achieve when measuring tidal
breathing in newborns. The results from this study
suggest that tidal breathing parameters measured with
the FTT differ significantly from those collected with
conventional systems that have an appreciable dead
space. Hopefully, in the near future, precise flowmeters
with negligible flow resistance (e.g. anemometers [35] or
ultrasonic sensors [36]) will become routinely available,
so that, in addition to the elimination of apparatus dead
space by the FTT, the resistive load can also minimized.

One important message from this study is that some
differences (especially in shape-dependent parameters
like time to peak tidal expiratory flow as a proportion
of tidal expiratory time) are so large that there is
currently no comparability in the measured tidal
breathing parameters collected using different devices,
and diagnostic misinterpretations are, therefore, likely.
The fact that tidal breathing parameters in newborns
are currently so method-dependent makes it difficult to
compare data between different laboratories and
impossible to pool data for a meta-analysis (e.g. for
establishment of reference ranges). Furthermore, refer-
ence values which have been determined with any one
particular system [37] are unlikely to be of relevance
when using other measurement techniques or equip-
ment. Thus, there is an urgent need to standardize the
technical requirements for respiratory function testing
in newborns, with respect to both equipment and
software.
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