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ABSTRACT: Simple methods are needed to assess lung function in infants with cystic
fibrosis (CF). This study determined the relationship between simple measurements
obtained from tidal breathing with those from more complicated forced expiratory
manoeuvres.
Healthy infants and infants with CF were recruited from two maternity units and five
specialist CF hospitals, respectively. Respiratory rate, tidal volume, minute ventilation
and the tidal breathing ratio (TPTEF:TE) were measured in sedated infants and
compared with forced expiratory volume in 0.4 seconds (FEV0.4) measured by the
raised volume technique.
Altogether, 95 healthy infants and 47 infants with CF of similar age, sex, ethnicity
and proportion exposed to maternal smoking were recruited. There was no difference in
TPTEF:TE and tidal volume between healthy infants and those with CF. Minute
ventilation was significantly greater in infants with CF due to a mean (95% confidence
interval) increase in respiratory rate of 5.8 (3.2–8.4) min-1. Thirteen (28%) infants with
CF had a respiratory rate elevated by w2 SD. However, no association between
respiratory rate and FEV0.4 could be identified.
Tidal breathing ratio was not useful in identifying diminished airway function in
infants with cystic fibrosis. An elevated respiratory rate may be due in part to
ventilation heterogeneity but is poorly predictive of diminished airway function
measured by forced expiration.
Eur Respir J 2003; 22: 761–766.

Increasing awareness that both inflammatory and functional changes in the lungs of subjects with cystic fibrosis (CF)
occur much earlier than previously recognised [1], together
with the introduction of neonatal screening and the potential opportunities for early therapeutic interventions, have
emphasised the need for simple methods to assess lung
function during early life. Ideally, such methods should be
applicable to non-sedated infants, thereby facilitating widespread applications and repeat measurements at regular
intervals during the critical period of lung growth and
development in the first 2 yrs of life.
The most commonly used techniques for assessing airway
function in infants with CF have been either partial or full
forced expiratory manoeuvres [2]. However, the need for
complex equipment and highly trained personnel has generally limited application of these techniques to specialised
centres. Following the publication of the initial results from
the Tucson study, which suggested that time to reach peak
tidal expiratory flow (TPTEF) in relation to total expiratory
time (TE; the tidal breathing ratio (TPTEF:TE)) was
diminished in symptom-free male infants who subsequently
wheezed [3, 4], several studies have been undertaken to
examine tidal flow patterns in both healthy infants and those
with airway disease [5–9]. Recording of tidal breathing is
technically simple and potentially allows measurements to be
undertaken at the patient9s bedside during natural quiet sleep
[5, 10]. Consequently, despite ongoing controversy regarding
their interpretation [11, 12], the evaluation of TPTEF:TE and
other related parameters has continued to attract interest.
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The aim of the present study was to determine the
relationship between tidal breathing parameters and forced
expiratory volume in 0.4 s (FEV0.4) in infants newly diagnosed with CF when compared with a prospectively recruited
population of healthy infants.

Methods
Subjects
Infants and young children newly diagnosed with CF by
sweat test and/or by positive genotype for CF mutations [13]
were recruited, as described in detail previously [14, 15], from
five specialist centres in London where neonatal screening is
not routinely undertaken. Subjects were eligible if aged v24
months at diagnosis and free from additional congenital or
acquired cardio-respiratory or neurological abnormalities.
Healthy infants born at the Homerton or University College
Hospitals in London were recruited as part of an ongoing
epidemiological study [16]. Subjects with a history of respiratory illness requiring hospitalisation, congenital abnormalities, requirement for assisted ventilation in the neonatal
period or born prematurely (v36 weeks) were ineligible.
Parents of both healthy infants and those with CF gave
informed written consent. The study was approved by the
North Thames Multicentre Research Ethics Committee and
the Local Research Ethics Committees of the participating
hospitals.

762

S.C. RANGANATHAN ET AL.

Measurements of lung function

Statistical analysis

All infants were tested when well and clinically free from an
upper respiratory tract infection for o3 weeks. On the day of
testing, infants were weighed and crown-heel length measured. Weight and length SD scores were calculated using Child
Growth Foundation algorithms [17]. Exposure to maternal
smoking pre and postnatally was assessed from maternal
report and current smoking habits confirmed by maternal
salivary cotinine [18]. All infants were studied in the supine
position, following sedation with an oral or rectal dose of
60–100 mg?kg-1 of chloral hydrate or an equivalent dose of
triclofos sodium. The shoulders of the infant were supported
with a roll so that the neck rested in slight extension. Once in
quiet sleep a transparent facemask (Rendell-Baker size 1 or
2; Rusch UK Ltd., High Wycombe, UK), the effective dead
space (i.e. 50% water displacement volume [19]) which was 7.5
and 10 mL, respectively, was positioned over the infant9s
mouth and nose, and a leak-free seal created using therapeutic
putty [20]. Airflow was measured with a heated pneumotachometer (for infants f5 kg: model 3500, dead space 6.8 mL,
linearity 0–35 L?min-1; for infants w5 kg: model 3700, dead
space 13.9 mL, linearity 0–160 L?min-1, Hans Rudolph, Kansas
City, MO, USA) and the signal digitally integrated to obtain
volume. The infant was studied in quiet sleep determined
behaviourally by the presence of stable posture, infrequent
startles and regular breathing pattern, and by the absence of
rapid eye movement or frequent sucking movements [21].
Tidal breathing parameters were calculated from a minimum
of 20 breaths, recorded during at least two periods of quiet
regular breathing [6].
Measurements of FEV0.4 were performed as described in
detail previously using the raised volume technique at a lung
inflation pressure of 3 kPa [16, 22]. Manoeuvres were repeated
until at least two acceptable and repeatable flow/volume curves
were obtained [16, 22].

Unpaired t-tests were used to compare groups of normally
distributed data and for non-normally distributed data the
Mann-Whitney U-test was used. Categorical variables were compared with Chi-squared tests. Associations between FEV0.4,
the various tidal breathing parameters and CF were examined
using multiple linear regression after allowing for differences
in age, sex, length, weight and exposure to maternal smoking.
Normality plots were used to verify that assumptions of
normality were met. Pearson9s correlation was used to assess
relationships between normally distributed variables.

Power
The authors estimated that body size, sex and exposure
to maternal smoking might account for 40–80% of the
variability in the selected outcome measures. Were an additional 10% of this variability due to CF, a sample of 90
controls and 30 CF patients would be sufficient to detect this
with o80% power at the 5% significance level [25].

Results
Lung function measurements were attempted in 47 infants
with CF, details of whom have been published previously [15].
Infants with CF were diagnosed at a median (range) corrected
age of 30 (6–93) weeks and tested within an interval from
diagnosis of 12 (0–38) weeks. Details of the subjects are
summarised in table 1. Background characteristics of the
current control group of 95 infants were similar to those
reported previously [15]. The groups were similar in the
proportion that was male, White and exposed to maternal
smoking. Infants with CF were of similar age when tested but
were significantly lighter and shorter than the healthy infants.

Calculation of results
Lung function data
At the end of the study, data were exported as ASCII files
for analysis using previously validated software [23]. Tidal
breathing parameters, including respiratory rate (RR), tidal
volume (VT), minute ventilation (MV), and time to TPTEF as
TPTEF:TE were calculated during tidal breathing. FEV0.4 was
reported from the "best" flow/volume curve (defined as the
technically acceptable manoeuvre with the highest sum of
forced vital capacity and FEV0.4) [16, 22, 24]. Results were
expressed both in absolute terms and as SD scores, based on
measurements obtained in the healthy infants.

Tidal breathing measurements were successful in all infants,
while forced expiratory manoeuvres were successful in all
healthy infants and all but five of those with CF. A median of
53 (range, 20–120) breaths was analysed in each subject for
assessment of tidal breathing. Results for RR, VT, MV and
TPTEF:TE are summarised in table 2, whilst MV?kg-1 and
TPTEF:TE in relation to age and clinical status are shown in
figure 1. RR and MV were significantly higher in those with
CF, as was VT when related to body weight, but there was no

Table 1. – Details of the infants

Subjects n
Males %
Whites %
Maternal smoking %
Gestational age weeks
Birth weight kg
Birth weight SD score
Age at test weeks}
Weight kg
Weight SD score
Length cm
Length SD score

Cystic fibrosis infants

Healthy infants

Cystic fibrosis-healthy infants#

47
19 (40)
46 (98)
13 (28)
39.0 (2.0)
3.09 (0.56)
-0.35 (1.2)
29.6 (6–93)
6.88 (2.03)
-1.4 (1.5)
66.3 (7.7)
-0.52 (1.5)

95
50 (53)
95 (100)
27 (28)
40.0 (1.4)
3.36 (0.42)
-0.25 (0.78)
29.6 (3–100)
8.00 (2.05)
-0.04 (0.95)
69.2 (7.6)
0.69 (0.96)

-12.2% (-27–7.7)
-2.1% (-10.7–7.5)
-0.7% (-14–13)
-1.0 (-1.7–-0.4)*
-0.27 (-0.45–-0.08)*
-0.17 (-0.43–0.24)
p=0.995
-1.12 (-1.84–-0.40)*
-1.35 (-1.83–-0.88)***
-2.9 (-5.6–-0.2)*
-1.21 (-1.68–-0.74)***

Data are presented as mean (SD) unless otherwise stated. #: difference (95% confidence interval); }: median (range). *: pv0.05; ***: pv0.001.
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Table 2. – Comparison of lung function results in infants with and without cystic fibrosis
Cystic fibrosis infants

Healthy infants

Cystic fibrosis-healthy infants#

47
42.9 (10.5)
68.5 (21.2)
10.1 (1.6)
424 (94.3)
0.266 (0.085)
159.6 (58.0)}
-0.95 (0.83)}

95
35.2 (7.3)
72.2 (21.5)
9.0 (1.3)
313 (59.6)
0.263 (0.073)
226.0 (69.2)
0.01 (0.99)

7.7 (4.3–11.1)*,***
-3.7 (-3.8–11.3)
1.1 (0.5–1.6)***
111 (81–141)***
0.003 (-0.024–0.031)
-66.3 (-90.4–-42.1)***
-0.96 (-1.3–-0.61)***

Subjects n
Respiratory rate min-1
VT mL
VT mL?kg-1
MV mL?kg-1
TPTEF:TE
FEV0.4 mL
FEV0.4 SD score

Data are presented as mean (SD) unless otherwise stated. VT: tidal volume; MV: minute ventilation; TPTEF:TE: tidal breathing ratio; FEV0.4: forced
expiratory volume in 0.4 seconds. #: difference (95% confidence interval); }: n=42; *: pv0.05; ***: pv0.001.

difference in absolute VT or TPTEF:TE between the two
groups.
After accounting for the effects of age, length, weight, sex
and exposure to maternal smoking, RR and MV remained
elevated in infants with CF by a mean of 5.8 (95% confidence
interval (CI) 3.2–8.4) min-1 and 0.60 (0.46–0.74) L, respectively. By contrast, even when adjusted for these factors, there
was no significant difference in VT difference (CF-healthy)
(0.97 (-2.4–4.3) mL (p=0.57)). Thus, the elevated MV in
infants with CF was due to an elevated RR, rather than an
increase in VT. Similarly, after adjustment for age and body
size, there remained no difference in TPTEF:TE between
infants with CF and controls (-0.005 (-0.036–0.025)). Neither
sex nor exposure to maternal smoking had any significant
influence on any of the tidal breathing parameters.
a)

900

Minute ventilation mL·kg-1

800

600
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n

Although statistically significant, the influence of length on
the variability of TPTEF:TE was very small and only made
a minimal contribution to the overall prediction model (R2=0.079).
Consequently, the unadjusted group mean and SD value for
TPTEF:TE were used to calculate SD scores for this parameter.
The relationship between SD scores for RR and TPTEF:TE
and those for FEV0.4 are shown in figure 2. A total of 13
(28%) infants with CF had a RR above the normal range (i.e.
w2 SD). In four of these, FEV0.4 was not obtained. In those
where both parameters were obtained, there was no significant
association between FEV0.4 and either RR (p=0.07) or
TPTEF:TE (p=0.21) when compared as SD scores (fig. 2).
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This study assessed tidal breathing parameters in infants
newly diagnosed with CF and compared them with measurements from a large group of age-matched healthy infants. The
relationship between these indices and measurements of
FEV0.4 from the same infants was also examined, to assess
whether the tidal breathing indices reflected differences in
airway function between these two groups. After adjustment
for body size, age, sex and exposure to maternal smoking, no
differences in VT or TPTEF:TE could be detected, and there
was no relationship between TPTEF:TE and FEV0.4. MV was
significantly increased in infants with CF due to an elevated
RR, but no relationship could be identified between RR and
FEV0.4.
Although of similar age when tested, the healthy infants
were heavier and taller because of poorer growth in the
infants with CF. For this particular study, a control group of
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As shown previously [14], after similar adjustment, FEV0.4
was significantly lower in infants with CF than in the healthy
controls (-41 (-56–-26) mL). The prediction equations for RR,
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healthy infants are shown in table 3.
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Table 3. – Prediction equations based on measurements from
the healthy infants
Prediction

0.0

0

20

40

60
Age weeks

80

100

120

Fig. 1. – a) Minute ventilation per kg and b) tidal breathing ratio
(TPTEF:TE) plotted against age according to clinical status. &: infants
with cystic fibrosis; ': healthy infants.

RR min-1 61.72–0.13 (age weeks)–0.32 (length cm)
TPTEF:TE 0.461–0.003 (length cm)
FEV0.4 mL -304z7.53 (length cm)z18.38 (female)

Residual R2
5.61
0.070
41.4

0.40
0.079
0.64

RR: respiratory rate; TPTEF:TE: tidal breathing ratio; FEV0.4: forced
expiratory volume in 0.4 seconds.
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Fig. 2. – a) Respiratory rate and b) the tidal breathing ratio (TPTEF:
TE) expressed as SD scores and plotted against SD score for forced
expiratory volume in 0.4 seconds (FEV0.4) according to disease status.
&: infants with cystic fibrosis; ': healthy infants. - - -:
limits of normal (defined as ¡2 SD).

similar age, rather than body size, was felt to be more
appropriate, since tidal breathing parameters are considered
to be age dependent [26], with a rapid fall in both RR and
TPTEF:TE during the first few months of life [6, 27]. It is
recognised that this may not be the case when comparing
parameters of airway function that are highly dependent on
body length [14, 15]. The authors addressed this potential
problem by using multiple linear regression to account for
differences in body size.
Tidal breathing indices can potentially be assessed during
unsedated natural sleep, but this becomes more difficult with
increasing postnatal age. Attempts were made in this study
to measure RR prior to sedation using chest auscultation
according to published guidelines [28]. However, accurate
recordings of RR over a full minute proved difficult in awake
and active infants. Sedation was used in this study as most of
the infants were aged w3 months and the tidal breathing
measurements preceded more complex forced expiratory manoeuvres. Furthermore, chloral hydrate or triclofos, in the doses
commonly used for infant lung function tests, appear to have
minimal effect on either TPTEF:TE [6] or RR [29, 30]. While
poorer absorption of sedative could, theoretically, result in
lighter sedation in infants with CF, this is unlikely to have
influenced the results of the current study, since no differences
were observed between the two groups with respect to the
duration of sleep induced by sedation and recordings were
limited to periods of quiet sleep and regular tidal breathing.
TPTEF:TE was suggested by MORRIS and LANE [31] as a
measure of airway obstruction in adults with chronic obstructive lung disease. Subsequent studies have demonstrated that

a shortened ratio may also be associated with lower airway
obstruction in children and infants. A significant, albeit weak,
relationship has been observed between TPTEF:TE and forced
expiratory volume in one second in subjects with CF aged
6–36 yrs [32]. Similarly, VAN DER ENT et al. [26] found that,
amongst children aged 3–11 yrs, TPTEF:TE not only correlated with spirometric parameters, but increased following
bronchodilator therapy in those with asthma. In the latter
study, the ratio was also significantly lower in children with
CF than in healthy subjects (0.27 versus 0.43, respectively).
However, results from infants have been somewhat conflicting. A reduced TPTEF:TE in early life has been observed in
infants with a family history of asthma [33, 34] or whose
mothers smoked during pregnancy [33, 35] and may be predictive of subsequent wheezing [4]. In addition, some authors
have found a significant correlation between TPTEF:TE and
maximal flow at functional residual capacity [8] and lower
values in infants with chronic lung disease [36]. By contrast,
other studies have found only a weak [7] or no relationship
between TPTEF:TE and other parameters of lung function
and have not been able to demonstrate any difference in
TPTEF:TE between those with and without prior lower respiratory illness [37]. Indeed, it has been suggested that tidal
breathing techniques do not reflect lung mechanics, but rather
the dynamic, neuromuscular response of the infant to mechanical constraints imposed by lung disease [11].
To the authors knowledge, the current study is the first to
investigate the ability of TPTEF:TE to identify diminished
lung function in infants with CF. The values of TPTEF:TE in
this study are similar to those previously reported in infants of
a similar age [7, 26, 36]. However, the authors did not identify
any differences between healthy infants and those with CF
and therefore cannot recommend the use of this parameter as
an outcome measure for future epidemiological or interventional studies involving infants with CF.
In contrast to the lack of discrimination with respect to
TPTEF:TE, RR was significantly greater in infants with CF
after adjustment for known confounding factors. Despite the
fact that these infants were tested when they were well and
free from any acute exacerbation [38], three infants with CF
had a RR w60 min-1 which, when persistent, is one of the
World Health Organisation criteria for the diagnosis of acute
lower respiratory disease. Nevertheless, as shown in figure 2,
there was considerable scatter between RR and FEV0.4, and
the tendency for a negative association between the two did
not quite reach statistical significance (p=0.07). In addition, all
those with an elevated RR had FEV0.4 within the normal
range, whereas RR was within the normal range in all those
with diminished FEV0.4. This suggests that these parameters
reflect different aspects of the early pathology of CF and that
RR is influenced by factors other than airway obstruction
or by airway properties that remain undetected by forced
expiration in this age group. An increase in RR without any
change in VT has also been noted in adults with CF [39] where
a significant correlation between RR and airway obstruction,
arterial oxygenation and maximal ventilation during exercise
suggested that an increase in RR is associated with severity of
pulmonary disease in adults with CF. It is possible that the
increased RR identified in infants with CF is related to other
aspects of underlying pulmonary disease, particularly since it
tended to be more elevated in those infants with clinical
evidence of prior lower respiratory illness (fig. 3). However,
while the increased RR could reflect the need to increase MV
in the presence of impaired gas mixing or gas exchange, it
could also be due to an increased metabolic rate, increased
work of breathing and/or a higher surface area-to-weight ratio
(because of failure to thrive). The use of more sophisticated
techniques, such as multiple breath inert gas washout, which
can also be performed during tidal breathing, but which give
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2.5

Respiratory rate SD score

2.0
1.5

n

1.0

6.

0.5
0.0

n

7.

-0.5
-1.0

8.

No prior LRI

Prior LRI

Fig. 3. – Respiratory rate SD score in infants with cystic fibrosis with
(prior; n=35) and without (no prior; n=12) lower respiratory illness
(LRI). The errors bars represent the 95% confidence interval of the
mean SD score.

detailed information on ventilation distribution, could be
used to evaluate the relative contribution of impaired gas
mixing to alterations in RR in infants with CF [40].
In conclusion, the tidal breathing ratio does not appear to
offer a useful objective means of identifying diminished
airway function in infants newly diagnosed with cystic fibrosis
when assessed during periods of clinical stability. Respiratory
rate was significantly elevated in infants with cystic fibrosis,
both as a group and in 13/47 (28%) of individual infants, when
compared with a prospectively measured healthy control
group of similar age. Although this study shows that
respiratory rate was poorly predictive of airway function, it
is possible that an elevated respiratory rate is explained by
other pathophysiological aspects of early pulmonary disease,
such as impaired gas mixing, in infants with cystic fibrosis.
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