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To the Editor:

The multiple-breath washout (MBW) test allows for the measurement of lung volumes,
ventilation homogeneity and gas clearance curves during tidal breathing (1). Lung clearance
index (LCI), the most commonly reported parameter from the MBW test, is a marker of
ventilation inhomogeneity and is associated with early lung disease. LCI is defined as the
cumulative expired volume (CEV) divided by the functional residual capacity (FRC). The
currently accepted reference equation for LCI measured using sulfur hexafluoride (SFs) shows a
non-linear decrease as age and height increase, with height as an independent predictor from
infancy to school-age (2). In contrast, FRC shows a non-linear increase in FRC as age and
height increase with males having higher measured FRC compared to female subjects.

Reference data based on healthy subjects may vary due to differences in population
characteristics, testing equipment and software (3). Inappropriate selection of reference values
will provide incorrect estimates of an individual’s or group’s z-score, resulting in
misinterpretation of results (4). Therefore, appropriate representative normative reference data
must be available to correctly interpret lung function results. This is often challenging for infant
and pediatric datasets which tend to be smaller in scale than in older children and adults. In this
study, we developed a set of new reference equations for SF¢ MBW parameters based on data
collected from the CHILD Cohort Study, a large Canadian general population multi-ethnic birth
cohort study (5). Our newly developed reference equations were compared with the published
reference equations from the 2013 study of Lum et al. (2). In addition, we evaluated pulmonary
function z-score values generated by these two equations in children recruited locally from our

asthma clinic with recurrent wheezing (RW).



For our reference equation, healthy children aged 3—60 months enrolled in the Toronto site of the
CHILD Study were recruited for this study. Children who demonstrated prior respiratory
distress, had recurrent wheezing at the time of tests, or were exposed to maternal smoking during
pregnancy were excluded. MBW was performed in infants under 6 months during natural quite
sleep, and during quiet sleep after sedation in infants older than 6 months to 2 years, and finally
while awake and sitting upright at their 3 and 5 years clinic visits. MBW measures were
performed using a mass spectrometer (AMIS 2000; Innovision A/S, Odense, Denmark) with a
gas mixture of 4% SFg as a marker gas as previously described (6). All MBW data met the
ATS/ERS quality control standards (7, 8). To account for repeated measures within subjects, we
applied general mixed effect models with random intercepts for investigating the best fit model
for each lung function outcome. Reference equations were then constructed using the LMS
(lambda-mu-sigma) method. The LMS method allows for modeling the skewness (L), median
(M), and coefficient of variation (S) simultaneously (9). Then the z-score can be calculated using
the formula: z-score = ((measurement/M)" — 1)/(LxS)

We included 280 healthy subjects with 644 test occasions in the current analysis. There were 261
test occasions from infancy, 186 from 3 years and 197 from 5 years. Of these 280 subjects, 71
(25%) provided data on one test occasion, 105 (38%) on two test occasions, 59 (21%) on three
test occasions, and 45 (16%) on four or five test occasions. There were 149 (53%) males and 155
(55%) were Caucasian. The mean (standard deviation, SD) age was 35 (21) months. The weight
for age z-score and height for age z-score according to WHO standard (10) were 0.15 (0.93) and
-0.11 (1.01), respectively. Our infant and preschool population were similar to the height and
weight of the Lum et al. study, although our study had a smaller proportion of Caucasians (p <

0.001).



In the univariate model, age, height, weight, sex were associated with LCI values. In the
multivariate model, we found that both age and height remained significant determinants for
LCI. Specifically, LCI decreased nonlinearly as age and height increased. For FRC, age, height
and sex were significant factors in the multivariate model while ethnicity was not. Our newly
developed reference equations for both LCI and FRC (Figure 1a) provided a good fit for our
healthy subjects and thus, gave z-scores with mean 0 and SD 1, respectively. The original Lum
et al. z-scores were solely dependent on height and when applied to the CHILD data, we noted
the LCI was significantly reduced by a mean (SD) z-score of -1.15 (1.21), p < 0.001, with an
overdistribution of values below the lower limit of normal (-1.64 z-score). Notably, the
proportion of children falling below the LLN increased with the age of the subjects . The offset
between the developed z-scores and Lum et al. z-scores began from infancy and became much
worse at 3 and 5 years (Figure 1b). The noted differences in LCI between our study and the Lum
et al. study remained even when the analysis was restricted to Caucasian children. Although
Toronto data was included in the original Lum reference equation, data from our center was
limited to infancy due to the age of our cohort at the time of the previous publication. As a
result, when we limited our analysis to infant ages, differences between equations are less
striking than reported in the original publication. Notably, the original Lum equation for FRC z-
scores fit our population well (Figure 1c) despite the offset in the LCI z-scores. We did note that
the respiratory rate (RR), however, was on average 0.9 unit lower (p = 0.02) in the CHILD
Cohort Study, after adjustment for age and height, which may partially explain the difference in
LCI between our study and the Lum et al. study. The reasons for the lowered RR are not clear,
both CHILD and Lum’s studies used sedation for infant studies and videos to distract preschool

children studied with a face-mask while sitting upright.



Next, we assessed the clinical impact of the use of our novel reference equation on interpretation
of LCI data from clinical groups. MBW data from 37 children diagnosed with recurrent wheeze
have previously been reported from our center (11). These patients had a mean (range) age of
1.6 (0.62 to 2.93) years, 25 (68%) were male and 21 (57%) were Caucasian. Use of the Lum et
al. reference equations produced a mean (SD) LCI z-score of 0.26 (1.61) for this group of
symptomatic infants which falls within the range for healthy children (p = 0.34). In contrast,
when our newly developed equations were used, the mean (SD) LCI z-score was 0.99 (1.65),
which is significantly increased (worse) compared to the general population (p<0.001).
Similarly, using an upper limit of normal (1.64 z-score) as a cut-off, the Lum et al. equation
identified 19% of these children as having abnormal LCI whereas our developed reference
equations identified 35% of these wheezing infants as having abnormal LCI. Therefore, the use
of the Lum equation would have lead to misclassification of pulmonary function in children
with a disease as “normal” nearly half of the time.

In conclusion, we found that LCI is dependent on both age and height rather than height alone.
Our newly developed reference equations provide normative data for the CHILD Cohort Study

and other centers with similar population characteristics that utilize this equipment.
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FIGURE

Figure 1. (a) Newly developed reference equations for MBW data from CHILD study (*Age
in years; Height in meter; Sex = 1 for male, 0 for female). (b) Comparison between developed
reference equations and Lum et al. 2013 reference equations for LCI in CHILD subjects. (c)
Comparison between developed reference equations and Lum et al. 2013 reference equations
for FRC in CHILD subjects. Dashed lines denote the 95% confidence interval of the
difference calculated as Developed z-score — Lum’s z-score.
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