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The interpretation of spirometry requires a 
comparison between measured values with the 
standard or predicted ones. The values below or 
above the lower limit of normal (LLN) or upper limit 
of normal, respectively, are considered abnormal. 
Besides, the predicted, as well as the LLN, are 
dependent on substantial variables including gender, 
age, height, and ethnicity. The equations of the 
predicted spirometric values have thus been derived 

from the survey studies among general populations 
usually in each ethnic background.

A nationwide survey for spirometric values 
among the never-smoker population in Thailand 
was conducted and the reference equations for 
spirometry were accordingly derived(1). The 
equations have been widely used as the reference 
values in Thai patients. Nevertheless, the derivation 
of equations was established by multiple regression 
analysis considered as the most proper statistical 
method at that time. However, there have been major 
problems recognized of the method including the 
problem of the transitional zone between childhood 
and adult(2) and the difficulty for establishing the 
equations for the LLN. 

In 2012, the Global Lung Initiative (GLI), a 
collaboration group of international academics has 
retrieved spirometric data worldwide, including the 
data from Thailand as mentioned, and has published 
a set of reference equations of spirometry derived 
from modern statistical methods called Generalized 
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Additive Models for Location, Scale and Shape 
(GAMLSS) as well as spline smoothing method(3). 
The equations can be used in various ethnic 
populations including Caucasian, African American, 
North-east Asian, and South-east Asian, which include 
the populations in Thailand, Taiwan, and China below 
Huaihe river and Qinling mountains(3). The GLI-2012 
equations also include the LLN of each spirometry 
parameter. 

Forty to fifty percent of the data for the GLI-2012 
references of the southeast Asian was recruited from 
Thailand(1,3). Although differences in predicted values 
between the previous Thai equations(1) and those of 
GLI-2012(3) are observed especially in extreme age 
groups, it is doubtful whether the equations derived 
by the modern statistical method from the data of only 
Thai population is more accurate. 

The new reference equations are then derived 
using the GAMLSS method and spline smoothing. 
The spirometric reference values as well as the LLN 
from the derived equations are compared with those 
from GLI-2012. The values in subjects with age 60 
to 80 years have also been validated.

Materials and Methods 
Data collection, described in detail in the previous 

study(1), was done in a nation-wide survey over five 
geographical regions in the Thai population with 
age from 10 years and over. The number of subjects 
was stratified by the geographical regions. Subjects 
recruited in the present study were lifetime non-
smokers who had no cardio-respiratory symptoms, 
unremarkable physical examination, and normal chest 
radiography. For the present analysis, data retrieved 
from the previous study were gender, age, height, 
and spirometric parameters including forced vital 
capacity (FVC), forced expiratory volume in one 
second (FEV₁), FEV₁/FVC, and forced expiratory 
flow 25% to 75% (FEF25-75%). The study has been 
approved by Siriraj Institutional Review board (COA 
no. Si 459/2020).

Statistical methods
The R statistical software version 4.0.2 was used 

for the analysis. The modeling was performed by 
generalized additive models for location, scale, and 
shape (GAMLSS) packages with Spline package. The 
analysis was done separately for male and female data. 
The Box-Cox-Cole-Green (BCCG) distribution or 
Lambda-Mu-Sigma (LMS) method was applied in the 
GAMLSS method(2,4). The LMS method allowed for 
the modeling of predicted value or mu (M), coefficient 

of variation or sigma (S), and skewness or lambda 
(L). Additionally, the smooth continuation of the data 
over the entire age range was performed by spline 
package functions in R-statistics. The appropriate 
models in terms of fitting and the degree of freedom 
were selected by visualized worm plots as well as the 
smallest Schwarz’s Bayesian Criterion (SBC)(4). The 
general model for each parameter was shown as the 
following equation. Where Y is accordingly L, M, or 
S; a, b, and c were coefficients; spline was age-specific 
coefficient from spline function; LLN, the LLN was 
equivalent to the fifth percentile value.

Y = e[a*ln(age) + b*ln(height) + c + Y-spline]

LLN = e[ln(1–1.644*L*S)/L) + ln(M)]

Validation of the equations
To compare the equations of GAMLSS-Thai 

with those of GLI-2012 for the Southeast Asian, the 
data previously retrieved from a respiratory health 
survey in the older persons in Bangkok was used(5). 
The survey was done in 2000 among subjects aged 60 
years and over. Only the data of subjects represented 
as healthy was selected by excluding those with 
a history of respiratory symptoms, smoking, and 
abnormal chest radiography. The spirometric 
parameters of 140 male and 651 female subjects were 
used for the validation of the equations. 

The comparison between GAMLSS-Thai and 
GLI-2012 equations was done by various statistical 
methods. The z-scores were calculated as the formula: 
z-score = [(observed value – predicted value)/
standard deviation (SD)] and the student’s t-test was 
used to determine the difference between the mean 
and zero. Bland-Altman plots(6) were also used for 
the comparison of predicted spirometric values of 
GAMLSS-Thai against the GLI-2012. Mean absolute 
percentage error (MAPE), as well as root mean 
square deviation (RMSD) were calculated for the 
comparison between both regression models. 

Results
GAMLSS-Thai equations

The characteristics of subjects whose data were 
used for the derivation of the reference spirometric 
equations by GAMLSS statistics for GAMLSS-Thai 
are shown in Table 1. As an example, the distribution 
of FEV₁ of male and female subjects by age and 
height is shown in Figure 1. GAMLSS and Spline 
package in R statistics were used to create models 
best fitted to the data. The Box-Cox-Cole-Green 
(BCCG) distribution was the most appropriate 
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model according to the smallest SBC and visualizing 
worm plots. The GAMLSS-Thai equations for the 
predicted values of M, mu, and LLN were created 
from the models as shown in Table 2. Figure 2 
demonstrates the graphic presentation of predicted 
and LLN values of each spirometric parameter from 
both equations as applied to males and females with 
the height of 168 cm and 159 cm, respectively, within 
the age range of 20 to 80 years old.

GAMLSS-Thai v GLI-2012 in the older subjects
It has been noted from practical experiences 

that the spirometry interpretation is less reliable in 
subjects with extreme ages such as in childhood and 
elderly. The authors, therefore, retrieved a subset 
of the data from the previous respiratory health 
survey among the older persons in Bangkok. Various 
statistical methods were then used to compare the 
performance between GAMLSS-Thai and GLI-2012 
equations. Table 3 reveals the statistical values used 
to determine the offsets of calculated predicted values 
and the validating data including z-scores, MAPE, 
and RMSD. 

GAMLSS-Thai yielded more proper z-scores 
near zero than GLI-2012 in most spirometric 
parameters including FEV₁/FVC. Other statistical 
methods including MAPE and RMSD, which were 
used to measure the quality for regression models, 
also provided consistent results. As example, the 
comparison of z-scores for FEV₁ and FEV₁/FVC 
are shown in Figure 3. Bland-Altman plots, which 
quantified the agreement between the two quantitative 
measurements, also revealed the differences of the 

Figure 1. Distributions of FEV1 in the nation-wide survey in Thai population.

Table 1. Demographic data of all subjects and spirometric 
parameters used for the derivation of the equations

Female (n=2,280); 
mean±SD)

Male (n=1,616); 
mean±SD

Age (year) 42.93±18.76 35.38±17.38

Height (cm) 153.5±6.3 163.6±8.9

FVC (L) 2.509±0.521 3.585±0.748

FEV₁ (L) 2.179±0.484 3.070±0.672

FEV₁/FVC (%) 86.94±5.61 85.65±6.12

FEF25-75% (L/second) 2.761±0.894 3.609±1.154

SD=standard deviation; FVC=forced vital capacity; FEV₁=forced expiratory 
volume in 1 second; FEF25-75%=forced expiratory flow 25% to 75%
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predicted values between both equations as shown in 
Figure 4. Note that some points lie beyond 2 standard 
deviations of mean differences shown as dotted lines. 
RMSD, a measure of accuracy to compare different 
models and the value close to 0, was considered a 
better measure. It was notable that the differences of 

RMSD in FEV₁/FVC and FEF25-75% were prominent 
in the extremely high-aged group, especially in the 
female (Table 3). Figure 5 also demonstrates the 
comparisons of the predicted and LLN values between 
the GLI-2012 and GAMLSS-Thai models in a group 
of Thai subjects aged 60 to 80 years.

Table 2. The equations for the predicted value (M) and lower limit of normal (LLN) of spirometric parameters derived by GAMLSS 
statistics

Parameters Equations

Predicted values (M) S L

FEV₁

Male exp(–9.1244 + 2.0920*logH – 0.1258*logA + M spline) exp(–2.9714 + 0.2376*logA + S spline) 1

Female exp(–7.8683 + 1.8780*logH – 0.2256*logA + M spline) exp(–2.9826 + 0.2475*logA + S spline) 1

FVC

Male exp(–10.10021 + 2.27582*logH – 0.06886*logA + M spline) exp(–2.7898 + 0.1873*logA + S spline) 1

Female exp(–8.7094 + 2.03*logH – 0.1652*logA + M spline) exp(–2.7887 + 0.1985*logA + S spline) 1

FEV₁/FVC

Male exp(5.41291 – 0.14975*logH – 0.05688*logA + M spline) exp(–3.2459 + 0.1183*logA + S spline) 2.3474 + 0.3245*logA + L spline

Female exp(5.30384 – 0.12550*logH – 0.05582*logA + M spline) exp(–3.7442 + 0.2261*logA + S spline) 7.961 – 1.136*logA + L spline

FEF25-75%

Male exp(–5.1923 + 1.4134*logH – 0.2235*logA + M spline) exp(–2.365 + 0.277*logA + S spline) 0.31447 + 0.03175*logA + L spline

Female exp(–3.3425 + 1.1072*logH – 0.3436*logA + M spline) exp(–2.5131 + 0.3047*logA + S spline) 0.74228 – 0.02932*logA + L spline

Lower limit of normal 
(fifth percentile) exp(log(1–1.644*L*S)/L + logM))

FVC=forced vital capacity; FEV₁=forced expiratory volume in 1 second; FEF25-75%=forced expiratory flow 25% to 75%; A=age (year); H=height (cm); 
L=skewness; M=mean; S=coefficient of variance; log=log₁₀

Table 3. Comparisons of reference spirometric values between GLI-2012 and GAMLSS-Thai equations in Thai subjects aged 60 to 80 
years

Statistic tools Spirometric 
parameters

Male (n=140) Female (n=651)

GLI-2012 GAMLSS-Thai GLI-2012 GAMLSS-Thai

z-score (95% CI) FEV₁ –0.548* (–0.686 to –0.410) –0.185* (–0.322 to –0.047) –0.483* (–0.55 to –0.416) –0.304* (–0.370 to –0.237)

FVC –0.719* (–0.854 to –0.583) –0.325* (–0.460 to –0.190) –0.725* (–0.792 to –0.658) –0.349* (–0.414 to –0.285)

FEV₁/FVC 0.567* (0.407 to 0.727) 0.281* (0.120 to 0.441) 0.638* (0.563 to 0.713) –0.084* (–0.160 to –0.009)

FEF25-75% 0.3* (0.182 to 0.491) 0.193* (0.039 to 0.347) 0.332* (0.260 to 0.404) –0.061 (–0.134 to 0.011)

Proportion below LLN FEV₁ 11.43 9.29 7.22 7.07

FVC 16.43 13.57 11.98 7.68

FEV₁/FVC 0.00 0.71 0.00 4.15

FEF25-75% 2.14 3.14 1.69 5.83

MAPE FEV₁ 17.43 14.0 16.30 14.51

FVC 19.79 15.29 18.64 14.51

FEV₁/FVC 5.29 4.73 5.37 4.45

FEF25-75% 24.87 24.95 24.89 27.25

RMSD FEV₁ 2.79 0.94 7.82 4.91

FVC 4.50 2.04 13.78 6.64

FEV₁/FVC 32.54 16.11 169.57 22.40

FEF25-75% 3.10 1.77 10.7 1.98

GLI=Global Lung Initiative; GAMLSS=Generalized Additive Models for Location, Scale and Shape; CI=confidence interval; LLN=lower limit of normal; 
MAPE=mean absolute percentage error; RMSD=root mean square deviation; FVC=forced vital capacity; FEV₁=forced expiratory volume in 1 second;  
FEF25-75%=forced expiratory flow 25% to 75%

* p<0.05, Student’s t-test
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Discussion
The GLI-2012 equation has advantages over 

the previous spirometric references. The structure of 
equations can be applied to a population with various 
ethnicities(3). The use of modern statistical methods, 
GAMLSS and Spline, results in the smooth transition 
of the spirometric values from childhood to adult and 
the opportunity to determine the LLN values defined 
as the fifth percentile. The equations, however, were 
derived from collective data of subjects in several 
countries across multiple regions. After years of the 
implementation, it has been questioned whether the 
equations are suitable to be used in each country. 
There were reports of the inappropriateness to use the 
GLI-2012 equations in their population. Jian et al(7) 
recently developed reference values for spirometry 
in Chinese aged 4 to 80 years and found that uses of 
GLI-2012 equations result in significant discrepancies 

comparing to the newly derived equations. Jo et al(8) 
also developed the reference spirometric equations 
by LMS method in Korean adults and reported partial 
discrepancies between the new reference values 
from the GLI-2012. There has also been substantial 
evidence in other regions for the discrepancy(9-11). 

In Thailand, the previous Siriraj equations(1) 
were recommended by the Thoracic Society of 
Thailand as the spirometric references. However, the 
GLI-2012 equation is later increasingly used because 

Figure 2. Demonstration of the predicted (continuous line) 
and lower limit of normal (dash line) values of each spirometric 
parameter from GLI-2012 (blue) and GAMLSS-Thai (red) equa-
tions over age-range of 20 to 80 years in male and female with 
height of 168 and 159 cm, respectively.

Figure 3. Comparisons of the z-scores of FEV₁ (upper) and 
FEV₁/FVC (lower) between the GLI-2012 model and GAM-
LSS-Thai model using a group of Thai subjects aged 60 to 80 
years (grey dots) for the validation.

Figure 4. Bland-Altman plots for the comparison of predicted 
values from GLI-2012 and GAMLSS-Thai in a group of subjects 
with age 60 to 80 years.
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it provides the LLN values and is supported by 
international organizations. Although the spirometric 
data of Thai subjects is already included for the 
derivation of GLI-2012 equations, it remains in 
doubt if the authors should derive the equations using 
the GAMLSS method that is specific to the Thai 
population, and if it would be more suitable than the 
GLI-2012. 

The GAMLSS-Thai equation is thus derived 
using the data from the previous survey. The 
statistical models are developed by GAMLSS and 
spline methods and the equations for the predicted 
and LLN values are derived. As compared with the 
GLI-2012 equation, the predicted values of FEV₁ and 
FVC from the GAMLSS-Thai equation are lower but 
the LLN values comparable (Figure 2). However, the 
major differences are observed in the predicted and 
LLN values for FEV₁/FVC and FEF25-75% for which 

the GAMLSS-Thai yields higher results especially in 
extremely high-aged subjects (Figure 2).

For the validation, the data from the respiratory 
health survey in healthy subjects aged 60 years 
and over are used for the comparison between both 
equations. Multiple statistical methods including 
z-scores, MAPE, and RMSD reveal that the GAMLSS-
Thai equation results are less error than the GLI-2012 
(Table 3, Figure 4). In consideration of FEV₁/FVC, 
Table 3, also shows that the proportion of subjects 
with their values less than LLN in GLI-2012 is 0% 
in both genders compared to 0.71% in male and 
4.75% in female in GAMLSS-Thai. Since the LLN 
value in spirometry is traditionally defined as the 
fifth percentile value, the GAMLSS-Thai equation 
provides a more proper value. In other words, the 
use of the GLI-2012 may be less sensitive to detect 
the abnormalities as compared to the GAMLSS-Thai.

The reasons for the lower values of FEV₁/FVC 
and FEF25-75% in the GLI-2012 equation are due to 
the inhomogeneous characteristics among subjects. 
Although the data was collected from countries 
within the same region, the differences in factors 
other than biological factors may contribute to the 
differences in the spirometric values between both 
equations. Other environmental, socioeconomic, 
or undetermined factors may also contribute to the 
discrepancy between both equations. Quanjer et 
al(12) reported that no secular trends were observed 
from the analyses of the data collected from several 
regions, especially in the data retrieved from societies 
with stable socioeconomic conditions. At present, 
it is unlikely that secular trends contribute to the 
differences in pulmonary functions.

Additionally, there are also substantial reports 
about the variations in the reference spirometric 
values in the elderly subjects. Healthy subject bias 
should be in consideration because the retrieved data 
are more likely collected from more healthy people. 
The predicted and the LLN values in the older subjects 
may, thus, be higher than true values. In addition, 
small sample size in this age group in most studies 
is another limitation. The spirometry in the elderly 
should thus be interpreted carefully.

Since the data of the Thai population were 
retrieved from subjects aged 10 to 80 years, the 
disadvantage of the GAMLSS-Thai equation is that 
it cannot be used in children under 10 years. The 
GLI-2012 equation is thus recommended in children 
4 years and older. In contrast, the results of the present 
study suggest that the GAMLSS-Thai equation is 
more appropriate in subjects aged 60 to 80 years. 

Figure 5. Comparisons of the predicted (continuous line) and 
lower limit of normal (dash line) values between the GLI-2012 
(blue) and GAMLSS-Thai (red) models in a group of Thai subjects 
aged 60 to 80 years (grey dots).
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However, further research providing consistent results 
are needed. 

Conclusion
The GAMLSS-Thai equations have been 

derived using the previous spirometric data from the 
population in Thailand. The equations can be used 
alternatively as references for the interpretation of 
spirometry in the Thai population aged 10 to 80 years. 
It is more appropriate than GLI-2012 equations in 
subjects aged 60 to 80 years.

What is already known on this topic?
GLI-2012 equations derived by GAMLSS have 

been widely used as spirometric references. The 
data of the Thai population was partly included for 
generating the equations.

What does this study add?
The GAMLSS-Thai equations are derived only 

from the data of the population in Thailand and 
this study demonstrates their utilities as alternative 
reference equations in Thai people.
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