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Abstract 
Sixty-four pediatric patients with asthma exacerbation were studied. The child-
ren were subjected to respiratory resistance evaluation using the Airflow Per-
turbation Device (APD) and spirometry evaluation. They were then adminis-
tered albuterol and 15 minutes later the APD and spirometry evaluations were 
repeated. Eleven of the children could not perform spirometry. The APD re-
sults demonstrated that respiratory resistance of the patients decreased by about 
20%, indicating that the APD could detect the expected response to broncho-
dilator. However, no similar conclusion could be made with the spirometry 
parameters (FVC, FEV1, FEV1/FVC, and FEF25% - 75%) performed on the 
same patients. The differences on the spirometry parameters did not change 
significantly before and after bronchodilator administration. Furthermore, these 
differences were negligibly increased or decreased for some with no consis-
tency between the FVC, FEV1, FEV1/FVC, and FEF25% - 75%. Even though 
all the children were clinically improved after albuterol administration and 
discharged home, this could not be demonstrated by spirometry data. This 
study validates previous reports that spirometry is not a reliable pulmonary 
diagnostic tool for young children, as spirometry is highly effort-dependent 
and requires a substantial degree of patient cooperation. APD on the other 
hand is a reliable, simple, effortless diagnostic tool that can be utilized in eva- 
luation and management of children with asthma symptoms and exacerba-
tion. 
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1. Introduction 

Asthma is a common but complex respiratory disease characterized by airway 
hyper responsiveness and chronic inflammation. It is a potentially life-threaten- 
ing illness that affects many adults and children of all ages. Asthma requires 
continuous attention by healthcare professionals for diagnosis and monitoring 
throughout the patient’s lifetime. It is now accepted that much of the chronic 
persistent asthma in adulthood can be traced to childhood respiratory diseases 
[1] [2].  

Asthma is the most common chronic respiratory disease and affects children 
more than adults [3] [4]; it currently affects 6.1 million children under the age of 
8 years [5], and it is the most common chronic disease of all types in the United 
States [6].  

Asthma disproportionately affects minorities, low-income inner-city popula-
tions with higher mortality and morbidity rates [7]-[14]. African American child-
ren are more likely to be hospitalized due to asthma complications compared to 
Caucasians and are four times as likely to die from asthma [8].  

Asthma is the third leading cause of hospitalization among children under the 
age of 15 years [7]. Twenty four percent of children between the age of 5 to 17 
have some limitation of activity due to asthma [6] [7]. In 2013, children with 
asthma between the age of 5 to 17 years old missed 15 million days of school [8] 
[9] [10] [11] [12]. Even mild asthma in children can interfere with child’s ability 
to sleep, play, and participate at school [15] [16] [17] [18]. 

The Asthma in America survey of 1998 indicated that misunderstandings about 
asthma symptoms and treatment were widespread and that care often fell short 
of the National Asthma Education and Prevention guidelines [13]. More than 
2 million children who suffer asthma attacks live in areas of the United States 
that received a failing grade for ozone levels by the American Lung Association 
[16]. 

The estimated cost of treating pediatric asthma is $3.2 billion [19] [20]. Over 
40% of all asthma hospitalizations are for children [20] and asthma in children is 
the cause of nearly five million physician visits and more than 200,000 hospitali-
zation each year [21] [22]. 

A variety of Pulmonary function tests are used to diagnose asthma. The most 
popular diagnostic modality of asthma is the spirometric evaluation. Spirometry, 
although simple and inexpensive, it is not suitable for younger children. There 
are many reports describing the ineffectiveness of the spirometry in diagnosing 
asthma in children [23] [24] [25]. Peak flow meters are also simple and inexpen-
sive screening tool but are also not suitable for younger children [26] [27]. Ple-
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thysmography and Impulse Oscillometry System (IOS) are used to diagnose res-
piratory disorders in adults and children, but they are expensive, are not porta-
ble and the data are difficult to interpret.  

We have developed a simple, noninvasive, portable, effortless, and inexpensive 
respiratory diagnostic device, the Airflow Perturbation Device (APD), that in 
particular, is child friendly. The objective of this pilot study was to demonstrate 
the ability of APD to reliably measure changes in airway resistance following bron-
chodilator administration in young children with asthma exacerbation and com-
pare the results to spirometry.  

2. Brief Description of the APD 

The Airflow Perturbation Device (APD) was initially developed as a simple, non-
invasive, inexpensive, portable, and effortless respiratory diagnostic device for 
adults [28]-[34].  

The APD measures resistance of the respiratory system by periodically insert-
ing a known added resistance in the flow path by means of a rotating wheel with 
open and screened segments. The added resistance causes a slight decrease in 
airflow and a change in mouth pressure. The magnitudes of the flow and pres-
sure perturbations depend on the relative resistance inside the patient’s respira-
tory system and resistance of the APD itself. By measuring mouth pressure and 
airflow rate, with and without the APD resistance inserted into the path of the 
airflow, external resistance becomes known, and the internal respiratory resis-
tance can easily be determined noninvasively. The resistance (in cmH2O/l/s) is 
calculated by simply dividing the mouth pressure change, or perturbation, by the 
flow perturbation. 

APD measurements were favorably compared with spirometry, body plethys-
mograph, and IOS in adults [35]-[40]. It was used in exercising subjects [41], 
and on subjects with paradoxical vocal fold motion [42] [43] [44] [45] [46]. The 
APD has also been used in a variety of other research projects, such as: Influence 
of nasal congestion on respiratory resistance [47]; testing low doses of caffeine 
on respiratory resistance [48]; comparison with esophageal balloon [49]; diurnal 
effects of respiratory resistance [50]; identification of patients with reactive air-
ways [51]; optimization of airway caliber [52]; results using nasal strips [53]; and 
induced anxiety [54]. 

Figure 1 shows the current version of the hand-held APD and its interior 
(used to collect clinical data in the current study). It is small, weighing only 14.7 
ounces. After use (set for 1 minute of continuous normal breathing) it imme-
diately displays the respiratory resistance values (both in inhalation and exhala-
tion phases separately) on its screen. Figure 2 shows a child using the APD. A 
nose clip can be used to measure respiratory resistance through the mouth, or an 
oronasal mask is used when the patient must breathe through the nose. A dis-
posable antimicrobial filter (used in any PFT lab) is attached to the pneumota-
chometer of the APD while the subject uses the APD.  
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Figure 1. Current version of the Hand-Held APD with the pneumotacho-
meter removed (left), with its cover removed to expose its interior (right). 

 

 
Figure 2. A child using the APD (with a nose clip and 
an antimicrobial filter). 

 
The APD was originally designed as a respiratory diagnostic device for adults 

and children. To date we have collected respiratory resistance values of over 
3500 subjects 2 to 88 years (Figure 3) [34], and recently the APD was success-
fully used to collect respiratory data on neonates. 

As can be seen in Figure 3 respiratory resistance is highly age dependent, it is 
fairly high for young children (due to the smaller size of their airways) and de-
creases rapidly to a constant value in adulthood. Adult respiratory resistance val-
ues have been found to be bimodal, with women typically exhibiting higher re-
sistance values than do men. The subjects used in the current investigation were 
in the group corresponding to the left portion of the resistance distribution curve 
that is highly age dependent, therefore, the values should be compared at the 
corresponding ages of the subjects. 

Because the APD works simply as a subject breathes normally into the device 
it requires no special effort by the child, nor infant sedation, unlike spirometers 
that require considerable forceful effort and cooperation from the child. There-
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fore, it makes the APD an ideal respiratory diagnostic device for young children 
and infants.  

 

 
Figure 3. Average respiratory resistance (cmH2O/l/s) as a function of age (yr). [34]. 

3. Methods 

A convenience sample of pediatric subjects who were brought to the Medstar 
Georgetown University Hospital outpatient pulmonology clinic due to asthma 
exacerbation was enrolled in the study. All subjects suffered from severe asthma 
flare-ups and manifested significant respiratory distress requiring urgent inter-
vention.  

3.1. Inclusion/Exclusion Criteria 

Only subjects experienced severe asthma flareup with no other disorders were 
included. Subjects who were in imminent respiratory failure and required emer-
gent admission were excluded. Table 1 shows the demographics of the subjects 
studied. 

 
Table 1. Subjects demographics. 

Total number of subjects 64 
Age range (years) 

(Mean ± SD) 
5.6 - 17.9 

(11.0 ± 2.96) 
Body weight range (Kg) 

(Mean ± SD) 
19.6 - 94.4 

(42.7 ±16.4) 
Height range (cm) 

(Mean ± SD) 
111.8 - 181.9 
(144.2 ± 15.3) 

BMI range 
(Mean ± SD) 

(13.9 - 32.3) 
(19.8 ± 4.1) 

Male 33 
Female 31 

Caucasian 29 
African America 24 

Hispanic 8 
Asian 3 
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3.2. Standard Care 

All subjects were administered a bronchodilator upon arrival (albuterol, stan-
dard dose of 2.5 mg). Before the bronchodilator administration each subject was 
asked to breathe into the APD as well as the spirometer. The data collected in-
cluded the APD resistance values (average respiratory resistance, respiratory re-
sistance in inhalation, and respiratory resistance in exhalation) and the values 
obtained from spirometry (Forced Vital Capacity (FVC), Forced Expiratory Vo-
lume in one minute (FEV1), FEV1/FVC ratio, and FEF25% - 75%) as well as the 
demographics and other pertinent clinical information. The subject’s name was 
removed from the data sheet and a number was assigned to each data sheet. The 
study was approved by the Georgetown University Institutional Review Board, 
and, before data collection, signatures for the consent and/or assent forms were 
properly collected.  

4. Results 

A total of 64 children were enrolled. Their demographic and clinical characteris-
tics are shown in Table 1. All subjects could use the APD successfully, but 11 of 
the children could not do spirometry. 

Figure 4 shows the average respiratory resistance values for all 64 subjects 
before and after bronchodilator administration using the APD. Respiratory re-
sistance decreased in all but 7 of the subjects after the bronchodilator adminis-
tration, as expected. Seven of the subjects apparently did not respond to the 
bronchodilator application. This is also consistent with the claims of bronchodi-
lator manufacturers that “not everyone will respond to the bronchodilator”. To 
solidify this claim scientifically, Martinez, et al. [55] conducted an elaborate ge-
netic study and illustrated genetic determinants of the responsiveness to albute-
rol by genotyping 269 children with asthma in a longitudinal study. 

We removed the resistance values for these 7 subjects and to better see the 
changes to the respiratory resistance before and after bronchodilator application 
we curve-fit a polynomial to the resistance values before and after the broncho-
dilator application (Pre [Blue] and Post [Red] in the graph) (Figure 5). This shows, 
on average, an approximately 20% drop in the respiratory resistance values due 
to bronchodilator administration (Figure 5). 

Figure 6 shows Forced Vital Capacity (FVC) values for all subjects before and 
after bronchodilator application. As mentioned earlier no spirometry data were 
obtained for 11 of the subjects because they could not perform spirometry. Si-
milarly, we curve-fit a polynomial to the FVC values before and after broncho-
dilator application (Pre [Blue] and Post [Red] in the graph) (Figure 6). There 
was no noticeable change in the FVC values before and after bronchodilator ad-
ministration. In assessing the effectiveness of the bronchodilator treatment, we 
can conclude that the spirometry data of the FVC are inconclusive. Note that 
there was no correlation between those who did not respond to the bronchodi-
lator (increased respiratory resistance in the APD evaluation) with increased/ 
decreased FVC.  
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Figure 4. Average respiratory resistance values (in cmH2O/l/s) vs. age (Yr.) obtained us-
ing the APD on 64 severely asthmatic children, pre (blue)- and post (red)-bronchodilator 
administration. 

 

 
Figure 5. Average respiratory resistance values (in cmH2O/l/s) vs. age (Yr.) obtained us-
ing the APD on 57 severely asthmatic children who showed a response to bronchodilator, 
pre (blue)- and post (red)-bronchodilator administration. A polynomial curve fit to the 
data is shown. 

 

 
Figure 6. Percent Forced Vital Capacity (FVC%) vs. age (Yr.) of 53 severely asthmatic 
children who were able to perform spirometry pre (blue)- and post (red)-bronchodilator 
administration. 

 
Figure 7 shows Forced Expiratory Volume in one minute (FEV1) for all sub-

jects who could perform spirometry before and after bronchodilator application. 
There was no significant change in the FEV1 values before and after bronchodi-
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lator administration. We can conclude that the spirometry data of the FEV1 are 
inconclusive. 

Figure 8 shows FEV1/FVC values for all subjects who could perform spirome-
try before and after bronchodilator application. Similarly, the changes in FEV1/ 
FVC before and after bronchodilator administration were insignificant. We can 
conclude that the spirometry data of the FEV1/FVC are also inconclusive. 

We also examined the FEF25% - 75% values for all 53 subjects before and after 
bronchodilator application. Figure 9 shows FEF25% - 75% (l/s) vs. subject age 
and as can be seen, overall, there is no significant difference for the FEF25% - 
75% values before and after the bronchodilator administration.  

To see the spirometry values for each subject, see the bar-diagrams shown in 
Figures 10-13 illustrating spirometry data before and after bronchodilator ad-
ministration for each individual child. In these diagrams each set of two consec-
utive bars is associated with one subject, pre (blue)- and post (red)-bronchodi- 
lator administration. Comparing two values of each FVC, FEV1, FEV1/FVC, 
and FEF25% - 75% for each subject shows very small change with no clear pat-
tern (increase/decrease) before and after bronchodilator administration. This  

 

 
Figure 7. Forced Expiratory Volume in one minute (FEV1) vs. age (Yr.) of 53 (11 out of 
64 could not perform spirometry) severely asthmatic children pre (blue)- and post (red)- 
bronchodilator administration.  

 

 
Figure 8. The FEV1/FVC values (FEV1/FVC) vs. age (Yr.) of 53 (11 out of 64 could not 
perform spirometry) severely asthmatic children pre (blue)- and post (red)-bronchodi- 
lator administration. 
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Figure 9. Values of FEF25% - 75% (l/s) for each subject before and after bronchodilator 
application (pre (blue)- and post (red)-bronchodilator administration). As can be seen the 
differences are mostly insignificant. 

 

 
Figure 10. Values of FVC for each subject before and after bronchodilator administration 
(pre (blue)- and post (red)-bronchodilator administration). As can be seen the differences 
are mostly insignificant. 

 

 
Figure 11. Values of FEV1 for each subject before and after bronchodilator administra-
tion (pre (blue)- and post (red)-bronchodilator administration). As can be seen the dif-
ferences are mostly insignificant. 

 
clearly shows that spirometry values, at least for asthmatic children studied in 
this work, are inconclusive. 

Similarly, to visualize the FEF25% - 75% values before and after bronchodila-
tor administration for each individual child, we have looked at the bar-diagram  
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Figure 12. Values of FEV1/FVC for each subject before and after bronchodilator admin-
istration (pre (blue)- and post (red)-bronchodilator administration). As can be seen the 
differences are mostly insignificant.  

 

 
Figure 13. Values of FEF25% - 75% (l/s) for each subject before and after bronchodilator 
application (pre (blue)- and post (red)-bronchodilator administration). As can be seen, 
overall, the differences are mostly inconclusive. 

 
shown in Figure 13. In this diagram each set of two consecutive bars is asso-
ciated with one subject, pre (blue)- and post (red)-bronchodilator administra-
tion. Comparing the two values of FEF25% - 75% for each subject show very 
small change (increase/decrease) before and after bronchodilator administration. 
The changes, although not consistently increased/decreased, are, however, larger 
than those for FVC and FEV1 shown in Figures 10-12. This clearly shows that 
spirometry values, at least for asthmatic children studied in this work, are incon-
clusive. 

It is interesting to note that it is well known and also demonstrated here 
(Figure 5) that the respiratory parameters are function of age, but we cannot see 
this for spirometry values (FVC, FEV1, FEV1/FVC, and FEF25% - 75%). This, 
most probably, can be attributed to the lack of sensitivity of the spirometry, and 
the fact that spirometry requires a proper cooperation of the subject, which like-
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ly did not consistently occur in these children. 

Statistical Analysis 

Although the curves in Figure 5 show a clear difference between the respiratory 
resistance values before and after albuterol administration and not so for the 
curves in Figures 6-9, we conducted statistical analysis to solidify this. We ap-
plied a few statistical analysis methods to the data, and all showed that the respi-
ratory resistance values were significantly different before and after albuterol 
administration, this was supported by a very small p-value of 3.32E-7 in paired 
t-test, indicating the before and after values are highly statistically significantly 
different. The p-vales for the spirometry data (Figure 6, Figure 7, and Figure 9) 
were very large (0.295, 0.092, and 0.075); for Figure 8 the p-value was 0.027. 
This may indicate that among the 4 spirometry parameters (FVC, FEV1, FEV1/ 
FVC, and FEF25% - 75%) studied the FEV1/FVC may be a better spirometry in-
dicator, this however needs to be shown using much larger number of subjects. 
We also used Wilcoxson and Cohen statistics and they also indicated that the 
data in Figure 5 were very strong significantly different, but not significantly dif-
ferent for spirometry parameters. 

5. Discussion 

This study is the first to demonstrate the ability of the APD to detect the re-
sponse to bronchodilator in children with acute asthma symptoms. The baseline 
results showed high airway resistance values in 64 children experiencing asthma 
flare-ups. Post-bronchodilator measurements showed significant decline in the 
airway resistance in majority of the children reflecting the anticipated response 
to albuterol. The measured fall in airway resistance was consistent with observed 
clinical improvement. In contrast, spirometry revealed no significant difference 
in the values of the FVC, FEV1, FEV1/FVC, and FEF25% - 75% before and after 
administration of albuterol in these children despite symptomatic improvement 
after bronchodilator administration, likely because of suboptimal ability to per-
form spirometry. The results indicate that measurement of airway resistance us-
ing an APD is a more sensitive indicator of response to bronchodilator than 
spirometry in children who present with airway obstruction from asthma. This 
pilot study suggests that the APD may be a useful tool for monitoring of asthma 
status and response to therapy in young children who are unable to effectively 
perform spirometry. Furthermore, measurement of the airway resistance using 
the APD in children with asthma can be early indicator of any impeding asthma 
flare-up and can, therefore, guide clinicians with early intervention using albu-
terol to prevent worsening respiratory exacerbation and subsequent hospitaliza-
tion. 

This pilot study is an initial proof-of concept evaluation of this device in child-
ren. Each subject acted as his/her own control, which is an important strength of 
the study. However, the number of subjects is relatively small and spans a large 
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age and size span. The study was not designed or powered to detect gender dif-
ferences or other factors that may affect the response to bronchodilators. Further 
studies are needed in the pediatric population to elucidate some of these factors 
and the APD may prove to be an excellent tool to carry out such studies, because 
of its ease of use in very young children who are unable to cooperate with stan-
dard spirometry. 

This clearly demonstrates the advantage of using the respiratory resistance com-
pared to spirometry parameters in asthmatic children. 

6. Conclusion 

This study has shown that APD is easy to use by young children with significant 
respiratory symptoms and can provide an objective assessment of the response 
to albuterol treatment.  
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