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bDepartment of Respiratory Medicine, University of Cambridge, Addenbrooke’s Hospital, Cambridge, UK; cCambridge Institute for 
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ABSTRACT
Objectives: The impulse oscillometry system (IOS) provides an alternative method of lung 
function testing for patients in whom forced expiratory manoeuvres are contraindicated, 
such as those with inherited vascular connective tissue disorders. Here we examine the role 
of IOS in the diagnosis and monitoring of asthma in such patients through a clinical case 
series and literature review.
Methods: The clinical case series comprised of data from 12 patients with inherited 
connective tissue disorders representing 32 clinical encounters. Of these, 11 encounters were 
for asthma diagnosis and 21 were for asthma monitoring. Symptoms, exhaled nitric oxide 
(FeNO) and IOS were assessed at each encounter.
Results: In the clinical case series, 5 of 6 patients with likely asthma (as determined by 
physician review and exhaled nitric oxide testing) had abnormal IOS parameters compared 
with 0 of 5 of those with unlikely asthma. In the monitoring group, 11 encounters resulted 
in treatment escalation (demonstrating suboptimal control), and 8 resulted in no change to 
treatment (good control). Six of 11 of those with suboptimal control had abnormalities in 
≥3 IOS parameters, with R5 and R5-20 most frequently affected. Only 1 of 8 of those with 
good control had abnormalities in ≥3 IOS parameters.
Conclusions: IOS can be used as an alternative to conventional lung function testing to 
support the diagnosis and monitoring of asthma when forced expiratory manoeuvres are 
contraindicated. Larger studies are required to establish severity and treatment escalation 
thresholds and provide clearer comparisons with spirometry values.

Introduction

Objective measures of pulmonary function hold prom-
inent positions in guidelines for the diagnosis and treat-
ment of respiratory disease (1). Such tests are valuable 
in the diagnosis and ongoing monitoring of many respi-
ratory conditions, but problems arise when lung function 
testing is contra-indicated. Recommendations of when 
pulmonary function tests (PFTs) should be avoided have 
suffered from a lack of high quality data and conse-
quently are based in large part on expert opinion (2). 
Moreover, until recently, alternative testing strategies for 
such patients have been lacking.

Reasons suggested to avoid forced manoeuvre PFTs 
have included conditions when maximal chest wall 
expansion or raised intrathoracic pressures might 

exacerbate an existing condition, such as untreated 
pneumothoraces and recent surgical wounds (2). 
Co-existent cardiovascular conditions, particularly aor-
tic aneurysms, have been highlighted as potentially 
more important contra-indications for forced expira-
tory manoeuvres (2), and it remains unclear whether 
forced expiratory manoeuvres are safe in patients at 
risk of vascular dissection owing to high risk inherited 
connective tissue disorders, such as Loeys-Dietz syn-
drome and vascular Ehlers-Danlos syndrome. Aortic 
aneurysm currently remains listed as a potential con-
traindication to lung function testing in the American 
Association for Respiratory Care 1996 guidelines (3).

With at least 12% of the British population being 
diagnosed with asthma (4), the condition is a frequent 
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comorbidity in patients with inherited connective dis-
orders. Indeed, evidence suggests that allergic condi-
tions such as atopic asthma are over-represented in 
patients with the connective tissue disorder Loeys-Dietz 
syndrome because of the strong relationship between 
TGFβ signaling and regulatory T cell function (5). 
Bronchial hyper-reactivity has also been reported to 
be over-represented in children with Marfan syndrome 
(6). Because patients with inherited connective tissue 
disorders are often treated prophylactically with 
beta-adrenergic blockade to reduce risk and slow pro-
gression of aortic dilatation (7), monitoring for asthma 
is of particular importance since such drugs can cause 
bronchospasm and risk reducing bronchodilator effi-
cacy during severe asthma exacerbations.

The impulse oscillometry system (IOS) differs from 
spirometry by not relying on forced expiratory 
manoeuvres (8). It can be performed at tidal breathing 
and so offers an alternative approach when forced 
maneuver PFTs are contraindicated or when a patient 
cannot readily co-operate with complex procedures. 
Impulse oscillometry works by directing sound waves 
of multiple frequencies into the airways along a 
breathing tube. Higher frequency sounds (>20Hz) 
travel only short distances and so remain confined to 
the larger airways, while lower frequency sounds 
(<15Hz) reach down to the small airways and lung 
parenchyma. A pressure-flow transducer measures 
flow and pressure during tidal breathing, and allows 
respiratory impedance (Zrs: the ratio of pressure to 
flow at each sound frequency) to be calculated. Zrs 
represents a composite of respiratory resistance (Rrs) 
and respiratory reactance (Xrs) (8).

The differential effect of airway size on the trans-
mission of sound waves of differing frequencies 
enables the resistances of small airways to be distin-
guished from that of large airways. The resistance at 
5 Hz (R5) is taken to represent the total airway resis-
tance, while the resistance at 20 Hz (R20) gives the 
resistance of only the large airways. Consequently, the 
difference (R5-R20) gives the resistance due to small 
distal airways.

Reactance (Xrs) reflects the dampening effect on 
sound waves due to mass force of air moving into 
the lung (I, inertance) and the elastic recoil of lung 
tissue (C, capacitance). Together, these give a picture 
of how distendable the airways are. At lower frequen-
cies, the capacitance component dominates and Xrs 
at 5 Hz (X5) largely represents the ability of the lung 
to store elastic recoil in the small airways. By con-
vention, increasing capacitance is designated negative 
values and increasing inertance has positive values. 
Hence conditions that reduce lung elasticity such as 

pulmonary fibrosis and emphysema have increasingly 
negative capacitance values and therefore higher X5 
values. The resonant frequency (Fres) is the point at 
which inertance and capacitance are equal. This is 
increased in both obstructive and restrictive condi-
tions. Reactance area (Ax) is the difference between 
X5 and Fres and is related to respiratory compliance, 
reflecting small airways patency.

Owing to a lack of high-quality evidence, current 
asthma guidelines have neglected IOS. Similarly, few 
guidelines discuss alternatives to spirometry in the 
diagnosis and monitoring of patients who have both 
asthma and contraindications to forced expiratory 
manoeuvres. Here, we report the use of IOS in the 
diagnosis and monitoring of asthma in a small cohort 
of patients in whom spirometry is relatively 
contraindicated.

Materials and methods

Clinical setting

Our clinic works closely with the inherited cardio-
vascular conditions clinic and frequently receives 
requests to review patients likely to benefit from 
beta-adrenergic blockade. Beta-blockers are generally 
avoided in asthma due to the risk of acute broncho-
spasm, and hence their initiation and titration in 
patients with asthma requires close respiratory input.

Patient selection

All patients referred to one clinician at one large 
teaching hospital between January 2014 and December 
2019 for asthma diagnosis or monitoring in whom 
forced expiratory maneuvers were contraindicated 
were retrospectively included in the study. Data were 
obtained from clinic letters and test results stored on 
the electronic patient record.

Clinical case series

Each time a patient was seen in clinic and IOS was 
undertaken was considered an ‘encounter’. For each 
encounter, data regarding symptoms compatible with 
asthma, fraction of exhaled nitric oxide (FeNO) and 
IOS parameters (R5, R20, R5-20, X5, AX, Z5) were 
collected. A clinic visit and corresponding FeNO and 
IOS were considered part of the same encounter if 
they were requested by the clinician on the clinic 
letter for that visit, and were performed within 
2 months of the clinic visit. Given that IOS was the 
focus of this study, clinic visits without corresponding 
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IOS data were excluded. Clinic visits without FeNO 
data were included. IOS was performed using the 
Vyntus® IOS system by Vyaire Medical (9) and ana-
lyzed using the SentrySuite® software package (10).

Encounters were classified as to whether they were 
for asthma diagnosis, asthma monitoring or for con-
sideration of the introduction of beta-adrenergic 
blockade in those with inherited aortopathies. All 
asthma monitoring encounters required patients to 
have a prior diagnosis of asthma or to have had a 
prior diagnostic encounter. To focus the data set on 
patients with asthma, all monitoring and beta-blocker 
decision encounters required participants to have a 
diagnosis of asthma.

The presence of symptoms, FeNO and IOS param-
eters were converted to binary data. For symptoms 
this was ‘presence’ or ‘absence’ of any symptom or 
group of symptoms that was felt by the treating phy-
sician to be indicative of poorly controlled asthma. 
For FeNO this was ‘normal’ or ‘abnormal’, with a 
normal value set at <25ppb (11). For each IOS param-
eter (R5, R20, X5, Z5, R5-20) this was ‘normal’ or 
‘abnormal’ based upon the following cutoffs used by 
our respiratory physiology team (12). For R5, R20 
and Z5 a score of ≥ 150% predicted (Z score ≥ 1.645) 
was classified as abnormal (12). For reactance X5, the 
following equation was used: Predicted-X5 (Hz) 
>0.15 kPa.s.L− 1 = abnormal (12). For R5-20, small 
airways disease was considered present if 
R5-20 > 0.07 kPa.s.L− 1 or 15% (13).

Outcomes were recorded for each encounter. For 
asthma diagnosis encounters, the outcomes were 
‘likely asthma’ and ‘unlikely asthma’, based upon the 
clinician’s impression in the clinic letter. For the 
asthma monitoring encounters, the outcomes were 
‘treatment escalation’ or ‘no change/reduction’ based 
upon treatment changes recommended in the clinic 
letter, indicating suboptimal control or stability respec-
tively. For the beta-blocker decision encounters, the 
outcomes were ‘beta-blocker therapy permitted’ and 
‘beta-blocker therapy not currently recommended’, as 
documented in the clinic letter. A decision on 
beta-blockage was individualized, based on current 
asthma symptom control, airway physiological abnor-
malities, the history of exacerbations, and the cardio-
vascular risk.

Results

Twelve patients (4 males) were in included in the 
study (mean age 46; range 30–69), representing 32 
encounters in total. Of these, 11 encounters were for 
asthma diagnosis purposes and 21 were for asthma 

monitoring. Amongst the monitoring encounters, 15 
were for consideration of beta-blocker therapy, of 
which 12 were for patients with a known diagnosis 
of asthma.

Table 1 summarizes the reasons forced expiratory 
maneuvers were not recommended in these patients.

Asthma diagnosis: Of the 11 patients reviewed for 
diagnostic purposes, 6 were diagnosed with likely 
asthma and 5 with unlikely asthma (Table 2). Five 
out of 6 patients with ‘likely asthma’ had abnormalities 
in at least 1 IOS parameter, with 4 patients having 
abnormalities in 3 or more parameters, with Z5, R5 
and R5-20 most frequently affected. None of the 5 
patients with ‘unlikely asthma’ had abnormalities in 
any IOS parameter. Two of the six ‘likely asthma’ 
patients had abnormal FeNO readings compared with 
none of the ‘unlikely asthma’ patients. Half of the 
‘likely asthma’ patients had symptoms compared with 
2 of 6 of the ‘unlikely asthma’ patients.

Asthma control: Nineteen encounters were for 
asthma monitoring purposes. Eleven encounters 
resulted in treatment escalation, indicating suboptimal 
control, and 8 encounters resulted in no change or a 
reduction in treatment, indicating stable asthma. Of 
those with suboptimal control, 6 out of 11 had abnor-
malities in at least 3 IOS parameters, with Z5 and 
R5-20 most frequently affected (Table 3). 6 patients 
had elevated FeNO and 8 patients reported symptoms 
of asthma. Of those with stable asthma, 1 of 8 had 
at least 3 abnormal IOS parameters. R20 was the most 
frequently abnormal IOS parameter in this group. No 
patients had abnormal FeNO and only 1 reported 
symptoms of asthma.

Table 1. R easons why forced expiratory manoeuvres were not 
recommended in the patient group.
Reason for relative contraindication to 
forced expiratory manoeuvres -  
Connective tissue diagnosis Count

Loeys Dietz Syndrome 4
Vascular Ehlers Danlos Syndrome 3
Marfan Syndrome 1
Cutis Laxa 1
No specific syndromic connective 

tissue disease identified
•	 Multiple aneurysms (abdominal, 

head and neck)
•	 Thoracic aortic aneurysm
•	 Aortic root dilatation

1
1
1

Reason for relative contraindication to 
forced expiratory manoeuvres -  
Anatomical diagnosis Count
Aortic root abnormalities 4
Carotid dissection 1
Aneurysms at multiple sites 2
Strong family history of aneurysm 3
None of the above (identified 

connective tissue disorder by family 
tracing)

2
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Table 4. A bnormalities seen in symptoms, FeNO and IOS 
parameters in those where beta-blocker decisions were made.

Beta-blocker 
advised against 

(n = 4)

Beta-blocker 
permitted 

(n = 8)

Number of 
abnormal IOS 
parameters

0 0 1
1 2 3
2 1 3
3 1 1
4 0 0
5 0 0

Specific abnormal 
IOS parameters

R5 2 3
Z5 2 4

R5-20* 4 3
R20 1 3
X5 0 1

Elevated FeNO Y 2 1
N 1 6

N/A 1 2
Symptoms of 

asthma
Y 2 2
N 2 6

*R5-20 > 15%, indicating increased distal airways resistance.

Beta-blocker therapy: Twelve encounters were to 
determine if asthma was sufficient to permit initiation 
of beta-blockade for their co-existent inherited car-
diovascular disease. Of these, 4 were not recom-
mended to start beta-blockers presently and 8 were 
permitted based on of judgment of risk vs benefit 
(Table 4). All 4 encounters where beta-blockers were 
not recommended had abnormalities in at least 1 IOS 
parameter and 1 patient had abnormalities in 3 or 
more parameters. Interestingly, R5-20 was abnormal 
for all 4 encounters. Patients were symptomatic at 2 
of the 4 encounters and had abnormal FeNO at 2 
encounters. From the 8 encounters where control was 
deemed sufficiently stable to commence beta-blockers 
cautiously. 6 of 8 had abnormalities in at least 1 IOS 

parameter and 1 had abnormalities in 3 or more 
parameters; with Z5 most frequently affected (4/6). 
Patients were symptomatic at 2 of 8 encounters and 
had abnormal FeNO at 1 encounter.

Discussion

In our case series of 32 diagnostic and monitoring 
encounters, we observed differences in individual IOS 
parameters and overall IOS results between patients 
with unlikely asthma, well-controlled asthma and sub-
optimally controlled asthma in whom classical PFTs 
were relatively contraindicated.

From 11 diagnostic encounters, 5 of 6 of the likely 
asthma cases had abnormal IOS results, with almost 
all of these having three or more abnormal parame-
ters. No patients with unlikely asthma had abnormal-
ities in their IOS results, even when they had 
symptoms suggestive of asthma.

Two previous studies using IOS to help diagnose 
asthma and quantify the severity of airways obstruc-
tion have found differences in total (R5), large (R20) 
and small (R5-20) airways resistance between healthy 
individuals and those with severe asthma (14,15). In 
both studies, there were no significant differences in 
IOS parameters between those with mild asthma and 
healthy controls. This is comparable with spirometry, 
the current gold standard and most widely used 
method for assessing airways obstruction, which is 
often normal in patients with well-controlled asthma 
who are not symptomatic at the time of testing (16). 
Indeed, spirometry has a sensitivity value in the 
region of 23–29%, a specificity value of 90%, a Positive 

Table 2. A bnormalities seen in symptoms, FeNO and IOS 
parameters in those diagnosed with ‘Likely Asthma’ and 
‘Unlikely Asthma’.

Likely asthma 
(n = 6)

Unlikely asthma 
(n = 5)

Number of 
abnormal IOS 
parameters

0 1 5
1 1 0
2 0 0
3 1 0
4 3 0
5 0 0

Specific abnormal 
IOS parameters

R5 4 0
Z5 4 0

R5-20* 4 0
R20 2 0
X5 2 0

Elevated FeNO Y 2 0
N 4 5

N/A 0 0
Symptoms of 

asthma
Y 3 2
N 3 5

*R5-20 > 15%, indicating increased distal airways resistance.

Table 3. A bnormalities seen in symptoms, FeNO and IOS 
parameters in those with suboptimal and stable asthma 
control.

Suboptimal 
control (n = 11)

Stable asthma 
(n = 8)

Number of abnormal 
IOS parameters

0 1 1
1 2 3
2 2 3
3 5 1
4 1 0
5 0 0

Specific abnormal 
IOS parameters

R5 4 1
Z5 7 3

R5-20* 7 2
R20 3 3
X5 4 0

Elevated FeNO Y 6 0
N 3 4

N/A 2 4
Symptoms of 

asthma
Y 8 1
N 3 7

*R5-20 > 15%, indicating increased distal airways resistance.
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Predictive Value (PPV) of 22–77% and a Negative 
Predictive Value (NPV) of 53–91% for the diagnosis 
of asthma, showing that spirometry forms only a part 
of the diagnostic work up for asthma and that other 
clinical factors must be taken into account when diag-
nosing the syndrome of asthma (17)

The most consistently abnormal IOS parameter in 
asthma in our case series and previous work is R5-20. 
This represents resistance in the small airways, the 
main site of airways obstruction in asthma, (18) giving 
validity to the findings. R5-20 has been shown to 
correlate well with FEF 25–75. FEF25–75 has been 
shown to predict severe asthma in adults independent 
from FEV1 (19) and is also a predictor of severe 
asthma in children in the setting of a normal 
FEV1 (20).

From our small sample of patients and in line with 
published work, IOS appears to perform comparably 
and play a similar role to spirometry as part of the 
asthma diagnostic work up.

In our case series, abnormalities in more than three 
IOS parameters occurred more frequently in those 
with suboptimal asthma control compared to those 
with stable asthma. Where asthma control was assessed 
for stability to introduce beta-blockade, IOS abnor-
malities were equally well represented in both groups, 
reflecting the complexity of the risk benefit calculation 
in this high cardiovascular risk group.

In a large study of 442 patients with asthma, R5 
and R5-20 were found to be equally predictive of 
worse asthma control in the past year as spirometry 
measures FEV1 and FEF 25–75 (21). In another study, 
30 patients with newly diagnosed mild-moderate 
asthma, IOS readings were taken at diagnosis, and 
then at 1 and 3 months after the initiation of inhaled 
corticosteroids therapy (22) A statistically significant 
improvement was seen in all IOS parameters tested 
(R5, R20 and X5) at 1 and 3 months of treatment. 
The IOS changes were considered equally sensitive as 
spirometry (FEV1, FVC and MMEF 25-75) in detect-
ing short and longer-term treatment response in 
patients with asthma (21).

Our case series data fits with published work, 
where R5 and R5-20 were seen to be markers of poor 
control, and to show improvement with treatment 
initiation and escalation. However, both our data and 
previous studies have found that IOS abnormalities 
are not restricted to individual parameters and tend 
to be more widespread in poorly controlled disease, 
with improvements across multiple parameters occur-
ring with treatment optimization (21). Changes in 
R5 and R5-20 were shown to correlate with FEV1 

and FEF25-75, which are currently used to guide 
treatment escalation thresholds in current guide-
lines (1).

From this small set of data and previous studies, 
it appears that IOS parameters are more widely 
deranged in suboptimally controlled asthma compared 
with stable disease, and that R5-20 may be the most 
sensitive marker of loss of control. IOS parameters 
show intra-individual variation over time and hence 
can be used to monitor treatment response. Our study 
suggests that in combination with clinical history and 
FeNO, IOS plays a useful role in the asthma assess-
ment process.

Limitations

Given that contraindications to forced expiratory 
maneuvers are relatively rare, our case series is limited 
by the small number of patients included, the retro-
spective nature of the study and the fact that all 
patients were assessed by one clinician. We do not 
have data on exacerbation frequency, bronchodilator 
reversibility or standardized asthma severity scores 
for each patient, which would have strengthened our 
findings.

We do not routinely use IOS to determine bron-
chial reactivity (BHR) or bronchodilator reversibility 
(BDR). Short et  al (23) proposed a diagnostic criterion 
for clinically significant BHR in response to provo-
cation testing of 40% increase in R5. However, the 
European Respiratory Society guideline on bronchial 
provocation testing states that there is substantially 
less supporting research and standardization than for 
spirometry in the use of bronchial provocation testing 
and that additional studies are required (24). The use 
of the bronchodilator response as determined by a 
decrease in R5 has also been proposed as a diagnostic 
tool for asthma. Galant et  al (25) points out that there 
is great variability in defining a clinically relevant 
BDR as expressed by IOS ranging from 8.6% (26) to 
more than 40% (27). The authors propose a definition 
of BDR as determined by IOS to be greater than the 
95% confidence interval response for R5 in healthy 
children and adults. They pool data from six pediatric 
and one adult study and propose a value of −40% in 
ΔR5. However, it is pointed out that this value may 
not be appropriate for distinguishing between asth-
matic and non-asthmatic subjects. Interestingly, these 
studies find R5 to be the parameter of most value, 
whereas we find R5-R20 to be the most consistently 
abnormal in those with a diagnosis of likely asthma. 
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Further studies are needed to ascertain whether the 
use of BDR or BHR by IOS is more useful in our 
patient cohort than spontaneously-acquired IOS 
parameters, and if so, which IOS parameters are key.

In addition, IOS and clinic visits did not occur on 
the same date, so it is possible that symptoms may 
have changed from when IOS was performed and 
when the patient was seen in clinic, prompting a 
different conclusion by the clinician. Finally, in our 
data analysis we examined the number of different 
abnormal IOS parameters, but not the extent of the 
abnormality in individual parameters which could 
have led to over or underestimation of the IOS 
abnormalities.

Studies involving a greater number of patients 
are required to determine and validate asthma sever-
ity and treatment escalation thresholds in IOS 
parameters, as we currently have with spirometry. 
Furthermore, prospectively performing IOS and spi-
rometry in individuals with asthma who can per-
form both techniques would be useful to compare 
parameters for their equivalence and test 
characteristics.

Conclusions

In summary, we found IOS to be a useful technique 
in asthma diagnosis and treatment monitoring in indi-
viduals where forced expiratory manoeuvres are con-
traindicated. A normal IOS profile makes the diagnosis 
of asthma unlikely, and an increasing number of 
abnormal IOS parameters indicates suboptimal airways 
control. IOS forms a part of the diagnostic and mon-
itoring work-up of asthma when considered in the 
context of the patient’s symptoms, FeNO and other 
clinical features. Our findings relate to real-world 
practice in a specialist clinic and support the findings 
from prospective studies.

Prospective studies are now needed to hone the use 
of impulse oscillometry in this clinical setting, and in 
particular to help improve the prediction of asthma 
exacerbation in this group of patients at high cardio-
vascular risk and thereby improve the risk-benefit 
assessment when considering commencing beta-blockade.
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