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Abstract

Background: We recently demonstrated that quality of spirometry in primary care could markedly improve with remote offline
support from specialized professionals. It is hypothesized that implementation of automatic online assessment of quality of
spirometry using information and communication technol ogies may significantly enhance the potential for extensive deployment
of ahigh quality spirometry program in integrated care settings.

Objective: The objective of the study was to elaborate and validate a Clinical Decision Support System (CDSS) for automatic
online quality assessment of spirometry.

Methods: The CDSS was done through a three step process including: (1) identification of optimal sampling frequency; (2)
iterationsto build-up aninitial version using the 24 standard spirometry curves recommended by the American Thoracic Society;
and (3) iterations to refine the CDSS using 270 curves from 90 patients. In each of these steps the results were checked against
one expert. Finally, 778 spirometry curves from 291 patients were analyzed for validation purposes.

Results: The CDSS generated appropriate online classification and certification in 685/778 (88.1%) of spirometry testing, with
96% sensitivity and 95% specificity.

Conclusions: Consequently, only 93/778 (11.9%) of spirometry testing required offline remote classification by an expert,
indicating a potential positive role of the CDSS in the deployment of a high quality spirometry program in an integrated care
setting.

(JMIR Med Inform 2014;2(2):€29) doi: 10.2196/medinform.3179
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Introduction

High Quality Spirometry Testing

High quality spirometry testing across hedlth care levels is
pivotal for proper management of patientswith prevalent chronic
respiratory disorders, namely asthma and chronic obstructive
pulmonary disease (COPD) [1].

We have recently reported the effectiveness of a Web-based
application for remote offline expert support to enhance the
quality of spirometry in primary care. High quality testing
improved in a sustai nable manner with the remote support [2].
A relevant difference was observed between the intervention
group, 2419/3383 (71.50%) high quality spirometry, and the
control group, 713/1198 (59.52%) high quality spirometry,
throughout the 12 month follow-up period (P<.001). Similar
figures have been obtained in pharmacy offices, as part of a
COPD case finding program [3].

In the Basque Country (Spain), the ongoing regional deployment
of the Web-based offline support program from specialists to
primary care will cover the entire population, 2.2 million
inhabitants, by the end of 2014 [4,5]. Interestingly, their results
[6] are similar to those reported in the initia randomized
controlled trial [2] described above.

Idedlly, extensive deployment of a high quality spirometry
program in the community should offer accessibility to
standardized raw spirometric data through a technological
architecture providing interoperability across health care tiers.
To this end, a Clinical Document Architecture for spirometry
using Hedlth Level Seven v3 standards was recently made
available by the Catalan Heath Department [7], such that
spirometric testing will be available at theregional level. Inthis
scenario, automatic assessment of quality of spirometry testing
should enhance the efficiency of the program. Unfortunately,
current applications for online assessment of quality of
spirometry misclassify thetests, as compared with examinations
done by expert professionals[2].

Clinical Decision Support System

We hypothesize that elaboration and validation of a clinical
decision support system (CDSS) for online automatic assessment
and certification of quality of spirometry in primary care may
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represent a pivotal step toward regional adoption of the high
quality spirometry program with an integrated care approach.

The current study is part of the refinement of the ongoing
deployment of the high quality spirometry programin Catalonia
[8], an European region of 7.5 million inhabitants.

Methods

Building-Up the Clinical Decision Support System
Figure 1 showstheinitial step in the process for elaboration of
the CDSS was the identification of the optima sampling
frequency to achieve the highest sensitivity and specificity in
the analysis of the spirometric curves. To thisend, a systematic
examination of alarge range of sampling frequencies, from 6.25
Hz to 100 Hz, was done during the first iterative process.

The process was done using the 24 standard flow-volume and
volume-time curves from the pulmonary waveform generator
recommended by the American Thoracic Society/European
Respiratory Society (ATS/ERS) [7]. This set of 24 standard
curves cover the entire spectrum of clinical abnormalities, as
well as common spirometric artifacts. They are used as a
reference material for calibration purposes and, in general, to
facilitate comparisons among lung function laboratories.

The construction of an initial version of the CDSS was carried
out using the 24 standard spirometry curves [9,10] following
an iterative process, as displayed in Figure 1. In each step, the
results generated by the CDSS were compared with the criteria
of one expert in thefield of lung function testing (FB), and the
iterative process was maintained until sensitivity and specificity
of the results generated by the CDSS showed 24/24 (100.0%)
agreement with the expert.

The CDSS combines the different aspects assessed on the
spirometry curve in one score with three different categories:
(1) grade O, rejected due to unacceptable morphology of the
spirometry curve; (2) grade 1, acceptable for further
classification according to Table 1; or (3) grade 2, undefined
characteristics of the spirometry (see Multimedia Appendix 1
for examples of the three categoriesin Figure 1S). The two first
categories, grades 0 and 1, allow proper online automatic
classification of spirometry testing as well as the generation of
acertified spirometry curveto be potentially shared across health
caretiers, whereas grade 2 requires offline expert assessment.
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Table 1. Quality scores for spirometric maneuvers according to ATS/ERS standardization [9].

Scores Maneuvers

A2 3 acceptable maneuvers, and best 2 matched with differencesin FVCPand/or FEV1<150 ml

B 3 acceptable maneuvers, and best 2 matched with differencesin FVCPand/or FEV 1%<200 ml
2 acceptable maneuvers, and best 2 matched with differencesin FVC and/or FEV1°<250 ml

D 1 acceptable maneuver

No acceptable maneuvers

8High quality spirometries, A and B scores, correspond to A, 3 acceptable maneuvers with differencesin FV C and/or FEV 1<150 ml; and B, 3 acceptable
maneuverswith differencesin FV C and/or FEV 1<200 ml; C, to high variability among maneuvers; D, only one acceptable maneuver; and F no acceptable

maneuver.
bRV C = forced vitdl capacity
°FEV 4= forced expiratory volumein the first second

Figure 1. Flow of the process followed to elaborate and validate the Clinical Decision Support System (CDSS). ATS=American Thoracic Society;

FS=forced spirometry.

Elaboration and validation of the CDSS

270 FS curves
24 Standard ATS
Curves from 90 patients
e o —
Lung Function EXPERT Lung Function EXPERT
VALIDATION

778 curves from 291 patients

The Characteristicsand the Algorithm

The CDSS systematically assessed 27 different characteristics
of each spirometry curve, as displayed in Table 2. There were
four out of the 27 characteristics that were extracted from the
international recommendations for standardization of the test,
jointly reported by the ATS and the ERS [11]; whereas the
remaining 23 were introduced during the current research. Each
of these 27 features had a well defined specific algorithm for
caculations. The mathematical description of a feature
constituted the so-called metric. It isof note that agiven feature
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may require more than one metric. The quantitative values of
agiven metric were denominated threshol ds that were used for
quality assessment. It isal so of note that some metrics may have
primary and secondary thresholds. Theinitial parameters of the
automatic algorithm for online assessment of quality of
spirometry were refined through successive iterations until the
final version of the CDSSwas obtained (Figure 1). Asindicated
above, the performance of each of the successive versions of
the CDSS was compared with the results provided by the expert.
A refined version of the CDSS was achieved using 270 curves
from 90 patients from [2].
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Table 2. List of criteria of the forced spirometry curve explored by the CDSS.

Forced spirometry curve Criterid

BEV?trad Back extrapolation >0.15 L or < 5% of FVCY
EOTVP trad End of test criteria, volume< 0.025L intime=1s
Tex® Time of end FVCY(Tex>6 9)

EOTVP new (5 criteria)
Peak_Valey Single
Peak_Valley_Combined
vT9end

FV€ dlope single
FV€ slope_combined

FV®Slope Test_Combo

FV®Slope Test_ Combo_Area Under Rect

FV®Slope Test Combo4

a) EOTVP<0.025 L or Tex®6 s

b) If Tex®>6 sEOTVP<0.025 L intime 0.5 S,
o) If Tex%>6's, EOTVP< 0.1L;

d) EOTVP(TexS) < 0.025 L; and

€) EOTVP< 0.025 * Tex/6 L

High local maximum (peak) and minimum (valley) in FV curve

High local maximum (peak) and minimum (valley) in FV curve close to FEVlh
Irregularity or oscillation at the end of FTMcurve

Variation of FV®dope or high FV®slope

Variation of FV®dope and high FV®slope

Irregularity and variation of FV®slope or high FV slope

Irregularity or variation of FV®slope and high Fv®slope

Irregularity and variation of FV®slope and high FV®slope

Diff_si nglek Irregular concavity-convexity before the PEF'value in FVecurve

Diff_combi ned Irregular slope and irregular concavity-convexity before the PEFvaluein FVScurve
PEF' Ti meUp Time to archive PEF'< 130 milliseconds

PEF’ TimeDown Time to archive PEF'> 0.25 milliseconds

PEF Cut PEF'is not a pesk in FVcurve (is plane), volume (F"=PEF') > 15 % FVCY

PEF cut2 FEV," PEF'is not a pesk in FVcurve (is plane), volume (F"=PEF') > 17.5 % FEV;"

PEF" DoublePesk PEF bimodal in FVecurve

PEF' Slow Volume to archive PEF < 20% FvC9

3BEV = back extrapolation

PEOTV = end of test criteria, volume

“Tex = Timetoend FVC

4T = volume/time curve

®FV = flow/volume curve

fPEF = peak expiratory flow

9FVC = forced vital capacity

hFEV1: forced expiratory volumein the first second

"The list includes the classical parameters used by ATS/ERS guidelines [11].

IRect = rectum

KDiff s ngle= irregular concavity-convexity before the PEFf value in flow volumen curve concavity or convexity existsif the extracted signal metric
IDiff_combi ned = irregular slope and irregular concavity-convexity before the peak expiratory flow value in flow volume curve
MET = flow/time curve

"F=flow
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Clinical Decision Support System Validation

Therefined version of the CDSS was compared with adatabase
of 778 curves from 291 patients from one of the primary care
centers in Barcelona. The spirometry testing was done using a
spirometer (Sibel 120, SIBELMED, Barcelona Spain). Again,
the score generated by the CDSS was compared with the one
obtained from the same expert evaluator.

The use of the two patient databases, for refinement and
validation purposes, was approved by the Ethical Committee
of the Hospital Clinici Provincial de Barcelona.

Burgoset a

Data Analysis

The ATS database [10] contains volume (V) values of each
curve, from which flow (F) values were obtained by discrete
differentiation (equation 1, Figure 2). The two patient’s
databases contained F values, from which V values were
obtained by discrete integration (equation 2, Figure 2). The
sample period is At=0.01s, so the sample frequency is 100 Hz.
Sensitivity and specificity of the CDSS were calculated for all
curves classified as grades 0 or 1 using equations 3 and 4 in
Figure 2.

Figure 2. Equationsfor data analysis. F=flow; V=volume; i=1,...,N; N=length of the sequence; true positive (TP) corresponds to curves classified as
grade 0 by both CDSS and the evaluator; true negative (TN) corresponds to curves classified as grade 1 by the CDSS and the by the evaluator; false
positive (FP) indicates curves classified as grade 0 by the CDSS, but classified in grade 1 by the evaluator; and, false negative (FN) corresponds to

curves classified as grade 1 by the CDSS, but as grade O by the eval uator.
Flil=V[i]-V[i-1] / At
V[il= 3l _,Fli—n]=At

TP

Sensitivity= — "

TN
TN+FP'

Specificity=

Results

Discussion

The Sampling Frequency

The sampling frequency that provided the highest sensitivity
and specificity for the analysis carried out with the 24 standard
spirometry curves recommended by the ATS [10] was 100 Hz
(Figure 1 and MultimediaAppendix 2, Table 2S), thisfrequency
iswidely used in commercial spirometers, and it is reasonable
from the electronic transferability point of view. Thisresult was
confirmed in the 270 curves from 90 subjects[2].

Both sensitivity and specificity of the CDSS were initialy
calculated with the 24 standard spirometry curvesrecommended
by the ATS [11] using only grade O and grade 1 curves. The
results were as follows, grade 0, n=15; grade 1, n=6; grade 2,
n=3 with 24/24 (100.0%) sensitivity and 24/24 (100.0%)
specificity. Up to five complete versions of the CDSS were
generated in the two iterative processes indicated in Figure 1,
until afinal version of the CDSS was ready for validation.

Grading the Curves

Thevalidation study using 778 curvesfrom 291 patients showed
the following distribution of spirometry curves, 419/778
maneuvers (53.8%) were appropriately classified as bad curves
(grade 0); 266/778 maneuvers (34.2%) were appropriately
classified asgood curves (grade 1); and only 93/778 maneuvers
(11.9%) needed an offline review by alung function expert to
assess quality of the test (grade 2; see Multimedia Appendix
3). Sensitivity and specificity calculationsfor grade 0 and grade
1 curves were 96.1 and 94.9%, respectively.

http://medinform.jmir.org/2014/2/e29/

The Current Research

The current research has generated and validated a CDSS that
shows the ability to classify a reasonable percentage of
spirometry curves, 685/778 (88.1%) aseither acceptable (grade
1) or bad maneuvers (grade 0). Only 93/778 (11.9%) of the
curves were classified as undefined (grade 2) and were
candidates for offline remote validation by an expert. Moreover,
we observed that both sensitivity and specificity of the CDSS
were very high. Consequently, the results seem to indicate that
a vast majority of spirometry testing carried out by
nonspecialized professionals in primary care can be reliably
assessed online, and the high quality spirometry program partly
based on remote automatic evaluation of the testing could be
considered ready for regional scalability. Obviously, further
steps toward extensive deployment of the program must be
planned with caution. A proper monitoring of the potential for
generalization of the current results and the need for further
refinements of the current CDSS should be taken into account.

The results of the current research overcome some of the
limitations of the existing computer-based algorithms generating
automatic feedback, as reported in [2,12]. It is acknowledged,
however, that automatic feedback based on enhanced algorithms
like the one proposed by the current research may be effective
only if they are part of acomprehensive program for high quality
forced spirometry.

In the new scenario, as indicated by the business process
management notation (BPMN) diagram (M ultimediaAppendix
2, Figure 2S), acceptable maneuvers (grade 1) will be
automatically addressed to the algorithm indicated in Table 1
that classifies and certifies spirometry testing prior to its
recording into the local (electronic health record) and regional
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repositories. In contrast, those maneuvers classified as bad
curves (grade 0) will generate an online specific error message
to the professional, indicating the need to perform additional
testing until quality acceptance is reached. As indicated, we
estimate that approximately 12% of the curves will not be
properly classified (grade 2), and they will need an offline
remote supervision by an expert professional. In this case, the
spirometry testing of agiven patient may need to be rescheduled.

Previous reports have indicated the potential of telemedicineto
enhance both quality and diagnostic potential of spirometry
testing carried out by nonexpert professionals [13-15], but the
quality control in those studies was based on offline analyses
by expert professional s carried out in atime consuming manner
[16-18]. Likewise, the need for an external, likely centralized,
quality control program [15,17-20] is well established. The
results of the current study refine previous achievements [2]
and open the way to explore extensive and efficient adoption
of thistype of high quality spirometry programs.

We acknowledgethat high quality spirometry programs combine
several different dimensions, namely: (1) professional coaching
[21,22]; (2) remote support [2]; (3) interoperability of testing
across health care levels[20]; (4) standards for procurement of
equipment [11,23]; and (5) support to interpretation of testing
[24,25]. The current study provides pivotal resultsto efficiently
addressissues associated to remote support of spirometry testing.
But, a proper integration of all the above elements needs to be

Acknowledgments
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considered in the process of shaping a successful high quality
spirometry program for scalability at regional level.

Limitations of the Study

We acknowledge two principal limitations of the study. First,
weincluded only one expert observed (FB). The CDSS should
be reassessed in the future with the inclusion of at least 3
different experts. Moreover, the current study evaluates the
CDSS in an isolated manner. But, further assessment of the
wholeclinical processasdefinedinthe BPMN (see Multimedia
Appendix 2, Figure 2S) should be done before specific plans
for scalability are undertaken.

Conclusions

To our knowledge, the current study constitutes the first
successful attempt to validate an automatic CDSSfor large scale
online assessment of quality of spirometry testing. The
incorporation of the CDSS into the Web-based application for
remote assistanceto primary care professionals[2] may facilitate
sustainable high quality spirometry generating a significant
added value in an integrated care scenario.

The results indicate a high potential of the CDSS for
discrimination between good and poor quality results of
spirometry testing, but they require further independent
validation before specific plans for implementation are
materialized.
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Multimedia Appendix 1
The algorithm for computing maneuver acceptability, using the 27 set of criteria.

[PDE File (Adobe PDF File), 6KB-Multimedia Appendix 1]

Multimedia Appendix 2

Three examples with curves classified as Grade 0, 1 and 2. The Business Process Model Notation (BPMN) diagram displays the
use of the CDSS for quality control in primary care within a coordinated care scenario. The results of the protocol undertaken to
identify the optimal sampling frequency during the first iterative process are shown here.

[PDE File (Adobe PDF File), 113KB-Multimedia Appendix 2]

Multimedia Appendix 3

For each FS curve, the results generated by the CDSS are compared with those provided by the expert professional. It is of note,
that only the expiratory portion of the FS manouevres was taken into account for analysis.

[PDE File (Adabe PDF File), 27KB-Multimedia Appendix 3]
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