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Instrument Accuracy and Reproducibility
in Measurements of Pulmonary Function*

Original Research

PULMONARY FUNCTION TESTING

Robert L. Jensen, PhD; John G. Teeter, MD; Richard D. England, MD, PhD;
Heather |. White, DVM; Eve H. Pickering, PhD; and
Robert O. Crapo, MD, FCCP

Background: The objective of the study was to quantify the accuracy and reproducibility of five
commercially available pulmonary function test (PFT) instruments (Collins CPL [Ferraris Respira-
tory; Louisville, CO]; Morgan Transflow Test PFT System [Morgan Scientific; Haverhill, MAJ;
SensorMedics Vmax 22D [VIASYS Healthcare; Yorba Linda, CAJ; Jaeger USA Masterscreen Diffusion
TP [VIASYS Healthcare]; and Medical Graphics Profiler DX System [Medical Graphics Corp; St. Paul,
MN)])) that are associated with spirometry and the measurement of pulmonary diffusing capacity.
Methods: In a multifactor, single-center, repeated-measures, full factorial 90-day study, a pulmonary
waveform generator and a single-breath simulator of diffusing capacity of the lung for carbon
monoxide (DLco) were used to perform simulations of FVC and DLCO maneuvers. Accuracy was
assessed as the difference between the observed and simulated values. Reproducibility was deter-
mined as the coefficient of variation of all measurements made during the study.

Results: All instruments demonstrated a high degree of accuracy in the measurement of FVC and
FEV,. Overall, the accuracies associated with the measurement of peak flow, forced expiratory flow,
mid-expiratory phase, and diffusing capacity were generally lower and more variable among the
instruments tested. The coefficients of variation of DLCO measurements over 90 days were higher
than those observed for spirometry.

Conclusions: This study demonstrates the feasibility of assessing the accuracy and reproducibility of
modern PFT instruments using simulation testing. Our results provide an assessment of the

component of PFT accuracy and reproducibility that is due to instrumentation alone.
(CHEST 2007; 132:388-395)

Key words: diffusing capacity of the lung for carbon monoxide simulator; pulmonary function testing; pulmonary waveform
generator

Abbreviations: ATPD = ambient temperature and pressure dry; ATS = American Thoracic Society; BTPS = body
temperature pressure-saturated; CI = confidence interval; CV = coefficient of variation; DLco = diffusing capacity of the
lung for carbon monoxide; ERS = European Respiratory Society; FEF o5 -, = forced expiratory flow during the middle half
of the FVC; PB = barometric pressure; PEF = peak expiratory flow; PFT = pulmonary function testing; PWG = pulmonary
waveform generator; STPD = standard temperature and pressure dry; VA = alveolar volume; VI = inspired volume

T he accuracy and reproducibility of the testing sys-

tem is an important factor in obtaining high-quality
pulmonary function test (PFT) results,' and is stressed
in all American Thoracic Society (ATS) and European
Respiratory Society (ERS) guidelines.>8 However,
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there have been few formal studies of the accuracy and
reproducibility of modern PFT instruments.

The ATS/ERS standards recommend that spirom-
eter accuracy be evaluated using a computer-driven
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mechanical syringe, or its equivalent.” Twenty-four
standard volume-time waveforms,® simulating a
range of physiologically relevant lung function val-
ues, are available to assess the ability of an instru-
ment to accurately and precisely measure FVC,
FEV,, and the average flow over the middle half of

For related article see page 396
For editorial comment see page 367

the FVC maneuver (ie, forced expiratory flow during
the middle half of the FVC [FEF 55 -54,1). Twenty-six
flow-time waveforms are recommended to assess
peak expiratory flow (PEF).410

A device for simulating single-breath diffusing
capacity of the lung for carbon monoxide (DLCO) has
been developed by two of the authors (Drs. Jensen
and Crapo) in conjunction with the Hans Rudolph
Company (Kansas City, MO)."! The device uses two
precision syringes and high-precision gases to simu-
late a range of physiologically relevant DLCO values.

The purpose of the present study was to quantify
the accuracy as well as the longitudinal reproducibil-
ity of five widely available commercial PFT instru-
ments utilizing simulated measurements of spirom-
etry and DLCoO.

MATERIALS AND METHODS

Instruments Tested

This trial was a replicated, fully crossed multifactor, single-
center methodology study. The following new instruments were
purchased from each of five different manufacturers: Collins
CPL (Ferraris Respiratory; Louisville, CO); Morgan Transflow
Test PFT System (Morgan Scientific; Haverhill, MA); Sensor-
Medics Vmax 22D (VIASYS Healthcare; Yorba Linda, CA);
Jaeger USA Masterscreen Diffusion TP (VIASYS Healthcare);
and Medical Graphics Profiler DX System (Medical Graphics
Corp; St. Paul, MN). These instruments were purchased by the
study sponsor (Pfizer Inc) for the purpose of validating the
instruments being considered for the measurements of PFT end
points in clinical drug trials. Internet links for the specifications of
each instrument are provided in the online supplement. Each
instrument was set up and maintained throughout the study
according to the recommendations of the manufacturer. Instru-
ment testing was performed by two experienced technicians at
the LDS Hospital in Salt Lake City, UT. To simulate potential
burn-in and aging effects, all instruments remained powered-on
for the duration of the study. Each instrument was calibrated
according to the recommendations of the manufacturer on test

days.

Spirometry Simulations

Spirometry simulations were performed using a pulmonary
waveform generator (PWG) [MH Custom Design & Manufac-
turing L.C.; Midvale, UT]. This PWG utilizes a large mechanical
syringe (mean [ SD] diameter, 25.4 = 0.00127 cm), with a full
displacement of about 35.6 cm, driven by a high-precision servo
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motor. The PWG can theoretically deliver volumes in increments
of 0.032 mL. The servo motor is controlled by a dynamic
feedback system that makes real-time corrections to the desired
programmed position of the syringe, based on information from
a high-precision digital shaft encoder. While delivering a wave-
form, the feedback system makes microadjustments to the posi-
tion of the PWG syringe, which increases the accuracy of the
delivered flow and volumes. A desktop computer reads the
selected, digitized, ATS standard waveform, and an appropriate
set of commands for the servo motor is buffered and readied.
When the technician activates the simulator, the system delivers
a precise replica of the volume-time profile of the spirogram to
the mouthpiece of the instrument being tested. After each
waveform is delivered, the PWG reports an estimate of the actual
volumes and flows delivered based on the data from the digital
shaft encoder. Studies have been performed comparing differ-
ences between PWG reported peak flow with independent
pneumotachometer measurements of the 26 ATS waveforms.
Hankinson et al'© showed that all but four of these differences
were < 3%; the remaining four differences were 3.4%, 3.9%,
3.1%, and 6.7%. Similar results would be expected for the 24 ATS
waveforms. Data on file at LDS hospital from > 16,000 spirom-
etry tests show 5.4% have time-to-peak-flow values of < 50 ms.
The 24 ATS waveforms all have time-to-peak-flow values of > 50
ms. The PWG delivers the same waveform repetitively to within
1 mL, or approximately 0.025% for a 4.0-L volume. The accuracy
of a delivered volume is = 2 mL or 0.050% for a 4.0-L volume.
The PWG software was programmed to produce the 24
standard volume-time waveforms recommended by the ATS.*
The waveforms represent normal lung function, various degrees
of airway obstruction, and a variety of problem patterns, includ-
ing coughing and hesitations during the maneuver. The PWG was
used to inject each of the 24 standard volume-time waveforms
five times into the mouthpiece of each instrument on days 0, 30,
60, and 90. The 26 ATS flow-time waveforms were not used to
measure PEF because the 24 ATS waveforms already spanned
about 94% of the range of normal PEF values. In addition, the 26
ATS flow-time waveforms were not “linked” to the other param-
eters measured and would have limited the analysis of correlations
between errors among the measurements. After each waveform
simulation, we recorded simulator target values and the measured
spirometer values for FVC, FEV|, FEFy5 +5,,, and PEF.

Drco Simulations

All DLco simulations were made using a single-breath DLco
simulator (Hans Rudolph Company). The DLco simulator is
connected to the mouthpiece of the instrument being tested and
utilizes two precision syringes in conjunction with precision gases
to simulate a single-breath DLCO maneuver.™ The first syringe is
used to manually “inhale” a precise volume of test gas from the
PFT instrument. After a 10-s wait (simulating the breathhold
maneuver), the second syringe is used to manually “exhale” a
precision gas mixture into the PFT instrument being tested. The
injected gas mixtures contained concentrations of carbon mon-
oxide and tracer gas that mimic gas concentrations seen in clinical
DLrco testing. Three different sets of gas mixtures of carbon
monoxide and tracer gas were developed, as the instruments
being tested differ in the tracer gas used. The carbon monoxide
concentrations were similar, but not identical, for each target
DLrco. During the gas-sampling phase, each DLco device “con-
ditions” the gas sample by running it through nafion tubing to
equilibrate the sample with room air water vapor pressure, or by
completely removing the water vapor with a drying agent. In
addition, carbon dioxide is completely removed or directly
measured so that carbon monoxide is correctly analyzed. This
means that simulator gases reach the same “conditioned” state as
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patient-exhaled gases prior to being analyzed and that gas analysis
will be unaffected due to simulator gases initially under ambient
temperature and pressure dry (ATPD) conditions when injected
into the DLcoO devices.

Each of the three test gas mixtures for each instrument was
separately combined with three inspiratory volumes (3.0, 4.0, and
5.0 L) to produce nine test gas/inspired volume (VI) combina-
tions (Table 1). These combinations produced a broad range of
clinically relevant DLCO target values. Six repetitions of the nine
test gas/VI combinations were injected into each instrument on
each of 4 days that were evenly spaced over a 90-day period. To
assure that the instrument system had been completely flushed,
we excluded from the analysis the result of the first trial of each
group of six repetitions. The target value for each simulated
DLco maneuver was computed based on the following formula®:

CorrVI ~ FITR 60 .
Drco = X — X (STPD factor)

PB—47 x FETR ¢

FICO X FETR
XM FECO X FITR

where CorrVI (corrected VI) is the measured VI minus the
instrument dead space, PB-47 is the barometric pressure minus
water vapor pressure (saturated at 37°C), t is the breathhold time
(recorded from each instrument for each individual measure-
ment), 60/¢ adjusts the breathhold time from seconds to minutes,
STPD factor is the factor converting DLCO to standard temper-
ature and pressure dry (STPD) conditions, FICO is the inspired
carbon monoxide concentration, FECO is the expired carbon
monoxide concentration, FITR is the inspired tracer concentra-
tion, and FETR is the expired tracer concentration.

Target values for alveolar volume (VA) and VI were calculated
as follows:

VA(BTPS) = VI(ATPD) X (ATPD — BTPS correction)
and

FITR
VI(BTPS) = VI(ATPD — dead space) X [ ]

FETR

X (ATPD — BTPS correction)

where BTPS is body temperature pressure-saturated conditions.
The conversion factor for DLcoO from ATPD to STPD was
calculated as follows:

PB[mm Hg] y 273
760 273 + Temperature (°C)

PB and temperature were measured in the laboratory at the time
of testing.

The conversion factor for VI and VA from ATPD to BTPS was
calculated as follows:

PB 310
PB — 47 X 273 + Temperature (°C)

The DLco end points recorded from each machine after each

simulation included VA, VI under BTPS conditions, and DLco
(in milliliters per minute per millimeters of mercury) under
STPD conditions. Observed instrument values were recorded
along with the simulator target values.

Statistical Analysis

Accuracy was assessed as the difference between the measured
value and the simultaneously derived target value for each end
point. The percentage of accuracy was calculated as follows:

[ <Observed — Target) ]
— | X 100
Target

Absolute accuracy was calculated as follows:
|Observed — Target]|

The mean absolute accurfacy for DLCO end points was estimated
by a linear mixed model using factors for the instrument, VI, gas
mixture, and test day. The mean percentage of accuracy for the
spirometry end points was estimated by a linear mixed model for
repeated measures using factors for the instrument, waveform,
and test day. All factors were treated as qualitative. Overall
instrument reproducibility was assessed by determining the
coefficient of variation (CV = SD/mean) of the distributions of
the mean percentage of accuracy of spirometry and the mean
absolute accuracy of DLCO end points across all measurements.

A post hoc t test was used to test the differences in the
percentage of accuracy between adjacent time points for FEV,
and DLco. A significance level at o = 0.008 was used in this
analysis to account for multiple comparisons. The sum of the
differences in the percentage of accuracy between days 0 and 30,
30 and 60, and 60 and 90 was examined as evidence of measure-
ment drift over time.

The number of significant measurement errors for each instru-
ment was determined for spirometry and DLCO end points across
all waveforms, gas X volume combinations, and testing sessions.
Spirometry measurement errors were based on ATS/ERS recom-
mendations for accuracy using simulator systems as follows*™:
observed FVC and FEV, greater than = 3.5% or = 0.070 L of
the target, whichever is greater; observed FEFy5 --,, greater
than * 5.5% or *+ 0.250 L/s of the target; and observed PEF
greater than = 12% or * 0.420 L/s of target, whichever is
greater. DLCO measurement errors were based on an assessment
of the potential errors in the target value. They included esti-
mates of the imprecision in the VIs and test and simulator gas
concentrations. An error was defined as an observed DLcO value
that differed from the target value by more than + 2.0 mL/
min/mm Hg (0.67 mmol/min/kPa). This value was derived from
the work of Punjabi et al,”> who found that 91.5% of 6,193
average DLCO values reported from a university-based PFT
laboratory were associated with two DLcO efforts that differed
by <2 mL/min/mm Hg.

RESULTS

Tabular summaries of the mean percentage of
accuracy of spirometry end points and the mean

Table 1—VIs and Gas Mixtures Utilized in the DLco Simulator

Variables VI CO, , % CO, % Tracer Gas, % of Inspired Gas 0,, % Nitrogen, %
Low gas mixture 3,4,and 5 L 5.0 0.080 75 16.0 Balance
Middle gas mixture 3,4, and 5 LL 5.0 0.100 67 16.0 Balance
High gas mixture 3,4,and 5 L 5.0 0.130 55 16.0 Balance
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