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Quantifying ventilation by X-ray velocimetry =
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Abstract

Rationale X-ray velocimetry (XV) has been utilized in preclinical models to assess lung motion and regional
ventilation, though no studies have compared XV-derived physiologic parameters to measures derived through
conventional means.

Objectives To assess agreement between XV-analysis of fluoroscopic lung images and pitot tube flowmeter
measures of ventilation.

Methods XV-and pitot tube-derived ventilatory parameters were compared during tidal breathing and with bilevel-
assisted breathing. Levels of agreement were assessed using the Bland-Altman analysis. Mixed models were used to
characterize the association between XV- and pitot tube-derived values and optimize XV-derived values for higher
ventilatory volumes.

Measurements and main results Twenty-four healthy volunteers were assessed during tidal breathing and 11 were
reassessed with increased minute ventilation with bilevel-assisted breathing. No clinically significant differences were
observed between the two methods for respiratory rate (average A: 0.58; 95% limits of agreement: -1.55, 2.71) or duty
cycle (average A: 0.02; 95% limits of agreement: 0.01, 0.03). Tidal volumes and flow rates measured using XV were
lower than those measured using the pitot tube flowmeter, particularly at the higher volume ranges with bilevel-
assisted breathing. Under these conditions, a mixed-model based adjustment was applied to the XV-derived values of
tidal volume and flow rate to obtain closer agreement with the pitot tube-derived values.

Conclusion Radiographically obtained measures of ventilation with XV demonstrate a high degree of correlation
with parameters of ventilation. If the accuracy of XV were also confirmed for assessing the regional distribution of
ventilation, it would provide information that goes beyond the scope of conventional pulmonary function tests or
static radiographic assessments.
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Introduction

Over the last decade, substantial progress has been made
in the development of new approaches to pulmonary
imaging. X-ray velocimetry (XV) is a novel quantitative
method which utilizes fluoroscopic lung images to pro-
vide measurements of lung motion and regional ventila-
tion [1-4]. XV uses cross-correlation functions calculated
from fluoroscopic lung images acquired at multiple view-
ing angles at sequential time points to calculate the dis-
placement, and therefore the velocity, of a particular
region of the lung [5]. It was first utilized to character-
ize regional ventilation in an animal model of bleomy-
cin toxicity to demonstrate the correlation between lung
structure and function [6]. Histological changes observed
in different portions of the bleomycin-treated lungs were
correlated to regional impairments of lung expansion.
Moreover, physiologically relevant abnormalities in dis-
tribution of ventilation were evident with XV well before
abnormalities in plethysmography-derived lung compli-
ance and tidal volume measurements. XV has also been
used in assessing regional filling defects of the lung in an
animal of cystic fibrosis, as well as models of explanted
lungs with emphysema [7, 8]. Using the BENaC trans-
genic mice model, XV was used to demonstrate areas of
reduced expansion and alterations in the time constant
corresponding to histologically abnormal sections of the
lung resulting from mucus obstructing the bronchial air-
ways [9]. Thus, XV provides an anatomical assessment
of regional ventilation abnormalities and yields unique
insights not available with conventional pulmonary func-
tion or radiographic testing.

Given that XV-derived measures of regional ventilation
correlate well with histopathological changes in preclini-
cal models, XV holds immense potential for characteriz-
ing the physiological impairments in disorders that affect
the lung. The pathological heterogeneity that is common
to disorders of the lung results in regional differences in
its static and dynamic properties. Such functional het-
erogeneity is not captured with conventional pulmonary
function testing. To assess the value of XV in pulmo-
nary medicine, this study was designed to assess whether
XV analysis of fluoroscopic lung images can be used to
quantify parameters of ventilation including tidal vol-
ume, and airflow in healthy adults. Secondary outcomes
included respiratory rate and duty cycle. Assessment of
the agreement of global parameters is a starting point
that encourages further studies assessing the validity of
the technique for assessing the regional distribution of
ventilation. Such assessments would help advance the
understanding of the pathophysiology of obstructive and
restrictive lung disease and associated effects of various
treatment strategies.
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Methods

Twenty-four healthy adults were recruited from the gen-
eral community. Written informed consent was obtained
for all participants and the study was approved by the
University of Miami IRB. To exclude prevalent comor-
bidity, each participant completed a demographics ques-
tionnaire and pulmonary function testing including
spirometry, body plethysmography, and measurement
of diffusing capacity of the lung. The protocol included
determination of respiratory rate, tidal volume, and air-
flow using a pitot tube flowmeter under conditions of
quiet tidal breathing [10]. A subset of the volunteers
(N=11) were also assessed with assisted ventilation using
a non-invasive bilevel positive airway pressure device
(Resmed S8 Autoset, San Diego). The decision to assess
ventilatory parameters under the two conditions was
made to provide a wide range of ventilatory volumes and
airflows.

Each participant was fitted with a leak-free ventilation
full-face mask (ResMed AirTouch, San Diego) attached to
a pitot tube airflow meter and an inline exhalation port as
previously described [10]. For the bilevel component of
the study protocol, a two-meter air tube was connected
to S8 autoset (ResMed, Australia) in spontaneous-time
mode with an expiratory positive airway pressure of 5 cm
H,O, an inspiratory positive airway pressure of 15 cm
H,O and a backup rate of eight breaths per minute.
Under tidal and bilevel-assisted breathing in the supine
position, fluoroscopic lung images were obtained sequen-
tially using C-arm fluoroscopy at five distinct angles
across participant’s chest with the same center of rotation
as follows: 0° PA (Posterior-Anterior axis), +36° from PA,
and £72° from PA. Imaging sequences were acquired at
15 fps capturing at least one complete, continuous tidal
breath. The subject remained in the same position for all
imaging sequences (Fig. 1). Velocimetry Lung Ventilation
Analysis Software (4DMedical Limited, Australia) was
utilized to derive respiratory rate, duty cycle, tidal vol-
ume, and airflow by analysis of the fluoroscopic images.
Concurrent measurements were also obtained from the
pitot tube flow meter (See Online Supplement).

Statistical analysis

The following parameters were derived from the XV and
pitot tube analysis of the fluoroscopic images: respiratory
rate, inspiratory time (T;,,), total breath time (T,), tidal
volume, and instantaneous inspiratory and expiratory
airflow throughout the breath cycle. To assess the level
of agreement between the XV- and pitot tube-derived
measures, which were considered as the reference, bivari-
ate scatter plots, Pearson’s correlation coefficients, and
Bland-Altman analyses were used. Mixed effects mod-
els were used to characterize the associations between
XV- and pitot tube-measurements while accounting
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Fig. 1 Schematic of the experimental setup illustrating the breathing circuit used for monitoring spontaneous tidal breathing and bilevel assisted breath-

ing along with position of the fluoroscopy C-arm source and detector

for repeated measures resulting from respiratory phase
(i.e., inspiratory and expiratory) and mode of ventilation
(spontaneous and bi-level) with the study participant as
the random effect. Post-hoc estimates of the marginal
model adjusted means and effects were used for statisti-
cal inference. Furthermore, to account for multiple com-
parisons, Fischer’s protected least significant different
method was used. Finally, the derived mixed models were
used to adjust XV-values and predict pitot tube derived
values along with the respective 95% limits of agree-
ment. Given that a validation dataset was not available,
the bootstrap approach with 1000 iterations was used
to assess the robustness of the mixed-effects regression
models. All statistical analyses were conducted in Stata
17.0 (StataCorp., College Station, TX) and R version 4.1.2
or above (R Foundation for Statistical Computing), and a
p-value of less than 0.05 was used as a threshold for sta-
tistical significance [11].

Results

Twenty-four healthy adults with normal pulmonary
function tests, all of whom were lifelong nonsmokers,
were assessed with concurrent measurements using the
pitot-tube and XV during tidal breathing in the supine
position. A subset of 11 healthy adults were reassessed
with bilevel positive airway pressure assisted breath-
ing. The mean age and BMI of the sample was 42.8 years
(SD: 11) and 24.9 kg/m? (SD: 5.4), respectively and 41%

Table 1 Sample characteristics

Variable Mean (SD) Range

Age, years 428 (11.0) [26.0-63.0]
BMI, kg/m? 249 (5.4) [17.9-44. 8]
FEV,, % 96.1 (14.3) [742 0]
FVC, % 97.8 (13.0) [71.2-124 O]
FEV,/FVC, % 97.8 (7.3 [855-111.0]

FEV,: Forced expiratory volume in one second percent predicted
FVC: Forced vital capacity percent predicted

(N=10) were women (Table 1). The mean FEV; and FVC
percent predicted were 96.1% (SD: 14.3) and 97.8% (SD:
13.0), respectively, with no evidence of an obstructive or
restrictive ventilatory defect in any of the study partici-
pants. Among the participants, the lowest and the high-
est median Effective Dose (ED) were 0.41 mSv and 0.84
mSv, respectively.

Table 2 lists the parameters of ventilation derived from
XV and pitot-tube, stratified by spontaneous (tidal) and
bilevel-assisted ventilation. Figure 2 (left panel) is the
scatterplot comparing the respiratory rates between the
two methods. While statistically significant differences
were noted in respiratory rate, the overall difference was
small and clinically insignificant (~0.6 breaths/minute).
Bland-Altman analysis (Fig. 2, right panel) revealed an
average difference of 0.59 (95% CI: -1.67, 2.84) between
the two methods. Analyses of duty cycle (T;,,/T,) were
also conducted to compare measurements from XV and
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Table 2 Parameter of ventilation comparing pitot-tube flowmeter to XV

Parameter Pitot Tube XV p-value

Mean (95% CI) Mean (95% CI)

Respiratory rate, breaths/min 14.7 (13.6-15.9) 153 (14.2-16.5) 0.003
Spontaneous 12.8 (11 40) 135 (12.3-14.6) 0.005
Bilevel 19.0 (169 21.1) 194 (173 214) 0.23

Tidal Volume, mL 1030.5 (878.5-1182.5) 574.6 (520.2-629.1) <0.001
Spontaneous, 859.3 (707.3-1011.3) 542.2 (495.7-588.7) <0.001
Bilevel. 1403.9 (1193.0-1614.8) 6454 (554.0-736.7) <0.001

Average Flow Rate, L/min 26.6 (22 9-30.3) 14.2 (12.9-155) <0.001
Spontaneous 185 (15.1-21.9) 115 (104-12.6) <0.001
Bilevel 44.2 (38 2-50.2) 20.0 (17.3-22.7) <0.001

Maximum Flow Rate, L/min 46.6 (40 8-52.4) 263 (23.8-28.9) <0.001
Spontaneous 315 (26.1-36.9) 209 (18.6-23.3) <0.001
Bi-Level 79.6 (68 5-90.7) 382 (32.5-43.8) <0.001

Duty cycle (Tie/Tror) 043 (0.41-0.44) 0.44 (0.43-0.46) 0.002
Spontaneous 043 (04 045) 045 (0.43-047) 0.002
Bilevel 042 (0.39-0.44) 042 (0.40-0.44) 0.57

Tinsp = Inspiratory time; Tr,.: Total time of respiratory cycle; p- comparing XV to the pitot tube values were derived from mixed model analysis which accounted for

the repeated measures over respiratory phase and also mode of ventilation
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Fig. 2 Scatterplot of XV- and pitot tube-derived respiratory rate (left panel) and a Bland-Altman plot with average difference and the corresponding
95% limits of agreement (right panel). Circles and triangles represent values derived from spontaneous (tidal) and bilevel assisted breathing, respectively

the pitot tube (Fig. 3). The average difference for duty
cycle between the two methods was 0.02 (95% limits of
agreement: 0.01, 0.03) indicating a high level of agree-
ment. Mixed model analysis of respiratory rate and duty
cycle, which accounted for respiratory phase and mode of
breathing, showed no statistically significant differences
between XV- and the pitot tube-derived measurements
across spontaneous and bilevel-assisted ventilation.

In contrast to respiratory rate and duty cycle, flow rates
(peak and average) were different between the XV- and
pitot tube measurements, particularly outside of the

normal physiologic flow rates generated during bilevel-
assisted breathing (Figs. 4 and 5, left panels). The average
difference for peak and average flow rates between XV
and pitot tube measures from the Bland-Altman analy-
sis was —20.3 L/m (95% limits of agreement: -25.3, -15.3)
and —12.4 L/min (95% limits of agreement —15.7, -9.2),
respectively (Fig. 6, left panel). As before, mixed models
were used to characterize the association between the
pitot tube and the XV-derived flowrates. Using these
models, pitot tube flow rates were estimated using the
XV data and compared to the observed pitot tube flow
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rates. As shown in Figs. 4, 5 and 6 (right panels), the indicating model robustness (see supplement for param-
mixed model-based adjustment of XV-derived values eters estimates and bootstrap analysis).
provide for a higher degree of agreement with pitot-tube As with airflow measurements, systematic differences
derived values, particularly for bilevel-assisted ventilation ~ were observed between XV- and pitot tube-derived val-
measurements, which are outside of XV’s typical operat- ues, particularly for measurements outside the normal
ing range of tidal ventilation. The bootstrap approach to  physiologic tidal ranges during bilevel-assisted breath-
assessing model fit for peak and average flow showed that  ing. The average difference for tidal volume from the
there were no failures and the models were convergent  Bland-Altman analysis was —455.8 mL (95% limits of
agreement: -580.3, -331.4) with XV measurements
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underestimating the pitot-tube derived values. Because of  the derived from the pitot-tube for all tidal volumes (left
this systematic difference, a mixed linear model was used  panel).

to adjust the observed XV tidal volumes. The resulting

regression model was used to predict a pitot tube tidal Discussion

volume using the XV data and compared to the observed  The results of this study demonstrate that parameters of
pitot tube derived tidal volumes. As shown in Fig. 7 (right  ventilation including respiratory rate, duty cycle, tidal
panel), the predicted pitot tube tidal volumes from the volume, and flow rate assessed with XV show a high
XV data show a higher degree of agreement than that of degree of correlation with those derived from a pitot



Siddharthan et al. Respiratory Research (2023) 24:215

o
3 D Pearson's r: 0.74 P
o s
(95% CI: 0.61, 0.83) s
s
s
o ° 7/ 7
8 T . A 7/
N . 7/
A N //
jry /s
TE’ a4 7
—_ A /
28 . ,
Ewo Aae 7
o [] A‘ Va
> . ,
[} . Ve
°©
[= A g4 o //
[0}
58] s d
=2 . ' 7
_"’9 ° o0 o /
T a v
(X} : s 7
S o/
(12 . ‘/ 09
s . . Tidal Breathing
s 7 A Bilevel Assisted
s . .
ol — — — - Line of Identity
T T T T T T
0 500 1000 1500 2000 2500

XV Tidal Volume [mL]

Page 7 of 9

S
- A ’
L s
s
s
s
s
s
. s
o A 7
g1 _
« . e
A 7/ 4
g v 4
£ . s
® s
1S 4 A e
kS o 4
= e o * t o // A
g // A
' . ’
o 4 /A
= . o A.ﬁ( A
:§ =3 s A
£8+ pd
— . . A
o C) Je [
7 aa A
‘e *
e °
o0
/ e e
o // o ° . Tidal Breathing
o . .
s} . A Bilevel Assisted
L]
. . — — — - Line of Identity
T T T T T
500 1 000 2500

00 1500 2
Adjusted XV Tidal Volume [mL]

Fig. 7 Scatterplot of observed XV- and pitot tube-derived tidal volumes (left panel) along with scatterplot of mixed model adjusted XV-tidal volumes
compared to observed pitot tube-derived tidal volumes (right panel). Circles and triangles represent values derived from spontaneous (tidal) and bilevel

assisted breathing, respectively

tube. Analysis of respiratory rate showed that the dif-
ference between the two methods, while statistically
different, was not of any clinical significance. For tidal
volume and flow rates (inspiratory and expiratory), while
there was a high degree of correlation between the two
approaches, there was a systematic bias, particularly at
higher volumes and flow rates during bilevel-assisted
breathing, which are outside of XV’s typical tidal breath-
ing operating range. This bias was adjusted using a model
to then predict volumes and flow rates, which were highly
correlated with values observed with the pitot tube. The
use of such models allows a better optimization of XV-
derived tidal volumes and flow rates when XV is utilized
outside its typical tidal operating range.

To our knowledge, this is the first study examining
the utility of XV in humans to assess dynamic param-
eters of ventilation. Previously, use of X-ray velocimetry
for assessment of lung function has been predominantly
limited to preclinical models. 12 In one of its earliest
uses, XV was able to identify regional alterations of lung
motion in a murine model of bleomycin toxicity cor-
responding to areas with the most pathological changes
induced by bleomycin [6]. Despite the significant hetero-
geneity of lung injury, XV showed significant differences
in regional lung motion well before impairments in global
lung compliance. Thus, in that model, XV was able to
detect abnormalities that are not evident in global mea-
sures of lung function. In addition to detecting regional
motion abnormalities associated with alveolar-interstitial
injury, XV has also been used to characterize changes in
regional changes in airflow. Using BENaC mice, a murine

model of cystic fibrosis like lung disease, XV was able to
identify regional deficits in airflow resulting from mucus
obstruction [9]. As with bleomycin-related changes,
areas of decreased ventilation in the BENaC model had
corresponding histological areas of mucus plugging in
the bronchial tree [9]. Taken together, the preclinical data
on XV show that it can be used to detect abnormalities
in lung motion caused by pathology of the airways or the
alveolar space. The current study adds to the body of evi-
dence on XV by demonstrating its capacity to quantify
parameters of ventilation in healthy volunteers.

A key observation in this study was the systematic dif-
ferences in measurements of tidal airflow and volume
between XV and the pitot tube, particularly outside
the tidal physiological range. The observed difference
between the two is to be expected. Instantaneous airflow
through the upper airway, as assessed by the pitot tube,
is determined by the intrinsic resistance of the tracheo-
bronchial tree, the elastic load of the lung and the chest
wall, and the neural drive to respiratory muscles. In con-
trast, XV is based on quantifying voxel kinematics that
derive ventilation parameters through measuring dis-
placement of lung parenchyma. While XV-derived air-
flow and volumes were lower with higher tidal volumes,
the resulting values were nonetheless highly correlated
with the pitot tube with the correlation being greater
during spontaneous than with bi-level-assisted breathing.
The underlying cause of the larger difference at higher
airflows and volumes is likely a result of two factors. First
higher flow rates in the pitot-tube may produce a mix of
laminar and turbulent flow thereby potentially changing
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midstream airflow-pressure relationship. Secondly, XV
measures tissue motion within a certain volumetric win-
dow surrounding the corresponding voxel, and there-
fore, voxels that move beyond the specified range may
be limited to a maximum value of displacement, thereby
resulting in an underestimation of actual parenchyma
displacement. Additionally, displacement of the lung
independent of increased flow at the airway (e.g. lung dis-
tortion, pendelluft and collateral ventilation) can result in
overestimation of ventilation. XV is configured for opti-
mal operation during tidal breathing, where occurrence
of such measurement errors is minimized. Notwithstand-
ing these issues, a strong correlation between adjusted
XV- and pitot-tube derived values is suggestive that XV
has value in estimating parameters of ventilation, even
outside its optimal operating range with adjustments.

XV has the potential to characterize how tidal volume
and flow rate vary across different lobes and segments of
the right and left lung with further validation of regional
assessments of ventilation heterogenity [13, 14]. Regional
partitioning of tidal volume and flow rates has clinical rel-
evance. For example, the adaptive functional alterations
of the tracheobronchial tree that occur after segmentec-
tomy or lobectomy [15] cannot be assessed aside from
anatomic assessment using computed tomography [16].
Similarly, either lung volume reduction surgery or place-
ment of endobronchial valves for chronic obstructive
lung disease can reduce regional air trapping and hyper-
inflation [17-20]. However, at the present, techniques
on evaluating the physiological effects of these proce-
dures are limited to conventional pulmonary function
testing [21] or radiographic imaging [22] which do not
offer insight on the functional effects (e.g. assessments of
flow and volume) at the site of the procedure or in other
regions. Furthermore, segmentation of volume and flow
has physiological and clinical relevance for examining
the effects of positional or progressive conditions such as
prone position on lung recruitment and ventilation dis-
tribution in spontaneously breathing patients with mild
acute respiratory distress syndrome [23]. Other areas
of application include characterization of ventilatory
abnormalities associated with radiation injury which can
extend well beyond the irradiated field [24] Most impor-
tantly, given the relative ease of XV measurement, is its
application to the understanding of the natural history of
lung disease regarding early functional changes, prior to
detection on traditional pulmonary function testing, [25]
as well as their response to therapy [4].

There are several strengths in the current study. First,
the study sample of healthy volunteers included assess-
ment across a wide range of tidal volumes and flow
rates using both spontaneous and assisted ventilation.
Second, the temporal synchronization of XV data with
that obtained from the pitot-tube allowed for a rigorous
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breath-by-breath analysis of respiratory rate, tidal vol-
ume, inspiratory and expiratory flow rates, and duty cycle.
Third, although there was a systematic bias at high tidal
volumes and flow rates, a model-based adjustment of the
XV data provides robust approximations to that derived
from the pitot-tube for assisted breathing. Limitations of
this study include the possible high errors during bilevel
breathing, the fact that matching global parameters does
not guarantee the ability to quantify local differences, and
remaining questions of how to apply the global adjust-
ment in flow regionally. Nonetheless, the analysis of the
fluoroscopic images may be additionally used to pro-
vide further lung physiologic properties not currently
described such as the expiratory time constant or lung
elastic recoil. While the use of a radiographic procedure
to portray regional differences in ventilatory function
requires streamlining workflows for widespread adop-
tion, the amount of radiation is markedly less than a CT
scan which are commonly performed and repeated in
patients with acute and particularly chronic lung disease,
and which do not provide functional information. Not-
withstanding these considerations, it is necessary to build
on this study to include patients with a wide array of lung
pathologies that encompass obstructive and restrictive
ventilatory impairments to help define functional lung
imaging’s utility in understanding not just the anatomi-
cal, but also the functional phenotype, particularly over
time.
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