ING'S
OPEN (5 ACCESS College
LONDON

King’s Research Portal

DOI:
10.1016/j.bja.2021.04.022

Document Version
Publisher's PDF, also known as Version of record

Link to publication record in King's Research Portal

Citation for published version (APA):
Gallifant, J., Cronin, J. N., & Formenti, F. (2021). Quantification of lobar gas exchange: a proof-of-concept study
in pigs. British Journal of Anaesthesia, 127(2), e55-e58. https://doi.org/10.1016/j.bja.2021.04.022

Citing this paper

Please note that where the full-text provided on King's Research Portal is the Author Accepted Manuscript or Post-Print version this may
differ from the final Published version. If citing, it is advised that you check and use the publisher's definitive version for pagination,
volumel/issue, and date of publication details. And where the final published version is provided on the Research Portal, if citing you are
again advised to check the publisher's website for any subsequent corrections.

General rights
Copyright and moral rights for the publications made accessible in the Research Portal are retained by the authors and/or other copyright
owners and it is a condition of accessing publications that users recognize and abide by the legal requirements associated with these rights.

*Users may download and print one copy of any publication from the Research Portal for the purpose of private study or research.
*You may not further distribute the material or use it for any profit-making activity or commercial gain
*You may freely distribute the URL identifying the publication in the Research Portal

Take down policy
If you believe that this document breaches copyright please contact librarypure@kcl.ac.uk providing details, and we will remove access to
the work immediately and investigate your claim.

Download date: 14. Jan. 2025


https://doi.org/10.1016/j.bja.2021.04.022
https://kclpure.kcl.ac.uk/portal/en/publications/39dd0c3c-4876-424a-a968-da95eb272a6b
https://doi.org/10.1016/j.bja.2021.04.022

Correspondence | e55

In the 500 ml Ravussin groupsitis notable thateven the lowest
ventilatory frequency (4 bpm with LE ratio of 1:2) was associated
with elevated end-inspiratory lung pressures and reduced DO,
and cardiac output. This would suggest that a ventilatory fre-
quency of 4 bpm with an expiratory time of 10 s may still produce
dynamic hyperinflation. The RPH jetting strategy recognises this:
subsequent jets are not delivered until peripheral oxygen satu-
ration has peaked and then started to decline. The time between
jets is thus often minutes rather than seconds.

Re-oxygenation was achieved rapidly and maintained,
even with very small tidal volumes and low ventilatory fre-
quencies, highlighting that when the upper airway is
obstructed very little oxygen needs to be delivered in order to
re-oxygenate a patient. This has been observed experimen-
tally in large animal models® and is in keeping with our ovine
model, where a saturation response after a single jet is typi-
cally seen at a median of 13 s and maintained despite jetting
subsequently at a rate of less than once per minute.’

In this simulation study, the Pa,,; was 11.1 kPa at the end of
apnoea and increased to more than 15 kPa by the end of the 5-
min rescue period when very small tidal volumes were deliv-
ered. These simulated patients did not appear to manifest
cardiovascular compromise related to hypercarbia. This would
appear to support the premise of the RPH CICO management
strategy in which very low minute volume oxygen delivery via
a cannula is a temporising measure. Part of the strategy is that
a cuffed airway is inserted within a matter of minutes, once
critical hypoxaemia has been averted.

Laviola and colleagues® provide evidence that we must
deliver ‘only enough oxygen as required to oxygenate’ if we
are to safely use narrow-bore cannula cricothyroidotomy.
When using cannula techniques, we must now refrain from
ventilating for a few minutes and be satisfied by treating life-
threatening hypoxaemia.
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Editor—The prediction of postoperative lung function helps to
stratify lung cancer patients’ risk of mortality and potential
suitability for resection.! Carbon monoxide transfer (Tico) and
forced expiratory volume in 1 s (FEV) tests are commonly used
to determine diffusion capacity and degree of airway
obstruction respectively, and to predict post-resection
dyspnoea, assuming they would decrease in proportion to
the number of lung segments resected. These tests provide
global indicators of lung function, but cannot distinguish
between functional contributions from different lobes.

Gas exchange occurs heterogeneously, differing between
lung regions in health and disease,” and this heterogeneity can
be exaggerated by lung cancer, limiting the usefulness of
whole-lung function tests. Estimates of postoperative FEV;
based upon CT measurements of resected lung volume?® or
quantitative ventilation/perfusion scintigraphy’ may be more
informative. However, these methods are limited by poor
correlation between postoperative FEV; and functional ca-
pacity, where maximal oxygen uptake is more sensitive.*
Quantifying lobar contribution to overall pulmonary gas ex-
change could provide more accurate predictions of post-
operative lung function. For example, if a diseased lobe
contributes minimally to gas exchange, its resection will be
unlikely to have a major functional impact.

The aim of this study was to measure oxygen uptake at the
lobar level in a proof-of-concept experimental study. A
fibreoptic sensor was used to measure tidal variation in lobar
partial pressure of oxygen (Poy), and whole-lung CT to quantify
lobar tidal volume; these measurements combined were used to
calculate lobar oxygen uptake. This study, conducted in the
Hedenstierna Laboratoriet at Uppsala University, Sweden,
received ethical approval (AREC ref.C98/16) and conformed with
the National Institutes of Health (NIH) and Animal Research:
Reporting of In Vivo Experiments (ARRIVE) guidelines.’

Two male domestic pigs (29 kg) were studied in dorsal re-
cumbency under general anaesthesia and mechanical venti-
lation via tracheostomy; details of the anaesthesia protocol
are presented elsewhere.® Mechanical ventilation was deliv-
ered by a Servo-I ventilator (Maquet, Rastatt, Germany) in
pressure-control mode with tidal volume of 10 ml kg2,
ventilatory frequency of 12 breaths min~?, inspiratory/expi-
ratory (I/E) ratio of 1:2, and inspiratory rise time of 0 s so each
breath consisted of 1.67 s of inspiration and 3.33 s of expira-
tion. A saline lavage surfactant-depletion lung-injury model
was induced in one pig to study heterogeneous lungs.®

Cardiopulmonary variables (IntelliVue MB8004A, Philips
Healthcare, Amsterdam, the Netherlands; Capnomac Ultima,
Datex-Ohmeda, Madison, W1, USA) and lobar Po, (OxyLite Pro,
Oxford Optronix, Abingdon, UK) were continuously monitored,
with analogue signals digitised using PowerLab (ADInstru-
ments, Dunedin, New Zealand) and recorded with LabChart
version 8.2.1 (ADInstruments) at a sampling rate of 10 Hz
throughout. Data were processed using R version 3.6.2 (R
Foundation for Statistical Computing, Vienna, Austria; www.r-
project.org).

Po, was recorded with fibreoptic sensors with a response
time of <150 ms in air.” The sensor working principle is based
on luminescence quenching by oxygen of a fluorophore
embedded in a polymer material with technical details as
described elsewhere.” ' The fine-bore sensor was inserted
into a bronchoscope until the sensor tip was visible inside the
main bronchus entering a lobe, with the bronchoscope itself
remaining within the large airways. Data for ~12 breaths were
collected in each lobe and averaged to produce a single breath

per lobe. Po, tidal variation was calculated as the peak-to-
trough difference in the averaged breath. Tidal variation in
lobar Po, (kPa) was then converted to tidal variation in oxygen
concentration (DeltaPo,, %), dividing by 101.3 kPa. This
experiment could not be completed in the CT scanner, so lobar
Po, measurements were completed just before CT imaging.

Whole-lung volume CT scans (Somatom Definition Flash;
Siemens Healthcare, Forchheim, Germany) were recorded
during end-inspiratory and end-expiratory breath-holding
manoeuvres (under the same ventilation conditions as during
the lobar Po, experiment) to measure lobar tidal volume. Lobar
volumes were calculated via segmentation at 3-mm intervals
using 3D Slicer version 4.1 (https://www.slicer.org);
Figure la—c illustrates the segmentation process. Gas volumes
were then calculated as

Lobar gas volume (ml) =Lobar volume (cm3)

o —[Mean voxel density (HU)]
1000 ’

and lobar oxygen uptake was calculated by multiplying tidal
gas volume (difference between end-inspiratory and end-
expiratory lobar gas volumes) by DeltaPo, (%). Further meth-
odological details are presented in Supplementary Table S1,
which shows the baseline characteristics of the animals
studied. Cardiorespiratory parameters were within the normal
or expected range, with a lower P/F ratio in the lung injury
model (15.1 kPa) than in the control (61.5 kPa). In order to
achieve normoxaemia, inspired oxygen concentration was
higher in the lung injury model (0.7 vs 0.4 [control]).

Figure 1d illustrates the lobar Po, tidal variation, greater in
the saline lavage lung injury model than in the control pig.
Figure 1 inset table presents lobar Poy, end-inspiratory, end-
expiratory and tidal volumes, and the associated lobar oxygen
uptake. Po tidal variation ranged from 4.7 to 20.3 kPa in
different lobes. Lobar tidal volume ranged from 12.9 to 75.1 ml,
with lobar oxygen uptake ranging from 0.6 to 11.9 ml breath™?,
Figure le shows oxygen uptake in both animals, visualising
the difference between lobes, and overall pulmonary oxygen
uptake between animals.

These results demonstrate the feasibility of a novel tech-
nique to calculate lobar oxygen uptake in a mechanically
ventilated control and saline lavage lung injury pig model.
Study limitations include the small sample size and use of a
porcine model that do not fully replicate all features of the
human respiratory system. Data were collected at rest,
assuming proportional contributions during exercise, when
functional limitation likely occurs. Nevertheless, the lung
injury model used resulted in heterogeneous lung injury
and hypoxaemia, and was sufficient to determine differences
in lobar and overall oxygen uptake compared with the control.

The distribution of lobar contribution to gas exchange can
vary significantly, even in patients with similar overall lung
function, but tests currently used to predict lung function after
lung cancer resection cannot determine gas exchange at the
lobar level. After refinement, the technique proposed here
could provide valuable insight into the proportion of oxygen
uptake associated with a given lobe and support the decision
on patients’ suitability for lobar resection. Although this
technique was tested under conditions of general anaesthesia
and mandatory ventilation, its working principle would
remain valid during spontaneous breathing, allowing use of
the technique in the outpatient setting. The technique is


http://www.r-project.org
http://www.r-project.org
https://www.slicer.org

Correspondence | e57

=

o
=]
L
O
L

Lobar Po, (kPa)
N
o

T T T T

301 SL
20 4

0 1 2 3 4 5 0 50 100 150 200 250 300 350 40

Time (s) Oxygen uptake (ml min-1)

Po, Density . Volume Oxygen uptake

@ E < © o} < —g ' é = g %g

s | & 8 £ 33| & |F ER 2| & &%

kPa % | HU mL mL breath™" = %

Left SL | 456 536 375 161 16| —247.5| 1052 30.1 75.1 119 38

Caudal ¢ | 98 364 268 96 9| —367.4| 1123 51.3 61.0 58 29
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Fig 1. Computed tomography scans and associated three-dimensional reconstruction of the porcine lung, lobar partial pressure of oxygen
(lobar Po,) measured during a respiratory cycle, and lobar and whole lung oxygen uptake. Same axial slice from the same pig: (a) the
original image; (b) the lobes labelled by colour (left caudal, green; left cranial, yellow; right accessory, red; right caudal, orange; right
cranial, pink; right middle, blue). This colour coding is also used in panels c, d, and e. (c) A three-dimensional reconstruction of the control
pig lungs at end-inspiration, viewed from anterior to posterior. I, inferior; S, superior; R, right; L, left. (d) Lobar partial pressure of oxygen
(Poy) recorded with fibreoptic technology at 0.1-s intervals during a respiratory cycle for each lobe (data averaged over at least three cycles);
dashed and solid lines show values for the control and saline lavage lung injury pig, respectively. The shaded (left) and clear (right) regions
in (d) indicate inspiration and expiration, respectively. Recordings were made during pressure-controlled mechanical ventilation, with
tidal volume 10 mlkg~?, I/E ratio 1:2, and ventilatory frequency 12 breaths min . (e) Lobar and whole lung oxygen uptake (ml min?). Inset
table: lobar densities and volumes were calculated from CT images recorded during end-inspiratory and end-expiratory breath-holding
manoeuvres. Lung segmentation started at the bifurcation of the trachea. Rounding to the nearest % performed. Po,, partial pressure of
oxygen; HU, Hounsfield units; C, control pig; SL, saline lavage lung injury model.
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clinically feasible given the widespread use of both bron-
choscopy and CT imaging in lung cancer diagnosis.
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Editor—Blocking the nerve to vastus medialis can be the cause
of occasional motor weakness identified after adductor canal
block (ACB), a common procedure for pain control after knee
and leg surgery. Although it results in less quadriceps muscle

weakness compared with femoral nerve block, significant
motor weakness is occasionally seen.’” The quadriceps
weakness observed after ACB may be related to the spread of
the local anaesthetics proximally, to the femoral nerve, or as
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