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Abstract

Background

Respiratory heat exchange is an important physiological process occurring in the upper and

lower respiratory tract and is usually completed when inspired gases reach the alveoli. Ani-

mal and human studies demonstrated that heat exchange can be modulated by altering pul-

monary ventilation and perfusion. The purpose of this study was to examine the effect of

acute ventilation-perfusion (V/Q) mismatch on respiratory heat exchange. In clinical prac-

tice, monitoring respiratory heat exchange might offer the possibility of real-time tracking of

acute V/Q-mismatch.

Methods

In 11 anesthetized, mechanically ventilated pigs, V/Q-mismatch was established by means

of four interventions: single lung ventilation, high cardiac output, occlusion of the left pulmo-

nary artery and repeated whole-lung lavage. V/Q-distributions were determined by the multi-

ple inert gas elimination technique (MIGET). Respiratory heat exchange was measured as

respiratory enthalpy using the novel, pre-commercial VQm™ monitor (development stage,

Rostrum Medical Innovations, Vancouver, CA). According to MIGET, shunt perfusion of low

V/Q compartments increased during single lung ventilation, high cardiac output and whole-

lung lavage, whereas dead space and ventilation of high V/Q compartments increased dur-

ing occlusion of the left pulmonary artery and whole-lung lavage.

Results

Bohr dead space increased after pulmonary artery occlusion and whole-lung lavage, venous

admixture increased during single lung ventilation and whole-lung lavage, PaO2/FiO2 was

decreased during all interventions. MIGET confirmed acute V/Q-mismatch. Respiratory

enthalpy did not change significantly despite significant acute V/Q-mismatch.
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Conclusion

Clinically relevant V/Q-mismatch does not impair respiratory heat exchange in the absence

of additional thermal stressors and may not have clinical utility in the detection of acute

changes.

Introduction

Heat and water exchange are important processes occurring in the respiratory tract and are

proposed to be dependent on matching of ventilation and perfusion. Under physiological con-

ditions, this transfer of heat and water is usually completed before inspired gases reach the

alveoli. Both the upper and lower respiratory tract participate in thermal conditioning and

their relative contribution depends on the thermal burden imposed on the respiratory system.

Tidal volumes, minute ventilation and properties of the inhaled air itself influence thermal

conditioning. During quiet breathing, conditioning is completed within the upper respiratory

tract, whereas during high-flow states (exercise, hyperventilation) or during “thermal chal-

lenges” (such as breathing dry, cold air), the lower respiratory tract contributes to thermal con-

ditioning, probably until the 10-15th generation of bronchioles [1–5]. Thermal resistance is

generally lower in the distal airways compared to proximal airways owing to the smaller wall

thickness [6–8]. Thus, pulmonary perfusion potentially modulates heat transfer in conditions

where distal airways contribute to thermal conditioning. Experimental animal and human

studies demonstrated the significance of pulmonary blood flow in thermal conditioning show-

ing that pulmonary arterial blood flow is the major source of heat in the lower respiratory tract

[9]. There is a direct correlation between pulmonary blood flow (and hence cardiac output) on

“thermal conductance” of the respiratory system [10]. Temperature differences between pul-

monary blood and expired gases are diminished significantly with increasing cardiac output.

Furthermore, the kinetics of heat exchange are modulated by cardiac output. For example, the

specific time-constant of temperature decay after switching from warm, humid air to dry, cold

air is increased when cardiac output falls [6,9,11]. Bronchial blood flow, on the other hand, is

only 1/50-1/100 of pulmonary blood flow and does not significantly affect expired gas temper-

ature in isolated lungs when normal pulmonary perfusion is preserved. Rather, bronchial

blood flow from systemic bronchial arteries mainly regulates water exchange across the bron-

chial mucosa [6,10–14]. Thus, both ventilatory (tidal volume, velocity of gas flow, minute ven-

tilation, physical properties of air) and perfusion-related (cardiac output, intrathoracic blood

volume, bronchial vs. pulmonary blood flow) variables influence the transfer of heat in the

respiratory system.

Under physiological conditions in the resting state, thermal conditioning generally is com-

pleted before gases reach the alveoli. Most of this conditioning occurs in the nasal cavity and

pharynx [2,8,15]. However, under stressed conditions such as hyperventilation, exercise,

breathing of cold dry air and after bypassing the nasal cavity and pharynx by means of endo-

tracheal intubation, the significance of the pulmonary and bronchial circulation in terms of

heat exchange becomes evident [4,6,9–11,13]. Thus, matching of ventilation and perfusion

could be an important variable during heat transfer [6].

We hypothesized that acute ventilation-perfusion (V/Q) mismatch serves as an alternative

stressor that limits the efficiency of thermal conditioning of inspired air. The goal of this study

was to investigate the specific effects of acute V/Q mismatch on pulmonary heat exchange.

The relationship between V/Q mismatch and heat exchange is of potential clinical relevance,
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as the minimally invasive measurement of pulmonary heat exchange via the endotracheal tube

might provide a monitoring tool for V/Q mismatch at the bedside.

To test this hypothesis, we designed five clinically relevant pathophysiological interventions

mimicking different etiologies of acute V/Q mismatch or common clinical interventions: Sin-

gle-lung ventilation, high cardiac output, wedging of the left main pulmonary artery, repeated

whole-lung lavage and a PEEP (Positive End-Expiratory Pressure) trial after whole-lung

lavage. Respiratory enthalpy was measured using the novel VQm™ pre-commercial monitor

(Rostrum Medical Innovations, Vancouver, CA). In daily clinical practice, assessment of V/Q

distributions using multiple inert gas elimination technique (MIGET), the current gold stan-

dard, cannot be employed routinely due to high technical and personnel requirements. There-

fore, alternative techniques for evaluation of V/Q matching at the bedside, such as respiratory

enthalpy, are of great interest.

Materials and methods

Ethics approval

The experimental protocol was approved by the Austrian Federal Ministry of Education, Sci-

ence and Research (GZ.:66.009/0176-WF/V/3b/2016) and experiments were carried out

according to national animal research regulations (Directive 2010/63/EU, Tierversuchsverord-

nung 2012).

Anesthesia and preparation

Animals were housed for seven days before the study under controlled, standardized condi-

tions (day:night rhythm 12:12 hours, room temperature 22±2˚C, humidity 55±10%), kept in

groups and had free access to water. All animals were sedated on the morning of the experi-

ment and kept under general anesthesia as described below in order to ensure wellbeing,

amnesia, hypnosis and analgesia.

11 pigs (1st series #1–6: 71±11kg, 2nd series #7–11: 56±4kg; Österreichische Edelschweine,

scientific research animal breeder in Böheimkirchen, Lower Austria, Austria) were premedi-

cated with ketamine (0.25mg/kg) and midazolam (0.15mg/kg). For administration of induc-

tion agents, a peripheral ear vein was cannulated. General anesthesia was induced and

maintained with propofol (1200mg/h), fentanyl (500μg/h) and rocuronium-bromide (50mg/

h). After intubation, initial ventilator settings (volume-controlled) were: TV 10ml/kg, FiO2 0.3,

PEEP 3 cmH2O, respiratory rate (RR) adjusted to achieve end-tidal CO2 (etCO2) of 35-

45mmHg. The respirator delivered fresh, dry, unconditioned gas. A bronchus blocker (EZ-

blocker™, Teleflex Medical Europe1, Athlone, Ireland) was positioned under bronchoscopic

guidance. A central venous catheter (CVC) (Teleflex Medical Europe1, Athlone, Ireland) was

inserted via the right or left external jugular vein and additional arterial cannulation of the

right or left common carotid artery was performed for continuous blood pressure measure-

ment and blood sampling. A pulmonary arterial catheter (PAC) (7.0 French, Swan-Ganz ther-

modilution catheter, Baxter Inc., Deerfield, Illinois, USA) was introduced via the right external

jugular vein. A balloon valvuloplasty catheter (Tyshak II1, NuMED Inc., Hopkinton, NY,

USA) was advanced into the left main pulmonary artery (LPA) under fluoroscopy in the fol-

lowing fashion: 1. placement of second PAC in the LPA via the right femoral vein 2. introduc-

tion of 0.025-inch guidewire via this PAC, 3. removal of PAC and introduction of a pig-tail

catheter, 4. introduction of a 0.035-inch guidewire into LPA, 5. advancement of the balloon

valvuloplasty catheter into LPA. The balloon was inflated under fluoroscopy using diluted con-

trast medium for final positioning. We chose the most proximal position that was still hemo-

dynamically tolerated without the use of excessive doses of vasopressin. Suprapubic
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catheterization for urinary output monitoring was performed. Body temperature was kept

between 38–40˚C. For hemodynamic stabilization, animals received a continuous infusion of

Ringer’s lactate (up to 10ml/kg/h). Whenever rapid hemodynamic instability occurred, addi-

tional doses of phenylephrine or adrenaline were administered. Humane endpoints were: per-

sistent malignant arrhythmia (ventricular tachycardia or fibrillation, asystole, pulseless

electrical activity), cardiac arrest. At the end of the experiments, all animals were euthanized

using potassium chloride under deep general anesthesia. One animal deceased prematurely

due to a massive air embolism during the preparation phase.

Micropore membrane inlet mass spectrometry multiple inert gas

elimination technique (MMIMS-MIGET)

In order to determine the effect and extent of our pathophysiological interventions we assessed

V/Q distributions by means of micropore membrane inlet mass spectrometry MIGET

(MMIMS-MIGET) [16]. MMIMS-MIGET combines mass spectrometry with MIGET and

allows for faster analysis of V/Q distributions [17].

The MMIMS-MIGET technique has been described in detail previously [16,18–21]. Six

inert gases (Sulphur hexafluoride, Krypton, Desflurane, Enflurane, Diethyl ether and Acetone)

were dissolved in normal saline and infused continuously via the CVC after meticulous de-air-

ing. Roller pumps were used to provide a stable flow rate of 1000ml/h and 3000ml/h in-

between interventions and during interventions, respectively.

Samples (5ml) were taken simultaneously from systemic arterial and mixed venous blood

over 5–10 breaths using air-tight EDTA-primed glass syringes. Samples were kept at 37˚C dur-

ing interventions and processed immediately thereafter. Inert gas retention and V/Q distribu-

tions were measured using MMIMS-MIGET (Oscillogy LLC, Folsom, USA). Dead space

values were not calculated by MMIMS-MIGET in this study. The Enghoff-Bohr equation suffi-

ciently detected trends in dead space ventilation upon acute V/Q shifts. Furthermore, good

agreement between MMIMS-MIGET derived dead space and the Bohr equation has been

demonstrated [22].

Measurement of respiratory enthalpy

A pre-commercial apparatus (VQm™ monitor, Rostrum Medical Innovations, Vancouver,

CA) was designed that allowed the total enthalpy present in an air flow to be measured. This

system consisted of two tubular devices, hereafter referred to as ‘cores’, through which air

could pass. A one-way valve (Hans-Rudolph 1810 series) was present in the airway circuit to

ensure that air flowed through the cores such that one core only experienced inhaled air, and

the other core carried both inhaled and exhaled airflows.

A perforated metal membrane was positioned in each core such that motion of air through

the core would cause a slight but repeatable pressure drop between the core’s inlet and its

exhaust port. Two hoses allowed the absolute pressure to be measured on either side of this

membrane, allowing the volumetric flow rate of the air to be determined. Each core also con-

tained a small chamber, from which air could be drawn by a distant sampling pump. This

chamber was connected to the airway through a narrow opening of 1mm diameter. Inside this

chamber a fine gauge ‘T’ type thermocouple (Omega CO-001) and a fast-acting hygrometer

(Honeywell HIH-4000) were positioned so that air drawn by a distant sampling pump would

be pulled from the main air flow path, through the narrow opening, and over the two sensors.

The thermocouple had a T90 response time of 3ms, and thus could readily record the

changing temperature during an exhalation. By contrast, the hygrometer had a slower

response time and was unable to resolve intra-breath variations in the humidity. However, a
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record of the average enthalpy content in an exhale could be made by operating the sampling

pump briefly at the same point during a breath, for multiple consecutive breaths. In this way

the small adjunct chamber would be filled with gas that progressively became closer in make

up to that of the average exhalation. The calculation of the total heat energy in the air seen by

both cores was computed by a separate monitor that housed a microcontroller, the sampling

pump, pressure transducers and associated equipment. Extensive tests with a dedicated cali-

bration system that was able to produce air streams with controlled temperatures and relative

humidity levels had shown that the sensors were able to report the enthalpy of an airstream

with an accuracy of approximately ±5%, depending on the flow speed of the air through the

device.

After a planned interim analysis following the first six experiments, technical adaptations

were made in order to deliver cooled inspired air. We were, however, unable to achieve signifi-

cant cooling. Therefore, results from series 1 (animals #1–6) and series 2 (animals #7–11) were

analyzed separately. Respiratory enthalpy is presented as mean enthalpy difference between

inspiration and expiration.

Calculation of venous admixture and dead space

Venous admixture was calculated according to the shunt equation with a porcine-specific rou-

tine [21,23,24]:

Qs

Qt
¼

CcO2 � CaO2ð Þ

CcO2 � CvO2ð Þ

where Qs = pulmonary shunt (L/min), Qt = cardiac output (L/min), CcO2 = pulmonary capil-

lary oxygen content, CaO2 = systemic arterial oxygen content and CvO2 = mixed venous oxy-

gen content.

Dead space was calculated according to the Bohr-Enghoff equation [23]:

VDphys

VT
¼

PaCO2 � PetCO2ð Þ

PaCO2

where VDphys = physiological dead space ventilation (L/min), VT = total minute ventilation (L/

min) (PaCO2 = arterial partial pressure of CO2, PetCO2 = end tidal partial pressure of CO2.

Experimental protocol

After induction of anesthesia and the preparatory phase a stabilization period of 5min was

allowed at baseline ventilator settings. Recruitment maneuvers were performed prior to base-

line measurements and before establishing interventions. 15min after establishing a new inter-

vention, hemodynamic data were recorded, and blood sampled as triplicates in 5min intervals.

We performed the following pathophysiological interventions:

• Single lung ventilation (SLV) in order to produce atelectasis, increased venous admixture

and low V/Q regions [19,25]: ventilation to the left side of the lung was blocked by inflating

the EZ-blocker’s balloon located in the left main bronchus. Correct positioning was verified

with bronchoscopy.

• High cardiac output (hCO) as may be present in sepsis in order to increase venous admix-

ture [26,27]: in animals #1–6, high cardiac output was induced by continuous infusion of

dobutamine. The infusion was titrated to achieve a heart rate of 130% of baseline.
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• Wedging of the left main pulmonary artery (wLPA) as a reversible, closed-chest model of

acute, massive pulmonary embolism in order to increase dead space ventilation [28]: during

the preparatory phase, a balloon valvuloplasty catheter (Tyshak II1, 20x60mm, NuMED

Inc., Hopkinton, NY, USA) was placed in the LPA. The balloon was inflated with diluted

contrast media under fluoroscopy and placed in the most proximal location that was still

hemodynamically tolerated. A significant drop in etCO2 and increased pulmonary artery

pressures were observed upon inflation.

• Repeated whole-lung lavage (WLL) as an experimental model of acute respiratory distress

syndrome (ARDS) [29,30]: whole-lung lavage was performed with 35ml/kg normal saline.

Lavage was repeated until PaO2 was <70mmHg at FiO2 1.0 or a maximum of five lavages.

PEEP was set at 0 cmH2O and FiO2 at 1.0 during this intervention.

• Positive end expiratory pressure trial (PEEPt): In animals #7–11, after the repeated whole-

lung lavage intervention, PEEP was increased to 7 cmH2O for 10min, then 15 cmH2O for

10min, then 7 cmH2O for 10min and finally 0 cmH2O for 10min. At each PEEP level, respi-

ratory enthalpy and hemodynamic variables were recorded. No MIGET samples were drawn

during the PEEP trial.

Ventilator settings for baseline and interventions are given in Table 1.

Because not every animal was subjected to every intervention, the experimental workflow

for animals #1–6 and #7–11 is shown in Fig 1. The experimental setup is depicted in Fig 2.

Randomization

Single-lung ventilation, high cardiac output and wedging of the pulmonary artery were per-

formed in random order. A sealed envelope system was used for randomization. Repeated

whole-lung lavage had to be performed last due to the irreversible nature of the experimental

ARDS model.

Sample size estimation

A sample size of 14 animals was calculated based on the assumption that paired t-tests will be

performed in order to detect a difference in means of one standard deviation for V/Q distribu-

tions with 90% power at alpha = 0.05. In case of dropouts, 11 animals would yield 80% power

(STATA12.1).

Table 1. Ventilator settings.

Intervention FiO2 PEEP (cmH2O) TV (ml/kg) RR (adjusted to)

Baseline 0.3� 3 10–12 etCO2 35-45mmHg

SLV 0.3� 3 10–12 etCO2 < 45mmHg

hCO 0.3� 3 10–12 etCO2 35-45mmHg

wLPA 0.3� 3 10–12 etCO2 25-40mmHg

WLL 1.0 0 10–12 etCO2 35-45mmHg

PEEP trial 1.0 7-15-7-0 10–12 etCO2 35-45mmHg

Recruitment 0.3� 10 Variable; peak pressure 40cmH2O 20 cycles, I:E = 2:2sec

FiO2 fraction of inspired oxygen; PEEP, positive end expiratory pressure; TV, tidal volume; RR, respiratory rate; etCO2, end tidal CO2; wLPA, wedging of left main

pulmonary artery; SLV, single lung ventilation; hCO, high cardiac output; WLL, whole-lung lavage�, adjusted to achieve an SpO2 of >90%.

https://doi.org/10.1371/journal.pone.0254399.t001
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Statistical methods

The D’Agostino & Pearson normality test was used to test for Gaussian distribution of our

data. Hemodynamic and respiratory parameters and results for respiratory enthalpy, dead

space, Venous admixture and the PaO2/FiO2 ratio during interventions A-D were compared to

baseline measurements using repeated-measures one-way ANOVA with Dunnett’s method

(vs. baseline) for multiple testing. A P value < 0.05 was considered significant. Microsoft Excel

and GraphPad Prism 7 (GraphPad Software, Inc., CA, USA) were used for data entry and sta-

tistical analysis.

Results

Hemodynamic parameters

With respect to baseline, significant differences were observed for PAP (increased during sin-

gle-lung ventilation, wedged left main PA and repeated whole-lung lavage), CVP (increased

during single-lung ventilation, wedged left main pulmonary artery and repeated whole-lung

lavage), cardiac output (increased during high cardiac output), PIP (increased during

Fig 1. Experimental workflow. BL = baseline; SLV = single lung ventilation; hCO = high cardiac output; PEEPt = PEEP trial;

wLPA = wedged left main pulmonary artery; WLL = whole-lung lavage; MIGET: Multiple inert gas elimination technique.

The sequence of interventions was:

• animals #1,2,5: BL–SLV–hCO–wLPA

• animals #3, 4, 6: BL–hCO–SLV–wLPA

• animal #7, 9, 11: BL #1—SLV–wLPA–BL #2 –WLL-PEEPt

• animal #8, 10: BL #1—wLPA–SLV–BL #2 –WLL-PEEPt.

https://doi.org/10.1371/journal.pone.0254399.g001
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single-lung ventilation and repeated whole-lung lavage) and etCO2 (decreased during wedged

left main pulmonary artery) SvO2 (increased during high cardiac output and decreased during

repeated whole-lung lavage) and SpO2 (decreased during repeated whole-lung lavage). Hemo-

dynamic parameters are shown in Table 2.

Fig 2. Experimental setup. MIGET = multiple inert gas elimination technique; PA = pulmonary artery.

https://doi.org/10.1371/journal.pone.0254399.g002
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Respiratory enthalpy, dead space, venous admixture and PaO2/FiO2

Respiratory enthalpy (reported as mean respiratory enthalpy difference) did not change signif-

icantly during the four pathophysiological interventions. Dead space increased after wedging

of the left main pulmonary artery (P< 0.01) and lung lavage (P< 0.01), venous admixture

increased during single-lung ventilation (P< 0.01) and repeated whole-lung lavage (P< 0.01)

and PaO2/FiO2 decreased during all interventions (P< 0.01). Large SDs in animals #1–6 were

due to low respiratory enthalpy in animals #5 and #6. V/Q distributions and hemodynamic

parameters were comparable to animals #1–4.

During the PEEP trial, both venous admixture and dead space were reduced with increasing

PEEP levels (statistically significant for 15 PEEP when compared to zero PEEP). In contrast,

effects on respiratory enthalpy were not significant. Table 3 and Fig 3 show results for respira-

tory enthalpy, dead space, venous admixture and PaO2/FiO2.

Table 2. Hemodynamic parameters.

Intervention HR (bpm) SAP (mmHg) PAP (mmHg) CVP (mmHg) SpO2 (%) SvO2 (%) CO (L/min) T (˚C)

Baseline 88±12 80±10 25±3 13±1 100 55±11 8.2±1.4 37.9±0.9

SLV 96±12 74±7 32±3� 15±1� 98±3 51±11 8.6±1.3 37.8±0.9

hCO 125±7� 80±7 29±3 14±1 100 65±8� 16±1.9 38.4±0.85

wLPA 99±15 77±10 40±10� 17±2� 95±7 52±11 8.4±1.9 37.8±1.1

WLL 104±11 76±6 43±5� 19±2� 87±13� 48±9� 7.2±0.27 36.9±0.9

All data are given as mean ± SD.

� indicates a significant difference with respect to baseline.

SAP, mean systemic arterial pressure; PAP, mean pulmonary arterial pressure; CVP, central venous pressure; SpO2, peripheral capillary oxygen saturation; SvO2, mixed

venous oxygen saturation; CO, cardiac output; T, blood temperature, wLPA, wedging of left main pulmonary artery; SLV, single lung ventilation; hCO, high cardiac

output; WLL, whole-lung lavage.

https://doi.org/10.1371/journal.pone.0254399.t002

Table 3. Results for RE, PaO2/FiO2 ratio, dead space and venous admixture.

Intervention RE (Joules/min) PaO2/FiO2 Dead space (%) Venous admixture (%) MIGET shunt (%)

animals 1–6 animals 7–11 animals 1–11 animals 1–11 animals 1–11 animals 1–11
Baseline 134.1 ± 69.96 84.2 ± 3.2 555 ± 93 12 ± 4 11 ± 2 5 ± 5

SLV 121.7 ± 66.78 81.8 ± 3.3 348 ± 7 � 19 ± 6 22 ± 6 � 19 ± 8

hCO 146.3 ± 70.50 nm 404 ± 33 � 12 ± 4 18 ± 5 5 ± 5

wLPA 141.6 ± 71.72 82.2 ± 4.8 350 ± 72 � 39 ± 15 � 16 ± 6 3 ± 3

WLL nm 81.2 ± 8.8 85 ± 19 � 44 ± 13 � 44 ± 3 � 41 ± 3

PEEP 7 #1 nm 80.1 ± 9 125 ± 70 32 ± 15 37 ± 11 nm
PEEP 15 nm 80.4 ± 9.2 340 ± 131 �� 18 ± 12 18 ± 8 �� nm
PEEP 7 #2 nm 81.0 ± 7.4 167 ± 93 32 ± 15 33 ± 14 nm
PEEP 0 nm 81.2 ± 7.8 71 ± 13 46 ± 15 44 ± 9 nm

All data are given as mean ± SD.

� indicates a significant difference with respect to baseline.

�� indicates a significant difference with respect to the intervention WLL.

PEEP trial was only performed in animals 7–11.

RE, respiratory enthalpy; PaO2/FiO2 ratio of partial pressure of oxygen in arterial blood to fraction of inspired oxygen; LPA, left main pulmonary artery; PEEP, positive

end expiratory pressure; nm, no measurement; wLPA, wedging of left main pulmonary artery; SLV, single lung ventilation; hCO, high cardiac output; WLL, whole-lung

lavage.

https://doi.org/10.1371/journal.pone.0254399.t003
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Results of MMIMS-MIGET

Distributions of ventilation and perfusion were measured during baseline and all interventions

except for the PEEP trial. At baseline, the majority of animals exhibited normal V/Q distribu-

tions. In two animals (#10 and #11), however, distributions were shifted to low V/Q regions at

the start of the experiment. V/Q distributions during baseline #1 and #2 (only animals 7–11)

Fig 3. Results for respiratory enthalpy, dead space and venous admixture. A, pooled results for animal 1–6; B,

pooled results for animals 7–11; C, results for each individual animal of series 7–11. For A and B, data are given as

mean ±SD, for C data points are single measurements.

https://doi.org/10.1371/journal.pone.0254399.g003
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were comparable. Our interventions produced the expected effects on V/Q distributions. Sin-

gle-lung ventilation increased shunt without significant effects on overall V/Q. High cardiac

output shifted the overall V/Q distribution to low V/Q compartments without increasing

shunt. wedged left main pulmonary artery shifted V and Q to high V/Q compartments.

repeated whole-lung lavage increased shunt and Q to low V/Q compartments but also shifted

ventilation to high V/Q compartments. Shunt values acquired by MMIMS-MIGET underesti-

mated Venous admixture, which has been previously reported [21]. V/Q distributions are

shown in Fig 4.

Discussion

Heat and water exchange within the respiratory tract may be impaired in the presence of acute

V/Q-mismatch. To test this hypothesis, we measured respiratory enthalpy before and after the

induction of an acute V/Q-mismatch, using four interventions (single-lung ventilation, high

cardiac output, wedged left main PA and repeated whole-lung lavage) and confirmed the

changes in V/Q distributions using MMIMS-MIGET. These interventions were chosen based

on their potential clinical relevance. Single-lung ventilation produces atelectasis (comparable

with airway obstruction or intubation of the right mainstem bronchus), high cardiac output

may be present in sepsis, wedged left main PA mimics acute pulmonary embolism with signifi-

cant dead space ventilation and repeated whole-lung lavage leads to surfactant depletion serv-

ing as an experimental model of ARDS with increased venous admixture, increased dead space

ventilation and a shift of V/Q distributions [30]. The results of this study show that pulmonary

heat exchange remained stable despite acute, clinically relevant mismatch of pulmonary venti-

lation and perfusion.

Baseline observations

The baseline distributions of V/Q were generally broader than expected with some high and

low V/Q compartments (Fig 3A and 3B). In some animals, V/Q distributions were multi-

modal, (Fig 3B). This might be attributed to the animals’ unphysiological body position

(supine), the effects of anesthesia and muscle relaxation. Rightward distribution and increased

dead space values in pigs were reported previously [22,31–34]. Irrespective of the individual

baseline V/Q distribution, the effects of the four interventions were unequivocal. Pre-existing

V/Q-mismatch at baseline does not limit the clinical correlations for two reasons. First, in clin-

ical practice, especially in patients with diseased lungs, V/Q distributions may be wider at base-

line before any acute shift in V/Q distribution occurs. Second, as an initial investigation, we

did not expect to detect baseline V/Q mismatch by measuring respiratory enthalpy but rather

hypothesized that respiratory enthalpy changes significantly following an acute shift in V/Q

distributions.

Single-lung ventilation

We expected lower respiratory enthalpy during single-lung ventilation due to an overall lower

surface for gas exchange and an increase in shunt fraction. MMIMS-MIGET data showed a

selective increase in shunt fraction, whereas overall V/Q distributions were stable. Therefore,

inspired gases were delivered to a lung with almost physiological V/Q distributions. Hypoxic

pulmonary vasoconstriction (HPV) may have diverted blood flow away from poorly ventilated

or unventilated compartments and thereby restored V/Q matching. Generally speaking, ther-

modynamics of inspired gases may only reflect V/Q compartments exhibiting adequate venti-

lation (i.e., normal or high V/Q). Single-lung ventilation-induced intrapulmonary shunt and

low-V/Q compartments are missed simply because inspired gases are not delivered to these
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Fig 4. V/Q distributions measured by MMIMS-MIGET. A, Pooled V/Q distributions of all MMIMS-MIGET

measurements and B, V/Q distributions of the first and second baseline conditions for animals 7–11. On the y-axis

fractional perfusion (Q) and ventilation (V) with respect to cardiac output or minute ventilation are depicted. On the

x-axis, the 50 V/Q compartments as measured by MMIMS-MIGET are displayed. Compartment “0” is intrapulmonary

shunt. Fractional perfusion and ventilation are presented as blue lines and red dots, respectively.

https://doi.org/10.1371/journal.pone.0254399.g004
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compartments. Extrapulmonary shunt (i.e., venous admixture not occurring in the pulmonary

circulation, e.g., right-left shunt due to atrial or ventricular septal defects, bronchial blood

flow, Thebesian veins) might be better suited for analysis by means of thermodynamics. How-

ever, no respiratory enthalpy dynamics were observed even during the transitory phase before

compensatory mechanisms, such as hypoxic pulmonary vasoconstriction, are fully developed

(first 10min after establishing an intervention).

High cardiac output and wedged pulmonary artery

During augmented cardiac output, an increase in respiratory enthalpy was expected as pulmo-

nary blood flow provides the major source of heat in the lower respiratory tract [9], whereas

reduced respiratory enthalpy was expected after occlusion of the left pulmonary artery.

MMIMS-MIGET demonstrated increased perfusion to low-V/Q areas with high cardiac out-

put, probably due to recruitment of capillaries in these compartments [26]. Serikov et al.
showed that during normoventilation, the exhaled temperature difference correlates with car-

diac output with a slope of 0.05–0.1˚C/L/min [11]. On average, cardiac output increased by

7.5 ± 1.7 L/min during high cardiac output interventions in our experiments. The expected

increase in temperature of ~ 0.4–0.8 ˚C might be too subtle in order to cause significant

changes in respiratory enthalpy. After occluding the left pulmonary artery, residual heat

exchange carried by the bronchial circulation might have reduced the effect of this interven-

tion on respiratory enthalpy.

Whole-lung lavage

Repeated whole-lung lavage produced increased venous admixture, increased dead space ven-

tilation and a shift of V/Q distributions and was expected to decrease respiratory enthalpy.

The intervention might have predominantly affected the most distal bronchioles and alveoli,

where conditioning of inspired gases is usually completed. Furthermore, perfusion from sys-

temic bronchial arteries might be sufficient for thermal conditioning during

normoventilation.

Limitations

Thermal challenges (e.g. hyperventilation with or without frigid air, a step decrease in inspired

humidity, infusion of cold fluids into PA) were employed in the majority of published studies

[1,2,4–6,10–14,35,36]. In contrast, we did not modulate inspired gases (gases were always

delivered dry and at room temperature) and ventilation parameters were only adjusted within

clinically relevant limits (i.e., according to etCO2 and SpO2 targets) in order to be able to study

thermodynamic effects of acute V/Q-mismatch without confounding variables. Consequently,

the thermal burden in these protocols was lower compared to published experiments and

therefore, the respiratory system was able to compensate for the reduced thermodynamic effi-

ciency induced by V/Q-mismatch.

Respiratory enthalpy was measured at the proximal end of the endotracheal tube. Possibly,

expired enthalpy differences are greater in distal airways. For example, respiratory enthalpy

differences between the left and right mainstem bronchus might be significant after wedging

the left main pulmonary artery. Furthermore, heat measured at different gas flows reflects spe-

cific anatomic sites within the bronchial tree. High flows generally reflect the temperature

from distal airways, whereas proximal airways contribute during low gas flows. We measured

mean respiratory enthalpy. Therefore, changes in respiratory enthalpy of peak flows might

have been averaged out.
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We considered 10 minutes to be appropriate and sufficient for equilibration after establish-

ing a new intervention. The observation that respiratory enthalpy did not change significantly

does not confirm or refute this assumption. However, given that V/Q distributions were

clearly shifted, the desired acute effects were successfully achieved. We cannot exclude that V/

Q mismatch would have been more pronounced if interventions were allowed more time for

equilibration. In addition, carry-over effects from one intervention to the next are possible.

We therefore performed single-lung ventilation, high cardiac output and wedging of the pul-

monary artery in random order. Repeated whole-lung lavage had to be performed last due to

the irreversible nature of the experimental ARDS model. However, we were only interested in

acute shifts of V/Q distributions and respiratory enthalpy.

The measured values for shunt were different between MMIMS-MIGET and the calculated

values given by the shunt formula. Qs/Qt was generally lower for MMIMS-MIGET than calcu-

lated venous admixture, which has been observed previously [21]. Of note, the discrepancies

were greater for interventions that are not associated with substantial shunt perfusion (base-

line, high cardiac output and wedged left main pulmonary artery). These discrepancies occur

for two reasons: First, pooling of units with low-V/Q and “pure” shunt may overestimate true

shunt when the shunt equation (with the FiO2 set at 1.0) is used. Second, venous admixture

does not discriminate between intra- and extrapulmonary shunt, whereas MMIMS-MIGET

only measures intrapulmonary shunt [21,22]. Extrapulmonary shunt refers to venous admix-

ture (right-left shunt) that occurs outside the pulmonary arterial circulation (e.g., cardiac

right-left shunt through septal defects, Thebesian veins and bronchial circulation).

Opportunities for further evaluation

Future studies should incorporate thermal challenges in order to increase the total thermal

burden in addition to acute V/Q mismatching. Assessment of respiratory enthalpy in more

distal airways and during peak expiratory gas flow may allow detection of effects on respiratory

heat transfer.

Clinical implications

An intimate relationship between heat exchange in the lungs, pulmonary perfusion and venti-

lation has been demonstrated by previous studies [1–5,9,10] and prompted us to investigate

the distinct effect of acute V/Q mismatch on pulmonary heat exchange and whether continu-

ous measurement of pulmonary heat exchange enables monitoring of changes in V/Q match-

ing. The observation that pulmonary heat exchange remained stable despite acute, clinically

relevant V/Q mismatch suggests that the mechanisms for conditioning of inspired air are very

robust. In previous experiments, heat exchange was impaired only upon employing thermal

stressors (e.g., breathing frigid air) and manipulations of pulmonary perfusion or ventilation

simultaneously. These potent manipulations are not feasible in clinical practice as they may

pose additional risk to patients. Therefore, monitoring of pulmonary heat exchange alone does

not allow assessment of V/Q matching in the clinical setting.

Conclusion

In conclusion, despite significant V/Q-mismatch, respiratory enthalpy did not change signifi-

cantly during single-lung ventilation, high cardiac output, wedging of the left main pulmonary

artery or repeated whole-lung lavage and PEEP trials. Our data suggest that clinically relevant

V/Q mismatch does not impair respiratory heat exchange in the absence of additional thermal

stressors.
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ing, Michael Hiesmayr.

Data curation: Maximilian Edlinger-Stanger.

Formal analysis: Maximilian Edlinger-Stanger.

Funding acquisition: Maximilian Edlinger-Stanger, Michael Hiesmayr.

Investigation: Maximilian Edlinger-Stanger, Martin-Hermann Bernardi, Katharina Kovacs,

Michael Mascha, Thomas Neugebauer, Stefan Böhme, Nico Christofi, Neal Fleming,
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tion, and oxygenation during one-lung ventilation in pigs: The effects of desflurane, isoflurane, and pro-

pofol. J Cardiothorac Vasc Anesth. 2003; 17(1):73–5. https://doi.org/10.1053/jcan.2003.13 PMID:

12635064

26. Bryan TL, Van Diepen S, Bhutani M, Shanks M, Welsh RC, Stickland MK. The effects of dobutamine

and dopamine on intrapulmonary shunt and gas exchange in healthy humans. J Appl Physiol. 2012 Aug

15; 113(4):541–8. https://doi.org/10.1152/japplphysiol.00404.2012 PMID: 22700799

27. Stickland MK, Tedjasaputra V, Seaman C, Fuhr DP, Collins SÉ, Wagner H, et al. Intra-pulmonary arte-
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