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Summary
Clinical observations suggest that compared with standard apnoeic oxygenation, transnasal humidified rapid-
insufflation ventilatory exchange using high-flow nasal oxygenation reduces the rate of carbon dioxide
accumulation in patients who are anaesthetised and apnoeic. This suggests that active gas exchange takes place,
but themechanisms by which it may occur have not been described. We used three laboratory airwaymodels to
investigate mechanisms of carbon dioxide clearance in apnoeic patients. We determined flow patterns using
particle image velocimetry in a two-dimensional model using particle-seeded fluorescent solution; visualised
gas clearance in a three-dimensional printed tracheamodel in air; andmeasured intra-tracheal turbulence levels
and carbon dioxide clearance rates using a three-dimensional printedmodel in air mounted on a lung simulator.
Cardiogenic oscillations were simulated in all experiments. The visualisation experiments indicated that gaseous
mixing was occurring in the trachea. With no cardiogenic oscillations applied, mean (SD) carbon dioxide
clearance increased from 0.29 (0.04) ml.min�1 to 1.34 (0.14) ml.min�1 as the transnasal humidified rapid-
insufflation ventilatory exchange flow rate was increased from 20 l.min�1 to 70 l.min�1 (p = 0.0001). With a
cardiogenic oscillation of 20 ml.beat�1 applied, carbon dioxide clearance increased from 11.9 (0.50) ml.min�1

to 17.4 (1.2) ml.min�1 as the transnasal humidified rapid-insufflation ventilatory exchange flow rate was
increased from 20 l.min�1 to 70 l.min�1 (p = 0.0014). These findings suggest that enhanced carbon dioxide
clearance observed under apnoeic conditions with transnasal humidified rapid-insufflation ventilatory exchange,
as compared with classical apnoeic oxygenation, may be explained by an interaction between entrained and
highly turbulent supraglottic flow vortices created by high-flow nasal oxygen and cardiogenic oscillations.
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Introduction
High-flow nasal oxygenation entails administration of

warmed and humidified oxygen-enriched air at flow rates

between 40 l.min�1 and 60 l.min�1 to patients who are

breathing spontaneously via a special purpose nasal

cannula [1–4]. High-flow nasal oxygenation is effective in the

intensive care setting for treating hypoxaemia [5], reducing

reintubation rates [6] and has been shown to reduce 90-day

mortality in this patient group [7].

Patel and Nouraei coined the term transnasal

humidified rapid-insufflation ventilatory exchange (THRIVE)

[8]; they delivered 100% oxygen at 70 l.min�1 using the

Optiflow THRIVETM apparatus (Fisher and Paykel

Healthcare Ltd, Auckland, New Zealand) to adult patients

with known or anticipated difficult airways having general

anaesthesia, with the aim of increasing safe apnoea time

during intubation attempts. They observed not only an

extension of time until desaturation, but also a significantly

lower rate of carbon dioxide accumulation than would

have been expected with ‘classical’ apnoeic oxygenation

[8–11]. Further studies have also shown reduced

accumulation of carbon dioxide [12–14].

The underlying mechanisms by which gas exchange

may be taking place during high-flow nasal oxygenation

under apnoeic conditions have not been elucidated. These

are critical to understanding the efficacy and limitations of

the technique, especially over extended apnoeic periods

when hypercapnoeamight becomeproblematic.

In the early 1980s, Slutsky proposed that cardiogenic

oscillations could be a major contributor to apnoeic

oxygenation and gas exchange [15, 16]. Cardiogenic

oscillations refer to changes in airway gas flow and pressure

that are synchronous with the cardiac cycle [17, 18], and

are believed to arise from the movement of blood in

pulmonary vessels, causing compression and expansion of

the small airways [19]. As under apnoeic conditions

the principal intrinsic gas flow within the airway relates to

cardiogenic oscillations, we hypothesised that an

interaction between supraglottic turbulence generated by

high-flow nasal oxygenation and cardiogenic oscillations

might be contributing to the underlying mechanism of

THRIVE.

The objective of this study was to examine the fluid

dynamics affecting carbon dioxide clearance from the

carina to the mouth in THRIVE, and calculate the likely rates

of carbon dioxide clearance. We investigated fluid flow

patterns using in-vitro laboratory models, and used the

same models in conjunction with a specialised lung

simulator tomeasure carbon dioxide clearance.

Methods
We used two 1:1 scale physical airway models obtained

from clinical computerised tomography scans, that had

previously been used as part of experiments to determine

flow patterns and carbon dioxide distributions in

spontaneous breathing with the application of high-flow

nasal oxygenation (Fig. 1) [20]. These models were used to

visualise supraglottic flow patterns and gas flow from the

bronchi to the mouth; measure upper airway turbulence;

andmeasure carbondioxide clearance.

In all experiments, we used cardiogenic stroke

volumes of 0–40 ml, with a cardiogenic oscillation flow

profile shown by Tusman et al. [19]. Throughout our

experiments, we defined an upwards flow in the airway,

caused by cardiac systole, as cardiogenic expiration and

downwards flow in the airway, which occurs during cardiac

diastole, as cardiogenic inspiration.

For the visualisation of a supraglottic flow pattern, we

used a transparent, two-dimensional airway model that had

a 10-mm-thick rectangular cross-section (Fig. 1a). The

shape corresponded to the mean midsagittal section of the

CT airway scan. The working fluid was water that was

seeded with neutrally buoyant tracer particles pumped into

the nares and out of the mouth at a constant flow rate.

Particle image velocimetry (PIVview2C; PIVtech, Gottingen,

Germany) was used to determine the flow patterns.

Cardiogenic oscillations were simulated by an oscillating

syringe pump in the lung compartment. The oscillations

were scaled to the value we estimated for cardiogenic

oscillations in air at 70 beats.min�1, using accepted flow

modelmatching techniques [21, 22].

For visualisation of gas flow and carbon dioxide

clearance from the bronchi to the mouth, we used a

transparent three-dimensional printed version of the

airway model described above, including the carina to the

fifth generation (Fig. 1b). A cannula placed within the nares

of the model provided nasal flow at rates of up to

70 l.min�1. A nebuliser (Aerogen, Galway, Ireland)

continuously filled the carina of the model with 1.5–3-lm-

diameter water droplets. A video camera recorded flow and

density patterns of nebulised gas in the trachea. A

cardiogenic stroke volume of 20 ml at a heart rate of

70 beats.min�1 was simulated. This was achieved by the

bronchioles protruding into a sealed plenum that was

connected to a syringe pump.

For turbulence intensity and carbon dioxide clearance

measurements (Fig. 1c), the three-dimensional printed

airway model described above, extending to the distal end

of the trachea, was mounted on top of a cylindrical plenum.
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Turbulence in the model was measured using a hot wire

anemometer (HWA1; Science and Technology Solutions Ltd,

Warlingham, UK). The model trachea was modified for these

measurements with three ports, allowing insertion of the hot

wire probe into the airway. The ports were located 1 cm

below the glottis at the subglottis, at the mid-trachea, and

2 cm above the carina. Turbulence intensity was measured

separately over the inspiration and expiration phases of

several cardiogenic cycles, for THRIVE flows of 1 l.min�1,

35 l.min�1 and 70 l.min�1 at a cardiogenic stroke of 20

ml.beat�1 and 60 beats.min�1. Cardiogenic flow was

provided by an oscillating pump connected to the plenum.

Turbulence intensity was calculated as the root mean square

valueof the high-frequency velocityfluctuations obtained.

For carbon dioxide clearance measurements, lung

volume changes caused by cardiogenic oscillations were

simulated using a flexible diaphragm across the bottom of

the plenum that was oscillated by a stepper motor at

60 beats.min�1. The stepper motor was controlled by

computer to provide the required cardiogenic flow profiles.

Stepper resolution was 0.6 ml.step�1. For each clearance

measurement, carbon dioxide was injected into the plenum

to achieve an initial concentration of approximately 5%, and

THRIVE and cardiogenic oscillations were then started. The

carbon dioxide clearance rate was determined from the

concentration decay curve time constant.

To determine the required sample size, we obtained

measurements that showed carbon dioxide clearance

Figure 1 Schematics of the threemodels used for the experiments: (a) two-dimensional fluidmodel used for flow visualisation
with particle image velocimetry; (b) three-dimensional gasmodel used to visualise transport of gas between carina andmouth;
and (c) three-dimensionalmodel and lung simulator used for turbulence and carbon dioxide clearancemeasurements. DAQ,
data acquisition system.
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values measured at 15 ml cardiogenic stroke ranged from

mean (SD) 3.8 (0.8) ml.min�1 with a THRIVE of 0 l.min�1 to

10.5 (1.8) ml.min�1 with a THRIVE of 70 l.min�1. At

70 l.min�1 THRIVE, clearance values ranged from 1.28

(0.13) ml.min�1 with cardiogenic stroke of 0 ml to 55.5

(0.88) ml.min�1 with cardiogenic stroke of 40 ml, assuming

normal distributions (Shapiro–Wilk normality test: p = 0.77).

As such, three measurements at each THRIVE/stroke

combination were sufficient to distinguish between

clearance values at 60 l.min�1 and 70 l.min�1 THRIVE and

15 ml stroke (Student’s t-test, p < 0.05, power = 80%). We

therefore measured clearances at THRIVE flow rates from 0

to 70 l.min�1 at 10 l.min�1 intervals, with cardiogenic

strokes from 0 to 40 ml in 5-ml intervals, taking five

measurements at each combination. The THRIVE/stroke

combinations were applied in random order. Clearances at

different stroke volume/THRIVE flow rate combinations

were compared using non-paired, two-tailed Student’s t-

test. All statistical analyses were performed using Excel

(Microsoft, Redmond, USA).

Results
Figure 2 shows flow patterns obtained using particle image

velocimetry from the two-dimensional airway model in

water with the pharyngeal flow set to be equivalent to a

THRIVE of 60 l.min�1 in air, and cardiogenic oscillations with

an equivalent stroke volumeof 9 ml at 60 beats.min�1.

Transnasal humidified rapid-insufflation ventilatory

exchange generated a series of strong, linked vortices,

extending from the oropharynx to the glottis, which generated

substantial turbulence. During cardiogenic inspiration, the

lowest vortex was pulled deeper towards the glottis, and

turbulence from that vortex was entrained into the trachea,

enhancing mixing below the glottis. The entrained

turbulence can be seen in Fig. 2a between the trachea and

larynx. During cardiogenic expiration, the mixed tracheal

fluid was ejected upwards through the glottis and into the

vortices just above the larynx (Fig. 2c). The vortices

transported it to the flushed region of the oropharynx.

Figure 3 is a series through one cardiogenic cycle of

the nebuliser droplet cloud in the trachea from the three-

dimensional gas model. The series shows how nebuliser

droplets (darker shade = higher droplet density) were

transported and cleared from the airway with cardiogenic

oscillations applied but no THRIVE (Fig. 3a), and with

cardiogenic oscillations plus THRIVE (Fig. 3b). Nebulised

droplets were first injected into the carina, and cardiogenic

oscillations then started. The sequences show the first

Figure 2 Fluid flow visualisation using particle image velocimetry in a two-dimensional watermodel of the airwaywith both
high-flownasal oxygenation and simulated cardiogenic oscillations applied. (a) snapshot of particles in themodel; (b) flow
vectors at peak cardiogenic inspiration; (c) flow vectors at peak cardiogenic expiration; and (d) flow vectors in the oropharynx.
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cardiogenic cycle, with initial cardiogenic expiration

followed by subsequent cardiogenic inspiration. With no

THRIVE applied, the initial cardiogenic expiration brought

nebuliser droplets up from the carina to above the glottis.

Substantial mixing occurred in the glottis as a result of the

inrush of gas from the trachea, but very little nebulised air

passed up to the oropharynx. On the subsequent

cardiogenic inspiration, almost all the mixed gas was drawn

back into the trachea, leaving it filled with low-density

droplets fromglottis to carina.

The situation was very different when THRIVE was

applied. During cardiogenic expiration, the strong vortices

existing between the oropharynx and glottis rapidly swept

any droplets transported from the trachea up to the

oropharynx and out of the mouth, completely flushing the

airway from oropharynx to glottis. This can be seen in the

image at 0.4 s, at the end of cardiogenic expiration. The

result was that during the inspiratory part of the cycle, fresh

gas with no residual nebulised droplets was drawn through

the glottis and down into the trachea to the carina. At the

same time turbulence was entrained into the trachea from

the highly turbulent vortices in the pharyngeal region,

causing longitudinal intra-tracheal mixing before the next

cardiogenic expiration.

Figure 4 shows turbulence intensity in the three-

dimensional gas model at the subglottis, mid-trachea

and the lower end of the trachea. We measured the

turbulent intensity with a cardiogenic stroke of 20 ml

at 60 beats.min�1, separately for the inspiration and

expiration phases of the cardiogenic cycle. The bar graphs

show the turbulence intensity measured during cardiogenic

inspiration (Fig. 4a) and cardiogenic expiration (Fig. 4b) at

each measurement position for THRIVE flow rates of

1 l.min�1, 35 l.min�1 and 70 l.min�1 averaged over 10

cardiogenic cycles. Turbulence intensity was higher on

inspiration than on expiration (p = 0.01 for lower trachea;

p = 0.003 for subglottis and mid-trachea). On inspiration,

the turbulent intensity increased with THRIVE flow rate,

whereas on expiration turbulence intensity appeared

unaffected by the flow rate. The turbulence intensity at the

bottom of the trachea with THRIVE flow rates of 35 l.min�1

and 70 l.min�1 at 20 ml stroke was higher on inspiration

than expiration, suggesting that entrained turbulence was

penetrating the full tracheal length.

Figure 5 shows the variation in carbon dioxide

clearance measured in the three-dimensional model as a

function of different cardiogenic stroke volumes and

THRIVE flow rates. The curves of clearance vs. THRIVE flow

rate closely follow functions of the form: Clearance = A + B

(1-e-Flow/k) at larger cardiogenic strokes, but the value of the

parameter k in the fitted curves, which essentially describes

how clearance increases with THRIVE flow rate, changes

substantially between cardiogenic strokes of 20 ml and

25 ml suggesting changing flow conditions in the trachea.

Discussion
Since Patel and Nouraei reported the use of THRIVE for

prolonging the safe apnoea time during shared airway

surgery [8], the use of high-flow nasal oxygenation has also

been reported for pre-oxygenation [23, 24], awake flexible

bronchoscopic intubation [25, 26] and maintenance of

saturation during intubation in apnoeic adults [27–29] and

Figure 3 Video frames showingmovement and clearance of nebuliser droplets from the trachea of the three-dimensional
airway visualisationmodel over one cardiogenic cycle, with a cardiogenic stroke of 20 ml. (a)Without high-flownasal oxygen
and (b) with high-flownasal oxygen.
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Figure 4 Meanbulk flow turbulence intensity (RMS velocity variation)measured using hot wire anemometry in the three-
dimensional airwaymodel at different high-flownasal oxygen flow rates. (a) during cardiogenic inspiration; and (b) during
cardiogenic expiration. Blue = lower trachea; red = mid-trachea; yellow = subglottis. Error bars = 1 SD.

Figure 5 Clearance of carbon dioxidemeasured in the carbon dioxide clearance experiment. Error bars show�3 SD at each
combination of high-flownasal oxygen (HFNO)/cardiogenic stroke.
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children [30, 31]. Previous work in models [20, 32, 33] and

healthy volunteers [34] has described the clearance of

carbon dioxide in the upper airway; however, the

mechanisms of clearance during apnoea had not been

considered.

The average rate of the increase in carbon dioxide

during THRIVE, measured by Patel and Nouraei as the slope

of the end of procedure ETCO2 against time, was

0.15 kPa.min�1 [8]. Gustafsson et al. found the average rate

of increase in PaCO2, measured using arterial blood gas

sampling, to be 0.24 kPa.min�1 [12]. These values for the

rate of increase in carbon dioxide fall between values

observed when direct intra-tracheal oxygen insufflation

between 0.5 l.min�1 and 45 l.min�1 was used (Fig. 6) [35,

36]. Other workers have also published results indicating

that the rate of increase in carbon dioxide with THRIVE is

lower than in classical apnoeic oxygenation [13, 14].

Our work indicates that an interaction of gas flow from

cardiogenic oscillations and high-flow nasal oxygenation

provides a mechanism for transporting carbon dioxide

from the carina to the pharynx. We would expect an

improvement in oxygen transport to go hand-in-hand with

the enhancement of carbon dioxide clearance. Together

with the airway pressure generated by the high flow that

reduces atelectasis [37, 38], this explains, in part, the

dramatic increases in time before desaturation observed

with THRIVE [8, 12] comparedwith lower nasal flow rates.

The volume of the adult trachea is typically between

25 ml and 35 ml [39], whereas the literature indicates that

the volume of cardiogenic oscillations is typically 6–40 ml

[19, 40–42]. Taylor dispersion causes longitudinal

spreading of a plug gas flowing in a pipe [43], and this will

mix gas longitudinally in the trachea in analogous fashion to

the longitudinal mixing demonstrated by van der Kooij and

Luijendijk in the bronchi [44]. This accounts for some of the

carbon dioxide clearance observed clinically, and suggests

that even in classical apnoeic oxygenationwith no high flow,

there could be a small amount of carbon dioxide clearance

as seen in Fig. 5.

Our experiments indicate that Taylor dispersion is not

the only mechanism causing mixing of gas in the trachea.

Our visualisation of flow showed turbulent eddies in the

pharynx caused by THRIVE being entrained into the trachea

during cardiogenic inspiration. This was confirmed by hot

wire anemometry, which showed higher levels of

turbulence during cardiogenic inspiration than during

cardiogenic expiration. The levels of turbulence were

related to the THRIVE flow rate.

Our experiments have several limitations. Our models

only investigated clearance from the carina to the

atmosphere. They were not intended to accurately measure

clearance from the lung periphery. However, there is

already good evidence that mixing occurs between the

alveoli and the bronchi or lower trachea through

cardiogenic oscillations [15, 16]. Although there is likely to

be a carbon dioxide gradient between the lung periphery

and the carina, our experiments indicate that the combined

influence of cardiogenic oscillations and THRIVE is able to

transport carbondioxide from carina tomouth.

A further limitation is that our models were not

compliant but printed from hard plastic. The gross pressure

variations caused by turbulence in the pharynx are therefore

likely to cause less random bulk inflow and outflow into the

glottis and trachea, and this may also give rise to less

clearance than may be clinically observed. Our models

were also not able to model cardiogenic pulsations of the

trachealis muscle that are commonly seen during

endoscopy [45]. This will cause additional mixing within the

trachea, further enhancing clearance rate.

The carbon dioxide clearance rates that we measured

were substantially less than the rate of production for a

resting adult of approximately 200 ml.min�1. Even though

the clearance rate will increase with increasing carbon

dioxide concentration in the lungs, this will still be lower

than the rate of production, and consequently arterial

Figure 6 Comparison of the rates of rise of carbon dioxide
under different oxygenation conditions. AO, apnoeic
oxygenation/airway obstruction, combineddatamean
(95%CI) [11, 46–48]; LFDTI, low-flowdirect tracheal
insufflationwith intra-tracheal catheter at a rate of
0.5 l.min�1 [35]; THRIVE, transnasal humidified rapid-
insufflation ventilatory exchange, slope (95%CI) [8]. HFDTI:
high-flowdirect tracheal insufflation via tracheal tube at
45 l.min�1,mean (95%CI) [36].
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carbon dioxide will accumulate during high-flow nasal

oxygenation. Workers such as Fraioli et al. [46] and Stock

et al. [47] have demonstrated buffering of carbon dioxide in

the blood in apnoea, and Gustafsson et al. [12] have shown

this also occurs in THRIVE. Clinical evidence indicates that

even the small additional clearance of carbon dioxide in

THRIVE reduces the buffering load, increasing the time until

carbon dioxide retention becomes problematic.

Our work shows that high-flow nasal oxygenation,

operating in conjunction with cardiogenic oscillations,

enhances the clearance of carbon dioxide in apnoea, thus

explaining apnoeic gas exchange. We have shown by flow

visualisation, measurement of flow turbulence and carbon

dioxide elimination in two-dimensional liquid and three-

dimensional gas models, the influence of high-flow nasal

oxygenation and cardiogenic oscillations on flow vortices,

tracheal extension, flow turbulence and carbon dioxide

clearance. Carbon dioxide clearance during THRIVE is

mediatedby the interactionbetween supraglottic flowvortices

andflowoscillations causedby cardiogenic oscillations.
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