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General anesthesia in horses is associated with a 
high perianesthetic mortality rate.1 Prolonged 

procedures and their accompanying anesthetic com-
plications including hypoxemia have been associated 
with increased risks during the recovery period and 
increased postoperative complications.2,3 The treat-
ment of hypoxemia during general anesthesia could 
therefore lead to an improvement of the postanes-
thetic and postoperative outcome in horses. The 
main reason for hypoxemia during anesthesia is atel-
ectasism, the formation of nonaerated lung areas4,5; 
the primary mechanism for atelectasis formation in 
horses is compression atelectasis. When the horse is 
positioned in dorsal recumbency, the large weight of 
the abdominal viscera lies directly on the diaphragm 
leading to compression of the lungs.6 The caudodor-
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sal lung fields are preferentially perfused by rela-
tively large and stiff pulmonary arteries, which resist 
the extreme changes in intrathoracic pressure.7 The 
compression of these lung fields results in small air-
way collapse, but continued preferential perfusion 
leads to a significant VQ mismatch. This causes right 
to left pulmonary shunting, measuring as much as 
33% of cardiac output (CO).8

Several ventilation strategies have been de-
scribed to recruit lung tissue, improve oxygenation, 
and reduce intra- and postoperative complications. 
Multiple studies showed that an initial recruitment 
maneuver followed by sustained positive end-expi-
ratory pressure (PEEP) can improve gas exchange in 
anesthetized horses.9–12 These authors also showed 
that high peak airway pressures during inspiration 

OBJECTIVE
Mechanical ventilation is usually achieved by active lung inflation during inspiration and passive lung emptying dur-
ing expiration. By contrast, flow-controlled expiration (FLEX) ventilation actively reduces the rate of lung emptying 
by causing linear gas flow throughout the expiratory phase. Our aim was to evaluate the effects of FLEX on lung 
compliance and gas exchange in anesthetized horses in dorsal recumbency.

ANIMALS
8 healthy horses.

PROCEDURES
All animals were anesthetized twice and either ventilated beginning with FLEX or conventional volume-controlled 
ventilation  in a randomized, crossover design. Total anesthesia time was 3 hours, with the ventilatory mode being 
changed after 1.5 hours. During anesthesia, cardiac output (thermodilution), mean arterial blood pressures, central 
venous pressure, and pulmonary arterial pressure were recorded. Further, peak, plateau, and mean airway pressures 
and dynamic lung compliance (Cdyn) were measured. Arterial blood gases were analyzed every 15 minutes. Data 
were analyzed using ANOVA (P < 0.05).

RESULTS
FLEX ventilation resulted in significantly higher arterial oxygen partial pressures (521 vs 227 mm Hg) and Cdyn (564 
vs 431 mL/cm H2O) values compared to volume-controlled ventilation. The peak and plateau airway pressure were 
lower, but mean airway pressure was significantly higher (4.8 vs 9.2 cm H2O) in FLEX ventilated horses. No differ-
ence for cardiovascular parameters were detected.

CLINICAL RELEVANCE
The results of this study showed a significant improvement of the Pao2 and Cdyn without compromising the cardio-
vascular system when horses were ventilated by use of FLEX compared to conventional ventilation.
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are necessary to open lungs and keep them open. 
However, while the effects of various modifications of 
the inspiratory phase have been investigated,10,13–15 
with the exception of PEEP,16 modifications of the 
expiratory phase have received little attention.

In patients with low pulmonary compliance 
or high body mass, expiration is relatively rapid 
compared to that in patients with high compliance 
or lower body mass.17 This rapid lung emptying 
means that fast and slow compartments empty in 
an inhomogeneous fashion and may result in in-
creased shear stress in the lung parenchyma and 
higher risks for pulmonary atelectasis. In these pa-
tients, flow limitation and air trapping result from 
caliber reductions of small airways in response to 
high local flow rates.18

Flow-controlled expiration (FLEX) ventilation is 
a new procedure that modulates the otherwise pas-
sive expiration phase. By reducing the initial high- 
expiratory peak flow to a more linear flow, it causes 
an expiratory gas flow to persist throughout the 
complete expiratory phase. When FLEX is applied to 
human patients undergoing neurosurgery, it increas-
es ventilation in the dorsal-dependent lung regions, 
thereby homogenizing the ventilation distribution 
without affecting the hemodynamics.19 The findings 
of that study indicate that FLEX improves the dis-
tribution of inspired ventilation as a consequence of 
more uniform homogeneous lung emptying during 
expiration and can be used in adult patients under 
controlled mechanical ventilation during general an-
esthesia. Furthermore, to reach comparable Pao2-to-
inspiratory oxygen concentration ratios, lower PEEP 
was required with FLEX ventilation than without.20

The aim of this study was to perform this ven-
tilation mode during general anesthesia in dorsally 
recumbent horses. We hypothesized that the new 
ventilation mode FLEX would improve respiratory 
mechanics and gas exchange without altering he-
modynamics. Therefore, we investigated respira-
tory mechanics, oxygenation, and hemodynamics in 
horses ventilated with and without FLEX.

Materials and Methods
The Tafonius Large Animal Anesthesia Worksta-

tion is a large animal anesthesia machine with an in-
tegrated piston driven ventilator. For our study, the 
software of the piston driven ventilator was modi-
fied to perform FLEX ventilation. Image editing soft-
ware (Phase Editor; Vetronics Services Ltd) was 
used to program the ventilator to release the deliv-
ered tidal volume during the expiration phase in a 
linear fashion. The inspired volume was measured, 
and the software calculated the flow it would take 
to exhale it at a constant rate that ends at the time  
of end-expiration.

After successful modification of the mechanics 
and a configuration and update of the controlling 
software, the FLEX-ventilation mode was applied to 
2 polyethylene barrels with a volume of 200 L each. 
Five different tidal volumes (5, 7, 7.5, 8.5, and 10 L) 
were tested by use of 3 different respiratory rates (3, 

5, and 7 breaths/min) each for 3 hours. Ventilation 
pressures and inspiratory and expiratory volumes 
were measured to ensure that the software and ven-
tilator were performing as programmed.

Animals
The study was approved by the Institutional 

Animal Care and Use Committee of the University of 
Pennsylvania, trial registry No. 806775-aaecgbc. A 
statistical a priori power analysis (type II error = 0.2; 
type I error = 0.05) showed that 8 animals are neces-
sary to detect clinically significant changes in Pao2 
and Cdyn, assuming a difference in Pao2 of 100 mm Hg 
and a difference in Cdyn of 100 mL/cm H2O, with an 
SD of 15% being clinically relevant.

Eight healthy (based on preanesthetic physical 
examination) university-owned horses with a mean (± 
SD) body weight of 525 ± 41 kg and a mean age of 8 ± 
4 years were used in this crossover prospective study. 
Horses were kept in stalls 12 to 24 hours prior to each 
anesthesia and were fed hay. Food, but not water, 
was withheld 8 hours before experimentation. Horses 
were randomly assigned to the group first ventilated 
with FLEX mode and then switched to conventional 
volume-controlled mechanical ventilation (VCV) af-
ter 90 minutes or the group first ventilated with VCV 
mode and then switched to FLEX (by use of a com-
puter-generated randomization list). Minimum wash-
out period between both experiments was 2 weeks.

Instrumentation
Before anesthesia the skin over both jugular 

veins was clipped and surgically prepared for cath-
eter placement. After infiltration of the skin with li-
docaine a 12-gauge catheter was placed into the left 
jugular vein and two 8F catheter introducers were 
separately placed in the right jugular vein to facili-
tate the placement of 2 balloon tipped catheters. A 
Swan-Ganz standard thermodilution pulmonary ar-
tery catheter was placed into the pulmonary artery 
and a second Swan-Ganz catheter was placed into 
the right atrium. Correct placement was confirmed 
by visual inspection of the pressure waveforms.

Anesthesia
All horses were premedicated with 0.8 mg/

kg of xylazine IV and induced with 0.05 mg/kg of 
midazolam and 2.2 mg/kg ketamine IV. Following 
induction of anesthesia, all horses were intubated 
with a cuffed murphy tube (internal diameter, 24 
mm) and subsequently positioned on a thick foam 
mattress in dorsal recumbency. Anesthesia was 
maintained with isoflurane in oxygen. End-tidal iso-
flurane concentration was targeted at 1.2%. Intrave-
nous crystalloid solution was administered at a rate 
of 5 mL/kg/h and dobutamine was given at a rate 
of 0.5 µg/kg/min and adjusted to effect to maintain 
a mean arterial blood pressure (MAP) above 70 mm 
Hg during anesthesia. The transverse facial artery 
was cannulated with a 20-gauge catheter for inva-
sive blood pressure monitoring and arterial blood 
sampling. The catheter was connected to a calibrat-
ed pressure transducer via fluid-filled (heparinized 
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saline [0.9% NaCl] solution) rigid extension lines 
and zeroed to atmospheric pressure at the level of 
the shoulder.

At the end of anesthesia, the horses were se-
dated with xylazine (0.2 mg/kg) IV and allowed to 
recover with head-tail-rope assistance. The orotra-
cheal tube was removed and horses were nasotra-
cheally intubated to allow nasal O2 insufflation for 
the recovery period (15 L/min).

Ventilation strategy  
and experimental design

For the present study, an anesthesia workstation 
operating with an electronically driven piston venti-
lator was used. Prior to the experiment, the software 
of the ventilator was modified to allow linear release 
of a delivered tidal volume (see phase 1).

At intubation, the endotracheal tube was con-
nected to the ventilator and all horses were immedi-
ately ventilated with a VCV mode and an inspiratory-
to-expiratory ratio of 1:2. Tidal volume was set to 14 
mL/kg throughout the experiment, while respiratory 
rate was adjusted to maintain an end-tidal CO2 ten-
sion of 35 to 40 mm Hg.

All horses were anesthetized twice and were ei-
ther ventilated using the linear release of the deliv-
ered tidal volume (eg, FLEX) for the first 90 minutes 
followed by conventional VCV for 90 minutes or vice 
versa (Supplementary Figure S1).

Airway pressures as well as the dynamic compli-
ance (Cdyn) were measured with a pitot-based flow 
meter (H-Lite; Morpheus Engineering). The flowme-
ter was calibrated with a 3-L calibration syringe prior 
each experiment.

During anesthesia administered every 10 min-
utes, the MAP, pulmonary arterial pressure (PAP), 
central venous pressure, and heart rate were mea-
sured. The respiratory rate, inspiratory oxygen con-
centration, peak inspiratory pressure (PIP), plateau 
airway pressure, mean airway pressure (Pmean), and 
Cdyn were recorded every 5 minutes. For the mea-
surement of CO by thermodilution, iced saline solu-
tion (1 mL/15 kg) was injected manually through the 

catheter into the right atrium at end-expiration. The 
temperature of the injectate was measured via an in-
line temperature probe, and the temperature change 
in the pulmonary artery was analyzed to calculate 
the CO. Five injections were performed, and the av-
erage of the closest 3 CO values was used. Arterial 
blood (2 mL) was sampled every 15 minutes and 
analyzed immediately with a blood gas analyzerm to 
measure the Pao2 and the arterial partial pressure of 
carbon dioxide.

Statistical analysis
Data was analyzed with statistical software 

(SAS version 9.3; SAS Institute Inc; Prism version 7; 
GraphPad Software Inc). Visual assessment of qq-
plots and the Shapiro-Wilk test was used to confirm 
normal distribution of model residuals of dependent 
variables. Variables were compared to baseline and 
between groups using a 2-factorial variance analysis 
for repeated measurements and Bonferroni correc-
tion for multiple comparisons. The level of signifi-
cance was set to 5% (P < 0.05).

Results
There were no significant differences in heart 

rate, CO, MAP, CVP, and PAP for horses ventilated 
with FLEX or VCV (Table 1). Dobutamine and fluid 
requirements as well as isoflurane concentrations 
were not different between groups.

Horses ventilated using FLEX showed sig-
nificantly higher Pao2 and Cdyn values compared to 
horses ventilated with VCV (Figures 1 and 2). When 
switching from FLEX to VCV, the Pao2 as well as Cdyn 
decreased significantly. In contrast, changing from 
VCV to FLEX resulted in an increase in both Pao2 and 
Cdyn values over time.

Horses ventilated by use of FLEX had lower PIP 
and plateau airway pressure values (Figures 3 and 4) 
and significantly higher Pmean (Figure 5) when com-
pared to VCV.

	 MAP (mm Hg)	 PAP (mm Hg)	 CVP (mm Hg)	 HR (beats/min)	 CO (L/min)

	 FLEX to VCV	 VCV to FLEX	 FLEX to VCV	 VCV to FLEX	 FLEX to VCV	 VCV to FLEX	 FLEX to VCV	 VCV to FLEX	 FLEX to VCV	 VCV to FLEX

Time	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Mean	 SD	 Time	 Mean	 SD	 Mean	 SD

10	 83	 11	 80	 10	 22	 5	 20	 4	 12	 4	 10	 5	 29	 5	 31	 4	 15	 34	 3	 32	 4
20	 85	 11	 79	 9	 21	 6	 22	 5	 8	 5	 9	 6	 29	 4	 30	 4					   
30	 82	 11	 79	 8	 22	 6	 22	 3	 8	 5	 9	 5	 29	 3	 30	 3	 30	 33	 4	 35	 6
40	 82	 10	 79	 9	 22	 3	 22	 4	 8	 4	 9	 4	 29	 3	 30	 2	 45	 33	 3	 30	 5
50	 83	 11	 79	 9	 22	 3	 21	 3	 8	 5	 8	 5	 29	 2	 30	 3					   
60	 79	 10	 80	 10	 22	 4	 21	 5	 8	 3	 9	 5	 29	 2	 30	 2	 60	 33	 4	 32	 4
70	 75	 9	 81	 9	 22	 4	 21	 5	 8	 4	 10	 3	 29	 2	 30	 2	 75	 34	 5	 33	 4
80	 76	 9	 80	 9	 22	 5	 22	 4	 8	 5	 9	 6	 29	 1	 30	 2					   
90	 75	 8	 81	 10	 20	 6	 20	 3	 8	 3	 9	 4	 30	 2	 30	 2	 90	 33	 3	 34	 3
100	 77	 9	 80	 10	 21	 4	 20	 3	 8	 3	 9	 5	 31	 3	 30	 2	 105	 34	 3	 32	 2
110	 77	 9	 81	 11	 21	 3	 22	 5	 9	 4	 9	 4	 31	 3	 30	 2					   
120	 77	 11	 79	 10	 23	 4	 23	 7	 8	 5	 9	 5	 31	 3	 31	 3	 120	 34	 3	 35	 4
130	 77	 11	 77	 9	 22	 5	 22	 3	 8	 4	 9	 3	 31	 4	 30	 1	 135	 34	 3	 34	 5
140	 80	 12	 75	 9	 22	 6	 22	 2	 9	 3	 9	 2	 32	 5	 30	 1					   
150	 79	 10	 77	 9	 20	 3	 21	 5	 9	 3	 9	 5	 31	 4	 31	 3	 150	 34	 4	 32	 3
160	 81	 10	 77	 9	 21	 4	 20	 2	 9	 5	 9	 4	 32	 4	 31	 2	 165	 34	 3	 33	 4
170	 80	 11	 77	 10	 20	 5	 22	 3	 9	 5	 9	 3	 31	 4	 30	 3					   
180	 79	 11	 76	 10	 22	 3	 22	 5	 8	 6	 9	 5	 31	 4	 30	 2	 180	 33	 4	 33	 4

Table 1—Mean and SD (SD) of mean arterial blood pressure (MAP), pulmonary arterial pressure (PAP), central 
venous pressure (CVP), heart rate (HR), and cardiac output (CO) of 8 horses ventilated either for 90 minutes using 
FLEX and then switched to conventional volume-controlled ventilation (VCV) for 90 minutes (FLEX to VCV) or the 
same horses ventilated for 90 minutes using VCV and then switched to FLEX for 90 minutes (VCV to FLEX).
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Discussion
Our study was designed to evaluate the effects 

of a FLOW-controlled expiration mode with short 
FLEX on respiratory mechanics and gas exchange 
as well as on cardiovascular parameters in healthy, 
anesthetized horses.

To the authors knowledge, this is the first study de-
scribing the use of a piston-driven ventilator to imple-
ment FLEX ventilation and the first report about FLEX 
ventilation in horses. In human medicine and for exper-
imental animal models, pneumatic ventilators are used 
and the FLEX-ventilation mode is implemented by use 
of a computer-controlled linear motor adjusting the 
resistance during expiration. In these studies,20,21 the 

motor modified the cross section of an air duct via par-
tial occlusion with a movable cone, and the position of 
the cone determined additional expiratory resistance 
generated by the FLEX device. For our study, we re-
programmed a piston-driven ventilator to release the 
pressure in a linear way during expiration by moving 
the piston linearly back to its starting point. In doing 
so, we had to consider the following: 1) volume losses 
during the inspiration phase resulting from possible 
leaks and 2) possible generation of auto PEEP due to 
high fresh gas flows. To account for volume losses dur-
ing inspiration, the expiration cycle was immediately 
interrupted when zero pressure was sensed by the 
ventilator during the expiration phase and the piston 
was stopped moving. The machine would drop back to 
the servo mode for 500 ms. In that time, the machine 
would change servo to the reference pressure, which in 
this instance was atmospheric at the end of every cycle 

Figure 1—Mean and SD of the Pao2 in 8 horses venti-
lated either for 90 minutes by use of flow-controlled 
expiration (FLEX) and then switched to conventional 
volume-controlled ventilation (VCV) for 90 minutes 
(FLEX to VCV; circles) or the same horses ventilated for 
90 minutes by use of VCV and then switched to FLEX 
for 90 minutes (VCV to FLEX; squares). *Significant dif-
ference between groups. †Significant difference to time 
point 90 minutes within the same group. IPPV = Inter-
mittent positive-pressure ventilation.

Figure 2—Mean and SD of the dynamic lung compliance 
(Cdyn) in 8 horses ventilated either for 90 minutes by use 
of FLEX and then switched to conventional VCV for 90 
minutes or the same horses ventilated for 90 minutes by 
use of VCV and then switched to FLEX for 90 minutes. 
See Figure 1 for remainder of key.

Figure 4—Mean and SD of the plateau airway pressure 
(Pplat) in 8 horses ventilated either for 90 minutes by use 
of FLEX and then switched to conventional VCV for 90 
minutes or the same horses ventilated for 90 minutes by 
use of VCV and then switched to FLEX for 90 minutes. 
See Figure 1 for remainder of key.

Figure 3—Mean  and SD of the peak inspiratory pressure 
(PIP) in 8 horses ventilated either for 90 minutes by use 
of FLEX and then switched to conventional VCV for 90 
minutes or the same horses ventilated for 90 minutes by 
use of VCV and then switched to FLEX for minutes). See 
Figure 1 for remainder of key.
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to prevent auto-PEEP generation and ensure an end-
expiratory pressure of 0 cm H2O.

The main finding of this study was that horses 
ventilated with FLEX had significantly higher Pao2 
values. This indicates that less atelectasis formation 
occurred in these horses and therefore more lung 
areas contributed to ventilation and gas exchange.22 
Although the mechanism for this effect is not fully 
understood, 1 possibility is that FLEX stabilized de-
pendent lung areas and prevented these lung areas 
from collapse during (late) expiration.23 A study19 
of anesthetized human patients for neurosurgery 
indicated that FLEX can cause significant shifts of 
ventilation from nondependent to dependent lung 
regions. These authors described increases in de-
pendent lung ventilation and decreased ventilation 
of nondependent lung areas when FLEX was used.19 
In anesthetized horses, this shift from nondependent 
to dependent lung areas was seen during alveolar re-
cruitment and is also associated with improvements 
in ventilation-perfusion matching and oxygenation.24

Another explanation for the occurrence of lesser 
atelectasis is the specific pressure profile of FLEX 
ventilation producing a linear, slower decrease of 
the pressure during expiration. There is a time effect 
of alveolar collapse, as proposed by a mathematical 
alveolar model, which postulates that a population 
of alveoli that close “in a matter of seconds or less” 
after alveolar pressure is below closing pressure.25 
The FLEX-induced slow pressure decrease resulted 
in longer maintenance of alveolar pressure above 
closing pressure during expiration. Consequently, 
the percentage of expiration time at which the alveo-
lar pressure is below closing pressure is significantly 
lower compared to results at conventional passive 
expiration; thus, there is less time for the alveoli to 
collapse. Therefore, FLEX changed the dynamics of 
expiration fundamentally compared to passive expi-
ration; the lungs stayed in tidal motion for a longer 
period of time, which can be considered being more 

physiological because it is closer to the spontaneous 
breathing pattern.

Horses ventilated with FLEX had significantly 
higher Cdyn values compared to control horses. Lung 
compliance is defined as the change in lung volume 
for 1-U change in transalveolar pressure, with the 
Cdyn of this change measured in the presence of gas 
flow.26 Certain pulmonary impairments can influ-
ence changes in lung compliance such as the forma-
tion of atelectasis.27 In the case of atelectasis, pul-
monary compliance decreases due to a decrease in 
lung volume and higher pressures are necessary to 
inflate the alveoli.27 Therefore, we conclude that the 
improvement in Cdyn further indicates a reduction of 
atelectasis and more complete lung ventilation.

These results (both improvement of Pao2 and Cdyn) 
show that FLEX ventilation improves the distribution of 
inspired ventilation as a consequence of more uniform 
homogeneous lung emptying during expiration and 
can be used in adult horses under controlled mechani-
cal ventilation during general anesthesia to improve re-
spiratory mechanics, ventilation, and oxygenation.

During conventional expiration, lung emptying is 
rapid with a sudden pressure drop. In contrast, FLEX 
decreased early expiratory peak flow and increased 
late expiratory flow. Consequently, FLEX increased 
Pmean by almost 5 cm H2O in our horses.

Studies in anesthetized horses have shown that in-
creasing the airway pressures can result in a decrease 
of cardiac index and arterial blood pressure.10 The 
physiologic mechanism involved in the reduction of CO 
has been ascribed to a decrease in the filling pressure 
of the right heart.28,29 Early studies of humans showed 
a negative correlation between increased airway pres-
sures and circulation parameters,28 and in horses, high 
end-expiratory pressures can produce pronounced 
cardiovascular depression.10,30 In our study, we found 
no FLEX-dependent effects on hemodynamics com-
pared to conventional ventilation despite increasing 
the Pmean. This is in concordance with studies in pigs20 
and human patients19 that showed no effects of FLEX 
on blood pressure, central venous pressure, CO, or cat-
echolamine demand. In alignment with these studies 
our results support our hypothesis that FLEX is hemo-
dynamically neutral compared to conventional ventila-
tion modes in anesthetized horses.

One limitation of our study was the lack of a group 
of horses ventilated by use of PEEP with alveolar re-
cruitment maneuver (ARM). Alveolar recruitment was 
not applied during the experiment because this might 
have masked the effects of FLEX ventilation. Recruit-
ing nonventilated lung areas with an ARM and sub-
sequent application of sufficient PEEP to preserve  
ventilation of reopened alveoli is an established venti-
lation strategy for horses and is employed to minimize 
pulmonary complications while improving pulmonary 
gas exchange and thus arterial oxygenation.9,11,12,24,30 
In further studies, it will be interesting to compare the 
efficacy of FLEX ventilation to PEEP ventilation with 
ARM and to evaluate whether lesser PEEP can be used 
in FLEX-ventilated horses. Some studies performed in 
pigs already indicate that lower PEEP levels can be ap-
plied when FLEX ventilation is used.19 In anesthetized 

Figure 5—Mean and SD of the mean airway pressure 
(Pmean) in 8 horses ventilated either for 90 minutes by 
use of FLEX and then switched to conventional VCV for 
90 minutes  or the same horses ventilated for 90 min-
utes by use of VCV and then switched to FLEX for 90 
minutes. See Figure 1 for remainder of key.
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horses, there is a linear correlation between airway 
pressures and CO.10 Therefore, a possible reduction in 
PIP and PEEP might lead to more cardiovascular stabil-
ity and less cardiovascular compromise.10

Another limitation was that our study was con-
ducted with healthy, normovolemic horses. It will be 
necessary to assess whether FLEX ventilation can 
safely be performed in cardiovascularly compromised 
patients and if it will be as effective in patients with 
ventilatory impairments.

In conclusion, our results show that FLEX venti-
lation can be performed in horses after modification 
of a piston-driven ventilator and that it results in sig-
nificant improvements of the Pao2 and Cdyn without 
compromising the cardiovascular system when com-
pared to conventional ventilation in horses. Further 
studies shall elucidate whether FLEX results in bet-
ter oxygenation compared to PEEP ventilation with 
alveolar recruitment, particularly in clinical settings. 
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