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A B S T R A C T   

The use of assisted ventilation is required in anesthetized reptiles as their respiratory drive is lost at surgical 
depths of anesthesia. The minute volume of the assisted ventilation influences arterial blood gases and acid-base 
regulation. Meanwhile, the ventilatory pattern may also affect hemodynamics in chelonians, which, given their 
large capacity for cardiac shunts, may impact the efficacy of the ventilation in terms of gas exchange. Hence, 
there is a need for primary information on the influence of assisted ventilation on chelonian physiology, and we, 
therefore, performed a randomized study into the effects of recumbency and maximum airway pressure on 
pressure-cycled ventilation in nine female Trachemys scripta scripta. Pronounced effects of ventilation pressure on 
arterial PCO2 and pH regardless of recumbency were revealed, whilst dorsal recumbency led to a larger Arterial- 
alveolar (A-a) O2 difference, suggesting compromised pulmonary gas exchange. Plasma [Na+] and [K+] balance 
was also significantly correlated with maximum airway pressure. Computed tomography (CT) scanning at a 
range of end-inspiratory pressures and ventral and dorsal recumbencies in eight T. scripta scripta showed that 
lung volumes increase with maximum ventilatory pressure, while recumbency did not influence volume at 
pressures above 5 cmH2O. Static compliance of the lungs was influenced by recumbency at neutral pressures. In 
conclusion, dorsal recumbency reduces pulmonary efficacy during positive pressure ventilation and tends to 
lower lung volume when ventilation is not provided. However, lung volumes and function - even in dorsal re-
cumbency - can be adequately supported by assisted ventilation, and an end inspiratory pressure of 10 cmH2O at 
4 breaths min− 1 provided the most physiologically appropriate ventilation of anesthetized T. scripta scripta.   

1. Introduction 

Reptiles are aspiration-breathers, where air moves into the lungs due 
to the generation of sub-atmospheric intra-pulmonary pressures, as is 
also the case in mammals. Ventilation in reptiles is, however, often 
parceled into discontinuous breathing patterns (Milsom, 1991). In che-
lonians, spontaneous ventilation results from coordinated intra- 
carapacial, limb and head movements (Lyson et al., 2014). Assisted 
ventilation is, however, required in chelonians during anesthesia, or in 
critical care support (Spielvogel et al., 2017) to compensate for reduced 
or absent central respiratory drive, in combination with loss of skeletal 
muscle tone (Taylor et al., 2010). The low metabolism of reptiles is 

matched by minute volumes approximately one fifth to one tenth of that 
of a similarly-sized mammal (Jackson, 1971a; Nagy, 2005). In addition, 
some chelonians are remarkably hypoxia tolerant (Warren and Jackson, 
2017, 2008), but adequate ventilation is still advised to meet oxygen 
requirements and to maintain acid-base balance through adequate 
elimination of CO2. Adequate pulmonary ventilation is also essential for 
reliable inhaled anesthesia in reptiles (Williams et al., 2020). 

Strategies to assist ventilation in reptiles have included external 
movement of the legs in chelonians, as well as the use of manual (bag) or 
mechanical (automatic) intermittent positive pressure ventilation 
(IPPV). While guidance as to the optimal settings for mechanical IPPV 
have been reviewed (Bertelsen, 2019; Sladky and Mans, 2012), there are 
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very few primary studies of the direct effect of IPPV on reptilian phys-
iology (Bertelsen et al., 2014; Jakobsen et al., 2017), and fewer for 
chelonians, although their large lung volumes and extreme skeletal 
adaptation provide for unique respiratory dynamics (Mans et al., 2013; 
Mathes et al., 2017; Spielvogel et al., 2017). There are well-established 
links between minute ventilation and acid base balance, where under- or 
over-ventilation lead to respiratory acidosis or alkalosis respectively. In 
mammals, additionally, a reduction in venous return and cardiac output 
is associated with increased positive ventilation pressures (Araos et al., 
2020; Shekerdermian and Bohn, 1999). It has also been hypothesized 
that ventilation pressure affects chelonian cardiac function and intra-
cardiac shunts (Monticelli et al., 2016), which may change the efficacy 
of ventilation. A further complication of chelonian anatomy is that 
dorsal recumbency is required for most surgeries and physiological ex-
periments, but places the lungs underneath the mass of viscera, which 
may restrict pulmonary function. The effects of dorsal recumbency on 
venous return to the heart is unknown. 

Here we seek to determine the optimum pressure for IPPV in fresh-
water turtles (Trachemys scripta scripta) in both dorsal and ventral re-
cumbency, through measurements of arterial blood gases, heart rate, 
mean arterial pressure, as well as pulmonary and systemic blood flows. 
Our hypotheses were that 1) dorsal recumbency would hinder ventila-
tion efficacy, as assessed by Arterial-alveolar O2 difference (A-a O2 dif-
ference), and that 2) an increase in maximal airway pressure, and 
therefore minute ventilation, would lead to lower arterial partial pres-
sures of CO2 (PaCO2). To bolster our knowledge of lung anatomy during 
IPPV, Computed Tomography (CT) scans at different end inspiratory 
pressures were acquired in both ventral and dorsal recumbency and 
analyzed using stereology to determine lung volume and static compli-
ance. The CT scanning was performed in intact turtles n = 5, and 
separately in those with paired intact and carapace-opened condition n 
= 3, while the hemodynamic measurements all required surgery. 

2. Materials and methods 

2.1. Experimental animals 

Yellow-bellied turtles (Trachemys scripta scripta) were maintained at 
Aarhus University in 1000 L tanks holding 800 L of water (25-28 ◦C) 
with basking stages and 160 W mercury spotlights that provided UVA&B 
radiation and heat (Ultralux, Reptile Planet, France) allowing for 
behavioral regulation of body temperature. The photoperiod consisted 
of 14 h light and 10 h darkness, and the turtles were fed commercial 
pellets (ReptileMin, Tetra, Germany), mussels and fresh vegetables 
several times a week. All animals were fasted for two days prior to 
surgery. The experiments were approved by The Danish Animal Exper-
iments Inspectorate (permit numbers: 2015-15-0201-00544 for surgery, 
and 2014–15–0201 − 00100 for scans). 

2.2. Anesthesia and ventilation for the surgical study 

Turtles (n = 9 female, 1.02 ± 0.06 kg) were retrieved once daily at 
random and weighed. Sodium pentobarbital (50 mg kg− 1, of 1:10 dilu-
tion in sterile saline of 400 mg mL− 1 sodium pentobarbital, with 0.1 mL 
of 20 mg mL− 1 lidocaine in the hub of needle) was injected intraperi-
toneally cranio-ventral to the right hindlimb, and a lidocaine/prilocane 
patch (25 mg/25 mg, Tapin, Orifarm, Denmark) was administered to the 
plastron (Joyce et al., 2018). The turtles were maintained at 30 ◦C in a 
humidified thermostat cabinet and reflexes monitored. The animal was 
removed from the cabinet upon loss of head tone, and pedal withdrawal 
reflex and jaw tone were used to assess the depth of the anesthesia. If the 
turtle did not reach a surgical plane after 60 min from injection, an 
additional dose of pentobarbital was given as 1 /3 of the initial dose and 
also diluted with saline. 

At loss of jaw tone, 0.1 mL of lidocaine (20 mg mL− 1) was 

administered to the tongue and glottis, before endotracheal intubation 
with a modified intravenous catheter (23G–19G) using a non-traumatic 
oral gag of a syringe cap. The endotracheal tube was then secured in 
place using surgical tape. A flow of 0.6 L min− 1 kg− 1 O2 was then con-
nected, via a pressure cycling ventilator (Vetronic SAV-4, UK), with 
inline isoflurane vaporizer in case additional anesthesia was required. 
Ventilation efficacy was checked by obtaining a capnography trace 
(Cardell touch, Midmark, Ohio, US) with end tidal gas analyzer (Mas-
simo IRMA AX+, Switzerland), which was also used to monitor cloacal 
temperature and end tidal CO2. Cloacal temperature was maintained at 
25–30 ◦C throughout surgery and measurement. 

Surgical methods were as described fully in Joyce et al., 2018. In 
summary, additional lidocaine was administered in between the ventral 
scutes to be incised (0.1 mL of 20 mg mL− 1) and a needle was used to test 
that reaction to nociceptive stimulus at the surgical site had been lost. A 
cast-cutting saw (Orthopaedic frame Co, Michigan, USA) was then used 
to cut a 4 × 4 cm square in the plastron to expose the cardiac outflow 
tract. A sterile scalpel blade was used to cut any muscle that lay under 
the cut portion of the plastron to enable its full removal. For easier ac-
cess to the outflow tract, the lungs were temporarily inflated with oxy-
gen and ventilation paused to elevate the blood vessels. A PE-50 catheter 
filled with heparinized sterile saline [0.9% sodium chloride with 50 IU 
mL− 1 (Heparin-LEO 5000 IU mL− 1, CP Pharmaceuticals, UK)] was 
inserted into the ventral cervical artery, and advanced into the right 
aortic arch. The cannula was attached to a pressure transducer (PX600; 
Baxter Edwards, Irvine, CA, USA) that was calibrated daily to a static 
water column, and an in-house build pre-amplifier. 2SB or 2RB peri-
vascular flow probes (Transonic System, Inc., NY, USA) were positioned 
around the left pulmonary artery and left aortic arch to measure the 
pulmonary and systemic flows. Ultrasound gel enabled acoustic 
coupling and the flow probe leads were attached to a blood flow meter 
(T206 Transonic System, Inc., NY, USA). Signals were documented with 
a Biopac MP100 data acquisition system at 200 Hz (Biopac Systems, Inc., 
Goleta, CA, USA). 

The animal was positioned in ventral or dorsal recumbency, pre- 
determined by random selection (random.org). Ventilation pressure 
was then set to 5, 10 or 15 cm H2O with order determined by prior 
random selection. A constant ventilation rate of 4 breaths min− 1 was 
employed. A waterproof sterile surgical drape was taped in place to 
cover the surgical area to i) replicate the limit on lung expansion nor-
mally provided by the carapace and therefore help maintain anatomy 
during ventilation ii) prevent evaporative water loss from the tissues and 
iii) limit diffusion of gases into and from the carapace. A period of 30 
min was allowed at each ventilation pressure before collecting blood 
samples and recording blood pressure and cardiac output. Blood samples 
of 0.3 mL were drawn from the arterial catheter, via a sterile pre- 
heparinized syringe and analyzed for blood gases and electrolytes 
(GEM PREMIER 3500, Werfen, UK (Malte et al., 2014)). To minimize 
blood loss, the remaining blood from the test sample was returned to the 
animals and the amount of blood sampled was less than 10% of the total 
blood volume. The animal then moved through a randomized sequence 
of the other ventilation pressures, followed by a randomized sequence in 
the opposite recumbency. 

Once the experiment was completed and while still at a surgical 
plane of anesthesia, an overdose of pentobarbital (300 mg kg− 1) was 
injected into the catheter already positioned in the artery for euthanasia, 
and death was confirmed by destruction of the CNS via pithing or im-
mersion of the CNS in fixative (4% buffered paraformaldehyde). 

2.3. Data collection and formatting 

Blood pressures and blood flows were recorded throughout the sur-
geries on the Biopac MP100 data acquisition system. Averages were 
calculated from 1 min portions taken immediately prior to blood sam-
pling, allowing 30 min equilibration of parameters at the current 
ventilation pressure, and were visually assessed as high quality. 
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Alveolar-arterial PO2 difference was calculated by subtracting PaO2 from 
PAO2 values (calculated using the Alveolar Gas Equation “PAO2 = (Patm 
– PH2O) FiO2 – PaCO2/RER” and an RER of 0.8). When GEM PREMIER 
3500 internal analysis was not able to provide values that were tem-
perature corrected to the turtle, calculations for pH were performed 
using “-0.0207 pH ◦C-1” found for T. scripta (Malan et al., 1976; Malte 
et al., 2014). All graphs were generated using the analysis software 
RStudio, using ggplot2 (Wickham, 2016). 

2.4. CT imaging of lung volume 

Five turtles (1.22 ± 0.24 kg) were transported to the Department of 
Forensic Medicine to be scanned in a 64-slice Siemens Somatom Defi-
nition (Siemens Medical Solutions, Germany) system with the following 
acquisition parameters: tube voltage 120 kVp; tube current ~40 mAs 
(depending on animal size); spiral pitch factor of 0.35; slice thickness 
0.6 mm; X and Y resolution of 0.40–0.53 mm (depending on size of the 
animal) and individual scan duration of 80–90 s. Reconstructions were 
made using a medium sharp body convolution kernel (B45s). 

Animals were anesthetized with 10 mg kg− 1 propofol injected 
intravascularly into the sub-carapacial sinus (Ziolo and Bertelsen, 2009) 
at room temperature. Endotracheal intubation was performed with an 
uncuffed well-fitted soft tubing (OD 6 mm), and ventilation by a self- 
inflating resuscitator bag (Ambu A/S, Denmark) that was manually 
operated with room air at 2 breaths min− 1, and volume to allow minimal 
movement of the front legs as recommended clinically, while positioned 
in the scanner. Static ventilation pressure was then attained with an O2 
cylinder and precision output calibrated by a static water column before 
each measurement in the CT scanner. The animals were scanned with 
neutral pressure (intubated and therefore with an open glottis), and at 5, 
10,15 and 20 cm H2O in both ventral and dorsal recumbency, all mea-
surements were taken in ascending pressure order to prevent differences 
due to the hysteresis of compliance curves (Jackson, 1971b; Vitalis and 
Milsom, 1986). The order of measurements was therefore not 
randomized. 

Volume was measured using stereological principle of Cavalieri 
estimation through analysis of at least 12 sections of the CT scan in an 
axial plane, with at least 120 points included per structure of interest 
(only the lungs, not the trachea or other air-filled cavities). The 
“Multipurpose grid” macro in FIJI (ImageJ2 (Rueden et al., 2017)) was 
used to apply a non-destructive grid-overlay of scaled points and the 
“Cell Counter” plugin of FIJI was then used to count points overlaying 
lungs. Volume was calculated using the total number of points and 
spatial data (slice thickness, pixel resolution) in the DICOM-header of 
the CT data. Resting lung capacity (Jackson, 1971a, 1971b) was calcu-
lated as the volume of the lung when equilibrated to atmospheric 
pressure, in this case with legs and head extended and glottis open (as 
intubated). The static compliance was calculated as the slope of volume 
to pressure changes over the range 0–5, 5–10, 10–15 and 15–20 cm H2O 
pressure change (Vitalis and Milsom, 1986). 

Representative 2D CT-visualisations (Fig. 5, Fig. S3 a–d) were made 
using Horos V. 3.3.6 (Horos DICOM Viewer). Representative views of a 
15-slice Maximal Intensity Projection thick slab were made in axial, 
coronal and peri-sagittal views - position selected for maximising lung 
appearance (same slice-position at all pressures for individual orienta-
tions). 3D CT visualisations (Fig. 6) were made of one 970 g represen-
tative animal by segmenting the shell/body in the 0 cmH2O pressure 
scan and of the lungs at all pressures using the “segmentation editor” of 
3D Slicer (V. 4.11.20200930 r29402/002be18 (Fedorov et al., 2012; 
Pieper et al., 2004)). Segmentations were exported (as “.STL”) and 
further formatted in Blender (V. 2.912 (Blender Online Community, n. 
d.)) where position of “camera”, settings of “light” and “material”- 
properties selectively adjusted to individual segmentations were all 
customised, prior to rendering using “Cycles”. 

To assess the potential influence of the surgical opening of the 
plastron on lung volumes, three female Trachemys scripta scripta (masses 

1.03, 1.07, 1.36 kg) were induced in the same manner as described 
above for the surgical experiments (Pentobarbital: intraperitoneal dose 
60 mg kg− 1 and prilocaine/lidocaine patch) and CT scanned prior to and 
after intubation in each case in ventral and then dorsal recumbency. The 
0–20 cm H2O sequence of scans was then carried out following intu-
bation, following intubation using an O2 cylinder connected to a spring- 
loaded pressure-regulator (Swagelok, Ohio, USA and calibrated using a 
static water column prior to CT scans. The opening into the carapace was 
then made, using surgical drape to close the carapace deficit, and then 
the scan sequence was repeated. These three animals were scanned 
using a Canon Aquilion Prime SP CT-system with settings that replicated 
the CT protocol used with the Siemens-system; X-ray tube voltage 120 
kVp; X-ray tube current 350 mAs; slice thickness 0.5 mm; X and Y res-
olution of 0.361 mm; individual scan duration were 80–90 s, and re-
constructions were made using a medium sharp body convolution kernel 
(FC09). 

2.5. Statistics 

Linear mixed modelling was used to assess the impact of the fixed 
effects - ventilation pressure and recumbency using the “lme4” package 
(Bates et al., 2015). Individual and sample order were included as 
random intercept effects in the surgical data as well as by-individual 
random slope for the effect of ventilation pressure where possible 
within boundary limits for the model (i.e., when it did not cause singular 
boundary fits), and individual included as a random effect in the CT 
data. The influence of each variable was assessed in ML models using 
likelihood estimates, and its effect, and that of random effects was 
judged in an REML model (Winter, 2019; Zuur et al., 2009). Model re-
siduals were assessed for normality, homoscedasticity and influential 
outliers. P-values were obtained by likelihood ratio tests of the full 
model with the effect in question against the model without the effect in 
question (Winter, 2019). A single paired one-way t-test was used to test 
whether ventral recumbency was associated with greater resting lung 
volume, while linear mixed modelling was again employed to test the 
effect of recumbency and airway pressure on lung volume and compli-
ance, and the effect of an opened carapace in the supplementary group. 

3. Results 

3.1. Ventilation efficacy 

The data confirms the strong negative relationship (Fig. 1b) between 
maximum ventilation pressure and arterial PCO2 in the anesthetised, 
and mechanically ventilated turtles. Higher ventilation was significantly 
correlated with lower arterial PaCO2 (χ2(1) 27.636, p = 1.464 × 10− 7) 
such that a 1 kPa (10.2 cmH2O) increase in ventilation pressure led to a 
2.1 kPa lower PaCO2. This change was reflected in arterial pH which 
increased significantly with increased ventilation pressure ((χ2(1) 
36.03, p = 1.943 × 10− 9, such that each kPa of increased ventilation 
pressure led to 0.30647 ± 0.05429 increase in pH (Table 1). Re-
cumbency had no significant effect on PaCO2 or arterial pH (p = 0.947, 
0.5526, respectively). However, the PaO2 and Alveolar-arterial (Aa) O2 
difference were significantly affected by recumbency with lower quality 
of ventilation experienced by those animals in dorsal recumbency 
(Fig. 1a), as represented by a 9.289 kPa greater Aa difference (χ2(1) 
8.3109, p = 0.003941), reflecting a lower PaO2 (χ2(1) 25.5424 p =
0.01856, Table 1). Across recumbencies, at this sample size and power, 
the reduced Aa difference at higher ventilation pressures of 7.553 per 1 
kPa increase in pressure was not significant (p = 0.07395), with no 
significant interaction between end inspiratory pressure and re-
cumbency, despite a significant effect of ventilation pressure on PaO2 
(χ2(1) 8.3191 p = 0.003923). Fig. 1a also depicts the high inter- 
individual variability in A-a-difference. 
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3.2. Cardiovascular variables 

Although cardiac outputs tended to be higher in animals in ventral 
recumbency (Fig. 2a; p = 0.05039), there was no significant effect of 
either recumbency (p = 0.2976) or ventilation (p = 0.6436) on the 
overall cardiac output when sample order was included as a random 
effect. Samples taken at later time points tended to have lower cardiac 
outputs, and stroke volumes (Supplementary Fig. 1), underlining the 
importance of randomizing order in these measurements. Heart rate was 
significantly affected by recumbency ((χ2(1) 7.7991, p = 0.005317) 
Fig. 4b, such that ventral recumbency was associated with a 2.5 beats 
min− 1 lower heart rate, but not by ventilation pressure. Mean systemic 
arterial blood pressure was not significantly correlated with either re-
cumbency or ventilation pressure (Fig. 4a). 

When split into pulmonary and systemic flow (Fig. 2b), there was no 
significant effect of recumbency or ventilation pressure on pulmonary 
flow, but there was a significant interaction, such that at low ventilation 
pressures, recumbency had a greater effect on pulmonary flow (χ2(1) 
4.3946 p = 0.03605). Systemic flow was not significantly affected by 
recumbency or ventilation pressure. Shunt fraction, the ratio of pul-
monary to systemic flow, was not affected by ventilation pressure (χ2(1) 
0.2178, p = 0.6407), and not significantly affected by recumbency, (χ2 

(1) 2.9945 p = 0.08355, Fig. 4c). 

3.3. Lung volume and static compliance 

Lung volumes in intubated intact propofol induced T. scripta scripta 
(n = 5) equilibrated at atmospheric pressure (corresponding to residual 
lung volume) were 129 ± 17 mL kg− 1 (mean ± s.e.m.) in dorsal re-
cumbency and 165 ± 31 mL kg− 1 in ventral recumbency (Fig. 3a for data 
and Fig. 6 for 3D visualization of T. scripta lung volumes). While 4/5 
animals had larger lung volumes in ventral recumbency, ventral re-
cumbency was not significantly associated with a greater lung volume in 
this sample size (Fig. 3a, t = 1.389, df = 4, p-value = 0.1186 and Fig. 5 
for representative 2D images). Lung volumes did increase significantly 
with increasing airway pressure (Fig. 3a; p = 2.097 × 10− 12, 2D data for 
one 1.16 kg animal shown in Fig. 5) but did not change significantly with 
recumbency across airway pressures (p = 0.373). 

Static compliance over the 0–5 cmH2O range in ventral recumbency 
was 15.8 ± 1.4 mL cmH2O− 1 kg− 1. The static compliance was influenced 
significantly by the applied pressure; such that the static compliance was 
lower over a pressure difference of 5 cmH2O at higher starting pressures 
(p = 3.698 × 10− 10) Fig. 3b. Compliance in 4/5 animals was higher in 
dorsal recumbence (23.49 ± 1.86 mL cmH2O− 1 kg− 1 for all animals), 

Fig. 1. a: Alveolar-arterial oxygen difference (kPa) over three maximum ventilation pressure regimes (5, 10 and 15 cm H2O, plotted as 0.49, 0.98 and 1.47 kPa 
respectively) at a respiratory rate of 4 breaths min− 1 in n = 9 T. scripta. Individual data are shown with mean ± s.e.m. overlain for both dorsal (green circle, solid 
line), and ventral (orange triangle, dashed line) conditions. *Indicates the significant effect of recumbency as revealed by linear mixed modelling, and likelihood ratio 
test. b: Arterial partial pressure of CO2 under the same conditions as Fig. 1a. *Indicates the significant effect of ventilation pressure as revealed by linear mixed 
modelling, and likelihood ratio test. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Table 1 
Plasma variables (mean ± sd), arranged by recumbency and maximum airway pressure.  

Pvent (kPa) Position PaO2 (kPa)*,● Hct Na+ (mmol L− 1)* K+ (mmol L− 1)* Ca2+ (mmol L− 1) pH T (◦C) 

0.49 ventral 61.40 14.70 26.67 4.69 130.44 2.83 2.37 0.66 0.56 0.30 7.65 0.14 27.86 0.82 
0.98 ventral 64.08 9.90 27.00 5.61 130.00 1.66 2.61 0.46 0.70 0.32 7.74 0.15 27.39 0.77 
1.47 ventral 66.91 9.24 27.33 5.22 129.78 2.64 2.78 0.64 0.80 0.35 7.95 0.04 27.39 0.61 
0.49 dorsal 47.64 20.27 26.56 7.63 131.44 3.68 2.43 0.62 0.79 0.39 7.65 0.26 27.58 0.58 
0.98 dorsal 53.44 23.48 26.67 7.75 129.89 3.26 2.78 0.63 0.74 0.35 7.78 0.22 27.53 0.72 
1.47 dorsal 60.72 15.09 25.78 6.87 129.78 2.59 2.98 0.60 0.71 0.34 7.92 0.14 27.68 1.06  

* Designates a significant effect of ventilation pressure on the variable and ●, a significant effect of recumbency on the variable, assessed by linear mixed modelling 
and likelihood ratio tests. 
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and this difference was significant (t = − 2.4885, df = 4, p-value =
0.0338). 

In the three animals CT scanned under surgical anesthesia with 
pentobarbital and prilocaine/lidocaine (Fig. S4), the intubated dorsal 
recumbency lung volume with intact carapace was 87.15 ± 6.75 mL 
kg− 1, with again a greater volume in ventral recumbency of 154.50 ±
9.12 mL kg− 1. The effect of ventilation was again significant in this 

group (χ2(1) 46.37 p = 9.79 × 10− 12), as was in this case the effect of 
recumbency, with higher volumes seen in ventral recumbency (χ2(1) 
18.305, p = 1.88 × 10− 5). In the combined group (n = 8) the effect of 
recumbency was not significant over the range of ventilation pressures. 
The effect of opening the plastron was non-significant over the pressures 
and recumbencies used (p = 0.992), although at 0 cmH2O pressure in all 
three animals the dorsal recumbency volume was somewhat lower in the 

Fig. 2. a) Total cardiac output (mL min− 1 kg − 1) determined at different maximum pressure ventilation regimes with a respiratory rate of 4 breaths min− 1 in n = 9 
T. scripta. Individual data are shown with mean ± s.e.m. overlain for both dorsal (green circle, solid line), and ventral (orange triangle, dashed line) conditions. No 
significant effect is observed once sample ordering is taken into account. b) Raw pulmonary and systemic flows (mL min− 1) contributing to the cardiac output 
reported in Fig. 2a. No significant main effects of ventilation or recumbency were found, but for pulmonary flow a significant interaction was determined in linear 
mixed modelling, indicated by †. c) Shunt fraction (Qpul/Qsys) determined from the flows in Fig. 2b. (For interpretation of the references to colour in this figure 
legend, the reader is referred to the web version of this article.) 

Fig. 3. a) Lung volume (mL kg− 1) calculated from stereological analysis of CT data from n = 5 T. scripta at increasing static airway pressures (0–20 cm H2O). 
Individual data are shown with mean ± s.e.m. overlain for both dorsal (green circle, solid line), and ventral (orange triangle, dashed line) conditions. *Indicates the 
significant effect of ventilation pressure as revealed by linear mixed modelling, and likelihood ratio test. b) Static compliance data (mL cmH2O− 1 kg− 1) calculated 
from the lung volumes in Fig. 3a, and the pressure changes between 0 and 5, 5–10, 10–15, and 15–20 cmH2O, plotted as points at the higher pressure in the 
calculation. *Indicates the significant effect of ventilation as revealed by linear mixed modelling, and likelihood ratio test, and the effect of recumbency on 
compliance at the lowest starting volume, assessed by paired t-test. (For interpretation of the references to colour in this figure legend, the reader is referred to the 
web version of this article.) 
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Fig. 4. a) Systemic Mean arterial blood pressure (kPa) at increasing maximum ventilation pressures (5–15 cmH2O). Individual data are shown with mean ± s.e.m. 
overlain for both dorsal (green circle, solid line), and ventral (orange triangle, dashed line) conditions. b) Heart rate (beats min− 1) at increasing maximum ventilation 
pressures (5–15 cm H2O). Individual data are shown with mean ± s.e.m. overlain for both dorsal (green circle, solid line), and ventral (orange triangle, dashed line) 
conditions. *Indicates the significant effect of recumbency as revealed by linear mixed modelling, and likelihood ratio test. c) Stroke volume (mL kg− 1) calculated 
from the cardiac output in Fig. 2 and heart rates (Fig. 4b). Individual data are shown with mean ± s.e.m. overlain for both dorsal (green circle, solid line), and ventral 
(orange triangle, dashed line) conditions. (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.) 

Fig. 5. 2D CT sections (in maximum intensity projection thick slabs of 15 slices) to show lungs from one representative terrapin, (1.16 kg) in axial, coronal and peri- 
sagittal slices. Peri-sagittal slices are taken from the midpoint of the right lung. All scale bars represent 5 cm. 
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open carapace (63.01 ± 4.33 mL kg− 1) than with an intact carapace 
(87.15 ± 6.75 mL kg− 1). Compliance was also significantly affected by 
ventilation pressure in these animals (p = 1.308 × 10− 6), but not by 
recumbency (p = 0.05573), or the opening of the carapace (p = 0.6593), 
over the range of ventilation pressures tested. 

3.4. Electrolytes and hematocrit 

There was no effect of ventilation or recumbency on hematocrit or 
arterial [Ca2+] (Table 1). Recumbency had no effect on electrolyte 
concentration, conversely, [Na+] decreased and [K+] increased with 
increased ventilation pressures. Na+ decreased significantly ((χ2(1) =
4.4287, p = 0.03534), lowering it by approximately − 1.25 ± 0.66 mmol 
L− 1 per kPa increase in ventilation pressure. Plasma K+ concentration 
increased significantly with ventilation pressure (((χ2(1) = 9.1772, p =

0.00245) such that 1 kPa increase in pressure was associated with 0.53 
mmol L− 1 increase in [K+]. 

4. Discussion 

4.1. Arterial blood gases and ventilation efficacy 

We confirm the predicted decrease in arterial PCO2 with increased 
ventilation pressure, as the attending rise in tidal volume increased 
minute pulmonary ventilation in the anesthetised and mechanically 
ventilated animals. The fall in arterial PCO2 at high ventilation pressure 
leads to a respiratory alkalosis, as at 15 cm H2O ventilation pressures 
and a respiratory rate of 4 breaths min− 1, PaCO2 was significantly below 
that normal for an un-anesthetized turtle (approximately 3–3.6 kPa 
(Hicks and Wang, 1998; Jackson, 1978)). Meanwhile, not ventilating an 

Fig. 6. a) 3D visualisations of the lung volume within the volume of the animal (n = 1, 970 g). Including bronchi and trachea. b) detail of a: ventral anatomy of the 
inflated lung (n = 1, 970 g T. scripta, ventral recumbency, ventral view, at 10 cmH2O airway pressure). 
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intact animal with an open glottis, led to a marked reduction in lung 
volume (Figs. 3a and 6) underlining the importance of assisted venti-
lation in both intact and surgically explored groups. 

Residual lung volume estimated using CT based stereology was 
similar to previously reported values in ventrally positioned anes-
thetized or euthanized animals of 98–110 mL kg− 1 (Bau, 2016; Jackson, 
1971b), however it should be noted that our method measures lung 
volume exclusive of tracheal and bronchial volume. Lung volumes at 10 
cmH2O inflation (275.75 ± 21.11 mL kg− 1) conform to those reported in 
T. scripta elegans after stereological analysis of fixed tissue (262 mL for a 
1 kg animal (Perry, 1978)). In the present study, lung volume at positive 

ventilation pressures (5–20 cmH2O) was not significantly affected by 
recumbency. If this data can be combined with that from the animals 
that had undergone surgical opening of the carapace, it is likely that 
functional air flow or pulmonary perfusion changes lead to the signifi-
cant effect of recumbency on Aa difference. As this comparison depends 
on whether ventilation with a plastron opened and then closed with 
surgical drape, matches that of the intact terrapin, an additional 
experiment was undertaken to assess the comparison between intact and 
opened carapaces. Although as expected, the lung volume at 0 cm H2O 
was smallest in dorsally-recumbent open-carapace measurements in all 
three animals where the comparison was made (Fig. S4), as the lungs 

Fig. 6. (continued). 
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were inflated, there was no significant effect of carapace opening on 
lung volumes achieved at pressures of 5–20 cm H2O. Therefore, assisted 
ventilation of animals with an open carapace allows them to attain 
similar inflated volumes to those with a closed carapace. The tendency 
to a greater compliance of the lungs once the carapace has been opened 
is expected from the literature, although the closing of the carapace with 
the surgical drape, and continued surrounding tissue presence reduces 
the static compliance from the very high values seen in ex-vivo dissected 
lungs (Bau, 2016; Jackson, 1971b). 

One animal in this supplementary group showed lower volumes and 
compliances in dorsal recumbency (both with intact and opened cara-
pace) than the other animals studied (Fig. S4). This is not explained by 
body mass, sex or health status as these were all controlled for within the 
experiment. Although two different CT-systems were used to acquire 
lung volume data, resulting in two data sets with slightly different final 
image appearance – caused by fundamental differences in how data is 
acquired and reconstructed in the two systems – there is no reason to 
expect bias in the final volume measurements; these were made ac-
cording to a manual analysis process based on the experienced in-
terpreter's (KH) ability to correctly identify lung from other morphology. 

Despite the increased A-a difference in dorsally maintained turtles, 
given the low metabolism of chelonians, O2 provision can be comfort-
ably maintained by mechanical ventilation, especially with supple-
mentary O2 in the inhaled gas, and the maintenance of a physiological 
arterial CO2, is the more clinically relevant parameter. 

Under 5 cm H2O maximal airway pressure, the volume for ventral 
and dorsal recumbencies diverged. Similarly to this study, dorsal re-
cumbency tended to reduce residual lung volume, with significant re-
ductions due to limb and neck retraction previously reported with 
different methodologies (Bau, 2016). This has clinical implications - care 
should be taken when intubated, but not ventilated chelonians (i.e., 
those with an open glottis but no positive pressure ventilation) are 
moved into positions likely to compromise lung function: e.g., dorsal 
recumbency, especially in animals with any pulmonary compromise. 
This may be mitigated in animals that have not been intubated by the 
normal reptilian ventilatory cycle where respiratory pauses are taken 
with a closed glottis, however clinically there is evidence that glottal 
opening can occur under anesthesia. Static compliance in ventrally 
recumbent animals tended to be higher than published values for intact 
shell T. scripta of (7.43–12.2 mL cmH2O− 1 kg− 1 (Bau, 2016; de Souza 
and Klein, 2021; Jackson, 1971b; Vitalis and Milsom, 1986) potentially 
as our non-invasively studied animals did not have cloacal sutures 
placed, therefore allowing urine displacement by increased lung volume 
to increase the compliance of the system. Our results, however, reflect 
the general trend that total respiratory system compliance in chelonians 
is over ten times higher than that in the mammals (Perry and Duncker, 
1980). The higher compliance found in dorsal recumbency is reflected in 
the published literature, where limb posture and submerged posture also 
have significant effects (Bau, 2016; de Souza and Klein, 2021; Jackson, 
1971b; Vitalis and Milsom, 1986) It would be interesting to model the 
effect of IPPV on movement of air within the chelonian lung, as has been 
attempted for the static monitor lung under spontaneous ventilation 
(Cieri and Farmer, 2020). There have been calls for a better evidence 
base for chelonian inspiratory pressures (Spielvogel et al., 2017). Clin-
ical use of inspiratory pressures of 10 cmH2O in chelonians are sup-
ported by the current study, with the necessary caveats on the potential 
for intraspecific differences. 

4.2. Cardiovascular parameters 

Cardiovascular parameters in pentobarbital anesthetized turtles, 
were less affected than respiratory parameters by IPPV and recumbency; 
cardiac outputs were robust to the effect of increasing ventilation 
pressure over the range 5–15 cm H2O. This is in contrast to the situation 
in mammals where venous return and cardiac output are reduced at 
higher airway and therefore intrathoracic pressures (Araos et al., 2020; 

Cournand et al., 1947; Morgan et al., 1966). Our ventilation pressures 
were capped at 15 cmH2O in the surgical preparation, to be consistent 
with clinically recommended values. It is therefore unknown if at higher 
airway pressures, this effect would be present in the turtles. Potentially 
turtles are less susceptible to airway pressure induced reduction in 
cardiac output due to the absence of a diaphragm which acts in mam-
mals to anatomically restrict the thorax such that central venous and 
right atria pressures are more susceptible to changes in intrathoracic 
pressures. Additionally, under anesthesia, intra-carapacial pressures and 
therefore their impacts on cardiac filling are buffered by the passive 
movement of the turtle limbs out of the carapace which accompanies 
lung inflation, as can be seen in our 2D data for a representative animal 
in Fig. 5. Right atrial and central venous pressure measurements would 
enable a more direct assessment of the effect of ventilation on venous 
return. 

While heart rates were higher in dorsally recumbent animals, the 
tendency towards larger stroke volumes seen in ventral recumbency 
meant that this effect was not carried through to cardiac output, the 
product of heart rate and stroke volume. This effect was previously re-
ported in anesthetized turtles where heart rate was pharmacologically 
lowered, but cardiac output remained steady, due to a concomitant in-
crease in stroke volume (Joyce et al., 2018). Pulmonary flow was more 
labile than systemic flow in our results, also seen in un-anesthetized and 
isoflurane-anesthetized animals, where changes in shunting pattern are 
in the main dictated by pulmonary flow changes (Garcia-Parraga et al., 
2018; Greunz et al., 2018; White et al., 1989). 

There was a large individual variation in this papers data for cardiac 
output (Fig. 2a) as also reported in the literature (Crossley et al., 1998; 
Joyce et al., 2018) which may be underlain by the complex interplay of 
control mechanisms on the cardiac output of chelonians, interacting 
with the action of the anesthetic. Given the effect sizes and intra-
individual variability, this study was underpowered to ascertain effects 
of recumbency on cardiac output and shunt fraction in this population. 
More direct evidence for the effect of recumbency and ventilation 
pressure on shunt would be possible with left atrial blood gas analysis, in 
comparison with the arterial data provided here. 

4.3. Electrolytes 

Published ranges for normal [K+] and [Na+] for Trachemys spp. are 
wide (2.4–7.5 mmol L− 1, for [K+] and 121–147 mmol L− 1 for [Na+]) 
(Dessauer, 1970; Innis and Knotek, 2020; Klaphake et al., 2018; Stecyk 
and Farrell, 2007). The biological significance of the changes to [K+] 
and [Na+] with ventilation pressure in the present study was therefore 
minor, despite the statistically significant relationship. In mammals, 
reduced atrial stretch under IPPV leads to increased ADH secretion, with 
local effects on renal perfusion causing electrolyte disturbance (Annat 
et al., 1983; Husain-Syed et al., 2016; Soni and Williams, 2008). In 
reptiles, mechanical ventilation was associated with hyperkalemia in 
rattle snakes (Bertelsen et al., 2014), but it did not significantly change 
with ventilation frequency. This is in contrast with the present study, 
where frequency was maintained, and tidal volume increased, and a 
significant correlation was observed. A similar observed tendency in ball 
pythons (Jakobsen et al., 2017), implicates tidal volume/end inspiratory 
pressure as the important factor rather than minute volume per se. 
Further investigation of atrial stretch, renal perfusion and [ADH/ANP] 
would be required to disentangle the mechanistic basis of these changes. 
As shifts were robust to randomization of order of ventilation pressures, 
the effect was closely temporally matched to ventilation regime, and 
therefore can be swiftly corrected. Despite the small effect size, this is 
another argument for care in choosing ventilation pressures in clinical 
populations, to reduce risk of electrolyte disturbance. 

4.4. Anesthetic effects 

In this study injectable anesthesia was used to provide an anesthetic 
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plane that was independent of ventilation. Hence, the effects of venti-
lation per se are separated from those of increased inhaled anesthetic 
uptake associated with increased minute ventilation (Williams et al., 
2020). Pentobarbital was chosen for its use in the comparative physio-
logical field thus providing historical data for comparison and due to its 
long duration of activity. Its use is associated with relatively high cardiac 
outputs, mainly due to high pulmonary flow and a relatively high heart 
rate due to depression of the parasympathetic regulation of heart rate 
and pulmonary blood flow (Crossley et al., 1998; Joyce et al., 2018). 
Under isoflurane anesthesia, high levels of right-to-left shunting are 
reported in chelonians (Greunz et al., 2018). Therefore, in the case of an 
isoflurane anesthetized chelonian, the effect of ventilation pressure on 
ventilation efficiency may be exacerbated by reductions in pulmonary 
perfusion in right-to-left shunt. Hence, any effects of recumbency on 
cardiac function and shunt may be exacerbated by the reductions in 
cardiac output and pulmonary perfusion seen under isoflurane. There-
fore, further work is required to investigate the effects of recumbency on 
cardiac function under clinically common anesthetic agents. 

5. Conclusions 

In turtles, despite their profound hypoxia tolerance, assisted venti-
lation is required under anesthesia, to provide their low but necessary 
oxygen requirement, and to remove CO2. The loss of spontaneous 
ventilation at surgical depths of anesthesia has led to recommendations 
for assisted ventilation, usually via IPPV. The effect of IPPV on lung 
volume and static compliance can be accurately assessed in un- 
instrumented animals using non-invasive CT imaging paired with 
quantitative analysis. This study documents the reduction in lung vol-
ume if animals are intubated but not ventilated, especially in dorsal 
recumbency. The data underlines the care needed when choosing IPPV 
values to match metabolic requirements, so as to not produce a respi-
ratory alkalosis by over-ventilation, but permit O2 provision and 
adequate CO2 elimination. The most appropriate values for IPPV from 
this study were maximum airway pressure of 10 cm H2O (matched here 
with a frequency of 4 breaths min− 1). 
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