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Perioperative Evaluation of Arterial and  
Venous Whole Blood in the Lamb (Ovis aries) 

Fontan Model

William E Schwartzman, BSE,1 Jingru Che, BS,2 Mark A Naguib,2 Jack Palillo, BA, BS, MPH,3 Michael Jimenez, BA,1,2 
Mackenzie E Turner, BS, MS,2,4 Andrew R Yates, MD,5 Carmen Arsuaga-Zorrilla, DVM, MS, DACLAM,6  

Christopher Breuer, MD,2 and John Kelly, MD2,5,*

Whole blood analysis can evaluate numerous parameters, including pH, pCO2, pO2, HCO3
−, base excess, glucose, electrolytes,  

lactate, blood urea nitrogen, creatinine, bilirubin, and hemoglobin. This valuable tool enables clinicians to make more informed 
decisions about patient care. However, the current body of literature describing perioperative whole blood analysis in Dorset 
sheep (Ovis aries) is small, so clinicians lack adequate information to guide their decision-making when evaluating test results. 
We evaluated arterial and venous whole blood pH, bicarbonate, pCO2, lactate, creatinine, and blood urea nitrogen before 
and for the first 24 hours after surgery in 2 cohorts of male and female Ovis aries undergoing one of 2 major cardiovascular 
procedures, a Single-Stage Fontan or an inferior vena cava to pulmonary artery extracardiac conduit implantation (IP-ECC). 
The cohort undergoing a Single-Stage Fontan, which is the more complex procedure, exhibited greater deviation from baseline 
measurements than did the cohort undergoing the IP-ECC for lactate, bicarbonate, and creatinine. The cohort undergoing 
the IP-ECC showed no significant deviation from baseline for any parameters, potentially indicating a better safety margin 
than expected when compared with the Single-Stage Fontan. Together, these results indicate the clinical value of arterial and 
venous whole blood measurements in perioperative management of sheep and can provide a reference for clinicians managing  
sheep after significant cardiovascular procedures.

Abbreviations and Acronyms: AKI, acute kidney injury; IP-ECC, inferior vena cava to pulmonary artery extracardiac conduit 
implantation; IVC, inferior vena cava; PA, pulmonary artery; SSF, Single-Stage Fontan; SVC, superior vena cava
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Introduction
Measurement of whole blood components is a rapid, effective, 

commonly used tool that enables clinicians to evaluate acid-base 
balance, gas exchange, and respiratory and metabolic function 
in patients.3,39,41 Measurable parameters include pH, pCO2, pO2, 
HCO3

−, base excess, glucose, electrolytes, lactate, blood urea nitro-
gen (BUN), creatinine, bilirubin, and hemoglobin.3 In the context 
of major cardiovascular surgery, whole blood measurements are 
particularly useful in characterizing pathologic deviations in 
respiratory, circulatory, and metabolic functions that may occur 
during and after surgery.5,15,22,23,39 Arterial whole blood samples 
are preferred for whole blood analysis due to perceived superior 
accuracy to venous samples for many parameters including 
pH, bicarbonate, and pCO2.

15,21,25,37 The validity of this idea has 
been challenged in multiple studies, but known minor differ-
ences in some parameters between arterial and venous blood 
increase with deviation from normal physiology.3,4,14,21,25,28,30,37,39  

However, venous blood is simpler and safer to collect than arterial 
blood, so understanding any meaningful differences in arterial 
and venous whole blood results is useful when determining how 
invasive one must be during sample collection.3,6,25

We have developed a sheep (Ovis aries) model for the Fontan 
procedure, a major cardiovascular operation used in the pallia-
tion of children born with single-ventricle heart disease.36 This 
procedure creates significant alterations to blood circulation pat-
terns; both the superior vena cava (SVC) and inferior vena cava 
(IVC) are detached from the right atrium and anastomosed to 
the pulmonary artery (PA), creating completely passive venous 
return to the pulmonary circulation (Figure 1A–C).36 The Fontan 
can be completed in one stage (Single-Stage Fontan [SSF]), or in 
multiple stages (Staged Fontan) to reduce the operative burden 
on the patient. In SSF, the IVC and SVC are both anastomosed to 
the PA in one operation (Figure 1B). In a typical Staged Fontan 
in human patients with single-ventricle anatomy, the SVC is 
anastomosed to the PA in an initial procedure, and the IVC-to-
PA anastomosis is completed in a second-stage procedure.2

In our experience, ovine subjects with native cardiac anatomy 
do not tolerate the standard staged clinical approach, thus neces-
sitating a switch in procedure staging. Therefore, our first-stage 
procedure is an IVC to pulmonary artery extracardiac conduit 
implantation procedure (IP-ECC) in which only the IVC is 
anastomosed to the PA (Figure 1C), such that venous return 
to the pulmonary circulation is only partially passive; SVC-to-
PA anastomosis is then completed during a second surgery.  
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The IP-ECC is shorter and induces less hemodynamic disruption 
than the SSF, reducing operative burden and improving surviv-
ability.2,26 Postoperative patient survival in humans has steadily 
increased since the Fontan procedure was pioneered 50 years 
ago; today, 30-year survival is approximately 85%.36 However, 
long-term survival with Fontan circulation has been associated 
with widespread and progressive downstream physiologic 
consequences.8,36 Building on the work of others, our group 
has established a long-term sheep model of Fontan circulation 
to improve mechanistic understanding of these consequences 
and validate therapeutic strategies.45

Ovis aries are a popular animal model for cardiovascular 
research due to anatomic and physiologic similarities to 
humans.10,12,38 However, despite the likelihood that whole 
blood analysis could provide useful information to guide peri- 
and postoperative management of ovine patients, there is a 
paucity of literature reporting pre- and postoperative reference 
values for parameters of clinical importance. Our review of the 
literature indicated that studies commonly describe baseline 
pH, pCO2, and bicarbonate values for sheep (Ovis aries), but 
we found only 2 studies that reported baseline whole blood 
lactate values, and only one that reported baseline whole blood 
creatinine and urea values.9,20,27,33,40,43 Furthermore, we found 
no studies that compared pre- and postoperative values in a 
panel of whole blood parameters. Aside from a single report 
on lactate in ovine oophorectomy, pre- to postoperative varia-
tion in whole blood components has not been described in the 
literature.27 More specifically, no studies are available that 
evaluate whole blood parameters in sheep in the context of 
a major cardiovascular procedure. The absence of published 
peer-reviewed benchmarks complicates peri- and postoperative 
patient management because it diminishes the utility of whole 
blood monitoring as a guide for clinical decision-making.

We retrospectively analyzed whole blood measurements of 
ovine subjects that underwent major cardiovascular surgeries. 
Our primary goal was to characterize the immediate postopera-
tive course of subjects undergoing one of 2 major cardiovascular 
procedures that differ in complexity and operation time. Cur-
rently, clinicians who want to use whole blood measurements 
to monitor ovine patients must interpret results using clini-
cal gestalt instead of utilizing published data for guidance.  

The establishment of baseline (preoperative) and postoperative 
reference ranges for sheep may improve both patient outcomes 
and our understanding of the similarities and differences be-
tween sheep and humans. We predicted that sheep undergoing 
the SSF procedure would show more pronounced deviations 
from baseline than would sheep undergoing IP-ECC for all 
analyzed parameters including lactate, pH, bicarbonate, pCO2, 
BUN, and creatinine due to the greater length and complexity 
of the SSF procedure.2

Materials and Methods
Animal subjects. Animal work was approved by the IACUC at 

the Abigail Wexner Research Institute and was conducted in ac-
cordance with the Guide for the Care and Use of Laboratory Animals 
(8th edition) at an AAALAC-International-accredited facility.

Data from 22 Dorset sheep (Ovis aries) were used in this 
study. All subjects that had undergone either an SSF (n = 12) or 
an IP-ECC (n = 10) at our institution were included. One SSF 
sheep died intraoperatively and was excluded from the analy-
sis. The analyzed SSF cohort (n = 11) consisted of 7 males and 
4 females with an average age at surgery of 13 mo and a range 
of 3 to 28 mo. The analyzed IP-ECC cohort (n = 10) consisted of 
6 males and 4 females with an average age at surgery of 13 mo 
and a range of 5 to 21 mo. Age at surgery was not significantly 
different (P = 0.9036) between the SSF and IP-ECC cohorts as 
shown by a Mann Whitney test (GraphPad Prism 9.4.1; Graph-
Pad Software, Boston, MA).

Dorset sheep were purchased from either Archer Farms 
(Darlington, MD) or the Ohio Agricultural Research and 
Development Center (Wooster, OH). They were treated on 
arrival for parasites using anthelmintics such as ivermectin 
(0.4 mg/kg; Aspen Veterinary Resources, Liberty, MO) and 
moxidectin (0.2 to 0.3 mg/kg; Elanco, Greenfield, IN). Females 
of breeding age received an injection of lutalyse (5 to 10 mg/kg;  
Zoetis, Kalamazoo, MI) due to cohousing with males; males 
had been castrated by the vendor. All sheep were tested before 
arrival for C. burnetii using PCR and serological assays and were 
monitored for parasite loads using FAMACHA scores and fecal 
tests. Sheep with a positive PCR for C. burnetii were culled. Fecal 
floats or additional diagnostic tests were performed if specific 
parasites were suspected. Additional C. burnetii serology and 

Figure 1.  (A) Normal ovine cardiac anatomy; (B) ovine cardiac anatomy after completion of a Single-Stage Fontan, with both the superior vena cava  
(SVC) and inferior vena cava (IVC) anastomosed to the main pulmonary artery (MPA); and (C) ovine cardiac anatomy after completion of our 
IVC to pulmonary artery extracardiac conduit, with only the IVC anastomosed to the MPA. LA, left atrium; LV, left ventricle; LPA, left pulmo-
nary artery; RA, right atrium; RPA, right pulmonary artery; RV, right ventricle (A–C created with BioRender.com).
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PCR were obtained before release from quarantine and subse-
quent imaging procedures.

Sheep were housed on a 12:12-h light:dark cycle and were 
housed in groups in collapsible caging except for the immediate 
postoperative period to protect catheters. Sheep were housed 
long-term on a floor with bedding after they had recovered from 
surgery. They were fed an alfalfa/clover mix twice daily and 
either Purina Lamb Grower Complete B30 (Land O’Lakes, St. 
Louis, MO) once daily or LabDiet Rumilab 5508 (Land O’Lakes) 
based on weight and age. Enrichment included a variety of 
fruits and vegetables, floor and hanging toys, and exercise in 
a facility hallway. Sheep were observed at least once daily by 
husbandry staff, as well as by veterinary staff in clinical cases. 
If concerns regarding appetite or weight loss developed during 
the postoperative period, fruits, vegetables, or additional grain 
were added to the diet.

Surgical procedures. Preoperative preparation and intraopera-
tive management.  Sheep were sedated with ketamine (up to 
4 mg/kg; Hospira, Lake Forest, IL), butorphanol (0.1 mg/kg; 
Zoetis, Parsippany, NJ), and either midazolam (up to 0.5 mg/kg; 
Athenex, Buffalo, NY) or diazepam (up to 0.5 mg/kg; Hospira, 
Lake Forest, IL) based on drug availability. Induction was per-
formed as an intravenous injection into the jugular vein. Once 
induced, sheep were intubated with an endotracheal tube rang-
ing from 9.5 to 10 mm (Medtronic, Minneapolis, MN) and placed 
on isoflurane (Baxter International, Deerfield, IL). Mechanical 
ventilation (Aestiva/5 Anesthesia Machine; GE Healthcare, 
Madison, WI) was started on pressure mode, either positive 
pressure or pressure support ventilation with 50% to 100% 
oxygen and flow rate maintained at 1 to 3 L/min, and main-
tained throughout the procedure. Tidal volume was calculated 
as 8 to 10 mL/kg and adjusted based on EtCO2 (normal range: 
35 to 45 mmHg). Catheters (BD Angiocath; Becton Dickinson,  
Franklin Lakes, NJ) were placed in the posterior auricular artery 
(22 to 24 gauge), jugular vein (16 to 18 gauge), and saphen-
ous vein (18 gauge). Surgical anesthesia was maintained with 
propofol (Fresenius Kabi, Lake Zurich, IL) as a constant rate 
infusion (CRI) at a rate of 25 to 40 mg/kg/h IV.

Sheep were monitored using SurgiVet Advisor Tech Vital 
Signs Monitors (Smiths Medical, St. Paul, MN) for the following: 
electrocardiography, invasive blood pressure via the posterior 
auricular artery, noninvasive blood pressure via a cuff on the 
hind limb (Technicuff Blood Pressure Cuff [9 to 25 cm], Leesburg, 
FL; or Medline Blood Pressure Cuff [13.8 to 21.5 cm], Northfield, 
IL), EtCO2, SPO2, and temperature. Temperature was maintained 
using heated intravenous fluids, a water-recirculating blanket 
(Stryker Medical, Kalamazoo, MI), and a Bair Hugger (3M, St. 
Paul, MN). Vital signs were recorded at 15-min intervals or as 
necessary to maintain stable anesthesia. Blood samples were col-
lected and measured at 30- to 60-min intervals during surgery. 
Vasopressin (20 U/mL; American Regent, Shirley, NY), epineph-
rine (1 mg/mL; Par Pharmaceutical, Chestnut Ridge, NY), and 
phenylephrine (10 mg/mL; Westward Pharmaceutical, Eaton-
town, NJ) were used to maintain blood pressure and heart rate 
during the procedure. Sheep received approximately 100 mL/h 
of lactated Ringer solution (ICU Medical, San Clemente, CA) 
during the procedure. Fentanyl CRI (5 to 10 μg/kg/h; Hospira, 
Lake Forest, IL) was administered for pain management start-
ing at the time of first incision. Sheep also received cefazolin 
(25 mg/kg; Qilu Antibiotics Pharmaceutical, Jinan, Shandong, 
China) every 90 min until the end of surgery. Bupivicaine (1 to 
2 mg/kg; Hikma Pharmaceuticals, Berkeley Heights, NJ) and/or 
liposomal bupivicaine (Exparel; 5.3 mg/kg; Pacira BioSciences, 
Tampa FL) were used as local anesthetics and were administered 

after sterile preparations using a ring block technique around 
the surgical site. Additional doses of buprenorphine (0.01 to 
0.03 mg/kg; Par Pharmaceutical; Chesnut Ridge, NY) and/or 
buprenorphine ER (0.01 to 0.3 mg/kg SQ; ZooPharm, Laramie, 
WY) were given to maintain adequate pain control.

Venous catheters (jugular and saphenous veins) were placed 
for delivery of fluids, CRI, and other medications to maintain 
stable anesthesia. Up to 2 arterial lines (one per ear, posterior 
auricular artery) were used for invasive blood pressure and 
whole blood monitoring. Sheep were positioned on right lateral 
recumbency. Wool was clipped at the surgical site and the skin 
was prepared using alternating chlorhexidine (Aspen Veteri-
nary Resources, Loveland, CO) and isopropyl alcohol swabs 
(Cardinal Health, Dublin, OH).

SSF and IP-ECC study groups. Two surgical procedures were 
evaluated: IP-ECC and SSF. Our IP-ECC procedure refers to 
an operation that redirects flow from the IVC to the main PA 
(MPA) by connecting an 18-mm-diameter Gore-Tex synthetic 
conduit (W.O. Gore and Associates, Newark, DE) from the IVC 
to the MPA (Figure 1C).

In our subjects, the IP-ECC is followed later by the Glenn 
operation, which involves anastomosis of the SVC to the MPA. 
Notably, this is the opposite order of Staged Fontan procedures 
for human patients. In humans, the Glenn operation is con-
ducted first and is followed later by the IP-ECC implantation. 
We reversed the staging of these procedures because our subjects 
did not survive procedures done in the typical order. An SSF 
includes an IP-ECC as described above in addition to the crea-
tion of a Glenn shunt during the same operation (Figure 1B). 
In our experience, the operative times for the SSF and IP-ECC 
groups were approximately 5 h and 3 h, respectively.

Glenn shunt (implemented in SSF patients).  A right lateral 
thoracotomy was performed at the third intercostal space. The 
pericardium was incised to expose the right atrium and the PA. 
During the Glenn operation, the SVC and the right atrium were 
each cannulated with a venous cannula, and the SVC-right atrium 
bypass was initiated by connecting the SVC and right atrium 
cannulas. The SVC was clamped proximally and distally of the 
cannula and then transected below the cannula near the heart; 
the SVC end close to the heart was closed with a continuous run-
ning suture (2-0 silk; Perma-Hand; Ethicon, Cincinnati, OH). The 
cranial side of the PA was clamped via a side-biting technique 
and the SVC was anastomosed side-to-end to the PA using 6-0 
polypropylene sutures (Prolene; Ethicon, Cincinnati, OH).

IVC to IP-ECC implantation. The IVC was partially clamped 
via a side-biting technique. An 18-mm-diameter Gore-Tex 
graft (W.O. Gore and Associates, Newark, DE) was then 
anastomosed end-to-side to the IVC. The IVC end close to 
the right atrium was tied with a 2-0 silk suture (Perma-Hand; 
Ethicon, Cincinnati, OH). The right side of the MPA was 
partially clamped, and the polytetrafluoroethylene graft was 
anastomosed to the MPA in an end-to-side fashion. The clamps 
and cannula were removed. Two chest tubes (PleurX Pleural 
Catheter; Becton Dickinson, Franklin Lakes, NJ) were placed 
(anterior and posterior or left and right) and connected to a J-vac 
system (Johnson and Johnson, New Brunswick, NJ).

Postoperative management. After weaning from the ventilator 
using pressure support ventilation, sheep were moved to a re-
covery room. They received oxygen by nasal cannula (Medline, 
Northfield, IL) during the immediate postoperative period (first 
1 to 6 h) until recovered and ambulatory. Sheep received their 
daily ration of grain and hay on recovery. Sheep were monitored 
continuously for 24 h after surgery and potentially longer based 
on the animal’s condition.
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Blood samples were analyzed using the i-STAT point-of-care 
laboratory system (Abbott Point of Care, Princeton, NJ), hourly 
in the immediate postoperative window, then every 2 h, and 
then every 4 h. Pain score, food and water consumption, chest 
tube volume of air and fluid, and urination and defecation were 
monitored continuously and tracked in 24-h increments. Pain 
was scored using an established Sheep Grimace Scale.16 Fluid 
levels were tracked by monitoring the volume of fluid intake and 
urine output. Hydration status was maintained via oral fluids 
mixed with electrolytes (PRANG) or via intravenous lactated 
Ringer solution (approximately 50 mL/h) or another crystalloid 
like 0.9% NaCl. After the initial 7 d, sheep were monitored at 
least 5 times daily for another 7 d.

Chest tubes were evaluated every 2 to 4 h in the immediate 
postoperative period depending on chest tube output. Chest 
tube output was tabulated at 8-h intervals. If output decreased 
or abnormalities in PaO2, SpO2, or TCO2 were noted, the chest 
tube was evaluated for signs of a fibrin clot. Syringes were 
intermittently attached to J-vac tubing to dislodge any possible 
clots. If clots were noted, alteplase (2 mg; Genentech, South San 
Francisco, CA) was used. Chest tube output dropped as sheep 
recovered from surgery. Once output ceased, the tubes were 
removed (usually at 14 d after surgery). For treatment of meta-
bolic acidosis (pH ≤ 7.3), one dose of bicarbonate (1 mEq/kg;  
Hospira, Lake Forest, IL) was administered. A repeat dose was 
given if the acidosis did not improve on repeat blood work. 
Calcium chloride (10 mg/kg; American Regent, Shirley, NY) was 
administered for hypocalcemia. Oral gabapentin (10 to 15 mg/kg 
SID-BID; Alkem Laboratories, Parsippany, NJ) was started on the 
first day after surgery, and individual doses of meloxicam (0.5 to 
1 mg/kg; Cipla, Warren, NJ) could be given as needed (as clinical 
signs indicated). Clinical interventions were made in collabora-
tion with a cardiologist, an ICU cardiologist, an anesthesiologist 
specializing in cardiothoracic surgery, and the veterinary staff.

Sheep whole blood sample acquisition Pre- and postoperative 
whole blood samples were collected from an arterial line or 
venous catheter (Figure 2). Preoperative samples were collected 

before surgery in the first 20 min after induction and intubation. 
Arterial samples were always collected from the posterior au-
ricular artery, and venous samples were always collected from 
the internal jugular vein. Samples at all time points were either 
venous or arterial (the 2 sample types were never collected 
concurrently). The i-STAT point-of-care system (Abbott Point of 
Care, Princeton, NJ) was used to analyze whole blood samples. 
CG8+, CHEM8+, and CG4+ cartridges were used to measure 
parameters that included electrolytes, acid-base parameters, 
oxygen, hemoglobin, hematocrit, and lactate to monitor the 
animals' physiologic responses to the SSF or IP-ECC procedures.

Data collection and statistical analysis. A retrospective analy-
sis of whole blood data was conducted for each of the 21 sheep 
that survived either a SSF or IP-ECC procedure. All measure-
ments made during the first 24 h immediately after surgery 
were collated to characterize postoperative recovery. Due to 
the retrospective nature of the study, whole measurements had 
not been conducted at uniform postoperative time intervals 
because sample collection was dictated by clinical manage-
ment of the sheep. To establish consistency across the cohort, 
data were grouped into 3-h intervals after surgery, as most 
patients had undergone at least one whole blood measurement 
every 3 h after surgery for the first 24 h (Figure 2). Therefore, 
for each parameter, each subject had a single data point at 
baseline (before surgery) and at postoperative time points of 
0, 3, 6, 9, 12, 15, 18, 21, and 24 h. To report summary data from 
the 24-h intervals, we aggregated all postoperative data points 
(0 to 24 h) separately for each cohort and compared them with 
baseline. All sheep in this retrospective study had missing data 
points for multiple parameters at some time points, including 
baseline. This strategy standardized the number of data points 
that contributed to the overall cohort dataset from each patient. 
As such, sheep that had extremely active clinical management 
and more frequent blood collection were not overrepresented 
in the dataset as compared with sheep that needed less intense 
clinical management; all subjects that survived for 24 h were 
represented by the same number of data points.

Figure 2.  Diagram to demonstrate baseline and postoperative sample collection for each cohort. Preoperative samples were collected less than 
20 min after induction of anesthesia, and postoperative samples were collected based on clinical need during the first 24 h after surgery. For 
postoperative samples, for each parameter, only one measurement per 3-h interval was included for each subject in our dataset. Therefore, for 
each parameter, each subject had a single data point at baseline (before surgery) and at postoperative time points of 0, 3, 6, 9, 12, 15, 18, 21, and 
24 h. All subjects had missing data at some time points for some parameters. Arterial and venous values were combined for creatinine and BUN, 
and reported separately for pH, bicarbonate, pCO2, and lactate.
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During the first 24 h after surgery, arterial blood remained the 
source for whole blood analysis for different amounts of time 
between animals; after arterial blood was no longer viable to 
collect, venous blood was collected. This variability was due to 
differences in arterial line patency across the cohort; for some 
animals, it was practical to continue collecting arterial blood 
throughout the entire first 24 h, while for others, the arterial 
line was dislodged or lacked sufficient blood return sooner after 
surgery. Once the arterial line was no longer viable for a par-
ticular animal, only venous samples were collected. Therefore, 
whole blood data for the first 24 h after surgery is a combination 
of arterial and venous samples, and intersubject variability in 
the respective proportion of arterial compared with venous 
samples is due to differences in loss of arterial line patency. 
Due to this, we reported arterial and venous measurements of 
pH, bicarbonate, and pCO2 separately due to known variability 
between arterial and venous measurements. Lactate was also 
reported as separate arterial and venous measurements due 
to a previous report of arterial-venous variation in sheep.27 
We combined arterial and venous measurements of creatinine 
and BUN into single profiles because these parameters are not 
expected to vary across sample types (Figure 2).

Data were collated, analyzed, and presented using Graph-
Pad Prism 9.4.1 (GraphPad Software, Boston, MA). A P value 
of less than 0.05 was considered significant. A Kruskal-Wallis 
test with Dunn's multiple comparisons was used to evalu-
ate differences between average values across the full 24-h  
postoperative interval and baseline (preoperative) for SSF and 
IP-ECC study groups for each parameter. A mixed-effects model 
for main effects only with a Geisser-Greenhouse correction to 
account for nonsphericity was used to assess the fixed effect 
of time after surgery on 24-h parameter trends. As the arterial 
lines of all but one subject remained patent until at least 3 h 
after surgery, we had too few data points for venous pH, ve-
nous bicarbonate, venous pCO2, and venous lactate at the 0-h 
postoperative time point to implement a Geisser-Greenhouse 
correction. Therefore, we did not assess the effect of time after 
surgery for these sample groups.

Results
Preoperative and postoperative comparisons of whole blood 

parameters.  Parameter measurements during the first 24 h 
after surgery were aggregated regardless of the specific time 
interval after surgery (Table 1 and Figures 3 and 4). Compari-
sons of baseline and postoperative measurements for both SSF  
and IP-ECC surgeries revealed several differences. SSF had 
higher creatinine (P < 0.0001, P < 0.0001) and venous lactate  
(P = 0.0002, P = 0.0021) than both the baseline and IP-ECC co-
horts (Figure 4B and C). Arterial lactate in the SSF cohort was 
higher than baseline (P = 0.0143) but was not elevated relative 
to the IP-ECC cohort (Figure 4A). Arterial bicarbonate fell in 
SSF sheep as compared with the other 2 cohorts (P = 0.0086, 
P < 0.0001) (Figure 3B). BUN was higher in SSF sheep than in 
IP-ECC sheep (P < 0.0001) but was not significantly different 
from baseline (Figure 4D). Finally, there were no intercohort  
differences between SSF, IP-ECC, and baseline in arterial or  
venous pH, venous bicarbonate, or arterial or venous pCO2  
(Figure 3A, C, and D–F). Notably, the IP-ECC cohort did not 
deviate significantly from baseline measurements for any 
parameter, although IP-ECC BUN levels fell to a level that  
approached significance (P = 0.0548) as compared with baseline 
(Figure 4D).

Temporal profile of whole blood parameters after surgery. To 
further characterize changes in the serum parameters of SSF 

and IP-ECC sheep, we compared values obtained during 3-h 
intervals throughout the first 24 h after surgery (Figures 5 
and 6). Arterial and venous pH values indicated immediate 
postoperative acidosis that quickly returned to baseline, with 
no differences between cohorts (Figure 5A and D). Arterial 
bicarbonate measurements peaked immediately after surgery 
and then declined over the next 24 h in both cohorts (Figure 5B).  
In contrast, venous bicarbonate values did not show an obvious 
pattern (Figure 5E). Arterial and venous pCO2 peaked immedi-
ately after surgery in both cohorts, returning to baseline over 
the 24-h period (Figure 5C and F).

Arterial and venous lactate levels peaked during the 3- to 6-h 
interval after surgery in both cohorts and had not returned to 
baseline within 24 h (Figure 6A and C). This pattern was more 
apparent in venous as compared with arterial lactate measure-
ments. The magnitude of the lactate peak was higher in the 
SSF cohort, corresponding with our 24-h aggregate findings 
(Figure 6A and C).

Creatinine showed a similar pattern, with a peak in the SSF 
cohort in the 15-h interval that had not returned to baseline 
by 24 h after surgery (Figure 6B). The IP-ECC cohort showed a 
similar pattern, but it was less obvious (Figure 6B). Again, the 
SSF cohort had a higher peak (Figure 6B).

Temporal patterns in BUN measurements for the SSF cohort 
were nearly identical to those of creatinine, with a slow postop-
erative elevation from baseline that peaked at around 15 h and 
had not returned to baseline by 24 h after surgery (Figure 6D).  
BUN measurements in the IP-ECC cohort did not show an 
obvious temporal pattern.

A mixed-effects model analysis was conducted for arterial pH, 
arterial bicarbonate, arterial pCO2, arterial lactate, creatinine, 
and BUN. Of these variables, time from surgery reached signifi-
cance as a fixed effect for arterial pH (P = 0.0039) and arterial 
pCO2 (P = 0.0055). The fixed effect of time was not significant 
for arterial bicarbonate, arterial lactate, creatinine, or BUN  
(P = 0.1589, 0.1023, 0.1733, and 0.454, respectively).

Table 1.  Average baseline and first 24-h postoperative whole blood 
measurements of pH, bicarbonate, pCO2, lactate, creatinine, and 
BUN for the Single-Stage Fontan (Fontan) and inferior vena cava 
to pulmonary artery extracardiac conduit (IP-ECC) cohorts

Baseline
Postoperative 
Fontan cohort

Postoperative 
IP-ECC cohort

Arterial pH 7.47 ± 0.05 
(7.33, 7.54)

7.44 ± 0.07 
(7.27, 7.56)

7.46 ± 0.08 
(7.31, 7.57)

Venous pH 7.45 ± 0.04 
(7.36, 7.51)

7.41 ± 0.11 
(7.04, 7.54)

7.45 ± 0.06 
(7.29, 7.53)

Arterial bicarbonate  
(mEq/L)

30.3 ± 3.1 
(24.3, 39.0)

27.5 ± 3.1 
(20.8, 37.2)

31.6 ± 4.6 
(19.0, 39.7)

Venous bicarbonate  
(mEq/L)

29.8 ± 2.5 
(24.0, 34.9)

29.4 ± 4.1 
(21.9, 39.0)

31.2 ± 4.0 
(21.7, 40.7)

Arterial 
pCO2 (mmHg)

41.6 ± 5.9 
(32.7, 55.1)

41.3 ± 10.6 
(27.8, 73.2)

45.2 ± 10.6 
(32.6, 73.9)

Venous 
pCO2 (mmHg)

43.2 ± 5.4 
(33.8, 52.6)

44.9 ± 7.8 
(34.0, 66.5)

45.2 ± 7.4 
(36.6, 72.8)

Arterial lactate 
(mmol/L)

1.08 ± 0.61 
(0.40, 1.96)

4.10 ± 3.62 
(0.46, 15.45)

2.54 ± 2.37 
(0.30, 9.39)

Venous lactate 
(mmol/L)

0.93 ± 0.34 
(0.41, 1.44)

6.45 ± 4.00 
(0.88, 14.21)

2.48 ± 2.17 
(0.40, 9.70)

Creatinine (mg/dL) 0.6 ± 0.1 
(0.4, 0.7)

1.0 ± 0.4 
(0.5, 2.0)

0.6 ± 0.2 
(0.5, 1.7)

BUN (mg/dL) 17 ± 4 
(11, 22)

20 ± 6 
(9, 46)

14 ± 3 
(8, 23)

Data are presented as mean ± SD (minimum, maximum).
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Discussion
Our laboratory has performed staged cardiac reconstruc-

tive surgery to establish and repair single ventricle cardiac 
abnormalities in sheep that were then studied to evaluate the 
long-term complications of living with Fontan physiology.35 
Cardiovascular, renal, and pulmonary parameters were closely 
monitored in these animals by using arterial and venous whole 
blood measurements to ensure optimal peri- and postopera-
tive management. Abnormal postoperative findings included 
acid-base disturbances, lactic acidosis, and decreased renal 
function. We performed a retrospective assessment of the 
arterial and venous whole blood values in these subjects to 
guide postoperative care of sheep that have undergone major 
cardiovascular surgery.

As hypothesized, and in accordance with human studies, 
postoperative parameter deviations from baseline were gener-
ally more significant for subjects that underwent an SSF, which 
is a longer and more complex procedure than an IP-ECC.2 Spe-
cifically, this hypothesis was confirmed for arterial bicarbonate, 
arterial and venous lactate, and creatinine, markers that are 
associated with respiratory acidosis and acute kidney injury 
(AKI) resulting from low cardiac output and reduced respiratory 
rate after surgery. Postoperative differences in these parameters 
for the SSF and IP-ECC cohorts could be due to differences in 
cardiac output, operative stress, or both. The SSF takes longer to 
perform and results in completely passive venous return to the 
pulmonary circulation, whereas IP-ECC can be performed in a 
shorter time and results in only partially passive venous return.

Temporal pH profiles were similar in both cohorts, demon-
strating an initial respiratory acidosis as anesthesia was wearing 
off and subjects had been extubated but were still somewhat 
sedated. Once the sedation had resolved, respiratory acidosis 
improved, and metabolic lactic acidosis ensued as the sheep 
adapted to the new physiology. This recovery pattern is consist-
ent with recovery patterns of humans after cardiac surgery, with 
a period of low cardiac output for 6 to 18 h after surgery that then 
resolves. During the period of metabolic acidosis, sheep were 
sometimes given sodium bicarbonate and respiratory support 
to buffer the metabolic acidosis and correct deviations in pH. 
These 2 factors likely combined to obscure the natural course 
of pH changes. Arterial bicarbonate levels were significantly 
lower in the SSF cohort as compared with the IP-ECC cohort, 
corresponding with lactate levels; lactic acidosis is associated 
with metabolic acidosis that occurs due to tissue hypoxia and 
anaerobic metabolism.44 Our nonstandardized administration 
of exogenous sodium bicarbonate in both postoperative cohorts 
significantly confounds the interpretation of postoperative pH 
and bicarbonate findings in this study. Without clinical man-
agement, we would expect acidosis and a concomitant drop 
in bicarbonate in both surgical cohorts, with the change likely 
greater in the SSF group. Notably, despite the administration 
of exogenous bicarbonate, pH and bicarbonate levels in the 
surgical cohorts did not exceed the preoperative baseline. Fur-
thermore, during clinical management, exogenous bicarbonate 
was administered to SSF animals more often than IP-ECC 
animals. The finding of significantly lower arterial bicarbonate 

Figure 3.  Blood measurements of (A) arterial pH; (B) arterial bicarbonate, (C) arterial pCO2; (D) venous pH; (E) venous bicarbonate; and  
(F) venous pCO2 at baseline and during the 24 h after surgery for the Single-Stage Fontan (Fontan) and inferior vena cava to pulmonary artery  
extracardiac conduit (IP-ECC) cohorts.
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levels in the SSF cohort as compared with baseline and the 
IP-ECC cohort is even more notable in this context. Taken to-
gether, these observations suggest that an underlying acidosis is 
masked by administration of exogenous bicarbonate. Therefore, 
although we acknowledge the significant confounding of pH 

and bicarbonate results due to exogenous sodium bicarbonate 
administration, our results may still be useful to clinicians who 
interpret them in this context.

Our temporal patterns in lactic acidosis mirrored those re-
ported in human Fontan studies, with a rapid postoperative 

Figure 4.  Blood measurements of (A) arterial lactate; (B) creatinine; (C) venous lactate, and (D) blood urea nitrogen (BUN) at baseline and in  
the 24-h postoperation for the Single-Stage Fontan (Fontan) and inferior vena cava to pulmonary artery extracardiac conduit (IP-ECC) cohorts.
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Figure 5.  Three-hour interval patterns during the first 24 h after surgery for (A) arterial pH; (B) arterial bicarbonate; (C) arterial pCO2;  
(D) venous pH; (E) venous bicarbonate; and (F) venous pCO2 for the Single-Stage Fontan (Fontan) and inferior vena cava to pulmonary artery  
extracardiac conduit (IP-ECC) cohorts.
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increase in lactate followed by a slow return toward baseline.17,18 
Major cardiac surgeries can drive significant lactate elevation 
as a consequence of regional or systemic conditions of low 
perfusion.13 In fact, some human blood lactate studies actively 
exclude cardiac surgery patients from analyses of larger cohorts 
because of skewed lactate levels.13 Low perfusion leads tissues 
to convert to anaerobic metabolic processes, generating lactate 
that subsequently drains into venous circulation.13,27 Patterns 
of lactate levels in our study were more apparent in venous 
samples than arterial samples, consistent with the only ovine 
study that compared arterial and venous lactate and found a 
significant 0.44 mmol/L elevation in venous over arterial lactate 
in a 10-subject ovine cohort at 6 wk after oophorectomy.27 We 
could not conduct direct arterial-venous comparisons for each 
parameter because we never drew arterial and venous samples 
concurrently. Also of note, the use of lactate levels in cardiac sur-
gery to interpret the presence of an anaerobic state is complicated 
because lactate can also be elevated by alternate factors, includ-
ing surgical stress, β-adrenergic drugs, and lung production of 
lactate.42 Despite this, lactate was shown to be a reliable predic-
tor of low cardiac output syndrome, which is associated with 
a decreased cardiac index and signs of organ hypoperfusion.42

AKI is a well-documented complication of invasive cardiac 
surgeries, affecting up to 50% of patients.11,24 Three main patho-
physiological mechanisms contribute to AKI in the setting of 
cardiac surgery: renal hypoperfusion, inflammation with oxida-
tive stress, and the use of nephrotoxic agents.11 In our cohort, 

renal hypoperfusion is likely exacerbated by reduced cardiac 
output after surgery. Complete or even partially passive venous 
return reduces cardiac output, affecting end-organ perfusion. 
Despite extensive investigations into alternative markers for 
AKI, creatinine and BUN are still the most frequently used.32 
Postoperative increases in both of these biomarkers have been 
associated with increased mortality.1,19,24,31,34 In our study, 
creatinine levels indicated reduced renal function primarily in 
the SSF cohort, which had an increase in creatinine. The serum 
creatinine concentrations of most subjects in the SSF cohort 
did not exceed the normal reference range (0.8 to 1.3 mg/dL).7 
However, in humans, a serum creatinine concentration increase 
of greater than or equal to 0.3 mg/dL or a percentage increase 
greater than or equal to 50% is diagnostic for AKI.29 These 
guidelines suggest the increase in creatinine that we found in 
the SSF cohort is clinically significant. The IP-ECC cohort had 
no significant deviation from baseline in creatinine or BUN.

The primary unexpected finding in our analysis was our BUN 
data, which showed a significant elevation in the SSF cohort as 
compared with the IP-ECC cohort, even though neither group 
deviated significantly from baseline. These results indicate a 
moderate increase in BUN from baseline for the SSF cohort and a 
moderate decrease in BUN from baseline for the IP-ECC cohort. 
However, creatinine, another biomarker of kidney function, 
showed a significant increase from baseline for the SSF cohort but 
not in the IP-ECC cohort. The difference in patterns of creatinine 
and BUN was unexpected and merits further study. A likely 

Figure 6.  Three-hour interval patterns during the first 24 h after surgery for (A) arterial lactate; (B) creatinine; (C) venous lactate; and (D) blood 
urea nitrogen (BUN) for the Single-Stage Fontan (Fontan) and inferior vena cava to pulmonary artery extracardiac conduit (IP-ECC) cohorts.
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explanation is rooted in the increased fluid loss and decreased 
fluid intake that occurred in the SSF cohort relative to the IP-ECC 
cohort. The effect of dilution due to total fluid balance and 
intravenous fluid intake may affect BUN more than creatinine; 
clinically, when starting diuretics, we repeatedly noticed a rise 
in BUN before any change in creatinine. However, we could 
not adjust for these factors as we did not monitor fluid balance 
and thus cannot comment definitively on this. The sheep in this 
cohort were not started on diuretics (furosemide and spironol-
actone) until postoperative day 3 or later, so these medications 
had no impact on the 24-h values reported in this study.

This retrospective study was based on data from whole blood 
testing that was implemented based on clinical need as compared 
with standardized time points. This approach resulted in gaps in 
the dataset; all subjects had missing data points at multiple time 
points, including baseline, for several parameters. Therefore, de-
spite having 21 subjects, we did not have 21 data points for each 
parameter at all reported time intervals. The specific data points 
that were missing varied among subjects. We grouped data to 
mitigate the effect of these gaps on our analysis and conclusions, 
but due to the small sample size, these gaps may have affected 
outcomes. The 21 subjects used for this analysis had a wide range 
of clinical outcomes. Four subjects died within 24 h after surgery, 
2 from the SSF cohort and 2 from the IP-ECC cohort, and some 
of the surviving subjects recovered more quickly than others. As 
such, this report does not describe the clinical course of serum 
measurements for a cohort of animals with the same positive 
(or negative) outcomes. Different values may have occurred in 
sheep that experienced either normal recovery or rapid decline. 
Standardization of our included data, such that each subject had 
one data point per 3-h interval, prevented overrepresentation of 
subjects that were more actively clinically managed. In the clinic, 
major cardiovascular procedures can have an array of outcomes, 
and because our sheep cohort follows this trend, our findings 
are more representative of typical clinical findings than of a co-
hort comprised of subjects recovering at a uniform rate (all very 
quickly or all very slowly). Another limitation is the wide range 
of ages at surgery (3 to 28 mo) for subjects included in this study. 
Age and size may have influenced the ability of each subject to 
recover from the surgery, thus influencing analyte measurements. 
However, the ages at surgery were statistically equivalent in the 
SSF and IP-ECC cohorts (P = 0.9036) suggesting that comparisons 
of the 2 cohorts are not skewed by age variability. All subjects 
were actively managed to support the clinical course; interven-
tions likely affected analyte values. Bicarbonate and pH were the 
parameters most likely to be affected by clinical management as 
we routinely administered a dose of bicarbonate (1 mEq/kg) to 
sheep with a postoperative pH of 7.3 or lower and gave a repeat 
dose if acidosis did not improve. We did not maintain informa-
tion on which sheep received bicarbonate, so we cannot compare 
the treated and nontreated subjects. However, we do know that 
many more SSF sheep were treated as compared with IP-ECC 
animals. In the course of managing these animals, we did not 
notice bicarbonate administration (or lack thereof) was a prog-
nostic indicator. Subjects that received sodium bicarbonate may 
develop transient and mild metabolic alkalosis. We speculate that 
the minimal variability from baseline seen in arterial and venous 
pH and venous bicarbonate in both surgical cohorts indicates a 
masking of the expected trend of acidosis and concomitant drop 
in bicarbonate. Despite potential side effects and variables, failure 
to treat metabolic acidosis with sodium bicarbonate would not be 
consistent with typical clinical management.

In summary, this retrospective study provides measurements 
of arterial and venous whole blood analytes in sheep after 2 

different major cardiovascular surgeries. When comparing 
parameters in the 2 cohorts, deviation from baseline findings 
was greater for the SSF. In contrast to the SSF group, the IP-ECC 
cohort showed no significant deviation from baseline for any as-
sessed parameters. This finding indicates a higher safety profile 
for the less complex surgery, as would be expected. However, 
the marked absence of any deviation from baseline for all pa-
rameters in the IP-ECC cohort, despite clinical management, 
merits future assessment in a larger cohort.

The primary point of comparison that can be made between 
our results and existing literature is in baseline measurements. 
Numerous published studies report baseline pH, pCO2, and 
bicarbonate data for sheep, but only 2 reported baseline blood 
lactate, and only one reported baseline blood creatinine and 
urea.9,20,27,33,40,43 Because we collected our baseline measure-
ments from anesthetized sheep (always less than 20 min  
after induction), it is useful that 2 of these studies reported 
baseline whole blood values in sheep both before and during 
anesthesia.33,43 Our baseline measurements agree with those in 
the existing literature for all 6 parameters that we measured, 
including studies that used unanesthetized sheep.9,20,27,33,40,43 
We speculate that anesthesia did not cause significant devia-
tions in our baseline measurements due to the short interval 
between induction and sample collection. A previous study 
reported that pH, pCO2, lactate, urea, and creatinine did not 
change significantly within 20 min after induction of anesthesia 
in sheep, but bicarbonate was not measured.43 Beyond baseline 
comparisons, the aims of our study do not overlap with prior 
reports of whole blood findings in sheep, so other comparisons 
with the literature are not possible.

Our study represents the first attempt to characterize post-
operative variation in a panel of whole blood analytes in sheep 
and aims to support real-time diagnostic capabilities and post-
operative management. Overall, the data from this study should 
improve future postoperative treatment of sheep undergoing 
major cardiovascular procedures to facilitate research on these 
lifesaving surgeries.
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