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Abstract

Implantable, viable tissue engineered cardiovascular constructs are rapidly approaching clinical
translation. Species typically utilized as preclinical large animal models are food stock ungulates
for which cross species biological and genomic differences with humans are great. Multiple
authorities have recommended developing subhuman primate models for testing regenerative
surgical strategies to mitigate xenotransplant inflammation. However, there is a lack of specific
quantitative cardiac imaging comparisons between humans and the genomically similar baboons
(Papio hamadryas anubis). This study was undertaken to translate to baboons transesophageal
echocardiographic functional and dimensional criteria defined as necessary for defining cardiac
anatomy and function in the perioperative setting. Seventeen young, healthy baboons
(approximately 30 kg, similar to 5 year old children) were studied to determine whether the
requisite 11 views and 52 measurement parameters could be reliably acquired by transesophageal
echocardiography (TEE). The obtained measurements were compared to human adult normative
literature values and to a large relational database of pediatric “normal heart” echo measurements.
Comparisons to humans, when normalized to BSA, revealed a trend in baboons toward larger
mitral and aortic valve effective orifice areas and much larger left ventricular muscle mass and
wall thickness, but similar pulmonary and tricuspid valves. By modifying probe positioning
relative to human techniques, all recommended TEE views except transgastric could be replicated.
To supplement, two transthoracic apical views were discovered that in baboons could reliably
replace the transgastric TEE view. Thus, all requisite echo views could be obtained for a complete
cardiac evaluation in Papio hamadryas anubis to noninvasively quantify cardiac structural
anatomy, physiology, and dimensions. Despite similarities between the species, there are subtle
and important physiologic and anatomic differences when compared to human.
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1.0 Introduction

Surgical implant testing in large animal models has been vital to the development of
prosthetic heart valves for clinical use in humans [1]. Chronic animal valve implant survival
studies are needed during research and development phases to identify critical design flaws,
biological interactions, material failure modes, and technical surgical problems [2]. Such
modeling reduces blind alleys and multiple iterations of bench testing while establishing
feasibility in realistic surgical settings. Use of large animals for pre-clinical and regulatory
implant testing later in the development process can address specific safety and performance
issues [3]. Site specific implant testing (orthotopic) is optimal to achieve operating
parameters, implant factors, anatomy and physiologic loading conditions that are similar to,
or exceed those expected clinically [4]. Various species have been employed, each with
specific advantages and disadvantages [ 5]. Canine, porcine, ovine and bovine models have
had specific applicability at various times during the historical development of manufactured
cardiovascular devices including mechanical and bioprosthetic valves [6, 7]. The juvenile
sheep heart valve chronic implant model has been superior to other species for evaluating
crosslinked bioprosthetic valves due to a high propensity for sheep to rapidly (often within
20 weeks) calcify unfavorable biomaterials and are also useful for testing mechanical valves
for hydraulic functionality and resistance to thrombosis [8, 9, 10]. This ovine cardiac model
appears to recapitulate and predict the primary clinical failure modes, and thus has been the
preferred species for first, second, and third generation bioprosthetic valve testing [11, 12,
13].

A new era is beginning in which tissue engineered heart valves are being developed in
numerous laboratories around the world [14, 15, 16, 17, 18]. For this new category of valve
replacements, failure modes will relate more to cell and matrix biology and to inherent pro-
inflammatory characteristics than to traditional design and inert material properties [19, 20].
Because of the over 40 years of use for heart valve preclinical evaluations, the classic ovine
model might be considered as a necessary in vivo model for cell seeded viable tissue
engineered heart valves but may not be optimal or sufficient [21]. There are subtle but
important anatomical differences between lower mammalian and primate hearts [22]. The
genomic gap from four-legged food stock animals to humans is wide with extremely virulent
xenotransplant immune responsivity [23]. The biology of resident multi-potential cells
varies between species and differing inflammatory wound healing mechanisms may be
critical variables when evaluating tissue engineered heart valve performance [24, 25]. These
factors make development of a subhuman primate model for regenerative cardiac valve
evaluations appealing, significant and timely [26, 27]. However, for baboons to be useful,
the relevant hemodynamic and cardiac structure/function endpoint measurements need to be
qualified as feasible, achievable non-invasively, serially applicable for long term testing,
applicable during surgical procedures and comparable to clinical measurements in humans
[28, 29, 30, 22, 31, 32].

Transthoracic echocardiography has become the standard technology for evaluating chronic
cardiac valve performance while transesophageal is the procedure of choice during cardiac
surgery and when very precise measurements are needed [33, 34]. By minimizing
intervening tissue between the source of the ultrasound waves and the structures of the heart,
the transesophageal approach produces optimal images for quantitative measurements,
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especially in the evaluation of prosthetic heart valves where acoustic shadowing from highly
reflective non-biologic material obscures far-field structures. Guidelines for the evaluation
of prosthetic heart valves are specific and extensively validated for valves in the mitral and
aortic positions [30]. By comparison, the testing paradigms and quantitative hemodynamic
criteria are less well developed for valved conduits, pulmonary valve (PV) replacements,
and pediatric valves [35]. Review of the literature reveals only limited use of
echocardiography to evaluate cardiac performance in various subhuman primates with an
emphasis on transthoracic imaging [15, 23, 36, 37, 29, 22, 31]. For old-world monkeys, the
literature emphasis has been macaques rather than baboons [38, 39]. Given that baboons are
a better size for intracardiac survival surgery models than macaques, this study was
performed to define the utility of transesophageal echocardiography in baboons, to develop
reproducible techniques for acquiring the necessary images, to evaluate species specific
cardiac anatomy, ventricular and valve performance in young adult Papio hamadryas anubis
as compared with analogous images, dimensional and functional data in humans. If the
baboon becomes a frequently employed cardiac regenerative model, then the generation of
more extensive normative reference baboon cardiac dimensions and hemodynamic
physiologic values will be important. Finally, since organ allometric scaling is challenging
across species, we compared these normative baboon data to both established literature
valves for adult normal ranges and also to our own extensive pediatric echocardiographic
database to define relevance to children of similar body size and/or to adult physiology [40].

Materials and Methods

Seventeen post-pubescent male baboons (Papio hamadryas anubis, age 10.50 + 0.62; weight
23.2 to 36.2 kg) underwent comprehensive transesophageal echocardiography (TEE)
examination. Nine had no subsequent procedures, while eight animals underwent the study
prior to use as chronic surgical models [41]. All reported studies were obtained after the first
author had acquired sufficient expertise with echocardiography in this species by previously
completing over 50 targeted perioperative TEE examinations. Animals were fasted
overnight but had access to fluids ad lib until four hours prior to procedures. Normal saline
with 5% dextrose was infused intravenously at 125 ml/hour during the procedure to maintain
normal intravascular volumes.

Anesthesia protocol

The innate aggressiveness of baboons necessitates deep sedation to provide gentle and safe
handling of the animals when removed from their cages, thus these exams establish
“resting” values. Prior to TEE examination, animals were sedated with an intramuscular
injection of ketamine (6 to 10 mg/kg) and glycopyrrolate (0.02 mg/kg). After establishment
of peripheral intravenous access, endotracheal intubation was performed. General anesthesia
was maintained with inhalation of isoflurane at 1.5 to 2.0% on controlled ventilation. Some
animals received fentanyl boluses (1 to 2 mcg/kg), if their vital signs appeared to indicate
excessive sympathetic output. Studies were performed with IACUC approval and in
accordance with the Guide for the Care and Use of Laboratory Animals, Eighth Edition
(National Research Council, National Academic Press, Washington, DC, 2011) and The
Animal Welfare Act of 1976 amendments to the Animal Welfare Act (P.L. 94-279).

Transesophageal echocardiography

Cardiac anatomic structural dimensions, qualitative and quantitative analysis of valves and
ventricular function were evaluated by transesophageal echocardiography. A 5.0/3.7 MHz
omni-plane transesophageal HP probe was passed into the esophagus after the animal was
under general anesthesia. Images were captured in real time on a HP SONOS 2500 platform
(Philips Medical Systems) and recorded on videotape for off-line analysis. Baboons were
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placed in the supine position during the TEE exams as would be done during median
sternotomy surgery.

TEE imaging views

Utilizing the joint American Society of Echocardiography and Society of Cardiovascular
Anesthesiologists published guidelines for performing a comprehensive intraoperative
multiplane TEE examination as a guide to the template of what constitutes a “complete
cardiac exam”, we recorded the modifications in techniques necessary to achieve this goal as
a guide for researchers using this species [34]. The goal was to accomplish all 52 critical
measurements from the 11 standard recommended clinical TEE imaging views that should
be used clinically to evaluate semilunar valve function and the consequential cardiac
physiology. We specifically emphasized the standard views most relevant for our semilunar
valve tissue engineering research where imaging and quantification of hemodynamic
performance of the pulmonary valve (PV) and aortic valves (AV) are vital [42, 43].
Achievement of the following imaging view was deemed critical to a complete evaluation:
the mid-esophageal AV short-axis view (ME AVSAX), the midesophageal right ventricular
inflow-outflow view (ME RVIO), the midesophageal AV long-axis view (ME AVLAX); the
midesophageal four-chamber view (ME4C); the mid esophageal two-chamber view
(ME2C); the midesophageal long-axis view (ME LAX); the transgastric (TG) mid papillary
left ventricular short-axis view (TGSAX); the TG two-chamber view (TG2C); the TG long-
axis view (TGLAX); the deep TG long-axis view (dTGLAX); and the upper esophageal
aortic arch short-axis view (UESAX). We suspected that the deep TGLAX view, as well as
other TG views might not be reliably obtained in baboons and for which novel substitute
views would need to be developed. Similar to humans, there was likely no mid-esophageal
imaging plane that would offer an acceptable intercept angle between the vector of blood
flow through the LV outflow tract and across the AV to obtain accurate quantitative data.
Hence a HP 2.5/2.0 MHz transthoracic ultrasound probe was utilized to ascertain whether
transthoracic imaging could obtain supplemental views similar to a classical human
transthoracic apical long-axis view, whereby the blood flow out the LVOT and through the
AV could be aligned in a near parallel direction with the Doppler beam, thus allowing
performance of a “complete” exam.

Anatomic dimensions

All 2D measurements of anatomic dimensions, ventricular function and valvular quantitative
data were analyzed off-line. For all cardiac dimensional and ventricular function
measurements, at least three separate data points were obtained from different imaging loops
and averaged to obtain a final measurement. Measurements of LV wall thickness were made
using the short-axis view (SAX) of the LV, or a two-chamber view of the LV (obtained via
the transthoracic window, or when available, using the TG view). Both septal and posterior
wall thickness were measured at end-diastole. Measurements of RV cavity dimensions were
performed from ME two- or four-chamber views, while the LV cavity dimensions were
measured from the ME2C view, or from the transthoracic apical view of the LV [38, 44].
The minor axis is taken at the mitral or tricuspid papillary muscle apex level. Each
ventricle’s major axis was measured from the mid-plane of the respective atrioventricular
valve to the endocardial edge of the chamber apex. All dimensions were measured at end-
diastole. End-diastole was defined as the frame with the maximal cavity area in proximity to
the start of the QRS complex, while end-systole as the frame with the minimal cavity area in
proximity to the end of the T-wave on the ECG.

For measurement of the fractional area change (FAC), the areas of the LV cavity were
measured at both end-diastole and systole, from a SAX view of the LV. Quantitative
evaluation of LV systolic function was performed by measurement of FAC and/or
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calculation of the left ventricular ejection fraction (LVEF) utilizing the modified Simpson’s
disk summation method [45]. Utilizing the Phillips’ software package, the LVEF was
calculated with Simpson’s method from measurement of LV volumes at end-diastole and
systole, by tracing the endocardial borders from well-defined ME2C views of the LV. M-
mode of the LV SAX view was one of the modes utilized to determine FAS, but was
typically averaged with measurements from 2-dimensional views of the LV SAX as well.
LV ejection fraction was determined from the ME2C view of the left ventricle.

Valvular gradients, effective orifice areas, and cardiac outputs

Peak and mean pressure gradients across the native valves were measured by pulsed wave
Doppler (PWD). Since most blood flow velocities were less than 100 cm/sec (i.e. 1m/sec)
peak PWD seemed to be more accurate especially when multiple angles where utilized with
the highest peak value recorded as “peak”. When blood flow velocities exceeded 1m/sec,
CWD was utilized, or (where appropriate) continuous wave Doppler using the simplified
Bernoulli equation. Multiple envelopes were recorded from different imaging windows
across the native aortic and pulmonary valves to find those envelopes where blood flow best
aligned with the Doppler beam. Peak gradients were the highest recorded, while mean
gradients were the average of at least four beats from the imaging window with minimal
angulation between the Doppler beam and blood flow direction. PWD imaging was utilized
in the RV and LV outflow tracts respectively, with the sample volume icon positioned
proximal to the native valve. The RVOT diameter was measured in mid-systole at the site of
the PWD sample volume icon in the video loop, since the conical shaped muscular tract
changes diameter during the cardiac cycle. The LVOT diameter was best obtained from
imaging the LVOT in zoom mode from the ME AVLAX view. Cross sectional areas of each
outflow tract were calculated by the equation:

Cross sectional area (CSA) of LVOT/RVOT=r x (iemeter of RVOT or LVOT )2

Spectral Doppler measurements permit the calculation of cardiac output (CO) for the right
ventricle (RV) and left ventricle (LV; RVCO, LVCO), RV and LV stroke volumes (RVSV,
LVSV) and, effective orifice area (EOA) by use of the continuity equation:

Valve EOA=(CSA) (velocz’ty time interval of outflow tmct)

velocity time interval across value

The EOA of the native PV or AV is obtained by placing the respective right or left-sided
variables in the equation. To permit indexing of CO, and cardiac dimensions to body surface
area (BSA), each animal’s BSA was calculated by the Haycock formula [46].

Grading of valvular regurgitation

The presence and severity of regurgitation through native valves were evaluated by color
flow Doppler (CFD) imaging. We utilized the American Society of Echocardiography
guidelines for evaluating the severity of aortic valvular regurgitation [47]. These guidelines
offer little in the way of validated methods to grade severity of pulmonary regurgitation.
Therefore, we utilized the following widely employed clinical scale in grading pulmonary
regurgitation: trace (CFD regurgitant jet length limited to the immediate valve area and of
low velocity), mild (jet length limited to the RVOT, or a jet width:RVOT width ratio of <
30%), moderate (jet extending into right ventricular cavity, or jet width:RVOT width ratio
between 31-70%), and severe (jet extending to the tricuspid valve, or jet width:RVOT width
ratio = 70% [48]. All echocardiographic images were obtained by a National Board of
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Echocardiography certified echocardiographer (AAB) and reviewed independently by
another board certified echocardiographer (WBD).

Transthoracic imaging

The inability to obtain deep TG images in the Papio species, combined with limited access
to all TG images (especially the TGLAX view), means that baboons do not have a TEE
window with adequate alignment of the ultrasound beam to the blood flow out the LVOT
and aortic valve. Restricting the examination to only transesophageal views would mean
limiting measurements of the AV area to annular diameters and planimetry in the majority
of animals. To replace these critical but unobtainable TEE views we sought a
complementary transthoracic imaging window for planes useful for spectral Doppler
interrogation of both outflow tracts and across aortic and pulmonary valves that is a view
equivalent to the human transgastric long axis view (APLAX), as well as an equivalent view
of the left ventricular short-axis view (LVSAX).

Statistical analysis

Results

The calculations of means + standard error, medians and ranges were performed using SPSS
(v.17, Chicago, IL) for papio data. Human adult standard reference values are presented as
calculated by the original source since such ‘normative’ values are typically presented as
broad ranges. Clinical adult data normalization to body mass indices is more commonly
used in the context of specific structural disease entities or for prosthetic valve replacement
guidelines. To contextualize our measurements in baboons to commonly quoted adult
‘normal’ ranges, we have provided both mean + standard deviation and the median (range)
for our measured data side by side with standard human normal reference ranges. In
contrast, pediatric echocardiography data are routinely normalized to BSA/weight/height,
simplifying statistical comparisons (vida infra). All measurements, images, and findings
from all echocardiograms (approximately 1200/month) performed by Children’s Mercy
Hospital cardiology are continuously extracted from the Philips Xcelera system and stored
in custom Children’s Mercy Hospital Heart Center relational database using a picture
archiving and communication system. Subsequent data analysis subroutines have been built
to establish normative and pathological data sets by any x-axis factor such as age and BSA
from which smooth splines can be fitted for defining and normalizing parameters such as
those explored herein. This allows the quantification of percentiles, Z scores, T scores, and
Stens. For this normative post-hoc analysis, spline curves were developed using “R,” an
open source statistical software (www.r-project.org). Using the R “smooth.spline” function,
splines were developed at the 3rd, 10th, 25th, 50th, 75th, 90th, 97th percentiles of compared
values: including valve dimensions, ejection fractions, flow velocities, heart rates, left
ventricular wall thickness, stroke volumes, and mass indices. In these very large normative
data sets, typical parameters of the smooth.spline function could be relaxed, in some cases
with the Equivalent Degree of Freedom greater than 100.

Normative TEE measurements in Papio hamadryas anubis

Fifty-two classical echo parameters were measured in the subjects defining cardiac structure/
function and reported in Table 1. Given the pronounced baboon species sexual dimorphism
(males are generally twice the size of females), these initial data were obtained only in males
who were relative young (mean 10%2 years) and healthy. Perhaps the most striking
observation was the great similarity of cardiac orientation, structure, function, and
dimensions to human. Hemodynamics during the exams were relatively similar to humans at
rest (Table 2). Baboons are generally smaller by weight than the classical 70 kg man and
averaged a BSA of 0.83 m? versus the human normative reference BSA of 1.86 m2. Despite
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the somatic body mass disparity, the baboon values were typically within the broad
population standard ranges for adult human “normals” for structural cardiac dimensions and
physiologic variables except for body size, ventricular cavity volumes, semilunar valve
orifice dimensions, cardiac output and stroke indices. However, because the cardiac outputs
were lower than standard human values, indexing the geometric valve measurements
suggested larger effective valve orifice areas.

To establish better somatic size matched cross-species allometric comparisons, the
Children’s Mercy Heart Center echocardiography database was mined for normal values
across a wide range of BSA, weight, and height to permit graphical representation of
expected percentiles for each measurement in a healthy pediatric population in which body
size would bracket the test subjects (Papio hamadryas anubis). Pediatric normative
echocardiographic measurements are typically collected by TTE, as TEE studies are not
routinely performed in healthy children for obvious ethical reasons. Using this methodology,
size of the left sided valves tended to group around the 90th percentile, whereas the tricuspid
approximated the 75th percentile and the PVs were smaller in diameter and generally below
the 50th percentile (Figure 1). LVEF was notably low, averaging below the pediatric 3rd
percentile (Figure 2) without apparent compensatory elevations in heart rates (Figure 3).
However, these baboons are under anesthesia and, by age, are in their adult prime, well after
puberty and thus may be more analogous to 20 year old human athletic males for which
resting heart rates are closer to 55-60 bpm. The peak flow velocities are similarly low in
both the baboon pulmonary artery (PA) and aorta which are parameters typically less
affected by age and somatic size beyond infancy. (Figure 4).

Most striking is the LV wall thickness which would be hypertrophic in humans (Figures 5a,
5b) with LV cavity volume encroachment (Figure 5¢) and massive LV mass index (Figure
5d) that is even greater when normalized to height (Figure 6). Height has been proposed to
better correlate with allometric organ size during growth within and across species [49, 50].
Despite this conspicuous LV hypertrophy, stroke and ejection indices fall within human
normal to low-normal ranges (Table 2). LVSV, LVEF, CO and cardiac index are relative
lower at rest than similar sized children and thus more analogous to older (albeit on average,
larger) human adults (Figure 7) [51].

Methodological comparison of TEE imaging in baboons as compared to human clinical

techniques

The requisite eleven TEE and the two supplemental TT views comprising a complete
perioperative echocardiography exam in a baboon from which the essential 52 measurement
parameters analogous to humans can be assessed are summarized in Table 3. All six of the
standard mid-esophageal imaging views could be regularly obtained in the Papio, and are
similar in cardiac structural orientation to human. For example, the ME SAX view of the
AVis ideal for evaluating valve morphology (eg, bicuspid versus tricuspid), and assessing
cusp mobility and/or calcification. In systole, planimetry can be used to determine orifice
area accurately. Similar to human, we found the ME AVSAX view between 25-45°. A
short-axis image adequate for planimetry measurement of the AV orifice area could be
obtained in 16 of 17 study animals. The ME AVLAX view reliably images the LVOT, AV,
and aortic root, and can be found by rotating the imaging plane to 100- 130° from the ME
AVSAX view. This view was useful for measurement of the diameters of the LVOT, AV
annulus and ascending aorta, while the application of CFD permitted detection and grading
of severity of AV regurgitation. Between these two views, at an imaging plane of 25°-60°
we found the ME RVIO view where the right atrium (RA), tricuspid valve, RVOT, PV, and
main PA appears to wrap around a short-axis view of the AV. With this view, tricuspid
valve gradients could be assessed by PWD, while also detecting and grading the severity of
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tricuspid regurgitation by CFD imaging. It is one of two traditional views (the other being
the ME RV 2-chamber view), utilized to measure tricuspid valve annulus diameter. Further
rotation of both the imaging plane (~80°) and the TEE probe head to the right yielded a mid-
esophageal view of the RVOT, PV and proximal PA. This is not a standard human view but
in these baboons permitted measurement of the PV annulus and was useful for detecting the
presence and severity of pulmonary regurgitation, pulmonic stenosis and subvalvular
obstruction with the addition of CFD imaging. While not providing optimal alignment of
blood flow direction across the PV and the ultrasound beam, it generated useful assessments
of PV gradients.

Further advancement of the TEE probe to the plane revealing the mitral valve (MV)
produced the classic ME4C. Analogous to humans, this view demonstrated all four
chambers of the heart. However, unlike humans, and despite multiple incremental image
plane rotations and retroflexion of the probe head, the MEAC view in Papio nearly always
foreshortened the left ventricular cavity. While useful for measuring right and left atrium,
and RV chamber dimensions, this view did not reliably permit measurement of LV cavity
dimensions. It was a useful plane for assessing tricuspid valve function and annulus
diameter.

Rotation of the imaging plane to between 60°-90° produces the ME2C, where for both
species, the left atrium (LA), MV and LV are all optimally imaged. From this view, left-
sided cardiac chamber dimensions were obtained. As in humans, it was the optimal plane to
evaluate MV anatomy, physiology, pressure gradients, and detect and grade mitral
regurgitation. For baboons, this ME2C view of the LV was clearly the optimal imaging
plane to quantify LV systolic performance by calculating biplane LVEF (Simpson’s
method).

As in humans, rotation of the TEE probe from the ME2C imaging plane to 110°-120°
resulted in the ME LAX where the left ventricle inflow and outflow tracts would typically
be seen. This was another useful view for evaluation of MV physiology with spectral and
CFD imaging, LVOT diameter and blood flow assessment as well as regional LV wall
motion (anteroseptal and inferolateral walls). From this position, rotation of the probe to the
right with retroflexion reliably produced a useful non-standard (in humans) mid-esophageal
view of the right-sided cardiac structures (ME RV2C). This imaging plane was especially
useful for right heart chamber dimension measurements, tricuspid valve imaging and
Doppler interrogation of the MV.

Advancement of the probe into the stomach with anteflexion produces TG views in humans.
Unlike the similar baboon-human mid-esophageal imagery planes, the TG images could not
be reliably obtained in the baboon, and in particular deep TG images of the heart could not
be obtained in any study animal; all imaging was obstructed by liver parenchyma. Some
animals idiosyncratically have a small imaging window between the lobes of the liver that
permits a short-axis peek of the right and left ventricles, analogous to the standard TG mid-
papillary short-axis view (TGSAX) in humans. This view is ideal for assessment of
ventricular wall motion, LV volume, measurement of LV and RV wall thickness, and
quantification of LV systolic function by the FAC methodology, yet only three of the 17
study animals yielded such TGSAX views. If the TGSAX view is obtained, rotation of the
imaging plane to between 90-100° yields the TG2C view analogous to humans. This
imaging plane typically provides a long-axis view of the left ventricle, MV, and its support
structures, and the LA. In baboons, this view could be obtained in only the same three
animals that yielded useful TGSAX views. When available, as in these same animals,
further rotation combined with probe head anteflexion, resulted in a TGLAX view from
which spectral Doppler evaluations of blood flow velocities in the LVOT, across the AV and
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calculations of pressure gradients across the native left-sided structures and ventricular COs
could be reliably measured.

Another TEE view utilized in humans to provide for accurate Doppler interrogation of
LVOT and AV blood flow is the deep TGLAX view. No study animal yielded a useful deep
TG image, due to the intervening liver parenchyma placing the cardiac structures beyond the
imaging field. Finally, withdrawing the TEE probe into the upper esophagus, to the level of
the ascending aorta, at an imaging plane of 0°, and rotating the probe head to the right,
provided the baboon equivalent view of the UESAX standard view in humans. From this
position, rotation of the imaging plane to 40°-80° was needed to image the main PA and PV
in an orientation where the direction of blood flow through these structures aligns parallel to
the ultrasound beam. In baboons in the UESAX view, the aortic arch is at an oblique axis.
This useful view was obtained regularly (13 of 17 animals) in Papio, and proved to be a
critically important view for measurements of pulmonary valve pressure gradients.

Transthoracic echocardiography

In comparison to humans, intercostal spaces are wider in adult baboons, permitting
avoidance of the bony ribs obscuring cardiac structures. Unfortunately, we found that, for
the most part, lung parenchyma obstructs transthoracic imaging of the heart and thus as a
single methodology, transthoracic echocardiography was of minimal utility. However, a
single reliable window for transthoracic imaging was found, usually just to the left of the
sternum at the sixth intercostal space. With the echo probe head oriented transversely with a
slight cephalad angulation, short-axis views of the right and left ventricles were obtained
(LVSAX). These were comparable in utility to the human TGSAX images obtained by TEE,
and were usually obtainable (14 of 17 animals). More importantly, we discovered that with
this unique approach, an apical long axis (APLAX) view in the baboon is equivalent to a
transthoracic apical 5 chamber view. Rotating the transducer to a horizontal imaging
window with more extreme cephalad angulation, produced images of the left and right
outflow tracts and their respective valves oriented ideally for quantification of native aortic
valve physiology. These useful views permitting spectral Doppler interrogation across the
native AV and PV and could be obtained in the majority (aortic 14 of 17); (pulmonary 12 of
17) of study animals. This location yields the baboon equivalent of the clinically familiar
transthoracic apical views.

Discussion

This study confirms the utility of TEE in defining cardiac anatomy, function, and for
quantifying cardiac physiology in baboons. With modern transducer design, electrical
amplification and display processing, the image quality and dynamic motion of 2D imaging
is superb. Imaging frame rates greater than 30 per second are readily achieved in focused
near fields, and permit the capture of fine movements like the intermediate positions of
valve cusps. Axial resolution, the ability to delineate two separate objects that lie in the path
of the ultrasound beam axis, is optimized with high- frequency transducers. Due to its
proximity to the heart, TEE transducers image with frequencies of 2.5 to 7.5 MHz, resulting
in axial resolution of approximately 1.5 times the wavelength, or between 0.3 and 0.9mm.
Despite technologic improvements, transthoracic 2D image quality can be more variable,
primarily due to the increased distance between transducer and the heart, with intervening
tissues of high (bone) and low (lung) acoustic impedance. TEE imaging benefits from more
consistent image quality due to proximity of the cardiac structures and minimal attenuation
of ultrasound signals through mediastinal tissues. These limitations are even more apparent
in baboons.
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We confirmed that transesophageal echocardiography could be performed with the imaging
planes anatomically appropriate in baboons. However, this study also demonstrated that TG
views, regularly acquired in humans, are not reliably acquired in this species. In addition, a
useful deep TG TEE view could never be obtained. The importance of this finding
echocardiographically is that the TGLAX and deep TGLAX views are the only TEE
imaging planes that optimally align the Doppler ultrasound beam nearly parallel with the
direction of blood flow across the aortic valve, providing the most accurate quantification of
valve gradients and blood flow physiology. Baboons have a large liver that regularly
occupies the entire cephalad portion of the abdominal cavity, extending well across the
midline because of its well-developed left lobe [52]. The stomach is longitudinally oriented
along the caudal margin of the liver. This anatomy places liver parenchyma between a TEE
probe in the stomach and the cardiac structures, obstructing TG imaging. In a minority of
animals there was a small imaging window between the lobes of the liver that did permit a
TEE view aligning the LVOT and aortic valve blood flow with the ultrasound beam. Thus
only in a minority of animals could TEE imaging alone provide a complete qualitative and
quantitative evaluation.

TEE imaging does provide multiple useful views of the PV. Two views are especially useful
for adequate alignment of blood flow across the valve. Using spectral Doppler blood flow
velocity equation, the modified ME RVI10, and the upper esophageal imaging plane
(modified UESAX View) provide excellent alignment of the blood flow across the PV with
the ultrasound beam to accurately quantify valve gradients. This is a critical imaging
window for evaluation of PV conduits frequently used in pediatric cardiac repairs.

Unlike in the far smaller rhesus macaque, transthoracic echocardiography is overall of
limited utility in baboons due to obscuration by lung tissue, but two views were discovered
to make critical supplemental contributions to the TEE exam. In Papio, the apex of the heart
lies to the left of the sternum at the level of the sixth intercostal space. Placing the
transthoracic probe near this parasternal position with cranial angulation regularly produced
an image analogous to the APLAX in the human that was ideal for Doppler interrogation of
the blood flow across the native aortic valve, and in many cases with small rightward probe
angulation across the native PV as well. The addition of these two transthoracic views made
possible a ‘complete’ echocardiographic evaluation of all study animals as defined by the
American Society of Echocardiography [34].

Subhuman primates as cardiovascular structure/function models

When considering the baboon as a model for preclinical cardiac research, and utilizing TEE
measurements as critical dependent parameters careful consideration of the data in the
figures and tables is mandatory. However, the values in human normal adult standard tables
typically encompass such a broad range as to make rigorous comparisons difficult.
Nevertheless, left ventricular mass measurements in baboons are clearly elevated and would
be considered pathological LV hypertrophy in humans (Figures 5 and 6) [53, 49, 54].
Among the other intra-cardiac anatomical measurements, the proportionately larger effective
orifice areas of the systemic valves (mitral and aortic) in baboons were notable.
Teleologically, the larger mitral orifice would reduce resistance to increased LV in-flow
during acutely increased systemic CO achieved by all mechanisms including enhanced
contractility, volume preload augmentation and/or sudden heart rate elevations. Similarly,
the aortic annulus would be functionally minimally restrictive as reflected by the low
measured gradients. During these studies, and our experience with cardiopulmonary bypass
supported cardiac surgery in baboons, we noted that the baboon has five additional features
of their cardiovascular system that appear to optimize this species for sudden bursts of
maximal exertion that would be best supported by acute massive increases in CO and central
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blood pressures for enhanced oxygenated blood delivery to muscle capillary beds: 1) an
enhanced LV mass; 2) low pulmonary vascular resistance; 3) a muscularized mechanism of
spleno-splanchnic blood volume reserve available for acute auto-transfusion augmentation
of circulatory blood volume; 4) thicker PA, aortic and systemic peripheral vessel walls
suggesting enhanced vascular wall muscularity and tone; 5) a very large left coronary artery
system with a huge left main coronary orifice that would reduce geometric Poiseuille
resistance to large acute increases in blood flow to a highly muscularized LV [41]. In
contrast, the right coronary artery is comparatively miniscule as further evidence of a
systemic ventricle dominant heart. The thicker vessel wall dimensions extend at least to the
femoral arteries and veins suggesting the substrate for hypercontractile vasomotor activity in
both the distributive and capacitance vessels that would facilitate sudden blood volume
shifts.

Normative adult human transesophageal echocardiographic measurements of intracardiac
dimensions have demonstrated significant proportionality to BSA for most values, however,
the relationship is not strictly linear nor necessarily similar for different anatomical
structures (e.g. aortic valve diameter, LV volume, etc.) [55, 56]. Despite nonlinearity,
somatic size is a dominant factor in cardiac dimensions. For example, after indexing to BSA,
in humans, other factors such as gender rarely have clinically significant independent effects
[57]. Thus, both absolute values and BSA indexed measurements should be reported when
echocardiography is used to measure experimental effects. Allometric scaling of anatomical
structural dimensions across species is an important and challenging problem [58]. In
cardiac surgery, the calculation of expected cardiac outputs to predict adequate
cardiopulmonary bypass flow rates has rested on the concept that baseline/resting nutrient
needs (specifically oxygen) are proportional to metabolic rates which are roughly
proportional to body size (typically calculated in terms of BSA) [59]. Vascular pathways
and cardiac structural dimensions are developmentally regulated by magnitude of blood flow
prompting comparisons normalizing structures such as valve and vascular areas to BSA.
There is controversy as to the degree of linearity and the theoretical, optimal and actually
observed exponential relationships of valve areas to body size. Estimates vary between
BSAY5 to BSAL0 To add to the complexity, numerous equations for calculating BSA in
humans and subhuman species have been formulated. We chose the Haycock formula for
calculating BSA as it has been found to be one of the better predictors in children, likely due
to inherent modest devaluation of lower extremity contribution to metabolic needs which
likely also applies to upper body dominant baboons [46]. Also, BSA calculations are based
on both weight and height. The semi-upright posture of baboons results in hip angulation so
crown-rump length is used as a reproducible surrogate measurement for height. The
Haycock equation produces similar values to other frequently used pediatric clinical
formulae such as the Mosteller and DuBois. Using the Haycock BSA, the indexed value
measurements, in our study population appear to scale relatively similarly to human (noting
the trend shifts previously indentified) and normalize the measurements in a useful and
predictable fashion [60, 61]. For example, the abnormally elevated indexed ventricular mass
measurements appear to accurately reflect the baboon qualitative anatomy.

In addition to limited subject numbers, this study has other limitations. In these anesthetized
baboons, baseline catecholamine blood levels are likely lower than in awake states. In other
experimental surgery studies, we have found it feasible to add to the baseline resting
echocardiography exams stepped dobutamine stress echocardiography (data not reported
here) in both sheep and baboons to evaluate latent valve or cardiac dysfunction as
recommended clinically [62]. Due to somatic size dimorphism, these TEE data were
obtained only in healthy young males and thus may not be representative of female gender
even with indexing to body size. The anthropometric measurements for these baboons are
similar to 5 year old North American children, but the cardiovascular physiology appears to
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reflect post-pubescent adults. The thick arterial walls with decreased lumen to external
diameter ratio may render this species unsuitable for testing of catheter based technologies
requiring systemic access.

This work has revealed a number of important findings. First, we have demonstrated that by
relying primarily on transesophageal views, supplemented with two unique baboon-specific
parasternal transthoracic apical views obtained with a single probe position,
echocardiography provides a comprehensive evaluation for noninvasively quantifying
baboon cardiac structural anatomy, physiology, and dimensions that can be easily compared
to standard clinical human data. Second, the Papio heart is structurally and quantitatively
similar to human with specific exceptions of elevated LV wall mass, thickened vessel walls
(PA and aorta), and oversized MV orifice dimensions.

Finally, by following the developed methodological guidelines, cardiac TEE imaging in
baboons provides an excellent method for intraoperative and serial non-invasive in vivo
evaluation of cardiac anatomy and physiology to model cardiovascular diseases and to
evaluate drug and device therapies. It is specifically relevant to preclinical evaluation of
tissue engineered semilunar heart valves for children as both pulmonary and the aortic
valves and outflow tracts could be meticulously evaluated. By providing very specific
technical procedures as described, standardization and comparability across researchers is
attainable as in clinical methodologies. As a subhuman primate species, the baboon may be
a helpful addition to the traditional ungulate models for preclinical testing of a range of
viable tissue engineered cardiovascular constructs.
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Figure 1.

Valve diameters at the annulus. Papio measurements (blue dots) are plotted against a
measured normal human cohort model. Papio mean (red dot) and standard deviation (red
triangles) are shown. The number of normal human measurements used in the reference
model is shown as “N=". (a) Papio tricuspid valve annulus plotted on human normal model
(N =1353) and (b) Papio PV annulus plotted on normal human model (N = 1097). Both the
tricuspid valve and PV measurements are within the expected range for humans of similar
BSA. Both the (c) Papio MV annulus plotted on human normal model (N = 1164) and (d)
Papio AV annulus plotted on human normal model (N = 1210) dimensions are consistently
at the upper normal range for human, with the Papio mean around the 90th percentile for
humans for both valves.
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Figure 2.

Papio LVEF (blue dots, obtained while under anesthesia) plotted against normal resting
human LVEF (N = 14,261) obtained during transthoracic echocardiography, with the Papio
mean (red dot) and standard deviation (red triangles). As with heart rate, general anesthesia
may have depressed LV contractility.
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Figure 3.

Papio heart rate (obtained while under anesthesia) plotted against resting human heart rate
normals obtained during transthoracic echocardiography (blue dots). The Papio mean (red
dot) and standard deviation (red triangles) are shown. While the heart rates are obtained in
slightly different physiologic states in each species, it is interesting to note that the age-
based Papio heart rate compares more favorably to the human than the BSA-based heart
rate.
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Figure4.

Papio peak flow velocity (blue dots) in the (a) main PA and (b) ascending aorta plotted
against resting human normals (ascending aorta, N = 13,284; PA, N = 13,634) obtained
during resting transthoracic echocardiography with the Papio mean (red dot) and standard
deviation (red triangles). Papio have similar flow velocities in the great arteries as humans,
particularly considering these measurements are again done in anesthetized Papio.
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Figureb.

LV wall thickness, short axis diastolic dimension, and calculated LV mass index. Papio
measurements (blue dots) are plotted against a measured normal human cohort model. Papio
mean (red dot) and standard deviation (red triangles) are shown. The number of normal
human measurements used in the reference model is shown as “N=". (a) Papio LV septal
wall thickness plotted on human normal model (N = 14,489) and (b) Papio LV posterior
wall thickness plotted on human normal model (N = 14,486). Both wall measurements are
significantly thicker than the normal range for humans of similar BSA. The Papio short axis
diastolic chamber dimension (c) plotted on human normal model (N = 14,161) is
significantly smaller than that predicted for humans of a similar height. The resulting
calculated Papio LV mass indexed to body surface area (d) is significantly higher than the
predicted normal range for humans of similar BSA. Calculated LV mass was obtained using
the Troy formula [61] and then indexed to calculated BSA (all diameters are calculated in
diastole):

—(LV internal diameter)”])
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Left Ventricular Mass Index (Height based)

0.0

Figure6.
LV mass index (height based). Papio height-based LV mass index (blue dots, ref below)
plotted against height based human LV mass index (N = 13,941), with the Papio mean (red
dot) and standard deviation (red triangles). Papio have significantly more LV myocardial
mass than humans at similar height [51].
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LV Stroke Volume LV Stroke Volume Index

milliliters/m2
40 50

30

10

05 1.0 15 20 00 05 1.0 15 20

BSA (m2) BSA (m2)

LV Cardiac Output LV Cardiac Index

97%

liters/min/m

o~

05 1.0 15 2.0 0.0 05 10 15 20

Figure7.

LVSV and stroke index, LVCO and cardiac index. Papio measurements (blue dots) are
plotted against a measured normal human cohort model. Papio mean (red dot) and standard
deviation (red triangles) are shown. The number of normal human measurements used in the
reference model is shown as “N=". (a) Papio LVSV plotted on human normal model and (b)
Papio LVSV indexed to BSA plotted on human normal model (N = 14,013 for both). Papio
LVCO (c) and cardiac index (d) are plotted on human normal model (N = 1,860 for both).
Papio stroke volume was calculated using the Continuity Equation (see text), whereas the
human stroke volume was calculated from m-mode measurements using the Teichholz
method [53, 31]. Note that baboon “height” is measured as crown to rump length.
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