1duosnuey Joyiny 1duosnuen Joyiny 1duosnuey Joyiny

1duosnuey Joyiny

Author manuscript
J Trauma Acute Care Surg. Author manuscript; available in PMC 2017 June 01.

-, HHS Public Access
«

Published in final edited form as:
J Trauma Acute Care Surg. 2016 June ; 80(6): 941-946. doi:10.1097/TA.0000000000001043.

MORPHOMETRIC ROADMAPS TO IMPROVE ACCURATE DEVICE
DELIVERY FOR FLUOROSCOPY-FREE RESUSCITATIVE
ENDOVASCULAR BALLOON OCCLUSION OF THE AORTA

Jason MacTaggart, MD1*, William Poulson, MD!, Maheen Akhter!, Andreas Seas?,
Katherine Thorson, BS?, Nick Phillips, BS1, Anastasia Desyatova, PhD?, and Alexey
Kamenskiy, PhD1."

1 Department of Surgery, University of Nebraska Medical Center, Omaha, NE

2 Department of Chemical Engineering, University of Maryland, Baltimore County, MD

3 Department of Mechanical and Materials Engineering, University of Nebraska-Lincoln, Lincoln,
NE

Abstract

Background—uUncontrolled hemorrhage from vessel injuries within the torso remains a
significant source of prehospital trauma mortality. Resuscitative endovascular balloon occlusion of
the aorta can effectively control non-compressible hemorrhage, but this minimally invasive
technique relies heavily upon imaging not available in the field. Our goal was to develop
morphometric roadmaps to enhance the safety and accuracy of fluoroscopy-free endovascular
navigation of hemorrhage control devices.

Methods—Three-dimensional reconstructions of computed tomography angiography scans from
=122 trauma patients (mean age 47+24 years, range 5-93 years, 64 Male/58 Female) were used to
measure centerline distances from femoral artery access sites to the major aortic branch artery
origins. Morphometric roadmap equations were created using multiple linear regression analysis to
predict distances to the origins of the major arteries in the chest, abdomen and pelvis using torso
length, demographics, and risk factors as independent variables. A 40-mm long occlusion balloon
was then virtually deployed targeting Zones 1 and 3 of the aorta using these equations. Balloon
placement accuracy was determined by comparing predicted versus actual measured distances to
the target zone locations within the aortas from the database.

Results—Torso length and age were the strongest predictors of centerline distances from femoral
artery access sites to the major artery origins. Male gender contributed to longer distances while
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diabetes and smoking were associated with shorter distances. Hypertension, dyslipidemia and
coronary artery disease had no effect. Using morphometric roadmaps, virtual occlusion balloon
placement accuracy was 100% for Zone 3 of the aorta, compared to 87% accuracy when using
torso length alone.

Conclusion—Morphometric roadmaps demonstrate potential for improving the safety and
accuracy of fluoroscopy-free aortic occlusion balloon delivery. Continued development of
minimally invasive hemorrhage control techniques hold promise to improve prehospital mortality
for patients with noncompressible exsanguinating torso injuries.

Level of evidence—Diagnostic, level I11.
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INTRODUCTION

Unintentional injuries in the United States are the leading cause of death in people younger
than 45 years old and are the fourth leading cause of death in all age groups overall®,
Exsanguinating noncompressible torso hemorrhage is a major contributor to these
mortalities? and a large portion of injured victims die before reaching a hospital. Limiting
blood loss is the only way to avoid the cascade of complications associated with massive
hemorrhage from trauma, but methods for controlling noncompressible truncal hemorrhage
outside of an operating room are not readily available?.

The emergence of endovascular techniques to repair aortic aneurysms using stent grafts has
resulted in the development of large diameter, compliant aortic balloons®~, and the re-
emergence of resuscitative endovascular balloon occlusion of the aorta (REBOA) for
hemorrhage control. First described in 1954 by Hughes® in the Korean Conflict, occlusion
balloons have been shown to be clinically effective in managing shock due to ruptured aortic
aneurysms, one of the most commonly encountered clinical conditions causing
noncompressible torso hemorrhage®8. Recent reports have also demonstrated the utility of
aortic balloon occlusion for hemorrhage control in severely injured trauma patients®-13,
post-partum hemorrhagel?, and massive gastrointestinal bleeding!®, describing how in many
instances, temporary balloon occlusion may provide a reasonable alternative to conventional
open surgical aortic exposure and vessel clamping for initial hemorrhage control and blood
pressure stabilization8-16-18, Though most of these reports involve care in hospital settings,
endovascular methods may be the only viable prehospital options capable of maintaining
cardiac and cerebral perfusion in austere settings, such as on battlefields or in remote rural
areas®.

One major limitation of current occlusion balloon technology is the heavy reliance on non-
portable fluoroscopic imaging methods!? to navigate and inflate the occlusion balloon
proximal to the site of injury. There is considerable variation in human vascular anatomy
making radiological guidance useful for visualization of the vessel and device while
navigating through complex, aged, and diseased vasculatures. This requirement for heavy

J Trauma Acute Care Surg. Author manuscript; available in PMC 2017 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

MacTaggart et al. Page 3

imaging equipment has been detrimental for the potential extended application of REBOA
technology to treating exsanguinating hemorrhage in the field. The goal of this work was to
build demographics-based morphometric statistical roadmaps of distances from common
femoral artery access sites to the main branches of the aorta for trauma patients of all age
groups and both genders. The morphometric roadmaps were then applied to high resolution
trauma patient anatomies to simulate fluoroscopy-free balloon navigation based on the
intracavitary balloon catheter insertion distance from the femoral artery access site predicted
by the morphometric roadmap equation.

METHODS

Following IRB approval, 7/=122 thin-section, contrast-enhanced chest-abdomen-pelvis
computed tomography angiograms (CTA) were retrieved from our institution's trauma
database encompassing both genders (64 Male / 58 Female) and a wide variation in age
(mean age 47+24 years, range 5-93 years). Patients with systolic blood pressures <90 mmHg
and patients with Injury Severity Scores (I1SS) =25 were excluded from the study to remove
the effects of hypotensive vessel diameter reduction, although hypotension likely has less
effect on length due to vessel tethering. Scans of patients with aneurysms and injuries to the
vessel segments of interest were also excluded. All scans were obtained with a 1.25 mm
slice thickness and a resolution of 512 x 512 pixels. The entire arterial tree including the
aorta, its branches, and the more distal junctional arteries supplying the extremities, were
reconstructed?® using Mimics software (Materialize Co). As some arterial segments have
densities similar to the surrounding tissues, all segmentations were verified by a vascular
surgeon to ensure proper selection of vessel boundaries.

After reconstruction, vessel centerlines were fit to the arterial volumes and then distances
from typical common femoral artery access sites to the major aortic branches were measured
along the centerline (Figure 1). Torso length was measured as the vertical distance between
the pubic symphysis and suprasternal notch. Demographics (age, gender, body mass index
[BMI]) and cardiovascular risk factors (hypertension [HTN], diabetes mellitus [DM],
dyslipidemia, coronary artery disease [CAD] and smoking history [never, former, current])
were extracted from the medical records that were linked with each CTA. BMI was
calculated as weight (kg)/height? (m2).

Multiple linear regression analysis was performed with SPSS v22 (IBM, Armonk, New
York) using torso length, age, gender, BMI, HTN, DM, dyslipidemia, CAD, and smoking
history parameters as independent variables predicting distances from the common femoral
artery access site to the major branch arteries. Stepwise linear regression was used to
determine statistically significant predictors. A variable was entered into the model when the
significance level of its F value was less than 0.05. Both unstandardized and standardized
beta coefficients were determined for each model, and model quality was assessed with
adjusted R2.

A combination of multiple linear regression models predicting distances from the common
femoral artery access sites to each of the major aortic branches (Figure 1) based on torso
length, demographics, and risk factors constituted a morphometric roadmap equation. The
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output value determined by the equation represents the balloon catheter insertion length
along the centerline to get from the femoral artery access site to the center of the target zone.
A 40mm-long CODA (Cook Medical) balloon was then hypothetically inserted the predicted
length to deliver the virtual occlusion balloon to Zone 1 and Zone 3 of the aorta (Figure 1).

Placement accuracy was assessed by comparing predictions made using morphometric
roadmaps to the actual measurements of distance made along the aortic centerline. This
comparison allowed determination of whether the entirety of the 40mm-long occlusion
balloon would be contained within the target zone of the aorta when advanced the predicted
distance towards the heart along the centerline from the common femoral artery access
point.

To compare our results with previous data?122, a single measure of torso length was also
utilized to guide simulated balloon placement. Regression models were built using torso
length as the independent variable with distances from the common femoral artery access
site to the upper and lower borders of Zones 1 and 3 calculated as the dependent variables.

Morphometric roadmap equations of distances from the common femoral artery access sites
to the major aortic branches are presented in Figure 2. The bar graphs represent standardized
beta weights that demonstrate the influence of each parameter on distance measurement,
while numeric values inside the bars are unstandardized beta weights used in the multiple
linear regression models. To calculate distances from the common femoral artery access
sites to each of the major aortic branch artery origins for a specific subject, one needs to sum
the values of intercept and beta weights multiplied by the corresponding torso length,
demographic or risk factor variables. For example, the distance from the right common
femoral artery access site to the left subclavian artery (in mm) can be calculated as: 79.24 —
16.4-Diabetes Mellitus [0=no, 1=yes] + 0.72-Torso length [mm] + 1.43-Age [years]

+ 11.31-Gender [1=Male, 0=Female] and the combination of these factors explain 78% of
the variation in the predicted distance. Thus in a 50-year-old male with no diabetes and a
torso length of 500 mm, this distance is 522 mm, while in the presence of diabetes this
distance is decreased by 16.4 mm to a total of 506 mm. For comparison, the same vessel
segment in a 20-year old male with the same torso length is only 479 mm, but increases to
551 mm in a 70-year old male; more than a 15% difference in distance over 50 years of
aging. Though Figure 2 allows calculation of distances for a variety of specific demographic
and risk factor characteristics, Table 1 summarizes the mean distances measured in each age

group.

Torso length and age were the strongest predictors of distance from the common femoral
artery access site to all major artery branches in the chest, abdomen and pelvis. Male gender
contributed to longer distances to the arch branches, while the presence of DM was
associated with shorter distances. Smoking was associated with shorter distances to the
infrarenal and visceral branch arteries. HTN, dyslipidemia and CAD had no effect on
distances from the femoral artery access sites.
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In all patients, including older subjects with tortuous vasculatures, use of morphometric
roadmap equations produced accurate placement of the virtual 40mm occlusion balloon
entirely within the target Zones 1 and 3. A single measure of torso length also resulted in
100% accurate placement of the occlusion balloon into target Zone 1; however in Zone 3 use
of torso length alone resulted in misplacement of the occlusion balloon in 13% of subjects
(Figure 3). Specifically, in 6% of subjects the balloon was placed too proximal, with renal
artery obstruction (mean age of this group 30+31 years, range 6-88 years), while in 7% of
subjects the balloon was not advanced far enough along the centerline and would be inflated
in the iliac artery (mean age of this group 5721 years, range 28-82 years). Overall,
inclusion of demographics and risk factors into the statistical model improved the prediction
of distances from the common femoral artery access site to the major aortic branches by
almost two fold compared to when a single measure of torso length was used as an
independent variable?!.

DISCUSSION

REBOA is a minimally invasive technique capable of controlling major intracavitary
hemorrhage in hospital and non-hospital settings?3. The basic technique was initially
described over 50 years ago, but only relatively recently have research, technology and
clinical experience converged to create more refined endovascular techniques and devices
that quickly and safely provide percutaneous mechanical control of major vessel injuries
through remote peripheral arteries. As the endovascular revolution in vascular surgery has
spurred the development of smaller and more complex catheter-based diagnostic and
treatment modalities, wire and catheter skills training have diffused into most general
surgery training programs. Thus, with development of appropriate enabling technologies and
enhanced training of hospital and pre-hospital providers, REBOA is poised to challenge the
formidable problem of hemorrhagic shock due to catastrophic non-compressible
hemorrhage. Contemporary experimental large animal models of hemorrhagic shock
demonstrate improvements in hemodynamic and biochemical parameters with REBOA
compared to traditional open surgical management24. In humans, Brenner et al'8 and Moore
et al2° recently described several patients treated successfully with REBOA, documenting
the largest clinical experiences in the United States. More extensive experience from other
centers around the globe show definite promise for the utility of REBOA, including during
the prehospital phase of care, but also raise concerns about both the safety and efficacy of
the technique, necessitating more research, development and clinical experience®:10:26,

Stannard?” initially described the optimal target anatomical zones for REBOA. Occlusion
within Zone 1 is suggested for patients with abdominal exsanguination and circulatory
collapse. Zone 3 occlusion provides flow control for patients with exsanguinating pelvic and
inguinofemoral junctional hemorrhage. Zone 2 is the paravisceral aorta, and is currently a
zone to avoid with balloon occlusion. Inflation of the balloon outside of Zones 1 or 3 can
result in complications, such as iliac artery rupture or occlusion of critical side branches,
such as the renal arteries. To navigate endovascular devices through complex vessel
anatomies, conventional approaches currently rely heavily on non-portable imaging
methods™, primarily fluoroscopy. Recent studies?! in a narrow population of young male
trauma patients (mean age 28+4 years) have demonstrated relatively reliable vessel distance
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measurement predictions based solely on bony landmark locations. Using these easily
obtained measurements and newly developed experimental technology?829, the feasibility of
fluoroscopy-free REBOA has been suggested. Our current study focused on expanding the
restricted patient populations of prior research to include all age groups and both genders,
with simulation of occlusion balloon placement within each of the two target zones of the
aorta in all subjects.

Our results demonstrate great potential for accurate placement of the occlusion balloon
within target Zones 1 and 3 of the aorta in all age groups and both genders employing
morphometric roadmap equation guidance. When using torso length alone, misplacement of
the occlusion balloon out of target Zone 3 was observed in 13% of patients. In younger
patients, with straighter and shorter vasculatures, balloon catheter insertion distance was
usually overestimated and the device landed in the paravisceral aorta (Zone 2),
hypothetically occluding the renal arteries. In older subjects, typically with longer
vasculatures due to higher tortuosity, the distance was mostly underestimated and the
balloon landed in the iliac artery, potentially resulting in iliac artery rupture and exacerbation
of catastrophic bleeding. When using morphometric roadmap equations, accurate placement
of the balloon in both Zones 1 and 3 was achieved in 100% of subjects.

Our results are in agreement with anatomical data reported in previous studies20:30.31
describing inferior migration of the aortoiliac bifurcation and increased arterial tortuosity
and length with aging. However, underestimation and overestimation of distances using
torso length alone were observed in both young and old subjects. This demonstrates the
importance of using morphometric roadmap equations for balloon catheter insertion distance
prediction in subjects of all ages, including young patients. The effects of clinical risk
factors on balloon accuracy were small compared to the effects of demographics. This is
reassuring, as information on clinical risk factors is frequently not immediately available
from critically injured trauma patients. Nevertheless, DM and smoking history contributed to
shorter aortic trees and if such information is readily available, it may be incorporated to
increase the accuracy of fluoroscopy-free balloon placement. Analysis of larger numbers of
patients from even more diverse patient groups may define additional factors important in
anatomical predictions, such as race.

Though there is some utility in using simulation to determine balloon catheter placement
accuracy, confirmation of these results should be performed in physical models of identical
anatomies to evaluate the fidelity of our approach. The increased complexity of a physical
model may lead to emergent behaviors of the device or guidance systems that are not
predicted by simulation. Further work will clarify the applicability of more complex
electronic simulators to accurately portray REBOA for trainee education and for
endovascular occlusion device development. Our morphometric roadmap equations are
based on simple input parameters but do require detailed calculations not likely to be easily
performed in the chaotic trauma-care environment. We envision these morphometric
roadmap equations and calculations to be incorporated into easy to use software on portable,
handheld electronic devices that would assist with control of non-compressible hemorrhage
in situations where imaging capabilities are limited. While newer techniques and devices are
being developed, the table of mean distances from the common femoral artery access site to
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the major aortic branch artery origins for patients in all age groups could be used as
estimated balloon catheter insertion distances in emergency rooms and critical care units.

Fluoroscopy-free placement of endovascular devices has been performed for decades. Swan-
Ganz catheters have long been guided into pulmonary arteries based on pressure waveforms,
and bedside inferior vena cava filters have been safely placed, based only on pre-intervention
CT scan data32. Fluoroscopy-free REBOA is fundamentally similar to these procedures and
its use in mortally wounded patients with few other options should be intensely investigated.
As the technique of REBOA evolves, methods that enhance the safety and applicability of
fluoroscopy-free REBOA could help open the door to increasing the use of endovascular
hemorrhage control techniques on battlefields and in remote rural areas where our bleeding
patients require the most assistance. The continued accumulation of endovascular trauma
clinical experience, along with rapidly evolving minimally invasive technologies, should
allow the techniques to become more widely used for exsanguinating patients that have few
other options for survival.
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Distances to Torso Length and
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Figure 1.
Measurement of distances to the major aortic branches (left) in each of the three aortic zones

(right) in a representative 21-year-old female patient.

J Trauma Acute Care Surg. Author manuscript; available in PMC 2017 June 01.



1duosnuepy Joyiny 1duosnuely Joyiny 1duosnuey Joyiny

1duosnue Joyiny

MacTaggart et al. Page 11
Region Intercept Beta Weights R?
2 Pelvic Internal Tliac Artery 39.08 0.10
E Infrarenal Aortoiliac Bifurcation 15.68 0.43
N Caudal Renal Artery 29.32 L 062 | | Age [yeas]
M Cephalic Renal Artery 4030 (065 | |l Gender [1=male,0=fermale]
[S Paravisceral Superior Mesenteric Artery 42.08 .60 - BMI [kef?]
= Celiac Art§ry ) 40.83 LS _GL_ :| DM [1=yes,0=n0]
2 [ Aorta at Xiphoid 27.32 | 0.63 . _ _ =
N Left Subclavian Artery 79.24 WOEE| [ smoking [0=never; 1=former, 2=current |
Arch
Branches Left Common Carotid Artery 7434 31 [ Torso length | [mm]
Brachiocephalic Artery 89.31 0.80
Right Common Carotid Artery 95.26 0.80
| SRS T W I W T O O A A A N N T T T e
-1.0 -0.8 -06 04 -02 00 02 04 06 08 10 12 14
Internal Iliac Artery = 39.08 - 7.30-Gender + 0.13-Torso length Aorta at Xiphoid = 27.32+0.57Torso length + 1.19-BMI
Aortoiliac Bifurcation = 15.68 - 9.66-Gender + 0.29-Torso length +0.13-Age Left Subclavian Artery = 79.24-164-DM + 0.72-Torso length + 1.43-Age + 11.31-Gender
Caudal Renal Artery = 29.32-5.28:Smoking + 0.41-Torso length +0.38-Age Left Common Carotid Artery = 74.34 - 17.3:-DM + 0.76-Torso length + 1.53-Age
Cephalic Renal Artery = 40.30 - 5.04-Smoking + 0.40-Torso length +0.39-Age Brachiocephalic Artery = 89.31-16.1'DM +0.73-Torso length + 1.52:Age + 12.19-Gender
Superior Mesenteric Artert = 42.08 - 4.81-Smoking + 0.43-Torso length + 0.35-Age Right Common Carotid Artery = 95.26 - 22.7-DM + 0.79-Torso length + 1.75-Age + 16.39-Gender
Celiac Artery = 40.83 - 6.31-Smoking + 0.45-Torso length +0.43-Age
Figure2.

Morphometric roadmap equations for distances (mm) from the right common femoral artery
access site to the major artery branches in the chest, abdomen and pelvis predicted by patient
torso length, demographics and risk factors. Unstandardized beta weights for the multiple
linear regression models are provided with numeric values within the bars, while the length
of the colored bars is made using standardized weights and represents the influence of each
parameter on the distance measurement. BMI = Body Mass Index, DM = Diabetes Mellitus.
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Desired Placement Renal Occlusion Iliac Rupture
87% 6% 7%
3 A) B) C)
Figure 3.

Desired placement of the occlusion balloon in target Zone 3 (A), and misplacement with
overshooting (B), and undershooting (C) potentially resulting in renal occlusion or iliac
rupture. Percentages are provided for cases when torso length is used as a single predictive
variable.
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