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ABSTRACT

Decompression sickness (DCS), also known as ”the bends,” is a complex and multifaceted
condition that arises from rapid changes in ambient pressure, leading to the formation of ni-
trogen gas bubbles in the body. Among various tissues, injury to the spinal cord is especially
susceptible to the devastating effects of DCS. To better understand the etiology of spinal
cord decompression sickness (SC-DCS), it is first necessary to understand the interaction
between gas and tissue mechanics in the context of decompression bubbles.

We used ex vivo bovine spinal cord tissues to study the bubble-tissue mechanics with cyclic
pressure changes. With each progressive pressure cycle, the bubble irreversibly expanded,
indicating mechanical damage to ex vivo bovine spinal cord tissue caused by growing decom-
pression gas bubbles. This behavior cannot be explained by the assumed reversible elastic
response of the surrounding tissue. These results underscore the importance of considering
SC-DCS as a complex condition that requires a comprehensive approach in its treatment.

To further support and explain the ex vivo data, we developed a coupled tissue-gas me-
chanics model. The model behaved differently at different timescales, under different de-
compression profiles, and with varying seed bubble sizes. Our analysis revealed several key
insights: (1) tissue mechanics plays a significant role in the resulting average surface stress
of bubbles during decompression (2) that recompression can result in a similar stress profile
as decompression, and (3) diffusion effects dominate decreasing bubble sizes while tissue me-
chanics dominate larger bubbles. The combined effect of these mechanics leads to a diverse
range of possible dynamic behaviors in decompression bubbles and tissue.

To examine decompression bubbles natively, we developed a novel compression chamber

compatible with rodent vital monitoring and real-time magnetic resonance imaging. We

xil



maintained adequate anesthetic depth in our rodents and identified various locations for these
bubbles, including potential hemorrhaging. This system enables us to test many empirical
recommendations for managing SC-DCS and quantify their effect on the spinal cord.

Our research provides a solid foundation for the development of new, safe decompression
models for aeronautical and diving activities based on physiologically relevant biophysical
principles. The combination of our experimental and theoretical tools can pave the way for

a more comprehensive understanding of SC-DCS and its management.
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CHAPTER 1

Introduction

Humans have always ventured into extreme environments—whether diving to deep depths,
mining for valuable resources, or conquering the skies and space—each are subject to changes
in ambient pressure. It wasn’t until the 19th century that records began to describe severe
joint pain, fatigue, and more alarming symptoms like paralysis among miners who returned
to normal atmospheric pressure [3, 4]. This mysterious condition became infamously known
as "the bends,” named after the agonizing posture construction workers adopted during
projects like the St. Louis Bridge and the Brooklyn Bridge [3, 4, 5]. As these symptoms
appeared in a range of pressurized environments, it became evident that a quick transition
from high pressure to normal conditions was the culprit.

Decompression sickness (DCS), or "the bends,” is a physiological response to rapid de-
creases in pressure, where nitrogen gases once dissolved in the blood and tissues come out
of solution because of supersaturation during decompression, forming bubbles [6, 4]. And
although the nucleation sites for these bubbles are not well understood, the proportional
relationship between gas partial pressure and the gas concentration at the tissue-liquid in-
terface is well-described by Henry’s law [7, 8]. Understanding the delicate balance between
pressure, dissolved gases, and the formation of bubbles is crucial to preventing the potentially
devastating effects of DCS that involve reduced ambient pressure [9, 10].

Despite over a century of research, the underlying mechanisms of this condition remain

elusive. This is partly because decompression bubbles circulate throughout the human body



and enter a variety of tissues or form in deep tissues [11], each with its own unique parameters.
An inexhaustive list includes the observation of bubbles or pain in joints and bones [12, 13],
skin [14, 15], and the spinal cord [16, 17]. However, two main types of DCS have been
softly identified. Milder symptoms that can resolve spontaneously are referred to as DCS
Type 1 [18], while the more life-threatening symptoms, including neurological disruption,
are referred to as Type 2 DCS [19]. Among neurological tissues, the spinal cord is especially
susceptible to Type 2 DCS is the spinal cord [20], being up to six times more affected than
other tissues [21]. This increased vulnerability is thought to be due to a fourfold faster
perfusion rate through the blood-brain barrier compared to the slow-flowing drainage found
in the spinal cord [22, 23]. It is this reason that this dissertation focuses on spinal cord
decompression sickness (SC-DCS).

Regardless of the tissue affected by DCS, there is no consensus on the primary mechanism
underlying the physiological response to bubbles. Several studies have noted complement
activation [24, 25] and disruption to the endothelial layer [26, 27, 28]. Generally, it is assumed
bubbles damage surrounding tissues by blocking blood flow [Manabe 1998] or compressing
tissues [29], eventually leading to ischemia. This assumption has justified various treatment
methods aimed at reducing bubble size to prevent ischemia.

The primary treatment for DCS is hyperbaric recompression therapy, which recompresses
the patient with intermittent phases of oxygen administration. Oxygen improves the resolu-
tion rate of inert gas bubbles by creating a lower concentration of nitrogen in the bloodstream
relative to nitrogen-saturated tissues [30]. According to theoretical dissolution models [31],
hyperbaric recompression therapy should effectively remove bubbles within hours after re-
compression, although it is only partially effective in practice [32, 33].

To justify experimental treatment methods, bubble classification systems have been used
to correlate the severity of DCS with the presence of bubbles in the bloodstream [34, 35].
Ultrasound is the most common method to visualize bubbles [36, 37, 38], but the presence of

bubbles in large arteries is not a reliable diagnostic indicator for diagnosing DCS [37]. Several



studies have used MRI to observe spinal cord disruptions due to DCS in humans [39, 40, 41],
although these are retrospective studies. Additionally, using MRI to diagnose DCS remains
controversial, as the standard recommendation is to initiate hyperbaric recompression ther-
apy as quickly as possible [42] and there is no standardized imaging protocol [43]. This may
explain the controversial results regarding clinical sensitivity in patient evaluation [39, 44].

Other researchers have focused on creating safe decompression tables using theoretical
models. Haldane was the first to create decompression tables based on the assumption
of limiting gas supersaturation during decompression [45]. The Haldane model assumed
16 independent tissue compartments with varying half-times to describe the exponential
kinetics of gas perfusion. Since then, this model has been modified to incorporate more
tissue compartments and longer half-times [46, 47] to improve safety. As a result, many of the
operational dive tables today are built on Haldane’s foundational model [48]. However, these
models are empirical and are difficult to extend to non-tested dive scenarios [48], requiring
users to select their own DCS risk [49] without considering the interaction of bubbles and
tissues at different pressures.

It is clear that there are several limitations in the understanding of the mechanics of de-
compression bubbles in SC-DCS. The results presented aim to lay the foundation for future
quantifiable, rather than empirical, research by providing a new mathematical framework
that couples tissue-gas mechanics and a compression chamber compatible with MRI to vi-
sualize the growth and dissolution of decompression bubbles. The dissertation is organized
as follows. Chapter 2 quantifies the irreversible damage caused by the expansion of decom-
pression bubbles in ex vivo bovine spinal cord tissues. This experimental data is supported
by a finite element model that couples gas and tissue mechanics. The analysis of this model
is extended in Chapter 3. Our model analysis reveals that (1) the resulting stress from the
interaction between tissue and bubble significantly changes under different decompression
profiles, (2) recompression can result in comparable stresses to decompression, (3) small

bubbles are dominated by gas diffusion while large bubbles are dominated by tissue me-



chanics in our chosen decompression profile. In Chapter 4, we discuss the development of a
compression chamber for anesthetized rodents, designed to monitor vital signs and observe
the growth of decompression bubbles in an MRI in real-time. Appendix A lists the electrical
circuit schematics for the in vivo pressure chamber discussed in Chapter 3. Appendix B lists
the standard operating protocol for operating the in vivo pressure chamber. Appendix C

provides a LABVIEW front panel and block diagram for the in vivo pressure chamber.



CHAPTER 2

Mechanical Damage to Spinal Cord Tissue

from Decompression Bubble Expansion

The pathophysiological mechanisms by which decompression gas bubbles damage the
tissue are poorly understood. We present evidence from ex-vivo experiments and in-silico
simulations that show that a growing gas bubble in the spinal cord can mechanically tear the
surrounding nerve tissue. Experimentally, we observe bubble growth in spinal cord samples
inside a pressure chamber with magnetic resonance imaging and probe the mechanical tissue
response to rapid changes in pressure. We observe irreversible enlargement of the space
occupied by the bubble upon pressure cycling, indicating tearing or viscoelastic deformation
of the tissue. Computer simulations validate this finding by confirming that the forces
involved in gas bubble growth are sufficiently large to exceed the tensile strength of the
tissue. These findings suggest that mechanical damage to the spinal cord that is akin to
a traumatic spinal cord injury is a possible injury mechanism in spinal cord decompression
sickness, besides ischemic injury from blocked blood flow and immunologic reactions to the

presence of the bubble.

2.1 Introduction

Decompression illness is a rare but serious condition that has a broad spectrum of clinical

symptoms. It arises from a rapid drop in ambient pressure, most notably in sport and
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commercial diving [9] and caisson construction work, but also in high-altitude aerospace
operations [10], where space suits for extravehicular activities are pressurized to only 0.3
atmospheres. In its most severe and clinically challenging form, decompression sickness
affects the central nervous system and especially the spinal cord. There are an estimated
1000 cases annually of spinal-cord decompression sickness (SC-DCS) in sport diving alone
[50].

The pathophysiology of SC-DCS is poorly understood. While it is quite clear that the for-
mation of inert gas bubbles in supersaturated tissue is the root cause, the actual mechanisms
by which these bubbles damage the spinal cord are still largely shrouded in mystery. The
presence of gas bubbles in the spinal cord has been amply established through histopathol-
ogy in numerous animal experiments in which rats and other model animals were exposed to
compression, tissue saturation, and rapid decompression to induce SC-DCS [51, 52]. From
these experiments, three pictures of bubble formation in the spinal cord have been suggested:
bubbles that lodge in the vascular microcapillaries and grow by accreting gas from the sur-
rounding supersaturated tissue [29], bubbles that cause blockages on the venous side [53], and
gas bubbles that nucleate and grow autochtenously in the extravascular tissue [54]. While
the relative importance of these mechanisms is still controversial, it is often assumed that
direct vascular blockage from the bubbles or indirect blockage from elastic mechanical forces
associated with the bubbles lead to a local reduction in blood flow and thus an infarction of
the spinal cord [55].

An alternative damage mechanism is direct, mechanical damage to the spinal cord from
the expanding gas bubble. While this mechanism has been suggested in the past based on
histopathologic examinations [51], compelling evidence for this mechanism has been scarce,
in no small part because it is difficult to distinguish mechanical damage from a bubble
from artifacts arising from the microtome slicing process in these studies [52, 29]. In this
article, we show in non-destructive ex-vivo magnetic resonance imaging (MRI) experiments

and complementary finite-element simulations that a growing decompression gas bubble can



directly cause irreversible mechanical damage to the surrounding spinal cord tissue. This
suggests that SC-DCS may need to be understood not only as ischemic nerve damage, but

also as a form of traumatic spinal cord injury and treated accordingly.

2.2 Materials and Methods

2.2.1 Sample Preparation

Bovine spinal cord was chosen as our model system because its tissue mechanical prop-
erties are similar to those of human spinal cords [1]. Fourteen spinal cords were obtained
from a local commercial meat processor and immediately immersed in 0.9% saline solution on
ice. From each spinal cord three samples of approximately 6 cm in length were cut from the
thoracic or lumbar region, and the pia mater was removed. The samples were then placed
into individual acrylic pressure chambers were they were immobilized at the bottom with a
small amount of 2% low melting point agarose to prevent movement during compression and

decompression.

2.2.2 Pressure Chambers and Initial Compression and Decom-

pression

The pressure chambers were machined from solid acrylic. They have an inner diameter of
20 mm and a wall thickness of 9 mm. They are designed and tested to withstand pressures
in excess of 15 bar. A non-metallic MRI-compatible fitting and Tygon tubing allows the
pressurization and depressurization of the chamber inside or outside the MRI scanner.

After a sample is mounted inside the chamber, the chamber is purged with nitrogen at
atmospheric pressure and sealed. The chamber is then pressurized to 7 bar (absolute) with
nitrogen. Once pressurized, the chamber with the sample inside is placed in an ice bath

for 48 hrs. to fully saturate the tissue sample with nitrogen. After this initial incubation



the pressure is rapidly lowered to 3 bar for 24 hrs. to induce bubble formation and let the

bubbles reach mechanical and diffusive equilibrium with the surrounding tissue.

2.2.3 Magnetic Resonance Imaging

We are using a 7 T small animal MRI scanner (Varian) with a 310 mm bore to image the
samples inside their pressure chamber. To minimize edge artifacts at the boundary between
the bubble and the tissue, a two-dimensional T2-weighted fast spin echo (FSE) sequence was
used (TE/TR = 36ms/5500ms, ETL = 8, FOV=2.5cm, views=512x256, slice thickness=800
um, and bandwidth = 227.27 kHz).

2.2.4 Pressure Cycling

To test the mechanical response of the tissue to bubble expansion, we rapidly cycled the
external pressure while imaging the bubbles to determine any changes in their size and shape.
Initial images were taken after 24 hours at 3 bar and then repeated to ensure no further
bubble growth was occurring. This ensured that mechanical and diffusive equilibrium had
been reached at this point.

The chamber pressure was then reduced to ambient levels (1 bar) by rapidly venting the
chamber to the outside. The chamber was then immediately repressurized to 3 bar. This
depressurization and repressurization cycle was completed in about 5 seconds, which is fast
enough to make gas diffusion in and out of the bubble negligible. After completing this first
cycle, another set of images was acquired in all three planes consecutively over a time span
of approximately 35 minutes. After imaging, the pressure cycle was repeated, down to 1 bar
and immediately back up to 3 bar, followed by another round of imaging. This process was
repeated three times in total. Finally, the pressure was reduced to ambient pressure and the

sample reimaged in all three planes one last time.



2.2.5 Bubble size determination

A custom MATLAB script was used to determine the size of the bubbles from the MRI
scans. For each two-dimensional image in the stack that contains a bubble, as shown for
a representative bubble in Fig. 2.1A, the average signal of the surrounding white matter
is subtracted. Then, the dark pixels inside the bubble that are more than one standard
deviation of the background noise below the white-matter background are extracted. We
refine the two-dimensional shape of the bubble then by filling any holes in the image and
discarding pixels that have less than four nearest neighbors in the bubble. A representative
result is shown in Fig. 2.1B. This results in a slight undercount of the bubble area, and
consequently volume, that is worse for small bubbles than for larger ones. The code is freely
available [56].

The stacks of the bubble images in the three anatomic planes are then used to determine
the convex hull of the bubble from a combination of all the images. Alignment of the three
stacks is accomplished by minimizing the surface area of this convex hull. The result is
shown in Fig. 2.1C. Finally, the volume of the bubble is computed from the aligned stacks.
From a systematic variation of the image analysis parameters, we estimate that the volume

determination is accurate to within 5%.



Axial Reconstruction

Coronal

Figure 2.1: Reconstruction of the three-dimensional shape of a gas bubble from stacks of
MR images in the three anatomical planes. (A) shows sample image slices of a bubble in
the spinal cord in the sagittal, coronal, and axial planes, respectively. (B) shows the same
slices after image processing to extract the bubble, and (C) shows the three-dimensional
reconstruction of the bubble shape from the full stacks of these slices, and (D) shows the
reconstruction of the surrounding spinal cord from an axial image stack. (A) scale bar =
5mm (B) scale bar = 2.5 mm

2.2.6 Histopathology

To verify the existence of a gas bubble in the tissue, one sample was examined by means
of histopathology. After the MRI scan, the axial location of the bubble as revealed in the
image was marked with a fiduciary marker on the outside of the spinal cord. The tissue was
fixed in 10% neutral-buffered formalin and then dehydrated in sucrose solution. The sample

was sectioned on a cryo-microtome, stained with hematoxylin and eosin, and imaged with a
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light microscope following routine procedures.

2.2.7 Geometric Models

We used COMSOL MULTIPHYSICS v6.1 to simulate the stress in the spinal cord tis-
sue during bubble expansion through finite-element modeling. The model combines tissue
mechanics with gas transport in a multiphysics approach, solving a mechanical model with
nonlinear geometry for the tissue simultaneously with a diffusion-convection model for gas
transport. The starting point is a geometric model of the spinal cord tissue that is con-
structed from our MRI image stacks using a custom MATLAB script. The gray matter
consists of 1409 domain elements with 509 vertex elements, while the white matter com-
prises 4993 domain elements with 1487 vertex elements. This complex is shown in Fig.
2.1D.

The shape of the equilibrated bubble at 3 bars that was determined from the MRI scans as
previously described in Fig. 2.1B is inserted as a void at the observed location. The surface
of the embedded bubble adds another 146 vertex elements to the model. This domain is

shown in Fig. 2.1C.

2.2.8 Initial and Boundary Conditions

We apply mechanical boundary conditions to the external surfaces of the tissue model such
that an external gas pressure is applied to the outside of the sample. The external pressure
also sets the boundary conditions for the dissolved gas concentration at the external surfaces
of the tissue in accordance with Henry’s law.

At the interface between the bubble and the tissue, the pressure inside the bubble pushes
back against the tissue-bubble boundary. Initially, we assume after the one-day equilibration
period at 3 bar, the pressure in the bubble equals the outside gas pressure. As the simulation
progresses, the pressure inside the bubble is related to its gas content through the ideal gas

law under isothermal conditions. As such, when the external pressure is reduced during
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simulated decompression, the bubble is allowed to expand until a new mechanical equilibrium
is reached. The gas concentration at the tissue-bubble boundary is again governed by Henry’s
law. As the simulation progresses and diffusion in the tissue leads to a concentration gradient
at the tissue-bubble boundary, the flux in and out of the bubble is computed, which in turn

changes the amount of gas and therefore pressure inside the bubble.

2.2.9 Material Model

For our tissue model, we assume a simple linear elastic model for both gray and white
matter. Each tissue forms a distinct domain with different material parameters, which were
taken from [1] and are shown in Table 2.1 below. Since the bubble is modeled as a void
within the spinal cord, it does not have any associated material parameters.

For the tissue mechanics, we assume quasistatic behavior, as inertial forces and stresses re-
lated to the deformation of the tissue are negligibly small compared to the forces and stresses
that are associated with changes in the external gas pressure or internal bubble pressure.
Consequently, our model solves the time-independent Newton’s second law equilibrium con-
dition for the tissue. Geometric nonlinearities in the tissue response were computed at every
step [57] to account for comparatively large strains in the deformed tissue near the bubble.
All stresses that are reported in this article throughout are calculated as von Mises stresses.

For the gas diffusion, we assume the nitrogen-water diffusion coefficient for diffusion in

both the white matter and the gray matter. These values are listed in Table 2.1.

Density Poisson Young’s Diffusion

(kg/m?) Ratio Modulus (Pa) Coefficient (cm?/s)
Gray Matter | 1045 0.4 1.66E6 2E-5
White Matter | 1041 0.42 9.42E5 2E-5

Table 2.1: Material parameters for gray and white matter used for the finite-element model,
from [1] and [2].
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2.3 Results

2.3.1 Bubble Formation

The spinal cord samples were subjected to 7 bar for 48 hours to ensure nitrogen saturation
in the tissue and then depressurized to 3 bar and equilibrated after 24 hours, as described
above, and shown in Fig. 2.2A. Bubble formation was visible in only six of ~50 samples
despite the rather aggressive pressurization / de-pressurization protocol that yields many
more bubbles in agarose or gelatin phantom tissues, both in control experiments performed
by us and previously reported in the literature [58]. Of those six bubbles, three formed at
the edge of the sample and were physically connected to the outside. We excluded these

from our analysis. All observed bubbles were formed in the white matter.
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Figure 2.2: An example for one bubble growth is shown. (A) The pressure cycle is shown
that is applied to all samples. Samples were imaged at points I, II, III, IV, and V. (B)
Axial MRI scans show bubble growth for each pressure cycle. The leftmost frame indicates
the equilibrated bubble and is overlaid in subsequent frames as a reference (red). (C) The
bubble volume is quantified and shows a clear increase in volume for each pressure cycle.
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2.3.2 Damage from Pressure Cycling

After the initial bubbles have formed and reached equilibrium, the external pressure is
cycled as described above to probe the mechanical response of the surrounding tissue to
pressure-induced bubble expansion and recompression. We observe that each of these pres-
sure cycles results in an increase in bubble volume (Fig. 2.2C-2.2D).

From the repeated MRI scans in the three anatomical planes, the bubble volume is de-
termined before and after each decompression-recompression cycle (Fig. 2.3). In the first
cycle, the bubbles grew 37.2+3.1% (average + standard error of the mean) relative to the
initial cycle. Each subsequent cycle saw less bubble growth, 13.6 + 5.8% and 9.56 4+ 0.78%
respectively, for cycles 2 and 3, relative to their previous cycle. The increase in bubble
volume per the same pressure cycles indicates irreversible deformation is occurring in the
spinal cord. Each successive increase in bubble volume is smaller and smaller and can be
attributed to nonlinear and viscoelastic effects of the spinal cord. Each bubble experiences
significant growth upon final decompression, (640 £+ 150%) relative to the initial, equilibrated
bubble and (313 + 29%) compared to the bubble after the last recompression cycle. Unlike
the growth during the recompression cycles, where the external pressure is returned to the
pre-decompression value, the final expansion can largely be explained by a simple volumetric
gas expansion following Boyle’s Law. To rule out the gas diffusion into the bubble from in-
complete equilibration, three control bubbles scanned consecutively without pressure cycling.

They showed an apparent average growth of 3.71£2.45%.
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Figure 2.3: The normalized volume for 3 bubbles is shown. Every bubble grew in volume
with each consecutive cycle. Error bars represent the confidence interval from the combined
ratios of the standard error of the mean of averaged bubble volumes divided by their means.
*p<0.05; **p<0.01.

2.3.3 Histopathology

For one sample, we confirmed the location and nature of the gas bubble in the tissue by

means of histopathlogy. Fig. 2.4 shows the bubble in the expected location, but slightly
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smaller than what is seen in the MR images. We attribute this minor discrepancy to shrinkage

of the bubble during the lengthy fixation process.

Figure 2.4: Histologic image (H&E) of a bubble in the spinal cord, taken from a fully
decompressed sample after MR imaging. The bubble is located in the same place as seen in
the MRI images.

2.3.4 Finite-Element Modeling

The model bubble experienced significant stress when subjected to decompression by
rapidly changing the external pressure from 3 bars to 1 bar. Fig. 2.5A shows the average
surface stress of the bubble as a function of time during a decompression / recompression
cycle. The average stress of 125 kPa at the edge of the bubble during decompression signifi-
cantly exceeds the white matter tensile strength of 61.3 kPa [1].

A further examination of the surface stress of the bubble after decompression yields a 2-D
cross section of the stress as shown in Fig. 2.5C. The stress is localized near the surface of
the bubble with higher stresses near coarser edges. A vertical 1-D cross section through the
bubble further confirms the strong localization of the stress near the surface of the bubble

(Fig. 2.5D). Stress exceeding the tissue tensile strength did not extend beyond 15% of the
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bubble diameter (shaded).

While the model tissue was decompressed by lowering the external pressure, the pressure
inside the bubble decreased from 3 bars to 2.38 bars (Fig. 2.5B). We note this internal
pressure is considerably higher than the external pressure of 1 bars after decompression.
Correspondingly, the bubble increased in volume only by approximately 27% (Fig. 2.5B)
instead of threefold as one might expect from Boyle’s Law had the bubble pressure dropped
to 1 bar. This substantial excess internal pressure in the bubble is balanced by the mechan-
ical stress in the surrounding tissue. Altogether, the magnitude of the stress in the tissue
immediately surrounding the bubble suggests that tissue failure in white matter is the most
likely explanation of our observations.

Because gas diffusion is a slow process, the bubble does not reach equilibrium with its
surroundings during the very short decompression cycle and gas from the white matter
flows into the bubble. However, the overall effect from this gas inflow is negligibly small
and amounted to an increase in the average surface stress of 0.08kPa and a 0.000 15 mm?
(0.0078%) increase in bubble volume during the entire decompression cycle. This validates
our assumption that we can attribute the experimentally observed bubble expansion to a
purely mechanical tissue response, while contributions from gas diffusion can be disregarded
on our time scale.

When the external pressure is restored to its pre-decompression value, the bubble volume
and the stress in the tissue revert to their original values as shown in Fig. 2.5A-2.5B, again
with negligible effects in gas diffusion, validating our simulations using the assumption of an
elastic tissue model. This is, however, in contradiction to the incremental growth observed
in our experiments and contributes to the mounting evidence suggesting that a reversible
elastic response is insufficient in capturing the intricate mechanics associated with bubble

growth during decompression, as discussed in more detail below.
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Figure 2.5: The FEM model was decompressed for 2 bars. (A) The average bubble surface
stress exceeded the tensile strength of the surrounding white matter (red dashed line). (B)
The decrease in external pressure caused the bubble to expand and decreased the internal
bubble pressure. Gas flowed into the bubble to reach a new equilibrium but had very little
effect on stress and volume at these time scales. (C) A 2D cross section at 5.11s shows
high stress at the bubble’s edges. The vertical cross section (black dashed line) reveals (D)
exponential stress exceeding the surrounding white matter tensile strength (red dashed line)

near the boundary of the bubble (shaded).

2.3.5 Discussion

Neurological DCS poses significant clinical challenges, and although bubbles are recog-
nized as the main contributor to SC-DCS pathogenesis, the exact mechanisms by which
they cause the clinically observed symptoms remain elusive. Generally accepted mecha-
nisms through which growing bubbles cause damage to the spinal cord involve the blockage
of blood flow by the bubbles and, hence, an infarction of the spinal cord tissue [29, 53, 54]

or complement activation at the tissue-air interface of the bubbles [59].
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Here, we present evidence for a different mechanism by which a growing bubble can cause
neurologic damage: by mechanically tearing or viscoelastically deforming the tissue adja-
cent to the gas bubble irreversibly, which effectively results in a small traumatic spinal cord
injury. To reach this conclusion, we mechanically probed the response of ex-vivo bovine
spinal cord tissue to an expanding gas bubble by externally pressure cycling it. We observed
an irreversible incremental growth of the bubble during each rapid decompression and re-
compression cycle. This behavior is inconsistent with the notion that the bubble is lodged
in a blood vessel and responds elastically to pressure changes by expanding in the vessel
without mechanically breaching the surrounding endothelium. Instead, we see that the ex-
panding bubble creates a space for itself that it can expands into by irreversibly deforming
the surroundings of the bubble.

The measured bubble volumes from our experiments allow us to get a sense of the forces
that the growing bubble exerts on its surroundings through finite-element modeling. When
we use a linear elastic tissue model for the spinal cord to simulate our pressure cycling
experiments, the model predicts stresses in the tissue that exceed the tensile strength for
nerve tissue more than threefold in an area that is highly localized around the bubble. This
confirms that the forces associated with a growing gas bubble can indeed be large enough to
cause permanent mechanical damage. This validates not only our experimental findings but
also tracks the histological observations by [20] in decompressed dogs, where they found cell
debris in proximity to the bubbles in the spinal cord.

In clinical practice, the administration of normobaric oxygen followed by hyperbaric re-
compression treatment is the gold standard for treating DCS. Variations of this protocol have
been in use for over a century [60]. The purpose of this treatment is to shrink the bubble and
reoxygenate the tissue. Yet the success of this treatment is highly variable and the factors
that lead to complete resolution are poorly understood. For SC-DCS, incomplete resolution
of symptoms or even total failure of the treatment [61] is reported in roughly one-third of

all cases, with the severity of the initial symptoms as the primary predictor of success or

20



failure [62]. Often, the persistence of bubbles after hyperbaric treatment is observed [63],
and higher risk of DCS in future diving is reported [64].

Our findings can potentially provide an insight into the high variability of treatment
success and some of the other unexplained phenomenology. Damage from bubbles that tear
the surrounding tissue is likely more severe and persistent that damage from bubbles that are
just ischemic in nature. Therefore, the presence of severe symptoms in the early presentation
may indicate a traumatic injury, which in turn leads to longer-lasting damage, Second, the
traumatic nature of the injury in these cases may lead to the local formation of scar tissue.
That can predispose this location to the future formation of large bubbles in that place,
because a weakened gap structure may already exist into which a future bubble can readily
expand. This would naturally explain the not infrequent occurrence of sequelae of SC-DCS

on innocuous dives even months after the initial treatment and resolution of symptoms.

2.3.6 Conclusion

This study contributes to our understanding of SC-DCS by demonstrating growing de-
compression gas bubbles cause the direct mechanical damage to ex vivo bovine spinal cord
tissue that is not adequately described by a reversible elastic response of the surrounding
tissue. These findings emphasize that it is important to consider SC-DCS to be a multi-
faceted condition that may require a comprehensive approach in its treatment that goes
beyond shrinking the offending gas bubble and reoxygenating tissue, but also addresses the

traumatic nature of the injury in its management.
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CHAPTER 3

A Tissue Mechanics-Gas Diffusion Model for

Decompression Sickness

In this chapter, we present a comprehensive model that couples tissue mechanics and
gas diffusion to provide a more accurate understanding of bubble mechanics during decom-
pression. This model was developed as a means to escape the use of empirical data in the
development of current models. Our findings suggest that tissue elasticity plays a critical
role in moderating bubble stress, especially in different pressure regimes. We also observe
that small bubbles are governed by diffusion effects, while larger bubbles are dominated
by tissue mechanics. This study demonstrates that both decompression and recompression
can induce stresses that exceed tissue tensile strength. Additionally, we propose that there
exists a bubble size where the interaction between gas flux and tissue mechanics results in
maximum stress. Further research is needed to explore the effects of tissue-specific responses

and the timing of recompression therapy.

3.1 Introduction

A century of research has determined bubble formation plays a significant role in decom-
pression sickness, which is brought about by a decrease in ambient pressure. However, the
pathophysiology of DCS, which includes milder Type 1 symptoms such as rashes [65] and

more severe Type 2 symptoms such as paralysis [65], is not well-understood [66]. Since the
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onset of DCS was first recognized, many scientists have developed decompression models to
minimize DCS incidence.

A common feature of all these models is the principle of minimizing the tissue super-
saturation during decompression, which fundamentally aims to reduce bubble formation
[46, 67, 68]. The data that has been used to create tables has been a result of years of
empirical approaches, where tables were refined for specific diving practices and for specific
diving populations[48] and so, may not always work for every diver. This is especially true
as DCS seems to have an inter-individual variability [48, 49]. As a result, divers often choose
their acceptable level of DCS risk to formulate their targeted decompression rate modern
decompression tables [69, 49].

In this article, the primary objective of this study is to provide a more accurate and
detailed understanding of the factors influencing bubble growth and dissolution by presenting
a comprehensive model that couples tissue mechanics and gas diffusion. Here, we extend
the analysis of the model presented in Chapter 2. We examine the importance of tissue
mechanics, the effects of decompression time, and the dynamic behavior dependence on
bubble seed size. Our analysis suggests tissue elasticity plays different roles at different
pressures, recompression can exceed tissue tensile strength comparable to decompression,
and small bubbles are dominated by diffusion effects while large bubbles are dominated
by tissue mechanics. This model aims to enhance decompression protocols, reduce DCS

incidence, and improve safety and treatment outcomes for divers and astronauts.

3.2 Methods

3.2.1 Model Geometry

The same model was used as described in Chapter 2 for all results reported herein except
when assessing the stress effects as a function of bubble size. For this analysis, a spherical

bubble with 428 surface vertices was employed for all bubble sizes. The mesh face area

23



changed accordingly to maintain a consistent number of vertices and triangles.

3.2.2 Model Equilibrium Equations

For completeness, the physics employed in this COMSOL model are the Solid Mechanics
(SM) and Transport of Diluted Species (TDS) modules. The SM module solves the time-

independent Newton’s second law, written as

0=fy+V-o (3.1)

where fi is the body force per unit volume and o is a stress tensor representing the internal
stresses in the material. For gas diffusion, we can simplify our equation because we are only
considering one gaseous species in our system. Thus, the equation of interest for gas diffusion
is

dc

5 TV (=DVo) =R (3.2)

where ¢ is the gas concentration, ¢ is time, D is the diffusion coefficient, and R is a reaction
rate that described the addition or removal of gas in the system. For further discussion of

model assumptions, see the Material Model section in Chapter 2.

3.2.3 Model Equilibrium Equations

The initial and boundary conditions are consistent with those described in Chapter 2.
For the sake of completeness, we present them in equation form here. We apply a changing
hydrostatic pressure, P, to all external boundaries of the spinal cord model. This external
pressure sets the boundary conditions for the dissolved gas concentration, ¢, at the spinal

cord external surfaces, in accordance with Henry’s law, which is expressed as

¢ = P,H, (3.3)
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where H, is Henry’s constant 6.36x10"°mol Pa~' m~3 [70].

The mechanical equilibrium of the bubble is balanced by three pressures: the gas pressure
inside the bubble pushing outwards, P,, the ambient pressure on the spinal cord, P, and a
pressure term that combines bubble surface tension and tissue deformation pressure depen-
dent on tissue material parameters, P; [8]. Additionally, we assume the bubble behaves as

an ideal gas, and thus, the pressure of the bubble can be expressed as

Pb:Ph—{—]Dt:CbRT (34)

where R is the universal gas constant, T" is room temperature, and ¢, is the gas concentration
in the bubble. The gas concentration at the bubble-tissue interface is also set by Henry’s law,
as in Eq.3.3, with the corresponding bubble pressure in place of the hydrostatic pressure.
This equation shows a coupling between the concentration set by Henry’s law and tissue

mechanics that is specific for different ambient pressures.

3.2.4 Accounting for Different Frames of References

The SM module is solved in the Lagrangian frame of reference in which the stresses and
strains are computed in a coordinate system that moves with the material [71]. However,
the TDS module is solved in the Eulerian frame of reference in which the concentrations are
solved in a fixed coordinate system [71]. The result is that the TDS module will not consider
changes to the model geometry, such as volume and boundary changes. Additionally, neither
can easily accommodate the other given our problem of interest. It is therefore necessary to
develop a set of equations to couple these physics. We thus consider three conditions:

(1) Consider an enclosed volume with a fixed quantity of gas with permeable boundaries.
If the system is out of equilibrium, gas will move across its boundaries to reach equilibrium.
Correspondingly, the enclosed gas concentration must change accordingly.

(2) Consider the same system as in (1), but with non-permeable boundaries. As the
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walls expand, the enclosed gas concentration decreases inversely proportional to the volume
expansion.

(3) Consider the same system as in (2). As the walls expand, gas nearest the boundary
will move faster in the direction of the moving boundaries to maintain an equally distributed
enclosed gas when compared to gas located at the center of the system.

Note, conditions (1) and (2) are a change in concentration in time and are therefore a
change in the bulk domain concentration. However, condition (3) is a change in the gas
diffusion coefficient and determines the local concentration. We can mimic conditions (1)
and (2) in COMSOL by implementing an equivalent chemical reaction, taking care of which
gas content is accounted for in each domain. For domains defined with the TDS module,
such as the gray and white matter, condition (1) is automatically accounted for. Thus, the

general equivalent chemical reaction Ry, that is evaluated at every step, takes the form

g 1 1
R =———— 3.5
) ts(vd wp) (3.5)

where n; is the net number of moles moving across the domain of interest, V; is the domain
current volume, Vy, is the previous step domain volume, and ¢, is the timestep. A similar
expression is used for the bubble, but we must also account for condition (2) because it is
not defined by the TDS module. Additionally, as we are tracking the bubble concentration
separately, we need a total change in concentration Ac,. This can be done by integrating

the equivalent chemical reaction for the bubble R, with respect to time,

! 1 (g +ne mgo +
Acy= | Rpdt= | — — P dt 3.6
o= [ /t( 7 Vi ) (36)

where ny is the initial bubble gas content, n; is the current gas content moving across the

boundary, ny, is the previous mol count moving across the boundary, V}, is the current bubble
volume, and V}, is the previous bubble volume. The change in concentration described by

Eqns. 3.5-3.6 assumes an equal expansion in all directions. An additional coupling must be
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made to change the rate of diffusion when the domain walls move and thus satisfy condition

(3). This can be done by scaling the diffusion coefficient as

DoX2 0 0
D=1 0 DX 0
0 0 DyA?
where Dy is the same the diffusion coefficient in Table 2.1 for an undeformed geometry, and
A1, A9, Az are the principal stretch ratios calculated by the SM module. Equations 3.5 and
3.6 depend on the accurate transfer of gas content moving across any boundary at each step.
This is not defined in COMSOL and so, the expression for any mol count moving across any

boundary, n;, can be calculated by the expression

ny = / SA<¢C . ﬁb) dt (37)
0

where S, is the surface area of the boundary, ¢. is the concentration flux, and 7, is the

surface normal.

3.3 Results

3.3.1 Effect of Different Decompression Profiles

We decompressed the same model using two different pressure profiles, specifically 3:1 and
1:1/3 absolute atmospheres (ATA) decompression ratios, to understand the stress impact
on the surrounding tissues (Fig. 3.1A). These profiles were chosen to compare a typical
spacewalk decompression profile [72] while maintaining the same bubble volume expansion
under the assumption that bubbles behave in accordance with Boyle’s Law. The 3:1 ATA
profile corresponded with a normalized growth of 27% while the 1:1/3 ATA decompression

profile corresponded with a normalized bubble growth volume of 11%, a moderate difference
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of 16%. Upon decompression, both models returned to their original equilibrium.
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Figure 3.1: Average surface stress for two different decompression profiles of the same ratio
is shown. The decompression profile of 3:1 ATA causes a significantly higher stress response
compared to the 1:1/3 ATA decompression profile.

More interestingly, the bubble surface experienced significantly higher stress following
the 3:1 ATA decompression profile compared to the 1:1/3 ATA decompression profile (Fig.
3.1B). Specifically, the 3:1 ATA profile resulted in a peak surface stress of 130 kPa while the
1:1/3 ATA profile resulted in a peak surface stress of 50 kPa. Although each decompres-
sion/compression cycle was a threefold change, the 1:1/3 ATA did not exceed the surrounding
tissue tensile strength, but did exceed the surrounding tissue yield stress with our material
parameters. However, experimental evidence has shown the tissue yield stress is variable
between spinal cord samples [1]. We emphasize, for our different material parameters, the
average bubble surface stress could remain below the yield stress. While neither was al-

lowed to equilibrate during decompression, the average surface stress and volume change

were significantly different.

3.3.2 Effect of time on bubble stress

We extended the model to simulate 48 hours using the same decompression/compression

rate (Fig. 3.2A). The model was maintained in the decompressed state for 24 hours and in
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the recompressed state for another 24 hours. The peak stress in the decompressed state was
134 kPa, 20 min after decompression. This peak stress corresponded with a 247 increase
in volume change relative to the original volume (Fig. 3.2B). Similarly, the peak stress in
the recompressed state was 112 kPa, 15 min after initial recompression. This peak stress
corresponded with a total volume change of 32%, but it represented a 229 change relative
to the original volume. Both decompression and recompression peak stresses exceeded the

surrounding tissue tensile strength of 61.3 kPa.
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Figure 3.2: (A) The average surface stress of the bubble peaks beyond the tensile strength
at decompression and at recompression. (B) At decompression, the bubble expands, result-
ing in a decrease in bubble pressure. Gas flows into the bubble via Henry’s law until the
concentration in the spinal cord significantly decreases, causing gas to flow out of the bubble
until equilibrium is reached. The reverse occurs during recompression.

A closer examination of the decompressed state revealed the internal pressure of the
bubble matched the reduced external pressure of 1.001 ATA, in 18.5 hours (Fig. 3.2B).
However, it’s important to note that the average surface stress of the bubble never returns
to zero stress during the decompressed state and instead equilibrates to 5kPa. This can
be attributed to a corresponding volume being 107% larger than its original volume. Upon
recompression, the bubble nearly returns to its original equilibrium within 24 hours. The
time to return to equilibrium is likely longer than in a native spinal cord, as we are not

taking into account the process of gas removal from the blood circulation.
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3.3.3 Seed Bubble Size

The model was decompressed using the 3:1 ATM pressure profile for a wide range of
bubble diameters spanning from 5 pm to 3065 pm (Fig 3). This range was chosen to examine
relevant microbubbles observed in reported data [24, 73, 74] and to include larger diameters
discussed in Chapters 2 and 4.

The bubble pressure was reported for the duration of the simulation (Fig. 3.3A). Small
bubbles appear to quickly equilibrate after decompression while large bubbles do not have
a strong diffusion dependence after decompression. However, intermediate bubbles exhibit
large changes in initial pressure and equilibrate quickly after decompression. This behavior
suggests a size transition in which gas mechanics is more important than tissue mechanics
and vice versa.

To understand how this behavior would impact damage to the spinal cord, we examined
the average surface stress of the bubble (Fig. 3.3B). It quickly became apparent a wide range
of behavior can be observed, with small bubbles reaching a maximum stress faster than others
with varying ranges of stress. As diffusion is the main factor after initial decompression, the

models at decompression (t=2.9s to t=9.08s) were fitted with the function

oa=Je "+ L (3.8)

where o4 is the average surface stress. The fit parameter J corresponds to the initial stress,
K is the stress rate of change, and L as the apparent stress equilibrium at decompression
(Fig. 3.3C). Ideally, parameter J would be near zero as decompression occurs rapidly near
the origin, and this is reflected in diameters larger than 20 pm. Parameter K and L are
dependent on the rate of diffusion, but in general, they increase as diameter decreases.

The parameter K is of interest as it only reflects the impact of diffusion on tissue stress
relaxation. We invert this variable to determine a 3D random walk diffusion timescale, At

and calculate the diffusion step d;, = vV6DAtL. We see, in general, the average step diffusion
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increases linearly with an increase in bubble diameter (Fig. 3.3D). However, intermediate
bubbles (diameters near 100 pm) have an increase in step length. These bubbles are the

largest prior to an observed increase in stress seen in smaller bubbles.
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Figure 3.3: (A) The bubble pressure for different bubble sizes. The initial drop in bubble
pressure decreases as bubble size decreases. (B) The average surface stress of the bubble
increases for very small bubbles. (C) The average surface stress during decompression was fit
with Eq. 3.8 for all bubble diameters. Parameter K can be related to random walk diffusion,
indicated in the text, where (D) we see a linear dependence between diffusion step size and
bubble diameters. There is an increase in step length at ~100 pm bubble diameter.

To better understand the complexities observed in the complete model across spatial
scales, two validation tests were performed. The first series of simulations were performed
where the gas diffusion mechanics was disabled (Fig. 3.4A-C). Here, we fixed the bubble
pressure to 3 ATA and decreased the external pressure, causing the bubble to expand. The
majority of the bubbles, diameters between 14-660 nm, had little variation in stress 305.94+1.4

kPa (average + standard deviation) (Fig. 3.4A). However, larger bubbles experienced a
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peak average stress of 316.72 (3.5% greater, Welch’s T-test =164723) while smaller bubbles
experienced significantly lower stress, 236.4 kPa (22.7% less, Welch’s T-test =215645). Both
large and small bubbles are significantly different and can be explained due to the geometry
of the model. Large bubbles, experienced greater stress as they approached the boundaries
of the gray matter (Fig. 3.4B). Smaller bubbles retreated from all boundaries and are likely
sensitive to local strain and stress gradients.

A second series of simulations were performed where the bubble pressure was decreased
at the same rate and target as the external pressure (Fig. 3.4D-F). However, while the
pressure decreased, the bubble size was fixed and the concentration at the bubble boundary
was still dictated by Henry’s law. This test is designed to decrease the gas concentration at
both the external and bubble boundaries, leaving only the effect of diffusion to be observed.
As expected, the diffusion rate across the surface of the bubble increased for decreasing
bubble size, spanning 5 orders of magnitude, and highlighting the dominant factor at play
is the surface to volume ratio (Fig. 3.4D). After the initial peak, the diffusion rate decrased
for larger bubbles and increased for smaller bubbles (Fig. 3.4E). To better understand
this, a cross section of the smallest and largest bubble were taken at 100s, well into the
second diffusion process, but understanding it is the dominant process after 12s (Fig. 3.4F).
It is apparent the local gradient concentration is significantly (Welch’s T-test = 1.3E16)
steeper in the smaller bubble (99000 + 7200 molm~2) compared to the largest bubble (997
+ 34molm™2). It is evident the local concentration gradient, as shown in Eq. 3.2, drives the
diffusion rate. Large bubbles quickly deplete the surrounding tissue concentration and as a
result, the diffusion rate to the bubble is reduced. However, small bubbles do not deplete the
surrounding tissue in a similar manner and thus, the surrounding tissue is able to sustain
the diffusion rate for smaller bubbles. The combined independent effect of tissue and gas
mechanics results in dynamic behavior seen in Fig. 3.4 with an apparent bubble diameter

of about 100 pm that is sensitive to gas and tissue mechanics.
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Figure 3.4: (A) The tissue mechanics validation tests revealed a decrease in stress at very
small bubbles and an increase in stress with large bubbles. The increased surface stress
for large bubbles can be explained by (B) the bubble interacting with the boundaries of
the surrounding tissues (white arrow). (C) Small bubbles (black arrow) experienced lower
average surface stress because of local stress gradients. (D) The gas mechanics validation
tests revealed the initial diffusion rate is determined by the surface area to volume ratio
of the embedded bubble. However, (E) the secondary diffusion rate depicted large bubbles
decreasing in diffusion rate while small bubbles had an increase in diffusion rate. This is
because (F) the local gradient concentration is significantly steeper with smaller bubbles
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3.4 Discussion

In Chapter 2, we presented the importance of tissue elasticity and the ability of the
bubbles to exceed the surrounding tissue tensile strength. Here again, we present data on
the importance of consideration of tissue elasticity and its effect to change the resulting
average surface bubble stress when comparing 3:1 and 1:1/3 ATA decompression profiles.
Previous tissular bubble models assumed the bubbles experienced the same pressure change
with proportional volume changes [75]. Practically, this would assume the same stress would
be experienced by a bubble in a 3:1 and 1:1/3 ATA as they share the same factor of 3
in pressure change. However, our model suggests a significant decrease in average surface
stress for the 1:1/3 ATA decompression profile because of the effects of tissue elasticity.
This may explain why astronauts, who undergo a 1:1/3 ATA decompression in preparation
for spacewalks, experience a lower incidence rate for DCS [76] and are easier to treat [77]
compared to divers [78].

In all figures presented in this article, the state of decompression always yielded an aver-
age stress significantly higher than the surrounding tissue tensile strength and yield stress.
For this decompression profile and more extreme decompressions, this may explain the in-
adequacy of relieving neurological decompression symptoms upon recompression [33]. In
addition to revealing irreversible decompression mechanisms, we also demonstrated the act
of recompression can result in a similar average stress exceeding the tissue tensile strength.
Although it is generally recommended to receive timely recompression therapy [42] because
of better clinical outcome if treated within the first 12 hours of onset symptoms [79], other
studies have shown delayed recompression treatment had no significant effect on the clin-
ical outcome [33, 34, 80]. Our study therefore suggests there may be an optimal time for
recompression. A more thorough investigation should be conducted to determine the latest
time at which recompression should be performed and if different tissues result in different
outcomes (i.e., Type 1 vs Type 2 DCS).

Investigating the effect of bubble size on the average surface stress, the dominating factor
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in large bubbles is the change in external pressure whereas the main stress factor in small
bubbles is dominated by diffusion. As such, there seems to exist a bubble diameter where
the interaction of gas flux and tissue elasticity result in greater stresses than the smallest or
largest bubbles. It should be noted, however, that this linear elastic model may be insufficient
for proper bubble size analysis. It has been reported that, for scales transitioning from the
micro to macro scale, models tend to underestimate stress because higher order terms in the
linear elastic strain formulation are ignored [81]. A simple ratio of an internal constitutive
length parameter to that of the characteristic length of the deformation approaching unity
should consider strain densities in stress calculations [82]. In this context, this would be the
ratio of the size of a neuron cell to the bubble diameter where unity is approached for bubble
diameters of 20 pm [83]. If omitted, this may explain the waved parameter fits for very small
bubbles shown in Fig. 3.3C [84]. A more thorough investigation should be conducted to
determine the importance of strain densities at very small scales for decompression bubbles

to accurately estimate bubble surface stress.

3.5 Future Direction

The model discussed in this chapter is meant to extend the analysis for the equilibrated
bubble observed in the ex vivo bovine spinal cord tissue. However, this model can be
modified to accurately mimic physiologically relevant conditions. In this model, we are only
considering a nitrogen gas source and incorporating oxygen would make a significant change
to the observed bubble mechanics. To account for this, we can incorporate the different
partial pressures of different gases, as well as the water vapor pressure in the human body.
This results in a pressure at the external boundary condition, equivalent to the alveolar

pressure (Py), given as

PA:PN2+PH20+PO2 (39)
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where Py, is the inspiration pressure from nitrogen, FPp, is the inspiration pressure from
oxygen, and Py, is the static water vapor pressure in the body of 0.062 atm [85]. The
pressure inside the bubble is the same as Eq. 3.9 with the omission of the oxygen term,
as decompression bubbles are composed of nitrogen [4]. Eq. 3.9 can also be moved to the
boundary of the bubble to simulate bubbles circulating in the blood stream.

Secondly, we can incorporate accurate material models to replace our linear elastic model
assumption. Most biological tissues exhibit large deformations, are nearly or completely
incompressible, and nonhomogeneous [86]. This has led to a plethora of studies to examine
the complex coupling of these behaviors under different loading conditions [87]. To that
end, we are currently replacing the linear elastic material model with an incompressible
hyperelastic Ogden material model. The equation form is

2 1
U:-“(A1+A2+A3—3)+5(J—1)2 (3.10)

a2

where U is the stress strain energy function effectively replacing ¢ in Eq. 3.1, a and p
are material parameters, A1, Ao, A3 are the principal elastic stretch factors, J is the elastic
volume ratio and equal to the product of all three principal stretch factors. The material
parameters are taken from [88], a preferred source among spinal cord injury modeling [89],

and summarized in Table 3.1.

Density o} ! D

(kg/m3 kPa) (MPal)
Gray Matter | 1050 14.7 4.1 50.5
White Matter | 1050 12.5 4 51.7

Table 3.1: Nearly incompressible Ogden material parameters for gray and white matter.

Additional tissue mechanics behavior, such as viscoplasticity and ratcheting can be added,
but would require collection of experimental data. A comparison of tensile and compression
strength should also be performed for proper decompression/recompression analysis.

The final component to be added for a physiologically accurate model is to incorporate the
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exchange of dissolved gases with tissues. This extension would follow the original Haldane
model with modifications made by Biihlmann, where the rate of gas exchange is driven by
the nitrogen gas pressure gradient between the nitrogen gas breathed and the nitrogen gas
in the tissues [49]. It is generally agreed that this behavior follows an exponential kinetic
gas function of the form

—In(2) £E-

PT(tE) = PT(to) + [PNQ - P](to)][l — e 1/2] (311)

where Pr is the nitrogen gas in the tissue, ¢y is the initial exposure time to the change in
inspiration pressure, tg is the time of exposure at the changed inspirational pressure, t; /o
is the half-life gas exchange rate specific for different tissues. However, this gas exchange
pressure would need to be implemented into COMSOL using another chemical reaction, yet
to be determined. Regardless, these implementation changes enable this model to develop

new decompression profiles to minimize the incidence of DCS.
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CHAPTER 4

Real-time Imaging of Decompression (GGas

Bubble Growth in the Spinal Cord of Live

Rats

In this chapter, we present a method to observe the growth and resolution of decom-
pression gas bubbles in the spinal cord of live rats in real-time using magnetic resonance
imaging using a custom built pressure chamber. The system pressurizes and depressurizes
rodents while inside an MRI scanner and monitors their respiratory rate, heart rate, and
body temperature while providing gaseous anesthesia under pressure during experiments.

This system can be extended to include various breathing gasses and variable pressure rates.

4.1 Introduction

Decompression sickness is generally thought to be caused by the formation of inert gas
bubbles in the body that arise from a supersaturation of the tissue with gas on a rapid
reduction in the ambient pressure [90]. Aural Doppler ultrasound and 2D echocardiography
have long been used to monitor the formation of circulating decompression bubbles in large
veins or the heart post dive [91]. However, although these circulating bubbles are present
in virtually all cases that result in DCS, their presence alone does not reliably predict DCS

symptoms, and even less so the development of SC-DCS [92]. For pathophysiological studies
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of SC-DCS, it is, therefore, important to directly study the bubbles in the spinal cord itself
instead of relying solely on readily observed circulating bubbles. Gas bubbles in the spinal
cord are, up to now, only examined postmortem using pathology, which is rather limiting as
it reveals no dynamic information, and it is fraught with artifacts from fixation and slicing
that are often hard to distinguish from gas bubbles [29].

We demonstrate that it is possible to observe the formation of gas bubbles in deeper tissues
directly in vivo using MRI. However, there are considerable technical challenges in combining
the hyperbaric environment with MRI and maintaining anesthesia under pressure. In this
proof of concept note, we present a hyperbaric chamber for small animals that is used inside
an MRI scanner (n=2). It can maintain gaseous anesthesia in the animal throughout the
pressurization and decompression experiment, and it allows monitoring of breathing, heart
rate, and temperature. Additionally, it has a heat exchanger to warm the breathing gas
mixture just before entering the chamber to maintain the animal’s body temperature. We
present MRI data taken with this setup that show the formation of gas bubbles in the spinal
cord of one of two rats in real-time on decompression from 7.1 bar absolute to normobaric

conditions.

4.2 Methods

All experiments were conducted under the ethics approval of the Institutional Animal

Care and Use Committee (IACUC) at the University of Michigan.

4.2.1 MRI and Pressure Protocol

Images were acquired in a 7 T pre-clinical scanner (Varian, now Agilent), using a 60mm
saddle coil manufactured by Morris Instruments. Four- to 6-week-old female Sprague Dawley
rats were imaged inside a custom-built MRI-compatible pressure chamber. A standard gra-

dient echomulti-slice (GEMS) sequence was used (TR/TE= 500ms /2.5ms, flip angle=30,
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voxel size 125 pm x 125pum x 1000 um). For this exploratory work we chose a gradient echo
sequence because the images are sensitive to both spin density—the absence of spins inside a
newly formed bubble—and the field distortions caused by the susceptibility contrast between
the empty bubble and the tissue surrounding it. Successive image acquisitions produce a
“movie” of the spinal cord with 1 min temporal resolution from frame to frame. To improve
the SNR, the images acquired during compression were temporally averaged over four scans
for a temporal resolution of approximately 4 min. Similarly, images acquired during decom-
pression were temporally averaged over two scans, for a temporal resolution of approximately
2min.

With the rat inside the pressure chamber, and the chamber placed in the scanner,

the chamber was pressurized to 7.1 bar absolute in 45s, or ~270fsw min~?.

The pres-
sure was maintained for 45min, and then decompressed to 1 bar absolute within 30s, or
~410 fsw min~!. This protocol is known to preferentially induce neurologic DCS in rats and
causes little pulmonary barotrauma because of their relatively high ventilatory rates [93].

We show several MRI scans taken from 8 min into the compression phase, to 10 min after

decompression.

4.2.2 Image Pre-Processing

The MRI images were processed using OpenCV (v. 4.8), NumPy (v. 1.26), and SciPy
(1.12) algorithms programmed in Python [94, 95, 96]. To enhance image quality, each image
underwent a two-fold, cubic interpolation, upsampling [96] in both dimensions. Images were
registered using a phase correlation algorithm [94] that detects translational shifts in k-space.
This alignment was focused on the area containing the spinal cord and vertebrae. A multi-
nonlocal means denoising algorithm [94, 97] was then applied using the two temporally closest
scans for all images. Further noise reduction and feature edge enhancement were achieved
through the implementation of a five-pixel diameter bilateral filter [94]. Last, image contrast

was improved using a contrast-limited adaptive histogram equalization algorithm& on each

40



image.

4.2.3 Image Segmentation

Following image denoising, the regions of presumptive bubble formation were determined
by subtracting the average of the four initial scans from the average of the four final scans,
resulting in a difference image. The distribution of the grayscale pixel intensities in the
difference image was fitted with a Gaussian. Only pixels where the intensity has changed by
more than two SDs were retained. Pixels outside of the spinal cord were further discarded.
Contiguous pixels in this segmented image were considered as unique regions of presumptive
bubble formation. An additional control region, approximately the size of the other regions,
was randomly chosen at the center of the spinal cord. Our image processing script is openly

available [98].

4.2.4 Chamber and pressurization system

The cylindrical pressure chamber is machined from solid, transparent polycarbonate. The
tube has a total length of 330 mm, an outer diameter of 5.74 mm, and a wall thickness of
3.3mm. An internal polycarbonate tray supports the rat laid in a supine position. The
pressure chamber tube has threads and O-ring seals on both ends to attach an end cap with
electric and gas feedthroughs on one end, and a heat exchanger for the inflowing gas on the
other end. The electrical feedthroughs connect to the ECG and temperature sensors. A
5/32” OD push-to-connect fitting connects to a pressure sensor (Dwyer Instruments 626-04-
GH-P8-E2-S5) to instantaneously monitor the chamber pressure. A second fitting serves as

the exit port for the anesthetic gas flow. (Figure 4.1).
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Figure 4.1: Schematic of the chamber and pressurization system. The air pathway is indi-
cated by black arrows, electronic connections are indicated by yellow lines, vital monitoring
wiring is indicated by orange lines, and hot water is indicated by a red arrow, whereas cold
water is indicated by a blue arrow.

Pressure inside the pressure chamber is controlled with an electronic pressure control
system. Medical-grade air, mixed with isoflurane, is compressed by a booster pump (Haskel
AGD-4) to 9.3 bar absolute and stored at that pressure in a small buffer tank (Figure 4.1). An
electronic pressure-control valve (ProportionAir QPVIMANEEZP100PSGBXN) is used in
conjunction with the chamber pressure sensor and custom LABVIEW software to implement
the desired pressure profiles in the chamber. An additional solenoid valve (Atlantic Valves
BZW-20) is used to quickly depressurize the system, as depressurization through the control

valve itself is too slow for our protocol.

4.2.5 Anesthesia and vital monitoring

Because the anesthetic effect of isoflurane depends primarily on the partial pressure rather
than its absolute concentration [99], we administered an isoflurane concentration of 0.25%
(v/v) to achieve stable anesthesia at 7.1 bar absolute. To simplify anesthetic maintenance

at atmospheric pressure before compression and after decompression, we used a bypass valve
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to circumvent the booster pump and pressure control equipment during these phases of the
experiment. This allowed us to directly feed the output of the evaporator into the pressure
chamber at 1% (v/v) isoflurane concentration.

The pressure cell was designed to accommodate commercial MRI-compatible vital moni-
toring hardware from Small Animal Instruments. This monitoring suite includes the Model
1030 Monitoring and Gating Systems, 3-lead surface ECG electrodes, and a rectal thermistor
to monitor the animal’s temperature. Respiration is monitored using a technique termed
E-RESP by Small Animal Instruments, Inc: the ECG wires are placed to make a loop around
the animal’s chest (Figure 4.2). As the loop size changes with respiratory motion, a small
voltage is induced in the ECG wires, because of the changing magnetic flux through the
loop. We used this E-RESP method of respiration monitoring because conventional pneu-
matic pillows are unsuitable for operation at elevated pressures. Vitals were measured and

recorded using the software provided by Small Animal Instruments.

Figure 4.2: A rat is secured on the pressure chamber tray with electrocardiography wires
arranged in an E-RESP configuration, which consists of a wire looped around its chest to
generate induced voltage changes from respiratory movements in the presence of a magnetic
field, and an inserted rectal temperature sensor.
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To compensate for heat loss in the animal during imaging, it is not sufficient to warm it by
blowing heated air through the bore of the MRI scanner because the RF coil and the pressure
chamber occupy most of the MRI bore in our set-up. Therefore, the breathing air is warmed
as it enters the chamber with an MRI-compatible heat exchanger that is mounted at the
gas inlet end of the pressure chamber. The heat exchanger consists of a small compartment
through which warm water is circulated. The breathing gas flows through a 5m copper
tubing coil that is in direct contact with the warm water. The temperature of the warm
water can be manually adjusted to maintain the appropriate body temperature of the animal

and is typically set to 40°C to raise the pressure chamber temperature by ~3°C.

4.3 Results

We successfully compressed two live rats inside the MRI scanner to 7.1 bar absolute
for 25 min before decompressing them and maintaining them anesthetized at atmospheric
pressure until they succumbed to severe DCS. Real-time MRI scans during this process
showed the formation of decompression bubbles in the spinal cord in both rats, but only
one is shown here. Figure 4.3A, left, shows an axial image slice of the thoracic region
in the compressed rat, before bubble formation. Figure 4.3A, right, taken ~10min after
decompression and around the time of the rat’s expiration, displays a large gas bubble (1)
in the posterior median spinal vein. A smaller gas bubble (2) in the nervous tissue of the
spinal cord is also visible. We further note bubble-like entities (3-5) near the anterior region,
which may indicate bubble formation between the pia mater and white matter. The right
lateral region of the spinal cord (6) is also significantly distorted, but we cannot conclusively

associate them with anatomical features of the rat.
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Figure 4.3: MR images of the spinal region of a rat (A) (left) after pressurization to 7.1 bar
absolute and (right) 10 minutes after decompression to 1 bar absolute. The second image
shows a gas bubble in the posterior median spinal vein (1), one other suspected gas bubble
(2), and several distorted spinal cord regions (3-6). The right third of the spinal cord is darker
near (2), possibly indicating hemorrhage. (B) A time series of MRI scans of the spinal cord
taken during the experiment are shown. The last panel shows the regions of interest (ROIs)
as discussed in Methods, as well as an additional control region (CTRL) located in the center
of the ROIs panel. Each region of interest was used to determine the (C) average intensity
over the series of images to determine the appearance of bubble formation. The intensity
timepoints indicate the start of the MRI scan. The bubble in the posterior median spinal
vein is shown in orange (1), the other suspected bubble is shown in purple (2), a non-bubble
control region is shown in brown (CTRL), and other significant spinal cord distortions are
shown (3-6).
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The evolution of bubble formation is shown in Figure 4.3B. The images, while the chamber
was compressed (I-IV), showed no significant change, whereas images post decompression
(VI-IX), revealed bubbles. Images VI-VIII showed potential left and right lateral vein
fracturing occurring that may be responsible for the appearance of hemorrhaging near the
second smaller bubble (2). Several regions of interest are shown in Figure 4.3B-1,4.3B-IX to
determine the change in average intensity, including a control region. As indicated in Figure
4.3C, the average intensity decreases with the formation of a bubble in the posterior median
spinal vein (1), in the left lateral most bubble (2), and along the distorted anterior and right
lateral regions of the spinal cord (3-6), but not in the non-bubble control region (CTRL).

Continuous monitoring of respiration rate, heart rate, and temperature was conducted
during pressure changes, as depicted in Figure 4.4. Adequate anesthetic depth was success-
fully maintained throughout the experiment as confirmed via stable vitals. The heart rate
stayed around 300 beats per min and the respiratory rate was ~30 to 35 breaths per min

until the rat expired.
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Figure 4.4: Heart rate and respiratory rate of the rat during compression and decompression.

The vertical dashed lines indicate the times at which MRI scans were taken and correspond
to those shown in Figure 4.3.
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4.4 Discussion and Conclusions

Decompression sickness symptoms are closely related to the formation of inert gas bubbles
in the body [90]. The exact pathophysiology of how gas bubbles in deeper tissues form, and
subsequently dissolve on treatment through recompression remains largely mysterious, as gas
bubbles in the spinal cord and similar tissues could only be observed through histopathology
until now. Our novel combined pressurization and imaging method allows the observation of
decompression gas bubble formation in a live animal under anesthesia in a pressure chamber
inside the MRI scanner in real time. We demonstrate a 125 pm voxel resolution for a stack
of 30 3.25cm x 1.6cm images. This resolution is achieved with four averages for a 4-min
scan pre-decompression and two averages for a 2-min scan post-decompression.

We observed the formation of a large bubble with a cross section of ~0.4mm? in the
largest vein of the spine, the posterior median spinal vein, and a smaller bubble in another
area of the spinal cord. The physical deformations and distortions of the tissue surrounding
the bubbles in response to their rapid growth may have led to direct mechanical damage of
the tissue and local hemorrhage, eventually leading to the demise of the animal.

In conclusion, we have shown that it is possible to observe the growth of decompression
gas bubbles in real time in live rats using MRI in conjunction with a purpose-built pressure
cell and life support and monitoring equipment. Using an aggressive compression and de-
compression protocol that is known to preferentially induce SC-DCS, we were able to observe
the formation of gas bubbles in the spinal cord until the animal expired from the damage.
Maintenance and monitoring of anesthesia were possible at isoflurane concentrations that
are largely determined by the partial pressure of the anesthetic during the various stages of
the experiment. This new capability will enable rigorous testing of many of the assumptions
that are made in understanding the pathophysiology of deep-tissue DCS and its treatment

though recompression without having to rely solely on histopathology.
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4.5 Future Direction

The pressure chamber discussed here is a proof of concept for visualizing in vivo spinal
cord decompression bubbles. This work can be improved by incorporating a surface coil near
the spinal cord and performing a thorough optimization of imaging parameters to modestly
improve resolution. Regardless of these proposed improvements, we can now examine the
effects of oxygen and other gas mixtures after during changes in pressure and the effects of

varying ambient pressure on spinal cord decompression bubbles.
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CHAPTER 5

Conclusions

In conclusion, our research provides significant insights into the complex nature of spinal
cord decompression sickness (SC-DCS) by demonstrating the mechanical damage caused
by decompression gas bubbles and the limitations of the current elastic bubble theory. In
Chapter 2, we presented evidence of direct mechanical damage to ex vivo bovine spinal cord
tissue caused by growing decompression gas bubbles, which cannot be adequately explained
by a reversible elastic response of the surrounding tissue. Our findings suggest that the
forces involved in gas bubble growth are sufficient to exceed the yield stress of the tissue,
resulting in tearing or viscoelastic deformation of the nerve tissue. These findings highlight
the importance of considering SC-DCS as a multifaceted condition that may require a com-
prehensive approach in its treatment, going beyond shrinking the offending gas bubble and
reoxygenating tissue to address the traumatic nature of the injury.

In Chapter 3, we extended the analysis of the coupled tissue-gas mechanics model from
Chapter 2 to gain a deeper understanding of the role of tissue and gas mechanics at different
timescales, under different decompression profiles, and with varying bubble sizes. Our anal-
ysis suggests that tissue mechanics plays a significant role in the resulting average surface
stress of bubbles and that recompression can result in a similar stress profile as decompres-
sion. These findings are counter to the well assumed elastic bubble theory and suggest that
recompression can do as much damage as decompression. We also identified limitations in

our model, observed at the micrometer scale, but we nonetheless identified that diffusion
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effects dominate decreasing bubble sizes while tissue mechanics dominate larger bubbles.
The combined effect of these mechanics leads to a plethora of possible dynamic behavior in
decompression bubbles and tissue.

In Chapter 4, we developed a novel pressure chamber system compatible with rodent vital
monitoring and MRI to monitor the growth and development of decompression gas bubbles
in real-time. We demonstrated the presence of decompression gas bubbles in the spinal cord
after compression to 7.1 bar absolute and rapid decompression while maintaining a stable
anesthetic depth. We observed decompression gas bubbles in various locations, including the
posterior median spinal vein, near the spinal meninges, and other regions. We also observed
possible signs of hemorrhage surrounding near the left most lateral bubble. With this system,
we can test many of the aforementioned empirical recommendations for managing SC-DCS
and quantify their effect on the spinal cord.

Moving forward, it is essential to understand and implement other tissue and gas mechan-
ics, such as physiological relevant tissue parameters at long timescales, spinal cord behavior
with accurate damage models, micrometer strain gradients, and competing micrometer dif-
fusion time scales to fully model the mechanics of decompression bubbles at all scales. For
visualizing in vivo bubbles, it may be necessary to modify the system to assess other con-
ditions, such as the effect of multiple breathing gases and testing hypobaric conditions -
mimicking aerospace conditions. A thorough imaging optimization may also lead to a nec-
essary improvement in bubble resolution.

Our research provides a solid foundation for the development of new, safe decompression
models for aeronautical and diving activities based on physiologically relevant biophysical
principles. The combination of our experimental and theoretical tools can pave the way for

a more comprehensive understanding of SC-DCS and its management.
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APPENDIX A

Complete Circuit Diagrams for In Vivo

Pressure Chamber Manifold

This appendix provides detailed circuit schematics used to control the pressure throughout

the pressure chamber manifold system.
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A.1 Circuit 1 — Manifold Power Distribution
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Figure A.1: The electronic schematic is shown for power distribution across the pressure
chamber manifold. One analog output is used to control the pressure controller (AO0) and
the other is used to control the decompression solenoid valve in PCB Circuit 1 (AO1). The
pressure controller also has an analog input to monitor the local pressure (AI0). A second
analog input is used to monitor the pressure from the pressure chamber (AIl). PCB Circuit
2 controls the output pressure of the gas booster in the intermediate buffer tank.
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A.2 PCB Circuit 1 — Decompression Control Rate
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Figure A.2: The circuit shown controls the rate of decompression. If the rate of decompres-
sion is not fast enough, the DAQ outputs a signal to control the opening of an additional,
normally closed, solenoid valve outlet to increase the rate of decompression. The solenoid
valve may open several times during decompression.

A.3 PCB Circuit 2 — Pressure Control in Tank Buffer
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Figure A.3: The pressure in the buffer tank is controlled with the analog circuit shown. The
pressure is measured and controls the opening and closing of the normally closed solenoid
valve that regulates air intake into the gas booster. The upper pressure limit is controlled
by the potentiometer with a maximum tank pressure of 135 psi. This limit is imposed to
prevent mechanical failure of the bronze tubing.
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APPENDIX B

In Vivo Pressure Chamber Manifold

Operation Protocol

This appendix provides the protocol to operate the in vivo pressure chamber manifold
in conjunction with the LABVIEW file described in Appendix C. The following appendix
lists one typical compression/decompression cycle experiment in the MRI room. It may be
necessary to modify the system or workflow for operating this system outside of the MRI
room depending on equipment availability. This system can perform various consecutive
pressure cycles by repeating Stage 5 and 6 as necessary. Finally, it is best to memorize

Stages 5 and 6 to ensure the rat is always receiving a steady supply of isoflurane mix.

Stage 1: Manifold Setup
1. Close air compressor exhaust ports and connections.
2. Turn on the air compressor to fill to max.
3. Meanwhile, check all electrical connections in the In Vivo Pressure Chamber Manifold.

4. In LabView, press “depressurize” button to ensure system is electrically zeroed. The

system will audibly beep when pressure is zero.

5. Close intermediate tank output (V1 - green label).
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10.

11.

12.

13.

14.

15.

16.

17.

Open the intermediate tank valve (V2 — blue label)
Change the three-way valve airflow to include the gas booster (MV1 - left-down).
Open regulator for the gas cylinder of choice to 10 psi.

Provide the vaporizer with 5psi using the precision regulator. You will hear a buzz

and a soft click from the gas booster.

Set the vaporizer concentration. Since the efficacy of anesthesia decreases at higher
pressures, it’s best to slightly overestimate the amount of isoflurane needed. At mini-

mum, the desired output concentration is set according to the equation:

Cd
. = — B.1
¢ P, ( )

where ¢, is the equivalent dial concentration, ¢4 is the desired concentration at 1 ATA,

and Pj is the target pressure in ATA.
Set air compressor output to 50 psi.
Flip solenoid switch (SW1) to fill the intermediate tank.

Wait for gas booster to automatically shut off, indicative of max pressure reached, and

close intermediate tank valve (V2 - blue label).

Turn the solenoid switch off (SW1).

Turn the air compressor off to reduce water intake in the air compressor.
Close the gas cylinder tank supply to the vaporizer.

To easier screw the chamber together at a later time, it is best to wrap the output tubing
of the pressure chamber around the pressure chamber itself after it’s been connected.
This tubing is wrapped with white electrical tape. Wrap the tubing 10x in the direction

of the arrow indicated on the pressure chamber and secure with tape.
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18.

19.

20.

Uncoil any twists in the remaining output tubing and the tubing connected to the

chamber sleeve end.

Place the wrapped pressure chamber into the RF' coil.

Place the output of the manifold flow meter into the gas collection system.

Stage 2: Rat Preparation

1.

10.

Ensure direction of airflow to induction chamber from oxygen gas cylinder and leads

to the gas collection system.

Ensure the heat pad under the induction chamber and the heat pad to the right of the

induction chamber is on.
Insert absorbent paper towels into the induction chamber.
Use 4-57 isoflurane to fill induction chamber at a rate of 1L/min.

Prior to handling rat, ensure the face mask output has minimal suction pressure by
testing this on your skin. Reduce the gas collection system flow rate as needed. This

ensures the isoflurane mix reaches the rat and is not preemptively removed.

Place rat into induction chamber and wait until movement has ceased and breathing has
steadied at about 70-110 breaths/min. Test the level of anesthetic depth by squeezing

their paw relatively hard. The rat should not react.
Change isoflurane to 27 at 1L/min and flow through the face mask.

Place rat on inner chamber sleeve, stomach up, and attach the face mask. The chamber

sleeve should be placed on the heat pad out to the right of the induction chamber.

. Apply ophthalmic ointment to eyes to prevent them from drying.

Lubricate and insert rectal thermometer — secure with surgical tape to base of tail
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11.

12.

13.

Fill ECG electrodes with conduction gel and secure to paws with surgical tape.
Red/black wires should be secured to the front paws. The third wire can be attached

to any back paw.

One of the wires secured to the front paw should be secured, with painter’s tape, across

the chest of the rat for E-RESP.

Attempt to twist wires together near the base of the rat. Any additional loose wires

should be secured to the rat and/or chamber sleeve with surgical tape.

Stage 3: Rat Maintenance in Pressure Chamber

. On the pressure chamber manifold, change the three-way valve airflow to include the

gas chamber (MV1 - left-up).

Open the gas cylinder tank regulator to the vaporizer and set the output pressure to

10 psi.

Ensure 27 isoflurane mix is flowing through the pressure chamber either by wafting the
output towards you or by testing for pressure when temporarily covering the output

with your hand.

Screw the pressure chamber together with the rat inside, ensuring the rat remains
in the same orientation. When closed, the pressure chamber should be tight when
chamber cap markings align. Do not over tighten or there is a risk of displacing the

inner O-ring.

. Ensure the rat is receiving 1 L/min on the manifold flow meter.

Stage 4: Rat Preparation in the MRI machine

1.

Connect the temperature probe and ECG wire outputs to the ERT Module. The black
and red ERT Module inputs correspond to the front paw connections. See the ERT

Manual for setting up E-Resp.
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2. Ensure the rat temperature is between 35.9°C and 37.5°C. This can be done with the

water heater system or with the in-house air heater system at higher temperatures.
3. Calibrate image acquisition as necessary on the MRI machine.
4. When ready to pressurize, turn on the air compressor.

5. In LabVIEW, load parameters or customize pressure profile as needed. See Appendix

3 for more information.

Stage 5: Pressurize System

Perform quickly to maintain 1L/min. Reverse steps during decompression.
1. Open the intermediate tank valve (V2 - blue label).

2. Change vaporizer output to desired concentration. This should match the concentra-

tion used to fill the intermediate tank.
3. Change three-way valve flow through pressure chamber (MV1 - left-down).
4. Turn on solenoid valve (SW1).
5. In LabVIEW, press Pressurize.
6. Maintaining flow rate at 1L/min while pressure builds.

Stage 6: Depressurize System

The system will automatically depressurize according to the pressure profile.
1. Maintaining flow rate at 1L /min while pressure depletes.

2. The system will audibly beep three times when the pressure is near 0 psi. Perform

the following after this beep.

3. Turn off solenoid valve (SW1).
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4. Change vaporizer output to 2Y%.

5. Change three-way valve flow through gas booster chamber (MV1 - left-up).
6. Close the intermediate tank valve (V2 - blue label).

Stage 7: Cleanup

1. Between different rats, ensure the system is clean with ULAM approved wipes. At the

end of the day, rinse pressure chamber that houses rat with soap and water.
2. Empty the intermediate buffer tank.
3. Ensure the isoflurane vaporizer concentration dial is set to zero.

4. Pack the remaining system away as necessary.
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APPENDIX C

LabVIEW Virtual Instrument (VI) for In

Vivo Pressure Chamber Manifold

This appendix provides an outline of the LabVIEW VI v.2023 used to control the pressure

of the in vivo pressure chamber manifold system. Use in conjunction with Appendix B.

C.1 Front Panel

The front panel is a one-page user interface, as shown in Figure C.1, that takes user

specified values to generate a voltage waveform to control an electronic pressure controller
(ProportionAir QPVIMANEEZP100PSGBXN). A second pressure sensor (Dwyer Instru-

ments 626-04-GH-P8-E2-S5) monitors the pressure in the pressure chamber.
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Figure C.1: The Front Panel of the LabVIEW VI for the In Vivo Pressure Chamber Manifold.

C.1.1 Numeric User Inputs

To pressurize the system, the user must provide the following parameters:

Input Text Description and Additional Notes

The rate at which the system should pressurize. Two
psi/s is the fastest rate to pressurize to 90 psi accurately.
The pressure the system should maintain.

The time the system should maintain the target pres-
sure.

The rate at which the system should depressurize. Aim
to decompress the system in 30s.

The pressure the system should depressurize to.

Upwards Rate (psi/s)

Target Pressure (psi)

Duration (s)

Downwards Rate (psi/s)

Final Pressure (psi)

Table C.1: Required numeric inputs to pressurize chamber.
It is also recommended, but not necessary, to specify a file path where system time,

pressure of chamber, and pressure from the controller are recorded to. The filename should

end with *.tdms for LabVIEW to write to it correctly.
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C.1.2 Numeric User Inputs

There are several buttons associated with the system. Each functionality is described in

Table C.2.

C.2 Back Panel

The block diagram is what controls the pressure in the pressure chamber after the user
specifies the required inputs discussed in Table C.1 and seen in the left column of Fig. C.2.
The block diagram consists of four main groups. The left panel indicates the required user
inputs, the center conditional loop depends on the button pushed, the top right reports the
‘Preview Cycle Values,” and the bottom right controls the continuous while loop with a slight
delay to detect user input.

We will only discuss the main conditional loop, which is in effect when the Pressurize
button is selected. It consists of three main loops and a SubVI. The first timed loop, center
right, pressurizes the system at the ‘Upwards Rate’ specified. The second while loop, center
bottom-left, maintains the pressure in the chamber to within 1 psi of the specified target
pressure. There is additional logic that operates similar to a PID controller. The last timed
loop, center bottom-right, depressurizes the system. There is additional logic to open the
exhaust solenoid if the pressure is not following the ideal specified ‘Downwards Rate.” The
main loops are encased in a Boolean condition to generate waveforms dependent on the
required input parameters. For instance, the user can specify the final pressure to be the

same as the target pressure; skipping over the last loop to prevent system decompression.

C.2.1 SubVI

The SubVI takes the user inputs as specified in Table C.1 to generate a preview of the
target waveform. A DAQ Assistant is setup to read 500 samples and average them to update

the chamber pressure.
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Button Name

Description and Additional Notes

Load 5 ATA Parameters

This button will prefill the required parameters for a
typical 5 ATA experiment. The parameters are as fol-
lows: Upwards Rate = 3, Target Pressure = 60, Dura-
tion = 3600, Downwards Rate = 3, Final Pressure = 0.

Load 7 ATA Parameters

This button will prefill the required parameters for a
typical 7 ATA experiment. The parameters are as fol-
lows: Upwards Rate = 3, Target Pressure = 90, Dura-
tion = 1800, Downwards Rate = 3, Final Pressure = 0.

Chamber Pressure

This button will manually update the current pressure
in the chamber. It is useful to monitor what the system
pressure is set to.

Preview Cycle

Upon entering the required parameters in Table C.1, the
user can visualize the generated waveform from these
parameters in the plot window titled “Pressure Cycle
Preview.” In addition to inspecting the generated plot,
the ‘Preview Cycle Values” will also populate with the
expected time duration to complete each experimental
section.

Depressurize

This button is only to be used for emergency purposes.
Unfortunately, the system cannot be interrupted with-
out stopping the VI. Therefore, the user must ‘STOP’
the VI first, Start the VI, and then select Depressurize.

Pressurize

This button will proceed to pressurize the system ac-
cording to the specified entered parameters listed in Ta-
ble C.1. It is recommended to first preview the cycle to
ensure the system behaves as expected. Once the sys-
tem reaches the target pressure, the ‘Values at Target
Pressure’ will populate with the current pressure and
elapsed time at pressure. Once this value reaches the
specified ‘Duration (s)’ value, the system will automat-
ically depressurize.

Table C.2: A list of buttons and their descriptions to control the pressure chamber.
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Figure C.3: The SubVI shown in C.1, used to generate a waveform an update the current
chamber pressure.

C.2.2 DAQ Configuration

Each DAQ Assistant Express VI is setup to acquire data one sample on demand. This
ensures the DAQ is operating at precision times as specified by the timed loops. Additionally,
the DAQ was configured to have two channels. The scaling equations for the pressure

measured in the chamber is

Do = (19.5%) Vi — 13.7psi (C.1)

and the scaling for the pressure measured by the controller is

pr = (10.0%) v, (C.2)

where V; is the voltage measured by each device.
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C.3 Future Enhancements

One potential drawback of this system is the logic implemented in the second main loop
to maintain pressure. It is currently designed to maintain pressure even if the system has a
leak. Therefore, the system will continuously send a signal to constantly increase the output
pressure. If the system is fixed while the system is running, this will cause the system
to pressurize above the target pressure. The max output pressure is 100 psi, well below
equipment failure point, but it is best practice to either (1) fix this with an implemented
“leak detecting logic” in the loop, or (2) abort fixing the system if there is any equipment

failure.
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