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ABSTRACT

Using Noninvasive Calibrated Cuff Plethysmography to Observe the Effects of Cold-
Water Immersion on Arterial Compliance

Rita Grigorian

As the prevalence of cardiovascular diseases continues to exponentially grow in
populations across the globe, the necessity of determining underlying factors, effective
methods of diagnoses, and universally available preventive measures also grows. Early
detection of endothelial dysfunction, a proven precursor of cardiovascular diseases, can
be extremely impactful in encouraging preventative measures and early intervention
before medical conditions become chronic. In recent years, ice plunging, a form of
cryotherapy involving full body immersion in cold water, has gained popularity within
circles of fitness and health practitioners, gaining the interest of people of all
backgrounds. Certain parallels observed between the human physiological response to
cold exposure and endothelial function encourage further study of the effects of ice
plunging on cardiovascular health. Calibrated cuff plethysmography is a promising
method of reflecting on endothelial function by measuring arterial compliance of select
blood vessels. In this study, a calibrated cuff plethysmography device was built and tested
for efficiency as it was used to measure compliance and cross-sectional area of the
brachial artery of 14 participants 30 minutes before, immediately after, and 30 minutes
after a 5-minute cold plunge in a temperature of 10°C - 15°C. Results found some
significant differences between baseline measurements recorded immediately after the ice
plunge and measurements recorded during reactive hyperemia conditions at normal body
temperature but did not conclude that 5-minute cold-water immersion intervention had a
significant impact on arterial compliance or area overall since this was a short term
experiment with only acute intervention methods. The device used was concluded to
effectively measure arterial compliance and area.

Keywords: Calibrated cuff plethysmography, oscillometry, cold-water immersion,
reactive hyperemia, endothelial dysfunction, vasodilation, vasoconstriction,
artereogenesis, angiogenesis, thermoregulation, cryotherapy
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Chapter 1

1. INTRODUCTION

The human vascular system is often credited for facilitating the flow and diffusion of blood,
lymph, nutrients, and more throughout the body with the purpose of maintaining
homeostatic conditions in response to the presence of gradients in temperature, shear stress,
blood pressure, blood oxygen levels, among other regularly observed cycling physiologic
changes. Arterial compliance is critical to the ability of the vascular system to properly
perform its homeostatic responsibilities and continue to successfully supply blood to the
body. In this way, arterial compliance can be referenced as the capability of an artery to
comply to changes in blood flow among other stimulating factors via vasodilation and
several additional regulatory mechanisms. Arterial compliance is heavily dependent on the
healthy functionality of the endothelium within the vessel as endothelial cells play critical
roles in many regulatory pathways. Vasodilation, arteriogenesis, and angiogenesis are
among a plethora of regulatory pathways with several stimulants which aid in the
restoration of appropriate blood flow to tissue in the presence of vessel occlusion,
atherosclerosis development, and other vascular complications. This paper reviews human
physiological responses to cold temperature exposure and its effects on endothelial
function as they relate to the pathways and stimulants of these three regulatory
mechanisms. The following study discusses the construction and implementation of a
noninvasive calibrated cuff plethysmography device used to evaluate arterial compliance
by aiding in the measurement/calculation of differences in the cross-sectional area of the
brachial artery of subjects in normal and hyperemic conditions before and after full body

exposure to cold water.



The noninvasive measurement of arterial luminal area via the combination of concepts
involving both oscillometry and plethysmography has proven to be advantageous over
the more common method of ultrasound imaging, which has been shown to yield greater
error with several limitations including the need for very skilled technicians [1].
Particularly, a device which is very similar to the one used in this study was found to
have a volume accuracy within 1.5% error as compared to ultrasound methods which
yielded a 17% relative error [1]. The model used in this study was modeled after the
aforementioned prototype device built by Dr. Michael Whitt which served as the
precursor for the Cordex SmartCuff by Cordex Systems Inc. Our model of the calibrated
cuff plethysmography device was built and used to generate arterial pressure-area curves
and relations of arterial compliance versus transmural pressure as related to the brachial
arteries of participants during baseline and hyperemic conditions before and after a short
period of full body cold water exposure. The accurate measurement of arterial lumen area
is critical in the assessment of endothelial function and evaluation of vasodilatory drugs,
reaping many preventative benefits for hypertensive patients, patients undergoing
anesthesia, and patients with coronary and peripheral artery disease [1]. Figures 1 and 2
below show examples of transmural arterial pressure - area curves and transmural

pressure — arterial compliance curves which are generated by the device.
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Figure 2. Arterial Compliance vs Transmural

Pressure [1]. This plot represents the derivative of the

plot shown in figure 1. It displays the compliance of a

brachial artery over the noted transmural arterial

pressure range.
Ultimately, the goal of this study is to use the calibrated cuff plethysmography device to
observe cardiovascular responses to full body cold-water immersion intervention which

has been claimed to reap many benefits in the realms of cardiovascular health, mental

health, muscle recovery, and vascular health on multiple occasions. Results include the



effects of cold-water immersion on blood pressure and arterial compliance among other

factors.

1.1 OSCILLOMETRY AND PLETHYSMOGRAPHY

1.1.1 Oscillometry
Oscillometry involves the measurement of pulsation changes in the arteries and results in

the acquisition of data that provides systolic, diastolic, and mean arterial pressure which
is observed at maximal pressure oscillations. Systolic pressure is observed at 55% of the
maximum pulse wave amplitude while diastolic pressure is observed at 85% [2]. This
data is acquired through gradual release of cuff pressure from levels greater than that of
the patient’s systolic pressure. The pressure of the cuff as well as oscillations in cuff
pressure resulting from increased blood flow and pulse against the cuff itself is collected
by a pressure sensor, recorded, and filtered using a high pass filter greater than 0.5 Hz
[1]. Oscillometric volume pulses are collected through segmental plethysmography
techniques which involve the use of an instrument to measure variability size and blood
flow through organs and limbs. Example data displaying cuff pressure and oscillations in

cuff pressure can be observed in figure 3 below.
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Figure 3. Cuff Pressure and Oscillations in Cuff Pressure
Over Time as Seen During Gradual Pressure Release [2]. As
cuff pressure is decreased over time, oscillations in pressure can
be seen spiking as a result of increased blood flow and pulse
against the cuff. Greater spikes are representative of greater
arterial compliance.

1.1.2 Segmented Plethysmography
Segmented plethysmography essentially relates changes in the volume of the limb under

observation to the pressure of the cuff. Diaphragm displacement is related to limb
volumetric displacement through the equation, A X d = kAV, in which A represents the

cross-sectional area of the diaphragm, d is diaphragm displacement, and k is a variable

v . .
constant, k = ” OV , that differs at each pressure level. Here V,, represents the initial
0 1

volume of the inactive section of the system and V; represents the initial volume of the

active section. AV represents the limb volumetric displacement. Volumetric changes in



vasculature have been observed to be directly proportional to volume changes in active
sections of pneumatic systems in segmental plethysmography. Here, changes in pressure
caused by changes in vascular volume directly affect cuff compliance, which is defined
as [A Cuff Volume (ml)]/[A Cuff Pressure (mmHg)] [1]. It should be noted that
diaphragm displacement differs with each system pressure and volume and can also be
affected by cuff tightness around the limb of interest, causing variation in cuff
compliance at each cuff pressure. For this reason, the pressure-volume relationship in the
cuff is nonlinear and in turn results in a nonlinear cuff compliance relationship which can

be observed in figure 4 below.

Pressure versus Volume of air pumped

(x) bladder_cuff

(+) dura_cuff

Volume of air pumped (ml)

Figure 4. Pressure-Volume Curve from Occlusive Cuffs [2].

Furthermore, it has been found that maximal arterial compliance occurs when the

transmural pressure of an artery is at or close to zero, also the oscillometric maximum.

This occurs when the arterial pressure is equal to the pressure of the cuff [2]. Segmental



plethysmography essentially collects limb volumetric displacement at a range of different

cuff pressures with the calculation of constant k at each pressure. Knowledge of the cuff

pulse pressure (dP.,rr) and the cuff compliance (Z—Z)Cu 75 can be used to find the cuff

volumetric displacement (dV,sf) using the equation: dVsr = (Z—Z) cuff X APeysr,

where differences in cuff volume are directly correlated to differences in limb volume

(dVartery)- As follows, the limb volumetric displacement can be discovered at any

chosen cuff pressure with the acquisition of (Z—Z) cuff and dP.y s using the equation

av
AVartery = AVeysr = (E)C“ff X dPeysr. In order for dViyprery = dVeysr to be true, the

pressure applied by the cuff onto the artery must be consistent throughout the entirety of
the cuff length [1]. For the purposes of this thesis, the general concept of segmental
plethysmography and oscillometry are used in what is referred to as calibrated cuff
plethysmography where limb volume pulse is assumed to be equal to arterial volume

pulse as one is essentially the result of the other.

1.2 BACKGROUND

1.2.1 Cardiovascular disease
Cardiovascular diseases (CVD) currently take the title of the leading cause of death for

both men and women across the entire globe, claiming approximately 17.9 million lives
every year [3]. In the United States alone, according to the American Heart Association,
around 82.6 million people live with at least one type of cardiovascular disease. Some
common types of CVD include coronary and peripheral artery disease, stroke,
hypertension, congestive heart failure, atrial and ventricular arrhythmias, congenital
cardiovascular disorders, rheumatic heart disease, and other conditions related to the

circulatory system [4].



Coronary and peripheral artery disease, with approximate global prevalence of 154
and 120 million people respectively in 2016, is often caused by the development of
atherosclerosis in the coronary or peripheral arteries [5]. These conditions often result
from dysfunction of endothelial cells, the accumulation of lipids in these vessels, and
the formation of plaque in the luminal area and can eventually lead to other
cardiovascular complications like myocardial infarctions, stroke, limb ischemia, and
death if not treated properly [5].

Current treatments for patients with coronary artery disease include beta blockers,
ARB/ACE inhibitor and statins as well as surgical interventions like coronary artery
bypassing, angioplasty, or the insertion of a stent to hold the occluded artery open [5].
Peripheral artery disease involves blockages in the peripheral arteries that supply the
upper and lower extremities as well as vital organs with the blood needed to survive.
It can be harder to diagnose because it can remain asymptomatic for years before
causing serious issues like critical ischemia. Treatments for peripheral artery disease
are similar to those of coronary artery disease, including pharmacologic agents,
surgical intervention like balloon angioplasty, atherectomy, endarterectomy, bypass
surgery, and stent insertion [6]. Stent insertion can be more difficult in the peripheral
arteries as compared to coronary arteries since these arteries are relatively smaller and
more prone to adverse events involving stents.

While surgical intervention does offer sufficient results in treatment of both coronary
and peripheral artery disease at times, it can also result in complications like
movement of stents, stent material deterioration, damage from graft retrieval for

bypass surgery, among other issues. Typically, if a patient is already suffering from



blockages in major arteries, invasive and complex procedures can negatively affect
their overall health and result in a longer recovery time than that which would be seen
in a healthy patient. In response to these concerns, a newer approach which could
potentially help patients with arterial disease without invasive intervention is cell
therapy, where cells which are known to release angiogenic properties like VEGF,
bFGF, HGF, and TB4 are injected into patient [7], [8]. No such products have yet
been released into the market as production of the ideal angiogenesis stimulating cell

therapy has not yet been successful in a clinical setting.

1.2.2 Endothelial Dysfunction
The endothelium is composed of a layer of endothelial cells which make up the inner

lining of the entire vascular system, allowing blood to flow through the body while
keeping it separate from surrounding tissues. Endothelium is very important as it
plays a major role in maintaining homeostasis between vasculature and tissue by
producing both agonistic and antagonistic secretions, overseeing both vasodilation
and vasoconstriction of vessels. Homeostasis is also maintained by the controlled
production of prothrombic and antithrombic elements as well as antifibrinolytics and
fibrinolytics [9]. Endothelial cells also play major roles in cell proliferation and
migration during angiogenesis.

Endothelial cells respond to both chemical and mechanical stimuli and are able to
change their morphology relative to shear stimulus from blood flow. Increased shear
stress in blood vessels cause smooth muscle cells to relax and endothelial cells to
flatten out, dilating the vessel, increasing the area of the vessel cross section, causing
slower blood flow, and in turn decreasing and regulating shear stress in a healthy

negative feedback loop [10]. Conversely, a low shear stress in an arterial vessel

9



stimulates contraction of smooth muscle cells and causes endothelial cells to increase
their volume and reduce their surface area along the vessel, constricting the vessel,
decreasing the cross-sectional area of the vessel, causing faster blood flow, and
increasing and regulating shear stress in another negative feedback loop [10]. In both
of these mechanisms, shear stress is actually stimulating the release of nitric oxide by
endothelium, which travels to the smooth muscle of arterial wall where it plays a role

in the degradation of GTP to cGMP which regulates Caz+levels in the cytosol,

causing muscle relaxation and ultimately vasodilation of the vessel [7]. Low shear, in
turn, results in low nitric oxide release and constriction instead of dilation.
Significant problems can arise when endothelial cells are damaged. Endothelial
dysfunction is caused by insufficient nitic oxide in the blood vessel walls, resulting in
the inability of the endothelium to perform the homeostatic tasks that it is responsible
for. This can lead to inflammatory responses and vascular disease as vessels are
unable to properly dilate and contract. Hypertension, diabetes mellitus, and smoking,
among other risk factors, can all act as contributors to endothelial dysfunction and
decreased nitric oxide activity. Nitric oxide plays roles in anti-arteriosclerotic
mechanisms like suppression of en