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ARTICLE INFO ABSTRACT
Keywords: Background: Endothelial dysfunction is associated with increased risk of cardiovascular disease (CVD). Currently
Endothelium available noninvasive methods of measuring endothelial function have limitations. We tested a novel device that

Cardiovascular disease
Cardiovascular risk factors
Arterial compliance
Endothelial dysfunction

provides an automated measurement of the difference between baseline and post-ischemic, hyperemia-induced,
brachial arterial compliance, a phenomenon known to be endothelium-dependent. The association between the
calculated index, Flow-mediated Compliance Response (FCR), and established CVD risk indices was determined.
Methods: Adults with CVD risk factors or known coronary artery disease (CAD) were enrolled. Framingham Risk
Score (FRS) was calculated and presence of metabolic syndrome (MetSyn) was assessed. Carotid artery plaques
were identified by ultrasound. Cardiorespiratory fitness was assessed by 6-minute walk test (6MWT). FCR was
measured using the device.

Results: Among 135 participants, mean age 49.3 +/- 17.9 years, characteristics included: 48% female, 7%
smokers, 7% CAD, 10% type 2 diabetes, 34% MetSyn, and 38% with carotid plaque. Those with MetSyn had 24%
lower FCR than those without (p < 0.001). Lower FCR was associated with higher FRS percentile (r = -0.29, p <
0.001), more MetSyn factors (r = -0.30, p < 0.001), more carotid plaques (r = -0.22, p = 0.01), and lower 6MWT
(r = 0.34, p < 0.0001).

Conclusion: FCR, an index of arterial reactivity obtained automatically using a novel, operator-independent de-
vice, was inversely associated with established CVD risk indices, increased number of carotid plaques, and lower
cardiorespiratory fitness. Whether measuring FCR could play a role in screening for CVD risk and assessing
whether endothelial function changes in response to treatments aimed at CVD risk reduction, warrants further

study.
1. Introduction future adverse cardiovascular events in patients with and without CVD
[2-6]. Hence, there has been much interest in the potential clinical
Endothelial dysfunction is widely considered to be a common utility of a noninvasive tool that could assess endothelial function. The
pathway by which risk factors lead to atherosclerosis, and is one of the technique most often used in clinical research to measure endothelial
earliest measurable indicators of cardiovascular disease (CVD) [1]. function, flow-mediated dilation (FMD) measures brachial arterial
Dysfunction of the endothelium has been shown to be an early marker of dilation by ultrasound in response to a hyperemic shear stress stimulus
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[7,8]. The brachial artery response is mainly nitric oxide-dependent
[9,10] and correlates with coronary artery endothelial function
[10,11,12]. However, this technique requires a highly trained operator,
requires ultrasound equipment, and has substantial reported variability
of measurement [3,13-17]. There are techniques for assessing micro-
circulatory endothelial function at the fingertip, via peripheral arterial
tonometry or digital thermal tracking, that are not dependent on a
highly trained operator [8,18,19]. However, these methods are not
direct measures of endothelial function and the information provided is
complementary to, not equivalent to, the macrocirculatory endothelial
function of conduit arteries like the brachial artery [5,20,21].

In addition to flow-mediated dilation (FMD), arterial compliance, a
modifiable structural property of the arterial wall, has also been shown
to vary in response to endothelial release of nitric oxide [22-26].
Arterial compliance has been shown to predict future CVD events and
all-cause mortality in patients with and without CVD. [27-30].

In this study we measured time-varying brachial artery compliance
using a novel, noninvasive, operator-independent device (Cordex
SmartCuff™) that measures the change in compliance between resting
condition and following release of a suprasystolic brachial artery oc-
clusion, resulting in hyperemic shear stress. We studied the association
between the change in flow-mediated compliance and several markers
of CVD risk.

2. Methods

The Cordex SmartCuff™ (Fig. 1) is a non-invasive and operator-
independent device that measures blood pressure and the post-
occlusion, hyperemia-induced, time-varying, arterial compliance
without requiring disposable and expensive peripheral sensors. The
system consists of 1) a standard blood pressure cuff coupled to a pulse
oximetry finger sensor and its associated electronic circuitry, 2) the
main control unit that houses the pump for automatic cuff inflation/
deflation, and 3) data acquisition and analysis software. In this study, we
investigated whether the SmartCuff™ output measure, the Flow-
mediated compliance response (FCR) score, is associated with several
markers of CVD risk. We also assessed the reproducibility of the FCR
measurement.

We performed a cross-sectional observational clinical study evalu-
ating vasodilator function using SmartCuff™ in individuals with known
CVD or with CVD risk factors. The study was conducted in a single urban
academic center with participants enrolled from February 2017 to
August 2019. The study was approved by the Johns Hopkins Medicine
Institutional Review Board. Informed consent was obtained from each
patient and the study protocol conforms to the ethical guidelines of the
1975 Declaration of Helsinki.

Fig. 1. Cordex SmartCuff™ System which includes a standardized blood
pressure cuff, pulse oximeter, and main control unit.
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2.1. Inclusion/Exclusion criteria

Participants were eligible for inclusion in the study if they were at
least 18 years of age, not pregnant, and not breastfeeding. Individuals
with various CVD risk factors and with known coronary artery disease
(CAD) (prior infarction, percutaneous coronary intervention, coronary
bypass surgery, or high coronary artery calcium score), were enrolled.
Exclusion criteria included: use of long-acting nitrates or insulin, diag-
nosis of non-ischemic cardiomyopathy, known systemic inflammatory
disease such as rheumatoid arthritis, skin sensitivity precluding use of
electrocardiogram electrodes, infection in the preceding week or tem-
perature > 38 °C, upper extremity pathology such as arteriovenous
fistula or shunt, and participation in any other ongoing device or clinical
trial. Participants were also excluded if they were unwilling or unable to:
1) fast for 6 hours prior to each visit, 2) discontinue tobacco use 12
hours prior to each study visit, 3) withhold all over-the-counter medi-
cations and supplements the morning of each visit, 4) refrain from ex-
ercise for 24 hours before each study visit, or 5) refrain from the use of
the following medications for 7 days prior to study visits: vasoactive
agents such as decongestants (e.g. pseudoephedrine), recreational drugs
(e.g. marijuana, cocaine, amphetamines), or phosphodiesterase-5 in-
hibitors used in erectile dysfunction (e.g. sildenafil, vardenafil,
tadalafil).

2.2. Measuring the flow-mediated compliance response score

The device (SmartCuff™, Cordex Medical Systems) uses the platform
of segmental plethysmography and oscillometry through a novel pro-
prietary algorithm to quantify repeated instantaneous measurements of
arterial compliance taken at a baseline condition and following a 5-min-
ute reactive hyperemia condition. The device provides arterial compli-
ance measurements over the entire transmural pressure range where the
artery diameter spans from complete collapse to fully open. Using fun-
damentals of segmental plethysmography [31] and oscillometry [32],
the blood pressure cuff is converted into a calibrated volume sensor
providing accurate arterial compliance values in response to the cu-
mulative shear stimulus [33]. The area between the two curves (Fig. 2)
in the positive arterial transmural pressure range is calculated and is
displayed as a metric referred to as the FCR.

2.3. Assessment of FCR repeatability

To clinically validate the FCR score reproducibility, a cohort of 20 of
the participants underwent a series of SmartCuff™ measurements at 0,
45, and 90 min. Descriptive statistics and the intra-subject, intra-day
coefficient of variation was calculated from the three FCR scores. The
same guidelines for fasting, avoiding drugs with nitrates, not smoking,
and avoiding exercise were used for the repeatability testing. The
within-subject standard deviation (SD) was used to estimate the
repeatability of the intra-day measurements. To estimate the within-
subject SD, we fit a one-way analysis of variance (ANOVA) model to
the data containing the repeat measurements made on participants.

2.4. Baseline data and FCR measurements

Eligible participants were invited for two visits separated by 1-7
days. At visit 1, an initial screening was completed. Compliance with
pre-visit instructions on diet, medications, smoking, and activity were
reviewed. Anthropometric data including height, weight, and waist
circumference were obtained and a blood draw was performed to obtain
fasting lipids and glucose. Smoking status in the past 12 hours was
assessed using a carbon monoxide breath analyzer. Participants then
underwent FCR measurements using the SmartCuff™. At visit 2, par-
ticipants completed a six-minute walk test [34] as an objective measure
of fitness.

The SmartCuff™ measurements were performed using a
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Fig. 2. Baseline and hyperemia arterial compliance curves. The area in gold color between the two curves in the positive arterial transmural pressure range rep-

resents the FCR.

standardized protocol. Participants were placed in a quiet, temperature-
controlled room on a comfortable exam table with the head slightly
elevated. The left arm was extended and comfortably immobilized at
heart level. A blood pressure cuff attached to the device was placed on
the arm and the SpOs finger sensor was placed on a finger of the ipsi-
lateral hand. Then baseline and hyperemia measurements were ob-
tained. Baseline measurements were achieved by pressing the start
button which automatically inflated the cuff to a suprasystolic pressure.
This suprasystolic pressure was confirmed through dissipation of the
pulse signal at the finger sensor. Once this suprasystolic pressure was
reached, the cuff pressure automatically decreased at an approximate
rate of 2-3 mmHg/s as data acquisition took place from the suprasystolic
pressure to 20 mmHg to calculate baseline arterial compliance. Once the
cuff reached 20 mmHg, it automatically inflated again to a suprasystolic
pressure which was maintained for 5 min, following which the cuff
pressure automatically decreased at a rate of 2-3 mmHg/s. Data
acquisition also took place during the slow constant pressure descent to
20 mmHg cuff pressure to calculate the hyperemic arterial compliance.
The data obtained during the 2-3 mmHg/s rate of cuff blood pressure
descent of both the baseline and hyperemia tests was used to calculate
the FCR.

2.5. Measures of CAD burden and CVD risk factors

Using demographic, anthropometric, behavioral and biological
measurements, the Framingham Risk Score [35] was calculated. Meta-
bolic syndrome (MetSyn) was defined as having 3 of the 5 component
risk factors: large waist circumference (>40 in. in men, >35 in. in
women), elevated triglycerides (>150 mg/dL), low high-density lipo-
proteins (<40 mg/dL in men and < 50 mg/dL in women), elevated blood
pressure (>130/>85 mmHg), and elevated fasting blood sugar (>110
mg/dL) [36]. Cardiorespiratory fitness was assessed by a standard 6-
minute walk test (6MWT) [34].

Carotid ultrasound was used to measure carotid artery plaque. A
Toshiba Aplio Ultrasound System with a linear array transducer (PL-
704) that has a frequency range from 4.8 — 11.0 MHz was used to obtain
carotid images. From a supine position, transverse and longitudinal
images of both carotid arteries are obtained from anterior, lateral, and
posterior angles to assess for plaque (a focal area of wall thickening 50%

thicker than the neighboring intima media thickness and/or > 1.5 mm).
Additional B-mode ultrasound images of the distal centimeter of the
right common carotid artery and the proximal centimeter of the right
internal carotid artery segments were recorded digitally as 3-5 cardiac
cycle beat loops with emphasis on the far wall for offline measurement.
Semi-automatic edge detection software was used with 3 readings
averaged for intima media thickness measurement and plaque scoring.
An experienced vascular medicine physician confirmed the presence or
absence of carotid plaque in all subjects.

2.6. Statistical analysis

Descriptive statistics were used to calculate univariate summary
statistics for each variable. Depending on the type of variable, we
calculated mean + SD and summary distributions. Depending on types
of variables involved, the associations of the FCR and CVD risk markers
were assessed using linear regression models for continuous or cate-
gorical responses.

3. Results

Among 135 participants, the mean age was 49.3 +/- 17.9 years, 47%
were female, 7% were smokers, 7% had known CAD, 10% had type 2
diabetes mellitus, and 34% had MetSyn. Carotid plaque was found in
38% of participants. Table 1 shows the demographics and clinical
characteristics of the participants. The test-retest coefficient of vari-
ability between FCR values was 15.33% (10.81 to 19.33, 95% CI).

Table 2 shows the correlation between known CVD risk factors and
FCR score. Those with MetSyn had a 24% lower FCR score than those
without, p < 0.001. Using bivariate analysis, a lower FCR score was
associated with a higher FRS percentile, r = -0.29, p < 0.001 (Fig. 3); a
higher number of MetSyn factors, r = -0.30, p < 0.001 (Fig. 4); a higher
number of carotid plaques, r = -0.22, p = 0.01 (Fig. 5); and with a lower
6MWT, r = 0.34, p < 0.0001.

4. Discussion

We tested a noninvasive, automated, operator-independent device
that measures changes in arterial compliance in response to gradated
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Table 1
Demographics & Clinical Characteristics.

Mean Values/n Std dev
Age (years) * 49.3 17.9
Female (n) * 65
Race (n) *
Caucasian 73
African American 53
Asian 5
Other 4
6 min walk test (m)* 490.75 116.63
BMI (kg/m?)* 29.35 7.02
Metabolic syndrome (n)** 46
Current Smokers (n)* 9
Carotid artery plaques (n)* 51
Systolic BP (mmHg)* 126.35 16.5
Diastolic BP (mmHg)* 80.2 10.74
Cholesterol (mg/dL)** 168.61 49.21
HDL (mg/dL)** 61.05 17.82
LDL (mg/dL) ¢ 91.56 37.66
Triglycerides (mg/dL)** 108.96 84.92
Fasting Glucose (mg/dL)ll 97.56 37.36
Framingham Risk Score percentile (%)co 7.64 9.15
High (n) 10
Medium (n) 25
Low (n) 920
CAD (n)* 10
Diabetes (n)* 13
Mean Flow-mediated Compliance Response score* 79.02 31.13

Table 1 Demographics and clinical characteristics of patients enrolled in study.
Abbreviations: CAD = coronary artery disease, n = number of patients meeting
given parameter, N = total number of patients assessed for each parameter , Std
dev = standard deviation.

Key: As indicated above, indicates the total number of patients for which we had
information on the given variable or characteristic: *N = 135, **N = 134, AN=
133, “N = 132, 'N = 129 ®N = 125.

Note: The difference in N for some of the variables is because of missing data due
to incomplete lab results, equipment malfunction, subject refusal, or missed
appointments.

Table 2
Relationship between Flow-mediated Compliance Response score and CVD risk
factors.

Variable Correlation p value
6-minute walk test 0.34 0.0002
Carotid plaque count —0.22 0.0177
Framingham Risk Score percentile —0.29 0.0015
Metabolic Syndrome Factors —0.30 0.0011

Table 2 Relationship between Flow-mediated Compliance Response score and
CVD risk factors with correlation coefficient and p value.

increases in post-ischemic flow. The main finding was that the device’s
FCR score, was associated with established CVD risk indices. A lower
FCR score was associated with a higher number of carotid plaques, the
presence of MetSyn, a higher number of MetSyn risk factors, a higher
FRS percentile, and a lower 6MWT.

It is well-established that arterial compliance is modulated in part by
smooth muscle relaxation in response to endothelial release of nitric
oxide [22-26]. Further, it has been shown that compliance increases in
the setting of higher flow [22]. A small study by Heron and colleagues
demonstrated decreased compliance of the radial arteries in the setting
of reactive hyperemia after 5 minutes of brachial artery occlusion in
hypertensive patients compared to matched controls [37]. The tech-
nique presented in this study offers a non-invasive, operator-indepen-
dent modality of assessing instantaneous changes in brachial artery
compliance during post-ischemic hyperemia. It also incorporates the
established property that the arterial response to hyperemia is related to
the time-integral of the shear stress stimulus, not just one time point of
shear [38]. The observed relationship between the FCR score and known
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Fig. 3. Relationship between Flow-mediated Compliance Response score and
Framingham Risk Score Percentile (r = -0.29, p < 0.001, N = 125).
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Fig. 4. Relationship between Flow-mediated Compliance Response score and
number of metabolic syndrome factors (r = -0.30, p < 0.001, N = 134).

CVD risk factors found in this study suggests that the device may have
the potential to identify individuals at increased risk of CVD.

Wide ranges of FMD reproducibility have been reported in the
literature, with values as high as 50% in a cohort of healthy patients
[13]. While this has been improved upon in subsequent studies,
improving reproducibility depends on rigorous, standardized protocols
[39,40]. The FCR score has a coefficient of variation of 15.33% which is
well within the established goal for clinically applicable medical
devices.

Evaluation of endothelium-dependent changes in arterial compli-
ance and its response to treatment in patients at risk for CVD has po-
tential to augment current methods of clinical assessment. As noted by
Deanfield and colleagues [41], future work should focus on the pre-
dictive value of measures of endothelial function compared to estab-
lished risk factors, the applicability to the general population, and
development of an appropriate testing profile. Much of the current work
on endothelial function has focused on evaluation and response in
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Flow-mediated Compliance Response score vs.
Carotid Plaque Count
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Fig. 5. Relationship between Flow-mediated Compliance Response score and
carotid plaque count (r = -0.22, p = 0.01, N = 132).

patients with known CVD. Assessment of subclinical atherosclerosis may
be a useful tool to evaluate and mitigate disease progression.

EndoPat™ and Vendys® are two automated devices on the market
that assess microvascular arterial reactivity. Past studies indicate that
information on clinical risk provided by microvascular function is
complementary to information provided by macrovascular function. The
EndoPat™ uses pressure sensors at the fingertip to assess pulse wave
amplitude (PWA). It calculates the change in PWA that occurs in
response to the hyperemia in the fingertip that follows the immediate
release of a 5-minute wrist occlusion. Accurate measurements depend on
finger-cuff probe placement and thus are impacted by fingernail length
and digit deformities. Probes are also single use. The Vendys® uses
digital thermal monitoring via temperature sensors at the fingertip, to
assess temperature changes in the fingertip that occur with reactive
hyperemia after the release of a 5-minute arm occlusion. The tempera-
ture changes reflect changes in fingertip blood flow and therefore
microvascular dilation. The need to achieve a baseline digit temperature
to improve device accuracy is one limitation of this method.

With FMD, measuring brachial artery diameter changes requires
ultrasound equipment, is dependent on a highly trained technologist,
and is subject to substantial measurement variability.

In comparison, the SmartCuff™ integrates the stepwise changes in
brachial artery compliance that follows the graded release of a 5-minute
upper arm occlusion. It is the first user-independent, automated device
for assessing brachial artery reactivity. The Smartcuff™ fits well into
clinical workflow since it also measures vitals (blood pressure, heart
rate, and oxygenation).

4.1. Study limitations

Our study has several limitations. The relative importance of the
endothelial and non-endothelial factors underlying the observed FCR
response is yet to be determined. Knowing whether FCR measures a
predominantly endothelial-dependent process will add further clarity
and validation of its utility in assessing endothelial function. As such, a
comparison to FMD would be a valuable study. We did not compare the
Smartcuff™ to other non-invasive, operator-independent devices such
as EndoPat™ and Vendys®. Though the mechanism of assessing endo-
thelial function in the microcirculation is different, a comparison of the
output in a similar patient population would be another valuable study.
Additionally, the cross-sectional nature of our study limits assessment of
direct causality. Further study is needed to assess whether the FCR can
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identify individuals with CVD and those at risk for CVD. A prospective,
longitudinal study to observe whether the FCR predicts which in-
dividuals will develop disease will be an important step. Further, it will
also be useful to determine if the FCR changes in response to in-
terventions that may improve endothelial health such as exercise, diet,
weight management, and medical therapy.

4.2. Conclusion

We have shown that an index of arterial reactivity can be obtained
with an automated, user-independent system that uses a blood pressure
cuff to measure time-varying compliance changes resulting from post-
occlusion hyperemic shear stress stimuli. The Flow-mediated Compli-
ance Response is inversely associated with established CVD risk indices.
Further study is needed to establish the clinical utility of this technique,
particularly for assessing response to preventive measures.
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