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Application Note 294: Trans-radial Electrical Bioimpedance Velocimetry (TREV)
Blood Flow Measurements using the NICO100D
This application note discusses Trans-Radial Electrical bioimpedance Velocimetry (TREV)

5/16/24

measurements and analysis. TREV is a bioimpedance technique that can measure dynamic
cardiovascular data such as Contractility Index, Acceleration, Velocity, Integral of Velocity, and

Cardiac Output.

The following BIOPAC products are referenced in this application note:
e AMI100D Amplifier Module Interface
e CBL246 NICO100D 4-pin to 4xTP male
e ECG100D Electrocardiogram Smart Amplifier
e EL526 Strip Electrodes
¢ MECMRI-NICO MRI filtered cable sets
e MP160 Data Acquisition System with AcqKnowledge
¢ NICO100C-MRI Noninvasive Cardiac Output Amplifier for MRI
¢ NICO100D Noninvasive Cardiac Output Amplifier
e PPG100C Photoplethysmogram Amplifier
e TCIPPG3 9-Pin to PPG100C Interface
e TSD124D SpOz2 Finger Clip
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Fig. 2: Frank-Starling Mechanism—relationship between
left ventricular pressure and left ventricular volume

Derived Indices Relevant to TREV

Contractility Index (Jerk): the time-derivative of Acceleration (- s~3)
Acceleration: dZ(t)/dt (Q - s72)

Velocity: the integral of Acceleration (Q - s™1)

The Integral of Velocity (Q)

Cardiac Output: Proportional to Integral of Velocity x Heart Rate (2 - HR)

TREV can be used to generate an index of Contractility (Fig. 2) by simply performing a running
derivative on the NICO100D dZ(t)/dt (Acceleration) output.

Measurement Methods: Ergonomics, Electrodes, Amplifier, Data Acquisition,
Software

TREV provides useful information concerning
blood acceleration, blood velocity, stroke
volume, and cardiac output.

Equipment Setup: BIOPAC Systems
MP160, AMI100D, NICO100D, ECG100D

Analog Inputs
CH1: Z (Impedance — Z(t))
CH2: dZ/dt (Acceleration — Acc)
CH3: Electrocardiogram (ECG)

Calculation Channels

CH1 > CHA40: Z(t)

CH2 > CH41: Acc

CH3 > CH42: ECG

CH42 > CH43: ECG Fig. 3: TREV apparatus
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Bioimpedance Equivalents of Hemodynamic Variables for Circulatory System
Blood Velocity: dZ(t) (ohms/s) — the “Z” output of the NICO100D

e Blood Acceleration: dZ(t)/dt (ohms/s*2) — the “DZ” output of the NICO100D

e Contractility Index: 2" time-derivative of dZ(t), (ohms/s"3)

Bioimpedance Model

Changes in the voltage sensing inter-electrode distance generate concordant changes in the
magnitude of the impedance variables.

Fig. 4A: Forearm impedance model

Fig. 4B: TREV Electrode Application
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Hemodynamic Experiments

Fig. 6: TREV cold pressor test

In the cold pressor test, a TREV Strip Electrode Array is placed on left arm while the right arm is
inserted into an ice bath. Note the considerable increases in Contractility Index—the beat-to-beat
maximum peak values in CH 10—after the right arm is inserted into the water/ice bath (Fig. 6).

Fig. 7: Respiration, heart rate, blood pressure, blood flow, and SVR
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Note the varying phase relationships between heart rate (CH 42), respiration (CH 16), mean blood
pressure (CH 6), mean velocity (CH12) and systemic vascular resistance (CH 13) (Fig. 7).
Noninvasive Continuous Blood Pressure measurement is performed for validation purposes.

Fig. 8: Exercise — baseline and recovery — cardiac output indicator

The integral of Blood Velocity (CH 7) multiplied by Heart Rate (CH 8) is proportional to Cardiac
Output. Note the increase in the Cardiac Output indicator (KCO) after exercise—shown in channels
10 and 9 (running mean of CH 10).

Fig. 9: Baseline correction algorithms for respiratory artifact removal

Respiratory-induced baseline artifact variations should be minimized or eliminated to perform TREV
measurements that are specific to cardiac function only. When respiratory baseline artifacts are
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removed, it is much easier to see variations in cardiac output due to changes in heart pumping
performance. Fig. 9 illustrates that the respiratory baseline artifact removal algorithm has no material

impact on peak Acceleration magnitudes—the averages of the peak Acceleration values for all the
filtered Acceleration waveforms are equivalent (0.75 ohms/sec’2).

Fig. 10: Comparisons of Accelerations derived from baseline correction algorithms

Fig. 11: CAM Index: (Contractility Index - Max) x (Acceleration - Max)—before and after exercise

www.biopac.com Page 8 of 24



App Note 294 | Trans-Radial Electrical Bioimpedance Velocimetry (TREV) BIOPAC Systems, Inc.

Fig. 12: CAM Index: (Contractility Index - Max) x (Acceleration - Max)—supine and standing

Note: CAM is the “Contractility — Acceleration — Max” Index. CAM is calculated by multiplying the beat-
to-beat Acceleration Maximum Peak by the beat-to-beat Contractility Index Maximum Peak. In
Fig. 11 and Fig. 12, CAM is shown in CH 47 - bottom channel.

Fig. 13A: Post Extra-Systolic Potentiation
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Premature ventricular contraction (PVC) Occurrence Phenomena: Note that after the PVC, there is a
latency period (compensatory pause), followed by an enhanced value for Acceleration and its
derivative, (Contractility Index).

Fig. 13B: Post Extra-Systolic Potentiation

PVC Occurrence Phenomena: Note compensatory pause, followed post extra-systolic potentiation in
Fig. 13A. Blood pressure (BP) (CH 6) is collected for validation purposes.

Fig. 14A: Before exercise Fig. 14B: After exercise

Contractility Index, Acceleration, and Velocity increase after exercise (Fig. 14B). Also, the integral of
blood velocity changes only slightly because the area beneath the curve has decreased significantly,
despite a higher peak blood velocity. This is due to a significantly shortened systolic flow time (SFT)
after exercise, which is a function of increased heart rate. This is consistent with the observation that
SV shows insignificant change with mild to moderate exercise. Despite increased (Contractility
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Index), the integral of blood flow (proportional to stroke volume) does not change, principally due to
decreased SFT.

Grip Anticipation Test

In this test, the subject is required to periodically deliver a high-exertion grip. The subject is asked to
squeeze the hand dynamometer as quickly and with as much pressure as possible every two
minutes.

Trial A is the first grip test. Trial B is the second grip test.

The hand dynamometer is measured in CH 4. Blood acceleration (dZ(t)/dt) is measured in CH 41. CH
6 represents the running cyclic Acceleration Standard Deviation value. This could also be configured
as the running cyclic Acceleration Peak value, as results appear to correlate proportionally.

The Contractility Index is the derivative of Acceleration. CH 7 shows the running cyclic Contractility
Index Standard Deviation. Similarly, this could also be configured as the running cyclic Contractility
Index peak value, and again results appear to correlate proportionally. At about 30 seconds prior to
the grip, both tests (A and B) mark the beginning of a rapid increase in both Acceleration and
Contractility Index.

Fig. 15: Cycle by Cycle Peak Acceleration Fig. 16: Acceleration and Contractility
and Contractility Index Index—10-beat average

Increases in Acceleration and Contractility Index can be noted at 15 seconds prior to grip exertion,
compared to baseline values at 60 seconds prior to grip exertion. Contractility Index in the 15
seconds just prior to grip task averages 139% higher than Contractility Index from 60 seconds to 45
seconds prior to the grip task. Also, note that ventilatory activity registers very clearly on Contractility
Index measures. Contractility Index was 9.06 to 9.52 ohms/sec”3 at 60 seconds prior to grip, and it
was 12.6 to 13.3 ohms/sec”3 in the 15 seconds immediately prior to grip.

There are significant increases in Acceleration and Contractility Index at 15 seconds (15s pre-A/B)
prior to grip exertion, compared to the baseline values at 60 seconds (60s pre-A/B) prior to grip
exertion. The mean standard deviation in Contractility Index in the 15 seconds just prior to grip task
averages 139% higher than the mean standard deviation in the Contractility Index, from 60 seconds
to 45 seconds prior to the grip task, considering the two tests.
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Peak Contractility Index was in the range of 9.06 to 9.52 ohms/sec”3 at 60 seconds prior to grip, and
it was in the range of 12.6 to 13.3 ohms/sec”3 in the 15 seconds immediately prior to grip. Also, note
that ventilatory activity registers clearly in the TREV-derived Contractility Index measures.

TREV - ECG - PPG Timing Measures

In evaluating the timing between TREV [Z(t), Acceleration and Contractility Index], ECG, and
Photoplethysmogram (PPG). TREV is measured on the left forearm; ECG is LEAD | and PPG is on
the left thumb. For the 12-second recording, PPG BP (CH 5) is the bandpass (5—-15 Hz) of the raw
PPG data in CH 4. SFT is approximately the period (~300 ms delta) between the two consecutive
PPG BP peaks after R-wave occurrence. Also, note that peak Contractility Index occurs at 170 ms
after R-wave peak, and prior to any detection of blood movement, via PPG sensor in CH 2 and CH 3
of the 10-beat averaged data. Pulse PPG was recorded using BIOPAC TSD124D Finger Clip
(transmissive sensor) and PPG100C with TCIPPG3 adapter.

Fig. 17: ECG-Z(1)-PPG- PPG BP-ACC-CON Raw Fig. 18: ECG-Z(t)-PPG- PPG BP-ACC-CON—
data collection (12-second recording) 10-beat average

TREV, ECG, PPG, PWV, BP

Based on TREV’s ability to detect blood flow in the forearm, a downstream Blood Volume Pulse
sensor could be used to detect the arrival time of the previously measured blood flow. To better
identify the arrival time of the blood flow in the thumb, a derivative was applied to the Pulse
Plethysmogram (PPG) signal. Arrival time minus TREV recording time equals the Pulse Transit Time
(PTT). The PWV (inversely proportional to BP) is Distance Traveled / PTT.

In this circumstance, TREV was performed on left forearm, ECG is LEAD I, and a PPG sensor was
placed on the left thumb. The thumb artery is not obstructed by the upstream vasculature, and it is not
as subject to vasoconstriction as the fingers. The PPG was recorded using BIOPAC’s TSD124D
Finger Clip (transmissive sensor) and PPG100C with TCIPPG3 adapter. Pulse Wave Velocity was
measured over the distance from the TREV measurement center point to the thumb.
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Delta Distance: 25 cm (0.25 meters)
Delta time: 75 ms (0.075 sec)

PWV =0.25/0.075 = 3.33 meters/sec
(nominal)

The delta time was indexed between the Acceleration peak and the first peak of the processed
PPGSFT (5-15 Hz BPF applied to PPG). PPGSFT is an optimized derivative of the PPG
measurement. The cycle-by-cycle time delta (PTT) was determined and then the results were
smoothed using a 0.3 Hz FIR LPF. The PTT measurement was inverted and then scaled to a typical
mean blood pressure range (CH 6). The P-MBP (Mean Blood Pressure derived from PTT) peaks
were flagged. In Fig. 19A, note the phase relationships between the waves (HR, R pk, Z(t), P- MBP).
Fig. 19B shows a 75 ms latency between the Acceleration Peak and the PPGSFT Peak.

Fig. 19A: ECG-HR-RPK-ZT-PMBP-PPG- Fig. 19B: Time Delta between Acceleration
PPGSFT-ACC and PPGSFT

Recording during Breath Holding: ECG, HR, PPG, Z(t), ACC, CON, ACI

In this recording, the participant held their breath on three separate occasions. In Fig. 20, note
increases in both Acceleration and Contractility Index at the point breathing resumes. The
Acceleration - Contractility Index (ACI) is shown in the bottom waveform (CH 47). Ventilatory effort is
reflected in the baseline variations of Z(t). In addition to the increases in the ACI after ventilation
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resumption, ACI also increases after the longer-term drops in Blood Volume Pulse (PPG - CH 4)
baseline.

Fig. 20

TREV in the MRI

TREV was employed on the left forearm of a participant scanned in a Siemens Prisma MRI. The
TREV electrode array consists of four EL526 specialized strip electrodes. Each disposable strip
electrode is 1.3 cm wide x 16.7 cm long and incorporates an attached carbon composition lead wire.
The four strip electrodes are connected to an MRI-conditional cable assembly through a patch panel
MRI filter and then to an MRI control room cable (collectively BIOPAC Systems MECMRI-NICO MRI
filtered cable sets) attached to a NICO100C-MRI Noninvasive Cardiac Output Amplifier for MRI. No
other equipment was attached to the participant. Various scanning modalities were tested, including
axial and coronal Echo Planar, 3-D MPRAGE, T2, and Diffusion Imaging, primarily with multi-band
protocols.

Fig. 21: Siemens Prisma MRI

The TREV strip electrode array was attached to the left forearm (Fig. 4B). TREV is collected by the
application of a 100 kHz sinusoidal current that’s introduced through the forearm (schematic
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electrodes in blue), while the generated 100 kHz voltage is simultaneously measured (schematic
electrodes in green). The magnitude of the measured voltage divided by the magnitude of the known
current is the magnitude of the bioimpedance [Z(t)] of the measured forearm volume. The measured
forearm volume is the volume between the inner voltage-sensing electrodes (Fig. 4A, 4B, and 4C).

The following graph shows the collected TREV data (Fig. 22). Impedance [Z(t)] is the top channel
(red) and has units of ohms/sec. The bottom channel (blue) is the derivative of Z(t) or dZ(t)/dt,
referenced as Acceleration (ACC), and has units of ohms/sec”*2. Contractility Index (not shown), the
derivative of Acceleration, is defined as d2Z(t)/dt2 and has units of ohms/sec”"3.

Fig. 22: Measured TREV — fMRI EPI axial scan, multi-band

Coincidental with the onset of fMRI EPI, baseline noise is observed in the Acceleration waveform
(blue). However, the peak Acceleration values are still easily marked. Accordingly, by employing
beat-by-beat signal averaging time-aligned to the Acceleration peak values, the Acceleration
waveform resolution can be greatly improved, even when averaged over just a few beats.

As an aside, note that a PVC occurred just after the onset of EPI. The missing beat is easily seen and
the Acceleration peak, following the PVC, is boosted in comparison to the Acceleration peak just prior
to the PVC.

Valsalva Maneuver Test

Fig. 23: Four consecutive Valsalva Maneuvers and Recovery Periods
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Each Valsalva Maneuver is reflected as a temporary increase in the baseline impedance [Z(t)] and a
corresponding decrease in the Acceleration peak values during the Maneuver period. Directly after
the Maneuver is finished, the Recovery period shows a relative increase in the measured
Acceleration peak values. The Impedance [Z(t)] waveform has units of ohms/sec. The Acceleration
(dZ(t)/dt) waveform has units of ohms/sec”2.

For the purposes of this study, five consecutive beats were averaged during the Valsalva Maneuver
Period and five consecutive beats were averaged during the Recovery Period.

Fig. 24: Detailed view of Valsalva Maneuver and Recovery Period to obtain five-beat averages

During the Valsalva Maneuver, the Acceleration peak values are collectively suppressed. During the
Recovery Period, the Acceleration peak values are collectively higher. Impedance [Z(t)] waveform
units are in ohms/sec. Acceleration waveform units are in ohms/sec’2.
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Fig. 25: Individual trial averages for consecutive Valsalva Maneuvers and Recovery Periods

Due to the five-beat signal averaging employed, waveform resolution is substantially improved. Units
of all the Acceleration waveforms are ohms/sec*2. The Valsalva Maneuver acts to reduce stroke
volume during the maneuver and then stroke volume increases afterwards.

The first (top), third, fifth, and seventh Acceleration waveforms are representative of the Valsalva
Period Trial Averages. Note that all Acceleration peaks are at or less than 0.60 ohms/sec”2.

The second, fourth, sixth, and eight (bottom) Acceleration waveforms are representative of the
Recovery Period Trial Averages. Note that all Acceleration peaks are greater than 0.6 ohms/sec”2.
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Fig. 26: Collective averages—Valsalva / Recovery Periods for Acceleration, Contractility Index and Velocity

The first (top) waveform is the Acceleration waveform for the Valsalva Trial Average (VTA) for four
Valsalva Period Trials. Accordingly, this represents a collective 20-beat average, given that a single
Valsalva Period Trial averages five beats.

The second waveform is the Acceleration waveform for the Recovery Period Trial Average (RTA) for
four Recovery Period Trials. Accordingly, this represents a collective 20-beat average, given that a
single Recovery Period Trial averages five beats. Acceleration waveforms are in units of ohms/sec”2.

The third waveform is the Contractility Index waveform for the VTA. The fourth waveform is the
Contractility waveform for the RTA. Contractility Index waveforms are in units of ohms/sec”3.

The fifth waveform is the Velocity waveform for the VTA. The sixth (bottom) waveform is the Velocity
waveform for the RTA.

Velocity waveforms are in units of ohms/sec.

IMPORTANT: The positive peak of the Contractility Index is coincident with the onset of the blood
Velocity waveform. Contractility Index peaks PRIOR to any movement of blood in
the measured volume.

There is very little difference between the Contractility Index maximum peak values between the
Valsalva and Recovery Period Trial Averages. This indicates that the Contractility Index is largely
unaffected by pre-load and is the ohmic image of isovolumic dP(t)/dt max.

There is a modest increase (~15%) in the Acceleration peak values from the VTA to RTA.
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There is a substantial increase (~60%) in the Velocity peak values from the VTA to RTA.

The Integrated Velocity waveform, from the first upward zero-crossing to first downward zero-crossing
of the Velocity waveform, reflects Stroke Volume. The Stroke Volume of the RTA shows a 90%
increase over the VTA.

Despite the consistency of the Contractility Index from the Valsalva Period to the Recovery Period,
there is a significant increase in Blood Velocity and a more significant increase in the integral of Blood
Flow (proportional to Stroke Volume) during the Recovery Period as compared to the Valsalva
Maneuver Period.

Tilt Table Test

In this test, the participant was placed on a tilt table. The initial measurements were made with the
participant in a horizontal position. For subsequent measurements, the participant was tilted at a 45°
angle with feet closer to the floor. Measurements consisted of Base Impedance (CH 40), Acceleration
(CH 41), and the Pulse Plethysmogram (CH 42). Acceleration, Cycle by Cycle, Maximum (CH 3) and
Pulse Rate (BPM) were derived from the source data in real time. The TREV-related measures were
performed on the left forearm, kept level with the heart in both the horizontal and tilted positions.

Fig. 27: Tilt Table horizontal and then 45°

The horizontal measurements are in the 0-26 second range. The 45° tilt measurements are in the
28-60 second range. Note the following:

1) Base Impedance [Z(t)] is slightly lower in the tilted position

2) Acceleration maxima are reduced in the tilted position

3) Pulse Plethysmogram peak-to-peak amplitude is reduced in the tilted position

4) Pulse Rate is slightly elevated in the tilted position

Discussion

This measurement demonstrates that when preload decreases as a function of blood pooling in the
lower extremities due to the 45° tilt, peak Acceleration (CH 41 and CH 3) decreases because it is
preload-dependent. Also, note that the pressure-dependent PPG peak-to-peak (CH 42) decreases as
a function of gravitational displacement. As arterial pressure is a function of force F applied to the
internal surface area A of vessel walls, the decrease of F is due to decreased mass (i.e., blood),
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gravitational acceleration remaining unchanged in the heart and upper extremity. Because F=ma, the
mass of blood decreases, so the blood pressure and the pressure-dependent PPG will decrease.

The pulse rate increase from the horizontal to tilted positions is entirely physiologic. As carotid artery
pressure decreases, the baroreceptors sense a decrease and cause vagal suppression. This action
causes sinus node suppression. Vagal suppression permits the cardio-accelerator adrenergic nerves
(T-1 through T-4) to stimulate the heart without the countering effect of sinus node inhibition of heart
rate.

As blood pressure diminishes, the carotid baroreceptors, located at the junction of the bifurcation of
the common carotid artery into the internal and external branches, send a signal via the Nerve of
Hering to the vagal nucleus in the brain. Stimulation of Nerve of Hering inhibits discharge of vagal
impulses to the sinoatrial node in the right atrium. Since the SA node induces decreases in heart rate,
its inhibition allows the cardio-accelerators, emanating from the thoracic spinal cord, to increase
adrenergic stimulation of the heart, effectively increasing heart rate. The increase in heart rate
partially compensates for diminished stroke volume to partially maintain cardiac output.
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