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1. Introduction 

The increasing average age of individuals with a spinal cord injury (SCI) has rendered greater 

prevalence of health conditions that are common with older age[1]. Cardiovascular disease 

(CVD) has been identified as the leading cause of death in the SCI population[2] and raises the 

concern and need for CVD prevention and early detection. One method of evaluating an 

individual’s risk of CVD morbidity and mortality is to determine their pulse wave velocity (PWV) 

as a measure of arterial stiffness[2]. PWV describes the speed at which a pulse wave is able to 

propagate between two points of the cardiovascular system and can be expressed as the 

quotient of the distance between two peripheral arterial sites divided by the pulse transit time 

(PTT) between these two points. To date, the gold standard method determines PWV using the 

right common carotid artery and right common femoral artery (cfPWV)[2, 3]. It is generally 

understood that greater cfPWV values reflect increased arterial stiffness and consequently a 

greater risk of CVD. The European Society of Hypertension and the European Society of 

Cardiology identified cfPWV values ≥10 m/s as indicative of subclinical organ damage in the 

general population[4]. 

A variety of reliable measurement techniques such as applanation tonometry, Doppler 

ultrasound, mechanotransduction and magnetic resonance imaging can be used to assess 

cfPWV. Among these, an expert panel has identified applanation tonometry as the well-

accepted technique for the measurement of cfPWV[2, 3]. There are several central PWV 

assessment devices which use tonometric sensors, such as Complior (Alam Medical), 

HD/PulseWaveTM CR-2000 (Hypertension Diagnostics) and SphycmoCor (AtCor Medical). 

Although these devices are well-accepted methods of assessing central PWV[5], they are more 

expensive than a method that uses a combination of tonometry sensors and a general life 

science data acquisition system. Therefore, this manual introduces the method of assessing 

cfPWV using Non-Invasive Pulse Wave Tonometers (SPT-301, Millar Instruments Inc.) and a data 

aquision system (PowerLab , ADInstruments) for a more feasible option. PowerLab is commonly 

and widely used in physiology, pharmacology, biomedical engineering, sports/exercise studies 

and psychophysiology laboratories to record and analyze physiological signals from human or 

animal subjects.  

To determine cfPWV using applanation tonometry, the 80% value of the distance between the 

carotid and femoral measurement sites is divided by the average pulse transit time (PTT)[2, 3]. 

The most common method of estimating PTT is the foot to foot method[2, 3], where 

applanation tonometers are applied to the surface of the skin at the right common carotid and 

right common femoral arterial sites to measure the pressure exerted by the arteries as a pulse 

wave travels through it. The pressure changes can be translated to produce pulse waveform 

signals that typically display a rapid upstroke followed by a steady return to baseline (Figure 1). 
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The beginning point of the upstroke is commonly referred to as the “foot” or onset of the wave 

and reflects the beginning of the systolic phase, whereas the following declining slope reflects 

the diastolic phase. The carotid-femoral PTT is determined as the time difference between the 

onset of the carotid and femoral pulse waveforms. 

 
Figure 1 Sample pulse waveform of three consecutive pulses. 

Normal and reference values for cfPWV published by the European Society of Cardiology were 

derived from an able-bodied population sample[6]. As a result, the normal and reference values 

may not accurately reflect normative cfPWV values of the SCI population. Nonetheless, 

repeated measurements of cfPWV can provide a reliable method of assessing changes to 

cardiovascular health[2] and identifying individuals with early alterations to aortic function.  

It is important for the delegated research personnel to understand the background and 

procedure of measuring cfPWV so that one can accurately describe the procedure and address 

participants’ questions prior to initiating the assessment. Research personnel should also 

familiarize themselves with health conditions that are common in the SCI population as they 

may interfere or impair cfPWV assessment. Some examples include arrhythmia, carotid sinus 

syndrome, high-grade carotid, aortic, iliac, or proximal femoral stenosis and/or other unstable 

clinical conditions (i.e. fever, urinary tract infections, autonomic dysreflexia and pressure sores 

at anatomical measurement sites)[7]. Additional special considerations include obesity, 

diabetes, muscle spasticity, immobilization, and prescribed medication ( i.e. Diuretics, Beta-

blockers, ACE inhibitors, Angiotensin II receptor blockers, methyldopa, and central agonists)[7]. 

“A Clinical Guide for the Acquisition and Analysis of Carotid to Femoral Pulse Wave Velocity 

using Applanation Tonometry in Persons with Spinal Cord Injury” reflects the current gold 

standard method of assessing cfPWV and aims to facilitate consistent protocol implementation 

across research participants and study sites. The recruitment plan, participant screening and 

eligibility, documentation procedures, retention of study documents and data management are 
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not within the scope of this manual and are subject to the design of the study to which it is 

being applied.  
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2. Gathering the Required Tools 

1.0 Materials and Equipment 

Table 1. List of materials and equipment for cfPWV assessment 

Materials Equipment 

• Bed, linen and blanket
1
 

• Overbed table 
• Patient gown (if required) 
• Portable Cart 

• Room thermometer 
• Non-elastic measuring tape 
• Disposable gloves 
• Sanitizing wipes 
• Case Report Form 
• Skin Marker 

• Two applanation tonometers
2
 

 ex. SPT-301, Miller Instruments Inc.,Houston, TX, USA 

• Catheter Interface Cable 
2
 

 ex. AEC-10C , ADInstruments Inc., Colorado Springs, CO, 

USA 

• Two Bridgeamp and associated cables 
2
 

 ex. FE221, ADInstruments Inc., Colorado Springs, CO, 

USA.  

• Data acquisition system and associated cables
2
 

 ex. PowerLab2/26 (any PowerLabs with > 2 channels), 
ADInstruments Inc., Colorado Springs, CO, USA  

• Laptop computer with data acquisition and analysis 

software 
2
 

ex. LabChart ADInstruments Inc., Colorado Springs, CO, 

USA. LabChart software is included in the PowerLab 
package. 

•  Spreadsheet software  

 ex. Microsoft Excel 
• Automated blood pressure and heart rate monitor  

 ex. Carescape V100, GE Healthcare, Milwaukee, WI, USA 

 
1
The blanket is used to cover the pelvic region during the assessment. Making a small hole in the 

blanket for the tonometer can help make the assessment more comfortable for the participant.  
2
 Visit www.ADInstruments.com for more information. 

 

2.0 cfPWV Case Report Form 

The cfPWV case report form (CRF) is a document used to record data and can be a hard copy 

(hCRF) or electronic copy (eCRF). It is recommended to include the following fields on a cfPWV 

CRF (See Appendix A for a sample cfPWV CRF): 

 Assessor’s initials 

 Date and time of visit 

 Participant identification number 
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 Temperature of the room at the time of assessment 

 Medication name, dosage, and time taken on day of assessment 

 Blood pressure 

 Heart rate 

 Distance between anatomical measurement sites 

 Pulse transit time 

 Calculated cfPWV value
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3. Preparing for the Assessment 

1.0 Arranging the Appointment 

1. Review the cfPWV assessment procedure with the participant and address any questions 

they may have. It may be helpful to provide participants with an information pamphlet that 

summarizes the cfPWV procedure and preparation instructions. See Appendix B for a 

sample pamphlet. 

1.1. Remind the participant of the following preparation instructions[5]: 

 Do not consume any food or caffeinated drinks during the 3-4 hours leading up 

to a visit. Water is permitted. 

 Do not consume any alochol during the 10 hours leading up to a visit. 

 No smoking (i.e.  cigarrettes, marijuana) during the 3 hours leading up to a visit.  

 No physical activity/exercise during the 12 hours leading up to a visit. 

 Empty bladder at least 15-30 minutes prior to the assessment as a full bladder 

may cause autonomic dysreflexia. 

 Take any medications and vitamins as usual. 

 Wear loose clothing to your visit. 

2. Ask the participant for their availability. You may want to suggest an appointment time 

earlier in the day (9AM-12PM) to minimize any interruption to the participant’s regular 

eating schedule.  

3. Remind the participant that it is necessary for them to follow the preparation instructions. 

Otherwise, participants should be asked to reschedule their assessment date.  

4. If the study will be conducting repeated measurements of cfPWV, effort should be made to 

complete assessments at the same time of day and under similar conditions to the previous 

assessment[3, 6].
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2.0 Creating an Excel Template for cfPWV Data Analysis 

It is recommended that a data analysis spreadsheet template is created to ensure data analysis 

is completed in a consistent manner. 

The equation used to calculate cfPWV according to current gold standards is  cfPWV = (CA-FA 

distance × 0.8) ÷ pulse transit time(PPT)[7]. The distance (meters) is measured from the carotid 

artery (CA) to the femoral artery (FA) measurement sites, and the pulse transit time (PTT) is the 

average time difference (seconds) between the onset of the carotid pulse and the onset of the 

femoral pulse calculated from a 10-15 second segment of waveform data, or at least ten 

consecutive pulse waveforms[8]. 

A copy of the excel template created by our team is included in the manual package. If you wish 

to create your own template, detailed instructions are available in Appendix C.  

For instructions on how to format cells in Microsoft Excel, please refer to the Excel Use Guide 

for the software version being used. The Excel User Guide can be found online.  
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4. cfPWV Assessment Procedure 

1.0 Assessment Room Set Up 

1. The cfPWV assessments should take place in a quiet room that is 23-25C (73-77F). 

2. Cover the bed mattress with linen. 

3. From the position of an individual standing at the foot of the bed and facing the head of the 

bed, allow enough space on the left side of the bed for a wheelchair. This path should be 

kept clear of obstacles (i.e. wires and other equipment) so that participants and research 

personnel can safely navigate through this space. 

4. Position two stools on the left side of the bed. 

5. Position a cart on the right side of the bed and near a power outlet. The cart will hold the 

data acquisition hardware.  

6. Position an over-bed table on the right side of the bed, close to the foot of the bed. The 

over-bed table will hold the laptop computer. 

7. Place the measuring tape and skin marker on the over-bed table for later use. 

See Figure 2 for the suggested layout of materials and equipment. 

  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 2 Suggested layout of materials and equipment for cfPWV analysis. 

Computer on over-bed 

table 

Cart and Acquisition 

Hardware 

Measuring tape and skin 

maker 
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2.0 Equipment Set Up 

The following equipment set up instructions are specific to the equipment listed on Table 1. For 

other data acquisition systems and devices, please follow manufacturer instructions. 

1. Gather the materials and equipment listed on the Table 1. 

2. Set-up data acquisition hardware on the cart. 

2.1. Connect the laptop computer to a power source and leave the computer turned off. 

2.2. Connect the data acquisition hardware (i.e. PowerLab) to a power source and leave 

PowerLab turned off. 

2.3. Connect the tonometers to the bio amplifiers. (Figure 3) 

2.3.1. Identify one tonometer as #1 and another as #2. 

2.3.2. Identify one bio amplifier as #1 and another as #2 

2.3.3. Connect a catheter interface cable to each tonometer. (Figure 3) 

  

Figure 3 Tonometer connected to a catheter interface cable. 

2.3.4. Connect the other end of the catheter interface cable of tonometer #1 to the 

input socket of bio amplifier #1. (Figure 7) 

2.3.5. Connect the other end of the catheter interface cable of tonometer #2 to the 

input socket of bio amplifier #2. (Figure 7) 

3. Connect the two bio amplifiers and PowerLab in series. 

3.1. Connect one end of an I2C cable to the back panel I2C output socket of bio amplifier #1 

and connect the other end of the I2C cable to the back panel I2C input socket of bio 

amplifier #2. (Figure 4) 
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3.2. Connect one end of an I2C cable to the back panel I2C input socket of bio amplifier #1 

and connect the other end of the I2C cable to the I2 C output socket of PowerLab. 

(Figure 5) 

 
Figure 4 Back panel view of Bio Amp 1 (bottom) and Bio Amp 2 (top) connected in series. 

 
Figure 5 Bio Amps connected in series to Power Lab. 
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4. Connect bio amplifier signal output channels to the PowerLab input channels. (Figure 6 and 

Figure 7) 

4.1. Use a BNC-to-BNC cable to connect the signal output socket on bio amplifier #1 to the 

Channel 1 analog input socket on the data acquisition hardware. (BNC-to-BNC cable 

#1 in Figure 6 and Figure 7) 

4.2. Use a BNC-to-BNC cable to connect the signal output socket on bio amplifier #2 to the 

Channel 2 analog input socket on the data acquisition. (BNC-to-BNC cable #2 in Figure 

6 and Figure 7) 

 
Figure 6 Bio Amp to PowerLab signal connection via BNC-to-BNC cables (back interface). 

 
Figure 7 Front interface of equipment with all cables connected. 
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5. Connect the data acquisition hardware to the computer using a USB cable. 

6. Turn on and log in to the computer. 

7. Turn on PowerLab. 

8. Launch the data analysis software (i.e. LabChart). 

8.1. Check that the bio amplifiers lights turn on, indicating a secure connection. 

9. Set up the data acquisition and analysis software for data collection. A copy of the LabChart 

data acquisition and analysis template is included in the manual package. If you wish to 

create your own template, follow the instructions below.  

Note: The downloadable template was created with LabChart version 8.1 and is not 

compatible with older versions of LabChart. 

9.1. LabChart will open a “Welcome Center” window at startup. (Figure 8) 

9.2. Click “New” to open a Chart View window. (Figure 9) 

 
Figure 8 LabChart Welcome Center window. 
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Figure 9 LabChart Chart View window. 

9.3. Set the number of channels to 2 channels and adjust the channel settings. 

9.3.1. On the top panel of LabChart, select the “Setup” tab. Select “Channel 

Settings” from the drop down menu. This will open up a window titled 

“Channel Settings”. (Figure 10) 

9.3.2. Input “2” for “Number of Channels” (① in Figure 10). 

9.3.3. Channels 1 and 2 should be checked “On” (② in Figure 10). 

If the checkboxes are not present in the “On” column or if there is an error in 

detecting the PowerLab, close the LabChart program and turn off PowerLab 

to troubleshoot. Return to Step 7 and resume equipment set up.  

9.3.4. Sample Rate for all channels: 1k/s 

9.3.5. Range (Vertical Axis) for all channels: 10mV  

(This range many need to be adjusted manually during the assessment to 

optimally display the waveform signal.) 

9.3.6. Apply the following settings: 

 Channel 1 Input Settings: Bridge Amp 1 

 Channel 2 Input Settings: Bridge Amp 2 

 Unit for all Channels: mV 

 Channel 1 Computed Input: Raw Data Input 1 

 Channel 2 Computed Input: Raw Data Input 2 

 Select different colors for Channel 1 and 2 

 Calculation for all channels: No Calculation 

 Select “Same sampling rate on all channels” (③ in Figure 10). 

 Press “OK”. This will close the Channel Settings window. 
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Figure 10 Channel Settings window for data acquisition. 

10. Start monitoring data. 

10.1. Press the Record/Monitor button so that the button presents a red “X”  (See 

Appendix G “LabChart Interface”). The red “X” indicates that data is not being 

recorded.  

 
Figure 11 Record/Monitor button indicating (A) data is being recorded and (B) data is being monitored (not 

recorded). 

10.2. Press the “Start” button to begin monitoring data (See Appendix G “LabChart 

Interface”). 

11. Gently press each tonometer against the back of your hand to test if equipment is working 

properly. 

11.1. The scale of the amplitude axis (vertical axis) of each channel may need to be 

manually or automatically adjusted to optimally display the waveform during cfPWV 

assessment. 
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3.0 Pre-cfPWV Assessment Procedure 

See Appendix D for “Pre-cfPWV Assessment Flowchart”. 

1. Wash and glove hands. 

2. Check if the participant followed preparation instructions listed in page 6, “Preparing for the 

Assessment”. 

2.1. If the participant did not follow preparation instructions, consider rescheduling the 

cfPWV assessment. 

2.2. Record the participant’s currently prescribed medication. If the participant has taken 

any medication on the day of the assessment, record the medication(s) name, dosage, 

and time taken. Effort should be made to ensure these details are identical for future 

assessments, if applicable. 

2.3. Ask the participant to empty their bladder if they have not done so. 

3. Review the cfPWV procedure with the participant prior to initiating assessment. 

3.1. Remind participants not to sleep or speak during measurements as either can impede 

data accuracy. 

3.2. Remind participants to notify the assessor if they experience any discomfort or pain 

during any point of the assessment. 

4. Ask or assist the participant to transfer to the bed and allow them to rest in supine position 

for at least 10 minutes. This step is important to allow the participant’s body to return to 

resting conditions. 

5. Record the room temperature. 

6. Measure and record the participant’s blood pressure (BP)[9]. 

6.1. Measure the participant’s initial BP. Do not record the initial BP. 

6.2. Measure and record BP twice, allowing one minute between measurements. 

6.2.1. If the difference between the systolic or diastolic BP is greater than 5mmHg, 

perform an additional measurement until two sequential measurements are 

within 5mmHg of each other. Record the average of these two measurements 

and indicate on the CRF that the recorded value is an average value. 

7. Measure and record the participant’s heart rate (HR)[9]. 

7.1. Perform two HR measurements and record the average of these two measurements. 

Allow one minute between measurements.
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4.0 cfPWV Assessment Procedure 

See Appendix E for “cfPWV Assessment Flowchart”. 

1. Identify one research personnel as “R1” and another research personnel “R2”.  

1.1. R1 will use the Channel 1 tonometer to measure the carotid arterial pressure and R2 

will use the Channel 2 tonometer to measure the femoral arterial pressure. 

1.2. Both R1 and R2 should be positioned on the right side of the participant. (Figure 12) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 12 Position of Research Personnel for cfPWV assessment. 

2. Palpate the anatomical measurement site using your fingers.  

Note: The thumb has a pulse of its own and should not be used when palpating for the 

participant’s pulse. 

2.1. Palpating the right common carotid artery[10]: 

2.1.1. If the participant’s head is resting on a pillow, remove the pillow and gently 

tilt the participant’s chin up towards the ceiling. (Figure 13) 

2.1.2. Place the tips of the index and middle fingers on the right side of the upper 

neck, close to the jawline and between the trachea and sternocleidomastoid 

muscle. The tips of the fingers should press along the length of the artery. 

(Figure 14) 

R1 

R2 
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Figure 13 Incorrect (A) and correct (B) participant positions for palpating the carotid artery. 

 
Figure 14 Using the left index and middle fingers to palpate for the right common carotid artery. 

2.1.3. Adjust the positioning, angle and pressure of the fingers to achieve maximum 

pulsation. Be careful not to apply excessive pressure to the carotid artery as 

this may stimulate the carotid sinus to induce the baroreceptor reflex and 

cause blood pressure fluctuation. 

2.2. Palpating the right common femoral artery[11]: 

2.2.1. Provide the participant with a blanket to cover the pelvic area. Complete the 

following steps with your hands under the blanket. 

2.2.2. Ask or assist the participant to uncover their pelvic area. Ideally, the 

tonometer should be applied directly on to the skin.  

If the participant is wearing underwear that covers the measurement site, 

check that the underwear is flat against the skin, with no folding, to ensure 

data collection quality and ability. 

2.2.3. Palpate for the right anterior superior iliac spine (ASIS). Palpate 2-3 cm distally 

away from the ASIS to locate the ligaments of the tensor fasciae latae and 

sartorius muscle. Finally, palpate 2-3 cm medially for the right common 

femoral artery. The common femoral artery should be located about midway 

between the pubis and ASIS. (Figure 15) 
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2.2.4. Use the index, middle and ring fingers of the left hand to palpate the right 

common femoral artery. Place the tip of the fingers along the length of the 

artery. 

The common femoral artery lies deep to the inguinal ligament and may 

require the assessor to press deeply in order to sense a pulse. Holding the 

palpating fingers with the other hand to apply additional pressure can help 

the palpating fingers to relax and remain sensitive to the pulse. 

2.2.5. Adjust the positioning, angle and pressure of the fingers to achieve maximum 

pulsation. 

 
Figure 15 Locating the femoral artery.  

3. Check that you can feel the pulse on your fingers.  

3.1. It is important to be able to detect the pulse before applying the tonometer. Do not 

move on to the next step unless the pulse has been clearly located.  

4. While keeping your left hand in this position, keep the fingers closely together. Hold the 

tonometer like a pencil with the right hand and wedge the end of the tonometer between 

the index and middle fingers of the left hand. (Figure 16) 

4.1. Apply a comfortable amount of pressure on the skin with the left index and middle 

fingers so that the skin between the fingers becomes taut as the tonometer is 

positioned between the fingers. Applying the tonometer to a flat and even surface 

will improve the quality of the waveform. 

4.2. When applying the tonometer to the femoral artery, hold the tonometer in the right 

hand and feed the tip of the tonometer through a hole in the blanket covering the 

pelvic region. The left hand should be under the blanket. (Figure 17) 

https://www.quora.com/At-how-many-places-pulse-can-be-felt-in-our-body
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Figure 16 Tonometer handling method for cfPWV assessment. 

 
Figure 17 Tonometer application at femoral site. 

5. Gently press the tonometers on to the measurement site to obtain a high quality waveform. 

Characteristics of a high quality arterial waveform include a steady baseline, a clear 

upstroke and high and consistent amplitude. (Figure 18) 

 
Figure 18 Example of high quality waveforms. 
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5.1. Adjust the positioning, angle and pressure of the fingers to achieve maximum 

pulsation. 

5.2. The scale of the (vertical) amplitude axis of each channel may need to be manually or 

automatically adjusted to optimally display the signal. 

5.2.1. If the waveform is unclear (i.e. amplitude is too small or excess noise in 

signal), adjust the position and pressure of the tonometer to obtain a clear 

signal. 

5.2.2. If the waveform is undetectable on the computer monitor, remove the 

tonometers and return to step 2, above.  

6. Hold the tonometer in this position. 

 

7. When Channel 1 and Channel 2 are simultaneously producing clear, high quality signals, 

press the Record/Monitor button to initiate signal recording. Ensure that the 

Record/Monitor button does not display a red “X” as this indicates data is not being 

recorded. (Figure 11) 

8. Collect 60 seconds of uninterrupted data. 

8.1. If the waveform signal is lost during the recording, continue to record the signal as the 

pulse is relocated. Once the pulse and waveform are detected, collect 60 seconds of 

uninterrupted data. 

 

9. At the end of the 60 seconds press the Record/Monitor button to stop recording. 

10. Save the waveform recording immediately after the assessment. 

11. Ask the participant to remain in supine position. 

12. Remove the tonometers from the participant and leave the palpating fingers on the 

participant. 

13. Use a skin marker (or eyeliner) to mark points of tonometer application at the carotid and 

femoral arterial sites. 

Note: It is important to encourage the participant to communicate any pain or discomfort during cfPWV 
assessment. One method of encouragement is to occasionally ask the participant to rate the pressure of the 

tonometers on a scale of 1 to 10. 
 

Note: Arterial pressure waveform analysis only requires three distinct 10-second samples of data. However, data 
is recorded for 60 seconds as it can help to minimize the impact of signal interference that can occur during 

waveform recording (ex. Patient talking, spasm, unsteady baseline, lost signal, etc.). If three distinct 10-second 
samples of data cannot be obtained during a continuous 60-second interval, continue recording until  three 
desirable data sets can be obtained. 



22 
 

 
Figure 19 Marking the arterial site to determine the distance between arterial measurement sites. 

14. Measure and record the distance, in meters, between the carotid and femoral 

measurement sites with a non-elastic measuring tape. It is important to measure the 

distance as accurately as possible as small differences to the distance can greatly affect 

cfPWV calculations[5]. 

14.1. Place one end of the measurement tape on the carotid artery mark and extend the 

measuring tape to the femoral artery mark. The measurement tape should lay flat 

against the surface of the participant. (Figure 20) 

 
Figure 20 Measuring the distance between the carotid and femoral artery measurement sites. 

15. Notify the participant that the assessment is complete.  

16. Clean the area and sanitize equipment.
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5. Analyzing Data and Calculating cfPWV 

1. Open the waveform LabChart file. If you are using the LabChart template created by our 

team, skip steps 2 and 3 and advance to step 4.  

2. Set up channels for bandpass filtering [2, 12].  

2.1. Change the number of channels to 4 channels. (Figure 21) 

2.1.1. On the top of the window panel of LabChart, select the “Setup” tab. Select 

“Channel Settings” from the drop down menu. This will open up a window 

titled “Channel Settings”. 

2.1.2. Input “4” for “Number of Channels”. 

2.1.3. Do not change channel settings for Channel 1 and Channel 2. 

2.1.4. Uncheck the boxes under the “On” column for Channel 3 and Channel 4. 

 
Figure 21 Channel Settings window for data analysis. 

2.2. Change the calculation settings for Channel 3. (Figure 21) 

2.2.1. Under the “Calculation” Column for Channel 3, select “Digital Filter”.  This will 

open up a window titled “Digital Filter – Channel 3”.  
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2.2.2.  Update the following fields for Channel 3 (Figure 22): 

 Source Channel: Channel 1 

 Filter Type: Band Pass 

 High cut-off frequency: 30Hz 

 Low cut-off frequency: 2Hz 

 Transition width: Auto adjust 

2.2.3. Press “OK” to apply changes. 

 
Figure 22 Digital File settings window for Channel 3. 

2.3. Change the calculation settings for Channel 4. 

2.3.1. Under the “Calculation” Column for Channel 4, select “Digital Filter”. This will 

open up a window titled “Digital Filter – Channel 4”. 

2.3.2. Update the following fields for Channel 4: 

 Source Channel: Channel 2 

 Filter Type: Band Pass 

 High cut-off frequency: 30Hz 

 Low cut-off frequency: 2Hz 

 Transition width: Auto adjust 

2.3.3. Press “OK” to apply changes and to close the “Channel Settings” window. 
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3. Set-up “Data Pad” for data collection. The time at which the foot of each wave occurs 

(“time at minimum”) from the bandpass filtered data (Channels 3 and 4) will be recorded on 

the DataPad. 

3.1. Select “Data Pad View” from the top Panel. See Appendix G “LabChart Interface”. 

3.2. Change the column settings for Column A. Column A will record “time at minimum” 

data for the carotid artery waveform (Channel 3). 

3.2.1. Click the column “A” title to change Column A settings. This will open a 

window titled “Data Pad Column A Setup” (Figure 23). Apply the following 

settings to Column A: 

 Select “Statistics” from the left panel. 

 Select “Time at Minimum” from the right panel. 

 Under the “Calculation Source” section, select “Calculate from source 

channel:”. Select Channel 3 from the drop down menu.  

 Check the box for “Only add if the selection includes the source channel”.  

 Leave “Calculate using first selected channel” unselected. 

 Check the box for “Compact data”. 

 
Figure 23 Column A settings for data recording on DataPad. 
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3.2.2. Click “Format…” This will open a window titled “Format Cells”.  

 Select “General” under the Category panel.  

 Press “OK” to apply cell format and exit window.  

3.2.3. Press “OK” to apply changes and exit the “Data Pad Column A Setup” window. 

3.3. Change the column settings for Column B. (Figure 24) Column B will record “time at 

minimum” data for the femoral artery waveform (Channel 4). 

3.3.1. Click the column “B” title to change Column B settings. This will open a 

window titled “Data Pad Column B Setup”. Apply the following settings to 

Column B: 

 Select “Statistics” from the left panel. 

 Select “Time at Minimum” from the right panel. 

 Under the “Calculation Source” section, select “Calculate from source 

channel:”. Select Channel 4 from the drop down menu.  

 Check the box for “Only add if the selection includes the source channel”.  

 Leave “Calculate using first selected channel” unselected. 

 Check the box for “Compact data”. 

 
Figure 24 Column B settings for data recording on DataPad. 
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3.3.2. Click “Format…” This will open a window titled “Format Cells”.  

 Select “General” under the Category panel.  

 Press “OK” to apply cell format and exit window. 

3.3.3. Press “OK” to apply changes and exit the “Data Pad Column B Setup” window.  

4. Click the “Chart View” button to return to the window displaying the waveforms.  (Figure 25) 

5. Adjust the horizontal and vertical scaling of each channel. 

5.1. Scaling adjustments on LabChart can typically be set to “Auto Scale” for vertical 

scaling, and “10:1” for horizontal scaling to optimally display waveform data.  

6. Identify a high quality section of the recording that is 10-15 seconds long and contains at 

least eleven consecutive pulses. Characteristics of a high quality arterial waveform include a 

steady baseline, a clear upstroke, minimal noise signal and high and consistent amplitude. 

7. Using the identified section, collect data points from Channel 3 and 4 that reflect the time 

at which an onset of a wave occurs for the carotid and femoral pulse waveforms  (Figure 24). 

7.1. Place the computer mouse cursor along the horizontal axis so that the cursor appears 

as  (① in Figure 24). 

7.2. Click and drag the cursor along the horizontal axis to highlight a section that includes 

the onset of a carotid (② in Figure 24) and femoral (③ in Figure 24) pulse wave.  

7.3. To add data points to the “Data Pad” on LabChart, press [CTRL] + [D]. Go to “Data Pad 

View” to check successful data transfer.  

7.4. Return to Chart View to view the waveforms.  

7.5. Repeat steps 7.1-7.4 to collect data points from the next consecutive pulse onset 

until 10 data points are collected[5]. 



28 
 

 
Figure 25 Highlighting waveforms for data point collection. 

8. Repeat steps 6-7 twice for a total of three data sets from three distinct 10 second sections 

of the waveform recording.  

9. Go to “Data Pad View” to check data for any repeated data points or lack of data points. 

Delete or recollect data points as necessary. 

10. Save changes to the waveform recording.  

11. Open the Excel template for cfPWV calculation and input data to appropriate fields. 

11.1. Enter the distance between the carotid and femoral measurement sites, in meters. 

11.2. Transfer the data points from DataPad in LabChart to Excel spreadsheet (Appendix C).  

11.2.1. In LabChart, select and highlight the data points from the first sampling 

segment. There should be eleven rows of data highlighted. Press [Ctrl]+[C] to 

copy the data. 

11.2.2. Go to the Excel spreadsheet template. Select the pink cells under the “1st 

sampling segment” section. Press [Ctrl]+[P] to paste the data.  

11.2.3. Repeat the data transfer for the second and third sampling segments.  

11.2.4. Calcurate each mean cfPWVs from all three trials. 

11.3. If the difference between Trial 1 and Trial 2 cfPWV values is less than 0.5m/s, the final 

cfPWV value is determined as the mean of Trial 1 and 2 cfPWV values.  

If the difference between Trial 1 and Trial 2 cfPWV values is greater than 0.5m/s, the 

final cfPWV value is determined as the median of Trial 1, 2 and 3 cfPWV values. [7] 
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11.4. If the difference between Trial 1 and Trial 2 cfPWV values is less than 0.5m/s, the final 

pulse transit time (PTT) is determined as the mean of Trial 1 and 2 PTT values.  

If the difference between Trial 1 and Trial 2 cfPWV values is greater than 0.5m/s, the 

final PTT is determined as the median of Trial 1, 2 and 3 PTT values.  

12. Save changes to the Excel file. 

13. Transfer the determined cfPWV values to the CRF 

6. Special Considerations for assessment cfPWV in individuals with SCI 

1. The following health conditions are common after SCIand have implications for cfPWV 

collection and analysis. 

1.1. Carotid baroreflex syncope: Individuals with SCI have less ability to correctly increase 

stroke volume or heart rate in the event of a profound parasympathetic stimulus. 

Although carotid artery applanation tonometry as performed by an experienced 

researcher do not cause clinically significant baroreceptor activation in able bodied 

hypertensive individuals[13], the carotid baroreflex can be triggered by prolonged 

tonometer application with excessive pressure at the common carotid artery in 

individuals with SCI. Minimize the tonometer application time and pressurization 

when locating the pulse and allow for breaks in between applications. 

1.2. Spasticity: Spasticity or involuntary muscle contractions can be triggered by stretching 

of the muscles, sudden limb movement, changes in temperature or regional pressure 

irritation to the skin or a full bladder. This can produce unfavorable movement 

artifacts. Advise participants  to wear loose fitting or easily removable clothing. This 

can help to minimize unwanted muscle stretching or contractions as participants 

remove or adjust clothing in preparation for the assessment. Practice caution when 

transferring or moving limbs. For patients with extensor synergies  at the knee, 

consider placing a rolled towel or pillow below the knee. 

1.3. Contracture: A contracture is the lack of full active or passive range of motion caused 

by joint, muscle, or soft tissue limitation and can result in movement artifacts  during 

cfPWV assessment[14]. Provide additional material such as pillows or towels to 

support the hip, knee, ankle, shoulder, elbow or wrist that cannot be fully extended 

due to flexion/adduction contracture(s). 

1.4. Neuropathic Pain: Individuals with SCI who experience neuropathic pain may 

experience discomfort that may result in movement artifacts. Encourage the 

individual to communicate their level of experienced pain. Be considerate when 

palpating for the pulse and tonometer application. Helping the person to anticipate 
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the assessment will minimize movement artifacts and the time to acquire a sufficient 

number of waveforms. 

1.5. Bladder Management: A full or distended bladder can induce hypertension, 

autonomic dysreflexia or spasticity in individuals with SCI and result in false high 

blood pressure measurements. Ensure the individual empties their bladder or leg bag 

prior to the assessment. 

1.6. Tissue Injury: Individuals with SCI are vulnerable to tissue injury proximal to a bony 

prominence, focal muscle atrophy and little subcutaneous fat. If the area applying 

tonometer (i.e neck and groin area) has pressure ulcers, avoid the area and relieve 

pressure using a mattress overlay or pillow. To reduce risk of new tissue injuries, 

minimize the duration of the assessment and tonometer application.  

1.7. Autonomic Dysfunction: A distended bladder, tissue injury or tight clothing are 

common triggers of autonomic dysfunction below the level of injury. Autonomic 

dysfunction results in a sudden and sustained increase in systolic blood pressure 

30mmHg above baseline for people with SCI. Identifying and removing the noxious 

stimulus is important to reduce the blood pressure. For people with a known history 

of labile blood pressure or orthostatic hypotension, take time to allow the body to 

accommodate to changes in position during transfers to and from their wheelchair 

and the examination plinth. In the case that an individual presents symptoms of 

autonomic dysfunction, put them in seated position and seek to eliminate potential 

triggers. 

1.8. Obesity: Body curvatures, such as the bust or large abdominal pannus, can 

overestimate the CA-FA distance. A segmometer or athropometer is recommended to 

minimize overestimation of the CA-FA distance. Excess subcutaneous fat can also 

make it difficult to locate the pulse and can also attenuate the amplitude of pulse 

pressure waveforms. Lifting the abdominal pannus may be necessary in some cases to 

access the femoral arterial site. If a pulse cannot be located, estimate the location, 

apply the tonometers to the artery and monitor the waveform signal for detection of 

a pulse. 
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9. Appendix 

 Sample cfPWV CRF Appendix A.
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Appendix A. Sample cfPWV CRF (continued) 
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 Sample cfPWV Participant Preparation Instructions Pamphlet Appendix B.
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 Instructions on Creating an Excel Template for cfPWV Data Analysis Appendix C.

1. Launch the Microsoft Excel software. 

2. Leave the Font Style and Font Size to the default (Calibri 11 point font).  

2.1. If the default font style and font size is different, press [Ctrl]+[A] and format the 

entire spreadsheet to Calibri (11 point font). 

3. Adjust the column widths. 

3.1. Adjust the width of Columns A, B, C, F, G, H, K, L and M to around 12.00 (around 

90 pixels).  

3.2. Adjust the width of Columns D, E, I, J, N and O to around 20.00 (around 140 

pixels). 

4. Format the first row. 

4.1. Select the entire first row (Row 1). 

4.2. Set the “Fill Color” to pink.  

5. Select Cell A1 and type “Pink Section: Manually Enter Data”. 

6. Select Cell A3 and type “Carotid to Femoral Length (meters):” The text will likely end within 

Cell C3. 

7. Merge and Centre Cells A3, B3 and C3. 

8. Select Cell D3 and format the “Fill Color” to pink. 

9. Select Cells A3, B3, C3 and D3 apply “All Borders” 

10. Select Cell A5 and type “1st Sampling Segment”.  

11. Select Cell A6 and type “Carotid Time”. 

12. Select Cell B6 and type “Femoral Time”. 

13. Select Cell C6 and type “Time Delay”. 

14. Select Cell D6 and type “cfPWV (100% length)”. 

Note: Although the current gold standard method calculates cfPWV using 80% of the carotid 

to femoral length, literature published prior to the establishment of the current gold 

standard may include cfPWV data calculated by using 100% of the carotid to femoral length. 

Therefore, it may be of interest for researchers to calculate cfPWV values using 100% of the 

carotid to femoral length to be able to compare cfPWV results to previous literature. 

15. Select Cell E6 and type “cfPWV (80% length)”. 

16. Select Cells A7-A17 and B7-B17 and format the “Fill Color” to pink. 

17. Select Cell C7 and enter the formula “=+(B7-A7)”. This will calculate the absolute difference 

between the carotid and femoral time. 

18. Apply the time delay formula to Cells C8-C17. 

18.1. Select Cell C7 and press [Ctrl]+[C] to copy the formula.  

18.2. Select Cells C8-C17 and press [Ctrl]+[V] to paste the formula. 
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19. Select Cell D7 and enter the formula “=+($D$3/C7)”. This will calculate cfPWV using 100% of 

the carotid-femoral length. 

20. Apply the cfPWV (100% length) formula to Cells D8-D17. 

20.1. Select Cell D7 and press [Ctrl]+[C] to copy the formula.  

20.2. Select Cells D8-D17 and press [Ctrl]+[V] to paste the formula. 

21. Select Cell E7 and enter the formula “=+($D$3*0.8/C7)”. This will calculate cfPWV using 80% 

of the carotid-femoral length. 

22. Apply the cfPWV (80% length) formula to Cells E8-E 17. 

22.1. Select Cell E7 and press [Ctrl]+[C] to copy the formula.  

22.2. Select Cells E8-E17 and press [Ctrl]+[V] to paste the formula. 

23. Select Cell B18 and type “Mean”. 

24. Select Cell C18 and enter the formula “=AVERAGE(C7:C17)”. This will calculate the mean of 

the time delay data. 

25. Select Cell D18 and enter the formula “=AVERAGE(D7:D17)”. This will calculate the mean of 

the cfPWV (100% length) data. 

26. Select Cell E18 and enter the formula “=AVERAGE(E7:E17)”. This will calculate the mean of 

the cfPWV (80% length) data. 

27. Enter formulas to calculate statistical variables (i.e. significant difference (SD), coefficient of 

variation (CV), maximum value (Max), minimum value (Min), Mean±2SD). These variables 

facilitate the process of checking data quality and identifying the presence of outliers.  

27.1. Calculate SD 

27.1.1. Select Cell C19 and enter Time Delay SD Formula: “=STDEV(C7:C17)”  

27.1.2. Select Cell D19 and enter cfPWV (100% length) SD Formula: “=STDEV(D7:D17)” 

27.1.3. Select Cell E19 and enter cfPWV (80% length) SD Formula: “=STDEV(E7:E17)” 

27.2. Calculate CV 

27.2.1. Select Cell C20 and enter Time Delay CV Formula: “=(C19/C18)*100”  

27.2.2. Select Cell D20 and enter cfPWV (100% length) CV Formula: “=(D19/D18)*100” 

27.2.3. Select Cell E20 and enter cfPWV (80% length) CV Formula: “=(E19/E18)*100” 

27.3. Identify the maximum value 

27.3.1. Select Cell C21 and enter Time Delay Max Formula: “=MAX(C7:C17)”  

27.3.2. Select Cell D21 and enter cfPWV (100% length) Max Formula: “=MAX(D7:D17)” 

27.3.3. Select Cell E21 and enter cfPWV (80% length) Max Formula: “=MAX(E7:E17)” 

27.4. Identify the minimum value 

27.4.1. Select Cell C22 and enter Time Delay Max Formula: “=MIN(C7:C17)”  

27.4.2. Select Cell D22 and enter cfPWV (100% length) Max Formula: “=MIN(D7:D17)” 

27.4.3. Select Cell E22 and enter cfPWV (80% length) Max Formula: “=MIN(E7:E17)” 

27.5. Calculating MEAN+2SD 



37 
 

27.5.1. Select Cell C23 and enter Time Delay MEAN+2SD Formula: “=(C18+C19+C19)”  

27.5.2. Select Cell D23 and enter cfPWV (100% length) MEAN+2SD Formula: 

“=(D18+D19+D19)” 

27.5.3. Select Cell E23 and enter cfPWV (80% length) MEAN+2SD Formula: 

“=(E18+E19+E19)” 

27.6. Calculating MEAN-2SD 

27.6.1. Select Cell C24 and enter Time Delay MEAN-2SD Formula: “=(C18-C19-C19)” 

27.6.2. Select Cell D24 and enter cfPWV (100% length) MEAN-2SD Formula: “=(D18-D19-

D19)” 

27.6.3. Select Cell E24 and enter cfPWV (80% length) MEAN-2SD Formula: “=(E18-E19-

E19)” 

28. Define borders around 1st sampling segment data. 

28.1. Select Cells A(5-17) – E(5-17) and apply “Outside Borders” 

28.2. Select Cells A(18-24) – E(18-24) and apply “Outside Borders” 

29. Select Cells A(5-24) – E(5-24) to highlight the “1st Sampling Segment” Section and press 

[Ctrl]+[C] to copy the selected content. 

29.1. Select Cell F5 and press [Ctrl]+[V] to duplicate the “1st  Sampling Segment” section. 

29.1.1. Select Cell F5 and type “2nd Sampling Segment” to rename the section. 

29.2. Select Cell K5 and press [Ctrl]+[V] to duplicate the “1st  Sampling Segment” 

section. 

29.2.1. Select Cell K5 and type “3rd Sampling Segment” to rename the section. 

30. Create a table for Pulse Transit Time Calculations. 

30.1. Select Cell A27 and type “Pulse Transit Time Calculations (seconds)”  

30.2. Select Cell A28 and type “1st Sampling Segment PTT” 

30.3. Select Cell A29 and type “2nd Sampling Segment PTT” 

30.4. Select Cell A30 and type “3rd Sampling Segment PTT” 

30.5. Select Cell A31 and type “Mean (1st and 2nd PTT)” 

30.6. Select Cell A32 and type “Median (1st, 2nd and 3rd PTT)”  

30.7. Select Cell A33 and type “Final Pulse Transit Time” 

30.8. Select Cell C28 and enter the formula “=C18” 

30.9. Select Cell C29 and enter the formula “=H18” 

30.10. Select Cell C30 and enter the formula “=M18” 

30.11. Select Cell C31 and enter the formula “=AVERAGE(C28:C29)”  

30.12. Select Cell C32 and enter the formula “=MEDIAN(C28:C30)” 

30.13. Select Cell C33 and enter the formula “=IF(ABS(E18-J18)>0.5, 

MEDIAN(C28:C30),AVERAGE(C28:C29))” 

30.14. Select Cells A(28-33)-B(28-33) and apply “Outside Borders” 
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30.15. Select Cells C28-C33 and apply “Outside Borders” 

31. Create a table for PWV (80% length) Calculations. 

31.1. Select Cell E27 and type “PWV (80% Length) Calculations (m/s)”  

31.2. Select Cell E28 and type “1st cfPWV” 

31.3. Select Cell E29 and type “2nd cfPWV” 

31.4. Select Cell E30 and type “3rd cfPWV” 

31.5. Select Cell E31 and type “Mean (1st and 2nd PWV) 

31.6. Select Cell E32 and type “Median (1st, 2nd and 3rd PWV)” 

31.7. Select Cell E33 and type “Final PWV (80% Length)”  

31.8. Select Cell G28 and enter the formula “=E18” 

31.9. Select Cell G29 and enter the formula “=J18” 

31.10. Select Cell G30 and enter the formula “=O18” 

31.11. Select Cell G31 and enter the formula “=AVERAGE(G28:G29)” 

31.12. Select Cell C32 and enter the formula “=MEDIAN(G28:G30)”  

31.13. Select Cell C33 and enter the formula “=IF(ABS(G28-G29)>0.5, 

MEDIAN(G28:G30),AVERAGE(G28:G29))” 

31.14. Select Cells E(28-33)-F(28-33) and apply “Outside Borders” 

31.15. Select Cells G28-G33 and apply “Outside Borders” 

32. Create a table for cfPWV (100% Length) Calculations. 

32.1. Select Cell E35 and type “cfPWV (100% Length) Calculations (m/s)” 

32.2. Select Cells E(28-33)-F(28-33) and press [Ctrl]+[C] to copy the selected cells  

32.3. Select Cell E36 and press [Ctrl]+[V] to paste content 

32.4. Select Cell E41 and change the text to “Final cfPWV (100% Length)” 

32.5. Select Cell G36 and enter the formula “=D18” 

32.6. Select Cell G37 and enter the formula “=I18” 

32.7. Select Cell G38 and enter the formula “=N18” 

32.8. Select Cells G31-G33 and press [Ctrl]+[C] to copy the selected cells   

32.9. Select Cell G39 and press [Ctrl]+[V] to paste content  

32.10. Check that Cell G39 has the formula “=AVERAGE(G36:G37)” applied 

32.11. Check that Cell G40 has the formula “=MEDIAN(G36:G38)” applied 

32.12. Check that Cell G41 has the formula “=IF(ABS(G36-G37)>0.5, 

MEDIAN(G36:G38),AVERAGE(G36:G37))” 

32.13. Select Cells G36-G31 and apply “Outside Borders” 

 

The final excel spreadsheet should resemble the screenshot image on the following page.
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Sample PWV Data Excel Spreadsheet 

 
Note: If the difference between the first and second segment 80% cfPWV (or 100% cfPWV) values is less than 0.5m/s, record the final cfPWV value as the mean of the first and 
second segment values. If the difference between the first and second segment 80% PWV (or 100% cfPWV) values is greater than 0.5m/s, record the final cfPWV value as the 

median of the first, second and third segment values. Indicate on the CRF whether the final PWV is a mean or median value.  
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 Pre-cfPWV Assessment Flowchart Appendix D.

 

Perform an additional measurement until 

2 sequential measurements are within 5 

mmHg of each other. 

Proceed to cfPWV assessment. 

Record room temperature. 

Measure initial Blood Pressure (BP) (to be discarded). 
Measure and record 2 BP measurements allowing one 

minute between measurements. 

Difference between BP measurements is ≤5mmHg. 

Record the average of these 2 measurements on CRF. 

Measure initial Heart Rate (HR) (to be discarded). 
Measure and record 2 HR measurements allowing one 

minute between measurements. 

Record the average of these 2 measurements on CRF. 

No 

Is participant’s bladder empty?  

Review the procedure with the participant. Remind participant to avoid sleeping and talking during assessment. 

Have the participant lie in supine position. 

 Allow participant to quietly rest for 10 minutes. 

No 
Participant followed the pre-visit instructions. Cancel the assessment and reschedule 

the assessment for another day. 

No 
Ask participant to empty bladder. 

Yes 

Yes 

Yes 
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 cfPWV Assessment Flowchart Appendix E.

 

 

Obtain three 10s sections of high-quality blood pressure waveforms 

Measure and record distance between carotid measurement sites to 

femoral measurement site  

Check Powerlab setting: 
• Channel 1: Tonometer1: Carotid artery 
• Channel 2: Tonometer2: Femoral artery 
• Channel 3:  No input; Band-Pass Filter for channel 2 (2-30 Hz)  
• Channel 4:  No input; Band-Pass Filter for channel 3 (2-30 Hz) 

Clean area and sanitize equipment 

Calculate wave transit time between the carotid artery and femoral 

artery (each 10 s samples) 

Calculate two cfPWVs using length and pulse transit time for two 10 

sec measurement sections 

Difference of cfPWV values generated by the 2 measurement sections 

≤0.5 m/s 

Yes 

Perform a third analysis of 10 s 

and obtain median from all 3 

cfPWV values 

Average 2 cfPWV values 

Record the final cfPWV values. 

No 



42 
 

 LabChart Interface Appendix F.

 


