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ABSTRACT 

Extension tube length (ETL) of direct blood pressure monitoring system affects 

damping in arterial wave, and proper length selection is required. This study was 

performed to evaluate proper ETL in dogs. Eight healthy Beagle dogs (body weight 

was 11.8 ± 1.5 kg) were anesthetized with intravenous acepromazine (0.01 mg kg-1) 

and alfaxalone (2 mg kg-1), and anesthesia was maintained with isoflurane in oxygen. 

Each ETL with 25, 50, 75, 115, 145, 205 and 275 cm with non-compliant was 

connected after catheterization with a 22 gauge catheter in the dorsal pedal artery. 

Square wave obtained from fast-flush test was recorded for 5 consecutive times to 

analyze the systems’ dynamic response characteristics according to each ETL. After 
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recording the square wave, ETL was changed randomly in a Latin square. Through 

natural frequency (NF) and damping coefficient (DC) which affect damping factor, 

the dynamic response was analyzed. Average of the NF and DC were plotted to the 

graph showing the damping factor. Linear regression was used to evaluate NF and 

DC according to ETL. The DC gradually increased from 0.21 to 0.29 ξ and NF 

gradually decreased from 38 to 14 Hz according to increasing of the ETL (p < 0.05). 

The dynamic response showed adequate damping with all of ETL. In the 275 cm, 

the dots were placed on the line between the graph’s adequate damping and 

underdamping area. As to the increase of ETL, the DC increased meaningless, and 

the NF decreased significantly, but the ETL below 275 cm would be adequate for 

direct blood pressure monitoring in dogs. 

 

 

Key words: damping, dynamic response, extension tube length, fast-flush test, 

dog 
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INTRODUCTION 

Arterial blood pressure (ABP) measurement is one of the basic hemodynamic 

monitoring tools used in intra-operative and ICU patient assessment because 

adequate systemic blood pressure is required to perfuse vital organs, especially in 

critically ill patients. ABP can be detected either by a direct blood pressure (DBP) 

measured in peripheral arterial catheter system or by an indirect blood pressure 

measured by the method of a Doppler ultrasonic and oscillometric techniques 

(Burkitt-Creedon and Raffe, 2012; Shih et al., 2010; Cerejo et al., 2017). DBP 

measurement is generally more accurate because measurement and detection of 

arterial pressure occurs directly in the arterial lumen. Thus, the DBP measurement is 

considered the “gold standard” for blood pressure measurement when compared with 

indirect blood pressure measurement especially in most human and animal intensive 

care medicine (McGhee and Bridges, 2002; American College of Veterinary 

Anesthesia and Analgesia 1995; Bruner et al., 1981; Fessler and Shade, 1998; Lodato, 

1998). 

  However, direct blood pressure is not always accurate because of three 

components of the system like as (1) leveling and zeroing of the transducer system, 

(2) calibration of the transducer system, and (3) adequate natural frequency (NF) and 

damping coefficient (DC) of the catheter tubing transducer system (Ahrens and 

Taylor 1992). Although the leveling, zeroing and calibration are relatively simple 

and easy to do, the effects of the catheter tubing system are still much studied with 

many variables factors (Gibbs and Gardner, 1988; Kleinman et al., 1992; Bridges 

and Middleton, 1977). 
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  In order to determine weather the waveform is abnormal damping, its NF and DC 

should be determined and plotted onto a graph like Figure 1 (Gardner and 

Hollingsworth, 1986). The NF and the DC are parameters that define the dynamic 

response characteristics of the system. The catheter tubing system consists of several 

parts, so the dynamic response characteristics can be affected by many factors. 

Especially in the catheter tubing system, the extension tube length (ETL) depends 

on the type of surgery, the size of the ICU, and the size of the patient, so it is highly 

variable. Several studies have been performed related to the ETL of catheter tubing 

system (Gibbs and Gardner, 1988; Kleinman et al., 1992; Kleinman et al., 1996; 

Shapiro et al., 1970). However, these studies were all from the human medicine, and 

it is needed to evaluate NF, DC and ETL of catheter tubing system in veterinary 

medicine because animal patients have relatively wide variation of size, and 

anesthesia is required when performing magnetic resonance imaging and 

computerized tomography scan. In the magnetic resonance imaging and 

computerized tomography scan, anesthetic equipment should be separated due to the 

scanning equipment itself, communication difficulties, and radiation exposure poses 

or strong magnetic filed.  

  The objectives of this study were to establish proper length of the ETL of arterial 

line accordingly in dogs. The experiment was performed using 7 different types of 

ETLs. The length was compared with the hemodynamic waveform values based on 

the NF, DC, and damping type. 
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Figure 1 Illustration showing the damping factor with the five areas through 

damping coefficient (zeta) and frequency values (adapted from Gardner and 

Hollingsworth, 1986). 
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MATERIALS AND METHODS 

1. Animals 

  Eight clinically healthy Beagle dogs (six male and two female, mean ± 

SD age 2.0 ± 1.0 years) were used after approval by the Institutional 

Animal Care and Use Committee of Seoul National University (SNU-

181105-1). Body condition score was evaluated on a 9-point scale based 

on methods described previously (Mawby et al., 2004). Mean body weight 

was 11.8 ± 1.5 kg and the median body condition score was 5 (range 4–5). 

Prior to the study, all animals were examined and considered to be 

clinically healthy based on complete physical examination, CBC, blood 

chemistry analysis, arterial blood gas analysis, and thoracic and abdominal 

radiographs. 
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2. Anesthetic procedure and instrumentation 

  Food was withheld for 8 hours and water was withheld for 2 hours 

before anesthesia. An intravenous 22gauge catheter (IV Catheter®; 

Sewoon Medical, Chungnam, Korea) was inserted into a cephalic vein and 

the dog was premedicated with 10 µg/kg acepromazine (Acepromazine®; 

Samu median, Chungnam, Korea) intravenously (IV). The Hartmann’s 

solution (Safe-Flex®; CJ HealthCare, Chungbuk, Korea) was administered 

at a rate of 10 mL/kg/hour for fluid therapy. Anesthesia was induced with 

2 mg/kg alfaxalone (Alfaxan®; Jurox Pty Ltd, NSW, Australia) IV. After 

intubation, anesthesia was maintained with 2% isoflurane (Isoflurane®; 

Hana Pharma Corporation, Seoul, Korea) in 1 L/minute FiO2 100% 

oxygen delivered through volume-controlled ventilation in sternal 

recumbency. The tidal volume (10 mL/kg), inspiration-to-expiration ratio 

(1:2), and inspired O2 fraction (0.9 to 1.0) were maintained constant 

throughout anesthesia. The respiratory rate was adjusted on an individual 

basis to maintain end-tidal CO2 concentrations, measured by an infrared 

gas analyzer (Carescape respiratory modules®; GE Healthcare, Helsinki, 

Finland), between 35 and 45 mmHg. The same gas analyzer was used to 

measure end-tidal isoflurane concentrations (ETISO). Adhesive ECG 

electrodes were placed according to a lead II configuration to monitor heart 

rate and rhythm. Body temperature detected via an esophageal probe and 

maintained above 37�.  Hemoglobin oxygen saturation measured by 

pulse oximetry and maintained above 97%.  
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  After intubation, the end-tidal isoflurane was set to 1.3%, and the 

peripheral blood pressure was measured using a 22 gauge catheter in the 

dorsal pedal artery. The dorsal pedal artery was catheterization with the 

left and right randomly for each Beagle. The goal of mean blood pressure 

is to be between 70 to 80 mmHg. 

  After the end of the data collection, the catheter was removed safely. 

The dog was observed for 3 hours after recovery from anesthesia. 
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3. Experimental protocol 

A 22 gauge catheter was inserted randomly into the dorsal pedal artery 

of the left or right leg. The catheter site was clipped and aseptically 

prepared, and the catheter was placed with bevel pointing up. Once the 

catheter was advanced into the artery, the catheter was secured with tape 

and appropriate protective wrap. The pressure transducer that 

noncompliant tubing and monitoring system which was previously 

calibrated against a mercury column was attached to the catheter. At one 

end, the pressure transducer was attached via an administration set to a 

pressurized bag of heparinized saline [2 IU/mL, 0.9% NaCl (0.9% NS®; 

JW Pharmaceutical, Seoul, Korea)]. The pressure bag was inflated to a 

pressure between 250 and 300 mmHg. The whole tubing system was 

flushed with the heparinized saline and making sure to evacuate any air 

bubbles and tested for fluid leak from the circuit. To leveling the system, 

the transducer was placed at the level of the shoulder joint and made 

zeroing with atmosphere pressure. 

  The used extension tube (Control pressure line®; Hyupsung, Seoul, 

Korea) was non-compliant (polyvinyl chloride), inner diameter 1.5 mm, 

outer diameter 3.4 mm, and straight type. All fluid-filled tubes were 

identified as having no air bubbles and tighten connections in parts catheter 

and transducer (TruWaveTM; Edwards Lifesciences, Berlin, Germany).  

  After connection of one length, system was stabilized for two minutes. 
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Signals were generated by the fast-flush test through the flush device on 

the transducer, recorded to the Datex-Ohmeda S/5 Collect (Datex-Ohmeda 

S/5 Collect Version 4.0®; GE Healthcare, Helsinki, Finland) of computer 

at a 25 mm/s speed. Fast-flush test was performed by pulling the pigtail 

releasing briefly (for < 1 second) five times for every condition to obtain 

square waves for analysis at a diastolic period. After recording of fast-flush 

test of one length, for each beagle, the extension tube between the catheter 

and the transducer was changed with taking care not to affect the catheter 

and to prevent arterial bleeding. The ETL was 25, 50, 75, 115, 145, 205, 

and 275 cm. The order of length for each individual was randomized in 

Latin square. During measurements with all seven ETL, procedure was the 

same. Zeroing and flushing of each catheter-tubing system was performed 

before every hemodynamic measurement. 

  The NF was determined by dividing the paper speed (25 mm/s) by the 

cycle length (distance between the first and second wave deflection) 

(McGhee and Bridges, 2002; Gardner, 1981). The amplitude ratio was 

used to calculate the DC (ξ) according to the equation. The DC was 

determined by measuring the length of two successive oscillations and 

dividing the first (A2) oscillation by the second (smaller, A1) (Figure 2) 

(Gardner, 1981). A graphical formula of the equation is shown in Figure 3. 

ξ =
−ln('

(

'))

+( + [ln('
(
'))]

(
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Accuracy of the arterial pressure waveform was determined by the 

system’s dynamic response of the arterial catheter tubing pressure 

transducer system. The dynamic response was analyzed and recorded as 

adequate, optimal, unacceptable, overdamped or underdamped according 

to the chart adapted from Gardner and Hollingsworth (Figure 1, Gardner 

and Hollingsworth, 1986) with plotting the average of NF and DC for each 

length. 
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Figure 2 Damping coefficient (DC) and natural frequency (NF) measurement 

signal was generated by the fast-flush test through the flush device on the 

transducer at a 25 mm/s speed. The amplitude ratio was used to calculate the DC 

(ξ) according to the formula. The DC was determined by measuring the length of 

two successive oscillations and dividing the second (9 mm) oscillation by the first 

(20 mm). In this figure, the amplitude ratio was 0.45. The natural frequency was 
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determined by dividing the paper speed (25 mm/s) by the cycle length (1.2 mm). In 

this figure, the natural frequency was 20.9 Hz. 
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Figure 3 A graphical formula of the equation. The amplitude ratio was used to 

convert to the damping coefficient with the figure (adapted from Gardner, 1981). 
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4. Statistical analysis 

  The data were analyzed using Statistical Package for the Social Sciences 

version 25 software (SPSS, version 25®; SPSS, Inc, Chicago, IL). Linear 

regression was used to evaluate in NF and DC according to ETL. A p-

value < 0.05 was considered as statistically significant.  
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RESULTS 

The dynamic response characteristics were expressed at the NF and DC. As ETL 

increased, NF showed a statistically significant decreased from 38 to 14 Hz (/ =

−0.0883 + 35.133 , R2 = 0.450, p = 0.0005) while DC showed a statistically 

significant increase from 0.21 to 0.29 ξ (/ = 0.222, R2 = 0.192, p = 0.001) (Figure 

4).  

The average of NF and DC for each length is presented in Table 1. ETL of 25, 50, 

75, 115, 145, 205 and 275 cm of ETL all showed adequate damping (Figure 5). At 

275 cm of ETL, a dot was placed on the line (Figure 5). 
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(a) 

 

(b) 

 

Figure 4 Natural frequency and damping coefficient according to extension tube 

length. The data were analyzed using linear regression to evaluate natural 

frequency (a) and damping coefficient (b) according to extension tube length. In 



16 

 

the both Linear regression, a p-value was below 0.05. 
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Table 1 The dynamic response was analyzed by the average of natural frequency (NF) and damping coefficient (DC) in 5 times 

fast-flush test for each extension tube length (ETL). 
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Figure 5 The dynamic response was analyzed as adequate, optimal, unacceptable, 

overdamped or underdamped according to the chart with plotting the average of 

natural frequency and damping coefficient for each length. 
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DISCUSSION 

  The catheter tubing system, which is located just behind the catheter, transfers the 

pressure back to the transducer. The only way to ensure that the catheter tubing 

system can reproduce waveforms without distortion is to analyze the system’s 

dynamic response characteristics (Bridges and Middleton, 1977). In addition, as a 

result of the dynamic response characteristics, “damping” which represents the 

arterial catheter’s wave reading discrepancy, can be determined through the graph 

showing the damping factor like Figure 1. 

  The damping is the underlying understanding of whether pressure readings 

obtained using catheters are reliable. Damping is loss of the pulse pressure energy 

between the catheter tip and the transducer and is expressed as underdamping and 

overdamping. Inadequate frequency response and DC lead to underdamping or 

overdamping (McGhee and Bridges, 2002). 

  Overdamping records falsely low systolic and high diastolic pressure readings. 

Overdamping is suspected in patients with low cardiac output states such as 

cardiogenic shock, sepsis, or severe hypovolemia, aortic stenosis and vasodilation 

(Gardner, 1981). As technical causes of overdamping include air bubbles in the line, 

presence of additional stopcocks, line occlusion from kinking or clotting and loose 

connections (Gardner, 1981). Underdamping records falsely high systolic pressures 

and low diastolic pressure readings. Underdamping is suspected in patients with 

aortic regurgitation, vasoconstriction, atherosclerosis, hypertension, hyperdynamic 

states such as fever or long extension tube length (ETL) (Shapiro et al., 1970). 

  In the present study, as the ETL increased, the NF decreased and the DC increased. 



20 

 

The ETLs of 25, 50, 75, 115, 145, 205 and 275 cm of ETL all showed adequate 

damping. Although DC was little affected by ETL, NF depended heavily on the ETL, 

so the hemodynamic waveform values was varied according the ETL. 

  The DC of a monitoring system is a measure of how quickly the oscillations of 

a shock excitation system damping occurs and come to rest, ultimately, the ability to 

reproduce the change in the actual waveform (McGhee and Bridges, 2002; Ahrens 

and Taylor, 1992). The NF indicates how fast the pressure monitoring system 

vibrates when shock excited by signals, such as pressure signals from arterial 

pressure pulses or fast-flush test. Referring to the Figure 1, the higher the NF, the 

better is the dynamic response of the monitoring system.  

  The higher the NF of the system, the less the effects of abnormal DC on error in 

the system. If the frequency of the blood pressure waveform is lower and the NF is 

much higher than normal, it will indicate a normal hemodynamic waveform values 

even if relatively large error in DC (Ahrens and Taylor, 1992). One study suggested 

that clinically the best method of improving the hemodynamic waveform values was 

to improve the NF (Gardner and Hollingsworth, 1986). In fact, in the present study, 

the results showed that DC was formed in narrow are, and little clinical significance 

due to the difference of ETL. However, NF appeared over significant areas and large 

variation according to ETL. 

  In human medicine, several studies have been performed to evaluate the effect of 

between ETL and hemodynamic waveform values (Gibbs and Gardner, 1988; 

Bridges and Middleton, 1977; Gardner and Hollingsworth, 1986). Increasing of ETL 

from 12 to 72 inches (30.48 cm to 182.88 cm), with no air bubbles in the system, 
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reduced the NF from 39 to 23 Hz in radial arterial catheter (Gibbs and Gardner, 1988). 

One study suggested that the ETL should be limited to 48 inches (121.92 cm) 

(Bridges and Middleton, 1977). In that report, as the ETL increased, the NF 

decreased, and the blood pressure was found to be reliable up to 48 inch (121.92 cm) 

ETL. Conversely, this study showed that up to 275 cm of ETL can be used to measure 

reliable blood pressure. 

  This study has several limitations. First, because blood pressure was only 

measured within normal blood pressure ranges, it is needed to evaluate the effect of 

ETL under hypotension and/or hypertension condition. Second, blood pressure of 

only Beagle-sized dogs was evaluated. Further study is needed for dogs of different 

sizes. Third, only 22 gauge catheters were used. More results are needed with several 

diameters of catheters. 
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CONCLUSIONS 

The results of this study indicated that as ETL increased, the NF demonstrated 

greater changes than that of the DC. DC demonstrated insignificant changes, and 

consequently closer to underdamping. Therefore, NF has a greater influence on the 

damping of arterial blood pressure measurement. ETL under than 275 cm is 

recommended as adequate damping for accurate direct blood pressure measurements 

in dogs. 
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국 문 초 록 

 

측정관 길이가 개의  

직접 혈압 측정에 미치는 영향 

 

지도교수   이  인  형 

 

차  지  수 

 

서울대학교 대학원 

수의학과 임상수의학 전공 

 

 직접 혈압 측정 방법에서 측정관의 길이는 동맥 파동의 감쇠에 영향을 

미치며, 감쇠의 영향을 최소화하고 신뢰할 수 있는 동맥 혈압 측정을 위하여 

적절한 길이 선택이 필요하다. 본 연구는 개의 적절한 측정관의 길이를 

위하여 실시하였다. 건강한 Beagle 8마리(체중 11.8 ± 1.5 kg)를 정맥 내로 

acepromazine (0.01 mg kg-1)과 alfaxalone (2 mg kg-1)으로 진정 시키고 마취를 

유도한 후, isoflurane으로 유지하였다. 동백혈압측정용 25, 50, 75, 115, 145, 205, 

275 cm의 동맥혈압측정관을 등쪽발허리동맥에 22 gauge catheter로 천자한 후 
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연결하였다. 고속 플러시 테스트 Fast-flush test 에서 얻은 사각파 square 

wave 를 5회 연속 기록하여, 각 측정관의 길이에 따른 시스템의 특성을 

분석하였다. 사각파를 기록한 후, 각 측정관을 Latin square 방식으로 

변경하였다. 감쇠에 영향을 미치는 자연주파수 (natural frequency, NF)와 

감쇠계수 (damping coefficient, DC)를 이용하여 분석하였다. 자연주파수와 

감쇠계수는 감쇠인자를 나타내는 표에 점을 찍어 표시되었다. 길이에 따른 

자연주파수와 감쇠계수의 변화를 평가하기 위해 선형 회귀 분석을 

사용하였다. 

 측정관 길이가 증가함에 따라 감쇠계수는 0.21 ξ에서 0.29 ξ로 점차 

증가하였고, 자연주파수는 38 Hz에서 14 Hz로 점차 감소하였다 (p < 0.05). 

모든 측정관에서 적절한 감쇠를 관찰하였다. 275 cm의 측정관에서 보면 

감쇠계수와 자연주파수는 그래프츼 적절한 감쇠와 과감쇠의 선 위에 

놓여졌다. 

 측정관 길이의 증가에 따른 감쇠계수 변화는 크지 않았으나, 자연주파수는 

크게 감소하였다. 275 cm 미만의 측정관은 개의 직접 혈압 측정에 적합할 

것으로 판단된다.  

주요어: 댐핑, 동적 반응, 연장선 길이, 고속 플러시 테스트, 개 

학번: 2017-25335 
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