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Abstract

Background: Accurate and continuous measurement of arterial blood pressure is crucial in managing patients undergoing

cardiac surgery to prevent complications and ensure better outcomes.

Objectives: This study aimed to compare blood pressure monitoring using continuous non-invasive arterial pressure (CNAP)

and invasive arterial pressure (IAP) methods after weaning from cardiopulmonary bypass (CPB).

Methods: Blood pressure monitoring was conducted on 30 patients referred to Dr. Masih Daneshvari Hospital in Tehran for

coronary artery bypass grafting (CABG) surgery. Measurements were taken every two minutes for 30 minutes after separation

from CPB using both non-invasive CNAP and invasive IAP methods simultaneously. Data on systolic, diastolic, and mean arterial

blood pressure (MAP) were collected and analyzed using SPSS statistical software.

Results: The findings revealed no significant difference between the CNAP and IAP methods in monitoring MAP (P > 0.05).

However, systolic blood pressure (SBP) measured by the IAP method was significantly higher than that measured by the CNAP

method starting 10 minutes after weaning from CPB (P < 0.05). Conversely, diastolic blood pressure measured by the CNAP

method was significantly higher than the IAP method at 2, 8, 10, 18, 20, and 22 minutes after CPB separation (P < 0.05).

Conclusions: Continuous non-invasive arterial pressure is a non-invasive and continuous blood pressure monitoring method

that can be considered an alternative to the IAP method for measuring MAP in CABG surgery patients during weaning from CPB.

Keywords: Continuous Non-Invasive Arterial Pressure (CNAP), Coronary Artery Bypasses Grafting (CABG), Invasive Arterial

Pressure (IAP)

1. Background

Arterial blood pressure (BP) monitoring is a
cornerstone of hemodynamic monitoring in patients

undergoing surgery. Accurate blood pressure

measurement is crucial for the early diagnosis and
treatment of both hypotension and hypertension.

Sudden changes in blood pressure can impair the

function of vital organs, including the brain (1), heart

(2), and kidneys (3). Previous studies have indicated that
improper hemodynamic management during

cardiopulmonary bypass (CPB) is a potential and

modifiable risk factor for major complications

following cardiac surgery (4). Therefore, precise
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monitoring of arterial blood pressure (ABP) is essential

for the optimal management of heart surgery patients.

This requirement can be addressed by inserting an

intra-arterial catheter and connecting it to a pressure

monitoring system, which is considered the gold

standard for measuring ABP in patients susceptible to

rapid hemodynamic changes. However, invasive arterial

pressure (IAP) monitoring is associated with

complications such as thrombosis, vascular occlusion

leading to limb ischemia, hemorrhage, infection, and

challenges during catheter insertion (5).

Recently, continuous non-invasive beat-to-beat

arterial blood pressure monitors have been introduced,

demonstrating favorable comparisons with invasive

methods in terms of accuracy and precision. One such

example is the CNAP™ monitoring system, which uses

inflatable finger cuffs to continuously capture ABP

waveforms, calibrated by oscillometric brachial artery

cuff measurements. The CNAP™ technique relies on the

volume-clamping method while adjusting for changes

in vasomotor tone. Approved by the FDA in 2008, the

CNAP™ system has been validated for use in specific

surgical settings and intensive care units. Non-invasive

ABP monitoring systems allow for continuous data

collection in a broader range of settings with minimal

side effects.

Several studies have compared continuous non-

invasive and invasive arterial pressure monitoring

during general anesthesia induction in cardiac surgery

and subsequently in intensive care units (ICUs). These
studies suggest that CNAP can serve as an alternative to

IAP in open-heart surgeries, reducing the risks

associated with invasive monitoring (6-8). Thus, the

CNAP method appears effective for pressure monitoring

during cardiac surgery, but its acceptance necessitates
comprehensive evaluation across all phases of cardiac

surgery.

2. Objectives

Given the significant blood pressure fluctuations
during weaning from CPB and the need for precise

blood pressure monitoring during this critical phase,
the present study was designed to compare systolic,

diastolic, and mean arterial pressure (MAP) values

between CNAP and IAP during and after weaning from
CPB in open-heart surgeries.

3. Methods

This comparative case study was conducted to

evaluate two methods of blood pressure measurement

during open-heart surgery in patients referred to Dr.

Masih Deneshvari Hospital in Tehran. After signing

written informed consent during the pre-operative visit,
information from 30 patients who met the inclusion

criteria (aged 18 - 75 years, undergoing open-heart
surgery using the on-pump method) and exclusion

criteria (history of peripheral non-elective surgery, BMI

> 35, EF < 35%, blood pressure difference between arms >
20 mmHg) was reviewed by the physician. The

demographic data of the patients, including age,
gender, BMI, and medication history, were recorded in a

pre-designed questionnaire.

Upon arrival in the operating room, all study patients

were monitored and anesthetized with midazolam,

sufentanil, and rocuronium. Anesthesia was maintained

using infusions of sufentanil, dexmedetomidine, cis-

atracurium, and sevoflurane as needed. An intra-arterial

cannula was inserted before the induction of anesthesia

for invasive blood pressure (BP) monitoring. A central

venous catheter was then placed in the right internal

jugular vein for central venous pressure monitoring.

The same surgical team performed all procedures

using CPB according to standard protocols. Before

separation from CPB, CNAP finger cuffs and a brachial

cuff were connected to the opposite hand of each

patient for non-invasive BP measurement. BP
measurements were taken using both invasive and non-

invasive methods simultaneously for 30 minutes at two-

minute intervals after CPB weaning.

For the invasive method, BP was measured using a 20-

gauge arterial catheter inserted into the radial artery of

the non-dominant hand. In the non-invasive method, BP
measurements were obtained from the dominant hand

using a finger cuff and the volume-clamp method.

During the study, all patients lay in the supine position,

and their arms were kept at heart level.

The collected data were analyzed using SPSS version

24 statistical software. Descriptive statistics such as

mean, standard deviation, and frequency indicators

were used to summarize demographic results. For

analytical comparisons, paired t-tests or their non-

parametric equivalents were employed depending on

the results of the Kolmogorov-Smirnov test for

normality. All statistical analyses were conducted at a

significance level of 5%.

4. Results

The demographic characteristics of the 30 patients

undergoing CABG surgery in the present study showed

that the average age was approximately 60 years.

Among the participants, 76.66% were men, and 23.33%

were women. During surgery, the average pump time
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Table 1. Demographic Characteristics and Surgery Information of Patients Undergoing Coronary Artery Bypass Grafting Surgery a

Indexes Values

Age 59.96 ± 13.82

Gender (P-value = 0.002)

Male 23 (76.66)

Female 7 (23.33)

BMI (kg/m 2) 20.64 ± 3.06

BSA (m 2) 1.77 ± 0.1

Underlying diseases

Hypothyroidism 1 (3.33)

HTN 16 (53.33)

Kidney disorder 1 (3.33)

Diabetes 11(36.66)

Hyperlipidemia 11 (36.66)

MI 2 (6.66)

Smoking 11 (36.66)

Addiction to opium 5 (16.66)

EF (%) 43.89 ± 8.69

Pump time (minutes) 121.33 ± 33.59

Clamp time (minutes) 77.7 ± 28.17

Prevalence of receiving inotropes after CPB 16 (53.33)

Inotrope type

Epinephrine 6 (20.00)

Norepinephrine 7 (23.33)

Dopamine 1 (3.7)

Dobutamine 1 (3.7)

Milrinone 1 (3.7)

Abbreviations: BMI, Body Mass Index; BSA, body surface area; HTN, hypertension; MI, myocardial infarctions; EF, ejection fraction; CPB, cardiopulmonary bypass.

a Values are expressed as No. (%) or mean ± SD.

and clamp time were 121.33 ± 33.59 minutes and 77.7 ±

28.17 minutes, respectively. Additionally, 53.33% of the

patients required inotropes or vasopressors during

weaning from CPB (Table 1).

The examination of the median and mode of MAP,
SBP and DBP indicators is shown in Table 2 and Figure 1.

The results for MAP, analyzed using paired samples

tests, revealed no statistically significant difference at

the 0.05 level between the IAP and CNAP methods in

patients undergoing heart surgery (P > 0.05). Thus, the

two methods provided comparable MAP values.

In contrast, a comparison of SBP mean values

demonstrated a significant difference between the two

methods starting 10 minutes after separation from CPB

(P < 0.05). The values measured by IAP were higher than

those obtained by CNAP at most time points.

Regarding DBP, significant differences were observed
between the IAP and CNAP methods at 2, 8, 10, 18, 20, and

22 minutes after separation from CPB (P < 0.05). In these

instances, the values measured by CNAP were higher

than those measured by IAP.

The systolic CNAP-IAP differences in patients were

negative, while the diastolic CNAP-IAP differences in

patients undergoing CABG surgery after separation
from CPB were positive. The average SBP difference was

-7.79 mmHg, indicating that CNAP measurements for

systolic blood pressure (SBP) were generally lower than

those obtained via IAP. Conversely, the average DBP

difference was 4.78 mmHg, showing that CNAP
measurements for diastolic blood pressure were higher

compared to IAP. Additionally, the mean MAP difference

was minimal at 0.49 mmHg, indicating close agreement

between the two methods for MAP measurements (Table

3).

5. Discussion

Intra-arterial measurement of blood pressure is the

standard method in cardiac surgery patients, providing

continuous and reliable monitoring, especially during

https://brieflands.com/articles/jcma-148317
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Table 2. The Examination of the Median and Mode of Indicators

Indexes Median Mode

SBP (mmHg) 100 95

DBP (mmHg) 50 47

MAP 67 65

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial pressure.

Figure 1. Distribution chart of numerical values of three indicators: SBP (A), DBP (B), and MAP (C)

hemodynamic fluctuations. However, recent findings

suggest that CNAP may be a reliable device for

continuous assessment of arterial blood pressure,

leading to its investigation in a wide range of clinical

applications (9, 10). Our study demonstrated no

significant difference in MAP measurements between

the CNAP and IAP methods during and after weaning

from CPB in CABG patients (P > 0.05). SBP measured by

IAP was consistently higher than CNAP across all

recorded times, with the difference becoming

statistically significant 10 minutes after weaning from

CPB (P < 0.05). Conversely, DBP measured by CNAP was

significantly higher than IAP at various time points

during this period (P < 0.05). These findings suggest

that MAP measurement by CNAP may be a suitable

alternative to the invasive method following separation

from CPB in cardiac surgery patients.

In a similar study, Kumar et al. (6) compared CNAP

and IAP in hospitalized ICU patients after cardiac

surgery. They monitored 30 patients, measuring SBP,

DBP, and MAP every minute for two hours after ICU

admission. Consistent with our findings, SBP measured

by CNAP was lower, while DBP was higher than IAP. The

observed bias for SBP was 10.41 mmHg, for DBP was 5.33

mmHg, and for MAP was only 0.039 mmHg (8).

Another study by Kumar et al. investigated

differences between CNAP and IAP during anesthesia

induction in 60 cardiac surgery patients (6). Similar to

our results, SBP measured by CNAP was lower, and DBP

was higher than IAP. They reported biases of 5.98 mmHg

for SBP, 3.72 mmHg for DBP, and 0.02 mmHg for MAP. The

authors concluded that the acceptable bias between

CNAP and IAP supports CNAP as a reliable method for

patient monitoring during anesthesia induction (11).

The CNAP measurements represent ABP in the

brachial artery because of calibration with upper-arm

oscillometric measurements. Although comparing

CNAP and IAP in the brachial artery would have been

closer to an ideal study design, we chose not to perform

arterial cannulation at this site, as it is not a standard

location for measuring blood pressure during cardiac

surgeries and may carry a higher risk of complications
compared to radial artery cannulation (12).
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Table 3. Systolic Blood Pressure Difference and Diastolic Blood Pressure Difference and Mean Arterial Pressur with CONTINUOUS NON-INVASIVE ARTERIAL PRESSURE and Invasive

Arterial Pressure Methods in Patients Undergoing Coronary Artery Bypass Grafting Surgery After Separation from Cardiopulmonary Bypass a

Indexes SBP (mmHg) DBP (mmHg) MAP

CNAP-IAP -7.79 ± 11.45 4.78 ± 12.50 0.49 ± 7.7

Abbreviations: CNAP, continuous non-invasive arterial pressure; IAP, invasive arterial pressure; SBP, systolic blood pressure; DBP, diastolic blood pressure; MAP, mean arterial
pressure.

a Values are expressed as mean ± SD.

Based on cardiovascular physiology, due to wave

reflection and resistance to flow, systolic pressure in the

radial artery is higher, and diastolic pressure is lower

than these pressures in the brachial artery. Therefore,

the bias observed between the two methods in the

present and similar studies may be attributed to

physiological differences in arterial pressures at the

brachial and radial sites. Another factor contributing to

the difference in systolic and diastolic pressure

measurements between the two methods could be that

CNAP is calibrated at predetermined intervals, while

invasive arterial monitoring provides real-time

measurements. The time elapsed since the previous

CNAP calibration may account for the observed bias

between the two methods.

Although it would have been ideal to measure IAP in
the brachial artery, this was not performed in our study

due to ethical considerations.

The American Association for the Advancement of

Medical Instrumentation states that differences in SBP

measured by the oscillometric sphygmomanometry

method in the brachial and radial arteries range from

0.68 to 13.4 mmHg, and differences for diastolic blood

pressure (DBP) range from 0.8 to 18 mmHg (13).

Meanwhile, another study, which compared pressures

measured in the brachial and radial arteries, reported

that 46%, 19%, and 13% of participants had radial SBP > 5,

between 5 and 10, and between 10 and 15 mmHg higher

than brachial SBP, respectively. Additionally, 14% of

participants exhibited radial SBP > 15 mmHg higher

than brachial SBP, representing the so-called "Popeye

phenomenon" (14).

In our study, the average value of radial SBP was 7.79

mmHg higher than the systolic pressure measured by

the CNAP monitor, and the average DBP difference

between the two methods was 4.78 mmHg. These

findings indicate that both the average systolic and

diastolic pressure differences in this study were within

the aforementioned ranges.

In terms of MAP monitoring, the results of the
present study showed that the difference between mean

values recorded by the two methods was 0.49 mmHg,

which is within the clinically acceptable range (±5

mmHg) recommended by the ANSI/AAMI Society for the

Advancement of Medical Instrumentation SP10.

Furthermore, the measured standard deviation (7.7 ±

0.49) aligns with the declared range (SD < 8 mmHg),

confirming that MAP measurement by the CNAP

monitor is accurate and reliable.

This study had some limitations, including the small
sample size, limited variety in surgical procedures, and

the lack of inclusion of high-risk patients. These factors

should be considered when designing future studies to

expand on the findings presented here.

5.1. Conclusions

The results of the present study demonstrated that

MAP measurements obtained using the CNAP method

serve as a reliable representation of those obtained

through intra-arterial invasive methods. Although
differences were observed in systolic and diastolic

pressures recorded by the two methods, these

differences fell within the clinically acceptable range.

Therefore, the systolic and diastolic pressures measured

by the CNAP method can be confidently utilized for
clinical decision-making. In conclusion, this study

suggests that CNAP is a suitable alternative to invasive

blood pressure monitoring for patients undergoing

CABG surgery, particularly after weaning from CPB.

Footnotes

Authors' Contribution: A. J. and N. Z.: Data curation,

visualization, investigation; Z. H. A., K. R., and M. D.:

Conceptualization, methodology and supervision; A. D.

and B. F.: Conceptualization and methodology; S. B. M.:

Writing and review.

Conflict of Interests Statement: The authors declare
that they have no known competing financial interests

or personal relationships that could have appeared to

influence the work reported in this paper.

Data Availability: The dataset presented in the study

is available on request from the corresponding author

https://brieflands.com/articles/jcma-148317


Jahangirifard A et al. Brieflands

6 J Cell Mol Anesth. 2024; 9(4): e148317

during submission or after publication.

Ethical Approval: This study was approved by the

local ethics committee of Shahid Beheshti University of

Medical Sciences (IR.SBMU.NRITLD.REC.1401.026 ).

Funding/Support: The authors state that they had not

received any financial support.

Informed Consent: Written informed consent was

obtained from the participant.

References

1. Faraci FM, Scheer F. Hypertension: Causes and Consequences of

Circadian Rhythms in Blood Pressure. Circ Res J. 2024;134(6):810-32.

[PubMed ID: 38484034]. [PubMed Central ID: PMC10947115].

https://doi.org/10.1161/CIRCRESAHA.124.323515.

2. Li S, Wang H, Ma W, Qiu L, Xia K, Zhang Y, et al. Monitoring blood

pressure and cardiac function without positioning via a deep

learning-assisted strain sensor array. Sci Adv J. 2023;9(32):eadh0615.

[PubMed ID: 37566652]. [PubMed Central ID: PMC10421034].

https://doi.org/10.1126/sciadv.adh0615.

3. Feng Z, Jing Z, Li Z, Wang G, Wu S, Dan L, et al. Effects of long-term

blood pressure variability on renal function in community

population. Chronic Dis Transl Med. 2024;10(2):149-52. [PubMed ID:

38872761]. [PubMed Central ID: PMC11166677].

https://doi.org/10.1002/cdt3.127.

4. Ramos MD, Vergara FH, Shackleford J, Briggs C, Gomez C, Mofazali M,

et al. Risk for post-operative delirium related to comorbidities in

older adult cardiac patients: An integrative review. J Clin Nurs.

2023;32(9-10):2128-39. [PubMed ID: 35642091].

https://doi.org/10.1111/jocn.16389.

5. Hanss R, Ilies C, Missala H, Steinfath M, Bein B. Continuous

noninvasive blood pressure monitoring during spinal anaesthesia

for cesarean section. Europ J Anaesthesiol. 2010;27:166-7.

https://doi.org/10.1097/00003643-201006121-00531.

6. Kumar GA, Jagadeesh AM, Singh NG, Prasad SR. Evaluation of

continuous non-invasive arterial pressure monitoring during

induction of general anaesthesia in patients undergoing cardiac

surgery. Indian J Anaesth. 2015;59(1):21-5. [PubMed ID: 25684809].

[PubMed Central ID: PMC4322097]. https://doi.org/10.4103/0019-

5049.149444.

7. Ilies C, Grudev G, Hedderich J, Renner J, Steinfath M, Bein B, et al.

Comparison of a continuous noninvasive arterial pressure device

with invasive measurements in cardiovascular postsurgical

intensive care patients: a prospective observational study. Eur J

Anaesthesiol. 2015;32(1):20-8. [PubMed ID: 25105850].

https://doi.org/10.1097/EJA.0000000000000136.

8. Wan Y, Li D, Chen J, Zhang Y. Validation of noninvasive blood pressure

monitoring function of EDAN elite V5 patient monitor with

reference invasive measurement according to the ISO 81060-2:2018

standard. Blood Pressure Monitor J. 2024;19:10-97.

https://doi.org/10.1097/mbp.0000000000000694.

9. Jeleazcov C, Krajinovic L, Munster T, Birkholz T, Fried R, Schuttler J, et

al. Precision and accuracy of a new device (CNAP) for continuous

non-invasive arterial pressure monitoring: assessment during

general anaesthesia. Br J Anaesth. 2010;105(3):264-72. [PubMed ID:

20627878]. https://doi.org/10.1093/bja/aeq143.

10. Ma C, Guo L, Zhang H, Liu Z, Zhang G. DiffCNBP: Lightweight

Diffusion Model for IoMT-Based Continuous Cuffless Blood Pressure

Waveform Monitoring Using PPG. Inst Electric Electronic Eng Internet

Things J. 2024;2024:1. https://doi.org/10.1109/jiot.2024.3460382.

11. Ilies C, Bauer M, Berg P, Rosenberg J, Hedderich J, Bein B, et al.

Investigation of the agreement of a continuous non-invasive arterial

pressure device in comparison with invasive radial artery

measurement. Br J Anaesth. 2012;108(2):202-10. [PubMed ID: 22171358].

https://doi.org/10.1093/bja/aer394.

12. McCarthy T, Telec N, Dennis A, Griffiths J, Buettner A. Ability of non-

invasive intermittent blood pressure monitoring and a continuous

non-invasive arterial pressure monitor (CNAP) to provide new

readings in each 1-min interval during elective caesarean section

under spinal anaesthesia. Anaesthesia J. 2012;67(3):274-9. [PubMed ID:

22321084]. https://doi.org/10.1111/j.1365-2044.2011.06996.x.

13. American National Standards Institute; Association for the

Advancement of Medical Instrumentation. American National

Standard for Manual, Electronic, or Automated Sphygmomanometers.

Arlington: VA Publications; 2002.

14. Delrio F, Randazzo V, Cirrincione G, Pasero E. Non-Invasive Arterial

Blood Pressure Estimation from Electrocardiogram and

Photoplethysmography Signals Using a Conv1D-BiLSTM Neural

Network. Itise 2023. New Orleans. 2023.

https://brieflands.com/articles/jcma-148317
https://ethics.research.ac.ir/ProposalCertificateEn.php?id=264081
http://www.ncbi.nlm.nih.gov/pubmed/38484034
https://www.ncbi.nlm.nih.gov/pmc/PMC10947115
https://doi.org/10.1161/CIRCRESAHA.124.323515
http://www.ncbi.nlm.nih.gov/pubmed/37566652
https://www.ncbi.nlm.nih.gov/pmc/PMC10421034
https://doi.org/10.1126/sciadv.adh0615
http://www.ncbi.nlm.nih.gov/pubmed/38872761
https://www.ncbi.nlm.nih.gov/pmc/PMC11166677
https://doi.org/10.1002/cdt3.127
http://www.ncbi.nlm.nih.gov/pubmed/35642091
https://doi.org/10.1111/jocn.16389
https://doi.org/10.1097/00003643-201006121-00531
http://www.ncbi.nlm.nih.gov/pubmed/25684809
https://www.ncbi.nlm.nih.gov/pmc/PMC4322097
https://doi.org/10.4103/0019-5049.149444
https://doi.org/10.4103/0019-5049.149444
http://www.ncbi.nlm.nih.gov/pubmed/25684809
https://www.ncbi.nlm.nih.gov/pmc/PMC4322097
https://doi.org/10.4103/0019-5049.149444
https://doi.org/10.4103/0019-5049.149444
http://www.ncbi.nlm.nih.gov/pubmed/25105850
https://doi.org/10.1097/EJA.0000000000000136
https://doi.org/10.1097/mbp.0000000000000694
http://www.ncbi.nlm.nih.gov/pubmed/20627878
https://doi.org/10.1093/bja/aeq143
https://doi.org/10.1109/jiot.2024.3460382
http://www.ncbi.nlm.nih.gov/pubmed/22171358
https://doi.org/10.1093/bja/aer394
http://www.ncbi.nlm.nih.gov/pubmed/22321084
https://doi.org/10.1111/j.1365-2044.2011.06996.x

