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Clinical Implications:

a. What is already known about the topic

There are insufficient and conflicting data on whether there is acceptable agreement between invasive and non-invasive blood pressure readings for children, particularly during anesthesia.


b. What new information this study adds (indicate the salient research results)

There is poor agreement between invasive and non-invasive blood pressure measurements in children undergoing cardiac catheterization, particularly during periods of hypotension.









Abstract

Background

Blood pressure measurement is a standard of monitoring during general anesthesia. Invasive measurement is considered the gold standard but is less commonly used than non-invasive. Automated oscillometric blood pressure devices measure the mean arterial pressure (MAP) and use an algorithm to determine the systolic and diastolic pressures. Few devices have been validated in children, particularly during anesthesia. Few studies have assessed the agreement between invasive and non-invasive blood pressure measurements in children.

Methods

This was a multi-centre prospective observational study of children under 16 years undergoing cardiac catheterisation with general anesthesia. Paired invasive and non-invasive blood pressure measurements were recorded for each patient during stable periods of the procedure. Correlation within and between sites was assessed with Pearson’s correlation coefficient and agreement was examined using Bland-Altman methodology to determine bias. Agreement during episodes of hypotension and for age and weight was also determined. Bias greater than 5 mmHg and standard deviation greater than 8 mmHg was considered clinically significant. The primary end point was agreement of MAP measurements.

Results 

683 paired blood pressure values were collected from 254 children in three paediatric hospitals. Median [IQR] age and weight were 3 [1-7] years and 13.9 [8 – 23] Kg. The overall bias (SD) for mean arterial pressure values was 7.2 (11.4) mmHg. During hypotension (190 readings) the bias (SD) was 15 (11.0) mmHg. The non-invasive MAP was frequently higher than invasive MAP during infancy, and lower in older children.


Conclusion

Automated oscillometric blood pressure measurement is unreliable in anesthetized children during cardiac catheterization. Invasive pressure measurement should be considered for high-risk cases.












Introduction

Blood pressure measurement during anesthesia is a standard of monitoring in many countries. It is used as an indicator of cardiovascular status, especially for patients at risk of organ hypoperfusion such as those with cerebrovascular or ischaemic heart disease. Most children tolerate hypotension if cardiac output and oxygen delivery are maintained. However, a subgroup of children present a significant risk of perioperative cardiac arrest from compromised coronary perfusion, for example those with coronary abnormalities or left ventricular outflow tract obstruction. 1–3  

Accuracy of blood pressure monitoring is therefore important. Invasive blood pressure measurement remains the gold standard but is usually reserved for complex cases, because of the additional time, complex equipment, and associated morbidity, such as arterial thrombosis or aneurysm formation. Automated non-invasive oscillometric monitors are therefore more commonly used during anesthesia, so it is vital that anesthetists understand the function and limitations of these devices.

Oscillometric monitors work by measuring pressure fluctuations within an air-filled cuff as it compresses an underlying artery. The maximum amplitude of oscillation occurs at mean arterial pressure (MAP) and is the only value actually measured by these devices.4,5 Systolic and diastolic blood pressure (SBP and DBP) are derived using a proprietary algorithm.

Validation of blood pressure measurement devices is usually performed in awake subjects using comparisons to mercury sphygmomanometry. Geographical differences in validation technique have made it difficult to develop a standardised international protocol.6 The limited data available for children is mostly for awake children aged three and above7 and there is little published data on the validation of oscillometric devices in children undergoing general anesthesia. 

The largest study of anesthetised adults to date, using retrospective data, found significant differences in pressures measured invasively or non-invasively.8 Two studies of anesthetized children, published since commencement of the current study, report acceptable agreement in most cases, however both studied a relatively small number of patients.9,10  

The primary aim of this study was to assess the agreement for MAP measured invasively and by non-invasive oscillometry in anesthetised children. Secondary aims were to assess agreement: for SBP and DBP; at different ages and weights; and during periods of hypotension.

There are three reasons for using MAP as the primary endpoint: MAP remains constant as the pressure wave passes along the arterial system, despite changes to the waveform morphology and pulse pressure11; MAP is less affected by problems of damping within the invasive monitoring circuit; MAP is the only value measured by oscillometry.




Methods

Prospective observational data were collected at three sites: Bristol Royal Hospital for Children (BRHC), Birmingham Children’s Hospital (BCH) and Great Ormond Street Hospital for Children (GOSH). The study was approved by the National Research Ethics Service as well as the research ethics committee for each site.

There was no change to the clinical management of these complex children. Patient identifiable information was not recorded. As such, written informed consent was deemed unnecessary.

Following Lu et al12, we sought to sample at least 200 patients in order to meet reliability scenarios likely to arise in practice (range of ages and incidence of hypotension) with the aim of at least 50 patients from each site. 

Children from birth to 16 years old undergoing cardiac catheterisation where invasive arterial blood pressure measurement was planned during the procedure were eligible to participate. Data from children with anatomical reasons for differing BP readings (such as coarctation of the aorta or Blalock-Taussig shunt) were excluded from the analysis.

The following data were recorded by the responsible anesthetist: age, weight, diagnosis, up to three paired BP readings (SBP, DBP and MAP) taken at least five minutes apart during periods of cardiovascular stability (avoiding periods of catheter manipulation where ectopy and splinting of cardiac valves may interfere with haemodynamics). NIBP was measured from a cuff on the upper arm with the appropriate cuff size confirmed by the anesthetist who also recorded whether the arms were up by the side of the head (flexed, abducted shoulder and elbow) or down by the patient’s side. Arterial pressure was measured through a sheath in the femoral artery inserted as a routine part of the procedure by the cardiologist. The pressure transducer was zeroed at the level of the heart and managed by the cardiac physiologists. The arterial pressure was recorded at the precise moment that the NIBP reading was displayed. 

NIBP was measured using Philips Intellivue monitors in all sites. Arterial pressure was measured with the Siemens Sensis Combi system in BRHC and GOSH and with GE Mac Lab system in BCH.


Statistical analysis

Data are presented as range, median and interquartile range. Correlation within and between sites was assessed with Pearson’s correlation coefficient. 

Agreement was examined using Bland-Altman methodology to determine bias, standard deviation and 95% levels of agreement. Agreement during episodes of hypotension was also determined. Hypotension was retrospectively judged to be present when the invasive MAP was greater than one standard deviation below the mean from a published nomogram of blood pressure in anesthetized children13. 

The relationship between agreement and age or weight was also examined using regression analyses. As it is likely that MAP may vary with weight but not necessarily in a simple additive effect, we sought to explore the relationship between MAP and weight using the natural logarithm of weight as a predictor variable for each of NIBP and IBP.   

To determine whether measuring NIBP with the arms up or down was a significant factor, the absolute differences in measured values were compared using a linear mixed model controlling for weight.

A clinically significant difference in MAP is commonly said to be above 5 mmHg. This corresponds with the accepted level of agreement in the validation protocol from the International Organization for Standardization (ISO) and the Association for the Advancement of Medical Instrumentation (AAMI) which considers acceptable agreement to be a bias lower than 5 mmHg and standard deviation lower than 8 mmHg.14 These limits were therefore used to determine acceptable agreement in the present study. 










Results

Data were collected between 2016 and 2018. A total of 683 paired blood pressure values were collected from 254 children (174 from BRHC, 50 from GOSH and 30 from BCH). Fewer patients were recruited from BCH because concurrent measurement of invasive BP was not as common in this unit. 629 pressures were measured with the arms by the side of the head and 54 with the arms by the side. 155 readings were hypotensive. Patient demographics are shown in Table 1. 

Table 1. Demographics

	
	Site

	Range
	Median
	IQR

	Age (years)*
	BRHC

	0.01 - 16
	2.7
	0.8 – 6.0

	
	BCH

	0.01 – 16
	3.0
	1.0 – 9.0

	
	GOSH

	0.06 - 16
	4.0
	2.0 – 10.0

	
	Overall

	0.01 - 16
	3.0
	1.0 – 7.0

	Weight (Kg)
	BRHC

	1.5 – 80
	13.1
	7.5 – 20.0

	
	BCH

	2.6 - 82
	12.8
	8.6 – 20.0

	
	GOSH

	2.3 - 65
	15.8
	9.8 – 29.0

	
	Overall

	1.5 - 82
	13.9
	8.0 – 23.0



*lowest age: BRHC seven days; BCH six days; GOSH three weeks



Data for eight patients were excluded from the analysis because of a potential anatomical reason for poor agreement (five patients with aortic coarctation and three with a Blalock-Taussig shunt).

Pearson correlation coefficients and Bland-Altman analyses (bias, standard deviation (SD) and limits of agreement) for each site are presented in Table 2. (Note the 95% confidence intervals for bias, SD and Bland-Altman limits for each centre overlap, showing that centres do not significantly differ, thus allowing combination of data for analysis). 





Table 2.  Results for each centre and combined showing correlation of invasive BP with NIBP, Bland Altman output (bias, SD and Limits of Agreement) and 95 percent confidence intervals for bias, SD and limits of agreement.
 

	Site
(no. of pts)

	Pressure
	Pearson 
Correlation
	p
	Agreement bias

	SD

	Limits of Agreement


	All
(n=254)
	MAP
	.253 
(.132, .367)
	<.001
	-7.22
(-8.63, -5.81)
	11.43
(10.50, 12.49)
	-29.62, 15.18
(-32.03, 17.59)

	
	SBP

	.489 
(.387, .579)
	<.001
	-0.60
(-2.10, 0.90)
	12.20 
(11.20, 13.34)
	-24.51, 23.31
(-27.08, 25.88) 

	
	DBP

	.098 
(-.028, .221)
	.119
	-2.91
(-4.38, -1.44)
	11.97
(10.99, 13.08)
	-26.37, 20.55
(-28.89, 23.07)

	BRHC
(n=174)
	MAP
	.191 
(.040, .333)
	.011
	-4.75
(-6.49, -3.01)
	11.70
(10.56, 13.04)
	-27.68, 18.18
(-30.66, 21.16)

	
	SBP
	.494 
(.370, .601)
	<.001
	1.99
(0.19, 3.79)
	12.13
(10.95, 13.51)
	-21.93, 25.90
(-24.88, 28.85)

	
	DBP 

	.071 
(-.082, .220)
	.352
	-0.01
(-1.78, 1.77) 
	11.95
(10.78, 13.31)
	-23.43, 23.41
(-26.47, 26.45)

	GOSH
(n=50)
	MAP
	.716 
(.542, .831)
	<.001
	-16.24
(-18.22, -14.26)
	7.16
(5.93, 8.81)
	-30.27, -2.21
(-33.69, 1.21)

	
	SBP
	.675 
(.484, .805)
	<.001
	-10.88
(-13.45, -8.31)
	9.27
(7.68, 11.41)
	-29.05, 7.29
(-33.47, 11.71)

	
	DBP

	.635 
(.428, .778)
	<.001
	-13.17
(-15.25, -11.09)
	7.49
(6.20, 9.22)
	-27.85, 1.51
(-31.42, 5.08)

	BCH
(n=30)
	MAP
	.587 
(.280, .785)
	<.001
	-9.11
(-11.79, -6.43)
	7.49
(5.97, 10.07)
	-23.79, 5.57
(-28.42, 10.20)

	
	SBP
	.716 
(.473, .858)
	<.001
	-1.24
(-4.15, 1.67)
	8.14
(6.48, 10.94)
	-17.19, 14.71
(-22.23, 19.75)

	
	DBP
 
	.271 
(-.107, .580) 
	.149
	-5.40
(-8.42, -2.37)
	8.46
(6.74, 11.37)
	-21.98, 11.18
(-27.21, 16.41)




The findings for the 155 paired readings defined as hypotensive (invasive MAP >1 SD below reference range) are presented in Table 3.



Table 3. Results for hypotensive subgroup for each centre and combined showing correlation of invasive BP with NIBP and Bland Altman output (bias, SD and Limits of Agreement)


	Site
(no. of patients)

	Pressure
	Pearson 
Correlation
	p
	Agreement bias

	SD

	Limits of Agreement


	All
(n=155)
	MAP
	.321 
 
	<.001
	-14.89
 
	10.51

	-35.49, 5.71


	BRHC
(n=115)
	MAP

	.114 
 
	.218
	-13.42
 
	12.47

	-37.86, 11.02


	GOSH
(n=20)
	MAP

	.775 
 
	<.001
	-19.26
 
	5.00

	-29.06, -9.46


	BCH
(n=16)
	MAP


	.661 
 
	.004
	-11.19
 
	7.90

	-26.67, 4.29






Bland-Altman plots are shown in Figures 1-3. Figure 1 displays the primary outcome (agreement in MAP for all patients) with hypotensive readings shown in blue. Figure 2 displays the results for individual centres. Figure 3 displays the results for systolic BP and diastolic BP. Figure 4 illustrates the relationship between agreement and age. Figure 5 illustrates the relationship between agreement and weight, including the results of regression analysis.

Analysis of the absolute difference between NIBP and invasive BP with the arms up or down using a linear mixed model controlling for weight showed no difference in the mean absolute difference for MAP (p = 0.178), systolic BP (p = 0.528) or diastolic BP (p = 0.815).










Figure 1. Bland Altman plot showing difference in MAP for all patients. Hypotensive readings in blue.
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Figure 2. Bland Altman plots showing difference in MAP for individual sites.   
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Figure 3. Bland Altman plots showing difference in diastolic (Panel A) and systolic (Panel B) BP for all patients. 
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Figure 4. Blood pressure differences with age for all patients
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Figure 5. Relationship of MAP to weight for all patients including results of regression analysis: upper left panel for NIBP; upper right panel for invasive BP; lower left panel for agreement; lower right panel for the ratio of NIBP / invasive BP.
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Discussion

These results may be concerning for clinicians caring for children during anesthesia or critical care. Many would agree that an overall bias for MAP of 7.2 mmHg is clinically significant and that a standard deviation of 11.4 demonstrates extremely poor agreement.

There is no agreed standard for validating blood pressure measurement devices during anesthesia, but for awake subjects the AAMI/ISO stipulate the mean (SD) bias for test vs reference BP differences to be less than 5 (8) mm Hg.14 This target was not achieved in any of the three centres in the current study. 

Analysis of the data during periods of hypotension demonstrates even weaker agreement. The bias was greater in each centre, with an overall bias (SD) of 15 (11) mmHg. Non-invasive blood pressure readings are therefore even less reliable when the patient is hypotensive.

Poor agreement was also shown for SBP and DBP, with limits of agreement even wider than for MAP. 

The difference in agreement with age presented in Figure 4 demonstrates that NIBP generally over-estimates MAP in infants under a year of age and under-estimates MAP in older children. Over-estimation of blood pressure in infants using NIBP has been previously reported.15

Figure 5 illustrates that NIBP is not correlated with weight, whereas invasive BP is correlated with the natural logarithm of weight. The difference (NIBP – invasive BP) and the ratio (NIBP / invasive BP) are also related to the natural logarithm of weight. Only invasive blood pressure measurements reflect the expected increase in MAP with increasing body mass.

Previous studies comparing invasive and oscillometric NIBP measurements report conflicting results. Comparison is hampered by the difficulty in interpreting the findings of studies done before Bland and Altman developed the favoured method of analysing these data.16 

In the largest adult study to date, Wax et al described significant differences between NIBP and invasive blood pressure readings for 24 225 anesthetized adults, worse at extremes of pressure.8 A retrospective study of 872 children with severe burns reported significant discrepancy in measured values with bias (SD) of 5.8 (8.7) mmHg.17

Two recent studies of anesthetized children reported acceptable agreement for mean arterial pressure: a retrospective analysis of 67 anesthetised term neonates by Fujii et al found a bias (SD) of 1.3 (5.8) mmHg9; a prospective observational study by Meidert et al of 25 children aged under three years also showed reasonable agreement, with bias (SD) of 3 (7) mmHg, although agreement was poor during episodes of hypotension (bias -9 (5) mmHg).10 

A systematic review and meta-analysis of studies from neonatal intensive care identified 18 studies utilizing Bland-Altman analyses. Although most studies reported a mean difference within 5 mmHg, only four studies met the study’s criteria for acceptable level of agreement (SD less than 5 mmHg).15 Of note, all studies in the first few days of life showed NIBP values to be higher than invasive.

It is striking that even studies reporting acceptable agreement demonstrate such wide confidence intervals. A standard deviation of 8 mmHg indicates that 95 percent of true blood pressure readings are expected to be within 16 mmHg of the measured MAP. This degree of ‘acceptable’ variation may be alarming for clinicians.

It is important to note that even if measurement of NIBP were reliable, interpretation of the measured value is not straightforward - blood pressure is a flawed surrogate for cardiac output and does not correlate with oxygen delivery.4 Furthermore, the safe range of blood pressure required to prevent organ damage is unknown, particularly for children.18 Anesthetists must consider these limitations when deciding how best to manipulate a patient’s haemodynamics.

Study limitations

The study population of children with congenital heart disease may not be representative of all children, so care must be taken in generalising these findings. Although prospective data collection overcomes many of the disadvantages of retrospective analysis, it does introduce the possibility of observer bias. For safety reasons, the study was designed to avoid any change from standard clinical care - this made standardisation of measurements difficult. Although the site of invasive BP monitoring does not significantly affect the MAP, the change in pulse wave morphology does affect SBP and DBP, making these data less reliable. The arms were by the side of the head in most, but not all paired readings – it is possible this may affect the NIBP reading and bias, although retrospective analysis did not show this to be significant. All three sites in this study used Philips Intellivue monitoring for NIBP, so it may not be appropriate to extrapolate these findings to all devices. It may be prudent for clinicians to determine agreement within their own institutions. 


Conclusion

Automated oscillometric measurement of blood pressure in anesthetized children during cardiac catheterization is not reliable. Clinicians must understand the limitations of these devices when planning care and consider using invasive arterial pressure measurement for cases where accurate blood pressure measurement is essential.
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