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ABSTRACT AND KEYWORDS 34 

 35 

ABSTRACT  36 

Objectives 37 

We aimed to describe cardiac output (CO)  trend from pre-pregnancy to postpartum 38 

using an inert gas rebreathing (IGR) device , and compare these measurements to 39 

those obtained by a pulse waveform analysis (PWA) technique,  both cross-sectionally 40 

and longitudinally.  41 

Methods 42 

Non-smoking healthy women, aged 18-44 years, with BMI <35 were included in this 43 

prospective observational study. CO measurements were collected at different time 44 

points (pre-pregnancy, at four different gestational epochs and post-partum) using IGR 45 

and PWA. A linear mixed model analysis tested whether the longitudinal change in CO 46 

differed between techniques. Bland Altman analysis and intra-class correlation 47 

coefficient (ICC) were used for cross-sectional and a 4-quadrant plot for longitudinal 48 

comparison.  49 

Results 50 

Of 413 participants,  69 had a complete longitudinal assessment throughout 51 

pregnancy. In this latter cohort, the maximum CO rise was seen at 15.2 weeks with IGR 52 

(+17.5% from pre-pregnancy) and at 10.4 weeks with PWA(+7.7% from pre-53 

pregnancy). Trends differed significantly (p=0.0093). Cross-sectional analysis was 54 

performed in the whole population of 413 women: mean CO were 6.14 and 6.38 L/min 55 
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for PWA and IGR, respectively, percentage of error was 46% and ICC 0.348 with similar 56 

results at all separate time points. Longitudinal concordance was 64%.  57 

Conclusions 58 

Despite differences between devices, maximum CO rise in healthy pregnancies is more 59 

modest and earlier than previously reported. The two methods of CO measurement do 60 

not agree closely and cannot be used interchangeably. Technique-specific reference 61 

ranges are needed before they can be applied in research and clinical settings.  62 

 63 

KEYWORDS: pregnancy  64 

 65 

KEY QUESTIONS 66 

 What is already known about this subject? 67 

Cardiac output (CO) rises maximally in the early third trimester, when it is 68 

reported to increase by 31% compared to pre-pregnancy. There exist many 69 

different methods of assessing CO, however the most commonly studied 70 

technique, maternal echocardiography, is operator-dependent and formal data 71 

on validation is sparse. 72 

 What does this study add? 73 

Using two non operator-dependent techniques in this prospective longitudinal 74 

study, the maximum rise in CO is earlier than previously reported and its 75 

magnitude is less. These two non-invasive techniques - one based on inert gas 76 
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rebreathing, the other on arterial waveform analysis - do not provide 77 

interchangeable results. 78 

 How might this impact on clinical practice? 79 

Assumptions of CO change in pregnancy may not be robust, and this has 80 

implications for understanding conditions characterised by cardiovascular 81 

dysfunction. Non-invasive devices are increasingly used for maternal 82 

cardiovascular assessment, but these cannot be used interchangeably.   83 
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 INTRODUCTION 84 

Maternal haemodynamic indices, including cardiac output (CO), change markedly 85 

during pregnancy. Indeed, a recent meta-analysis reports that in normal pregnancies, 86 

CO increases from pre-pregnancy, peaking at 31% in the early third trimester[1]. Of 87 

clinical relevance is that women who develop pregnancy complications, especially pre-88 

eclampsia and fetal growth restriction (FGR), have abnormal CO values which can 89 

identify different patterns of diseases if combined with a comprehensive assessment 90 

of the central haemodynamics and arterial function[2]. 91 

The reference methods for quantifying CO, such as pulmonary artery catheterisation 92 

using thermodilution and direct Fick measurement, are invasive and not applicable in 93 

healthy pregnancy. For this reason, several non-invasive techniques for CO 94 

measurement have been tested in obstetric research. Cardiac magnetic resonance 95 

imaging is becoming increasingly recognized as a reference technique, although its use 96 

in pregnancy is mostly limited to women with complex cardiac or aortic disease or 97 

small pathophysiological studies[3-4]. As such, transthoracic echocardiography (TTE) 98 

using pulsed wave Doppler in the left ventricular outflow tract (LVOT) is considered a 99 

surrogate reference technique for CO measurement in pregnant women. This is 100 

because it is the only non-invasive method that has been validated against the invasive 101 

procedures[5], although this was in a limited sample of 34 women, suffering from 102 

severe pregnancy complications which required invasive monitoring. However, TTE is 103 

strongly operator dependent and, as such, prone to considerable inter-observer 104 

variability. It requires specifically trained operators and probes rarely available in the 105 
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obstetric setting and is influenced by the patient’s habitus which could have an effect 106 

on the quality and reliability of the assessment. Moreover, differences in the accuracy 107 

of CO estimation depending on the calculation method used have been reported [6-8].  108 

Several other easy to use and operator-independent devices for CO measurement 109 

have been developed, including the Innocor® (Innovision A/S, Denmark), based on 110 

inert gas rebreathing (IGR), and Vicorder® (Skidmore Medical, Bristol UK), based on 111 

pulse waveform analysis (PWA). The former has previously been validated against 112 

thermodilution, direct Fick and cardiac magnetic resonance imaging methods for 113 

measurement of CO[9-12] in non-pregnant subjects, and the Innocor technique is 114 

robust in non-pregnant patients with restrictive ventilation disorders that may mimic 115 

restrictive patterns due to pregnancy[13]. The latter has been validated for the 116 

assessment of central blood pressure against invasively measured aortic blood 117 

pressure (BP)[14] and compared with tonometry[15], and magnetic resonance 118 

imaging[16] for pulse wave velocity. However, as yet, measurements of CO derived 119 

from this PWA-based device have not been compared with other techniques.  120 

In the clinical environment, haemodynamic assessments are rarely based on single-121 

point measurements, so cross-sectional comparisons are of limited use. As such, 122 

examining changes with time or in response to interventions or specific therapies are 123 

more informative; for example the measurement of CO and other parameters in 124 

disease states such as pre-eclampsia and FGR and also acute circulatory insults at 125 

delivery such as regional anaesthesia. To interpret these changes especially in the 126 

context of therapy monitoring requires an understanding of the characteristics of 127 

different measurement techniques, and of the relationship of CO with gestation.  128 
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Furthermore, there is a wide normal range and variety between individuals depending 129 

on  characteristics such as age, height and weight. Hence there is a need for 130 

longitudinal assessment of haemodynamic parameters across a gestational range 131 

within the same subject, particularly as it has only once before been performed with 132 

the purpose of comparing different devices-and then in 10 patients [8]. 133 

The aim of this study was to evaluate longitudinal trends in CO, measured with two 134 

non-invasive and user-independent methods, in a large population of non-pregnant 135 

healthy women trying to conceive who subsequently became pregnant and were 136 

followed with repeated measurements at different time points throughout gestation 137 

to the post-partum period. This allowed paired measurements to be used to show how 138 

the incremental changes in CO between the devices were related. 139 

The two devices were subsequently assessed for their agreement in measuring both 140 

cross-sectional (at the same time) and longitudinal (at different time points) CO 141 

changes to determine how generalizable the techniques were, using IGR as the 142 

reference technique.  143 
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METHODS 144 

Non-smoking healthy women aged between 18-44 years with a BMI <35 were 145 

recruited either when they were planning a pregnancy or at different gestational ages 146 

in pregnancy from two prospective observational studies investigating maternal 147 

cardiovascular changes in pregnancies conceived naturally. Both studies were 148 

approved by National Research Ethics Committees (”CONCEIVE”: East of Scotland 149 

Research Ethics Service, REC reference 14/ES/1046; ”PRECEPT”: National Research  150 

Ethics Service Committee London Riverside, REC reference 15/LO/0341) and written 151 

consent was obtained from all participants. Women were recruited between 2014-152 

2017 using social media and from in-patient and out-patient clinics in a tertiary inner 153 

city maternity unit serving a multi-ethnic population. Those with underlying medical 154 

conditions, pregnancy complications such as pre-eclampsia, pregnancy induced 155 

hypertension, FGR, fetal malformations or twin pregnancies were excluded. 156 

Two analyses were undertaken: longitudinal and cross sectional. Women who 157 

conceived were offered longitudinal assessments throughout pregnancy on CO at fixed 158 

time points (preconception, 6, 10, 22, 34 weeks and 6 weeks post-partum). The CO 159 

measurements of those women who had a complete data set of assessments were 160 

used for the comparison of CO trend with both devices. Those who were assessed in 161 

pregnancy only or were not assessed at all time points were included in the cross-162 

sectional analysis. 163 

 164 

All CO measurements were obtained following the same protocol. Patients were asked 165 

to refrain from caffeinated drinks for at least 4 hours prior to assessments and all CO 166 
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measurements were performed in a temperature-controlled room after the 167 

participant had rested and acclimatised in the room for 10 minutes. Assessments were 168 

carried out in recumbent left lateral position to avoid aorto-caval compression during 169 

the exam at late gestational epochs.  170 

 171 

PULSE WAVEFORM ANALYSIS  172 

CO was firstly measured via PWA using Vicorder® (Skidmore Medical, Bristol UK). 173 

Brachial BP was obtained by digital oscillometry using a brachial cuff. This has 174 

previously been shown to compare favourably with a validated oscillometric 175 

sphygmomanometer[14]. Immediately afterwards, the device recorded brachial 176 

pressure waveforms by applying a volume displacement technique using the same cuff 177 

statically inflated to 70 mmHg. A brachial-to-aortic transfer function was then applied 178 

to derive the central (aortic) pulse waveform from which central BP and heart rate 179 

were obtained, and the stroke volume, and hence CO, estimated using a proprietary 180 

algorithm. 181 

 182 

INERT GAS REBREATHING 183 

The assessment of CO with an IGR technique was performed with the Innocor® system 184 

(Innovision A/S, Denmark). Participants breathed in an oxygen (O2) enriched mixture 185 

containing soluble and insoluble gases (0.5% nitrous oxide, N2O; 0.1% sulphur 186 

hexafluoride, SF6), and a sensor sampled the proportion of soluble gas and O2 187 

absorbed across the lungs over several breathing cycles (roughly 30 seconds) via an 188 

infrared photoacoustic gas analyser embedded within the device. The amount of N2O 189 
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absorbed was proportional to the pulmonary blood flow. This technique has already 190 

been used in pregnant women as N2O is harmless at these concentrations for a very 191 

limited amount of time[17]. With the use of the pulse oximeter, which determines 192 

oxygen saturation of haemoglobin in arterial blood, the amount of the shunt flow 193 

(blood flow which does not perfuse the ventilated part of the lungs) was calculated. CO 194 

was then derived using Fick’s principle. 195 

Statistical analysis  196 

Statistical analyses were carried out using IBM SPSS version 24, and R Statistical 197 

Software version 3.3.2. 198 

The trend of CO data through all time points was described using a linear mixed model 199 

analysis with CO as the response variable, time as a fixed variable and a random effect 200 

for patient,  modelled with natural cubic splines with 4 internal knots. For the analysis 201 

we used the actual time of visit at any approximate time point. The 95% confidence 202 

interval (CI) was calculated based on the Bootstrap method. The trajectories of CO 203 

obtained with IGR and PWA were compared considering a p-value <0.05 as statistically 204 

significant. 205 

Bland Altman analysis was used to compare cross-sectional CO measurements 206 

between both devices considering IGR as the reference technique. Accuracy (bias, 207 

mean difference between mean CO obtained with each method), precision (standard 208 

deviation, SD, of differences), 95% limits of agreement (LOA), bias +/- 1.96 SD of bias), 209 

percentage of error and intra-class correlation coefficient (ICC) were calculated for the 210 

whole population and for each of the time epochs, separately.  211 
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The differences between CO values obtained with each device at different time points 212 

(ΔCO) were compared using a four-quadrant plot. An exclusion zone of 0.5 l/min was 213 

applied as changes below this threshold are traditionally considered to fall within the 214 

accuracy and precision noise ratio of the measurement systems, based on an average 215 

adult human CO of 5 l/min and are of less clinical significance. Concordance rate 216 

(proportion of data points in the plot which are in agreement regarding the direction 217 

of change in CO), angular bias (mean of the angles of the (0,0;x,y) line for each ΔCO to 218 

the 45° line) and radial LOA (the symmetric angle around the 45° line in which 95% of 219 

the data points fall) were determined, as recommended by Saugel et al, 2015[18]. A 220 

concordance rate of 90% between the devices, angular bias < ± 5° and radial LOA < ± 221 

30° were considered to show good agreement.  222 
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RESULTS 223 

Between November 2014 and January 2017, we recruited 435 participants (Figure 1).  224 

Of those, 22 were subsequently excluded due to pregnancy complications. Sixty-nine 225 

patients had complete measurements from prior to pregnancy through to postpartum 226 

and their measurements were compared for the longitudinal analysis of CO trend. The 227 

total number of measurements obtained from all participants and time points with 228 

both devices was 1141 (358 from non-pregnant participants; 198 in the early first, 166 229 

in the late first, 166 in the second and 173 in the third trimester, 80 in the post-partum 230 

period) and they were all included in the cross-sectional comparison. Table 1 shows 231 

the demographic characteristics of all the participants included and those selected for 232 

the longitudinal analyses only. 233 

 234 

Table 1. Demographic characteristics of the participants. 235 

 
Participants included 

in longitudinal comparison 
and analysis of CO trend 

Participants included 
in cross-sectional 

comparison 

N. of participants 69 413 

Maternal age, mean (SD) 33 (3.86) 34 (4.61) 

BMI, mean (SD) 24.18 (3.65) 24.47 (3.95) 

Caucasian, n. (%) 47 (68.1) 275 (66.6) 

Nulliparous, n. (%) 35 (50.7)  237 (57.4) 

CO, cardiac output; BMI, body mass index. 236 
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1. LONGITUDINAL ANALYSIS OF CO TRENDS WITH INERT GAS REBREATHING AND 237 

PULSE WAVEFORM ANALYSIS  238 

The comparison of trends of CO assessed with the two techniques at all time points is 239 

graphically represented in Figure 2. The longitudinal trajectory of CO recorded with the 240 

two devices differed significantly (p=0.0093). The maximum rise in CO was estimated 241 

to be reached at 15.2 weeks of gestation (95% CI: 10.36-17.14) using IGR, when the 242 

mean CO was 6.99 L/min (+ 1.05 L/min and + 17.5% compared with pre-pregnancy 243 

values), whereas using PWA, the peak CO was estimated to be achieved at 10.4 weeks 244 

of gestation (95% CI 5.2-23.9; 6.54 L/min; + 0.47 L/min and + 7.7% compared to pre 245 

pregnancy values). 246 

 247 

2. COMPARISON BETWEEN TECHNIQUES 248 

2a. Cross-sectional comparison 249 

The Bland-Altman analysis and ICC are presented in Table 2. Percentage of error 250 

ranged between 42% and 50%. The Bland-Altman plot for assessments obtained for 251 

the whole population is shown in Figure 3. 252 

 253 

 254 

 255 

 256 

 257 

 258 

 259 
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Table 2. Bland-Altman analysis and ICC for the total population and for each time 260 

epoch separately. 261 

Time Epoch N. 
Mean 

GA 

Mean CO (SD) 
Mean 

CO (SD) 
(L/min) 

Bias 
(L/min) 

SD bias 
(L/min) 

1,96 
X SD 

LOA 
Percentage 

Error (%) 
ICC  

PWA IGR Upper Lower 

Pre-
pregnancy 

358 - 
5.92 

(1.21) 
5.85 

(1.13) 
5.88 

(0.94) 
-0.06 1.40 2.74 2.68 -2.80 47 0.444 

Early first 
Trimester 

198 6.77 
6.35 

(1.30) 
6.81 

(1.45) 
6.58 

(1.10) 
0.46 1.68 3.29 3.75 -2.83 50 0.399 

Late first 
trimester 

166 10.65 
6.42 

(1.24) 
6.74 

(1.33) 
6.58 

(1.08) 
0.32 1.41 2.76 3.08 -2.44 42 0.562 

Second 
Trimester 

166 22.92 
6.20 

(1.78) 
6.92 

(1.45) 
6.56 

(1.12) 
0.72 1.41 2.76 3.48 -2.04 42 0.546 

Third 
Trimester 

173 34.46 
6.12 

(1.26) 
6.26 

(1.18) 
6.19 

(0.99) 
0.14 1.41 2.76 2.90 -2.62 45 0.495 

Postnatal 80 - 
6.00 

(1.23) 
6.03 

(1.24) 
6.01 

(1.00) 
0.03 1.43 2.80 2.83 -277 47 0.497 

Total 
population 

1141 - 
6.14 

(1.25) 
6.38 

(1.36) 
6.26 

(1.07) 
0.23 1.48 2.90 2.90 -2.90 46 0.348 

CO, Cardiac output; PWA, pulse waveform analysis; IGR, inert gas rebreathing; SD, 262 

standard deviation; LOA, limits of agreement; ICC, intraclass correlation coefficient. 263 

 264 

2b. Comparison between two time points 265 

From the 69 patients whose measurements were analysed longitudinally, we obtained 266 

1035 ΔCO measurements in total. Having opted for an exclusion zone of 0.5 L/min, we 267 

subsequently included 932 ΔCO measurements in the analysis. The concordance rate 268 

between the devices was 64%. The angular bias (0.6836°) and radial LOA (12.87°-269 

77.13°) are shown graphically on the 4-quadrant plot in Figure 4.  270 
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DISCUSSION 271 

We have evaluated changes in CO measured by IGR in a longitudinal cohort from 272 

before pregnancy, in pregnancy and the postpartum period and compared the 273 

measurements with those obtained by PWA. Though caution must be exercised in 274 

interpreting the findings, we show that the magnitude of change of CO, and gestation 275 

at which maximum changes occur, is lower than reported in previous studies, with 276 

both non invasive measurement techniques showing less than a 20% incremental 277 

increase from pre-pregnancy and the peak CO occurring before the third trimester. 278 

Indeed, the maximum CO change in pregnancy was estimated to be 17.5% with IGR 279 

and less than half that figure (7.7%) with PWA from pre-pregnancy. The gestational 280 

age at which the peak CO was detected also differed significantly (15.18 vs 10.36 281 

weeks, respectively) based on curves fitted around the fixed measurement time 282 

points.  283 

It is noteworthy that both these maximum changes occurred at earlier gestation and 284 

were considerably lower in magnitude than those reported by other authors, mainly 285 

from studies that were one to two decades old. Few studies have assessed the 286 

longitudinal trend in CO from pre-pregnancy (Table, Supplementary Material). All 287 

included relatively few participants (8-54) and followed different assessment 288 

protocols, with numbers of measurements varying from 2 to 10 during pregnancy and 289 

0 to 3 postnatally.  290 

The gestational age at maximum CO has been reported to range from late first to the 291 

third trimester. Two studies[19-20] detected a maximum increase in CO in the late 292 

third trimester, one showed the peak at 32 weeks of gestation[21] and others[17,22]  293 
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in the late second trimester, at 26 and 23-24 weeks, respectively. However, the 294 

maximum rise in CO has been reported by one group at 16 weeks [23] and in two 295 

others at 12 weeks[24-25]. A recent systematic review[1], which included studies from 296 

1996 to 2014, showed that peak CO occurs in the early third trimester (when it 297 

increases by 31% compared to pre-pregnancy values). The pre-pregnancy CO value 298 

was, however, derived not only from longitudinal but mainly cross-sectional studies. 299 

We did not detect the same trend; on the contrary, we observed a decrease in CO in 300 

the third trimester. However, we measured this parameter once only in the second 301 

and third trimesters. 302 

There is a demonstrable need for non-invasive operator independent techniques for 303 

CO determination in obstetrics. Up until now, ours is the largest study in which trends 304 

in CO measured by non-invasive devices have been compared over a large number of 305 

time points with complete statistical analysis. A recent study performed on 10 patients 306 

assessed prior to conception, at 12 and 34 weeks of gestation, showed a significant 307 

difference in CO values and trends depending on the method used[8]. In particular, CO 308 

estimated with LVOT velocity time integral (VTI) with TTE was larger than with other 309 

echocardiographic methods (2D-Teichholz and Simpson’s methods), whereas with 310 

impedance cardiography pre-pregnancy CO was higher and the change in CO during 311 

pregnancy lower than with VTI. 312 

Cross-sectional comparative studies in pregnancy of non-invasive devices which have 313 

adopted TTE as the reference technique, have shown variable agreement with Doppler 314 

and bioreactance[26-27] and MRI has been investigated in the third trimester and 315 

postpartum showing good correlation with TTE parameters[28].  316 



18 

 

We were also able to compare a larger number of paired measurements with a cross-317 

sectional analysis, in order to assess whether the two devices showed different levels 318 

of agreement in and outside pregnancy. In this analysis, a low bias indicating accuracy 319 

and narrow limits of agreement with percentage of error <30% reflecting precision and 320 

ICC > 0.75 are considered to reflect good agreement between the two methods[29,30]. 321 

Despite a good level of accuracy, especially for non-pregnant patients and in the third 322 

trimester, wide LOA, percentage of error >42% and low ICC suggested that in our 323 

cohort, there was a moderate to poor cross-sectional correlation in CO measurements 324 

between PWA and IGR at all time points.  325 

In addition, we assessed the performance of the two devices in tracking changes 326 

within two different time points. For this analysis, two statistical methods have been 327 

widely described: the 4-quadrant plot and the polar plot. We used the advantageous 328 

components of both techniques by combining the visually intuitive 4-quadrant plot 329 

and concordance rate with the angular bias and radial LOA indicating not only the 330 

direction but also the magnitude of the changes and degree of agreement[18 ]. 331 

Despite very low angular bias (0.6836°), concordance rate was 64% and radial LOA 332 

were wide (12.87°-77.13°), thus exceeding to a great degree the thresholds of 90% and 333 

± 30° considered to show acceptable concordance rate and radial LOA between 334 

techniques. These results strongly imply that PWA and IGR are not interchangeable 335 

when used longitudinally.  336 

The strengths of our study are the large number of participants included and the 337 

availability of pre-conceptional data for the longitudinal assessment.  Limitations 338 

include the fact that we did not attempt any comparison with an invasive technique, as 339 
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our cohort contained only healthy women. In addition, the Vicorder device employs a 340 

generalized transfer function to derive the central pressure waveform from which CO 341 

is calculated, and other approaches, such as individualized transfer functions may have 342 

been preferable. We did not have access to the proprietary algorithm for calculation of 343 

CO by the Vicorder device and cannot, therefore, confirm its appropriateness from a 344 

theoretical perspective. Finally, we relied on using standard, rather than measured 345 

values haemoglobin concentration for the Innocor-derived hameodynamic 346 

measurements. Not a strength, nor a weakness, but of note is that the CO 347 

measurements were always undertaken in the same order at all appointments, with 348 

the PWA device first, followed by the IGR device immediately after. We did not 349 

compare our measurements to TTE as we intended to examine only operator-350 

independent techniques. 351 

In summary, both techniques of CO assessment show a CO peak in the late first/early 352 

second trimester but of a magnitude lower than previously described. These 353 

techniques show moderate-poor agreement in cross sectional and longitudinal 354 

investigations in pregnancy. Although it is not possible to determine which technique 355 

is the more accurate from this study as both work on different principles and neither 356 

can be compared to invasive measurement in pregnancy, measurements obtained 357 

with inert gas rebreathing are more similar to those reported in the literature. With 358 

non-invasive and bedside cardiovascular assessment devices becoming ubiquitous, it is 359 

important to appreciate that there are differences between techniques, that they 360 

cannot be used interchangeably and gestation specific ranges might be appropriate for 361 

each technique. For these reasons, IGR is the preferable technique for CO 362 
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measurement, although the PWA technique has the advantage of being operator-363 

independent and does not rely heavily on consumables, so may be more useful in high 364 

throughput, or, possibly, low-income settings.  365 
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FIGURE LEGENDS 387 

Figure 1. Diagram of cases included in the study (PIH, pregnancy hypertension; FGR, 388 

fetal growth restriction; CO, cardiac output). 389 

Figure 2. Comparison of cardiac output trends measured by pulse waveform analysis 390 

(PWA) and inert gas rebreathing (IGR) from prior to pregnancy to post-partum. 391 

Figure 3. Bland-Altman plot for the whole population of participants (CO, cardiac 392 

output; IGR, inert gas rebreathing; PWA, pulse waveform analysis; SD, standard 393 

deviation). 394 

Figure 4. Representation of the angular bias (bold line close to 45° line) and radial 395 

limits of agreement (dotted lines) in the 4-quadrant plot comprehensive of all the ΔCO 396 

measurements with an exclusion zone of 0.5 L/min (IGR, inert gas rebreathing; PWA, 397 

pulse waveform analysis; CO, cardiac output).  398 

  399 
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