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Abstract 25 

OBJECTIVE: Cardiac output, a fundamental parameter of cardiovascular function, has 26 

consistently been shown to increase across healthy pregnancy; however the time 27 

course and magnitude of adaptation remains equivocal within published literature. The 28 

aim of the present meta-analyses was to comprehensively describe the pattern of 29 

change in cardiac output during healthy pregnancy.  30 

METHOD: A series of meta-analyses of previously published cardiac output data 31 

during healthy, singleton pregnancies was completed. PubMed and Scopus databases 32 

were searched for studies published between 1996 and 2014. Included studies 33 

reported absolute values during a predetermined gestational age (non-pregnant, late 34 

first trimester, early and late second trimester, early and late third trimester, early and 35 

late postpartum). Cardiac output was measured through echocardiography, impedance 36 

cardiography or inert gas rebreathing. Observational data was meta-analysed at each 37 

gestational age using a random-effects model. If reported, related haemodynamic 38 

variables were evaluated. 39 

RESULTS: In total, 39 studies were eligible for inclusion, with pooled sample sizes 40 

ranging from 259 to 748. Cardiac output increased during pregnancy reaching its peak 41 

in the early third trimester, 1.5 L∙min-1 (31%) above non-pregnant values. The observed 42 

results from this study indicated a non-linear rise to this point. In the early postpartum, 43 

cardiac output had returned to non-pregnant values.   44 

CONCLUSIONS: The present results suggest that cardiac output peaks in the early 45 

third trimester, following a non-linear pattern of adaptation, however this must be 46 

confirmed using longitudinal studies. The findings provide new insight into the normal 47 

progression of cardiac output during pregnancy.  48 

  49 
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Key Questions 50 

What is already known about the subject? 51 

During pregnancy, maternal cardiac output adapts to accommodate the demands of 52 

the developing foetus. There is a lack of consensus within the literature regarding the 53 

progression of cardiac output across healthy pregnancy, thus impairing the 54 

understanding of pregnancy-related cardiovascular complications. 55 

  56 

What does this study add?  57 

This series of meta-analyses comprehensively characterises the healthy maternal 58 

cardiac output response to pregnancy.  59 

 60 

How might this impact on clinical practice? 61 

These meta-analyses provide new insight into the expected timing and magnitude of 62 

adaptation in maternal cardiac output during healthy gestation. In clinical practice, the 63 

normative values derived from the present analyses could be used to identify maternal 64 

maladaptation during pregnancy.  65 

  66 
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Introduction 67 

During pregnancy, progressive adaptation of the maternal cardiovascular system is 68 

necessary for foetal development and growth. As part of the many physiological 69 

adaptations occurring during pregnancy the maternal heart undergoes major structural 70 

and functional changes. These changes occur to ensure adequate oxygen and nutrient 71 

delivery to the foetus. It is known that changes in cardiac function typically precede 72 

structural remodelling, and therefore, may be early markers of adaptation during 73 

pregnancy[1, 2]. Cardiac output (�̇�), a fundamental functional parameter, reflects the 74 

total demand placed on the maternal cardiovascular system. During pregnancy, this is 75 

increased due to the additional requirement for blood flow to the uterus / placenta, 76 

kidneys, breasts, skin and the heart itself[1, 2, 3].   77 

Despite a wealth of literature describing 𝑄 ̇ during healthy gestation, there is a lack of 78 

consensus in published literature regarding the time course of adaptation[1, 2, 4, 5, 6, 79 

7, 8, 9, 10, 11]. Previous reviews agree that �̇� increases across pregnancy, however, 80 

there are discrepancies regarding the magnitude and pattern of change after the 81 

second trimester[2, 11, 12, 13]. Specifically, �̇� has been reported to follow three 82 

different patterns of change throughout pregnancy, namely: (i) a continued increase 83 

until term[1, 4, 5]; (ii) a continued increase to peak in the latter half of pregnancy, after 84 

which �̇� decreases towards term[6, 7]; (iii) a continued increase to peak in the latter 85 

half of pregnancy, after which �̇� plateaus until term[8, 9, 10]. The contribution of the 86 

determinants of �̇� to the pregnancy-related adaptation also remains unclear[11]. The 87 

adaptation of �̇� may be driven by increases in blood volume and heart rate (HR), 88 

altered regulation of the autonomic nervous system or as a result of changes within the 89 

peripheral vasculature[1, 4, 5, 6, 7, 8, 9, 10, 11, 14, 15, 16]. 90 

Presently, the lack of certainty in the haemodynamic adaptation during healthy 91 

pregnancy impairs the understanding, and therefore the early diagnosis, of pregnancy-92 
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related cardiovascular complications, such as preeclampsia and gestational 93 

hypertension. To improve the current understanding of normal cardiac adaption to 94 

pregnancy, insight from larger cohorts with greater statistical power than typically 95 

possible within pregnancy research is required[17]. Therefore, the aim of this study was 96 

to perform a series of meta-analyses to determine the time course of adaptation in �̇� 97 

and related haemodynamics in response to healthy pregnancy.  98 

 99 

Methods 100 

Ethical approval and search strategy 101 

This study received ethical approval from the Cardiff Metropolitan University ethics 102 

board. A comprehensive literature search of the PubMed and Scopus databases for 103 

peer-reviewed publications examining the maternal cardiovascular responses to 104 

pregnancy was conducted. The pre-set search engine criteria, both on PubMed and 105 

Scopus, were restricted to studies using humans, females and publications written in 106 

the English language. Reviews, editorials, case reports and unpublished data were 107 

excluded. The keywords and phrases used in the online search included combinations 108 

of the words cardiac output, maternal, cardiovascular, pregnancy, 109 

haemodynamic/hemodynamic, normotensive, and healthy, referring to uncomplicated 110 

gestation. As the last review on cardiac output during pregnancy[2] was published in 111 

1996, the search was limited to studies published between 1st January 1996 and 31st 112 

December 2014. There was no overlap of included studies between the last review and 113 

the current analyses.  114 

Study Selection Criteria 115 

Studies were eligible for inclusion in the meta-analyses if they met the following criteria;  116 

(i) Examined uncomplicated, healthy, singleton pregnancies; 117 

(ii) Recruited females aged 19-35 years who conceived naturally;  118 
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(iii) Tested participants during one or more of the following gestational ages; 119 

first trimester (6-13 weeks); early second trimester (14-20 weeks); late 120 

second trimester (21-27 weeks); early third trimester (28-34 weeks), late 121 

third trimester (34 weeks-term); during the early (4-12 weeks) or late (13-52 122 

weeks) postpartum period; 123 

(iv) Provided  the mean (L∙min-1) and standard deviation of �̇�; 124 

(v) Assessed �̇� using one of the following methods: magnetic resonance 125 

imaging (MRI), echocardiography, impedance cardiography or inert gas re-126 

breathing. A brief description of each method is included within the legend 127 

of Table S1 in the supplementary material.  128 

Studies of longitudinal and cross sectional design were eligible to be included within 129 

the meta-analyses.  130 

Patient involvement 131 

There was no patient or public involvement in the design of this study.  132 

Outcome variables 133 

The primary variable, �̇�, was assessed across healthy pregnancy. Secondary variables 134 

were related haemodynamic variables, namely heart rate (HR), stroke volume (SV), 135 

mean arterial pressure (MAP), systemic vascular resistance (SVR) and left ventricular 136 

(LV) mass.  137 

Study Process 138 

The lead author (VM) independently screened and reviewed the titles and abstracts of 139 

all identified publications. Full text articles were retrieved for each study that was 140 

considered relevant from the initial evaluation. Full text articles were independently 141 

assessed by two reviewers (VM and EJS) through completion of a predesigned 142 
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eligibility form. Inclusion into the final dataset was based on the a priori selection 143 

criteria described. Consensus was sought on the final set of articles to be included and 144 

disagreements were resolved through discussion. Some issues could not be resolved 145 

according to the inclusion criteria set a priori. In studies where conception was not 146 

explicitly described, it was assumed that participants conceived naturally and not 147 

through use of reproductive therapies. Where �̇� was only included in a graphical format 148 

or not reported in L∙min-1 as a mean and SD, the corresponding authors of the original 149 

publications were contacted by email and asked to provide the required data. Suitable 150 

data provided by authors of original publications were included in the analyses. When 151 

data was not provided, the publications were excluded. 152 

Data Extraction 153 

The lead author extracted all relevant data from the full-text articles to be included in 154 

the meta-analyses. The mean ± SD for �̇� for each study was transferred into a 155 

predesigned form along with the sample sizes (Excel 2010, Microsoft Corp). Where 156 

reported, HR, SV, MAP, SVR and LV mass (mean ± SD, and sample size) were also 157 

extracted from the same studies.  158 

Statistical Analyses 159 

As all parameters were continuous variables, sample size and mean ± SD were input 160 

into the analysis software (Comprehensive Meta-analysis software version 2.0, Biostat, 161 

Englewood, NJ, USA). Separate random-effects meta-analyses were applied to all 162 

primary and secondary outcome variables for each gestational stage (non-pregnant, 163 

first trimester, early and late second trimester, early and late third trimester, early and 164 

late postpartum). As the meta-analyses were based upon observational data obtained 165 

from populations which would unlikely have a common variance, a random-effects 166 

model was used. True effects would inherently vary from study to study due to different 167 

effect sizes, and the random-effects model allows for variation between studies. Use of 168 
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a random-effects model also allows for generalisation to similar studies that may be 169 

conducted in the future, allowing this dataset to serve as a potential reference point.  170 

For each analysis, a weighted mean, standard error, variance, upper and lower limits 171 

were computed through the DerSimonian and Laird method[18]. The homogeneity of 172 

the reported data for each parameter was assessed, with no indication of skewness. 173 

Publication bias was evaluated through a funnel plot and, if present, was corrected 174 

through use of Duval and Tweedie’s trim and fill method. Forest plots were created for 175 

each individual meta-analysis[19] and presented as a compiled figure for each variable 176 

at each time point of analyses (Excel 2010, Microsoft Corp). 177 

Results 178 

Search Results 179 

The search process, as illustrated in Figure 1, resulted in the inclusion of observational 180 

data from a total of 39 articles sourced from both the original database and reference 181 

list searches. Originally, only 32 articles were eligible as the numerical data were not 182 

reported as per requirement for inclusion, however, following email contact other data 183 

was obtained for seven studies[5, 20, 21, 22, 23, 24, 25].  184 

Four studies reported multiple data sets within one of the predetermined gestational 185 

age ranges e.g. data at week eight and week ten, both eligible to be included for first 186 

trimester (6 to 13 weeks) analyses[4, 6, 9, 26]. In all cases, the data was not included 187 

within the meta-analysis for that predetermined gestational age in order to avoid 188 

statistical bias that would arise from inclusion of multiple data sets from an individual 189 

study.  190 

Following the review process, observational data from 39 studies were included within 191 

the final analyses however the number of studies included in the individual meta-192 

analyses conducted for each of the eight time points ranged from 9 to 19, as shown in 193 
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Figure 1. The non-pregnant data was collected from eligible studies that reported data 194 

for a non-pregnant control or preconception group[4, 5, 9, 25, 27, 28, 29, 30, 31]. 195 

Details of the 39 included studies are reported in Table 1. More detailed information 196 

about the methodology of each study is included in the supplementary material (Table 197 

S1). 198 

Search Outcomes 199 

For the 39 included studies, the total sample size included within the analyses of  �̇� 200 

was 1479, with numbers ranging from 259 – 748 in the individual analyses (Figure 1). 201 

Within the analyses of the additional haemodynamic variables, the required data were 202 

not consistently reported; therefore, total sample sizes were, in some cases, much 203 

reduced in the analyses of additional parameters (included as supplementary material 204 

Table S2).  205 

Publication bias 206 

Examination of funnel plots indicated publication bias in two of the 8 time points within 207 

the meta-analyses for �̇�. Original outputs were adjusted to reflect the presence of bias 208 

and these values were reported as the final results. Within the forest plot of  �̇� (Figure 209 

2), the original outputs prior to any adjustment for bias are shown. Similarly, publication 210 

bias was also identified within some of the meta-analyses of HR, SV, MAP, SVR and 211 

LV mass and all analyses were corrected accordingly. The original outputs prior to any 212 

adjustment for bias are also shown within the forest plots for each parameter 213 

(supplementary material – Figures S1-S5).  214 

Analyses results 215 

A composite figure of forest plots for  �̇�  at each time point of analyses is shown in 216 

Figure 2. Forest plots for each associated variable are included as supplementary 217 

material (Figures S1 – S5). The summary effect, or weighted mean, and 95% 218 
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confidence intervals for  �̇� and related haemodynamics at each gestational age are 219 

provided in Table 2 and presented in Figure 3. Observations of the results are 220 

discussed below; no statistical tests have been performed to infer differences between 221 

gestational ages.   222 

During the first trimester,  �̇� was 0·74 L∙min-1 (15%) higher than non-pregnant values. 223 

The peak value of 6·48 L∙min-1 for  �̇� was observed in the early third trimester; 224 

representing a 1·5 L∙min-1 (31%) increase above non-pregnant values.  �̇� did not 225 

increase linearly until peak, observed by a small drop of 0.11 L∙min-1 (2%) from the 226 

early second to late second trimester. After the observed peak in the early third 227 

trimester,  �̇� was lower by 0·41 L∙min-1 (6%) in the late third trimester. In the early 228 

postpartum period,  �̇� returned to non-pregnant values, after which, there was a 229 

subsequent modest increase in the late postpartum period by 0·63 L∙min-1 (12%). 230 

HR rose progressively over the course of gestation, reaching its highest value in the 231 

late third trimester 16 beats∙min-1 (24%) above non-pregnant values. Following birth, 232 

HR returned to non-pregnant values and remained stable across the early and late 233 

postpartum period. From non-pregnant values, SV increased by 6 ml (8%) in the first 234 

trimester. The peak adaptation occurred in the early second trimester where a 10 ml 235 

(13%) difference from non-pregnant values was identified.  236 

MAP remained relatively stable throughout pregnancy and did not exceed non-237 

pregnant values at any gestational age. The greatest reduction from non-pregnant 238 

values occurred during the second trimester with an average decrease of 8 mm Hg 239 

(9%). SVR progressively decreased over the course of pregnancy, with the lowest 240 

value 396 dyne∙s∙cm-6 (30%) below non-pregnant values occurring during the early third 241 

trimester. As expected with the limited changes in MAP, SVR followed a similar pattern 242 

to that observed in �̇�. Following birth, SVR returned to non-pregnant values. 243 
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The greatest difference in LV mass was observed during the early third trimester with 244 

an increase of 40 g (34%) above non-pregnant values. Despite returning to non-245 

pregnant levels in the early postpartum period, LV mass remained elevated by 9 g (8%) 246 

in the late postpartum period.  247 

 248 

Discussion 249 

The aim of the present study was to determine the time course of adaptation in �̇� and 250 

related haemodynamics in response to healthy pregnancy from previously published 251 

observational data. The results from the present meta-analyses show that �̇� increases 252 

during healthy pregnancy, however the pattern of change may not be linear up until the 253 

point of peak adaptation. These findings may have important implications in identifying 254 

healthy vs. abnormal adaptation of the maternal cardiovascular system during 255 

gestation.  256 

Cardiac output changes in the first trimester  257 

During healthy pregnancy, �̇� is known to increase above non-pregnant levels; however 258 

the magnitude and time course of change remains unclear within the published 259 

literature. Discrepancies in the reported adaptation of �̇� early in pregnancy exist and it 260 

is not well understood if the changes occur as a result of increases in SV, HR or a 261 

combination of both contributing factors[2, 11]. Increased SV, as a result of an 262 

increased blood volume, was previously believed to be the main determinant of the 263 

increase in �̇� in the first trimester[4, 8, 32]. However, the present results showed only a 264 

small contribution of SV to the observed increase in �̇�[6, 9]. This may be result of 265 

substantial vasodilation of the renal and systemic circulation combined with an 266 

increased capacity and filling state of the venous compartment accommodating the 267 

increased blood volume[33, 34]. Supported by previous longitudinal data[27], the 268 
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present study shows a reduction in SVR from pre-pregnancy to early first trimester 269 

indicating a reduction in afterload, which in turn, will stimulate the sympathetic nervous 270 

system, and increase HR. Thus, the results from the present analyses indicated that 271 

increased �̇� early in pregnancy may be largely the result of a reduced afterload. 272 

Peak cardiac output in the early third trimester 273 

As discussed within previous reviews[2, 11], the third trimester has been associated 274 

with significant discrepancies in the pattern of �̇� adaptation; with either a continual 275 

increase, decrease, or plateau within the final weeks of gestation. Supporting some of 276 

the previous data[6, 7], this study shows peak �̇� is achieved in the early third trimester, 277 

followed by a decrease towards term. One explanation for this pattern could be that 278 

compression of the inferior vena cava as a result of considerable and progressive 279 

foetal growth occurring during the third trimester affects venous return[2]. In addition, 280 

blood flow to the uteroplacental circulation is at its peak (approximately 12% of total �̇�) 281 

during the late third trimester in order to meet foetal metabolic demands[35, 36]. Both 282 

factors could contribute to a reduced cardiac preload and therefore �̇� during the late 283 

third trimester. The progressive increase in HR throughout pregnancy peaking in the 284 

late third trimester, identified previously[5, 13, 27] and confirmed here, likely offsets the 285 

decrease in cardiac preload, thus maintaining �̇� at a functional level until delivery. The 286 

alterations in HR, SVR and LV mass reflect increased sympathetic activation, 287 

decreased vascular tone, and structural remodelling of the maternal heart, all of which 288 

may be secondary to hormonal surges and an increased physiological demand of 289 

gestation. In line with the decrease from peak �̇� in the late third trimester, the results 290 

from the present analyses also show that LV mass declines prior to delivery. Whilst this 291 

finding has not been observed previously with the literature, the consistent confidence 292 

intervals in these meta-analyses suggest that this is a physiological phenomenon. 293 

Speculatively, this decline may be as a result of changes in LV wall stress[37] and/or 294 



13 
 

reductions in hormonal concentrations in late third trimester, such as placental growth 295 

factor[38], but future investigations are warranted. 296 

Non-linear increase of 𝑄 ̇ during pregnancy 297 

The results of this study demonstrate the increase in �̇� until peak during pregnancy 298 

may not be linear. From the non-pregnant state to term, a steady and progressive rise 299 

in �̇� is interrupted by small reductions in the late second trimester and late third 300 

trimester, with the peak value achieved between these points in the early third 301 

trimester. As shown in supplementary Figure S6(a), this finding may not have been 302 

observed in previous literature due to the simple collation of data by trimester. As 303 

discussed previously, the reduction in �̇� in the late third trimester is supported by 304 

previous literature and likely occurs as a result of a reduction in cardiac preload. 305 

However, the small reduction in �̇� during the late second trimester has not previously 306 

been observed and may also be attributed to changes in cardiac preload. Maternal-307 

foetal circulation within the placenta is only achieved after 14 weeks gestation yet 308 

uteroplacental blood flow remains stable until 20 weeks gestation[39], after which it 309 

increases rapidly as a result of foetal growth and metabolic demand. Blood volume 310 

remains relatively unchanged during the second trimester which, when combined with 311 

a progressively increasing uteroplacental blood flow, may cause the drop in venous 312 

return and hence SV during the late second trimester[40]. Appropriately powered 313 

longitudinal studies with assessments at regular intervals across gestation should be 314 

used to statistically confirm these findings.  315 

Postpartum regression of adaptation  316 

As discussed in a previous review[2], �̇� is considerably reduced after delivery in the 317 

early postpartum period returning to non-pregnant values. The rapid decline in �̇� 318 

following birth is likely a consequence of reduced maternal cardiovascular demand and 319 
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hormonal drive following delivery[41]. Within the extended postpartum period, �̇� 320 

increases modestly above non-pregnant values[11]. Previous studies have reported 321 

prolonged effects on cardiovascular function following gestation, including increased 322 

arterial compliance[42]. In the late postpartum, SVR is reduced below non-pregnant 323 

and early postpartum levels. Favourable peripheral adaptations post-pregnancy may 324 

contribute to the increased �̇� at this time point. In addition, many factors likely influence 325 

maternal �̇� in the postpartum period. Breastfeeding and/or a return to physical activity 326 

after birth may also explain the variability in the regression of cardiac structure and 327 

function observed.  328 

Clinical implications 329 

The understanding of pregnancy-related cardiovascular complications, such as pre-330 

eclampsia and gestational hypertension, is limited by the incomplete understanding of 331 

healthy cardiovascular adaptation to pregnancy. Whilst it is generally accepted that �̇� 332 

increases during healthy pregnancy, the time course of adaptation, as determined in 333 

this study, provides new insight into the expected timing and magnitude of responses. 334 

These meta-analyses have suitable power from a pooled observational dataset to 335 

provide a representative ‘norm’ of adaptations to �̇� and related haemodynamics during 336 

uncomplicated gestation. The findings represent the healthy cardiac adaptation to 337 

pregnancy.  338 

Limitations and future directions 339 

Whilst the present meta-analyses offer new insight into the course of cardiovascular 340 

adaptation to healthy pregnancy, limitations of this study must be acknowledged. 341 

Despite the pooled sample sizes being greater than most pregnancy research studies, 342 

it must be highlighted that within each of the meta-analyses for �̇�, the sample size 343 

ranged between 258 and 748 (data presented in Figure 1 and supplementary data - 344 
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Table S2). The reductions in the sample size within analyses for additional 345 

haemodynamic parameters must also be considered. Careful interpretation of results 346 

from analyses with a low sample size is required (Table S2). Inclusion in the meta-347 

analyses was based on the mean gestational age at assessment fitting within a 348 

predefined time frame, and took no consideration of the range or SD of this mean, thus, 349 

overlap between gestational ages may be present within the analyses. Statistical 350 

significance was not analysed between the meta-analyses of each gestational age for 351 

each parameter so all reported results are observations of trends and must be 352 

interpreted carefully.  353 

There are limitations to each methodology included within these analyses that should 354 

be considered. The determination of �̇� by inert gas rebreathing relies upon correct 355 

alveolar gas mixing and a constant oxygen saturation during measurement[43] which 356 

cannot be confirmed without invasive procedures. The calculation of �̇� from impedance 357 

cardiography is based upon assumptions that may not be appropriate during 358 

pregnancy as a result of the developing foetal unit[44]. In echocardiography, the 359 

upward shift of the diaphragm may interfere with the image acquisition[45] which may 360 

alter the reliability of measurement. However, echocardiography is the preferred 361 

method for cardiac imaging during pregnancy[46]. To identify if the results of these 362 

analyses were altered due to the inclusion of varying methodologies, the analyses were 363 

completed with studies using echocardiography only (n = 29). Only minor differences 364 

between the two outputs were noted (see supplementary Figures S6(b)). The values 365 

derived from incorporation of the differing techniques in these analyses may allow a 366 

wider application within clinical practice and research.  367 

The left lateral position has been shown to be a preferable position for �̇� measurement 368 

in pregnant women in order to avoid inferior vena cava compression[47]. Accordingly, 369 



16 
 

the meta-analyses were re-run on studies that collected data in the left lateral position 370 

only (n = 29). Comparison of these analyses to the total dataset suggested limited 371 

impact of maternal position (see supplementary Figure S6(c)).  372 

An influence of parity, ethnicity, pre-pregnancy BMI, and gestational weight gain have 373 

previously been observed[2, 11]. The impact of breast feeding on postpartum 374 

regression has also not been addressed within this study. These analyses were limited 375 

in control of these factors due to the inherent use of previously published data. Future 376 

studies should be conducted with consideration for maternal factors and should 377 

investigate their impact on the course of cardiovascular adaptation during and after 378 

healthy pregnancy. 379 

Conclusions 380 

Through use of meta-analyses based on observational data, this study shows that �̇� is 381 

increased above non-pregnant levels as early as the first trimester, reaching its peak in 382 

the early third trimester. Importantly, the present results indicate that changes in �̇� may 383 

not increase linearly to this peak; however these observations require confirmation 384 

from robust longitudinal studies. The results of this study may serve as a reference 385 

point for cardiovascular adaptation to healthy pregnancy and therefore, could enable 386 

the identification of a maladaptive maternal response.  387 

 388 

  389 
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Table 1. Details of included studies. 

Study Design n  Parity Method Body position 

Armstrong et al., 2011[21] Cross-sectional 25 NP & MP Suprasternal Doppler Left lateral 

Bamfo et al., 2007[48] Cross-sectional 17 NP & MP Echocardiography Left lateral 

Borghi et al., 2000[28] Cross-sectional 10 - 35 NP & MP Echocardiography Left lateral 

Clapp and Capeless, 1997[4] Longitudinal 30 NP & MP Echocardiography Left lateral 

Cornette et al., 2011[22] Cross-sectional 15 DNR Echocardiography Left lateral  

Desai et al., 2004[1] Longitudinal 6 - 33 NP & MP Echocardiography Left lateral 

D’Silva et al., 2014[24] Longitudinal 28 DNR Impedance cardiography Supine 

Estensen et al., 2012[49] Longitudinal 61 - 65 NP & MP Echocardiography Left lateral 

Geva et al., 1997[16] Longitudinal 34 NP & MP Echocardiography Left lateral 

Gilson et al., 1997[50] Longitudinal 76 NP Echocardiography Left lateral 

Gyselaers et al., 2014[23] Cross-sectional 13 NP & MP Impedance cardiography Supine/standing 

Hennessy et al., 1996[51] Longitudinal 26 DNR Echocardiography Left lateral 

Jia et al., 2010[52] Cross-sectional 103 DNR Impedance cardiography Left lateral 

Kuleva et al., 2011[53] Longitudinal 10 NP & MP Echocardiography Left lateral 

Lof et al., 2005[29] Longitudinal 22 DNR Echocardiography Left lateral 

Mahendru et al., 2014[27] Longitudinal 54 NP & MP Inert gas re-breathing Left lateral 

Mesa et al., 1999[14] Longitudinal 8 - 35 DNR Echocardiography Left lateral 

Moertl et al., 2012[26] Longitudinal 48 DNR Impedance cardiography Left lateral 

Mone et al., 2006[6] Longitudinal 33 NP & MP Echocardiography Left lateral 

Novelli et al., 2012[54] Longitudinal 54 NP Echocardiography Supine 

Ogueh et al., 2009[9] Longitudinal 10 - 13 NP & MP Echocardiography Left lateral 

Pandey et al., 2010[55] Longitudinal 22 DNR Echocardiography DNR 

Poppas et al., 2007[56] Longitudinal 14 NP & MP Echocardiography Left lateral 

Rang et al., 2007[45] Longitudinal 16 NP Echocardiography Left lateral 

San-Frutos et al., 2005[57] Longitudinal 18 DNR Impedance cardiography Left lateral 

Savu et al., 2012[5] Longitudinal 10 - 50 DNR Echocardiography Left lateral 

Schannwell et al., 2002[30] Longitudinal 46 NP Echocardiography DNR 

Tamas et al., 2007[20] Cross-sectional 100 NP & MP Impedance cardiography Left lateral 

Tyldum et al., 2012[58] Longitudinal 19 NP & MP Echocardiography Left lateral 

Valensise et al., 2000[59] Longitudinal 43 NP Echocardiography Left lateral 

Valensise et al., 2001[60] Cross-sectional 21 DNR Echocardiography Left lateral 

Valensise et al., 2006[61] Longitudinal 41 NP & MP Echocardiography Supine 

Van der Graaf et al., 2013[62] Cross-sectional 116 NP & MP Suprasternal Doppler DNR 

Vartun et al., 2014[25] Cross-sectional 54 - 108 NP & MP Impedance cardiography Supine  

Vasapollo et al., 2002[63] Cross-sectional 21 NP Echocardiography DNR 

Vlahovic-Spipac et al., 2010[64] Longitudinal 12 DNR Echocardiography DNR 

Wolfe et al., 1999[65] Longitudinal 19 NP & MP Echocardiography Left lateral 

Yosefy et al., 2012[31] Cross-sectional 20 DNR Echocardiography Left lateral 

Yuan et al., 2006[66] Cross-sectional 24 DNR Echocardiography Left lateral 

NP, nulliparous; MP, multiparous; DNR, data not reported. 
Further data on methodology is available in supplementary material Table S1.  
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Table 2. Weighted mean and 95% confidence intervals for cardiac output and related haemodynamics during pregnancy. 

 Non-
pregnant 

First 
trimester 

Early second 
trimester 

Late second 
trimester 

Early third 
trimester 

Late third 
trimester 

Early 
postpartum 

Late 
postpartum 

         

 �̇� (L∙min-1) 4·96 5·70 6·38 6·27 6·48 6·07 4·91 5·54 

 (4·64 – 5·28) (5·23 – 6·18) (5·71 – 7·04) (5·93 – 6·61) (6·21 – 6·76) (5·75 – 6·40) (4·43 – 5·40) (4·99 – 6·10) 

         

HR (beats∙min-1) 66 72 73 79 81 83 69 69 

 (62 – 71) (67 – 77) (70 – 76) (75 – 83) (77 – 85) (80 – 85) (64 – 73) (66 – 72) 

         

SV (ml) 74 80 84 72 80 77 71 75 

 (68 – 81) (71 – 90) (73 – 95) (65 – 79) (75 – 86) (70 – 85) (59 – 83) (69 – 80) 

         

MAP (mm Hg) 82 80 75 74 78 79 80 81 

 (80 – 84) (77 – 82) (67 – 82) (69 – 80) (77 – 80) (73 – 86) (77 – 82) (77 – 86) 

         

SVR (dyne∙s∙cm-6) 1331 1170 974 1027 934 981 1325 1156 

 (1226 – 1435) (1069 – 1270) (912 – 1036) (985 – 1070) (880 – 989) (935 – 1027) (1228 – 1423) (912 – 1401) 

         

LV mass (g) 117 125 129 137 157 138 117 126 

 (105 – 130) (114 – 136) (124 – 133) (128 – 149) (146 – 169) (132 – 143) (113 – 122) (118 – 135) 

         
 �̇�, cardiac output; HR, heart rate; SV, stroke volume; MAP, mean arterial pressure; SVR, systemic vascular resistance; LV, left ventricular
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Figure Legends 
 
Figure 1. Flow diagram of study inclusion and exclusion process. 

 �̇�, cardiac output; SD, standard deviation. 
 
Figure 2. Individual forest plots for each meta-analyses of cardiac output at different 

gestational ages.  

Filled grey squares represent study outputs ( ). Filled black diamonds (  ) represent the 
weighted mean as a result of the analyses. Unfilled diamonds (  ) represent outputs 
from biased analyses that were corrected for using Duval and Tweedie’s trim and fill 
method. Dotted line represents non-pregnant weighted mean on all figures. Black solid 
line represents weighted mean for that individual gestational age.   
 
† Non-pregnant weighted mean at same value as weighted mean for early postpartum 
(4.96 vs. 4.91 L∙min-1). 
 
Figure 3. Compiled weighted mean and 95% confidence intervals derived from meta-
analyses for cardiac output, heart rate (HR), stroke volume (SV), mean arterial 
pressure (MAP), systemic vascular resistance (SVR) and left ventricular (LV) mass at 
each gestational age.  
Coloured bars represent the first, second and third trimester of gestation. 
NP, non-pregnant; T1, trimester one; T2, trimester two; T3, trimester three; PP, 
postpartum. 

0
1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41

0 2 4 6 8 10


