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ABSTRACT  1 

Objective. Respirophasic variation of inferior vena cava (IVC) size is affected by large variability 2 

with spontaneous breathing. This study aims at characterizing the dependence of IVC size on 3 

controlled changes in intra-thoracic pressure. 4 

Methods. Ten healthy subjects, in supine position, performed controlled isovolumetric respiratory 5 

efforts at functional residual capacity, attaining positive (5, 10, 15 mmHg) and negative (-5, -10, -15 6 

mmHg) alveolar pressure levels. The isovolumetric constraint implies that equivalent changes are  7 

exhibited by alveolar and intrathoracic pressures during respiratory tasks. 8 

Results. The IVC cross sectional area (CSA) equal to 2.88±0.43 cm
2
 at baseline (alveolar pressure 9 

= 0 mmHg)  was progressively decreased by both expiratory  and inspiratory efforts of increasing 10 

strength, with diaphragmatic efforts producing larger effects than thoracic ones: - 55±15% decrease, 11 

at +15 mmHg of alveolar pressure (p<0.01), -80±33±12% at -15 mmHg diaphragmatic (p<0.01), -12 

33±12% at -15mmHg thoracic. Significant IVC changes in size (p<0.01) and pulsatility (p<0.05), 13 

along with non significant reduction in the response to respiratory efforts, were also observed 14 

during the first 30 min of supine rest, detecting an increase in vascular filling, taking place after 15 

switching from the standing to the supine position.  16 

Conclusion. This study quantified the dependence of IVC CSA on controlled intra-thoracic  17 

pressure changes and evidencd the stronger influence of diaphragmatic over thoracic activity. 18 

Individual variability in thoracic/diaphragmatic respiratory pattern should be considered in the 19 

interpretation of the respirophasic modulations of IVC size. 20 

 21 

KEYWORDS Inferior vena cava; caval index; breathing pattern; alveolar pressure; IVC 22 

collapsibility; Valsalva Maneuver. 23 
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INTRODUCTION 24 

Ultrasonographic monitoring of the inferior vena cava  (IVC) is a noninvasive, widely adopted 25 

procedure to derive information about the volume status of patients as well as their possible 26 

responsiveness to fluid therapy (1-4). IVC diameter varies during the respiratory cycle due to 27 

pressure changes in the thorax and abdomen (5, 6) and depending on vessel compliance, which in 28 

turn depends on filling pressures and volume status (5). These variations are quantified by the caval 29 

index (CI), defined as the difference between expiratory and inspiratory IVC diameters divided by 30 

the expiratory diameter. However, proposed diagnostic cut-offs for spontaneously breathing patients 31 

vary considerably in the literature and caution in relying on CI for fluid therapy management is 32 

generally recommended (3, 5). 33 

Several factors, mostly related to the variability of spontaneous breathing, may affect assessment of 34 

the CI and potentially undermine its reliability. 1) Spontaneous breathing is intrinsically irregular in 35 

both amplitude and frequency (7) and is affected by emotional status, pain, and pathology (8). 2) 36 

The respiratory pattern changes depending on gender and age (9, 10), also in terms of its 37 

thoracic/diaphragmatic components, which affect in different ways abdominal pressure and IVC 38 

diameter (6). 3) The IVC moves considerably during respiration (11), introducing errors in the 39 

assessment of CI, unless some advanced image analysis is implemented (12). 4) Often, the cross-40 

section of the IVC is not circular, and may exhibit anisotropic changes in size due to modifications 41 

of filling pressure or breathing (11, 13). Consequently, the arbitrary choice of a given section for the 42 

measurement of IVC diameter may not be adequate to assess changes in its size and pulsatility and 43 

the assessment of the whole cross-sectional area has instead been proposed (14). 44 

This study aims at characterizing the actual dependence of IVC size on changes in intrathoracic 45 

pressure, in the absence of the above described confounding factors. 46 

To this aim IVC deformations were assessed in static conditions (short apnea), during controlled 47 

isovolumetric respiratory efforts and quantified in terms of changes in cross-sectional area (CSA). 48 
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In particular, attention was focused on 1) the IVC CSA response to controlled positive and negative 49 

changes in alveolar pressure, as produced by expiratory and inspiratory efforts, respectively, 2) the 50 

specific effect of thoracic/diaphragmatic involvement in inspiratory efforts, 3) testing  whether such 51 

respiratory maneuvers may potentially be employed to detect changes in vascular filling, which  52 

spontaneously occur when switching from the standing to the supine position. 53 

 54 

MATERIALS AND METHODS 55 

Subject selection 56 

Subjects were recruited among PhD students and partly among amateur swimmers. Out of 16 57 

subjects screened, 6 were excluded because of low quality of the ultrasonographic images (n=4), 58 

inability to correctly perform respiratory maneuvers (n=1), and for complete collapse of the IVC 59 

already at the low-pressure maneuvers (n=1). The study was then conducted on 10 healthy 60 

volunteers (4 males and 6 females, age 27 ±7, BMI 20.7±1.6). The study was approved by the 61 

Ethics Committee of Turin University. All participants gave their informed consent according to the 62 

principles of Helsinki Declaration. 63 

Experimental setup 64 

During the whole experimental procedure, participants maintained a supine position with head 65 

slightly raised with respect to the body. They were asked to either relax and breathe normally or 66 

perform respiratory efforts. The upper part of the IVC was visualized by subxyphoid or right lateral 67 

intercostal approach by a single echographer (PP), taking into account anatomical landmarks as the 68 

left portal branches and the ligamentum venosum. 69 

Video clips of the IVC were recorded in the transversal  plane (see below) with an ultrasonographic 70 

unit (Mylab25 Gold ESAOTE; Genoa, Italy) equipped with a 2-5 MHz convex probe. 71 

Air pressure during respiratory maneuvers was measured at the mouth level by a pressure monitor 72 

(BP-1 pressure monitor, World Precision Instruments, Florida, USA) equipped with a mouthpiece, 73 

providing no air leakage. In the absence of airflow, the pressure measured at the mouth during 74 
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respiratory efforts coincides with the alveolar pressure, provided the glottis remains open. The 75 

analog output of the device was digitally acquired (sampling frequency 200 Hz, CED 1401micro, 76 

and Spike2 acquisition software, Cambridge, UK) and displayed on a monitor to provide a visual 77 

feedback to the subject. In order to synchronize the recording of alveolar pressure signal with the 78 

IVC video clip, a digital trigger signal generated by the program (Spike2, CED, UK) was acquired 79 

with alveolar pressure and fed to the ECG input of the echograph, thus being displayed and 80 

recorded in the video clip. 81 

Respiratory maneuvers 82 

In a preliminary session, the subjects were invited to practice diaphragmatic and thoracic breathing 83 

and learned to perform the controlled isovolumetric respiratory efforts while maintaining the glottis 84 

open. Respiratory maneuvers consisted of isovolumetric respiratory efforts conducted at functional 85 

residual capacity (FRC) as follows. At the end of a spontaneous expiration a trigger signal was 86 

manually generated by the experimenter and, after 4 s of apnea (basal condition), the subjects 87 

performed the controlled expiratory/inspiratory effort through the mouthpiece according to pre-88 

defined positive/negative target levels, and maintained them for 10 seconds (Fig. 1). At the end of 89 

each maneuver, the mouthpiece was removed and the subject could relax and breathe normally. 90 

While during expiratory efforts both abdominal and thoracic muscles were simultaneously 91 

recruited, inspiratory efforts were performed by selectively activating the diaphragm or thoracic 92 

muscles. The accuracy of the inspiratory maneuver was checked by the experimenter based on 93 

visual inspection of thoracic and abdominal movements. 94 

Protocol 95 

A resting period of 30 minutes in supine position was allowed to stabilize transcapillary fluid 96 

exchange. During this time, respiratory efforts at -5 and +5 mmHg were performed (at 0, 15 and 30 97 

min) with the aim of testing the effect of possible changes in blood volume with time. To the same 98 

purpose, 30-s video clips of IVC cross section were recorded during spontaneous breathing. 99 
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After this time, a sequence of both thoracic and diaphragmatic inspiratory efforts at -5, -10 and -15 100 

mmHg was performed along with isovolumetric expiratory efforts at 5, 10, and 15 mmHg according 101 

to the diagram in Fig. 2. Twenty-second video clips in the transversal plane of the IVC were taken 102 

at each respiratory maneuver, allowing to monitor its cross-section before and during the 103 

maintained change in alveolar pressure. Resting intervals of at least 30 s were allowed between 104 

consecutive maneuvers. 105 

Image processing 106 

All videos were processed by a custom-made software (implemented in Matlab 2015a, The 107 

Mathworks) based on automated detection of the IVC wall, providing continuous assessment of the 108 

IVC cross sectional area  (CSA, Fig. 3) (manuscript in preparation). The CSA was estimated for 109 

each frame and a time series obtained with sampling frequency equal to the video frame rate, 110 

between 11 Hz and 19 Hz (depending on current echographic settings). 111 

The trigger signal recorded in the video clip was automatically detected and used to re-align in time 112 

the CSA signal with the alveolar pressure recording, separately acquired. The CSA signal was then 113 

low-pass filtered with cut-off frequency of 2 Hz (Butterworth anti-causal IIR filter of order 4), 114 

which preserved both cardiac and respiratory oscillatory components and re-sampled at 200 Hz, as 115 

the alveolar pressure signal. 116 

The responses to respiratory maneuvers were analyzed in terms of changes in IVC CSA.. Average 117 

CSA  was computed over 4-s intervals, before (baseline) and during the respiratory effort (effect), 118 

after alveolar pressure reached the target level (see Fig. 1). In baseline intervals, for each heartbeat, 119 

the cardiac caval index was calculated as: CCI = (max(A)-min(A))/max(A), where A is the IVC-120 

CSA computed by the algorithm. An average CCI was then obtained for each interval.  121 

Responses to the respiratory maneuvers were calculated as relative changes referred to baseline 122 

[(effect-baseline)/baseline]. 123 

Assessment of the “classical” caval index, CI= [max(D)-min(D)]/max(D), D being the IVC 124 

diameter, was computed off-line by the same echographer (PP), from the 30s video clips recorded 125 
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during spontaneous breathing using the “frame-by-frame” method, as the average of 3 126 

measurements collected on 3 different respiratory excursions (MyLabDesk, Esaote). 127 

Statistical analysis 128 

Data are expressed as mean±SD in the text and displayed as mean±SEM in bar diagrams. Statistical 129 

significance of respiratory effects was assessed by repeated-measures one-way ANOVA (factor:  130 

pressure level), for expiratory efforts, by two-way ANOVA (factors: pressure level and 131 

diaphragmatic/thoracic pattern) for inspiratory efforts, with Bonferroni correction for multiple 132 

comparisons, and by the Dunnett's test for comparison with the basal value. Statistical significance 133 

of changes during the stabilization phase with respect to initial condition (t=0) was assessed with 134 

the Dunnett's test. The significance cut-off was p<0.05. All analyses were carried out with 135 

GraphPad Prism version 6.0c (GraphPad Software, San Diego California, USA). 136 

 137 

RESULTS 138 

The effect of controlled isovolumetric respiratory efforts was tested after 30 min in supine position. 139 

An example of the ensuing changes in IVC CSA is shown in Fig. 4, for a representative subject. 140 

Coherent tracings of CSA and alveolar pressure are plotted during expiratory (A) and thoracic and 141 

diaphragmatic inspiratory efforts (B, C).  It can be observed that the maneuver produced immediate 142 

changes in both average size and pulsatility of IVC strictly related in their time course to changes in 143 

alveolar pressure. Furthermore, larger effects appear to be produced by diaphragmatic than thoracic 144 

inspiratory efforts at -5 mmHg, while even smaller effects are produced by the expiratory effort at 145 

+5mmHg (C). 146 

Response to inspiratory efforts 147 

On average, the inspiratory maneuvers induced progressive reduction in CSA with decreasing 148 

alveolar pressures (p<0.001), the effect being significantly larger with diaphragmatic than thoracic 149 

efforts (p<0.05) (Fig. 5). 150 
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In particular, the average CSA was 2.88±0.43 cm
2
 in basal conditions (Fig. 5, dashed line), 151 

decreased to 2.0±0.4 cm
2
 (n.s.) and to 0.53±0.20 cm

2 
 (p<0.01) during thoracic and diaphragmatic 152 

inspiratory efforts at -15 mmHg, respectively. (Fig. 5). Dunnett's test indicates that while thoracic 153 

inspiration did not provoke any statistically significant change from basal condition, diaphragmatic 154 

inspiration induced significant changes at all pressure levels. 155 

In relative terms, the decrease of CSA ranged from 39±11% to 80±10% in diaphragmatic and up to 156 

33±12% in thoracic maneuvers. 157 

In some subjects, collapse of the IVC up to complete occlusion was observed during the maneuver. 158 

This occurred more frequently at increasing negative pressures and during diaphragmatic efforts 159 

(number of subjects: 1 at -5 mmHg; 5 at -15 mmHg). 160 

Response to expiratory efforts 161 

Expiratory efforts induced a progressive decrease in the IVC CSA with increasing positive alveolar 162 

pressure (p< 0.05, Fig. 6). In relative terms, the CSA decreased by 15 ± 6% (n.s., at +5mmHg) and 163 

by 55±15% (at +15 mmHg, p<0.01). 164 

In 3 subjects, complete collapse of the IVC was observed at +15 mmHg. 165 

Changes occurring in the stabilization phase 166 

Here we discuss the possible blood volume changes occurring during the first 30 min in the supine 167 

position (stabilization phase) on the different variables measured, a complete set of recording being 168 

achieved in 8 subjects (in two subjects some of the recordings were excluded from the analysis due 169 

to delays in following the protocol). 170 

During the stabilization phase, the IVC CSA (measured in resting conditions at functional residual 171 

capacity) was dependent on time, increasing from 2.37±0.2cm
2
 (t0) to 2.90±0.21cm

2
 (t30, p<0.01) 172 

(see Fig. 7A), where t0 and t30 refer to the conditions at the beginning of the protocol and after 30 173 

min, respectively, as indicated in Fig. 2. Assessment of CSA at the end of the protocol 174 
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(2.89±0.2cm
2
 at about 45 min) revealed that no further changes occurred during the last part of the 175 

protocol. 176 

The CCI exhibited a specular trend: from 0.22±0.01 cm
2
 (t0) to 0.19± 0.01 cm

2
 (t30, p<0.05, Fig. 177 

7B). 178 

The response to respiratory efforts also exhibited a decreasing trend during the first 30 minutes (Fig. 179 

7D). IVC collapse produced by a 5-mmHg diaphragmatic inspiratory effort decreased from 60±12% 180 

at t0 baseline to 40±11% at t30. A similar trend was exhibited by the response to thoracic 181 

inspiratory efforts (-5 mmHg, Fig. 7E), decreasing from 20±15 % at t0 to 1±10% at t30, and 182 

expiratory efforts (+5 mmHg, Fig. 7F), decreasing from 23±15% (t0) to 15±5% (t30), although not 183 

reaching statistical significance. 184 

The standard cross-sectional CI, measured manually during spontaneous breathing, confirmed the 185 

same trend decreasing from 0.41±0.19 to 0.31±0.13 (p<0.05) (Fig. 7C). 186 

 187 

DISCUSSION 188 

With this study we show that controlled isovolumetric respiratory efforts produce consistent 189 

changes in IVC CSA. During inspiratory efforts, these effects are strongly dependent on whether a 190 

thoracic or diaphragmatic effort is made. In particular, diaphragmatic inspiratory efforts produced 191 

the largest decreases in CSA (averaging across subjects, from 30% to 80% of basal condition, at -5 192 

mmHg and -15 mmHg, respectively), while changes during thoracic inspiration were less than a 193 

half. Expiratory efforts also decreased CSA (up to 65% at +15 mmHg). Preliminary results collected 194 

during the stabilization phase in the supine position indicated that the response to standardized 195 

respiratory efforts, along with other parameters including the IVC CSA and the cardiac and 196 

respiratory CI, are potential indicators of changes occurring in the vascular volume. 197 

In this study we adopted an approach that excludes most of the confounding factors affecting the 198 

CI, the classical index of IVC collapsibility. 1) Breath-to breath variability, i.e., the amplitude of 199 
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the respiratory movements from breath to breath. Tobin et al (7) observed a coefficient of variation 200 

in breath-to-breath tidal volume of 30% and 44% and in respiratory frequency of 20 and 28% in 201 

young and old subjects, respectively. Since amplitude and speed of respiratory movements directly 202 

affect intra-thoracic and abdominal pressures, their variability is expected to directly translate into 203 

CI variability. Variability of spontaneous breathing was prevented in this study in which IVC size 204 

changes were assessed in response to standardized respiratory maneuvers performed at constant 205 

lung volume (functional residual capacity). 2) Thoracic/diaphragmatic breathing. Variability of the 206 

respiratory pattern also concerns the relative proportion of thoracic vs. diaphragmatic activation (in 207 

the inspiratory phase), which also exhibits breath-to-breath variability (CoV= 22-31%) (7) as well 208 

as dependence on gender and age (9, 10). Although it is well known that thoracic and diaphragmatic 209 

breathing affect abdominal pressure differently (15) and thus also the CI (6), it is impossible to 210 

control for this confounder in patients because some self-consciousness and training are required for 211 

thoracic or diaphragmatic respiration to be correctly performed. Preliminary training was necessary 212 

for the healthy subjects of this study. Possibly, because of this difficulty, the issue is generally 213 

overlooked and its implications ignored in the interpretation of the CI. 3) Respiratory movements of 214 

the IVC. Longitudinal displacement of the IVC in the order of 2 cm in cranio-caudal direction has 215 

been shown (11) and this may introduce an error of up to 30% in the estimate of the CI, depending 216 

on the shape of the IVC (12). This error affects transversal as well as M-mode longitudinal 217 

measurements, although the latter were recently indicated as the most sensitive indicators of 218 

changes in volume status (16). These artifacts were prevented in the present study, because all 219 

measurements were taken in static conditions (short apnea). 4) Non circular IVC cross-sectional 220 

shape. The CI and other similar indices of collapse are always computed on the basis of maximum 221 

and minimum IVC diameters, which is a misrepresentation, because the IVC usually presents a non-222 

circular cross-sectional shape. Thus, the choice of a given “diameter” is arbitrary and its temporal 223 

changes may not be representative of the behavior of the whole vessel. In fact, in hypovolemic 224 

patients undergoing fluid replacement, Murphy et al (13) showed that the minor axis exhibited a 225 
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five-fold increase as compared to a 5% increase of the major axis (of IVC imaged in transversal 226 

section), which they called anisotropic behavior of the IVC. This problem was prevented here by 227 

assessing changes in the cross-sectional area of IVC rather than in a single, arbitrarily chosen 228 

diameter, following the approach proposed by Nakamura et al. (14). 229 

 230 

IVC changes in thoracic vs. diaphragmatic inspiratory efforts. 231 

IVC size varies in response to changes in transmural pressure (i.e., the difference between internal 232 

and external pressures), according to its compliance (defined as the incremental variation of vessel 233 

volume induced by a change of transmural pressure). Transmural pressure may change due to 234 

changes in 1) internal pressure (i.e., central venous pressure, CVP) which directly depends on 235 

changes in intra-thoracic pressure and 2) external (abdominal) pressure which may increase due to 236 

contraction of the diaphragm (e.g., during diaphragmatic inspiration or inspiratory efforts) or of 237 

abdominal expiratory muscles (e.g., during forced expiration or expiratory efforts). In this study, the 238 

subjects engaged in isovolumetric respiratory efforts, attaining selected positive and negative levels 239 

of alveolar pressure that, in the absence of airflow, could be measured at the mouth-piece. Since all 240 

maneuvers were performed at the same lung volume (FRC), we can assume unchanged 241 

transpulmonary pressure, which implies that changes in alveolar pressure produced equivalent 242 

changes in intrathoracic pressure, affecting the CVP. 243 

In light of these considerations, the results can be interpreted as follows. Diaphragmatic inspiratory 244 

efforts produced both a reduction of blood pressure in the IVC (by decreased intrathoracic pressure) 245 

and an increase of abdominal pressure (by diaphragm contraction). These effects concurred to  246 

markedly decrease IVC transmural pressure, resulting in the observed marked decrease in IVC 247 

CSA. The latter was roughly proportional to the intensity of the effort performed (Fig. 5, black 248 

columns). Conversely, thoracic inspiratory efforts only affected intrathoracic pressure, with virtually 249 

no effect on abdominal pressure, resulting in comparably lower reductions in IVC CSA. These were 250 

negligible at -5 mmHg and did not further decrease for -10 to -15 mmHg of alveolar pressure (Fig. 251 
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5, white columns). This suggests that lowering intrathoracic pressure has a limited collapsing effect 252 

on the IVC, compared to increasing abdominal pressure. 253 

This interpretation fits with other data in the literature. The thoracic/diaphragmatic respiratory 254 

pattern also affects venous return, which is impaired by increased abdominal pressure. In fact, 255 

Miller et al. (15) elegantly showed that abdominal pressure increases (+ 6 cmH
2
O) and venous 256 

return (observed at the femoral vein) is arrested during the inspiratory phase of diaphragmatic 257 

breathing, the same effects being produced by manually compressing the abdomen. On the contrary, 258 

thoracic inspiration facilitates venous return (15).  Gutzeit et al. (17) recently reported that forced 259 

inspiration (“suction against resistance” at -20 mmHg) decreased venous return from inferior with 260 

respect to superior vena cava. Although they did not control for thoraco/diaphragmatic inspiratory 261 

patterns, it is likely that the diaphragm was activated to some extent, thus impairing venous return 262 

in the IVC. In uncontrolled breathing at increasing inspiratory effort (0, -5, -10 mmHg) Gignon et 263 

al. (18) showed that the increased CI was highly correlated with diaphragm displacement. To our 264 

knowledge, specific thoraco/diaphragmatic effects on IVC size were only investigated by Kimura et 265 

al. (6), who reported that diaphragmatic breathing is associated with increased IVC excursions and 266 

CI, with respect to thoracic breathing at comparable tidal volumes. Based on a different approach 267 

(isovolumetric efforts at comparable levels of blood volume and alveolar pressure), we show here 268 

that increasing inspiratory diaphragmatic efforts progressively decreased IVC size down to 269 

complete collapse in 5/10 subjects. Notably, intrathoracic pressure changes during spontaneous 270 

breathing are in the order of 2-3 cm H
2
O, well below 5 mmHg. On this basis, the data presented 271 

here support the notion that abdominal pressure is a major determinant of IVC size and further 272 

emphasize that an uncontrolled breathing pattern may confound volume status assessment based on 273 

measured CI (6, 18). 274 

 275 

 276 
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IVC changes during expiratory efforts 277 

Attaining a positive alveolar pressure at constant lung volume results in equivalent increase in 278 

intrathoracic pressure, which in turn should increase blood pressure in the IVC and increase its size. 279 

However, the expiratory effort requires contraction of both thoracic and diaphragmatic expiratory 280 

muscles and results in increased abdominal pressure (19), which per se produces the opposite effect 281 

on IVC transmural pressure and size. On this basis, predicting the outcome on IVC size is not trivial 282 

and may depend on both lung volume and how the maneuver is actually performed (20). Grant et al.  283 

(20) observed reduction of the IVC in 100% of males and 50% of females performing a Valsalva 284 

maneuver. In a recent study, IVC deformation by the Valsalva maneuver was reinvestigated with 285 

computed tomography (21) and a systematic decrease of IVC size was reported (to 22% of resting 286 

CSA, on average). However in none of these studies was the maneuver controlled or standardized in 287 

terms of exerted pressure. The authors did not measure abdominal pressure simultaneously with 288 

IVC size. Since it averaged about 80 mmHg, the expiratory effort was presumably close to maximal 289 

in the second study (21). In this study, rather low pressure values (5, 10 and 15 mmHg) were 290 

attained at the mouthpiece, as compared to the 40 mmHg commonly employed for the Valsalva 291 

maneuver (22), but a progressive and significant decrease in IVC size was observed, again 292 

indicating that abdominal pressure prevails on intra-thoracic pressure. 293 

 294 

Detection of volume changes during the stabilization phase 295 

A fluid shift from the extravascular to the intravascular compartment is known to occur when 296 

switching from the orthostatic to the clinostatic position (23). The increase in plasma volume, often 297 

assessed on the basis of the accompanying decrease in protein concentration and hematocrit (so 298 

called postural pseudoanemia (24)), was reported to be in the order of 8% and 12% after 15 and 60 299 

min from changing posture (23). Other studies have substantially confirmed these figures, 300 

indicating volume shifts of about 400 ml within 30 min from postural change, from lying to 301 

standing or vice versa (24, 25). Such increase in plasma volume presumably occurred in the present 302 



 13

study, during the stabilization phase. In agreement with this hypothesis, a significant increase in 303 

IVC CSA was detected, along with other effects indicating decreased IVC compliance, such as the 304 

decrease in cardiac and respiratory CI and a trend to decrease in the IVC CSA response to 305 

inspiratory efforts. These results emphasize the importance of allowing for a stabilization phase in 306 

the supine position before starting experimental protocols and that failing to do so may introduce 307 

large errors in the measurement of IVC variables. The response to a standardized respiratory 308 

maneuver has the potential to reveal changes in blood volume; however further studies and larger 309 

population samples are needed to characterize the sensitivity of the different parameters to the 310 

actual changes in blood volume occurring in this and other conditions. 311 

 312 

Limitations 313 

Although maneuvers were performed at constant lung volume, some movement of the diaphragm 314 

could still occur at the onset of inspiratory and expiratory efforts (although not during 315 

measurements), resulting in longitudinal displacements of the IVC that may not have been 316 

adequately compensated for by the operator. In addition, some residual movements of the 317 

diaphragm during thoracic inspiration, or of the thorax during abdominal inspiration, may have 318 

occurred. This, however, did not prevent detection of large differences in the IVC responses to the 319 

two breathing patterns. 320 

The subjects involved were selected for echogenicity and for their ability to correctly perform the 321 

respiratory maneuvers required by the protocol. They were partly recruited among amateur 322 

swimmers, often characterized by a particularly large IVC (26), and this may account for the 323 

relatively high average IVC CSA and low CI observed. 324 

A further  limitation concerns the applicability of this approach to the clinical setting. The 325 

implementation of these respiratory maneuvers required well-trained subjects and may be 326 

unfeasible with poorly collaborative patients.  327 

 328 
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Conclusions  329 

We describe for the first time IVC responses to positive and negative changes in alveolar pressure, 330 

producing equivalent changes in intrathoracic pressure. The results indicate that diaphragmatic 331 

activation, affecting abdominal pressure, is a major determinant of IVC size and suggest that 332 

individual variability in the thoracic/diaphragmatic respiratory patterns may account for the large 333 

variability normally observed in the respiratory CI. Implementation of isovolumetric controlled 334 

maneuvers proved effective in probing IVC compliance in the absence of the confounding effects 335 

otherwise introduced by spontaneous breathing and potentially adequate to detect changes in 336 

volume status. Further studies are required to test this possibility and to make the procedure 337 

compatible with the clinical setting. 338 

339 



 15

ACKNOWLEDGMENTS 340 

This work was supported with grants from  University of Torino. 341 

342 



 16

REFERENCES 343 

1. Barbier C, Loubieres Y, Schmit C, Hayon J, Ricome JL, Jardin F, et al. Respiratory changes 344 

in inferior vena cava diameter are helpful in predicting fluid responsiveness in ventilated septic 345 

patients. Intensive Care Med 2004; 30:1740-1746. 346 

2. Nagdev AD, Merchant RC, Tirado-Gonzalez A, Sisson CA, Murphy MC. Emergency 347 

department bedside ultrasonographic measurement of the caval index for noninvasive determination 348 

of low central venous pressure. Ann Emerg Med 2010; 55:290-295. 349 

3. Zhang Z, Xu X, Ye S, Xu L. Ultrasonographic measurement of the respiratory variation in 350 

the inferior vena cava diameter is predictive of fluid responsiveness in critically ill patients: 351 

systematic review and meta-analysis. Ultrasound Med Biol 2014; 40:845-853. 352 

4. Muller L, Bobbia X, Toumi M, Louart G, Molinari N, Ragonnet B, et al. Respiratory 353 

variations of inferior vena cava diameter to predict fluid responsiveness in spontaneously breathing 354 

patients with acute circulatory failure: need for a cautious use. Crit Care 2012; 16:R188. 355 

5. Bodson L, Vieillard-Baron A. Respiratory variation in inferior vena cava diameter: surrogate 356 

of central venous pressure or parameter of fluid responsiveness? Let the physiology reply. Crit Care 357 

2012; 16:181. 358 

6. Kimura BJ, Dalugdugan R, Gilcrease GW, 3rd, Phan JN, Showalter BK, Wolfson T. The 359 

effect of breathing manner on inferior vena caval diameter. Eur J Echocardiogr 2011; 12:120-123. 360 

7. Tobin MJ, Mador MJ, Guenther SM, Lodato RF, Sackner MA. Variability of resting 361 

respiratory drive and timing in healthy subjects. J Appl Physiol (1985) 1988; 65:309-317. 362 

8. Borges-Santos E, Wada JT, da Silva CM, Silva RA, Stelmach R, Carvalho CR, et al. Anxiety 363 

and depression are related to dyspnea and clinical control but not with thoracoabdominal mechanics 364 

in patients with COPD. Respir Physiol Neurobiol 2015; 210:1-6. 365 

9. Romei M, Mauro AL, D'Angelo MG, Turconi AC, Bresolin N, Pedotti A, et al. Effects of 366 

gender and posture on thoraco-abdominal kinematics during quiet breathing in healthy adults. 367 

Respir Physiol Neurobiol 2010; 172:184-191. 368 



 17

10. Parreira VF, Bueno CJ, Franca DC, Vieira DS, Pereira DR, Britto RR. Breathing pattern and 369 

thoracoabdominal motion in healthy individuals: influence of age and sex. Rev Bras Fisioter 2010; 370 

14:411-416. 371 

11. Blehar DJ, Resop D, Chin B, Dayno M, Gaspari R. Inferior vena cava displacement during 372 

respirophasic ultrasound imaging. Crit Ultrasound J 2012; 4:18. 373 

12. Mesin L, Pasquero P, Albani S, Porta M, Roatta S. Semi-automated tracking and continuous 374 

monitoring of inferior vena cava diameter in simulated and experimental ultrasound imaging. 375 

Ultrasound Med Biol 2015; 41:845-857. 376 

13. Murphy EH, Arko FR, Trimmer CK, Phangureh VS, Fogarty TJ, Zarins CK. Volume 377 

associated dynamic geometry and spatial orientation of the inferior vena cava. J Vasc Surg 2009; 378 

50:835-842; discussion 842-833. 379 

14. Nakamura K, Tomida M, Ando T, Sen K, Inokuchi R, Kobayashi E, et al. Cardiac variation 380 

of inferior vena cava: new concept in the evaluation of intravascular blood volume. J Med Ultrason 381 

(2001) 2013; 40:205-209. 382 

15. Miller JD, Pegelow DF, Jacques AJ, Dempsey JA. Skeletal muscle pump versus respiratory 383 

muscle pump: modulation of venous return from the locomotor limb in humans. J Physiol 2005; 384 

563:925-943. 385 

16. Celebi Yamanoglu NG, Yamanoglu A, Parlak I, Pinar P, Tosun A, Erkuran B, et al. The role 386 

of inferior vena cava diameter in volume status monitoring; the best sonographic measurement 387 

method? Am J Emerg Med 2015; 33:433-438. 388 

17. Gutzeit A, Roos JE, Hergan K, von Weymarn C, Walti S, Reischauer C, et al. Suction against 389 

resistance: a new breathing technique to significantly improve the blood flow ratio of the superior 390 

and inferior vena cava. Eur Radiol 2014; 24:3034-3041. 391 

18. Gignon L, Roger C, Bastide S, Alonso S, Zieleskiewicz L, Quintard H, et al. Influence of 392 

Diaphragmatic Motion on Inferior Vena Cava Diameter Respiratory Variations in Healthy 393 

Volunteers. Anesthesiology 2016; 124:1338-1346. 394 



 18

19. Hackett DA, Chow CM. The Valsalva maneuver: its effect on intra-abdominal pressure and 395 

safety issues during resistance exercise. J Strength Cond Res 2013; 27:2338-2345. 396 

20. Grant E, Rendano F, Sevinc E, Gammelgaard J, Holm HH, Gronvall S. Normal inferior vena 397 

cava: caliber changes observed by dynamic ultrasound. AJR Am J Roentgenol 1980; 135:335-338. 398 

21. Laborda A, Sierre S, Malve M, De Blas I, Ioakeim I, Kuo WT, et al. Influence of breathing 399 

movements and Valsalva maneuver on vena caval dynamics. World J Radiol 2014; 6:833-839. 400 

22. Pstras L, Thomaseth K, Waniewski J, Balzani I, Bellavere F. The Valsalva manoeuvre: 401 

physiology and clinical examples. Acta Physiol (Oxf) 2016; 217:103-119. 402 

23. Fawcett JK, Wynn V. Effects of posture on plasma volume and some blood constituents. J 403 

Clin Pathol 1960; 13:304-310. 404 

24. Jacob G, Raj SR, Ketch T, Pavlin B, Biaggioni I, Ertl AC, et al. Postural pseudoanemia: 405 

posture-dependent change in hematocrit. Mayo Clin Proc 2005; 80:611-614. 406 

25. Hagan RD, Diaz FJ, Horvath SM. Plasma volume changes with movement to supine and 407 

standing positions. J Appl Physiol Respir Environ Exerc Physiol 1978; 45:414-417. 408 

26. Rudski LG, Lai WW, Afilalo J, Hua L, Handschumacher MD, Chandrasekaran K, et al. 409 

Guidelines for the echocardiographic assessment of the right heart in adults: a report from the 410 

American Society of Echocardiography endorsed by the European Association of 411 

Echocardiography, a registered branch of the European Society of Cardiology, and the Canadian 412 

Society of Echocardiography. J Am Soc Echocardiogr 2010; 23:685-713; quiz 786-688. 413 

 414 

 
415 

416 



 19

FIGURES 417 

 418 

Figure 1: Visual feedback. At the bottom, the visual feedback of alveolar pressure (black) and the 419 

target level to be reached (grey). At the top, the trigger signal fed to the echograph for 420 

synchronization. Dashed lines indicate the 4-s intervals used in the analysis, identifying “baseline” 421 

and “effect”. 422 

 423 

Figure 2. Experimental protocol. Bars of different height indicate expiratory (positive, grey) and 424 

inspiratory (negative) diaphragmatic (black) and thoracic (white) efforts of different magnitudes (5, 425 

10 and 15 mmHg). Squared brackets indicate whether maneuvers were used to characterize the 426 

effects of respiratory efforts on IVC or to detect possible changes in blood volume over the first 30 427 

min in the supine position. 428 

 429 

Figure 3. Representation of the automated detection of the IVC wall. 430 

 431 

Figure 4. IVC response to respiratory efforts, in a representative subject. Recordings of the cross-432 

sectional area of the inferior vena cava (IVC CSA, upper trace) in response to controlled changes in 433 

alveolar pressure (lower trace) are shown in an expiratory effort at +5 mmHg (A) and a thoracic (B) 434 

and adiaphragmatic (C) inspiratory effort at -5 mmH. Note that different effects are produced in 435 

terms of changes in CSA and pulsatility by the different maneuvers. 436 

 437 

Figure 5. Average IVC response to inspiratory efforts. Cross sectional area of inferior vena cava 438 

(IVC-CSA) during diaphragmatic (black) and thoracic (white) inspiratory efforts at different 439 

pressure levels. The dashed horizontal line represents the average basal value (pre-maneuver) of 440 

IVC-CSA and the grey band and error bars represents standard error. Symbols on single columns 441 

indicate significant difference from baseline. *) p<0.05;  #) p<0.01. 442 
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 443 

Figure 6. Average IVC response to inspiratory efforts. Cross sectional area of inferior vena cava 444 

(IVC-CSA) during the expiratory efforts at different pressure levels.  The dashed horizontal line 445 

represents the average basal (pre-maneuver). Other notations as in Fig. 5. 446 

 447 

Figure 7. Changes observed during the first 30 min in supine position. A) Cross sectional area of 448 

inferior vena cava (IVC-CSA). B) Cardiac caval index (CCI). C) Respiratory caval index assessed 449 

by the echographer. Response to diaphragmatic (D) and thoracic (E) inspiratory efforts at -5 mmHg 450 

and to expiratory efforts (+5 mmHg, F), expressed in terms of % change in CSA with respect to 451 

baseline; *) significantly different from t0, p<0.05. #) significantly different from t0, p<0.01. 452 
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