
© 2018 Kaptein et al. This work is published and licensed by Dove Medical Press Limited. The full terms of this license are available at https://www.dovepress.com/terms. 
php and incorporate the Creative Commons Attribution – Non Commercial (unported, v3.0) License (http://creativecommons.org/licenses/by-nc/3.0/). By accessing the work 

you hereby accept the Terms. Non-commercial uses of the work are permitted without any further permission from Dove Medical Press Limited, provided the work is properly attributed. For 
permission for commercial use of this work, please see paragraphs 4.2 and 5 of our Terms (https://www.dovepress.com/terms.php).

International Journal of Nephrology and Renovascular Disease 2018:11 195–209

International Journal of Nephrology and Renovascular Disease Dovepress

submit your manuscript | www.dovepress.com

Dovepress 
195

O R I G I N A L  R E S E A R C H

open access to scientific and medical research

Open Access Full Text Article

http://dx.doi.org/10.2147/IJNRD.S165744

Relationship of inferior vena cava collapsibility  
to ultrafiltration volume achieved in critically  
ill hemodialysis patients

Matthew J Kaptein1,2

John S Kaptein2

Zayar Oo2

Elaine M Kaptein2

1Division of Nephrology, Loma 
Linda University Medical Center, 
Loma Linda, CA, USA; 2Division of 
Nephrology, University of Southern 
California, Los Angeles, CA, USA

Background: Ultrasound (US) assessment of intravascular volume may improve volume man-

agement of dialysis patients. We investigated the relationship of intravascular volume evaluated 

by inferior vena cava (IVC) US to net volume changes with intermittent hemodialysis (HD) in 

critically ill patients.

Methods: A retrospective cohort of 113 intensive care unit patients in 244 encounters had clini-

cal assessment of intravascular volume followed by US of respiratory/ventilatory variation of 

IVC diameter, and had HD within 24 h. IVC collapsibility index (IVC CI)=(IVCmax–IVCmin)/

IVCmax*100%. Volume management was guided by clinical data plus IVC US findings. Intra-

dialytic hypotension (IDH) was categorized by severity from none to inability to tolerate HD.

Results: Linear regression correlating n-weighted proportions of encounters achieving net 

volume removal of ≥0.5 L, ≥1.0 L, ≥1.5 L, and ≥2.0 L strongly correlated across the range 

of IVC CI (R2=0.87–0.64). Sensitivity and specificity analysis showed IVC CI was a better 

predictor than IVCmax of achieving net ultrafiltration (UF) volumes. Mean central venous pres-

sure, pulmonary artery occlusion pressure, and cardiac output were poor predictors by logistic 

regression and receiver operating curve analyses. IVC CI <20% was the approximate optimal 

cutoff for achieving ≥0.5 L to ≥2.0 L net UF volumes. Net volume change achieved tended to 

be less than recommended and may have been limited by the development of IDH. Severity of 

IDH did not correlate with UF rate in mL/kg/h. c2 analysis showed pre-US clinical intravascular 

volume assessments had poor concordance with IVC CI categories. 

Conclusion: IVC US may be a useful tool for predicting whether critically ill patients will 

achieve volume removal with HD. 

Keywords: inferior vena cava ultrasound, intravascular volume, intradialytic hypotension, 

intermittent hemodialysis/ultrafiltration, critical illness, end-stage renal disease, chronic kidney 

disease, acute kidney injury

Introduction
Accurate assessment of relative intravascular volume is essential for appropriate 

management of hospitalized patients requiring hemodialysis (HD) for end-stage renal 

disease (ESRD) or acute kidney injury (AKI), who frequently have mismatch between 

blood pressure (BP) and intravascular volume, or between extravascular and intravas-

cular volume.1 Findings from history and physical examination or from chest x-ray 

in relatively stable patients have low sensitivity and high specificity or vice versa for 

assessment of intravascular volume overload or depletion.2,3 “Static” parameters, includ-

ing mean values for central venous pressure (CVP), right atrial pressure (RAP), and 

pulmonary artery occlusion pressure (PAOP) require invasive procedures, are  frequently 
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not available, and may have low sensitivity or specificity for 

predicting an increase in cardiac output in response to vol-

ume administration.1,4,5 “Dynamic” parameters, which take 

into account variation over the respiratory/ventilatory cycle, 

including arterial pressure wave form or inferior vena cava 

(IVC) diameter represented as collapsibility index (IVC CI), 

may more reliably predict an increase in cardiac output in 

response to volume administration than “static” parameters.1,5

Limited echocardiography, including measurement of 

IVC collapsibility with respiration/ventilation is a well-

documented technique to facilitate the diagnosis of undiffer-

entiated hypotension and guide volume administration.6 IVC 

collapsibility has been shown to reliably diagnose volume 

overload with congestive heart failure,7–11 to reflect response 

to volume removal in congestive heart failure12,13 or in stable 

ESRD patients during chronic HD therapy.14,15 The utility of 

IVC ultrasound (US) to assess relative intravascular volume 

and guide ultrafiltration (UF) in critically ill patients requiring 

HD has not been established.

We investigated whether respiratory/ventilatory variation 

in IVC diameter determined by US correlated with volume 

removal achieved during UF with intermittent HD in intensive 

care unit (ICU) patients with AKI, AKI with chronic kidney 

disease (CKD), or ESRD. 

Materials and methods
Study design
This is an observational cohort study with retrospective data 

analysis. From a convenience sample of 267 ICU patients 

with AKI, AKI with CKD, or ESRD in 658 encounters who 

had IVC US performed between August 1, 2012, and May 16, 

2014, we analyzed a subset of 113 patients in 244 encounters 

who had intermittent HD within 24 h after IVC US (Table 1).

Approval for this study was obtained from the Univer-

sity of Southern California Institutional Review Board. 

Procedures were followed in accordance with the ethical 

standards of the University of Southern California Institu-

tional Review Board and with the Declaration of Helsinki 

of 1975, as revised in 2000. Written informed consent was 

not required for retrospective data collection and analysis 

since all US studies and treatment plans were performed for 

clinical purposes. 

The pre-US intravascular volume assessment was per-

formed by the senior author (EMK) with all available data, 

including that provided by the nephrology fellow, the house 

staff, and primary team, and this assessment was recorded 

prior to performing the IVC US. Clinical assessment of 

intravascular volume consisted of a detailed evaluation of the 

patient’s medical condition, including history and physical 

findings, laboratory and radiological data, as well as mean 

CVP and Swan–Ganz catheter data when available. Then, 

bedside IVC US was performed in real-time, during daily 

clinical rounds, without Valsalva or sniff maneuvers, since 

most patients were not able to perform these maneuvers. 

Longitudinal images of the IVC were obtained from an 

anterior substernal approach performed or directly supervised 

by the senior investigator (EMK) with a 3.5-MHZ curvilinear 

probe on a portable US machine (LOGIQ e B12, GE Health-

care, Wauwatosa, WI, USA).1 All patients were imaged in 

the semi-recumbent position. Patients had substernal IVC 

diameters measured 1–2 cm from the junction with the right 

atrium or distal to the hepatic vein. A frame-by-frame image 

analysis was performed to identify maximum (IVCmax) and 

minimum (IVCmin) diameters with respiration/ventilation. 

IVC CI=(IVCmax–IVCmin)/IVCmax*100% was calculated 

for all encounters.1 When multiple measurements were taken 

for the same encounter, means were calculated. 

IVC CI cutoff value for “hypovolemia” was assessed 

from a review of the literature. Data from 4 studies with 298 

extractable points of RAP and IVC CI measurements,16–19 

showed that an IVC CI of ≥47.3% was able to distinguish 

an RAP <5 mmHg (n=75) from an RAP ≥ 5 mmHg (n=223) 

with a sensitivity of 80% and specificity of 79% (Figure S1). 

Review articles indicated that an IVCmax ≥2.1 cm with an 

IVC CI <20% without a sniff suggests elevated RAP, which 

is consistent with hypervolemia,20 while an IVCmax <2.1 

cm and IVC CI >50% correlates with a RAP of 0–5 mmHg21 

indicating that hypervolemia is unlikely. Thus, a cutoff value 

of >50% without a sniff or Valsalva was utilized to indicate 

probable “hypovolemia” and a cutoff value <20% was used 

to indicate probable “hypervolemia.”

Volume management decisions were made in a clinical 

context, not according to a research protocol, based on all 

available data, including IVC US findings. We generally 

aimed to optimize intravascular volume in the absence of 

overriding considerations or clinical goals.1 Recommenda-

tions for volume removal with UF or volume administration 

were documented at the time the patient was evaluated during 

daily team rounds. For patients who had IVC CI >50% or 

were considered to be volume responsive,5 a bolus of normal 

saline followed by clinical assessment was recommended to 

be given at the beginning of HD. 

The severity of intradialytic hypotension (IDH), which 

may have limited the volume of net UF removed, was assessed. 

Symptoms like cramping were not taken into consideration 

since the majority of our patients were sedated, intubated, or 
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Table 1 Individual hemodialysis patient and encounter characteristics

(A) Individual patient data

All patients ESRDa AKI AKI/CKDb P-valuec

Demographics n=113 n=47 n=47 n=19
Age (years) (median, range) 58, 23–87 58, 27–81 55, 23–79 62, 27–87 0.075
Gender (M/F) 80/33 32/15 32/15 16/3 0.33
Primary disease statesd

(% of total)
Sepsis/shock 41.6% 27.7% 46.8% 63.2% 0.018
Cardiac disease 30.1% 34.0% 23.4% 36.8% 0.41
Acute liver failure 18.6% 6.4% 31.9% 15.8% 0.005
Respiratory failure 22.1% 12.8% 34.0% 15.8% 0.036
Trauma/Surgical 9.7% 12.8% 8.5% 5.3% 0.59
Metabolic 15.9% 27.7% 10.6% 0% 0.003
Bleeding/hematologic 19.5% 23.4% 14.9% 21.1% 0.56
Othere 23.0% 12.8% 27.7% 36.8% 0.062

Comorbiditiesd

Diabetes mellitus 41.6% 61.7% 19.1% 47.4% <0.001
Hypertension 42.5% 66.0% 17.0% 47.4% <0.001
Malignancy 12.4% 4.3% 21.3% 10.5% 0.35
Postoperative 14.2% 8.5% 19.1% 15.8% 0.31
Cirrhosis 21.2% 10.6% 31.9% 21.1% 0.037
Chronic cardiovascular disease 41.6% 40.4% 34.0% 63.2% 0.094
Chronic hematologic/bleeding 22.1% 21.3% 25.5% 15.8% 0.67
Otherf 19.5% 12.8% 25.5% 21.1% 0.32

Echocardiographyg (N) 
Days from echo to IVC US (median, range from before  
to after IVC)

86
2, 47–37

35
0.5, 17–37

35
2, 47–9

16
4, 45–10

EF<35% (% of group) 22.1% 17.1% 22.9% 31.3% 0.46 
EF 35–50% (% of group) 18.6% 20.0% 17.1% 18.8% 0.93
EF >50% (% of group) 59.3% 62.9% 60.0% 50.0% 0.60
Initial SOFA score (median, range) 10, 4–20 7, 4–20 13, 4–20h 10, 5–18i <0.001
ICU survival (%) 75% 81% 70% 74% 0.48
Hospital survival (%) 71% 77% 68% 63% 0.48
Laboratory values with first encounter

White blood count (103/µL) (median, range) (normal 
range: 4.5–10.0)

10.7, 0.5–42.5 9.4, 3.4–23.3 11.9, 0.5–42.5 13.4, 3.3–21.6 0.30

Hemoglobin (g/dL) (median, range) (normal range: 
13.5–16.5)

9.1, 2.8–17.0 9.5, 2.8–13.9 9.1, 4.3–17.0 8.9, 7.0–10.4 0.48

Serum albumin (g/dL) (median, range) (normal range: 
3.5–5.0)

2.9, 1.2–4.6 3.2, 1.7–4.6 2.7, 1.2–4.6h 2.7, 1.6–3.6i 0.005

(B) Encounter data

Clinical characteristics All encounters ESRD AKI AKI/CKD P-valuec

n=244 n=67 n=130 n=47

SOFA parameters
SOFA scores (median, range) 10, 4–20 8, 4–20 11, 4–20h 10, 5–18i <0.001
Mechanical ventilation (% of encounters) 59.4% 53.7% 63.8% 55.3% 0.32
PaO2 (mmHg)k (median, range) (normal range: >76) 100, 35–339 100, 35–339 100, 44–256 100, 45–191 0.89
FIO2 (%)k (median, range) 40, 21–100 35, 21–100 40, 21–100h,j 40, 21–70i 0.002
Platelet count (×103/µL) (median, range) (normal 
range:160–360)

125, 11–865 151, 24–468 106, 11–865 156, 11–607 0.076

Glasgow coma score (1–15) 0.11l

Mild (13–15) (% of encounters) 45.5% 50.7% 43.1% 44.7%
Moderate (9–12) (% of encounters) 28.3% 34.3% 27.7% 21.3%
Severe (≤8) (% of encounters) 26.2% 14.9% 29.2% 34.0%

Bilirubin (mg/dL) (median, range) (normal range: 0.3–1.4) 1.0, 0.1–36.9 0.5, 0.2–8.8 1.3, 0.1–33.8h 1.2, 0.2–36.9i <0.001
Pre-HD systolic BP (mmHg)
(median, range)

120, 58–206 126, 82–185 119, 58–206h,j 111, 73–161i 0.040

(Continued)
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had altered mental status.22 All patients received 250 mL of 

normal saline at the start of HD to prime the lines and dialyzer, 

and 250 mL of normal saline was given to return the blood 

and rinse the lines and dialyzer at the completion of HD. The 

highest category of IDH was recorded for each encounter.

Modifications of prior definitions of IDH in AKI22,23 used 

to grade the increasing severity of IDH in our ICU patients 

were as follows: 0, no criteria for IDH; 1, received normal 

saline >500 mL (250 mL prime and 250 mL rinse-back 

required for each HD procedure) or albumin IV to treat 

hypotension; 2a, mean arterial pressure (MAP) <65 mmHg 

during HD, no vasopressors given, and HD not discontinued 

due to hypotension; 2b, pre-HD hypotension requiring a 

constant dose of vasopressors to maintain BP before and 

during HD/UF; 3, systolic blood pressure (SBP) decreased 

>50 mmHg or MAP decreased >20%; 4, vasopressor therapy 

(B) Encounter data

Clinical characteristics All encounters ESRD AKI AKI/CKD P-valuec

n=244 n=67 n=130 n=47

Pre-HD diastolic BP (mmHg)
(median, range)

59, 26–117 58, 29–101 63, 26–117h,j 54, 34–101i <0.001

Pre-HD MAP (mmHg) (median, range) 79, 47–139 82, 53–114 81, 49–139j 75, 47–111i 0.036
Levels of hypotension (cardiac component of SOFA) 0.22m

(SOFA 0) No hypotension 60.7% 67.2% 60.0% 53.2%
(SOFA+1) Pre-HD MAP <70 mmHg 9.8% 10.4% 9.2% 10.6%

Intravenous vasopressor use
(SOFA+2) Dopamine ≤5 µg/kg/min or dobutamine any 
dose

0.4% 0% 0% 2.1%

(SOFA+3) Dopamine >5 µg/kg/min or Epi/Norepi  
≤0.1 µg/kg/min

12.3% 4.5% 13.8% 19.1%

(SOFA+4) Dopamine > 15 µg/kg/min or Epi/Norepi  
>0.1 µg/kg/min

16.8% 17.9% 16.9% 14.9%

Category of IDH (% of encounters) 0.27n

0 No criteria for IDH 5.3% 3.0% 5.4% 8.5%
1 Received normal saline >500 mL (250 mL prime and 
250 mL rinse-back required for each HD procedure) or 
albumin IV 

31.1% 38.8% 28.5% 27.7%

2a MAP <65 mmHg during HD, no vasopressors given, 
and HD not discontinued due to hypotension

9.4% 6.0% 8.5% 17.0%

2b Pre-HD hypotension requiring a constant dose of 
vasopressors to maintain BP before and during HD/UF 

10.2% 7.5% 10.0% 14.9%

3 SBP decreased >50 mmHg or MAP decreased >20% 30.3% 31.3% 34.6% 17.0%
4 Vasopressor therapy initiated or dose increased, or 
dialysis stopped ≤2 h due to intractable intradialytic 
hypotension

13.5% 13.4% 13.1% 14.9%

Interval between IVC US and HD (h) (median, range) 8.0, 0–24 7.6, 0–24 8.0, 0–24 8.0, 0–24 0.74
Duration of HD/UF (h) (median, range) 3.5, 0.17–4.8 3.5, 2.0–4.5 3.5, 0.17–4.8 3.5, 1.5–4.1 0.37
Weight at time of encounter (kg) (median, range) 78, 43–211 71, 43–119 81, 50–175h 82, 55–211i <0.001
Rate of net volume change (mL/kg/h) (median, range) 

UF >13 mL/kg/h (% of encounters)

−6.0, 
−18.3 to +14.4
6.6%

−7.0,
 −16.5 to +4.8
11.9%

−6.0, 
−15.3 to +14.4
4.6%

−5.3, 
−18.5 to +5.7
4.3%

0.067

Notes: aESRD group included patients previously receiving HD or initiated on HD with prior CKD5. bBaseline renal function frequently unknown. cP-value indicates 
comparison among ESRD, AKI, and AKI/CKD groups. dPrimary disease states and comorbidities at the time of the nephrology consult; many patients had more than one 
major illness. eOther primary disorders included: Volume overload (8.0%), burns (4.4%), autoimmune disorders (3.5%), acute pancreatitis (2.7%), pulmonary embolism (2.7%), 
and pulmonary hypertension (1.8%). fOther comorbidities included: Infection (6.2%), respiratory failure (5.3%), autoimmune disorders (4.4%), substance/polysubstance abuse 
(2.7%), and pulmonary hypertension (0.9%). gEchocardiography data from studies performed within 2 months of the patient encounter. hESRD is different from AKI. iESRD is 
different from AKI/CKD, jAKI is different from AKI/CKD. kIn patients who did not have an arterial blood gas available, PaO2 was estimated from digital pulse oxygen saturation 
(SPO2),

26 and in those not mechanically ventilated, FIO2 was estimated from oxygen delivery by nasal cannula.27 lP-value examines distribution of Glasgow coma score mild, 
moderate, severe among ESRD, AKI, AKI/CKD groups (columns). Percentages indicate % encounters with a given SOFA component score within each group (column). mP-
value examines distribution of cardiac SOFA scores among ESRD, AKI, AKI/CKD groups (columns). Percentages indicate % encounters with a given SOFA component score 
within each group (column).nP-value examines distribution of IDH categories among ESRD, AKI, AKI/CKD groups (columns). Percentages indicate % encounters with a given 
SOFA component score within each group (column).
Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; CVP, central venous pressure; EF, ejection fraction; ESRD, end-stage renal disease, HD, hemodialysis; 
ICU, intensive care unit; IDH, intradialytic hypotension; IVC, inferior vena cava; PAOP, mean pulmonary artery occlusion pressure; SOFA, Sequential Organ Failure 
Assessment; UF, ultrafiltration.

Table 1 (Continued)
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initiated or dose increased, or dialysis stopped ≤2 h due to 

intractable hypotension.

The net UF volume recommended was compared with 

the net UF volume achieved for the ESRD, AKI, and AKI 

with CKD groups and was stratified by the degree of IDH. 

The rate of net UF achieved for the entire group was com-

pared with the severity of IDH.

Sequential Organ Failure Assessment (SOFA) scores 

were calculated for all HD encounters25 (Table 1). In patients 

who did not have an arterial blood gas available, PaO
2 
was 

estimated from digital pulse oxygen saturation,26 and in 

those not mechanically ventilated, FIO
2 
was estimated from 

oxygen delivery by nasal cannula.27 BP values were deter-

mined immediately before HD and every 15 minutes during 

HD using an arterial line, when available, or a BP cuff. 

White blood cell count, hemoglobin, and albumin data were 

retrieved from the time of the initial encounter. Transthoracic 

echocardiography data from within 2 months of the encounter 

were evaluated when available.

Data analysis
Differences among ESRD, AKI, and AKI with CKD groups 

were assessed using log likelihood ratio tests for comparing 

numbers of occurrences among groups, and non-parametric 

Kruskal–Wallis analysis of variance (ANOVA) followed by 

Newman-Keuls multiple pairwise tests were used to com-

pare continuous variables (Table 1). Statistical calculations 

were performed using Epistat version 5.3 (Epistat Services, 

Richardson, TX, USA).

Outcomes were arbitrarily defined as whether or not net 

UF volumes of ≥0.5 L, ≥1.0 L, ≥1.5 L, ≥2.0 L, ≥2.5 L, ≥3.0 L, 

or ≥3.5 L were achieved during intermittent HD. Potential 

predictors of outcomes included IVC CI, IVCmax, IVCmin, 

mean CVP, mean PAOP, and cardiac output.

To evaluate whether the proportions of patient encoun-

ters in which a given amount of UF achieved correlate with 

IVC CIs across their entire range, we subdivided encounters 

into ranges of IVC CI with roughly equal numbers in each 

category, defined those with IVCmax ≤0.70 cm as having 

100% collapsibility, and used linear regression to correlate 

the n-weighted proportions against the midpoints of the IVC 

CI intervals (Figure 1A).

Logistic regression analysis (EPISTAT Services) was 

used to test whether parameters, including IVCmax, IVCmin, 

IVC CI, mean CVP, PAOP, and cardiac output predicted the 

dichotomous outcome of achieving or not achieving removal 

of ≥0.5 L, ≥1.0 L, ≥1.5 L, or ≥2.0 L of net UF (Table 2). 

The IVC CI relationships were then used to calculate the 

 probabilities of achieving the respective net UF volumes for 

all values of IVC CI (Figure 1B). 

Receiver operating characteristic (ROC) curve analysis 

was used to calculate the area under the ROC curve, (AUC) 

± SE (standard error), and determine the cutoff values that 

maximize sensitivity and specificity for IVC CI, IVCmax, 

and IVCmin, as well as for available CVP, PAOP, and car-

diac output measurements (Table 2). Subgroups included 

ventilated versus non-ventilated, vasopressors versus no 

vasopressors, and ESRD versus AKI versus AKI with 

CKD. Since multiple IVC US measurements may have 

been done on the same patient during different encounters, 

IVC CI cutoff values may not be independent. Therefore, 

we calculated IVC CI cutoff values for the first and sec-

ond encounters separately for patients who had multiple 

encounters (Table 2).

c2 analysis was performed to assess whether there was a 

relationship between pre-US clinical assessment of relative 

intravascular volume and IVC CI. Clinical assessments clas-

sified as “hypovolemia,” “euvolemia,” or “hypervolemia,” 

were compared with IVC CI values, grouped as <20%, 

≥20% to ≤50%, and >50%, respectively, for both initial and 

subsequent patient encounters (Table 3). The hypervolemia 

IVC CI cutoff value for our patients of <20% was derived 

from the data summarized in Table 2. The hypovolemia IVC 

CI cutoff value of >50% was taken from prior literature as 

described previously.

Results
Table 1A summarizes the characteristics of the 113 patients 

in 244 encounters in which IVC US studies were performed 

within 24 h preceding HD/UF. Ninety percent of our patient 

population had primarily medical conditions. The frequency 

of some primary disease states, some comorbidities, and ini-

tial SOFA scores differed among ESRD, AKI, and AKI with 

CKD groups. For encounter data (Table 1B), SOFA scores 

as well as some components of the SOFA scores differed 

among the 3 groups. The frequency of IDH categories and 

the rate of volume change during HD did not differ among 

the 3 groups.

For the entire cohort, 50 encounters achieved net UF 

volume <0.5 L, 18 had 0.5 to <1.0 L, 29 achieved 1.0 to <1.5 

L, 19 achieved 1.5 to <2.0 L, 58 achieved 2.0 to <2.5 L, 21 

achieved 2.5 to <3.0 L, 37 achieved 3.0 to <3.5 L, and 12 

achieved ≥3.5 L. Encounters with ≥1.0 L net UF achieved had 

significantly lower mean IVC CI values than those achieving 

<0.5 L net UF (p<0.05 by Scheffe’s multiple comparisons 

after ANOVA).
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Figure 1 (A) The proportion of patients who achieved a given net UF volume is strongly correlated with IVC CI, when n-weighted proportions are plotted against the mid-
point of each IVC CI interval. IVCmax ≤0.7cm was considered “totally collapsed” and IVC CI was plotted as 100%. (B) The probability of whether a given net UF volume was 
achieved based on IVC CI as determined using logistic regression analysis. The vertical lines represent IVC CI cutoff values at 20% and 50%.
Abbreviations: CI, collapsibility index; IVC, inferior vena cava; UF, ultrafiltration.
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Figure 2 (A) Relationship of net volume change achieved to net volume change recommended in ESRD, AKI, and AKI with CKD encounters. (B) Relationship of net volume 
change achieved to net volume change recommended for encounters with different categories of IDH.
Notes: The net volume change achieved is progressively less than recommended as IDH severity increases, with the exception of category 2a. Definitions of IDH categories: 
IDH 0: No criteria for IDH; IDH 1: Received normal saline >500 mL or albumin IV to treat hypotension; IDH 2a: MAP <65 mmHg during HD, no vasopressors given, and 
HD not discontinued due to hypotension; IDH 2b: Pre-HD hypotension requiring a constant dose of vasopressors to maintain BP before and during HD/UF; IDH 3: SBP 
decreased >50 mmHg or MAP decreased >20%; IDH 4: Vasopressor therapy initiated or dose increased, or dialysis stopped ≤2 h due to intractable hypotension. For net 
volume recommended, data points are plotted at the mid-point of the recommended range with slight offsets; regression lines are not offset. Negative values denote net 
volume removed.
Abbreviations: AKI, acute kidney injury; CKD, chronic kidney disease; ESRD, end-stage renal disease; HD, hemodialysis; IDH, intradialytic hypotension; MAP, mean arterial 
pressure; SBP, systolic blood pressure; UF, ultrafiltration.
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Figure 3 The relationship of rate of net volume change achieved is plotted for all encounters by categories of severity of intradialytic hypotension.
Notes: Negative values denote net volume removed. Boxes indicate medians, 5th and 95th percentile values. There is no relationship between the rate of net volume change 
and the category of IDH. Definitions of IDH categories are as in Figure 2B.
Abbreviation: IDH, intradialytic hypotension.
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As shown in Figure 1A, the n-weighted proportions of 

encounters for the entire cohort in which net UF ≥0.5 L, 

≥1.0 L, ≥1.5 L, or ≥2.0 L was achieved, strongly correlated 

with the midpoints for each IVC CI interval (R2=0.87 to 0.64, 

respectively). Correlations were statistically significant but 

weaker for net UF ≥2.5 L (R2=0.18) and ≥3.0 L (R2=0.03), and 

not significant for ≥3.5 L (R2=0.006). The highest proportion 

achieving a given net UF volume occurs in encounters in which 

IVC CI is lowest, and the lowest proportion achieving a given 

net UF volume occurs in encounters in which IVC CI is highest. 

The probability curves for achieving specific net UF volumes, 

calculated using logistic regression for the entire cohort (Figure 

1B), strongly resemble the proportion of encounters in which a 

given net UF volume was achieved (Figure 1A).

 As shown in Table 2, for the entire cohort, IVC CI, 

IVCmax, and IVCmin were significant predictors by logistic 

regression of whether net UF volumes of ≥0.5 L, ≥1.0 L, ≥1.5 

L, or ≥2.0 L were achieved. Using IVCmax and  IVCmin or 

IVCmax and IVC CI simultaneously, as independent pre-

dictor variables using logistic regression did not improve 

prediction of whether given net UF volumes were achieved 

(data not shown). For all encounters, sensitivity/specific-

ity analysis and AUCs indicate that IVC CI, IVCmax, and 

IVCmin were significant predictors of whether UF volumes 

from ≥0.5 L to ≥2.0 L were achieved. IVC CI had higher 

sensitivities and specificities than IVCmax for predicting 

UF volumes achieved. Mean CVP (n=116), PAOP (n=21), 

and cardiac output (n=23) were not significant predictors by 

logistic regression or ROC analysis of whether these net UF 

volumes were achieved.

The IVC CI cutoff value that optimizes sensitivity and 

specificity for predicting the achievement of given net UF 

volumes varying from ≥0.5 L to ≥2.0 L decreased from <23% 

to <18.5%, with sensitivities and specificities decreasing from 

70% to 58%. IVCmax cutoff values increased from >1.97 to 

>2.05 cm, with sensitivities and specificities decreasing from 

60% to 59%. In ventilated patients, optimal IVC CI cutoff 

values for predicting achievement of UF ≥0.5 L to ≥2.0 L 

decreased from <22% to <16.5%, and from <24% to <20% 

in non-ventilated patients. In patients receiving vasopressors, 

optimal IVC CI cutoff values for predicting achievement of 

UF ≥0.5 L to ≥2.0 L decreased from <20.5% to <14%, and 

from <24% to <20% in those not receiving vasopressors. IVC 

CI cutoffs were only significant for net UF volumes ≥0.5 L for 

the ESRD encounters, for net UF volumes ≥0.5 L to ≥1.5 L for 

the AKI encounters, and for net UF volumes ≥0.5 L to ≥2.0 L 

for the AKI with CKD encounters. Sensitivity and specificity 

values were higher for AKI with CKD encounters than for 

AKI or ESRD encounters. For the 43 patients with multiple 

encounters, cutoff values for IVC CI, sensitivity and specificity, 

and AUC for a given net UF volume were similar for the first 

and second encounters (Table 2).
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Table 2 Sensitivity/specificity and logistic regression analyses

Group Predictor UF (L) Cutoff SN/SP (%) AUC P-value* P-log**

Entire cohort (n=244) IVC CI (%) ≥0.5 <23.0 70 0.72±0.04 <0.001 <0.001
≥1.0 <20.9 65 0.71±0.04 <0.001 <0.001
≥1.5 <19.6 63 0.68±0.04 <0.001 <0.001
≥2.0 <18.5 58 0.62±0.04 <0.001 0.003

Entire cohort (n=244) IVCmax (cm) ≥0.5 >1.97 60 0.66±0.04 <0.001 <0.001
≥1.0 >2.02 57 0.64±0.04 <0.001 <0.001
≥1.5 >2.03 59 0.64±0.04 <0.001 <0.001
≥2.0 >2.05 59 0.64±0.04 <0.001 <0.001

Entire cohort (n=244) IVCmin (cm) ≥0.5 >1.49 66 0.72±0.04 <0.001 <0.001
≥1.0 >1.55 63 0.70±0.04 <0.001 <0.001
≥1.5 >1.62 63 0.67±0.04 <0.001 <0.001
≥2.0 >1.65 60 0.64±0.04 <0.001 <0.001

Entire cohort (n=116) Mean CVP 
(cm H2O)

≥0.5 >9.58 55 0.55±0.06 0.212 0.936

≥1.0 >9.74 54 0.53±0.06 0.300 0.745

≥1.5 >9.68 57 0.56±0.06 0.155 0.908

≥2.0 >9.94 53 0.48±0.05 0.380 0.298

Entire cohort (n=21) Mean PAOP 
(mmHg)

≥0.5 >19.5 50 0.59±0.14 0.272 0.450

≥1.0 >19.5 50 0.59±0.14 0.272 0.450

≥1.5 >20.4 39 0.45±0.14 0.370 0.811

≥2.0 >19.9 36 0.37±0.13 0.147 0.240

Entire cohort (n=23) Cardiac output 
(L/min)

≥0.5 <5.24 56 0.58±0.12 0.266 0.975

≥1.0 <5.24 56 0.58±0.12 0.266 0.975

≥1.5 <5.16 50 0.38±0.13 0.187 0.278

≥2.0 <5.17 62 0.62±0.13 0.348 0.843

Ventilated (n=145) IVC CI (%) ≥0.5 <22.0 71 0.70±0.07 0.002 <0.001
≥1.0 <20.3 65 0.70±0.06 <0.001 <0.001
≥1.5 <16.9 59 0.68±0.05 <0.001 <0.001
≥2.0 <16.5 56 0.59±0.05 0.030 0.033

Non-ventilated (n=99) IVC CI (%) ≥0.5 <24.0 69 0.72±0.06 <0.001 0.009

≥1.0 <22.1 65 0.71±0.05 <0.001 0.004

≥1.5 <20.3 59 0.67±0.05 <0.001 0.015

≥2.0 <20.3 57 0.64±0.06 0.008 0.058

Vasopressors (n=73) IVC CI (%) ≥0.5 <20.5 69 0.73±0.07 0.001 0.025

≥1.0 <18.4 66 0.71±0.07 0.001 0.022

≥1.5 <17.2 72 0.78±0.06 <0.001 <0.001
≥2.0 <13.7 65 0.66±0.07 0.008 0.024

No vasopressors 
(n=171)

IVC CI (%) ≥0.5 <23.9 69 0.72±0.05 <0.001 <0.001
≥1.0 <21.8 65 0.70±0.05 <0.001 <0.001
≥1.5 <20.1 59 0.64±0.04 <0.001 0.001

≥2.0 <19.8 58 0.60±0.04 0.013 0.018

ESRD (n=67) IVC CI (%) ≥0.5 <20.7 65 0.77±0.08 <0.001 0.008

≥1.0 <18.4 54 0.62±0.08 0.062 0.099

≥1.5 <18.1 55 0.59±0.07 0.099 0.285

≥2.0 <17.3 56 0.57±0.07 0.166 0.496

AKI (n=130) IVC CI (%) ≥0.5 <22.2 65 0.64±0.07 0.017 0.111

≥1.0 <22.1 68 0.69±0.06 <0.001 0.007

≥1.5 <20.2 61 0.66±0.05 <0.001 0.008

≥2.0 <19.6 58 0.58±0.05 0.054 0.115

AKI/CKD (n=47) IVC CI (%) ≥0.5 <23.8 86 0.87±0.06 <0.001 0.001

≥1.0 <21.9 82 0.85±0.06 <0.001 0.001

≥1.5 <20.1 76 0.85±0.06 <0.001 0.002

≥2.0 <17.7 67 0.74±0.08 0.001 <0.001

(Continued)
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Figure 2A shows that the net volume change achieved 

correlated significantly with the net volume change rec-

ommended for all encounters (R2=0.43) and was similar 

for ESRD (R2=0.30), AKI (R2=0.47), and AKI with CKD 

(R2=0.44) subgroups. Net volume change achieved tended 

to be less than net volume change recommended.

Figure 2B shows that the relationship between net volume 

change achieved and net volume change recommended for 

all encounters was significantly different for different cat-

egories of IDH. Significant correlations were seen for IDH 

0 (R2=0.95, n=13), IDH 1 (R2=0.61, n=76), IDH 2b (R2=0.57, 

n=24), and IDH 3 (R2=0.46, n=74), but were not significant 

for IDH 4 (R2=0.093, n=33) and IDH 2a (R2=0.007, n=24). 

All slopes were significantly different from zero except for 

categories IDH 2a and IDH 4. The slopes decreased progres-

sively as the severity of IDH category increased, with the 

exception of IDH category 2a.

Net UF rate >13 mL/kg/h occurred in 16 of 244 encoun-

ters. The rate of net volume change achieved did not relate 

to the categories of severity of IDH (Figure 3), and did not 

differ between ESRD, AKI, and AKI with CKD subgroups 

(Table 1).

The results of c2 analysis to compare clinical intravascular 

volume assessments performed prior to IVC US examina-

tion to IVC CI measurements, for initial and subsequent 

encounters, are shown in Table 3. For initial encounters, the 

proportion whose clinical assessment was consistent with 

IVC CI category was 46%±10% (95% confidence interval), 

which was not significantly better than random (37%±10% 

based on the observed distribution of clinical assessments and 

IVC CI categories for the initial encounters). For subsequent 

encounters, this was 50%±9%, which was not significantly 

better than random (39%±10% based on the observed distri-

Group Predictor UF (L) Cutoff SN/SP (%) AUC P-value* P-log**

Patients with more than 
one encounter: first 
encounter (n=43)

IVC CI (%) ≥0.5 <26.2 74 0.79±0.07 <0.001 0.041

≥1.0 <25.2 75 0.74±0.08 0.002 0.084

≥1.5 <22.4 75 0.75±0.08 <0.001 0.033

≥2.0 <20.9 60 0.60±0.09 0.125 0.267
Patients with more than 
one encounter: second 
encounter (n=43)

IVC CI (%) ≥0.5 <28.8 76 0.82±0.10 <0.001 0.010

≥1.0 <23.7 65 0.70±0.10 0.020 0.042

≥1.5 <20.4 63 0.68±0.08 0.012 0.107

≥2.0 <20.3 56 0.59±0.09 0.152 0.320

Notes: The cutoff was chosen at the point where sensitivity equals specificity. *P-value <0.05 indicates that the area under the ROC is significantly >0.5 and that there is 
a relationship between the variable and whether a specific UF volume was removed or not. **P-value <0.05 indicates that the variable is a significant predictor by logistic 
regression of whether a specific UF volume was removed or not.
Abbreviations: AKI, acute kidney injury; AUC, area under the ROC curve; CI, collapsibility index; CKD, chronic kidney disease; CVP, central venous pressure; ESRD, 
end-stage renal disease; IVC, inferior vena cava; n, number of encounters; PAOP, mean pulmonary artery occlusion pressure; ROC, receiver operating characteristic; SN, 
sensitivity; SP, specificity; UF, ultrafiltration.

Table 2 (Continued)

bution of clinical assessments and IVC CI categories for the 

subsequent encounters), and did not represent a statistically 

significant improvement compared with clinical assessments 

of initial encounters. Clinical assessment of hypervolemia was 

poor at predicting IVC CI <20% (sensitivity=60% for initial 

and 55% for subsequent encounters), and clinical assessment 

of hypovolemia was poor at predicting IVC CI >50% (sensi-

tivity=39% for initial and 43% for subsequent encounters).

Discussion
This study shows that there is a strong inverse relationship 

between IVC CI and the proportion of encounters achieving 

a given net UF volume during HD, in a diverse cohort of 

ICU patients (Figure 1). The probability curves derived from 

logistic regression analysis (Figure 1B) closely resemble the 

findings by linear regression (Figure 1A), reinforcing the 

relationship between the respiratory/ventilatory collapsibil-

ity of the IVC and the proportion achieving a given net UF 

volume. These findings suggest that patients with low IVC 

CI most likely have relative intravascular volume overload 

and have a higher likelihood of achieving given amounts of 

net UF with HD, while patients with high IVC CI may be 

less likely to have intravascular volume overload and have a 

lower likelihood of achieving given net UF volumes. 

The IVC cutoff values previously reported for IVCmax 

(>2.1 cm) and IVC CI (<20%) without a sniff, which are 

consistent with elevated RAPs,20 are similar to the cutoff 

values in our study (Table 2). Although cutoff values for 

IVC CI at different volumes of UF do show a trend, the dif-

ferences are small and likely within the clinical variation of 

the measurement.1 Rather low sensitivities and specificities 

are not surprising in a heterogeneous population with vary-

ing severity of illnesses, including critically ill patients with 
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multiple comorbidities, as well as with spontaneous breathing 

or mechanical ventilation.28

In our population, IVC CI has higher sensitivity and 

specificity for UF volumes achieved than IVCmax. IVC CI 

is a dynamic parameter, which takes into account variation 

of IVC diameter over the respiratory/ventilatory cycle, while 

IVCmax and IVCmin measurements individually are static 

parameters.1 Previous reports indicate that the IVCmax and 

IVCmin may be underestimated due to the cylinder tangent 

effect, if the US beam travels through the vessel longitudi-

nally in an off-centered plane.29 Calculating IVC CI may 

help to reduce this systematic error as well as that associated 

with slight variations in angle of sampling, by the process 

of normalization.30

Our study shows IVC CI may be a valuable clinical tool 

for identifying when ICU patients have intravascular volume 

overload and may indicate patients most likely to achieve 

volume removal with HD/UF, as in patients with congestive 

heart failure.7,13 Mean CVP, PAOP, and cardiac output were 

poor predictors of whether a given UF volume was achieved 

(Table 2), which is consistent with prior findings.1,5

Since 95% of all encounters developed some degree 

of IDH, net UF volumes achieved may have been limited 

by the development of IDH (Figure 2A). The relationship 

between net volume change achieved and recommended 

for all encounters differed by IDH categories (Figure 2B). 

The smallest difference between volume removal achieved 

and recommended (steepest slope) was in the group with no 

criteria for IDH (IDH 0), progressively followed by the group 

who received volume support (IDH 1), the group with pre-

HD hypotension requiring a constant dose of vasopressor(s) 

to maintain BP before and during HD/UF (IDH 2b), those 

whose SBP decreased >50 mmHg or MAP decreased >20% 

(IDH 3), those requiring initiation of vasopressor therapy, an 

increased dose of vasopressors or discontinuation of dialysis 

due to intractable IDH (IDH 4), and those developing MAP 

<65 mmHg who received no vasopressor therapy and in 

whom HD was not discontinued due to hypotension (IDH 2a). 

These findings are consistent with increasing severity of 

IDH relating to decreasing ability to achieve the volume 

management prescribed. Net volume removal may not have 

been achieved in IDH 2a or IDH 4 because the patients could 

not tolerate the volume removal recommended. The sever-

ity of IDH was not related to the rate of net volume change 

(Figure 3), contrary to previous reports.24

Clinical intravascular volume assessments showed poor 

concordance with IVC collapsibility categories in our ICU 

patients (Table 3). In other groups of patients, most clinical 

findings have been well documented to have low sensitivity and 

high specificity or vice versa to indicate relative  intravascular 

Table 3 χ2 analyses comparing pre-ultrasound clinical intravascular volume assessments to IVC collapsibility index groups for initial 
and subsequent encounters

IVC CI 
subgroups

Initial encounters: P=0.07a 

n=113
Subsequent encounters: P<0.001a 

n=131

Hypervolemiab Euvolemiab Hypovolemiab Hypervolemiab Euvolemiab Hypovolemiab

CI <20% 33 15 7 42 30 ↑ 5 ↓

20% ≤ CI ≤50% 21 12 7 18 18 ↑ 4 ↓

CI >50% 6 5 7 0 ↓ 8 ↑ 6

Concordancec=46%±10% Concordancec=50%±9%

Initial encounters: P=0.15a Subsequent encounters: P=0.02a

$ Hypervolemiab Not-hypervolemiab Hypervolemiab Not-hypervolemiab

CI <20% 33 22 SN 60%
SP 53%

42 ↑ 35 ↓ SN 55%
SP 67%CI ≥20% 27 31 18 ↓ 36 ↑

Initial encounters: P=0.02a Subsequent encounters: P<0.001a

@ Hypovolemiab Not- hypovolemiab Hypovolemiab Not-hypovolemiab

CI >50% 7 ↑ 11 ↓ SN 39%
SP 85%

6 ↑ 8 ↓ SN 43%
SP 92%CI ≤50% 14 ↓ 81 9 ↓ 108

Notes: aP-value indicates the probability of whether the distributions are random. bHypervolemia, euvolemia and hypovolemia are clinical assessments. The category not-
hypovolemia groups patients in the categories of euvolemia and hypervolemia. ↑Frequency of occurrence is higher than would be expected due to chance. ↓Frequency of 
occurrence is lower than would be expected due to chance. cProportion of outcomes for which there is agreement ± 95% confidence interval. Concordance is defined as 
percentage of encounters in which clinical assessment of hypervolemia agrees with IVC CI <20%, euvolemia agrees with IVC CI ≥20% to ≤50%, and hypovolemia agrees with 
IVC CI >50%. $ Test is whether clinical assessment of hypervolemia is a predictor of CI <20%; SN and SP for this are indicated. @ Test is whether clinical assessment of 
hypovolemia is a predictor of CI >50%; SN and SP for this are indicated.
Abbreviations: CI, collapsibility index; IVC, inferior vena cava; SN, sensitivity; SP, specificity.
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volume depletion or overload.2,3 In hospitalized patients who 

are frequently not in steady state, inability to accurately assess 

relative intravascular volume from clinical findings may also 

be attributable to frequent mismatches between BP and intra-

vascular volume or between intravascular and extravascular 

volume.1 Our findings suggest that the information obtainable 

by bedside IVC US may not be readily gleaned from or repro-

duced by other available clinical data. Knowledge of IVC CI 

from prior encounters did not statistically improve subsequent 

clinical assessments of relative intravascular volume (concor-

dance 46%±10% and 50%±9%). This lack of improvement 

may be due to many clinical variables and changing intra-

vascular volume status in hospitalized patients, suggesting 

that relative intravascular volume status in ICU patients is a 

“moving target” and should be reassessed repeatedly over time.

Limitations of this study include that it is a retrospective 

observational study that was not controlled, randomized, or 

blinded. Our volume management decisions were influenced 

by IVC CI findings combined with other available clinical 

data. Intravascular volume status may change between the time 

of IVC US and clinical evaluation, and the time of HD. This 

reflects what occurs in actual day-to-day practice. IVC US 

assessment is operator dependent, however, the senior author 

performed or supervised all scans. Clinical conditions that are 

known to systematically bias IVC US findings were present 

in many patients,1 and this was taken into account at the time 

of patient evaluation, but not systematically evaluated.

Conclusion
IVC CI is a good predictor of achieving net volume removal 

with intermittent HD in critically ill patients. The majority of 

patients with low IVC CI and large IVCmax had successful UF 

with HD regardless of ventilator or vasopressor status. IVC CI 

< 20% was the approximate optimal cutoff value for achieving 

net UF volumes ≥0.5 L to ≥2.0 L for the entire population. Net 

volume change achieved tended to be less than recommended 

and may have been limited by the development of IDH. The 

severity scale of IDH, which we proposed, related to ability to 

achieve net volume changes recommended. Severity of IDH 

did not correlate with UF rate in mL/kg/h. Our clinical pre-IVC 

US intravascular volume assessments were poor predictors of 

IVC collapsibility, and this did not improve with subsequent 

encounters. IVC US may be a useful tool for predicting whether 

critically ill patients will achieve volume removal with HD.
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Figure S1 (A) Relationship of IVC CI to right atrial pressure derived from four publications with more than 50 extractable data points each for RAP and IVC CI (total 
n=298).1–4 Optimal sensitivity (80%) and specificity (79%) were obtained at a cutoff for IVC CI of 47.3% for predicting an RAP <5 mmHg. (B) Proportions of encounters within 
given RAP ranges that have IVC CI ≥47.3%, 20 to <47.3%, and <20%.
Abbreviations: CI, collapsibility index; IVC, inferior vena cava; RAP, right atrial pressure.
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