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Abstract

Introduction Volumetric parameters acquired by
transpulmonary thermodilution had been repeatedly proven
superior to filling pressures for estimation of cardiac preload. Up
to now, the proposed normal ranges were never studied in
detail. We investigated the relationship of the global end-
diastolic volume (GEDV) acquired by transpulmonary
thermodilution with age and gender in awake and spontaneously
breathing patients.

Methods Patients requiring brain tumor surgery were equipped
prospectively with a transpulmonary thermodilution device. On
postoperative day one, thermodilution measurements were
performed in 101 patients ready for discharge from the ICU. All
subjects were awake, spontaneously breathing,
hemodynamically stable and free of catecholamines.

Results Main finding was a dependence of GEDV on age and
gender, height and weight of the patient. Age was a highly
significant non-linear coefficient for GEDV with large inter-
individual variance (p < 0.001). On average, GEDV was 131.1
ml higher in males (p = 0.027). Each cm body height accounted
for 13.0 ml additional GEDV (p < 0.001). GEDV increased by
2.90 ml per kg actual body weight (p = 0.043). Each cofactor,
including height and weight, remained significant after indexing
GEDV to body surface area using predicted body weight.
Conclusions The volumetric parameter GEDV shows a large
inter-individual variance and is dependent on age and gender.
These dependencies persist after indexing GEDV to body
surface area calculated with predicted body weight. Targeting
resuscitation using fixed ranges of preload volumes acquired by
transpulmonary thermodilution without concern to an individual
patient's age and gender seems not to be appropriate.

Introduction
Therapy of severe circulatory dysfunction is dependent on a
reliable estimation of cardiac preload. Transpulmonary ther-
modilution offers accurate measurement of cardiac output
(CO) and the assessment of preload filling volumes. In com-
parison with central venous pressure and pulmonary capillary
wedge pressure, estimation of preload using transpulmonary
thermodilution derived global end-diastolic volume (GEDV) or
intrathoracic blood volume (ITBV) has been repeatedly proven

to be superior [1-5]. Consistently, filling pressures are consid-
ered inadequate for guiding volume therapy [6].

GEDV is a hypothetical volume that assumes the four cardiac
chambers are simultaneously in diastole [1]. ITBV represents
the thoracic vascular distributional volume of a dye indicator
injected in to a central vein [3]. GEDV and ITBV are closely
related [2,7,8]. As GEDV can be determined more easily using
cold saline [2], ITBV is estimated from GEDV in clinical rou-
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BSA: body surface area; CI: cardiac index; CO: cardiac output; CT: computed tomography; DSt: downslope time; EVLW: extravascular lung water; 
GEDV: global end-diastolic volume; GEDVI: global end-diastolic volume index; ITBV: intrathoracic blood volume; ITBVI: intrathoracic blood volume 
index; ITTV: intrathoracic thermal volume; MTt: mean transit time; PBW: predicted body weight; PTV: pulmonary thermal volume.
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tine. For clinical use and to compare individual patients, GEDV
and ITBV are indexed to body surface area, yielding GEDV
index (GEDVI) and ITBV index (ITBVI). Lower values of GEDVI
or ITBVI are more frequently detected in volume-depleted
patients [1]. These patients are likely to respond with an
increase in cardiac index (CI) to a volume challenge. This is
accompanied by an increase in GEDVI or ITBVI, whereas
changes of CI induced by application of inotropic drugs leave
GEDVI or ITBVI unchanged [1].

Further clinical validation of GEDVI was performed using
transesophageal echocardiography [9-13]. Compared with
continuous end-diastolic volume index, as well as left and right
heart end-diastolic volume indices derived by modified pulmo-
nary artery catheters, changes in GEDVI gave a better reflec-
tion of changes in cardiac preload in response to a volume
challenge. Numeric values of GEDVI and echocardiographic
volume indices show only a moderate correlation [9,10],
explained in part by different techniques used for echocardio-
graphic volume calculation [14].

Despite the usefulness of GEDV and ITBV for assessment of
hemodynamic status, no validation study for the numeric val-
ues of these parameters has been carried out so far. Refer-
ence ranges for their indexed values were proposed by expert
opinion to be 680 to 800 ml/m2 for GEDVI and 850 to 1000
ml/m2 for ITBVI. In a retrospective study, we found a consider-
able number of patients deviating from these proposed normal
ranges, although clinically appearing adequately volume
resuscitated [15]. The aim of the current study was to investi-
gate the hypothesis that GEDVI acquired by transpulmonary
thermodilution depends on age and gender in awake and
spontaneously breathing subjects.

Materials and methods
The study was approved by the Ethics Committee of the Bay-
erische Landesärztekammer, Munich, Germany. Informed con-
sent was obtained from all patients.

Study population
We included patients requiring elective brain tumor surgery at
the Department of Neurosurgery, Klinikum Bogenhausen, a
1000-bed teaching hospital of the Technische Universität
München, Germany. For perioperative monitoring and mainte-
nance of anesthesia, patients undergoing craniotomy are rou-
tinely equipped with a central venous and an arterial line as
standard of care in our department. Instead of the regular arte-
rial line, a five french thermodilution catheter (PULSION
PVPK2015L20-46N, PULSION Medical Systems AG,
Munich, Germany) was placed in a femoral artery at induction
of anesthesia and connected to a PiCCOplus thermodilution
monitor (Version 7.0; PULSION Medical Systems AG,
Munich, Germany).

Patients had to be at least 18 years old and to give informed
consent to be included in the study. Exclusion criteria were
inability or unwillingness to participate, missing or withdrawn
informed consent, chronic atrial fibrillation, and known heart
failure or pulmonary disease with dyspnea requiring supple-
mental oxygen. At study inclusion, the patient's body height
and weight were measured.

Thermodilution principle
After injection of a bolus of ice-cold saline through the central
venous line into the right atrium, CO is computed from the area
under the thermodilution curve obtained by a thermistor at the
tip of the arterial catheter [16]. Temporal analysis of the ther-
modilution curve allows calculation of the central blood vol-
umes [17]. The mean transit time (MTt) is the mean time from
the start of injection to detection of the indicator by the arterial
sensor, adjusted for recirculation [17]. The downslope time
(DSt) describes the exponential decay of the thermodilution
curve after its maximum [17]. Multiplication of the MTt with CO
equals the total volume marked by the thermal indicator, the
intrathoracic thermal volume (ITTV) [17]. Multiplication of the
DSt with CO represents the largest compartment of the
sequential mixing chambers of the thermal indicator, the pul-
monary thermal volume (PTV) [17]. The difference between
ITTV and PTV equals the GEDV [1]. ITBV is extrapolated by
multiplying GEDV by a fixed factor of 1.25, offering acceptable
accuracy in the clinical setting [18]. The difference between
the ITTV and the ITBV equals the extravascular lung water
(EVLW) [2].

Data acquisition and processing
All monitoring data was stored using the PiCCOWin software
(Version 7.0, PULSION Medical Systems AG, Munich, Ger-
many). CO was indexed with body surface area (BSA) calcu-
lated from actual body weight and height. GEDV was indexed
with BSA using measured height and predicted body weight
(PBW), calculated differently for males and females: PBWmale
= 50 + 0.91 × (heightcm - 152.4)and PBWfemale = 45.5 + 0.91
× (heightcm - 152.4) [19]. BSA was determined by the Du Bois
equation: BSA = 0.007184 × lengthcm

0.725 × weightkg
0.425

[20]. EVLW was indexed with PBW [21,22]. These calcula-
tions are performed automatically by the PiCCOplus device
and not amenable for end user adjustment. From the monitor
raw data, MTt and DSt were extracted.

Study protocol
Preoperatively, patients were fasted overnight. Induction and
maintenance of anesthesia, surgery and postoperative surveil-
lance on the neurosurgical intensive care unit were performed
as per the standards for our department and independent from
the study. Thermodilution measurements were performed at
least triplicate with 20 ml of iced saline and the mean of a
series was taken. The current analysis considers the measure-
ments performed in the morning before discharge of the
patients from the ICU on the first postoperative day. Patients
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not ready for discharge on postoperative day one were
excluded.

Study size
Study size was planned using a bootstrapping strategy [23]
on our previously analyzed retrospective data [15]. To achieve
a power of above 85% for concurrent investigation of the
dependencies of GEDV/GEDVI on age and sex, we aimed for
analysis of at least 100 patients. This was reached after inclu-
sion of 125 patients between July 2007 and June 2008.

Statistical analysis
For statistical analysis we used the statistical environment R
2.8.1 [24].

The repeatability coefficient was defined as standard deviation
divided by the mean of a measurement series.

Univariate analysis was performed using the Kruskal-Wallis-
Test for CO, GEDV, GEDVI, MTt and DSt against predefined
age groups in decades. The Welch t-test with correction for
variance heterogeneity was used to compare the target

parameters against gender and to screen for the impact of
comorbidities and chronic medication. Gender differences in
comorbidities and chronic medication were analyzed using the
Chi square test or Fisher's exact test, as appropriate.

As GEDV and GEDVI showed no linear relationship with age,
multivariate analysis was applied using generalized additive
models [25] with GEDV and GEDVI as targets. Age was fitted
with non-linear smoothing, sex as a factor, and height and
actual body weight as linear explanatory variables. The combi-
nation of single parameters and their possible interactions
were compared using significance values and the minimized
Akaike Information Criterion [26].

Results
On postoperative day 1, 101 patients were discharged and
included in the study (Figure 1). Their demographic data, neu-
rosurgical diagnosis and comorbidities, as well as preopera-
tive medication are shown in Table 1. Age and body height
were negatively correlated (r = -0.25, P = 0.011), while age
and body weight showed a positive correlation (r = 0.18, P =
0.07).

Figure 1

Flow of patient recruitmentFlow of patient recruitment. ICU = intensive care unit; MRI = magnetic resonance imaging; POD = postoperative day.
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Table 1

Preoperative comorbidities and demographic data

all patients male female

N 101 41 60 P value

Age [years] (range) 57 (21-83) 58 (24-79) 56 (21-83) 0.314

ASA score (range) 2 (1-3) 2 (1-3) 2 (1-3) 0.904

Height [cm] (range) 170 (151-194) 177 (163-194) 165 (151-182) < 0.001

Weight [kg] (range) 78 (47-125) 84 (64-125) 73 (47-120) < 0.001

BMI [kg/m2] (range) 26.83 (19.02-43.55) 27.09 (20.66-39.18) 26.66 (19.02-43.55) 0.131

BSA [m2] (range) 1.73 (1.37-2.19) 1.88 (1.64-2.19) 1.63 (1.37-1.93) < 0.001

PBW [kg] (range) 63.2 (44.23-87.67) 72 (59.6-87.67) 57.2 (44.23-72.3) 0.195

Tumor entities

Glioblastoma 15

Astrocytoma 11

Neurinoma 6

Meningeoma 27

Angioma 7

Metastasis 16

Pituitary 7

Other 12

Preoperative comorbidities

Hypertension (%) 31 (30.7) 12 (29.3) 19 (31.8) 0.991

Myocardial infarction (%) 3 (3.0) 3 (7.3) 0 0.063

Stroke (%) 3 (3.0) 3 (7.3) 0 0.063

Adipositas (%) 11 (10.9) 4 (9.8) 7 (11.8) 1

Current smoker (%) 13 (12.9) 7 (17.1) 6 (10) 0.312

Preoperative medication

ACE inhibitors (%) 19 (18.8) 8 (19.5) 11 (18.3) 0.927

β-blockers (%) 18 (17.8) 8 (19.5) 10 (16.7) 0.904

Proton pump inhibitors (%) 28 (27.7) 11 (26.8) 17 (28.3) 0.932

Anticonvulsives (%) 19 (18.8) 6 (14.6) 13 (21.7) 0.541

Diuretics (%) 14 (13.8) 6 (14.6) 8 (13.3) 0.927

Calcium antagonist (%) 7 (7.0) 5 (12.2) 2 (3.3) 0.115

Steroids (%) 37 (36.6) 18 (43.9) 19 (31.7) 0.280

Statins (%) 5 (5.0) 3 (7.3) 2 (3.3) 0.391

ACE = angiotensin converting enzyme; ASA = American Society of Anesthesiologists; BMI = body mass index; BSA = body surface area; n = 
number of patients; PBW = predicted body weight.
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The median repeatability coefficient of all thermodilution series
for CO was 6.0% (interquartile range (IQR) = 3.9% to 9.4%),
for GEDV 7.4% (IQR = 5.4% to 10.5%), for MTt 4.0% (IQR =
2.5% to 6.1%) and for DSt 7.1% (IQR = 4.2% to 11.1%).

Univariate analysis of GEDV and GEDVI showed significant
differences between age groups (Figures 2a, b). The mean
GEDV and GEDVI were significantly different between gen-
ders (Figures 3a, b).

Figure 2

(a) Global end-diastolic volume (GEDV) and (b) global end-diastolic volume index (GEDVI) versus age in predefined groups (univariate comparison)(a) Global end-diastolic volume (GEDV) and (b) global end-diastolic volume index (GEDVI) versus age in predefined groups (univariate 
comparison).
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The parameters CO, MTt and DSt are determinants of GEDV
and their relationship with age and gender was examined. MTt
was significantly different between age groups, with increas-
ing values in higher decades (P = 0.0029). CO and DSt
showed no significant difference between age groups (P =
0.36 and P = 0.067, respectively). CO and MTt were signifi-
cantly higher in male patients (P = 0.004 and P = 0.05,
respectively, Table 2). DSt showed no significant difference
between genders (P = 0.3, Table 2).

The EVLW is a further derivative of CO, MTt and DSt. In con-
trast to GEDV, EVLW showed no significant difference
between age groups and gender (P = 0.24 and P = 0.81,
respectively, Table 2). Indexed to PBW, EVLWI was signifi-
cantly higher in females (P < 0.001, Table 2), but not signifi-
cantly different between age groups (P = 0.13).

Table 3 lists mean GEDV and GEDVI according to comorbid-
ities and chronic medication. A significant difference was
found for patients treated with statins. These patients were
considerably older than the whole collective (71.8 years vs.
56.9 years, P < 0.001). As statin medication concerned five
patients only, further analysis on subgroups or splitting on gen-
der did not seem appropriate.

In multivariate modeling, the relationship of GEDV and GEDVI
with age was highly significant and non-linear (Figures 4a, b).
Male patients showed a mean GEDV of 131.1 ml more than
females (95% confidence interval = 16.1 ml to 256.2 ml, P =
0.027). On average, each cm in body height accounted for an
increase of 13.0 ml of GEDV (95% confidence interval = 6.2

ml to 19.8 ml, P < 0.001). Each kg actual body weight
increased GEDV by 2.9 ml (95% confidence interval = 0.14
ml to 5.72 ml, P = 0.043).

After indexing GEDV to PBW, significant relationships for gen-
der, size and weight persisted. On average, male sex
accounted for a GEDVI increase of 67.3 ml/m2 (95% confi-
dence interval = 5.5 ml/m2 to 134.5 ml/m2, P = 0.035). GEDVI
increased by 3.7 ml/m2 per cm height (95% confidence inter-
val = 0.09 ml/m2 to 7.38 ml/m2, P = 0.047). Weight was neg-
atively correlated with GEDVI (-2.0 ml/m2 per kg, 95%
confidence interval = -3.50 ml/m2 to -0.50 ml/m2, P = 0.010).

Adding interactions between coefficients as well as non-linear
smoothing for height and weight did not improve the predic-
tion models for GEDV and GEDVI. Adding statin medication
as cofactor, which was suggested from the univariate results,
showed no significant effect in multivariate analysis (P = 0.13
and P = 0.15, respectively).

Table 4 lists mean ranges for GEDVI values calculated with
the final multivariate model according to the age groups
defined for univariate analysis. As expected from Figure 4, the
confidence intervals overlap considerably between groups
and show a monotonous increase in mean value and width for
higher age in both sexes.

Univariate examination suggested a possible gender differ-
ence for EVLWI. Therefore, we performed an additional multi-
variate exploration with the predictors significant for GEDVI.
Using stepwise deletion of the least important factor, the only
parameter remaining significantly correlated with EVLWI was
height (-0.11 ml/kg per cm, P = 0.001), while weight, gender
and age showed no significant relationship (P = 0.65, P =
0.40, P = 0.10, respectively, in sequence of deletion).

Discussion
The main finding of the current study is the dependence of the
preload values GEDV and GEDVI on age and gender. Further-
more, our results show a large inter-individual variance,
reflected in wide confidence intervals for the age-dependent
means. The previously known and rather narrow normal ranges
for GEDVI were defined on expert opinion only. As ITBV is cal-
culated using GEDV and a fixed transformation factor, our find-
ings also apply to ITBV and ITBVI estimated by single
transpulmonary thermodilution.

The patients included in our study were without known hemo-
dynamically relevant cardiopulmonary pathology in their medi-
cal history. For this reason, we did not perform routine
echocardiography or a stress electrocardiogram for study
inclusion. Admission to intensive care unit (ICU) was per-
formed for postoperative safety reasons and not due to hemo-
dynamic instability. No patient required vasoactive drugs or
inotropic support when the thermodilution measurements

Figure 3

(a) Global end-diastolic volume (GEDV) and (b) global end-diastolic volume index (GEDVI) versus gender (univariate comparison)(a) Global end-diastolic volume (GEDV) and (b) global end-diastolic 
volume index (GEDVI) versus gender (univariate comparison).
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were performed. All patients were breathing spontaneously
and were discharged from the ICU shortly afterwards. We
believe that our cohort resembles a representative normal
cross-section of adults. Consequently, our data presents the
first clinical series of values for the preload volumes GEDV and
GEDVI in this population.

Physiologic rationale
Analysis of the time parameters MTt and DSt from the
transpulmonary thermodilution raw data revealed that MTt
increases with age, while DSt shows no significant difference.
Therefore, the ITTV derived from MTt increases with age and
is higher in males. In contrast, the PTV derived from the DSt is
independent of age and gender.

The difference between the thermal volumes ITTV and PTV
equals the GEDV. Despite its name, the GEDV also includes
the volume of the aorta from the aortic valve to the tip of the
arterial thermistor [27]. The femoral catheter used in our study,
and in most other investigations on transpulmonary thermodi-
lution, has a length of 20 cm. In an adult it is placed with its tip

roughly at the iliac bifurcation. It is well known that the aortic
diameter increases with age and is larger in males than
females [28-32]. Mao and colleagues studied 1442 consecu-
tive asymptomatic subjects scheduled for coronary computed
tomography (CT) angiography [28]. Measured with aortic con-
trast CT, the upper normal limits of the diameter of the ascend-
ing aorta were 35.6, 38.3 and 40 mm for females and 37.8,
40.5 and 42.6 mm for males in age groups 20 to 40, 41 to 60
and older than 60 years, respectively. Using an estimated aor-
tic length of 50 cm, a 5 mm increase in luminal diameter would
result in approximately 150 ml additional volume. This increase
would explain the major part of our findings but does not take
into account aortic elongation in elderly subjects [33]. The
consequence, again, would be increased distribution volume
of the thermal indicator [34].

End-systolic and end-diastolic volumes, measured with car-
diac magnetic resonance tomography, are higher in male com-
pared with female patients [35-40]. We also found
comparable gender differences in GEDV in our study. Seem-
ingly in contrast to our results, a decrease in cardiac volumes

Table 2

Hemodynamic parameters at discharge from the ICU

all patients male female

mean (SD) n mean (SD) n mean (SD) n P value

APsys [mmHg] 139 (20) 98 141 (20) 39 138 (21) 59 0.559

APmean [mmHg] 94 (15) 98 96 (16) 39 93 (14) 59 0.324

APdia [mmHg] 66 (13) 98 68 (14) 39 65 (13) 59 0.141

HR [1/min] 77 (13) 98 74 (14) 39 79 (13) 59 0.074

CO [l/min] 7.16 (1.38) 101 7.55 (1.51) 41 6.78 (1.2) 60 0.004

CI [l/min/m2] 3.81 (0.63) 101 3.93 (0.6) 41 3.82 (0.6) 60 0.890

MTt [seconds] 18.5 (0.91) 101 19.5 (0.94) 41 17.9 (0.89) 60 0.05

DSt [seconds] 7.37 (0.63) 101 7.38 (0.63) 41 7.36 (0.71) 60 0.3

GEDV [ml] 1307 (310) 101 1509 (296) 41 1167 (235) 60 < 0.001

GEDVI [ml/m2] 693 (137) 101 750 (130) 41 653 (128) 60 < 0.001

ITBV [ml] 1634 (338) 101 1887 (370) 41 1459 (239) 60 < 0.001

ITBVI [ml/m2] 866 (171) 101 938(162) 41 816 (160) 60 < 0.001

EVLW [ml] 526 (164) 101 533 (97) 41 526 (200) 60 0.80

EVLWI [ml/kg] 8.5 (3.0) 101 7.4 (1.2) 41 9.3 (3.6) 60 < 0.001

SVR [dyn*s*cm-5] 1072 (517) 98 1035 (485) 39 1097 (539) 59 0.317

SVRI [dyn*s*cm-5m-2] 2001 (921) 98 2054 (829) 39 1965 (983) 59 0.374

fluid balance [ml] 1743 (1431) 100 1664 (1442) 41 1798 (1447) 59 0.911

Apdia = diastolic arterial pressure; APmean = mean arterial pressure; APsys = systolic arterial pressure; CI = cardiac index; CO = cardiac output; 
DSt = downslope time; EVLW = extravascular lung water; EVLWI = extravascular lung water index; GEDV = global end-diastolic volume; GEDVI 
= global end-diastolic volume index; HR = heart rate; ICU = intensive care unit; ITBV = intrathoracic volume; ITBVI = intrathoracic volume index; 
MTt = mean transit time; n = number of patients; SD = standard deviation; SVR = systemic vessel resistance; SVRI = systemic vessel resistance 
index.
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with age is described [35,37-39]. As we did not perform car-
diac imaging in our patients, we are unable to further explain
these findings. It is, however, conceivable that the increase in
aortic diameter and length may offset the decrease in cardiac
volume in older patients.

Indexing problems
Indexing of hemodynamic variables is performed to remove dif-
ferences between subjects for gender, weight and height.
Therefore, theoretically, no significant contribution of any of
these factors should persist. However, the contrary is found in
our data and the literature [35-41]. Using BSA calculated with
PBW for indexing of GEDV, yielding GEDVI, the influence of
gender, height and weight remained significant confounders.
PBW is dependent on gender and body height [19], but not
on actual body weight. The negative correlation of GEDVI with
weight in our multivariate analysis suggests that the indexing
method overcorrects for heavier subjects.

Likewise, indexing EVLW using gender-specific PBW explains
at least part of the higher female EVLWI values in our data. If
indexing would be performed equally for both sexes instead of
using a gender-specific formula, the difference in EVLWI, but
not in GEDVI, would diminish (data not shown). Multivariate

analysis with the predictors significant for GEDVI shows that
height is negatively correlated with EVLWI, while gender, age
and weight have no significant relationships. Therefore, we do
not think there is sufficient evidence for a true EVLWI gender
difference. The finding in univariate analysis is likely to be
related to indexing of EVLW with PBW, which seems overly
corrective for larger - more likely to be male - subjects.

Clinical implications
The results of the current study imply that the use of the fixed
normal ranges for targeting volumetric therapy is misleading.
Although younger patients and females might get severely
overhydrated aiming for the proposed normal ranges, older
patients may erroneously be deprived of necessary volume.
Clinical trials on preload optimization show a lack of consist-
ency on hemodynamic goals and large heterogeneity in treat-
ment effects [42]. Our results may explain part of these
findings.

The wide confidence bands for GEDV and GEDVI in our data
raise concern of targeting volume resuscitation with absolute
values. Relative changes after volume expansion may better
indicate volume status [27] and, in our opinion, require further
study. If GEDVI changes substantially after a volume chal-

Table 3

GEDV and GEDVI according to comorbidities and preoperative medication

GEDV [ml] GEDVI [ml/m2]

Comorbidities yes no P value yes no P value

mean (SD) mean (SD) mean (SD) mean (SD)

Hypertension 1384 (288) 1276 (317) 0.100 717 (140) 684 (135) 0.281

Myocardial infarction 1660 (172) 1299 (309) 0.056 810 (69) 691 (69) 0.082

Stroke 1754 (224) 1296 (304) 0.064 866 (101) 689 (13) 0.086

Adipositas 1378 (261) 1301 (317) 0.390 650 (87) 700 (141) 0.115

Smoker 1252 (255) 1313 (338) 0.467 659 (91) 697 (146) 0.230

Medication

ACE-inhibitors 1441 (304) 1279 (313) 0.051 719 (144) 689 (135) 0.417

β-blockers 1389 (256) 1292 (321) 0.179 725 (140) 687 (136) 0.310

Proton pump inhibitors 1240 (239) 1337 (333) 0.111 665 (100) 706 (148) 0.117

Anticonvulsives 1223 (263) 1331 (319) 0.134 666 (128) 701 (139) 0.299

Diuretics 1426 (332) 1291 (305) 0.171 690 (133) 722 (158) 0.475

Ca2+antagonists 1571 (338) 1290 (302) 0.072 788 (168) 688 (133) 0.210

Steroids 1375 (378) 1271 (259) 0.148 723 (163) 677 (116) 0.137

Statins 1619 (305) 1293 (278) 0.057 849 (124) 686 (133) 0.041

ACE = angiotensin converting enzyme; GEDV = global end-diastolic volume; GEDVI = global end-diastolic volume index; SD = standard 
deviation.
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Figure 4

(a) Global end-diastolic volume (GEDV) and (b) global end-diastolic volume index (GEDVI) versus age using a generalized additive model(a) Global end-diastolic volume (GEDV) and (b) global end-diastolic volume index (GEDVI) versus age using a generalized additive model. The con-
tinuous line represents the highly significant non-linear relationship for all data (P < 0.0001). The dotted and dashed lines show the 95% confidence 
interval (CI) for females and males. Single data points are shown with male and female symbols.
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lenge, the patient is likely to be volume responsive. In contrast,
if the EVLWI shows a pronounced increase, while GEDVI rises
only marginally, this may be an indicator of overhydration.

Limitations of the study
The patients in our study appeared to have normal cardiopul-
monary function and were evaluated shortly before discharge
from the ICU. The overnight fasting required preoperatively is
described to have no impact on intravascular blood volume
[43]. We cannot exclude a postoperative stress response that
may influence cardiac performance or circulating blood vol-
umes. However, a stress response may be present in volun-
teers or patients examined before induction of anesthesia.
Conversely, any premedication may blunt a normal stress level.

Obviously, the patients included in our study were not healthy
volunteers. They required craniotomy for removal of a brain
tumor. However, we are unaware of any data indicating that
patients requiring elective craniotomy present with an abnor-
mal hemodynamic profile. As some of the patients had meta-
static brain tumors, we cannot exclude that some of them may
have been compromised by their underlying disease. No
patient had undergone lobar lung resection, pneumonectomy
or chemotherapy at the time of study inclusion.

Our study was not powered to detect a potential impact of
chronic medication on preload volumes. However, according
to our univariate analysis, the magnitude seems to be far lower
than the relationship of preload volumes with age and gender
found. In view of the large interindividual variance between
subjects, any hypothetical confirmatory trial would have to
include at least a ten-fold greater number of patients.

Finally, we did not investigate the influence of interventions
such as a volume challenge or passive leg raising on the static
preload parameter GEDV. Pulse pressure variation or stroke
volume variation are dynamic indicators of cardiac preload and
provide valuable information on the volume responsiveness of
a patient [44]. Nevertheless, we do think that our findings may

help to increase the physiologic understanding of volumetric
preload parameters acquired by transpulmonary thermodilu-
tion.

Conclusions
We provide evidence that the volumetric parameters GEDV
and ITBV as well as their indexed versions GEDVI and ITBVI
are dependent on age and gender in spontaneously breathing
patients without hemodynamic support and show wide confi-
dence intervals due to a large variance between individuals.
Targeting resuscitation using fixed ranges of preload volumes
acquired by transpulmonary thermodilution without concern
for the individual patient's age and gender seems not to be
appropriate. Future studies investigating whether these find-
ings translate into optimized volume therapy in acutely ill
patients are clearly warranted.
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• The preload volumes GEDV and ITBV are dependent 
on age and gender.

• The age and sex dependence of GEDV and ITBV is per-
sistent after indexing to BSA.

• GEDVI and ITBVI show wide confidence intervals in 
spontaneously breathing patients due to a large vari-
ance between individuals.

• Targeting resuscitation using fixed ranges of GEDVI or 
ITBVI without concern for age and gender is not appro-
priate.

Table 4

GEDVI means with 95% confidence intervals for males and 
females according to age groups

GEDVI [ml/m2]

Age [years] mean male (95% CI) mean female (95% CI)

<= 40 633 (456-880) 559 (402-779)

41-50 667 (485-916) 592 (432-812)

51-60 736 (536-1011) 654 (478-897)

61-70 802 (585-1101) 713 (520-977)

>70 812 (590-1117) 720 (520-997)

CI = confidence interval; GEDVI = global end-diastolic volume index
Page 10 of 12
(page number not for citation purposes)



Available online http://ccforum.com/content/13/6/R202
rosurgery at the Klinikum Bogenhausen who performed part of the 
thermodilution measurements and carried the additional workload of the 
clinical study. Additionally, we like to thank Prof. Thomas Kneib, Depart-
ment of Mathematics, Carl von Ossietzky Universität, Oldenburg, Ger-
many, Prof. Friedrich Leisch, Department of Statistics, Ludwig-
Maximilian-Universität, Munich, Germany and Tatyana Krivobokova, 
Courant Research Centre, Georg-August-Universität, Göttingen, Ger-
many for statistical advice.

References
1. Michard F, Alaya S, Zarka V, Bahloul M, Richard C, Teboul J: Glo-

bal end-diastolic volume as an indicator of cardiac preload in
patients with septic shock.  Chest 2003, 124:1900-1908.

2. Sakka SG, Rühl CC, Pfeiffer UJ, Beale R, McLuckie A, Reinhart K,
Meier-Hellmann A: Assessment of cardiac preload and
extravascular lung water by single transpulmonary thermodi-
lution.  Intensive Care Med 2000, 26:180-187.

3. Lichtwarck-Aschoff M, Zeravik J, Pfeiffer UJ: Intrathoracic blood
volume accurately reflects circulatory volume status in criti-
cally ill patients with mechanical ventilation.  Intensive Care
Med 1992, 18:142-147.

4. Neumann P: Extravascular lung water and intrathoracic blood
volume: double versus single indicator dilution technique.
Intensive Care Med 1999, 25:216-219.

5. Sakka SG, Bredle DL, Reinhart K, Meier-Hellmann A: Comparison
between intrathoracic blood volume and cardiac filling pres-
sures in the early phase of hemodynamic instability of patients
with sepsis or septic shock.  J Crit Care 1999, 14:78-83.

6. Marik PE, Baram M, Vahid B: Does central venous pressure pre-
dict fluid responsiveness? A systematic review of the litera-
ture and the tale of seven mares.  Chest 2008, 134:172-178.

7. Reuter DA, Felbinger TW, Moerstedt K, Weis F, Schmidt C, Kilger
E, Goetz AE: Intrathoracic blood volume index measured by
thermodilution for preload monitoring after cardiac surgery.  J
Cardiothorac Vasc Anesth 2002, 16:191-195.

8. Michard F, Schachtrupp A, Toens C: Factors influencing the
estimation of extravascular lung water by transpulmonary
thermodilution in critically ill patients.  Crit Care Med 2005,
33:1243-1247.

9. Hofer CK, Furrer L, Matter-Ensner S, Maloigne M, Klaghofer R,
Genoni M, Zollinger A: Volumetric preload measurement by
thermodilution: a comparison with transoesophageal
echocardiography.  Br J Anaesth 2005, 94:748-755.

10. Reuter DA, Goepfert MSG, Goresch T, Schmoeckel M, Kilger E,
Goetz AE: Assessing fluid responsiveness during open chest
conditions.  Br J Anaesth 2005, 94:318-323.

11. Hofer CK, Müller SM, Furrer L, Klaghofer R, Genoni M, Zollinger A:
Stroke volume and pulse pressure variation for prediction of
fluid responsiveness in patients undergoing off-pump coro-
nary artery bypass grafting.  Chest 2005, 128:848-854.

12. Hofer CK, Ganter MT, Matter-Ensner S, Furrer L, Klaghofer R,
Genoni M, Zollinger A: Volumetric assessment of left heart
preload by thermodilution: comparing the PiCCO-VoLEF sys-
tem with transoesophageal echocardiography.  Anaesthesia
2006, 61:316-321.

13. Marx G, Cope T, McCrossan L, Swaraj S, Cowan C, Mostafa SM,
Wenstone R, Leuwer M: Assessing fluid responsiveness by
stroke volume variation in mechanically ventilated patients
with severe sepsis.  Eur J Anaesthesiol 2004, 21:132-138.

14. Hofer CK, Ganter MT, Rist A, Klaghofer R, Matter-Ensner S,
Zollinger A: The accuracy of preload assessment by different
transesophageal echocardiographic techniques in patients
undergoing cardiac surgery.  J Cardiothorac Vasc Anesth 2008,
22:236-242.

15. Wolf S, Landscheidt J, Tomasino A, Schul D, Stegmaier H, Schür-
er L, Lumenta C: ITBV and GEDV but not EVLW acquired by
transpulmonary thermodilution is age dependent in a series of
neurosurgical patients [abstract].  Int Care Med 2007,
33(Suppl 2):S73.

16. Stewart GN: The pulmonary circulation time, the quantity of
blood in the lungs and the output of the heart.  Am J Physiol
1921, 58:20-44.

17. Newman EV, Merrell M, Genecin A, Monge C, Milnor WR, McK-
eever WP: The dye dilution method for describing the central
circulation.  Circulation 1951, 4:735-746.

18. Michard F: Bedside assessment of extravascular lung water by
dilution methods: temptations and pitfalls.  Crit Care Med
2007, 35:1186-1192.

19. Devine BJ: Gentamicin therapy.  Drug Intell Clin Pharm 1974,
8:650-655.

20. Du Bois D, Du Bois EF: A formula to estimate the approximate
surface area if height and weight be known.  Arch Intern Med
1916, 5:303-311.

21. Sakka SG, Klein M, Reinhart K, Meier-Hellmann A: Prognostic
value of extravascular lung water in critically ill patients.  Chest
2002, 122:2080-2086.

22. Phillips CR, Chesnutt MS, Smith SM: Extravascular lung water in
sepsis-associated acute respiratory distress syndrome:
indexing with predicted body weight improves correlation with
severity of illness and survival.  Crit Care Med 2008, 36:69-73.

23. Efron B: Bootstrap Methods: Another Look at the Jackknife.
Ann Stat 1979, 7:1-26.

24. R Development Core Team: R: A language and environment for
statistical computing.  2009 [http://www.r-project.org]. R Foun-
dation for Statistical Computing, Vienna, Austria

25. Wood SN: Generalized Additive Models: An Introduction with
R.  Boca Raton: CRC press; 2006. 

26. Akaike H: A new look at the statistical model identification.
IEEE Transactions on Automatic Control 1974, 19:716-723.

27. Brivet FG, Jacobs F, Colin P: Calculated global end-diastolic
volume does not correspond to the largest heart blood vol-
ume: a bias for cardiac function index?  Intensive Care Med
2004, 30:2133-2134. author reply 2135

28. Mao SS, Ahmadi N, Shah B, Beckmann D, Chen A, Ngo L, Flores
FR, Gao YL, Budoff MJ: Normal thoracic aorta diameter on car-
diac computed tomography in healthy asymptomatic adults:
impact of age and gender.  Acad Radiol 2008, 15:827-834.

29. Itani Y, Watanabe S, Masuda Y, Hanamura K, Asakura K, Sone S,
Sunami Y, Miyamoto T: Measurement of aortic diameters and
detection of asymptomatic aortic aneurysms in a mass
screening program using a mobile helical computed tomogra-
phy unit.  Heart Vessels 2002, 16:42-45.

30. Aronberg DJ, Glazer HS, Madsen K, Sagel SS: Normal thoracic
aortic diameters by computed tomography.  J Comput Assist
Tomogr 1984, 8:247-250.

31. Hager A, Kaemmerer H, Rapp-Bernhardt U, Blücher S, Rapp K,
Bernhardt TM, Galanski M, Hess J: Diameters of the thoracic
aorta throughout life as measured with helical computed tom-
ography.  J Thorac Cardiovasc Surg 2002, 123:1060-1066.

32. Pearce WH, Slaughter MS, LeMaire S, Salyapongse AN, Feinglass
J, McCarthy WJ, Yao JS: Aortic diameter as a function of age,
gender, and body surface area.  Surgery 1993, 114:691-697.

33. Mohiaddin RH, Schoser K, Amanuma M, Burman ED, Longmore
DB: MR imaging of age-related dimensional changes of tho-
racic aorta.  J Comput Assist Tomogr 1990, 14:748-752.

34. Sakka SG, Meier-Hellmann A: Extremely high values of intratho-
racic blood volume in critically ill patients.  Intensive Care Med
2001, 27:1677-1678.

35. Alfakih K, Plein S, Thiele H, Jones T, Ridgway JP, Sivananthan MU:
Normal human left and right ventricular dimensions for MRI as
assessed by turbo gradient echo and steady-state free pre-
cession imaging sequences.  J Magn Reson Imaging 2003,
17:323-329.

36. Lorenz CH, Walker ES, Morgan VL, Klein SS, Graham TP: Normal
human right and left ventricular mass, systolic function, and
gender differences by cine magnetic resonance imaging.  J
Cardiovasc Magn Reson 1999, 1:7-21.

37. Sandstede J, Lipke C, Beer M, Hofmann S, Pabst T, Kenn W, Neu-
bauer S, Hahn D: Age- and gender-specific differences in left
and right ventricular cardiac function and mass determined by
cine magnetic resonance imaging.  Eur Radiol 2000,
10:438-442.

38. Marcus JT, DeWaal LK, Götte MJ, Geest RJ van der, Heethaar RM,
Van Rossum AC: MRI-derived left ventricular function parame-
ters and mass in healthy young adults: relation with gender
and body size.  Int J Card Imaging 1999, 15:411-419.

39. Hudsmith LE, Petersen SE, Francis JM, Robson MD, Neubauer S:
Normal human left and right ventricular and left atrial dimen-
Page 11 of 12
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14605066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14605066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14605066
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10784306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10784306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10784306
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1644961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1644961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=1644961
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10193551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10193551
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10382788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10382788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10382788
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18628220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18628220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18628220
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11957169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11957169
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15942338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15942338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15942338
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15790674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15790674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15790674
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15591333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15591333
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16100177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16100177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16100177
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16548948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16548948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16548948
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14977345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14977345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14977345
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18375326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18375326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18375326
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14870285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=14870285
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17334247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17334247
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12475851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12475851
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18090369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18090369
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18090369
http://www.r-project.org
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15368039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15368039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=15368039
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18572117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18572117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18572117
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11833840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11833840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11833840
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6707274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=6707274
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12063451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12063451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12063451
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8211683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=8211683
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2398153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=2398153
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11685313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11685313
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=12594722
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11550343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11550343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11550343
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10756992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10756992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10756992
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10595407
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10595407
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=10595407
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16353438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16353438


Critical Care    Vol 13 No 6    Wolf et al.
sions using steady state free precession magnetic resonance
imaging.  J Cardiovasc Magn Reson 2005, 7:775-782.

40. Salton CJ, Chuang ML, O'Donnell CJ, Kupka MJ, Larson MG, Kiss-
inger KV, Edelman RR, Levy D, Manning WJ: Gender differences
and normal left ventricular anatomy in an adult population free
of hypertension. A cardiovascular magnetic resonance study
of the Framingham Heart Study Offspring cohort.  J Am Coll
Cardiol 2002, 39:1055-1060.

41. Nikitin NP, Loh PH, de Silva R, Witte KKA, Lukaschuk EI, Parker A,
Farnsworth TA, Alamgir FM, Clark AL, Cleland JGF: Left ventricu-
lar morphology, global and longitudinal function in normal
older individuals: a cardiac magnetic resonance study.  Int J
Cardiol 2006, 108:76-83.

42. Sevransky JE, Nour S, Susla GM, Needham DM, Hollenberg S,
Pronovost P: Hemodynamic goals in randomized clinical trials
in patients with sepsis: a systematic review of the literature.
Crit Care 2007, 11:R67.

43. Jacob M, Chappell D, Conzen P, Finsterer U, Rehm M: Blood vol-
ume is normal after pre-operative overnight fasting.  Acta
Anaesthesiol Scand 2008, 52:522-529.

44. Marik PE, Cavallazzi R, Vasu T, Hirani A: Dynamic changes in
arterial waveform derived variables and fluid responsiveness
in mechanically ventilated patients: a systematic review of the
literature.  Crit Care Med 2009, 37:2642-2647.
Page 12 of 12
(page number not for citation purposes)

http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16353438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16353438
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11897450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11897450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=11897450
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16516701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16516701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=16516701
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17584921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=17584921
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18339157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=18339157
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19602972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19602972
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=PubMed&dopt=Abstract&list_uids=19602972

	Abstract
	Introduction
	Methods
	Results
	Conclusions

	Introduction
	Materials and methods
	Study population
	Thermodilution principle
	Data acquisition and processing
	Study protocol
	Study size
	Statistical analysis

	Results
	Discussion
	Physiologic rationale
	Indexing problems
	Clinical implications
	Limitations of the study

	Conclusions
	Competing interests
	Authors' contributions
	Acknowledgements
	References

