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T R A N S F U S I O N P R A C T I C E

Agreement of surgical blood loss estimation methods

Sebastian Jaramillo,1 Mar Montane-Muntane,1 David Capitan,1 Ferran Aguilar,2 Antoni Vilaseca,3

Annabel Blasi,1,4 and Ricard Navarro-Ripoll1

BACKGROUND: Surgical blood loss is usually
estimated by different formulae in studies of strategies
aimed at reducing perioperative bleeding. This study
assessed and compared the agreement of the main
blood loss estimation formulae using a direct
measurement of blood loss as the reference method.
STUDY DESIGN AND METHODS: Eighty consecutive
patients undergoing urologic laparoscopic surgery were
studied. Only optimal conditions for the direct
measurement of surgical blood loss were considered.
Surgical blood loss was estimated by six formulae at four
different postoperative time points. The agreement of the
formulae was evaluated by the Concordance correlation
coefficient (CCC) and Bland–Altman analyses. An
analysis of the agreement´s variability regarding different
magnitudes of blood loss was also performed.
RESULTS: Directly measured blood loss ranged from
200 to 2200 mL. The formulae studied showed poor
agreement with the direct measurement of blood loss;
95% limits of agreement widely exceeded the criterion of
�560 mL. Significant biases were found, which for most
of the formulae led to an overestimation of blood loss.
For all formulae, agreement remained constant
regardless of the amount of blood loss, with limits
between −40 and +120% approximately. Among the
formulae, the best agreement was achieved by López-
Picado´s formula at 48 hours (CCC: 0.577), with a bias
of +283 mL and 95% limits of agreement between −477
and +1043 mL.
CONCLUSION: Formulae currently used to estimate
surgical blood loss differ substantially from direct
measurements; therefore, they may not be reliable
methods of blood loss quantification in the surgical
setting.

INTRODUCTION

P
atient blood management programs include

evidence-based strategies to optimize the care of

patients who might need a blood transfusion.1,2

Assessment and reduction of surgical blood loss is

a key parameter1,2 not only in clinical practice but also in

research, where blood loss might be a more robust clinical

outcome3 since other parameters (e.g., transfusion rate or

hemoglobin drop) are influenced by several factors preclud-

ing proper comparison among different studies.3

However, there is currently no gold-standard method to

quantify blood loss.3–5 Usual methods of direct measurement

are not entirely reliable because of the limitations and difficul-

ties of accurately measuring whole blood loss, especially in

surgeries that involve hidden losses or difficult-to-measure

losses.4,5 Arising from the need for reliable quantification, sev-

eral formulae have been proposed to estimate surgical blood

loss based on clinical parameters.5,6 Although it has been sug-

gested that formulae may be significantly inexact and different

from each other,5,6 their actual agreement has not been prop-

erly investigated and compared. As a result, many blood loss

estimation formulae are still being used in several clinical

trials as valid methods of quantification.7–20
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Given that the results of research studies could be
significantly influenced by the blood loss quantification
method employed, this study aimed to evaluate and
compare the agreement of different blood loss estimation
formulae using a direct measurement of blood loss as the
reference method.

MATERIAL AND METHODS

This prospective observational study was conducted at Hos-
pital Clinic de Barcelona, Spain. The study was approved by
the institutional ethics committee (Reg. HCB/0906) and
registered in Clinicaltrials.gov (NCT03516552). Consecutive
adult patients electively scheduled for laparoscopic urologic
surgery were included, and signed written consent was
obtained.

The exclusion criteria were as follows: 1) Suspected or
confirmed coagulopathy (including current treatment with
anticoagulants or antiplatelet agents); 2) Directly measured
blood loss ≤ 200 mL; 3) Requirement for surgical gauzes
during surgery, including conversion to open surgical tech-
niques; 4) Transfusion of red blood cells (RBCs) during the
perioperative period; 5) Significant postoperative bleeding
(> 50 mL in surgical drains, gross hematuria, or any other
type of significant blood loss); 6) Fluid infusions or vasoac-
tive drugs after the first 24 postoperative hours.

General anesthesia was administered in all cases. A strict
fluid protocol was implemented to maintain a euvolemic sta-
tus. Intraoperative fluid therapy consisted of crystalloids
(1 mL kg−1 h−1) for the replacement of insensible losses.
Blood loss was replaced with crystalloids according to the
measured blood loss volume (1 mL of crystalloids was admin-
istered for each mL of measured blood loss). Postoperative
fluid therapy consisted of crystalloids (20 mL kg−1 day−1).
Vasoactive agents were used, if necessary, to achieve a mean
blood pressure > 65 mm Hg. An intraperitoneal surgical drain
was placed in all patients and withdrawn 48 hours after sur-
gery. A urinary catheter was placed in all patients. Visual
assessment was performed to detect gross hematuria.

Medical records and anthropometric data were col-
lected prospectively. Blood samples were analyzed at the
central laboratory (Advia 2120i automated hematology ana-
lyzer; Siemens Healthcare, Erlangen, Germany) to assess
hematocrit and hemoglobin levels before surgery, immedi-
ately after surgery and at 24, 48, and 72 hours after surgery.
All samples were obtained from large veins using a standard
protocol (during fasting, in a supine position, between
7 and 9 hours).

Direct measurement of surgical blood loss

Given that a gold-standard method for the direct measure-
ment of blood loss has not been defined, the method used
in this study was designed to optimize blood loss collection
and to minimize unquantifiable losses. This method

consisted of the use of a meticulous measurement tech-
nique carried out within the best conditions for the mea-
surement of blood loss. For this reason, only laparoscopic
surgery was considered because it fulfilled the need for a
closed loop where blood loss could be entirely measured.
The choice of urologic surgery was based on local records
that reported large volumes of intraoperative blood loss
with low rates of postoperative bleeding.

Blood loss was obtained from suction canisters
(Guardian 2 L suction canister, Cardinal Health, Dublin,
OH, USA). Before surgery, heparinized saline solution
(25000 IU of heparin in a saline solution) was added to the
suction system. During surgery, a continuous flow of irriga-
tion fluid (0.9% saline solution) was used to prevent any
clotting and residual blood in the suction system. The total
volume of the solutions used during surgery (heparin and
saline solution) was carefully recorded. Surgeons were
asked to carefully suction all surgical blood loss. Residual
losses were suctioned through surgical drains into the canis-
ter after the end of the surgery. The total suctioned volume
was precisely measured by a system capable of determining
differences up to �10 mL. The final value of surgical blood
loss was determined by subtracting the volume of irrigation
fluid from the total volume contained in surgical canisters.

Blood loss estimation formulae

All blood loss formulae have similar structures and bases. An
euvolemic state between the pre- and postoperative times is
assumed. Based on this principle, blood loss is assumed to
be correlated with the perioperative difference of hematocrit
(or hemoglobin levels) and the patient´s blood volume. The
essential difference among the formulae is how they correct
for blood hemodilution using different types of functions: lin-
ear, proportional, or logarithmic functions. Hence, blood loss
estimation formulae require a value of the patient’s blood
volume (estimated by specific formulae) and perioperative
values of either hematocrit or hemoglobin levels.

A selection of the main blood loss formulae was per-
formed. The selection considered the most cited and the most
recent formulae in the medical literature. Given the large
number of existing formulae, the final selection was deter-
mined according to the authors’ criteria. The chosen formulae
were reduced to the first author’s name to simplify citations:

i. Ward’s formula:21 Uses a natural logarithm function
between pre- and postoperative hematocrit to derive an
estimation on blood loss. Moore’s formula22 is used in
the equation for the estimation of blood volume.

ii. Bourke’s formula:23 Proposed as a simplification of
Ward’s formula. The natural logarithm is replaced by a
product of 3 minus the mean perioperative hematocrit.
Moore’s formula22 is also used for the estimation of
blood volume.

iii. Gross’ formula:24 also proposed as a simplification of
Ward’s formula. This formula uses the difference
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between pre- and postoperative hematocrit, divided by
the mean perioperative hematocrit to estimate blood
loss. Moore’s formula22 is also used in the equation.

iv. Hemoglobin balance formula:11 Widely used by different
authors using the terms “hemoglobin balance formula,”11

“hemoglobin balance method,” and “hemoglobin dilu-
tion method.”6 The formula uses the difference between
pre- and postoperative hemoglobin levels divided by the
preoperative hemoglobin level to calculate an estimation
of blood loss. To estimate blood volume, Nadler’s for-
mula25 is employed.

v. OSTHEO formula:26 Formula used in the Orthopedic Sur-
gery Transfusion Hemoglobin European Overview
(OSTHEO) study.26 It uses a complex formula where
compensated and uncompensated RBC volumes are
calculated. To estimate blood volume, it uses its own for-
mula, which is based on the body surface area.

vi. López-Picado’s formula5: Proposed as a modification of
a previous formula proposed by Camarasa et al.27 The
ICSH (International Council of Hematology) formula28 is
used to estimate blood volume.

Complete details of blood loss formulae are available
as supplementary material.

Postoperative blood loss quantification time points

Although some of the blood loss estimation formulae sug-
gest a specific postoperative time for the measurement of
hemoglobin or hematocrit (for example, immediately after
surgery or 48 hours after surgery), in this study, estimations
were made at several postoperative times to test each for-
mula at different postoperative time points. The postopera-
tive times studied were as follows: immediately after surgery
and 24, 48, and 72 hours after surgery.

Statistical analysis

Categorical data were expressed as frequencies and percent-
ages. Quantitative data were expressed as the means and
standard deviations (SD) if normally distributed or as
medians and interquartile ranges (IQR) if not. Variables were
analyzed using the Shapiro–Wilk test to determine whether
data were normally distributed. Absolute differences between
directly measured and estimated blood loss were also tested
for normal distribution using the Shapiro–Wilk test.

The agreement analysis was performed considering the
direct measurement of surgical blood loss as the reference
method. The six aforementioned formulae and the four
postoperative times per formula were considered. The sta-
tistical methods used in this study to evaluate the blood loss
formulae were the Concordance correlation coefficient
index (CCC)29 and the Bland–Altman analyses.30 The CCC
index assesses the agreement’s strength of a method in
comparison with the reference method, considering its pre-
cision and accuracy.29 Values range from 0 to �1, where
0 indicates no agreement and values near �1 indicate

perfect agreement. The Bland–Altman analysis also assesses
the agreement in comparison with the reference method. In
contrast to the CCC, the Bland–Altman analysis exposes the
agreement in the unit of measurement used (for instance,
milliliters of blood loss), which allows calculating bias and
95% limits of agreement in these units.

The evaluation of the agreement included two analyses:
1) Comparison of the agreement achieved per formula and 2)
accomplishment of the acceptable agreement per formula.

Comparison analysis was performed between formulae
(each formula tested at four different postoperative time
points) to establish which formula achieved the best
agreement. The CCC index was used as the main outcome.
The CCC index was considered a descriptive and compara-
tive parameter without considering any minimum accept-
able value.

Accomplishment analysis was performed to determine
which blood loss formulae (and at which postoperative
time) met the criterion for an acceptable agreement. In this
study, an acceptable agreement was defined by a maximum
of 95% limits of agreement in the Bland–Altman analysis.
These maximum limits of agreement established were con-
sidered by a difference that represented a �10% of the
blood volume of an average adult from a general popula-
tion. Although �10% of the total blood volume may seem
excessive, such a wide range was chosen given the acknowl-
edged inherent imprecisions of the formulas. According to a
previous study on healthy non-anemic adults,31 10% of the
blood volume corresponded to an approximate value of
560 mL. Thus, the acceptable 95% limits of agreement were
determined by a maximum range of �560 mL (+560 mL as
the upper limit of agreement, and −560 mL as the lower
limit of agreement).

Additionally, to achieve a more accurate examination of
the agreement’s consistency, variability regarding different
magnitudes of blood loss was evaluated. This is relevant when
focusing on extreme amounts of blood loss, in which agree-
ment could be underestimated or overestimated in the classi-
cal Bland–Altman plot due to the small or large magnitude of
the differences.32 The analysis was performed using the
Bland–Altman plot on percentage differences. The variability
of the agreement was assessed visually by the analysis of the
estimates’ dispersion at different magnitudes of blood loss.
This analysis was performed only for descriptive purposes,
and it was neither considered in the comparison of agree-
ments nor in the assessment of an acceptable agreement.

All statistical analyses were performed using R software
version 3.5.1 (R Development Core Team, Vienna, Austria).

Sample size calculation

The calculation of the sample size was performed consider-
ing maximum limits of agreement in the Bland–Altman
analysis using the method proposed by Lu and colleagues.33

The method considered the expected mean (and standard
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deviation) of differences between directly measured and
estimated blood loss, obtained from a pilot study, and the
maximum limits of agreement defined in the design of the
study (�560 mL). The analysis determined that 80 cases
were necessary. Sample size was calculated with a statistical
power of 90% and a level of significance of 0.05 (two tailed).

RESULTS

Eighty-five patients were enrolled, of whom five were
excluded as they met exclusion criteria (two patients were
transfused and three had significant postoperative bleed-
ing). The remaining eighty patients are summarized in
Table 1. Hematocrit and hemoglobin concentration assess-
ments were performed five times per patient during the
perioperative period, leading to a total of 400 measurements.
Perioperative values are summarized in Table 2. Nadir
hematocrit and hemoglobin levels were reached at the post-
operative 48 hours in 77 subjects, while 2 patients reached
the nadir levels at 24 hours and 1 patient at 72 hours.

Directly measured blood loss ranged from 200 to
2200 mL, with a median of 690 mL. Due to the non-normal
distribution of the results, a histogram was constructed
(Fig. 1), wherein the frequency and distribution for each
amount of blood loss are exposed.

CCC analyses are summarized in Table 3. The CCC
index improved substantially for every blood loss formula
when the postoperative time was defined as 48 hours after
surgery. Among the formulas, López-Picado’s formula
achieved the CCC index at every postoperative time point.
Therefore, to avoid redundant data analysis, subsequent
Bland–Altman analyses were performed considering all
blood loss estimation formulae with the postoperative time
set at 48 hours after surgery.

Bland–Altman analyses at 48 hours for each formula
are summarized in Table 4. None of the formulae studied
met the limits of agreement of �560 mL defined in the
design of the study. All blood loss estimation formulas dis-
played a considerable tendency to overestimate blood loss

due to the presence of a significant bias, except for the Hb
balance formula, which underestimated blood loss.

An additional Bland–Altman analysis was performed
considering estimations by López-Picado’s formula at differ-
ent postoperative time points. This analysis was included
because López-Picado’s formula achieved the best CCC
index among all other formulae at every postoperative time
point (Table 3). The results are displayed in Table 5 in the
supplemental material section. None of the postoperative
time points led to an acceptable agreement, as was defined
in the design of the study. Nonetheless, bias and limits of
agreement significantly improved when postoperative time
was set at 48 hours.

The agreement’s variability analysis was performed
considering the postoperative time at 48 hours, given that
the agreement improved substantially for every blood loss
formula at that postoperative time. Bland–Altman plots on
percentage differences at 48 hours after surgery (Fig. 2)
showed that dispersion of the estimates remained relatively

TABLE 1. Patient characteristics (n = 80)
Age (yrs), mean (SD) 60 (8)
Gender (male/female) 64/16
Height (cm), mean (SD) 169 (8)
Weight (kg), mean (SD) 77 (14)
BMI (kg/m2), median (IQR) 27 (24–29)
BSA (m2), mean (SD) 1.85 (0.18)
ASA I, n (%) 16 (20%)
ASA II, n (%) 50 (62.5%)
ASA III, n (%) 14 (17.5%)
Surgical intervention
Robotic prostatectomy 40
Laparoscopic partial nephrectomy 40

SD = standard deviation; BMI = body mass index; BMA = body
surface area; IQR = interquartile range.

TABLE 2. Patients’ perioperative hematologic
parameters
Hematocrit (%)

Preoperative, mean (SD) 43.9 (4.1)
Immediately after surgery, mean (SD) 40.5 (4.3)
24 hours after surgery, mean (SD) 35.9 (5.1)
48 hours after surgery, mean (SD) 35.4 (4.5)
72 hours after surgery, mean (SD) 36.7 (5.2)
Hemoglobin concentration (g/dl)
Preoperative, mean (SD) 14.4 (1.5)
Immediately after surgery, mean (SD) 13.7 (1.4)
24 hours after surgery, mean (SD) 12.1 (1.5)
48 hours after surgery, mean (SD) 11.9 (1.6)
72 hours after surgery, mean (SD) 12.2 (1.7)

SD = standard deviation.

Fig. 1. Histogram of measured blood loss (mL). A total of

52 patients (65%) had bleeding ≥500 mL, 20 patients (25%) had

bleeding ≥1000 mL, and 9 patients (8.7%) had bleeding

≥1500 mL.

Volume 59, February 2019 TRANSFUSION 511

SURGICAL BLOOD LOSS ESTIMATION



uniform for every amount of blood loss. Therefore, it was
concluded that the agreement was not significantly
influenced by the magnitude of the blood loss. Except for
the Hb balance formula (2-D), all formulae overestimated
blood loss by approximately +32 to 48% (bias). Wide limits
of agreement were observed (between −40 and + 120%,
approximately). The Hb balance formula (2-D) also showed
wide limits of agreement (−114 to +13%), but with a
pronounced tendency to underestimate blood loss (bias
of −50%).

DISCUSSION

This study evaluated and compared the agreement of the
main formulae used to estimate surgical blood loss using a
direct measurement of blood loss as the reference method.
Overall, the formulae studied showed poor agreement with
the directly measured blood loss. Wide limits of agreement
and significant bias were found, which for most of the
formulae led to a substantial overestimation of blood loss.
Agreement between estimated and directly measured blood
loss remained constant regardless of the magnitude of
blood loss.

Quantification of blood loss is one of the most robust
metrics in the evaluation of strategies aimed at reducing blood
loss,3 but direct measurements are not always feasible,4,5

especially in surgeries that involve hidden losses or immea-
surable losses.4,5 Blood loss estimation formulae try to solve

the need for reliable quantification.3,4 Given that there is no
gold-standard method of blood loss quantification, blood loss
estimation formulae have been considered valid approxima-
tions for the evaluation of the efficacy of pharmacological
interventions,7–11 topical hemostatic agents,12–16 and surgical
techniques.17–20 In fact, estimations obtained by these formu-
lae have been widely used to obtain important clinical conclu-
sions, even when formulae and direct measurement of blood
loss showed no agreement.9–11 However, in the present study,
formulae did not meet the agreement to be used as valid tools
for research applications.

Only a few studies have examined the agreement of
blood loss estimation formulae, and most were studies in
which the formulae were developed or proposed. Most of
these studies were performed on small sample sizes,21,23,24 in
surgeries with scarce blood loss,21–23 in scenarios that differ
from the surgical setting,6 or where the direct measurement
of blood loss was not reliable because they were tested in
surgeries where hidden losses could be involved.5,26 Apart
from the aforementioned limitations, estimations by blood
loss formulae were observed to be significantly different from
the direct measurements of blood loss.5,6

The underlying factors that may explain the inaccuracy
of blood loss estimation formulae are not known. The esti-
mation of a patient’s blood volume may be the main source
of error, considering that even the most accurate formula
has relevant inherent imprecisions that may reach �50%.28

Another important factor is that many blood loss estimation
formulae were designed under the basis of euvolemia

TABLE 3. Agreement between estimated and directly measured blood loss at different postoperative times (CCC index
with 95% CI)

Blood loss formula Immediately after surgery 24 hours after surgery 48 hours after surgery 72 hours after surgery

Ward’s formula 0.179 [0.025; 0.245] 0.318 [0.148; 0.470] 0.471 [0.345; 0.580] 0.308 [0.128; 0.398]
Bourke’s formula 0.154 [0.008; 0.228] 0.298 [0.108; 0.422] 0.455 [0.329; 0.565] 0.284 [0.115; 0.379]
Gross’ formula 0.194 [0.078; 0.258] 0.322 [0.150; 0.488] 0.476 [0.349; 0.585] 0.310 [0.140; 0.462]
Hb balance formula 0.198 [0.084; 0.270] 0.328 [0.149; 0.475] 0.437 [0.331; 0.533] 0.322 [0.151; 0.487]
OSTHEO Formula 0.187 [0.031; 0.253] 0.320 [0.146; 0.474] 0.462 [0.334; 0.574] 0.302 [0.114; 0.490]
López-Picado´s formula 0.219 [0.104; 0.289] 0.363 [0.162; 0.551] 0.577 [0.438; 0.688] 0.348 [0.188; 0.515]

CCC = concordance correlation coefficient; 95% CI = 95% confidence interval.

TABLE 4. Agreement between estimated and directly measured blood loss at 48 hours after surgery (Bland–Altman
analysis)

Blood loss formula
Bias

[95% CI]
Lower limit of agreement

[95% CI]
Upper limit of agreement

[95% CI]

Ward’s formula +459 mL [357; 560] −435 mL [−609; −260] +1353 mL [1179; 1527]
Bourke’s formula +474 mL [372; 576] −423 mL [−598; −248] +1371 mL [1196; 1546]
Gross’ formula +451 mL [351; 550] −428 mL [−599; −257] +1330 mL [1159; 1501]
Hb balance formula −318 mL [−384; −253] −898 mL [−1010; −784] +259 mL [147; 372]
OSTHEO formula +438 mL [328; 548] −534 mL [−724; −345] +1411 mL [1221; 1600]
López-Picado´s formula +283 mL [206; 360] −477 mL [−625; −329] +1043 mL [895; 1191]

Shapiro–Wilk test of absolute differences between directly measured and estimated blood loss: Ward’s: p = 0.368, Bourke’s: p = 0.419, Gross’:
p = 0.407, Hb balance: p = 0.654, OSTHEO: p = 0.326, López-Picado’s: p = 0.681.
95% CI = 95% confidence interval.
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during the course of surgery21,23,24 or between the pre- and
postoperative times.5,6,26 However, this may be difficult to
obtain in a clinical scenario, as there are many circum-
stances in the perioperative period that may modify the
volemic status. An alternative method to avoid the effect of
hemodilution during the perioperative period should be
investigated, for example, using RBC volume instead.

The main limitation of this study was the lack of a
gold-standard method to directly measure blood loss. To
minimize this limitation, we intended to use the most pre-
cise method with optimal conditions for the direct measure-
ment of blood loss. Despite the careful measures taken, we

recognize that a reference method is not available, and
therefore, the results may vary according to the chosen
measuring method. Additionally, an effort was made to
obtain a clinical setting where the direct measurement of
surgical blood loss was as reliable as possible.

Interestingly, hidden blood loss has always been quanti-
fied as the difference between direct measurements and esti-
mations from any blood loss formula.34–38 In fact, using this
approach, hidden losses have been calculated to be as high as
60% of the total blood loss.38 However, the actual amount of
hidden loss has never been evaluated by reliable methods. In
light of the formulae’s tendency to overestimate blood loss, a

Fig. 2. Bland–Altman plots on percentage differences (%) at 48 hours after surgery. Bias is represented by the solid red line, 95% limits

of agreement by dashed red lines and line of equality (where agreement would be perfect) by the dashed gray line. Agreement of the

estimates was not significantly influenced by the magnitude of the blood loss, remaining nearly constant for every amount of blood loss.

All formulae showed a substantial tendency to overestimate blood loss, while the Hb balance formula (2-D) underestimated blood loss.

[Color figure can be viewed at wileyonlinelibrary.com]
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proper study of hidden surgical blood losses would be helpful
to understand the magnitude of the problem.

In conclusion, blood loss formulae differ significantly
from direct measurements of blood loss; hence, blood loss
formulae may not be reliable methods of quantification.
New approaches are needed to quantify perioperative surgi-
cal blood loss.\
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Background - Perioperative blood loss is an essential parameter in research 
into Patient Blood Management. However, currently there is no "gold 
standard" method to quantify it. Direct measurements of blood loss are 
considered unreliable methods, and the formulae to estimate it have proven to 

evaluated an estimation of haemoglobin mass loss as an alternative approach 
to estimate perioperative blood loss, and compared it to estimations based on 
blood volume loss.
Material and methods - We studied one hundred consecutive patients 
undergoing urological laparoscopic surgery. Both haemoglobin mass loss 
and blood volume loss were directly measured during surgery, under highly 
controlled conditions for a reliable direct measurement of blood loss. Three 
formulae were studied: 1) a haemoglobin mass loss formula, which estimated 
blood loss in terms of haemoglobin mass loss, 2) the López-Picado's formula 
and 3) an empirical volume formula that estimated blood loss in terms of 
blood volume loss. The empirical volume formula was developed within the 
study with the aim of providing the best possible estimation of blood volume 
loss in the studied population. The formulae were evaluated and compared by 
assessing their agreements with their respective direct measurements of blood loss.
Results
criterion of ±71 g, with 95% limits of agreement ranging from 0.6 to 44.1 g 
and a moderate overestimation of 22.4. In comparison to both blood volume 
loss formulae, the haemoglobin mass loss formula was superior in every 
agreement parameter evaluated.
Discussion - In this study, the estimation of haemoglobin mass loss was found 
to be a more accurate method to estimate perioperative blood loss. This 
estimation method could be a robust research tool, although more studies are 
needed to establish its reliability.

Keywords: blood loss, surgical, transfusion-alternative strategies, transfusion medicine.
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in Table I

 and 

Figure 1A and B
Absolute agreement

Figure 2

Table I - Patient characteristics (n=100)

Age (yrs), mean (range) 61 (39-82)

Sex ratio, male/female, n 77/33

Height (cm), mean (SD) 168 (8)

Weight (kg), mean (SD) 76 (14.0)

BMI (kg/m2), median (IQR) 27.3 (24.1-29.3)

ASA physical status classification, n

1 16

2 67

3 17

Estimated intravascular blood volume 
(mL) (ICSH formula), mean (SD) 5,448 (719)

Total fluid balance (mL)
(mean [SD; range])

Surgical intervention, n

Robotic prostatectomy 43

Laparoscopic partial nephrectomy 35

Laparoscopic radical nephrectomy 15

Laparoscopic nephroureterectomy 7

SPatients' perioperative haemoglobin 
concentrations

Preoperative haemoglobin 
concentration (g/dL), mean (SD) 14.4 (1.6)

Postoperative (nadir) haemoglobin 
concentration (g/dL), mean (SD) 11.8 (1.5)

ASA: American Society of Anesthesiologist physical status classification; 
BMI: body mass index; ICSH: International Council for Standardization in 
Haematology; IQR: interquartile range; SD: standard deviation.

Histograms of measured haemoglobin mass loss 
(HbMBL) (A) and measured blood volume loss (VMBL) (B). 

volume loss was observed: bleeding was = 500 mL in 54% of patients, 1,000 mL in 
18% of patients, and 1,500 mL in 7% of patients.
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(right). 

by dashed grey lines, and unit scales were set approximately at 2× the unit conversion (±150 g and ±1,200 mL) to facilitate visual comparison among formulae' 

loss formula (B) obtained more accurate estimations than the blood volume loss formulae (D and F). SD: standard deviation.

Agreement's strength

Table II

Agreement's consistency

Figure 3

Figure 3A

Figure 3B and C
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Figure 2C and E

DISCUSSION

Table II - Comparison of the precision, accuracy and agreement strength achieved by the blood loss formulae*

Accuracy (Cb) c)

Haemoglobin mass loss formula 0.981
(0.972-0.987)

0.926
(0.902-0.950)

0.909
(0.877-0.933)

0.501
(0.335-0.637)

0.888
(0.774-0.921)

0.445
(0.289-0.577)

Empirical volume formula 0.815
(0.736-0.872)

0.921
(0.895-0.947)

0.751
(0.668-0.826)

*Concordance correlation coefficient parameters are expressed with 95% confidence interval. 

formula, for the analysis of the agreements' consistency. 
Bias is represented by a solid grey line, 95% limits of agreement are indicated 

The haemoglobin mass loss formula (A) showed a considerable consistency 
since estimates became progressively narrower as blood loss increased. In 
contrast, the López-Picado formula (B) and the empirical volume formula (C) 
showed no consistency, as dispersion width remained unchanged as blood loss 
increased. SD: standard deviation.
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Mechanism-Based Modeling of Perioperative 
Variations in Hemoglobin Concentration in Patients 
Undergoing Laparoscopic Surgery
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BACKGROUND: Hemoglobin concentration ([Hb]) in the perioperative setting should be inter-
preted in the context of the variables and processes that may affect it to differentiate the dilu-
tion effects caused by changes in intravascular volume. However, it is unclear what variables 
and processes affect [Hb]. Here, we modeled the perioperative variations in [Hb] to identify the 
variables and processes that govern [Hb] and to describe their effects.
METHODS: We first constructed a mechanistic framework based on the main variables and 
processes related to the perioperative [Hb] variations. We then prospectively studied patients 
undergoing laparoscopic surgery, divided into 2 consecutive cohorts for the development and 
validation of the model. The study protocol consisted of serial measurements of [Hb] along 
with recordings of hemoglobin mass loss, blood volume loss, fluid infusion, urine volume, and 
inflammatory biomarkers measurements, up to 96 hours postoperatively. Mathematical fitting 
was performed using nonlinear mixed-effects. Additionally, we performed simulations to explore 
the effects of blood loss and fluid therapy protocols on [Hb].
RESULTS: We studied 154 patients: 118 enrolled in the development group and 36 in the vali-
dation group. We characterized the perioperative course of [Hb] using a mass balance model 
that accounted for hemoglobin losses during surgery, and a 2-compartment model that esti-
mated fluid kinetics and intravascular volume changes. During model development, we found 
that urinary fluid elimination represented only 24% of the total fluid elimination, and that total 
fluid elimination was inhibited after surgery in a time-dependent manner and influenced by age. 
Also, covariate evaluation showed a significant association between the type of surgery and 
proportion of fluid eliminated via urine. In contrast, neither the type of infused solution, blood 
volume loss nor inflammatory biomarkers were found to correlate with model parameters. In the 
validation analysis, the model demonstrated a considerable predictive capacity, with 95% of the 
predicted [Hb] within −4.4 and +5.5 g/L. Simulations demonstrated that hemoglobin mass loss 
determined most of the postoperative changes in [Hb], while intravascular volume changes due 
to fluid infusion, distribution, and elimination induced smaller but clinically relevant variations. 
Simulated patients receiving standard fluid therapy protocols exhibited a hemodilution effect 
that resulted in a [Hb] decrease between 7 and 15 g/L at the end of surgery, and which was 
responsible for the lowest [Hb] value during the perioperative period.
CONCLUSIONS: Our model provides a mechanistic and quantitative understanding of the 
causes underlying the perioperative [Hb] variations. (Anesth Analg 2024;138:141–51)

KEY POINTS

• Question: What are the causes of the variations in hemoglobin concentration during the 
perioperative period?

• Findings: Variations in hemoglobin concentration were explained by a mass balance model 
that accounted for hemoglobin losses during surgery, and a 2-compartment model that char-
acterized fluid input (from fluid infusion), loss (from blood volume loss), distribution (between 
intravascular and peripheral compartments), and elimination (urinary and extraurinary).

• Meaning: The developed model provides a mechanistic and quantitative understanding of 
the causes underlying the perioperative variations in hemoglobin concentration.
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GLOSSARY

[Hb](0) = preoperative hemoglobin concentration; [Hb] = hemoglobin concentration; A(0) = pre-
operative circulating hemoglobin mass; ALoss = hemoglobin mass loss; BLoss = rate of blood volume 
loss; CI = confidence interval; CL = fluid clearance; FluidRate = fluid infusion rate; HT = hysterec-
tomy; HTA = hysterectomy with adnexectomy; IIV = interindividual variability; Imax = maximum 
inhibition of fluid elimination; NU = nephroureterectomy; Q = intercompartmental clearance; RN = 
radical nephrectomy; RSE = relative standard error; T50 = time to produce 50% inhibition of fluid 
elimination; UF = urinary fraction; VB(0) = preoperative intravascular volume; VB = intravascular 
volume; VP(0) = preoperative peripheral volume compartment; VP = peripheral volume compart-
ment; VUR = urine volume

Hemoglobin concentration ([Hb]) is a widely 
used measure to assess the presence of ane-
mia and to evaluate the decision to transfuse 

red blood cells. Low [Hb] values are diagnostic of 
anemia and indicate whether red blood cell transfu-
sion would be warranted, depending on the thresh-
olds defined by the characteristics of the patient and 
the clinical context.1,2 Nevertheless, [Hb] thresholds to 
define anemia and guide transfusion decisions may 
be appropriately applied in normovolemic conditions 
only.3–6 As the measurement of [Hb] determines the 
relationship between the circulating hemoglobin mass 
and intravascular volume, [Hb] reflects changes in 
both blood components indistinctly, and is, therefore, 
prone to the dilutive effects of intravascular depletion 
and overload.6,7

During and after surgery, [Hb] is affected by sev-
eral variables and processes, including blood loss, 
fluid infusion, and fluid distribution between body 
compartments.8–11 The effects of these result in acute 
variations in [Hb], which do not discriminate whether 
the effect is due to changes in circulating hemoglobin 
mass or intravascular volume.6 Given the difficulty 
of assessing circulating hemoglobin mass and intra-
vascular volume in practice, it is, therefore, crucial to 
interpret [Hb] in consideration of the variables and 
processes that may affect it.

However, it is unclear what variables and pro-
cesses affect [Hb] during the perioperative period.8 
Although it is well-known that blood loss and fluid 
infusion cause changes in [Hb], previous studies have 
suggested that other variables (such as type of sur-
gery and patient demographic characteristics) may 
be involved in the variations in [Hb] during the peri-
operative period,8,9,12 and physiological processes, 
such as fluid distribution, are not usually considered 
when interpretating [Hb] values.5 Furthermore, the 
effects of these variables and processes on [Hb] are 
not well understood. There remains a lack of mecha-
nistic understanding of the impact of these variables 
and processes on [Hb], which prevents relating them 
quantitatively to the variations in [Hb] and the degree 
of blood dilution.

We hypothesized that perioperative variations 
in [Hb] can be modeled mathematically to identify 

the variables and processes that govern [Hb] and to 
describe their effects. We considered that such infor-
mation could be helpful in understanding and inter-
preting [Hb] values in the clinical setting.

We aimed to develop and validate a mechanism-
based model that characterized perioperative [Hb] 
variations in patients who underwent laparoscopic 
surgery. Additionally, we performed simulations to 
explore the effects of blood loss and fluid therapy pro-
tocols on [Hb].

METHODS
Study Protocol
We conducted this prospective observational study 
at Hospital Clinic de Barcelona (Spain). The study 
was approved by the institutional review board 
(HCB/2016/0906/2). The study consisted of serial 
[Hb] measurements along with recordings of blood 
loss, fluid infusion, urine volume (VUR), and laboratory 
measurements in adult patients electively scheduled 
for urologic and gynecologic laparoscopic surgery, 
recruited in 2 consecutive cohorts, the first one for 
model development (development group) and the sec-
ond one for model validation (validation group).

A 2-year recruitment period was defined for the 
development group and 6 months for the validation 
group, without previous calculation of the sample 
size. All patients who underwent the aforemen-
tioned surgeries during the recruitment periods 
were included in the study after providing writ-
ten informed consent. After inclusion, patients who 
met any of the following criteria were subsequently 
excluded from the follow-up and the analyses: 
(1) intraoperative blood volume loss <500 mL; (2) 
blood transfusion during the perioperative period; 
(3) significant postoperative bleeding (>100 mL/24 
h in surgical drains, gross hematuria, or any other 
type of significant blood loss); (4) major postopera-
tive complications during hospitalization, including 
postoperative hemodynamic instability (defined as 
a requirement of vasoactive drugs infusions after 
surgery), infectious complications (presence of 
fever or sepsis), respiratory complications (respi-
ratory failure or ventilation support), and surgical 
reintervention.
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We prospectively collected medical, demographic, 
and perioperative data. Standard preoperative care 
included 8 hours of fasting for solid food and 2 hours 
for clear liquids, and no fluid infusion before surgery.

General anesthesia was administered in all cases. 
Intraoperative fluid therapy consisted of a crystalloid 
solution (Plasmalyte 148, Baxter Healthcare) in rates 
according to the anesthesiologist’s criteria. During 
surgery, we recorded infused volumes of fluid, VUR, 
and procedural time. At the end of the surgery, we 
measured intraoperative blood loss using previ-
ously described methods based on the assessment of 
blood volume loss and hemoglobin mass loss (ALoss), 
with measurement precisions of ±50 mL and ±4 g, 
respectively.13,14

Postoperative fluid therapy consisted of dextrose 
solution (10% dextrose, 0.8–1 mL/kg/h) and crystal-
loid solution (Plasmalyte 148) in rates determined by 
the anesthesiologist’s criteria. We registered postoper-
ative fluid infusion and urine as cumulative volumes 
every 24 hours and on a 50-mL scale. Intraperitoneal 
surgical drains were placed in all patients before the 
end of the surgery and withdrawn after 48 to 72 hours, 
which allowed us to detect any significant postopera-
tive bleeding.

We performed laboratory measurements before 
surgery, immediately after surgery, and every 24 
hours until (1) the patient regained complete toler-
ance to oral fluid intake, (2) the urinary catheter was 
removed, or (3) until 96 hours after surgery. Blood 
measurements included the following: [Hb] (g/L), 
complete and differential white blood cell count 
(cells/mm3), and C-reactive protein concentra-
tion (mg/dL). Blood samples were analyzed using 
the Advia 2120i automated hematology analyzer 
(Siemens Healthcare, Erlangen, Germany), which 
has a reported precision (standard deviation) of ±1.4 
g/L for [Hb] measurement. We obtained all blood 
samples from large veins of the arms using a stan-
dard protocol (in a supine position, between 7:00 am 
and 9:00 am).

Model Framework: Hemoglobin Mass Balance 
Model
Hemoglobin is a protein located, under normal con-
ditions, only within the intravascular compartment. 
As other authors have stated, its concentration in 
the blood results from the circulating amount of 
hemoglobin suspended in the intravascular com-
partment and, therefore, can be expressed as the 
ratio of its circulating mass to the volume contain-
ing it.7,15 Taking into account the first 4 perioperative 
days, circulating hemoglobin mass can be consid-
ered to remain steady with negligible synthesis and 
degradation rates,16 but only altered by ALoss (from 
surgical blood loss).

Therefore, perioperative [Hb] variations can 
be modeled by considering the changes in both 
circulating hemoglobin mass and intravascular 
volume.15 Equation 1 described the [Hb] at time t 
([Hb](t)):

[Hb](t) =
A(0)− ALoss

VB(t)
 (1)

where A(0) and ALoss are the preoperative circu-
lating hemoglobin mass and hemoglobin mass loss 
in grams, respectively, and VB(t) is the periopera-
tive intravascular volume in liters. We estimated the 
preoperative intravascular volume (VB(0)) using 
the International Council for Standardization in 
Haematology formula.17 This formula uses the height, 
weight, age, and sex of the patient to estimate intra-
vascular volume, and its estimates have demon-
strated good agreement with direct measurements of 
VB(0).18 We calculated A(0) by multiplying [Hb](0) and 
VB(0). We measured ALoss directly from blood loss as 
described in the Study Protocol section. The remain-
ing unknown variable, VB(t), was described using a 
model for fluid kinetics.

Model Framework: Fluid Kinetics Model
[Hb] variations that occur in the absence of changes 
in circulating hemoglobin mass can be considered 
as a result of VB variations. In turn, variations in VB 
can be considered as a consequence of an imbalance 
between fluid input and output processes.19 To char-
acterize the impact of these processes over time, we 
proposed and evaluated 2 different structural models. 
The 1-compartment model assumed a single expand-
able volume (Equation 2):

dVB

dt
= FluidRate − BRate − k10 · VB  (2)

where fluid infusion is administered into the 
intravascular compartment following a 0-order rate 
(FluidRate) and eliminated via a first-order process 
governed by the constant k10. We calculated FluidRate 
for each type of infusion fluid (dextrose and crys-
talloid) by dividing the administered volumes by 
the time between [Hb] measurements. The volume 
of blood lost during surgery (BRate) is expressed as 
a constant 0-order rate, which we calculated by 
dividing the measured volume of blood lost by the 
length of the surgery. We set BRate to 0 before and 
after the surgical procedure. At baseline, VB equals 
VB(0).

The 2-compartment model extended this model 
to include a peripheral expandable compartment 
(Equations 3 and 4):

dVB

dt
= FluidRate − BRate − k10 · VB − Q

VB(0)
· VB +

Q
VP(0)

· VP  (3)
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dVP

dt
=

Q
VB(0)

· VB − Q
VP(0)

· VP  (4)

where VP is the volume of the peripheral compart-
ment. Fluid distribution between the intravascular 
and peripheral compartment—and vice versa—is 
characterized by intercompartmental clearance (Q). 
At baseline, VB equals VB(0), while VP(0) was esti-
mated by the model.

Urinary elimination of fluid for both models was 
initially described by Equation 5, assuming that uri-
nary elimination was the unique source of fluid out-
put from the intravascular compartment after surgery:

dVUR

dt
= k10 · VB  (5)

where VUR is the volume of urine between each 
[Hb] measurement.

Data Modeling
Mathematical fitting was performed using nonlinear 
mixed-effects models. We modeled simultaneously 
[Hb] and VUR data with NONMEM (version 7.4; Icon 
Development Solutions) using the first-order condi-
tional estimation method with INTERACTION. Both 
variables were natural-logarithm transformed, and 
the residual error was modeled additively in the loga-
rithmic scale. Interindividual variability (IIV) was 
modeled exponentially. A detailed description of the 
methodology used in modeling and covariate selec-
tion is presented in Supplemental Digital Content 1, 
Supplemental Methods 1, http://links.lww.com/
AA/E459.

Model-Based Simulations
We performed model-based simulations to explore 
the effects of blood loss and fluid therapy protocols 
on [Hb]. First, we simulated the absolute change in 
[Hb] over time as a function of ALoss and 2 standard-
ized protocols of fluid therapy. We performed this 
simulation by calculating the population predictions 
(ie, predictions without IIV) of a typical patient with 
a [Hb](0) of 120 g/L, exposed to different degrees of 
ALoss (ranging from 25 to 250 g) and receiving either a 
restrictive or liberal fluid therapy protocol20 (details of 
protocols in Supplemental Digital Content 2, Methods 
2, http://links.lww.com/AA/E460). Second, we sim-
ulated the risk of falling below a [Hb] threshold of 
70 g/L (at any time within the first 4 perioperative 
days) as a function of [Hb](0), ALoss, and fluid ther-
apy. We simulated 1000 typical patients with differ-
ent combinations of [Hb](0) (ranging from 140 to 90 
g/L), ALoss (ranging from 25 to 250 g), and the 2 afore-
mentioned fluid therapy protocols, obtained the indi-
vidual predictions (ie, predictions with IIV), and then 
calculated the percentage of patients surpassing the 

[Hb] threshold. To differentiate the changes in [Hb] 
caused by ALoss from those caused by alterations in 
the intravascular volume (ie, due to hemodilution or 
hemoconcentration effects caused by intravascular 
overload and depletion, respectively), we included 
the calculation of isovolemic condition, in which [Hb] 
is only affected by ALoss and VB remains unchanged 
from its preoperative status. This calculation was per-
formed using Equation 1, keeping the variable VB(t) 
constant.

RESULTS
A total of 154 patients were considered eligible for 
the study. Of those, 118 patients were enrolled in the 
development group (January 2020–December 2021), 
while 36 patients were enrolled in the second period 
of recruitment for the validation group (May 2021–
October 2021). Table 1 summarizes patient character-
istics. [Hb] values of both groups (792 observations) 
were measured up to a maximum of 96 hours after 
surgery. [Hb] measurements, infused volumes, and 
VUR for each perioperative time point are displayed 
in Figure 1.

Model Development: 2-Compartment Model and 
Reparameterization of Fluid Elimination
The 2-compartment model described [Hb] signifi-
cantly better than the 1-compartment model (P < .01); 
thus, subsequent modeling was based on the 2-com-
partment model. Visual exploration of the goodness-
of-fit plots revealed that, whereas [Hb] was accurately 
described, VUR was overpredicted, suggesting the 
presence of an extraurinary elimination process. To 
account for this process, we added a new parameter 
(urinary fraction [UF]), which quantified the fraction 
of total fluid elimination (k10) that corresponded to 
urinary elimination (Equation 6):

dVUR

dt
= k10 · UF · VB  (6)

The addition of the UF parameter resulted in esti-
mation issues for VP. To improve parameter identifi-
ability, we used the estimate and relative standard 
error obtained for VP before the inclusion of UF in the 
model as Bayesian priors using the NWPRI subrou-
tine available in NONMEM.

Model Development: Modeling Inhibition of Total 
Fluid Elimination
During data exploration, we observed that urine out-
put was reduced in the postoperative period (mean, 
0.67 mL/kg/h) in comparison to the intraopera-
tive period (mean, 1.14 mL/kg/h). We considered 2 
hypotheses: (1) VUR is affected by surgery, and (2) total 
fluid elimination (k10) is affected by surgery. The latter 
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hypothesis resulted in a significant improvement in 
model fit (P < .01). Then, we implemented an inhibi-
tory model to characterize the changes of total fluid 
elimination after surgery (Equation 7):

k10 =
CL

VB(0)
·
Å
1− Imax · Timeγ

Timeγ + T50
γ

ã
 (7)

where CL is the fluid clearance, Imax is the maxi-
mum inhibition of fluid elimination, Time is the peri-
operative time in hours (considering the beginning of 
the surgery as time 0), and T50 is the time to produce 
50% inhibition of fluid elimination. We set the param-
eter gamma (γ) to a value of 9 to represent the fast 
inhibition that could not be estimated otherwise. The 
resulting model is displayed both as a graphical repre-
sentation and as a set of equations in Figure 2. Model 
estimates are presented in Supplemental Digital 
Content 3, Table 1, http://links.lww.com/AA/E461.

Additionally, we did not find differences in the 
elimination nor distribution between dextrose and 
crystalloids solutions (P > .05).

Covariate Selection
We next evaluated the inclusion of the following 
covariates in the model: blood volume loss, age, type 
of surgery and monocyte count on CL and UF, and 
blood volume loss on Q. Two of these covariates, age 
on CL and type of surgery on UF, were selected for 
the final model. For the latter, we grouped the types 
of surgeries with similar estimates of UF into 4 cate-
gories without resulting in worsening of the objective 
function (P > .05): (1) robotic prostatectomy, partial 

nephrectomy, and myomectomy (reference category); 
(2) radical nephrectomy and nephroureterectomy; (3) 
hysterectomy and hysterectomy with adnexectomy; 
and (4) endometriosis.

Model Validation
Individual predictions of [Hb] were calculated for 
each patient and perioperative time point using the 
developed model. Supplemental Digital Content 4, 
Figure 1, http://links.lww.com/AA/E462 shows the 
model validation results, where adequate predictive 
capacity is observed. For measurements after surgery, 
95% of the predicted errors were within –4.4 and +5.5 
g/L and 100% within ±9.2 g/L. Particularly, the pre-
dicted errors for [Hb] measurements <100 g/L were 
in the same range of magnitude (–3.7 and +5.4 g/L for 
quantiles 2.5 and 97.5, respectively), reinforcing the 
consistency of the model.

Final Model Evaluation
We then combined and analyzed simultaneously the 
datasets from both cohorts to provide final estimates 
for the model (Table 2). All parameters were estimated 
with precision (relative standard error <30%) and 
consistent with the results obtained in the estimation 
dataset (see Supplemental Digital Content 3, Table 1, 
http://links.lww.com/AA/E461). Data supported the 
inclusion of IIV on k10, Q, and UF, ranging from 21% to 
73% coefficient of variation. Of note, the estimate of UF 
was 0.24, meaning that urinary elimination accounted 
for 24% of total fluid elimination, the estimate of Imax 
was 0.42, meaning that total fluid elimination was 
reduced by a maximum of 42%, and the estimate of 
T50 was 9.1, meaning that 50% of the inhibitory effect 
on total fluid elimination was reached at 9.1 hours (ie, 
when fluid elimination was 21% lower). Model evalu-
ation showed adequate model performance and an 
absence of misspecifications (Supplemental Digital 
Content 5, Figure 2, http://links.lww.com/AA/
E463). The effects of covariates on model parameters 
are displayed in a forest plot in Supplemental Digital 
Content 6, Figure 3, http://links.lww.com/AA/E464 
and can be summarized as follows: type of surgery 
(2) was associated with a 36% reduction in UF; type 
of surgery (3) was associated with a 31% increase in 
UF; type of surgery (4) was associated with an 85% 
increase in UF; and a median change of –17% and 23% 
for CL was observed for the low and high extreme val-
ues of age (<35 and >81 years, respectively).

Model-Based Simulations
These simulations assumed a 56-year-old patient 
weighing 77 kg undergoing a 3-hour surgical proce-
dure of the reference category. We extrapolated the 
volume of blood lost during surgery (necessary to 
estimate BRate) for each ALoss using a linear regression 

Table 1. Patients’ Characteristics

Characteristic 

Development 

group (n = 118) 

Validation group 

(n = 36) 

Sex (M/F) (n) 62/56 17/19
Age (y), median (range) 57 (28–88) 52 (34–76)
Height (cm), median (range) 167 (151–195) 166 (155–184)
Weight (kg), median (range) 77 (56–107) 74 (57–98)
Body mass index (kg/m2), 

median (range)
27.7 (17.3–39.6) 27.0 (18.6–39.5)

Blood volume loss (L), 
median (range)

0.88 (0.53–2.78) 0.90 (0.53–2.89)

ALoss (g), median (range) 110 (53–322) 107 (55–311)
Estimated VB(0) (L), median 

(range)
5.5 (4.0–5.8) 5.6 (4.0–6.3)

Surgical procedure   
  Robotic prostatectomy (n) 39 10
  Partial nephrectomy (n) 26 10
  Radical nephrectomy (n) 7 2
  Nephroureterectomy (n) 6 1
  Hy sterectomy with 

adnexectomy (n)
7 2

  Hysterectomy (n) 19 6
  Myomectomy (n) 7 2
  Endometriosis (n) 7 3

Abbreviations: ALoss, hemoglobin mass loss; VB(0), preoperative intravascular 
volume.
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model, as shown in Supplemental Digital Content 
7, Figure 4, http://links.lww.com/AA/E465. The 
results of the simulations are presented in Figures 3 
and 4.

Visual examination of the first simulation 
(Figure  3) revealed that ALoss determined most of 
the variation in [Hb] from its preoperative value. 

However, substantial differences were observed in 
the predicted [Hb] curves between simulated patients 
under isovolemic conditions and those who received 
the fluid therapy protocols. Simulated patients who 
received any of the fluid therapies exhibited a hemo-
dilution effect that reached its maximum at the end 
of surgery, resulting in the lowest [Hb] value during 

Figure 1. Overview of the data collected. A, Perioperative trajectories of [Hb] for each patient, in which trajectories of 5 randomly selected 
patients were highlighted in red. B, Boxplot of [Hb] data for each perioperative time point. C–E, Boxplots of infusion solutions (crystalloid and 
dextrose) and urine volume for each time interval. Due to the different lengths of the surgical procedures, the first postoperative time points 
are gathered into a single time point (PO) comprising 2 to 6 h. [Hb] indicates hemoglobin concentration; PO, postoperative.
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the perioperative period. This hemodilution effect 
caused a decrease of 7 g/L for the restrictive protocol 
and 15 g/L for the liberal protocol (calculated from 
the differences between both protocols and the iso-
volemic condition). In addition, simulated patients 
receiving the restrictive protocol demonstrated a pro-
gressive intravascular depletion (hemoconcentration 
effect) resulting in a 6 to 11 g/L increase in [Hb] at 
the 96 hours, whereas those receiving the liberal pro-
tocol demonstrated a hemodilution effect (4–6 g/L 
decrease) that remained stable after the 12 hours. The 
aforementioned dilutional effects were very similar 
between patients exposed to different amounts of 
ALoss, especially for those receiving the liberal proto-
col. Consequently, we inferred that, in the presence of 
either the restrictive or liberal fluid therapy protocol, 
blood volume loss had a limited impact on the periop-
erative changes in intravascular volume, and thus, the 
dilutional effects on [Hb] were mostly driven by fluid 
infusion, distribution, and elimination.

The second simulation (Figure  4) showed that, 
under isovolemic conditions, the lowest [Hb] value 

surpassed the 70 g/L threshold when [Hb](0) 
was ≤110 g/L in combination with an ALoss ≥250 g. 
However, this threshold was surpassed with higher 
[Hb](0) and lower ALoss for the simulated patients 
who received either the restrictive or liberal protocol 
of fluid therapy (given its hemodilution effect at the 
end of surgery, as observed in Figure 3). Specifically, 
>90% of patients who received the restrictive proto-
col and about 65% of those who received the liberal 
protocol reached the threshold with a 10 g/L higher 
[Hb](0) or 10 g lower ALoss compared to the isovolemic 
condition, while 35% of patients who received the lib-
eral protocol reached the threshold at a 20 g/L lower 
[Hb](0) or 20 g lower ALoss. Of note, around 10% of 
simulated patients with [Hb](0) of 90 g/L and who 
received the liberal protocol surpassed the threshold 
in the absence of blood loss.

DISCUSSION
We developed and validated a mechanism-based 
model that characterized perioperative [Hb] varia-
tions in patients who underwent laparoscopic 

Figure 2. Schematic (A) and math-
ematical (B) representation of the 
model. The core structure of the 
model is based on the balance 
between circulating hemoglobin 
mass (A) and intravascular vol-
ume (VB) as the determinants of 
hemoglobin concentration ([Hb]). 
Circulating hemoglobin mass is, 
in turn, determined by its preop-
erative value (A(0)) and the mass 
of hemoglobin lost during sur-
gery (ALoss). Intravascular volume 
is considered as an expandable 
compartment governed by 4 dif-
ferent processes: a 0-order deple-
tion process resulting from blood 
volume loss (BRate), a 0-order input 
process caused by fluid infusion 
(FluidRate), a bidirectional fluid 
distribution mechanism with an 
expandable peripheral compart-
ment (VP) determined by the inter-
compartmental clearance (Q), and 
a first-order elimination process 
determined by the parameter 
k10. This elimination process is, 
in turn, controlled by the ratio 
between the clearance parameter 
(CL) and intravascular volume (VB), 
and inhibited by the perioperative 
time (Time) and the parameters 
Imax, γ (gamma), and T50. Urine 
volume (VUR) is governed by the 
urinary fraction (UF) parameter, 
which describes the proportion of 
fluid eliminated via urine.
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surgeries. The structure of our model included a mass 
balance model that accounted for hemoglobin losses 
during surgery, and a 2-compartment model (intra-
vascular and peripheral) that characterized fluid 
kinetics and intravascular volume changes. During 
model development, our results suggested the pres-
ence of 2 processes not initially contemplated: an 
extraurinary fluid elimination and a time-dependent 
inhibition of total fluid elimination. These 2 processes 
were subsequentially modeled and integrated into 
the final model. The final model demonstrated sub-
stantial predictive capacity in an independent cohort 
of patients, reinforcing its consistency.

Previous studies have focused on identifying pre-
dictors of postoperative [Hb] drop. Different predic-
tors have been identified, including type of surgery, 
amount of blood loss, fluid infusion volumes, fluid 
balance, body mass index, weight, and age.8,9,12 
According to our model, patient demographic char-
acteristics are determinants of VB(0) and, therefore, of 
circulating hemoglobin mass. This implies that those 
patients with lower intravascular volume estimates 
may be more susceptible to blood loss or fluid infu-
sion, which would explain why characteristics associ-
ated with lower intravascular volume (eg, female sex) 
have been found to be predictors of a greater postop-
erative drop in [Hb]8 and a higher rate of red blood 
cell transfusions.21,22

To model the effect of blood loss, we considered the 
variables ALoss and blood volume loss separately. We 
consider this approach to be more appropriate from 
a physiological point of view, since the hemoglobin 
mass in the lost blood could vary due to the hyper-
acute dilutional effects that take place during the 
intraoperative period (ie, during bleeding).14 In line 

with this, in Supplemental Digital Content 7, Figure 
4, http://links.lww.com/AA/E465, we observed that 
only 74% of the variation in blood volume loss was 
explained by ALoss, and that this correlation became 
more diffuse as ALoss increased.

Similar models for fluid kinetics can be found 
in volume kinetics analyses.19 However, there are 
differences between the 2 approaches that may 
limit the comparison of results. First, [Hb] was the 
primary variable to be modeled, while in volume 
kinetics analysis, [Hb] is used as a tracer (part of 
the method) to estimate plasma volume changes. 
Second, we studied [Hb] variations that occurred 
within hours-days, whereas volume kinetics analy-
ses study plasma variations occurring within min-
utes after infusion. This approach allowed us to 
characterize medium-term processes relevant to the 
interpretation of [Hb] in the perioperative setting, 
but prevented us from characterizing processes such 
as the initial expansion of intravascular volume 
caused by fluid infusion, which, in turn, explains 
our faster Q. Third, we considered blood to be a 
homogeneous compartment, ignoring the fact that 
the fluid fraction within red blood cells cannot be 
distributed directly to the peripheral compartment 
or urine. We built the model under a mechanistic 
framework to be representative of the physiological 
components of the system, but limiting the num-
ber of parameters to maintain the parsimony of the 
model. In this regard, the integration of hematocrit 
into the model (as used in volume kinetics analy-
ses) would have helped to estimate fluid kinetics 
in a more mechanistic manner, but the relationship 
between the components of the system would have 
remained the same. Because of this difference, our 

Table 2. Final Model Estimates
Parameter Estimate RSE (%) 95% CI from bootstrap analysis Shrinkage (%) 

CL (L/h) 0.253 2.8 0.240–0.267 -
IIV CL (%) 20.6 6.6 17.2–23.9 7
UF (unitless) 0.240 3.8 0.220–0.260 -
IIV UF (%) 47.2 7.0 36.9–55.3 10
Q (L/h) 4.47 7.7 3.77–5.19 -
IIV Q (%) 72.8 14.0 40.5–103 35
Vp(0) (L) 48.1a 0.3a 48.1–48.1 -
Imax (unitless) 0.420 3.3 0.388–0.451 -
T50 (h) 9.10 11.2 5.42–9.60 -
Gamma (unitless) 9b - - -
Age on CL 0.00872 16.5 0.00606–0.0111 -
RN, NU on UF −0.365 19.1 −0.454 to −0.252 -
HT, HTA on UF 0.307 29.6 0.150–0.477 -
Endometriosis on UF 0.846 21.9 0.579–1.13 -
[Hb] residual error (ln g/L) 0.0208 3.2 0.0189–0.0230 12
Urine residual error (ln L) 0.286 3.1 0.239–0.339

Abbreviations: [Hb], hemoglobin concentration; CI, confidence interval; CL, fluid clearance; HT, hysterectomy; HTA, hysterectomy with adnexectomy; IIV, 
interindividual variation; Imax, maximum inhibition of fluid clearance; NU, nephroureterectomy; Q, intercompartmental clearance; RN, radical nephrectomy; RSE, 
relative standard error; T50, time to produce 50% inhibition of fluid elimination; UF, urinary fraction; VP(0), preoperative peripheral volume.
aPriors.
bNot estimated. IIV is expressed as coefficient of variation (%) calculated as 

√
eω2 − 1× 100, where ω2 corresponds to the variance of the random effects. RSE 

was calculated as the ratio between the standard error and the point estimate of the corresponding parameter.



E  ORIGINAL CLINICAL RESEARCH REPORT  

January 2024 • Volume 138 • Number 1 www.anesthesia-analgesia.org 149

estimate of peripheral volume is larger than the 
6.9 L reported for 0.9% saline and 5.4 L for 5% dex-
trose,23,24 but nearest to total body water. Peripheral 
volume does not necessarily represent an actual 
physiological volume and could be the result of an 
assortment of processes, such as cell uptake.

Interestingly, urine was not the main route of 
fluid elimination in our study. Alternative mecha-
nisms for fluid elimination may include insensible 
losses and relocation to areas of the body that do 
not equilibrate with plasma (eg, tissue edema).25 
The latter may be triggered by the endocrine and 
inflammatory response caused by surgical trauma 
(also referred to as pathological fluid shift).26 In our 
study, covariate evaluation revealed that the type 
of surgical procedure only affected the proportion 
of fluid eliminated by urine, whereas total fluid 
elimination was indistinguishable between surger-
ies. This suggests that certain types of surgeries 
(those associated with lower UF) had proportion-
ally higher extraurinary elimination. Given that the 

surgical procedures that were associated with lower 
UF may be considered more “aggressive” (given the 
magnitude of surgical trauma), we hypothesized 
that they may have been associated with pathologic 
fluid shift. However, the sparse data of inflamma-
tory biomarkers (C-reactive protein, neutrophils, 
and monocytes) prevented us to establish a robust 
correlation between these variables and the model 
parameters.

Reduced diuresis is common after major surgery.19,27 
In our study, we inferred that not only diuresis but also 
total fluid elimination were reduced postoperatively. 
A reduction of fluid elimination has been shown to 
correlate with the degree of hypovolemia in both 
healthy volunteers and animal models.28,29 Although 
part of this decrease could be attributed to hypovo-
lemia and the stress response to surgical trauma (eg, 
vasopressin release), our study supports previous 
findings indicating that in cases of significant blood 
loss, impairment of fluid elimination persists even if 
fluid balance is restored to its preoperative status.29 

Figure 3. Simulation of the 
absolute change in hemoglobin 
concentration ([Hb]) over time. 
Each panel indicates a different 
amount of hemoglobin mass loss 
(ALoss) on the top. The horizontal 
axis indicates the perioperative 
time point, while the vertical axis 
represents the absolute change in 
[Hb] from its preoperative value. 
The predicted changes in [Hb] 
due to ALoss alone (under isovole-
mic conditions) are represented 
by the dashed lines, whereas the 
predicted changes in the pres-
ence of restrictive and liberal fluid 
therapies are represented by the 
red and blue lines, respectively. 
50, 100, 150, and 200 g of ALoss 
correspond roughly to 0.55, 0.86, 
1.2, and 1.5 L of blood volume 
loss, respectively.
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Unfortunately, the lack of urine measurements after 
96 hours prevented us from characterizing the recov-
ery of fluid elimination. Interestingly, blood volume 
loss did not correlate with fluid elimination param-
eters, although it is possible that blood loss may have 
been large enough to inhibit fluid elimination in all 
patients; in an animal study, a 15% loss of total blood 
already caused more than half of urinary output 
impairment,29 while in our study, patients lost 10% to 
55% of total blood (assuming a standard blood vol-
ume of 5 L).

Simulations demonstrated that, while most of the 
variations in [Hb] after surgery were determined by 
ALoss, intravascular volume changes caused smaller 
variations that, if not properly interpreted, could have 
resulted in inaccurate transfusion decisions. When 
interpreting [Hb], clinicians should take into account 
multiple factors rather than relying solely on isolated 
measurements, and most importantly, should under-
stand the system governing [Hb] to properly interpret 
this parameter.

Our study has limitations. First, we conducted our 
study in patients undergoing urologic and gyneco-
logic laparoscopic surgeries alone. We considered that 
these types of surgeries and this population met the 
conditions to analyze [Hb], including a wide range 
of demographic characteristics and preoperative 
[Hb], a higher rate of major blood loss (according to 

our institutional records), and a reasonably reliable 
method of measuring blood loss.13,14 In light of the dif-
ferences that we found between the types of surgeries 
(specifically, regarding the UF parameter), it is likely 
that other types of surgeries may present different 
parameters than the ones we estimated. Laparotomy, 
as well as other open surgeries, may involve differ-
ent Q, more accentuated pathological fluid displace-
ments, and in general, more complex fluid kinetics. 
Nevertheless, although our model is, therefore, not 
extrapolatable to other types of surgeries, we con-
sidered that it provides a perspective that might help 
to understand and interpret [Hb] in other scenarios. 
Second, fluid infusion was not guided by a protocol 
and was based on clinician criteria. Although our 
study was not designed to replicate the magnitude 
of perturbations in the fluid dynamics of the experi-
mental setups, the low variability in dextrose infu-
sion rates prevented us from finding differences in 
the kinetics of the 2 solutions. The effects of colloids 
on [Hb] would be interesting to explore in further 
studies.

In conclusion, our model provides mechanistic 
and quantitative insights about the variables and pro-
cesses governing [Hb] in patients undergoing laparo-
scopic surgery. This information could be helpful in 
understanding and interpreting [Hb] values in the 
clinical setting. E

Figure 4. Simulation of the risk of 
reaching hemoglobin concentra-
tion ([Hb]) <70 g/L at any time 
within the first 96 h. Each panel 
indicates a different preoperative 
[Hb] ([Hb](0)) on the top. The hori-
zontal axis represents the hemo-
globin mass loss (ALoss), while the 
vertical axis indicates the percent-
age of patients surpassing the 
[Hb] threshold. As in Figure 3, the 
dashed lines represent the iso-
volemic condition, while the red 
and blue lines represent the simu-
lated patients receiving restrictive 
and liberal fluid therapies, respec-
tively. 50, 100, 150, 200, and 
250 g of ALoss correspond roughly 
to 0.55, 0.86, 1.2, 1.5, and 1.8 L 
of blood volume loss, respectively.
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