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Abstract 

Background: Quantifying how fluid is distributed and eliminated from the body is 

useful for establishing a fluid administration strategy. The aim of this study was to 

characterize the volume kinetics of Ringer's lactate solution in patients undergoing 

open gastrectomy. 

Methods: When propofol and remifentanil reached a pseudo-steady state at the target 

concentration and blood pressure was stabilized following surgical stimulation, 

patients enrolled were administered 1,000 mL of Ringer's lactate solution for 20 min, 

followed by continuous infusion at a rate of 6 mL⋅kg-1⋅h-1 until the time of the last 

blood collection for volume kinetic analysis. Arterial blood samples were collected to 

measure haemoglobin concentration at different time points. The change in 

haemoglobin-derived plasma dilution induced by administration of Ringer's lactate 

solution was evaluated by nonlinear mixed effects modelling. 

Results: In total, 323 plasma dilution data points from the 27 patients were used to 

determine the pharmacokinetic characteristics of Ringer's lactate solution. A two-

volume model best described the pharmacokinetics of Ringer's lactate solution. 

Cardiac index (CI) and body weight (WT) were significant covariates for elimination 

clearance (kr) and central volume of distribution at baseline (Vc0), respectively. The 

parameter estimates were as follows: kr (mL⋅min-1) = 135 + 31.2(CI/3), Vc0 (mL) = 

0.952 + 3170 × (WT/63), Vt0 (mL) = 2140, kt (mL⋅min-1) = 180. 
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Conclusion: A higher cardiac index was associated with greater elimination clearance 

and consequently less water accumulation in the interstitium. As body weight 

increases, volume expansion in the blood vessels increases.  

Keywords: Crystalloid solution, Fluid shifts, Pharmacokinetics 
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Introduction 

It is important to maintain stable blood pressure and heart rate during surgery. 

Anaesthesiologists select the appropriate fluid type for the patient and administer the 

appropriate amount of fluid. Previous studies have shown that the type of fluid therapy 

is associated with postoperative recovery and prognosis.1-4) For successful fluid 

therapy, it is helpful to quantify how the administered fluid is distributed and 

eliminated from the body. Volume kinetics, a method used to analyse the disposition 

of infusion fluids, differs from general drug pharmacokinetic models in terms of input 

data.5) It is difficult to measure the plasma concentration using standard methods 

because water is a major component of the fluids and plasma.6) However, water content 

of the whole blood reflects the dilution of haemoglobin, which is easily measurable.5) 

Hence, the dilution of haemoglobin can be used as an indirect indicator of infusion 

fluid concentration.5,6) 

Because surgical patients show different physical characteristics, it is necessary to 

consider inter-individual variability when administering fluids. This inter-individual 

variability can be explained by population analysis.7) The inclusion of covariates such 

as body weight and blood pressure in the parameters of the volume kinetic model may 

enable individualized administration of fluids to patients. Previous studies have 

attempted to explain inter-individual variability using population analysis, but the 

methods are not universal.8,9) 
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The aim of this study was to characterize the volume kinetics of Ringer's lactate 

solution by nonlinear mixed effects modelling in patients undergoing open 

gastrectomy. 
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Methods 

Investigation fluid 

Ringer's lactate solution (JW Pharmaceutical Co., Ltd., Seoul, Korea) was used in this 

study. 

 

Patient population 

This clinical trial was approved by the Institutional Review Board of Asan Medical 

Centre (2017-0177) and was registered on an international clinical trials registry 

platform (http://cris.nih.go.kr; KCT0002463). Written informed consent was obtained 

from all patients. In total, 32 patients undergoing open gastrectomy under general 

anaesthesia were enrolled in this study. Patients were excluded if they had a history of 

hepatic, cardiopulmonary, or renal disease, were pregnant, had an estimated 

glomerular filtration rate of less than 60 mL min-1, or had preoperative haemoglobin 

levels less than 9 mg dL-1. If the estimated blood loss exceeded 450 mL during the 

operation, the patient was withdrawn from the trial. 

 

Study procedure 

All patients fasted for 68 h prior to surgery. For continuous blood pressure monitoring 

and frequent sampling, a 20-gauge catheter was inserted into a radial artery. 

Electrocardiography, pulse oximetry, and monitoring of partial pressure of end-tidal 
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carbon dioxide (PETCO2) and invasive blood pressure (Datex-Ohmeda S/5, Planar 

Systems, Inc., Beaverton, OR, USA) were performed continuously. Cardiac output and 

stroke volume variation (SVV) were assessed according to the algorithm within the 

Vigileo monitor (FloTrac/Vigileo™, Edwards Lifesciences, Irvine, CA, USA). 

Throughout surgery, these data were downloaded to personal computers by using 

RS232C cables. The target concentrations of propofol and remifentanil were adjusted 

to maintain bispectral index (BIS®, Covidien, Boulder, CO, USA) values of less than 

60 and stable haemodynamic values (systolic blood pressure > 80 mmHg; heart rate > 

45 beats min-1), respectively. The target concentration range of propofol and 

remifentanil was 2.53 g mL-1 and 320 ng mL-1, respectively. If necessary, 

ephedrine or atropine was administered to maintain stable haemodynamic values. 

Tracheal intubation was performed after administering rocuronium (0.6 mg kg-1). The 

lungs of patients were then ventilated with oxygen in air (1:2, Fraction of inspired 

oxygen [FiO2] = 0.47), and the tidal volume and ventilation rate were adjusted to 

maintain the PETCO2 between 35 and 45 mmHg. Neuromuscular blockade was 

reversed by administering neostigmine and glycopyrrolate at the end of surgery. 

 

Administration of Ringer's lactate solution 

When propofol and remifentanil reached a pseudo-steady state at the target 

concentration and blood pressure was stabilized following surgical stimulation, 
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Ringer's lactate solution infusion for volume kinetic analysis was initiated. Patients 

were administered 1,000 mL of Ringer's lactate solution for 20 min, followed by 

continuous infusion at a rate of 6 mL kg-1 h-1 until the time of the last blood collection 

for volume kinetic analysis. When the SVV exceeded 13%, the SVV was kept below 

13% by increasing the infusion rate of Ringer's lactate solution. All infusions of 

Ringer's lactate solution were performed using infusion pumps (Baxter Flo-Gard 6201, 

Deerfield, IL, USA). During the clinical trial for volume kinetic analysis, no other 

fluids were administered except Ringer's lactate solution. 

 

Measurement of haemoglobin, estimated blood loss, and urine output 

Arterial blood samples (1 mL) were collected to measure the haemoglobin 

concentration and haematocrit at preset intervals: 0, 5, 10, 15, 20, 25, 30, 40, 60, 90, 

120, and 180 min after beginning administration of 1,000 mL of Ringer's lactate 

solution. Blood tests were conducted at the clinical laboratories of Asan Medical 

Centre, which is certified by the College of American Pathologists and Korean Society 

for Laboratory Medicine. Intraoperative estimated blood loss was calculated as the 

sum of the volumes of blood contained in suction systems and gauzes.10) Urine output 

was also monitored with a Foley catheter placed in the bladder during the sampling 

period. 
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Haemoglobin-derived plasma dilution 

The haemoglobin-derived plasma dilution is used to indicate the dilution of plasma in 

the central body fluid space expanded by the infused fluid, (vc(t) - Vc)/Vc.
5) The 

reference equation for this relationship can be expressed as follows:5) 

1
( ) ( )

          (1)
1

c c

c

Hb

v t V Hb t

V Hct







 

where vc is the size of the expanded central body plasma fluid space, Vc is the baseline 

plasma fluid space, Hct is the haematocrit, and Hb is the haemoglobin concentration 

in whole blood at baseline or at time (t).5) 

 

Population pharmacokinetic analysis 

Population pharmacokinetic analysis was performed with NONMEM VII level 4 

(ICON Development Solutions, Ellicott City, MD, USA). Plasma dilutions were fitted 

to one- or two-volume models using the ADVAN 13 subroutines and first-order 

conditional estimation with interaction.  

The differential equation of the one-volume model is as follows:6) 

0

0

( )( )
          (2)i b r

v t Vdv t
k k k

dt V

 
    

 
 

where ki is the infusion rate of fluid, kb is the baseline fluid loss including insensible 

loss, kr is elimination clearance, v is the expanded body fluid space at central 
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compartment, and V0 is the baseline fluid space at central compartment.  

The differential equation of the two-volume model is as follows:6) 

0 0 0

0 0 0

0 0

0 0

( ) ( ) ( ) ( )

( ) ( ) ( )
           (3)

c c c c c t t
i b r t t

c c t

t c c t t
t t

c t

dv t v t V v t V v t V
k k k k k

dt V V V

dv t v t V v t V
k k

dt V V

       
            

     

    
      

   

 

where kt is distributional clearance, vc and vt are expanded body fluid spaces at the 

central and peripheral compartments, respectively, Vc0 and Vt0 are baseline fluid spaces 

at the central and peripheral compartments, respectively. kb was set to 0.8 mL min-1 

without estimating.11) 

Inter-individual random variabilities of pharmacokinetic parameters were estimated 

assuming a log-normal distribution. Diagonal matrices were estimated for the various 

distributions of , where  represents inter-individual random variability with a mean 

of zero and variance of ω2. Additive and constant coefficients of variation and 

combined additive and constant coefficient of variation residual error models were 

evaluated during the model building process. NONMEM computed the minimum 

objective function value (OFV), a statistical equivalent to the 2 log likelihood of the 

model. An α level of 0.05, which corresponds to a reduction in the OFV of 3.84 (chi-

square distribution, degree of freedom = 1, p < 0.05), was used to distinguish between 

hierarchical models.12) The covariates analysed were age, sex (0 = female, 1 = male), 

body weight, height, body surface area,13) lean body mass,14) ideal body weight,15) 
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body mass index, cardiac output, cardiac index, stroke volume, stroke volume 

variation, stroke volume index, heart rate, systolic blood pressure, diastolic blood 

pressure, and mean blood pressure. Non-parametric bootstrap analysis served to 

validate the models internally (fit4NM 3.3.3, Eun-Kyung Lee and Gyu-Jeong Noh; 

http://cran.r-project.org/web/packages/fit4NM/index.html; last accessed: March 16, 

2011).16) Predictive checks were also performed using fit4NM 3.3.3.7) Deterministic 

simulations were performed to characterize the effect of covariates on volume 

expansion in the central and peripheral fluid spaces by using the estimated 

pharmacokinetic parameters of the final model. 

 

Statistics 

Statistical analyses were conducted using R (version 3.4.4; R Foundation for Statistical 

Computing, Vienna, Austria) or SigmaStat version 3.5 for Windows (Systat Software, 

Inc., San Jose, CA, USA). Data are expressed as the mean  standard deviation for 

normally distributed continuous variables, median (2575%) for non-normally 

distributed continuous variables, or counts and percentages for categorical variables. 
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Results 

Of the 32 patients enrolled, five were excluded from the analysis because of 

withdrawal of consent (n = 1), early termination of surgery because of peritoneal 

seeding (n = 1), and bleeding above 450 mL during the operation (n = 3). The 

characteristics of the remaining 27 patients are summarized in Table 1.  
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Table 1. Characteristics of the study patients (n = 27) 

Male/female 15/12 

Age (years) 57.0  11.4 (36–87) 

Weight (kg) 45.4  6.9 (40.0–78.0) 

Height (cm) 161.9  8.4 (146.4–161.5) 

BMI (kgm–2) 24.0  2.7 (18.3–28.7) 

BSA (m2) 1.7  0.2 (1.3–1.9) 

LBM (kg) 45.4  9.7 (27.4–57.7) 

IBW (kg) 57.7  7.6 (45.0–69.7) 

ASA PS 1/2 7/20 

Duration of anaesthesia 178.6  19.8 (145–210) 

Baseline haemoglobin (mg dl-1) 11.9  1.3 (9.514.3) 

Baseline haematocrit (%) 35.7  3.7 (29.742.6) 

Data are presented as counts or means  SDs (with ranges) as appropriate. ASA PS, 

American Society of Anaesthesiologists physical status; BMI, body mass index; BSA, 

body surface area calculated using the variation of DuBois and DuBois13; LBM, lean 

body mass calculated using the Janmahasatian formula14; IBW, ideal body weight 

calculated using the Robinson formula15. 
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A plasma dilution at 20 min after the time of starting administration of 1,000 mL of 

Ringer's lactate solution was 0.50 in a patient. This value was more than twice the 

maximal plasma dilution of the other patients. The plasma dilution values measured 

before (15 min) and after (25 min) that time were 0.19 and 0.17, respectively. 

Additionally, no excessive fluid was administered at that time. This was therefore 

considered to be a measurement error and was excluded from the population 

pharmacokinetic analysis. In total, 323 haemoglobin-derived plasma dilution data 

points from 27 patients were used to determine the pharmacokinetic characteristics of 

Ringer's lactate solution. 

Time courses of plasma dilution during and after intravenous infusion of 1,000 mL 

Ringer's lactate solution over 20 min are shown in Figure 1A. The dilution increased 

until 20 min after starting administration of 1,000 mL Ringer’s lactate solution, but 

then decreased. Twelve patients had negative plasma dilution values during the 

sampling period.  
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Figure 1. Plasma dilution (A) during and after intravenous infusion of 1,000 mL Ringer's lactate solution over 20 min in 27 patients 

undergoing open gastrectomy and predictive checks (B) of the final pharmacokinetic model for Ringer's lactate solution. The red solid 

line and shaded areas indicate the 50% prediction line and 90% prediction intervals, respectively. +: observed dilution.  
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A two-volume model best described the pharmacokinetics of Ringer's lactate solution 

in surgical patients undergoing open gastrectomy. Parameter estimates of the 

competing base and covariate pharmacokinetic models of Ringer's lactate solution are 

described in Table 2.  
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Table 2. Parameter estimates (RSE, % CV) of competing basic and covariate 

 Model 1 Model 2 Model 3* Model 4 Model 5 Model 6† 

Covariate    CI on kr CI on kr 

WT on VC0 

CI on kr 

WT on VC0 

kr, (mL min-1) 199 

(13.8, 64.0) 

172 

(, 66.9) 

172 

(14.6, 66.9) 

133+31.1(CI/3) 

(18.3, 34.7, 57.0) 

134+31.1(CI/3) 

(18.5, 37.0, 57.3) 

135+31.2(CI/3) 

(18.4, 36.9, 57.3) 

VC0, (mL) 4520 

(8.0, 19.8) 

2890 

(, 25.2) 

2890 

(19.9, 25.2) 

2930 

(17.4, 25.9) 

1.03+3160(WT

/63) 

(23.7, 13.4, 17.8) 

0.952+3170(W

T/63) 

(40.8, 13.2, 17.8) 

VT0, (mL)  2830 

(, 45.6) 

2820 

(19.2, 45.6) 

2490 

(21.5, 39.6) 

2140 

(24.2, 2.5) 

2140 

(24.9, ) 

kt, (mL min-1)  226 

(, 0.2) 

226 

(46.0, ) 

222 

(41.4, ) 

180 

(37.9, ) 

180 

(37.0, ) 

OFV 1526.6 1549.7 1549.7 1553.7 1559.1 1559.1 

Number of 

parameters (p) 

5 9 8 9 10 9 

AIC 1516.6 1531.7 1533.7 1535.7 1539.1 1541.1 

*selected basic model. †selected final model. OFV: objective function value (2 log likelihood, 2LL), AIC: Akaike information criteria 
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(2LL + 2 p), CV: coefficient of variation, RSE: relative standard error = SE estimate-1  100 (%), CI: cardiac index, WT: actual body 

weight, kr: elimination clearance (mL min-1), VC0: central volume of distribution at baseline (mL), VT0: peripheral volume of distribution 

at baseline (mL), kt: distributional clearance between central and peripheral compartment (mL min-1). 
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Cardiac index (CI) was a significant covariate for elimination clearance (kr) (equation 

4), and resulted in improvement in the OFV (4.08, p < 0.05, degree of freedom (df) = 

1), compared to the basic model (number of model parameters = 8). 

( /3)135 31.2           (4)CI

rk    

Body weight (WT) was also a significant covariate for the central volume of 

distribution at baseline (Vc0) (equation 5) and led to a further improvement in OFV 

(5.41, p < 0.05, df = 1) compared to the OFV of a pharmacokinetic model that included 

CI as a covariate for the kr only (number of model parameters = 9). 

0 0.952 3170 ( / 63)          (5)cV WT    

Table 3 shows the population pharmacokinetic parameter estimates and results of non-

parametric bootstrap replicates of the final pharmacokinetic model of Ringer's lactate 

solution. 
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Table 3. Population pharmacokinetic parameter estimates, inter-individual variability, and median parameter values (2.597.5%) of the 

non-parametric bootstrap replicates of the final pharmacokinetic model for Ringer's lactate solution 

Parameters  Estimates (RSE, %) CV (%) Median (2.597.5%) 

kr (mL min-1) = 1 + 2
(CI/3) 1 135 (18.4) 

57.3 

129 (104163) 

 2 31.2 (36.9) 30.8 (18.248.6) 

Vc0 (mL) = 3 + 4  (WT/63) 3 0.952 (40.8) 

17.8 

0.89 (0.0011.08) 

 4 3170 (13.2) 3060 (25003560) 

Vt0 (mL) 2140 (24.9)  2160 (15802810) 

kt (mL min-1) 180 (37.0)  192 (122310) 

σ 0.00154 (12.3)  0.00149 (0.001240.00174) 

A log-normal distribution of inter-individual random variability was assumed. Residual random variability was modelled using an additive 

error model. Non-parametric bootstrap analysis was repeated 2000 times. RSE, relative standard error = SE estimate-1100 (%). CI: cardiac 
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index, WT: actual body weight, kr: elimination clearance (mL min-1), Vc0: central volume of distribution at baseline (mL), Vt0: peripheral 

volume of distribution at baseline (mL), kt: distributional clearance between central and peripheral compartment (mL min-1). 
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The control stream of the final pharmacokinetic model that included cardiac index and 

body weight are presented in the Appendix. Goodness-of-fit plots of the final 

pharmacokinetic model for Ringer's lactate solution are displayed in Figure 2.  

 

  



 

20 

 

 

Figure 2. Goodness-of-fit plots of the final pharmacokinetic model for Ringer's lactate 

solution. A: population prediction vs. plasma dilution, B: individual prediction vs. 

plasma dilution, C: conditional weighted residuals (CWRES) vs. population 

prediction, D: CWRES over time. The green dashed line is the line of identity. 
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Predictive checks of the final pharmacokinetic model are presented in Figure 1A. In 

total, 10.0% of the data were distributed outside of the 90% prediction intervals of the 

predictive check, indicating that the final model adequately described the time courses 

of plasma dilution. The simulated volume expansions of central fluid space and 

peripheral fluid space in a hypothetical patient administered 1,000 mL Ringer's lactate 

solution over 20 min are presented in Figure 3. Estimated blood loss during operation 

was 134  92.8 mL. Additionally, urine output during the entire sampling period was 

422.0  249.9 mL.  
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Figure 3. Simulated volume expansions of the central fluid space (A) and peripheral fluid space (B) in a hypothetical patient receiving 

1,000 mL Ringer's lactate solution over 20 min. Based on the weight (40 vs. 80 kg) and cardiac index (3 vs. 6 L/min/m2), four different 

cases were simulated. 
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Discussion 

As suggested by the final pharmacokinetic model, elimination clearance (kr) increases 

with increasing cardiac index. This suggests that the volume expansion due to 

administration of Ringer's lactate solution in the central and peripheral compartments 

increased as the cardiac index value decreased (see Figure 3). This finding is consistent 

with a previous study showing that a higher the mean blood pressure was associated 

with smaller volume expansion in the central and peripheral compartments.8) More 

rapid systemic circulation of the blood may result in less accumulation of infused fluid 

in the blood vessels and/or interstitium. In fact, a previous study showed that the degree 

of attenuation of cardiac output is related to the extent of fluid accumulation within 

the thorax in critically ill patients.17) Additionally, as body weight increased, the central 

volume of the distribution at baseline increased. This is consistent with the 

pharmacokinetic properties of other drugs.7,18) As body weight increases, the volume 

expansion due to fluid administration increases. In a previous volume kinetic study, 

the central volume of distribution expanded by infused fluid increased with body 

weight.8) However, no significant positive correlation was observed between any body 

weight and the peripheral volume of distribution. Thus, the volume expansion in the 

peripheral compartment appears to be independent of body weight (see Figure 3B). No 

studies have examined the relationship between the amount of fluid accumulating in 

the interstitium and body weight. The amount of fluid administered is an important 



 

24 

 

factor affecting accumulation of the interstitium. Based on our simulation results, 

volume expansion in the peripheral compartment increases with an increasing amount 

of fluid (data not shown). 

Recently, some studies related to the volume kinetics of fluids have attempted to 

estimate k12 (distributional clearance from the central compartment to peripheral 

compartment) and k21 (distributional clearance from the peripheral compartment to 

central compartment) individually rather than estimating kd (distributional 

clearance).8,9,19) However, in this study, kd was estimated using a conventional method 

for three reasons. First, the Akaike Information Criteria of the model including k12 and 

k21 was not better than the model containing kd (model including k12 and k21: 1531.1, 

model including kd: 1533.7). Second, it may be more reasonable to estimate kd 

physiologically. In the case of drugs, the active ingredient of a drug can be considered 

to move between the central compartment and peripheral compartment, and the 

concentration is measured to characterize the pharmacokinetics of the drug. However, 

in volume kinetics of fluids, water moves between compartments and haemoglobin 

concentration is measured. Additionally, haemoglobin is present only in the blood 

vessels and not in the tissues. It may not be appropriate to estimate k21 by measuring 

the haemoglobin concentration. Because water moves between compartments, k12 and 

k21 are likely similar. Third, in a previous study, when k12 and k21 were separately 

estimated, k21 showed a negative value.9) The authors interpreted this as accumulation 



 

25 

 

of fluid in the interstitium, but this appears to be a somewhat arbitrary interpretation 

in terms of the pharmacokinetic model. 

As shown in Fig. 1A, negative values of plasma dilution were observed in 

approximately 44% of patients, suggesting that haemoglobin was higher than the 

baseline value during the sampling period. This can be interpreted as a 

‘haemoconcentration’, as Ringer's lactate solution was administered in a manner 

similar to restrictive fluid management during surgery. 

It is generally known that a restrictive fluid management policy reduces the 

complication rate compared to a liberal fluid management policy during elective 

surgery.3) Because the fluid was administered at the minimum amount required and 

urine output was relatively high, haemoconcentration may have occurred in some 

patients. However, because the structural model of volume kinetics evaluates how 

much volume expansion induced by fluid administration has occurred compared to the 

baseline, it was structurally unpredictable to reduce from the initial volume (see 

Appendix). Thus, the volume kinetic model cannot account for haemoconcentration, 

which was also observed in a previous study.19) This may be the main cause of the poor 

goodness-of-fit plot when plasma dilution was negative (see Figure 2).  

There were some limitations to this study. First, the amount of intraoperative bleeding 

was not included in the volume kinetic model. It is reasonable to use haemoglobin as 

an endogenous tracer when characterizing the kinetics of fluids under the basic premise 
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that haemoglobin is not lost.5) However, there is no method for reflecting the amount 

of bleeding into the structural model of volume kinetics. The amount of bleeding in 

this study was low compared to the total blood volume, and thus it is not clear whether 

this factor had a large effect on the calculation of plasma dilution. In previous studies, 

plasma expansion was well-described using volume kinetic models in surgical patients 

undergoing Caesarean section or colon surgery.20,21) Second, volume kinetic 

parameters may vary depending on whether a patient is anaesthetised or conscious. 

Elimination clearance (kr) was lower in anesthetized patients than in awake 

volunteers.5) Vasodilation induced by anaesthetic agents was thought to be responsible 

for most of this decrease.5) In this study, the last blood sample (180 min after the time 

of beginning administration of 1,000 mL of Ringer's lactate solution) of all patients 

was collected in the post-anaesthesia care unit. Although the mixed states of the 

anaesthetic state and arousal state may affect the volume kinetic parameters, this likely 

did not have a large influence because only one point per patient was collected in the 

consciousness state. 

In conclusion, the two-volume model well described the change in haemoglobin-

derived plasma dilution induced by administration of Ringer's lactate solution in 

surgical patients undergoing open gastrectomy. A higher the cardiac index was 

associated with greater the elimination clearance and, consequently, less water 

accumulation in the interstitium. As body weight increased, volume expansion in the 
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blood vessels increased. These results can be used as a reference for administration of 

Ringer's lactate solution based on the patient's physical characteristics. 

 

 

  



 

28 

 

References 

1. Aga Z, Machina M, McCluskey SA. Greater intravenous fluid volumes are 

associated with prolonged recovery after colorectal surgery: a retrospective cohort 

study. Br J Anaesth 2016;116:804-10. 

2. Li Y, He R, Ying X, Hahn RG. Ringer's lactate, but not hydroxyethyl starch, prolongs 

the food intolerance time after major abdominal surgery; an open-labelled clinical trial. 

BMC Anesthesiol 2015;15:72. 

3. Schol PB, Terink IM, Lance MD, Scheepers HC. Liberal or restrictive fluid 

management during elective surgery: a systematic review and meta-analysis. J Clin 

Anesth 2016;35:26-39. 

4. Weinberg L, Ianno D, Churilov L, Chao I, Scurrah N, Rachbuch C, et al. Restrictive 

intraoperative fluid optimisation algorithm improves outcomes in patients undergoing 

pancreaticoduodenectomy: A prospective multicentre randomized controlled trial. 

PLoS One 2017;12:e0183313. 

5. Hahn RG. Volume kinetics for infusion fluids. Anesthesiology 2010;113:470-81. 

6. Stahle L, Nilsson A, Hahn RG. Modelling the volume of expandable body fluid 

spaces during i.v. fluid therapy. Br J Anaesth 1997;78:138-43. 

7. Choi BM, Lee YH, An SM, Lee SH, Lee EK, Noh GJ. Population pharmacokinetics 

and analgesic potency of oxycodone. Br J Clin Pharmacol 2017;83:314-325. 

8. Hahn RG. Arterial Pressure and the Rate of Elimination of Crystalloid Fluid. Anesth 



 

29 

 

Analg 2017;124:1824-1833. 

9. Li Y, Xiaozhu Z, Guomei R, Qiannan D, Hahn RG. Effects of vasoactive drugs on 

crystalloid fluid kinetics in septic sheep. PLoS One 2017;12:e0172361. 

10. Kim YK, Chin JH, Kang SJ, Jun IG, Song JG, Jeong SM, et al. Association between 

central venous pressure and blood loss during hepatic resection in 984 living donors. 

Acta Anaesthesiol Scand 2009;53:601-6. 

11. Svensen C, Hahn RG. Volume kinetics of Ringer solution, dextran 70, and 

hypertonic saline in male volunteers. Anesthesiology 1997;87:204-12. 

12. Beal S, Sheiner L (1992) NONMEM User's Guides. In: Part V Introductory Guide, 

p 48. San Francisco: NONMEM Project Group, University of California.  

13. Mosteller RD. Simplified calculation of body-surface area. N Engl J Med 

1987;317:1098. 

14. Janmahasatian S, Duffull SB, Ash S, Ward LC, Byrne NM, Green B. Quantification 

of lean bodyweight. Clin Pharmacokinet 2005;44:1051-65. 

15. Robinson JD, Lupkiewicz SM, Palenik L, Lopez LM, Ariet M. Determination of 

ideal body weight for drug dosage calculations. Am J Hosp Pharm 1983;40:1016-9. 

16. Choi BM, Lee HG, Byon HJ, Lee SH, Lee EK, Kim HS, et al. Population 

pharmacokinetic and pharmacodynamic model of propofol externally validated in 

children. J Pharmacokinet Pharmacodyn 2015;42:163-77. 

17. Critchley LA, Calcroft RM, Tan PY, Kew J, Critchley JA. The effect of lung injury 



 

30 

 

and excessive lung fluid, on impedance cardiac output measurements, in the critically 

ill. Intensive Care Med 2000;26:679-85. 

18. Marsh B, White M, Morton N, Kenny GN. Pharmacokinetic model driven infusion 

of propofol in children. Br J Anaesth 1991;67:41-8. 

19. Hahn RG, Drobin D, Zdolsek J. Distribution of crystalloid fluid changes with the 

rate of infusion: a population-based study. Acta Anaesthesiol Scand 2016;60:569-78. 

20. Hahn RG, Resby M. Volume kinetics of Ringer's solution and dextran 3% during 

induction of spinal anaesthesia for caesarean section. Can J Anaesth 1998;45:443-51. 

21. Ewaldsson CA, Hahn RG. Volume kinetics of Ringer's solution during induction 

of spinal and general anaesthesia. Br J Anaesth 2001;87:406-14. 

 

  



 

31 

 

Appendix 

Example of the control stream used in pharmacokinetic modelling 

$PROB RUN# 2013 (fluid kinetic model_H/S_2COM) 

$INPUT ID OID TIME DUR RATE AMT DV MDV EVENT HB HCT SEX AGE 

WT HT BSA LBM IBW BMI CO CI SVV SV SVI HR SBP DBP MBP 

$DATA 05_06_NONMEM_data_OID_ID25.csv IGNORE=# 

$SUBROUTINE  ADVAN13  TRANS=1 TOL=6 

$MODEL COMP (VOLUME1) COMP (VOLUME2) 

$PK 

   TH1 = THETA(1) 

   TH2 = THETA(2) 

   TH3 = THETA(3) 

   TH4 = THETA(4) 

   TH5 = THETA(5) 

   TH6 = THETA(6) 

   TH7 = THETA(7) 

  

   KB = TH1  

   KR = TH2  

   VC0 = TH3 

   VT0 = TH4 

   KT = TH5  

    

   KB = TH1*EXP(ETA(1)) 

   KR = (TH2+TH6**(CI/3))*EXP(ETA(2)) 

   VC0 = (TH3+TH7*(WT/63))*EXP(ETA(3)) 

   VT0 = TH4*EXP(ETA(4)) 

   KT = TH5*EXP(ETA(5)) 
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 $DES 

   DADT(1) = RATE - KB - KR*(A(1)/VC0) - KT*(A(1)/VC0) + 

KT*(A(2)/VT0) 

   DADT(2) = KT*(A(1)/VC0) - KT*(A(2)/VT0)  

  

 $ERROR     

   A1 = A(1) 

   A2 = A(2) 

   TA = A1/VC0 

   TB = A2/VT0 

    

   IPRED = TA   

   W = 1 

   IRES = DV - IPRED 

   IWRES = IRES / W 

   Y = IPRED + W * EPS(1) 

 $THETA ; #6 

   0.8 FIX ; KB 

   (0, 100) ; KR 

   (0, 1) ; VC0 

   (0, 2000) ; VT0 

   (0, 100) ; KT 

   (0, 10) ; KR_CI 

   (0, 1000) ; VC0_WT 

 $OMEGA ; #2 

   0 FIX ; IIV_KB 

   0.2 ; IIV_KR 

   0.2 ; IIV_VC0 

   0 FIX ; IIV_VT0 
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   0 FIX ; IIV_KT 

 $SIGMA ; #1 

    0.01  

 

$ESTIMATION MAXEVAL=9999 SIGL=6 NSIG=2 PRINT=5 METHOD=1 INTER 

NOABORT MSFO=2013.MSF 

$COVARIANCE PRINT=E 
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Korean Abstract  

개복으로 위장관수술을 받는 환자를 대상으로 하트만씨액의 집단 

약동학 분석 

 

연구목적: 정례수술이 예정된 환자를 대상으로 술중 사용하고 있는 

정질액 투여 후 간질(interstitium)로의 수분 이동량을 

비선형혼합효과모형을 이용하여 수학적으로 해석함으로써 하트만씨액 

투여 후 수액구성 변화를 탐색하였다. 

연구방법: 개복으로 위절제술을 받는 30명의 환자를 대상으로 하였다. 

전신마취 후 propofol과 remifentanil이 목표농도에 이르러 혈압이 안정화 

되고, 수술적 자극이 일정해진 시기에 하트만씨액 1L을 20분간 

투여하였다. 그 후 수술 종료 때까지 6 ml/kg/h의 정주속도로 투여하며 

수액정주 시작 후 5, 10, 15, 20, 25, 30, 40, 60, 90, 120, 180분(12회) 

동맥도관에서 획득한 혈색소 및 적혈구 용적률을 측정하여 NONMEM으로 

분석하였다. 

연구결과: 27명의 환자로부터 얻은323개의 혈장희석자료를 통해 

하트만씨액의 약동학적 특성을 분석할 수 있었다. 이구획 모델이 

하트만씨액의 수액공간확장을 가장 잘 설명해주고 있었다. 

심박출량지수(cardiac index [CI])와 체중(body weight [WT])은 각각 

신장청소율(elimination clearance [kr])와 중심구획분포용적(central volume of 
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distribution at baseline [Vc0])의 의미있는 공변량이었다. 약동학 모수 

추정치들은 다음과 같았다. kr (ml/min) = 135 + 31.2(CI/3), Vc0 (ml) = 0.952 + 3170 

× (WT/63), Vt0 (ml) = 2140, kt (ml/min) = 180. 

결론: 중심 구획과 말초 구획으로 구성되는 이 구 획 모형으로 

수액공간확장을 가장 잘 설명할 수 있었다. 또한 중심 구획에는 환자의 

체중이, 말초 구획에는 심박출량지수가 유의한 공변량으로 포함되었다. 

중심단어: 정질액, 수액이동, 약동학  
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