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국문초록

현대 수술에서 적용되는 폐 보호 환기법 및 복강경 수술법의 도입으로 

다양해진 수술 중 환자 체위로 인해, 수액 요법의 효율적인 지표로 알려

져 있는 일회박출량변이 (stroke volume variation, SVV)의 적용 가치가 

낮아지고 있다. 이는 기계환기 중인 환자에서 인공호흡기 매개변수의 변

화가 일회박출량변이에 영향을 줌에 따라 해당 수치를 잘못 해석할 가능

성이 발생하기 때문이다. 본 연구에서는 수술 중 인공호흡기의 동적 매

개변수가 일회박출량변이에 끼치는 영향을 정량적으로 분석하고자 하였

다.

비심장수술을 받는 환자의 인구 통계학적 정보 및 신체 계측치, 수술 

중 활력 징후 및 인공호흡기 매개변수를 후향적으로 수집하여 선형 혼합 

효과 분석 (linear mixed effect analyses)을 시행하였다. 이를 통해 일회

박출량변이가 최고 흡기압 (peak inspiratory pressure), 호기말 양압 

(positive end-expiratory pressure), 예측 체중 당 일회 호흡량 (tidal

volume per kg of predicted body weight), 폐유순도 (lung compliance)

와 같은 고정효과 독립변수의 영향을 받음을 보였다. 또한 일회 박출량

(stroke volume)이 교란 변수로 고려되었으며, 임의 효과를 설명하기 위

해 임의절편 모델 (random intercept model)이 채택되었다.

비심장수술을 받은 694명의 환자로부터 148,732개의 data points를 분

석하였고, 일회 박출량 값을 조정한 뒤 분석된 모든 인공호흡기 매개변

수가 일회박출량변이와 유의미한 연관이 있음을 보였다. 이 가운데 최고 

흡기압 (marginal R2 = 0.08, conditional R2 = 0.76) 이 가장 큰 예측력

을 나타냈다.

본 논문의 결과에 따르면 인공호흡기 매개변수의 변화와 일회박출량

변이 사이의 상관관계가 나타났으나, 일회박출량변이의 해석 시 인공호



ii

흡기 매개변수의 변화가 일회박출량변이에 미치는 영향은 제한적인 것으

로 나타났다. 나아가 일회박출량변이의 예측력을 높인 모형 수립을 위해 

수술 중 수액 투여, 실혈, 환자의 혈관 내 용적 상태 등을 분석에 포함한 

전향적 연구의 필요성이 제기된다.

……………………………………

주요어 : 선형혼합효과모형, 일회박출량변이, 수술, 인공호흡기 

매개변수

학  번 : 2020-26482
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1. Introduction

Changes in arterial pressure contours according to the respiratory 

cycle in mechanically ventilated patients are measured as systolic 

pressure variation (SPV), pulse pressure variation (PPV), and stroke 

volume variation (SVV). These parameters are useful dynamic indices 

of cardiac preload. SPV >10%, PPV >13%, and SVV >10% have 

been used as objective and sensitive indicators of volume responder.1 2

These dynamic indices are useful in guiding goal-directed therapy to 

reduce complications from unnecessary fluid administration and 

improve the patient's prognosis.3

However, it is questionable whether the criteria values of dynamic 

indices presented in the past are still accurate today. It is known that 

the SVV is properly measured when a tidal volume (TV) of at least 

8 mL kg-1 is applied,4 but the current lung protective ventilatory 

strategy in operating rooms adopts a TV of <6 mL kg-1,5 6 resulting 

in small changes in intrathoracic pressure and consequently reduced 

SVV values.2 7–9 Furthermore, since laparoscopic surgery is widely 

practiced, varying intraabdominal pressure and operative position cause 

dynamic changes in intrathoracic pressure, airway compliance, and 

cardiac preload, making interpretation of the SVV more difficult.

We hypothesized that if the effects of dynamic ventilatory 

parameters on SVV could be quantitatively assessed, the SVV value 

would be interpreted more appropriately by observing changes in 

ventilatory parameters during surgery. Therefore, the primary goal of 

this study was to investigate the relationship between dynamic 
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ventilatory parameters and SVV using linear mixed effects analysis.
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2. Methods

2.1 Case selection

Data were retrieved from the data registry that collects 

intraoperative monitoring data of surgical patients in our institution. 

The registry was approved by our institutional review board 

(H-1408-101-605) and registered on a clinical trial registration site 

(ClinicalTrial.gov, NCT02914444). The retrospective use of registry 

data for the current study was approved by the institutional review 

board (H-1702-008-828). Data collection was performed in accordance 

with relevant guidelines and regulations of the committee. The need 

for written informed consent was waived owing to anonymity of the 

data. Adult patients who underwent non-cardiac surgeries under arterial 

pressure-derived cardiac output (APCO) monitoring between June 2016 

and December 2016 were enrolled. Paediatric patients (age <18 years), 

one-lung ventilation cases were excluded from the study. Patients with 

preoperative atrial fibrillation which limits analysis of SVV were 

excluded because APCO monitoring was not applied to all of them.

Types of surgery included biliary/pancreas surgery, breast surgery, 

colorectal surgery, gastric surgery, hepatic surgery, transplantation, 

thyroid surgery, and vascular surgery.

2.2 Anesthesia

Patients arrived at the operating room without premedication. 

Electrocardiogram, pulse oximetry, and non-invasive blood pressure 
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monitors were applied to the patients. During the study period, 

volatile anesthesia or total intravenous anesthesia with target-controlled 

infusion was randomly conducted. Propofol 1–1.5 mg kg-1 and 

fentanyl 50–100 mcg were administered for anesthesia induction in 

volatile anesthesia. Anesthesia induction in total intravenous anesthesia 

was conducted with target effect-site concentrations of propofol and 

remifentanil at 3.5–4.5 mcg mL-1 and 4–6 ng mL-1, respectively. After 

loss of consciousness, rocuronium 0.9–1.2 mg kg-1was administered 

and the trachea was intubated. Tube sizes with internal diameters of 

7.5 mm and 7.0 mm were uniformly applied to male and female 

patients, respectively. Mechanical ventilation was initiated with a TV 

of 6 mL per kg of predicted body weight and a respiratory rate of 

13 min-1, then adjusted according to the surgical process and patient’s 

status. Application of positive end-expiratory pressure (PEEP) was at 

the anesthesiologist’s discretion during surgery, but an inspiratory 

pause of 10%, the default setting of the anesthesia machine, was 

uniformly applied. Anesthesia was maintained with sevoflurane or 

desflurane in air, or propofol and remifentanil infusions. Intermittent 

bolus of rocuronium was administered to maintain muscle relaxation. 

The radial artery was cannulated with 20 G intravenous catheter after 

induction of anesthesia. The arterial catheter was connected to the 

APCO monitor (EV1000TMclinical platform, Edwards Lifesciences, 

Irvine, CA, USA) to continuously measure SVV throughout the 

operation. The arterial catheter was removed in the postanesthesia care 

unit.
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2.3 Data collection

Age, sex, weight, height, operation name, and anesthesia duration 

were retrieved from the registry data. Vital signs data in the registry 

were recorded from the data communication ports of patient monitor 

(SolarTM8000 with Tram module, GE healthcare, Wauwatosa, WI, 

USA), anesthesia machine (Primus®, Drägerwerk AG & Co. KGaA, 

Lübeck, Germany), and APCO monitor using the Vital Recorder 

program, a free tool for recording of high-resolution time-synchronized 

physiologic data from multiple anesthesia devices (available from the 

website, https://vitaldb.net10; accessed April 23, 2017). Among the 

recorded data, the following parameters were retrieved for analysis: 

heart rate, respiratory rate, set inspiratory TV, peak inspiratory 

pressure (Ppeak), positive end-expiratory pressure (PEEP), airway 

compliance, stroke volume (SV), and SVV.

Data from patient monitor and anesthesia machine were originally 

recorded at 2-second intervals; however, data collected every 60 

seconds were used to match the update interval of SVV 

measurements. After visual data inspection and outlier analysis, the 

following data were considered invalid and excluded from the 

analysis: unusual values such as Ppeak = 0 cmH2O or >40 cmH2O, 

Pplat = 0 cmH2O or >40 cmH2O, and SVV >40%; and heart rate to 

respiratory rate ratio ≤3.6, which is known as a significant confounder 

of SVV measurements.10 After removing invalid data points, a case 

with less than 30 data points was additionally excluded from the 

analysis.
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2.4 Statistical analysis

Linear mixed effects analyses were performed using the modeling 

dataset to determine the relationship between ventilatory parameters 

and SVV. The fixed effect variables included age, sex, weight, BMI, 

ventilatory parameters, and SV. The ventilatory parameters included 

pressure (Ppeak, and PEEP), volume (TV per kg of predicted body 

weight), and compliance variables. The SV was also a presumed fixed 

effect variable because it is a surrogate indicator of left ventricular 

preload as well as cardiac contractility, and is known to be closely 

related to the SVV.12 Since we assumed that the SVV has varying 

baseline values among individuals, a random intercept model was 

chosen to describe the random effect. The SVV was a dependent 

outcome of the mixed effects model. The mixed effect modeling was 

sequentially conducted as univariable and multivariable analyses. First, 

univariable models with age, sex, weight, BMI, SV or one of the 

ventilatory parameters as a sole fixed effect variable were tested. 

Multivariable modeling was then conducted using SV and one of the 

four ventilatory parameters as fixed effect variables to evaluate the 

predictive power of the ventilatory parameter after adjusting the SV 

and random effects. The mixed effects models were fitted using the 

maximum likelihood method. The predictive power of model was 

expressed as the marginal R2, the percentage of the response variable 

variation that is explained by the fixed effect or population prediction 

model, and the conditional R2, the coefficient of determination of the 

mixed effects or individual prediction model.13

Statistical analysis was performed using MedCalc (version17.0, 
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MedCalc Software bvba, Mariakerke, Belgium). The linear mixed 

effects analysis was performed using R program (version 3.3.2, The R 

foundation) with lme4 version 1.1-12 and piecewiseSEM version 1.2.1 

packages. A P-value <0.05 was considered significant.
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3. Results

A total of 6338 cases in our data registry were screened. The 

enrolment and exclusion are described in Fig.1. The final analysis 

included 694 cases with 148,732 data points. The characteristics of 

the subjects are summarized in Table 1. The distribution of each 

ventilatory parameter and the distribution of stroke volume variation in 

the specific value of ventilatory parameters are shown as 

box-and-whisker diagram in Fig. 2.

The use of mixed effects modeling was proved to be appropriate 

since random effects were substantial and measurable in all tested 

univariable and multivariable models. In the univariable analyses, age, 

sex, weight and BMI were not significant (Table 2). The ventilatory 

parameters were significant but their small marginal R2 values 

suggested that they are weak predictors of the SVV in the general 

population. The SV showed the largest R2 value among univariable 

parameters, and had a slope estimate of -0.1, which means that every 

mL change of the SV negatively affects the SVV change by 0.1% as 

SVV.

In the multivariable analyses, all ventilatory parameters remained 

significant after adjusting for the effect of SV (Table 3). Pressure 

parameter (Ppeak) showed the largest marginal R2 (0.08), suggesting 

that the SVV change during surgery can be best predicted by Ppeak 

in the general population, after adjusting for SV values. The 

conditional R2 value of the Ppeak models was 0.76, suggesting that 

the predictive power of these models can be enhanced within 

individuals by calculating individual baseline SVV and adjusting the 
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individual intercept of the regression equation.

To schematically illustrate the effect of ventilatory parameters on 

SVV after adjusting for SV, data were divided according to low (<60 

mL), normal (60–100 mL), and high (>100 mL) SV categories, and 

linear regression plots were drawn within each SV category (Fig. 3). 

The regression plots of the ventilatory parameters showed significant 

slopes when adjusted for the SV values.
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4. Discussion

Contrary to the previous studies, this study extensively and 

quantitatively assessed the effect of dynamic ventilatory parameters 

during surgery on SVV using a large intraoperative dataset. We 

confirmed that ventilatory parameters affect SVV after adjusting for 

SV. The most powerful predictors of SVV change were pressure 

parameters such as Ppeak, which increased the SVV value by 0.3 per 

1 cmH2O increase.

The operating room setting is generally known to be ideal for 

accurate measurements of the dynamic preload indices compared with 

the intensive care unit (ICU) environment.7 However, the lung 

protective ventilatory strategy that is widely used to enhance outcomes 

of intermediate- and high-risk surgical patients has made the dynamic 

indices less valuable due to misreading of SVV and PPV.6 Lansdorp 

and colleagues14 reported that SPV, PPV, and SVV are less predictive 

in routine cardiac surgery due to frequent low TV and cardiac 

arrhythmia, and the diversity of calculation methods. Many review 

studies have also referred to various confounding factors affecting 

SVV values as limitations of SVV use.1 4 7–9 15 These factors include 

TV,14 16–23 SV,12 20 21 24 Ppeak,25 26 PEEP,27–29 compliance,15 20 23 30 31

heart rate to respiratory rate ratio,10 24 surgical position,32 33 pleural 

pressure,34 arrhythmia,14 and increased pulmonary artery pressure.35 

However, these previous studies only identified the presence of 

various confounding factors that affect SVV. The current study was 
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successful in extensively and quantitatively evaluating the effect of 

dynamic ventilatory parameters during surgery on SVV.

In the current study, SV was considered to be a significant 

confounding factor because an inversely semi-logarithmic relationship 

between SV and SVV was identified in a recent arithmetical 

analysis.12 A negative relationship between blood pressure and SVV 

was also observed in cardiac surgery patients.21 Our study assumed a 

linear relationship between the two parameters because simple linear 

curves fitted better than semi-log curves in our explorative analysis. 

We speculate that this is because most of our measurements were on 

the inclining portion rather than on the plateau of the Frank-Starling 

curve. In the mixed effects model, SV is a highly explanatory 

parameter that can account for as much as 30% of the SVV value, 

suggesting that the effect of ventilatory parameters on SVV changes 

can be properly evaluated only after adjusting for the SV value.

Since the widespread use of lung protective ventilation, the TV has 

been the most studied parameter for its effect on SVV. In animal16 24

and clinical17 19 experiments, SVV was positively correlated with TV. 

Studies have found that lung protective ventilation reduced the 

diagnostic power of PPV and SVV in predicting volume 

responsiveness in ICU patients22 and one-lung ventilated surgical 

patients.36 Dynamic indices were reliable only when the TV was 

larger than 8 mL per body weight.18 The positive linear relationship 

between TV and SVV is evident by the slope estimate of 0.4 in the 

current study. However, since the range of TV used in routine clinical 

practice is not as wide as in the designed experimental environment, 
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the effect of various TV on SVV is the smallest among our tested 

ventilatory parameters: the SVV in lung protective ventilation can be 

generally interpreted as approximately 1% lower SVV than the SVV 

in conventional ventilation. On the other hand, a decrease in TV 

results in an increase in respiratory rate for maintaining normocarbia. 

In order to measure the SVV correctly, the respiratory rate must be 

greater than 5,24 however, the heart rate to respiratory rate ratio 

should be more than 3.6 at the same time.37

Several studies regarding the effect of compliance on the SVV 

have been performed in the acute respiratory distress syndrome and 

acute lung injury settings.15 30 31 In general, we cannot rule out fluid 

responsiveness even with reduced SVV in the situation of reduced 

pulmonary compliance combined with low TV. However, compliance 

changes in surgical patients are mainly caused by extra-pulmonary 

causes such as surgical positioning and application of 

pneumoperitoneum. In animal experiments, applying chest and 

abdominal binders20 and inducing intra-abdominal hypertension31

resulted in a significant increase in SVV with increasing TV. 

Similarly, our study results showed a significant negative relationship 

between compliance and SVV during surgery. However, despite the 

large predictive power over other ventilatory parameters, the 

compliance parameter is less practical because several parameters, 

including Ppeak, PEEP, and TV, need to be measured for calculation 

of compliance.

Pressure parameters have not been extensively investigated 

compared with volume and compliance parameters. The sole effect of 
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PEEP has been tested in mechanically ventilated ICU patients,29

demonstrating that the SVV linearly increases with increasing PEEP in 

volume responders, irrespective of the amount of TV. In current study, 

such a linear relationship between PEEP and SVV was shown but 

very weak because cases were not confined to volume responders, and 

the PEEP level was negligible in our daily practice. The positive 

relationship between Ppeak and SVV has been previously 

demonstrated in an animal experiment26 and paediatric patients.25 The 

Pplat has been tested in combination with PEEP as an driving 

pressure (Pplat-PEEP), which can adjust the PPV threshold values in 

volume responders.28 38 The current study identified that the Ppeak is 

the most reliable ventilatory predictors of the SVV in surgical patients 

possibly due to their direct effect on pulmonary capillaries. Thses 

findings suggest that Ppeak may be the most useful ventilatory 

predictor because it has the greatest predictive power and can be 

easily assessed from most anesthesia machines.

There are several limitations of the current study. First, time-series 

data of volume status, fluid administration, and bleeding, which are 

important factors affecting SVV, were not included in the fixed effect 

variables, owing to the limitations of retrospective data collection. 

However, the effects of these factors were considered to be included 

in the SV parameter and random effects, making the ventilatory 

parameter significant and consistent. Second, the actual threshold of 

SVV after controlling the ventilatory parameter cannot be defined in 

the current study. The identification of threshold values in lung 

protective ventilation in combination with various surgical settings 

requires prospective trials. Third, the predictive power of the models 
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was small in the fixed effect/general population model. Using 

categorical variables or involving hypovolemic patients only may have 

increased the explanatory power of the model as in the previous 

studies. However, the study is meaningful in that it showed a 

quantitative association between dynamic ventilatory parameters and 

SVV during surgery.

  In conclusion, the change in SVV during surgery is linearly 

proportional to the changes in ventilatory parameters; the SVV has a 

positive relationship with pressure and volume parameters, and a 

negative relationship with compliance. However, the effects of 

ventilatory parameters change on SVV look limited because prediction 

power of the sole parameter on SVV was weak. In addition, 

prospective trials that evaluate the SVV threshold may be required in 

association with ventilatory parameter changes during surgery.
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Table 1. Characteristics of subjects (n = 694)

Data are expressed as median [interquartile range(IQR)] 

Variable

Number of data points 208 [123-298]

Age 60 [51-69]

Sex (male/female) 430/264

Height (cm) 163.9 [157.9-169.8]

Weight (kg) 60.85 [53.25-68.75]

Predicted body weight (kg) 59.4 [51.1-65.7]

Body mass index (kg m-2) 22.8 [20.5-25.0]

Heart rate (min-1) 74 [65-85]

Respiratory rate (min-1) 13 [15-16]

Set tidal volume (mL) 400 [350-440]

Peak inspiratory pressure (cmH2O) 14 [12-18]

Positive end-expiratory pressure 

(cmH2O)
0 [0-0]

Compliance (mL cmH2O
-1) 33 [27-40]

Tidal volume per kg of predicted 

body weight (mL kg-1)
6.6 [6.2-7.3]
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Table 2. Univariable linear mixed effects models to predict stroke volume variation during surgery (n = 

694, n of measurement = 148,732)

Abbreviations: BMI = body mass index, SV = stroke volume, PEEP = positive end-expiratory pressure, Ppeak = peak 

inspiratory pressure, TV = tidal volume, PBW = predicted body weight, SE = standard error, SD= standard deviation

Model

Fixed effects 　 Random effects
Marginal 

R2

Conditional  

R2
Slope Intercept Intercept  

SD

Residual 

SDEstimate SE P-value Estimate SE 　

Age (years) 0.0 0.0 0.807 10.0 0.6 3.6 4.0 0.00 0.45

Sex (male) 0.4 0.3 0.184 10.0 0.2 3.6 4.0 0.00 0.45

Weight (kg) 0.0 0.0 0.118 9.1 0.7 3.6 4.0 0.00 0.45

BMI(kg m-2) 0.1 0.0 0.142 8.9 0.9 3.6 4.0 0.00 0.45

SV (mL) -0.1 0.0 <0.001 20.3 0.2 3.8 3.5 0.30 0.68

Ppeak (cmH2O) 0.5 0.0 <0.001 3.0 0.1 3.5 3.8 0.15 0.53

PEEP (cmH2O) 0.2 0.0 <0.001 10.0 0.1 3.6 4.0 0.01 0.45

Compliance   

(mL cmH2O
-1)

-0.2 0.0 <0.001 16.5 0.1 3.5 3.9 0.11 0.52

TV per kg of 

PBW (mL kg-1)
0.5 0.0 <0.001 6.8 0.3 3.6 4.0 0.01 0.45
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Table 3. Nested linear mixed effect models to predict stroke volume variation during surgery (n = 694, n of 

measurement = 148,732, n of stroke volume measurement by subject = 28,515)

  

Abbreviations: SV = stroke volume, SE = standard error, SD= standard deviation, Ppeak = peak inspiratory pressure, 

PEEP = positive end-expiratory pressure, TV = tidal volume, PBW = predicted body weight

Model

Fixed effects 　 Random effects
Marginal 

R2

Conditional  

R2
Slope Intercept SV

SD

Subject

SD

Residual 

SDEstimate SE P-value Estimate SE 　

Ppeak (cmH2O) 0.3 0.0 <0.001 5.0 0.1 3.3 3.2 2.8 0.08 0.76

PEEP (cmH2O) 0.1 0.0 <0.001 10.1 0.1 3.5 3.4 2.8 0.00 0.76

Compliance   

(mL cmH2O
-1)

-0.2 0.0 <0.001 15.1 0.1 3.3 3.3 2.8 0.06 0.76

TV per kg of 

PBW (mL kg-1)
0.4 0.0 <0.001 7.6 0.2 3.5 3.3 2.8 0.00 0.74
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  Figure 1. Flow diagram

Abbreviations: APCO = arterial pressure-derived cardiac output
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Figure 2. Distribution of ventilatory parameters (horizontal boxes) and 

SVV in each value of ventilatory parameters (vertical boxes)
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Figure 3. Effect of ventilatory parameters on stroke volume variation after 

adjusting for stroke volume

Scatter plots are drawn after controlling individual random effects. Linear 

regression plots between stroke volume variation and ventilatory parameter 

are illustrated according to the stroke volume values such as low (<60 mL), 

normal (60–100 mL), and high (>100 mL) stroke volume categories. The 

regression plots of the ventilatory parameters show significant slopes except 

for those of the positive end-expiratory pressure.
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Abstract

Effect of Ventilatory Parameters on 

the Measurement of Arterial 

pressure-derived Stroke Volume 

Variation in Mechanically Ventilated 

Surgical Patients

Dong Nyeok Park

Department of Anesthesiology and Pain Medicine

The Graduate School

Seoul National University

Background: Stroke volume variation (SVV), a useful guide of fluid 

administration, has become less valuable in recent surgery because lung 

protective ventilation and surgical positioning result in substantial changes in 

ventilatory parameters and misreading of SVV values. The aim of this study 

was to quantitatively assess the effect of dynamic ventilatory parameters 

during surgery on SVV.

Methods: Intraoperative data of non-cardiac surgical patients were 

retrospectively collected. Linear mixed effects analyses were performed using 

a modeling dataset. SVV was a dependent outcome and independent fixed 



29

effect variables included peak inspiratory pressure, positive end-expiratory 

pressure, tidal volume per kg of predicted body weight, and airway 

compliance. Stroke volume was considered a confounding factor. A random 

intercept model was chosen to describe the random effect. The final models 

were externally validated using a validation dataset.

Results: Analysis included 694 non-cardiac patients with 148,732 data points. 

All ventilatory parameters were significantly correlated with SVV after 

adjusting for stroke volume (P <0.001). The peak inspiratory pressure 

showed the largest predictive power (marginal R2=0.08 and conditional 

R2=0.76).

Conclusion: Change in SVV during surgery is linearly proportional to the 

changes in ventilatory parameters. The effects of ventilatory parameters 

change on SVV looks limited because the predictive ability of the sole 

parameter on SVV was weak. In addition, prospective trials that evaluate the 

SVV threshold may be required in association with ventilatory parameter 

changes during surgery. 

………………………………………

keywords : Linear mixed effects analysis, Stroke volume variation, 

Surgery, Ventilatory parameters.
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