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This prospective, observational study was conducted in a university hospital to verify that intraoperative
worsening of right ventricular function causes cardiac surgery-associated acute kidney injury. Adult patients
undergoing cardiac surgery under mid-sternal incision with cardiopulmonary bypass were included.
Echocardiographic right and left ventricular function parameters were measured before and after bypass
and compared using the Wilcoxon signed-rank test. Perioperative serum creatinine values at baseline and
within the first 48 hours postoperatively were measured for the diagnosis of acute kidney injury. Spearman
rank-order correlation (ρ ) and receiver operating characteristic analysis were used to reveal relationships.
Thirty-four patients were evaluated. Right ventricular ejection fraction (56.2 ± 7.0 vs. 51.6 ± 7.2%; P =
0.0002), right ventricular fractional area change (49.1 ± 6.4 vs. 46.6 ± 5.3%; P = 0.0201; mean ± standard
deviation), and left ventricular ejection fraction (57.4 ± 6.1 vs. 51.7 ± 6.2%; P < 0.0001) were significantly
decreased. Central venous pressure was significantly increased (7.2 ± 3.5 vs. 9.7 ± 3.7; P = 0.0001).
Serum creatinine values increased from 0.82 [0.70-1.08] to 0.99 [0.82-1.54] mg/dL (P < 0.0001; median
[interquartile range]). Changes in right ventricular ejection fraction, fractional area change, and right
ventricular strain during cardiovascular surgery were significantly correlated with changes in serum
creatinine values. Fractional area change exhibited the strongest correlation (ρ = −0.61, P < 0.0001).
Change in fractional area change showed an area under the curve of 0.902 and a cutoff value of −2.1,
which predicted acute kidney injury with 92% sensitivity, 73% specificity, and 79% accuracy. The functions
of both ventricles were decreased after cardiopulmonary bypass. Worsening right ventricular function was
independently correlated with postoperative renal dysfunction, and fractional area change was the
strongest predictor of cardiac surgery-associated acute kidney injury.
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systemic and pulmonary arterial blood pressures, cardiac
index (CI), and cardiac motion using an arterial catheter, a
pulmonary arterial catheter, and transesophageal echocardiography. The cardio-renal connection that links cardiac
and renal functions with each other through systemic congestion has been the focus of researchers (Herzog et al.
2011). However, a definite goal to inhibit CSA-AKI in the
perioperative period has not yet been established. Recently,

Introduction
Acute kidney injury (AKI) is associated with poor
prognosis in patients in the intensive care unit (ICU)
(Brochard et al. 2010). The incidence of cardiac surgeryassociated acute kidney injury (CSA-AKI) is as high as
30% (Rosner and Okusa 2006). During cardiac surgery,
careful circulatory management is performed by monitoring
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it was reported that postoperative right ventricular (RV)
dysfunction was not associated with CSA-AKI (Yockelson
et al. 2019). In contrast, the relationship between changes
in RV function during cardiac surgery and postoperative
renal function has not been elucidated. Therefore, we conducted an observational study to verify the hypothesis that
intraoperative worsening of RV function contributes to the
development of CSA-AKI. In this study, we analyzed the
relationship between changes in RV function and renal
function during the perioperative period of cardiovascular
surgery.

Materials and Methods
This study was a prospective, observational, singlecenter study at Tohoku University Hospital that was conducted between August 2019 and July 2020. This study
was approved by the Tohoku University Ethics Committee
(2019-1-257), and registered at University Hospital Medical
Information Network (UMIN000045617). Written
informed consent was obtained from all the study participants.
Study setting and participants
The present study was conducted at a university hospital, and it included patients aged ≥ 20 years who underwent
scheduled primary cardiovascular surgery involving a midsternal incision, cardiopulmonary bypass (CPB), and cardiac arrest without right heart surgery. The exclusion criteria of this study were as follows: on-pump beating surgery,
cardiac pacing, use of cardiac assist devices such as left
ventricular assist devices, veno-arterial extracorporeal
membrane oxygenation, and intra-aortic balloon pumping,
presence of chronic atrial fibrillation, intracardiac shunts,
regional wall motion abnormality, moderate or severe tricuspid regurgitation, high suspicion of pulmonary hypertension in cases with a tricuspid regurgitation pressure gradient
of over 45 mmHg, contraindications to transesophageal
echocardiography and/or a pulmonary arterial catheter, and
hemodialysis. Further, patients who underwent the following during the study were also excluded from the analysis:
additional right heart surgery, conversion to off-pump surgery, pacing due to intraoperative atrioventricular block or
sinus node syndrome, the abovementioned cardiac assist
device, and monitoring failure of transesophageal echocardiography and pulmonary arterial catheter during surgery.
Patients with preoperative RV dysfunction, such as a fractional area change (FAC) of less than 35% or a tricuspid
annular plane systolic excursion (TAPSE) of less than 17
mm, and those with preoperative chronic kidney disease
(CKD) were included.
Echocardiographic and hemodynamic measurements
In the operating room, the patient’s electrocardiogram,
non-invasive blood pressure, and pulse oximetry were monitored, and an intravenous line and arterial catheter were
placed. After the induction of general anesthesia using

intravenous anesthetics, a central venous catheter and pulmonary arterial catheter were placed via the internal jugular
vein, and a transesophageal echocardiography probe was
inserted (X9-2t probe, EPIC 7® ultrasound system, Philips
Medical Systems, Andover, MA, USA). A circulatory monitoring system (Hemosphere™, Edwards Lifesciences,
Irvine, CA, USA), a bedside monitor (BSM-6701™, Nihon
Kohden, Tokyo, Japan), and an electronic anesthesia record
(PrimeGaia™, Nihon Kohden) were used.
Intraoperative echocardiographic and hemodynamic
parameters were measured shortly before pericardiotomy
and after chest closure. A cardiovascular anesthesiologist
certified by the board of echocardiography in Japan measured the transesophageal echocardiography parameters,
following the recommendations for cardiac chamber quantification from the American Society of Echocardiography
and the European Association of Cardiovascular Imaging
(Lang et al. 2015). The cardiovascular anesthesiologist created images of the tricuspid valve annulus. The ultrasonic
beam ran parallel to the contraction direction of the RV free
wall in a deep trans-gastric view, and the M-mode images
of the tricuspid valve annulus were acquired for the calculation of TAPSE. Thereafter, during cessation of breathing,
three-dimensional full-volume datasets of both the RV and
left ventricle were acquired in a mid-esophageal view with
the six-beat mode setting of the ultrasound system to obtain
high temporal resolution (≥ 15 Hz).
Subsequently, RV ejection fraction (RVEF), RV FAC,
and RV strain were calculated offline from the three-dimensional images using a dedicated software (4D RV-FUNCTION©,
TomTec Imaging Systems GmbH, Unterschleissheim,
Germany) (Fig. 1). TAPSE was then determined using a
basic measurement software (TomTec Imaging Systems
GmbH). The RVEF was calculated from the RV end-diastolic volume and RV stroke volume (RVSV), which was
measured from the RV end-diastolic volume and RV endsystolic volume; FAC was calculated from the RV end-diastolic area and end-systolic area; and RV strain was calculated by measuring the longitudinal length of the RV free
wall by tracking the border of the cardiac chamber and
endocardium using a software (4D LV-FUNCTION ©,
TomTec Imaging Systems GmbH). In this study, RV strain
was expressed as an absolute value. The left ventricular
ejection fraction (LVEF) was calculated by tracking the
border of the left ventricular chamber and endocardium
using the aforementioned software.
Before analyzing the echocardiographic parameters,
the cardiovascular anesthesiologist measured the aforementioned RV parameters of randomly sampled patients to verify intra-observer validity using a Bland-Altman plot. The
correlation coefficient (r), mean difference, and standard
error were as follows: RVEF─0.70, −0.70, and 1.60;
FAC─0.83, −0.60, and 1.01; RV strain─0.85, −1.7, and
0.85; TAPSE─0.98, −0.003, and 0.18, LVEF─0.89, −0.66,
and 0.81, respectively.
Hemodynamic data of CI, central venous pressure
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Fig. 1. Calculation of right ventricular ejection fraction (RVEF), right ventricular fractional area change (FAC), and right
ventricular free wall longitudinal strain (RV strain).
a) Calculation of RVEF as the difference in volume. Right ventricular end-diastolic volume (RVEDV; white) and endsystolic volume (RVESV; green) were determined using a three-dimensional model of the right ventricle during the cardiac cycle. b) Calculation of FAC as the difference in area. The right ventricular end-diastolic area (RVEDA) and endsystolic area (RVESA) were calculated by tracking the right ventricle. c) Calculation of RV strain as the difference in
free wall length. Right ventricular end-diastolic free wall length and end-systolic free wall-length were calculated by
tracking the right ventricle.

(CVP), pulmonary arterial systolic pressure (PASP), and
mean arterial pressure (MAP) were also recorded during the
measurement period. Effective pulmonary arterial elastance
(Epa) was calculated from the mean pulmonary arterial

pressure using a pulmonary arterial catheter and the abovementioned RVSV as follows:
Epa = mean pulmonary arterial pressure/RVSV
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Measurements of renal function and definition of AKI
Age, sex, height, weight, underlying disease, preoperative medication, surgical indication, transthoracic echocardiographic data, serum creatinine values (sCr), and preoperative estimated glomerular filtration rates of the patients
were extracted from their medical records.
We defined a preoperative estimated glomerular filtration rate of < 60 mL/min/1.73 m2 (CKD stage G3a or
higher) as preoperative CKD in accordance with the Kidney
Disease: Improving Global Outcomes (KDIGO)-CKD
guidelines (Stevens et al. 2013). Regarding the evaluation
of renal function after cardiovascular surgery, sCr was measured at ICU admission, on the first postoperative day, and
on the second postoperative day (within the first 48 hours
postoperatively). We extracted the peak sCr of the three
measurements, and we defined an increase in sCr of ≥ 0.3
mg/dL or ≥ 1.5 times the baseline value at the postoperative
period (AKI stage 1 or higher) as an AKI in accordance
with the KDIGO-AKI guidelines (Khwaja 2012). Because
most patients who underwent cardiovascular surgery were
administered diuretics perioperatively and received hemofiltration during CPB, urine volume was not included for
AKI diagnosis.
Extraction of other parameters
Other intraoperative information was extracted from
the patients’ anesthetic records, including CPB duration,
intraoperative nadir hematocrit value, and vasoactive-inotropic score (VIS) (Gaies et al. 2010). The VIS was calculated based on intraoperative maximum dosing rates of inotropic and vasoactive agents as follows:
VIS = dopamine [µg/kg/min] + dobutamine [µg/kg/
min] + milrinone [µg/kg/min] × 10 + epinephrine [µg/kg/
min] × 100 + norepinephrine [µg/kg/min] × 100 + vasopressin [u/kg/min] × 10,000
Statistical analysis
All data analyses were performed using the JMP Pro
15 statistical software (SAS Instruments, Inc., Cary, NC,
USA). Parametric data are expressed as the mean ± standard deviation. Nonparametric data are expressed as the
median [interquartile range], and preCPB and postCPB values were compared using the Wilcoxon signed-rank test.
Categorical variables are expressed as numbers and percentages. Spearman rank-order correlation (ρ) was used for
correlation analyses between the differences of preCPB and
postCPB values (∆) in RVEF, FAC, RV strain, TAPSE,
LVEF, CI, CVP, PASP, MAP, Epa, CPB duration, intraoperative nadir hematocrit value, and VIS, along with the difference between preoperative values and postoperative peak
values (∆) in sCr. Statistical significance was set at P <
0.05.
Additionally, receiver operating characteristic analysis
was performed between RV function parameters and the
presence of AKI to evaluate the accuracy of the prediction
of AKI. The cutoff values were determined using the

Youden index (J): the maximum value of sensitivity plus
specificity minus 1. The goodness-of-fit of the model was
evaluated using chi-squared statistics.
Power Calculations were performed using the
G*power version 3.1 (Faul et al. 2009), which revealed that
26 patients were required to demonstrate a Spearman’s correlation coefficient of > 0.5 when alpha and beta were set to
0.05 and 0.2, respectively. Additionally, considering an
incidence of consent withdrawal of ~50%, our target sample
size was set at 60 patients.

Results
Study population
During the study period, 64 patients were enrolled, of
which 19 patients were excluded due to preoperative exclusion criteria, 1 patient did not consent to the study, and 10
patients were excluded according to the intraoperative
exclusion criteria. Therefore, we analyzed the data of 34
patients (Fig. 2). The patients’ characteristics are summarized in Table 1. Nineteen patients were hypertensive
(55.8%), 13 patients had preoperative CKD (38.2%), and 0
patients had an FAC of less than 35% or a TAPSE of less
than 17 mm. Aortic valve disease was the most common
indication for surgery, and aortic replacement was the most
frequently performed procedure.
Changes in echocardiographic and hemodynamic data
Intraoperative changes in RV function and hemodynamic parameters are shown in Fig. 3. Regarding RV function parameters, RVEF (56.2 ± 7.0% vs. 51.6 ± 7.2%; P =
0.0002), FAC (49.1 ± 6.4% vs. 46.6 ± 5.3%; P = 0.0201),
TAPSE (20.3 ± 3.7 mm vs. 11.6 ± 3.6 mm; P < 0.0001), and
LVEF (57.4 ± 6.1% vs. 51.7 ± 6.2%; P < 0.0001) were significantly decreased, but RV strain (25.7 ± 4.9% vs. 24.0 ±
5.9%; P = 0.1513) was not. For the hemodynamic parameters, CVP (7.2 ± 3.5 mmHg vs. 9.7 ± 3.7 mmHg; P =
0.0001) was significantly increased, and MAP (72.1 ± 8.4
mmHg vs. 64.7 ± 9.3 mmHg; P = 0.0003) was significantly
decreased. However, the CI (2.71 [2.47-3.17] L/min/m2 vs.
2.86 [2.56-3.59] L/min/m2; P = 0.06), PASP (28.0 ± 8.1
mmHg vs. 26.5 ± 5.6 mmHg; P = 0.2950), and Epa (0.24
[0.17-0.31] mmHg/mL vs. 0.26 [0.22-0.33] mmHg/mL; P =
0.0651) did not significantly change.
Changes in renal function and incidence of AKI
The preoperative sCr of the study participants was 0.82
[0.70-1.08] mg/dL, which increased significantly to 0.99
[0.82-1.54] mg/dL at the peak within the first 48 h after surgery (P < 0.0001) (Fig. 4). AKI occurred in 35% of all
patients (n = 12; stage 1 [n = 10], stage 2 [n = 2]), and the
incidences of AKI in patients with and without preoperative
CKD were 54% (n = 7) and 24% (n = 5), respectively.
There were no patients who required hemodialysis and no
deaths during the patients’ hospital stays.
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Fig. 2. The study population comprised 64 patients who underwent primary cardiovascular surgeries, which were performed
between August 2019 and July 2020 in our facility.
Twenty patients were excluded during the preoperative screening. Furthermore, 10 patients were excluded in line with
the intraoperative criteria. A final 34 patients were analyzed in our study.
PAC, pulmonary arterial catheter; TEE, transesophageal echocardiography.

Other parameters
The durations of CPB and aortic cross clamp were 231
± 91 min and 152 ± 64 min, respectively, and the nadir
hematocrit value was 24.9 ± 5.1%. The VIS was 0.94
[0-2.00].
Relationships between intraoperative parameters and postoperative renal function
Significant correlations were identified between ∆sCr
and the changes in RV function parameters including
∆RVEF (ρ = −0.39, P = 0.0226), ∆FAC (ρ = −0.61, P <
0.0001), and ∆RV strain (ρ = −0.40, P = 0.0196), but this
was not identified with ∆TAPSE (ρ = 0.01, P = 0.9514) (Fig.
5). Among these parameters, ∆FAC showed the strongest
and most significant correlation with ∆sCr. Changes in
other parameters were not significantly correlated with
∆sCr, including: ∆LVEF (P = 0.5522), ∆CI (P = 0.2925),
∆CVP (P = 0.1515), ∆PASP (P = 0.0672), ∆MAP (P =
0.8791), ∆Epa (P = 0.1032), preoperative sCr value (P =
0.0545), CPB duration (P = 0.1270), intraoperative nadir
hematocrit value (P = 0.8955), and VIS (P = 0.7093).

Additionally, multiple regression analysis between ∆sCr
and ∆FAC, preoperative sCr value, and the CPB duration
was performed, and this revealed that ∆FAC was most significantly correlated with ∆sCr (P = 0.0023). The receiver
operating characteristic curves for the detection of AKI are
shown in Fig. 6. ∆FAC showed the highest area under the
curve (AUC) of 0.902 (95% confidence interval, 0.7430.967), which was significantly higher than that of ∆TAPSE
(AUC = 0.581, 95% confidence interval, 0.363-0.772) (P =
0.0191). The cutoff values of RV parameters were: ∆RVEF
= −6.37, ∆TAPSE = −5.76, ∆FAC = −2.1, and ∆RV strain =
−0.2. When the cutoff value of ∆FAC, −2.1, was applied to
the patients in this study, the incidences of AKI in all
patients, those with preoperative CKD, and those without
CKD were 35%, 54%, and 24%, respectively (Fig. 7). For
AKI diagnosis in all patients, those with preoperative CKD,
and those without CKD, the sensitivities of ∆FAC ≥ −2.1
were 0.92, 0.86, and 1.0, respectively; the specificities of
∆FAC ≥ −2.1 were 0.73, 1.0, and 0.63, respectively; and the
accuracies of ∆FAC ≥ −2.1 were 0.79, 0.92, and 0.71,
respectively. Interestingly, post hoc analysis indicated that
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Table 1. Characteristics of the participants.
Demographics

Mean ± SD, n (%), or median [interquartile range]

Age (years)

68.7 ± 12.0

Sex (male/female)

11/23

Body mass index (kg/m2)

24.0 ± 3.5

Body surface area (m2)

1.65 ± 0.16

Medical history
Hypertension, n (%)
Dialysis, n (%)
Chronic obstructive pulmonary disease, n (%)
Diabetes mellitus, n (%)
Cerebrovascular disease, n (%)
Old myocardial infarction, n (%)

19 (55.8)
0 (0.0)
7 (20.6)
4 (11.7)
9 (26.4)
0 (0.0)

Treatments
Beta-blockers, n (%)
ACEI or ARB, n (%)
Calcium channel-blockers, n (%)

7 (20.6)
23 (67.6)
23 (67.6)

Preoperative transthoracic echo findings
IVST/PWT (mm)
LVDd (mm)
LVEF (%)
E/e’
RVD-mid (mm)
RVFAC (%)
TAPSE (mm)
Tr-PG (mmHg)
IVC (mm)

10.0 [9.0-11.0]/10.0 [9.0-11.0]
49.0 [43.8-54.5]
63.0 [59.8-69.3]
9.5 [8.2-13.6]
31.5 [28.8-34.3]
43.2 [38.5-46.2]
19.8 [18.1-21.5]
21.0 [16.5-24.0]
12.0 [10.0-15.0]

Renal function
Blood urea nitrogen (mg/dL)
Serum creatinine (mg/dL)
eGFR (mL/min/1.73 m2)
Chronic kidney disease, n (%)

17.5 [15.8-23.0]
0.82 [0.70-1.08]
63.5 [51.8-81.5]
13 (38.2)

Primary disease
Aortic regurgitation, n (%)
Aortic stenosis, n (%)
Mitral regurgitation, n (%)
Mitral stenosis, n (%)
Angina pectoris, n (%)
Thoracic aneurysm, n (%)
Rupture of Valsalva sinus aneurysm, n (%)
Annuloaortic ectasia, n (%)
Tumor, n (%)

12 (35.2)
11 (32.3)
2 (5.9)
1 (2.9)
8 (23.5)
10 (29.4)
2 (5.9)
2 (5.9)
2 (5.9)

Type of surgery
Aortic valve replacement, n (%)
Total arch replacement, n (%)
Complex procedure*, n (%)
Aortic root repair, n (%)
Cardiac tumor resection, n (%)
Mitral valve repair, n (%)
Coronary artery bypass grafting, n (%)

15 (5.9)
6 (5.9)
6 (5.9)
4 (5.9)
1 (5.9)
1 (5.9)
1 (5.9)
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SD, standard deviation; ACEI, angiotensin converting enzyme inhibitor; ARB, angiotensin II receptor blocker;
eGFR, estimated glomerular filtration rate; E/e’, The ratio of early trans-mitral flow velocity to early diastolic
velocity of the mitral annulus; IVC, diameter of the inferior vena cava; IVST/PWT, interventricular septal thickness/posterior left ventricular wall thickness; LVDd, left ventricular end-diastolic diameter; LVEF, left ventricular
ejection fraction; RVD-mid, right ventricular maximum mid transverse diameter; RVFAC, right ventricular fractional area change; TAPSE, tricuspid annular plane systolic excursion; Tr-PG, tricuspid regurgitation pressure
gradient.
*Complex procedure; Coronary artery bypass grafting with aortic valve replacement (2), Ascending aortic
replacement with aortic valve replacement (2), Coronary artery bypass grafting and mitral valve repair with aortic
valve replacement (1), Aortic root repair with aortic valve replacement (1).

Fig. 3. Right ventricular and hemodynamic parameters before pericardiotomy (pre) and after chest closure (post).
The measured values at each time point are shown in a boxplot with the first quartile, median, third quartile, maximum,
minimum, and outliers. Right ventricular free wall strain values are expressed by absolute values.
CI, cardiac index; CVP, central venous pressure; Epa, effective pulmonary arterial elastance; FAC, fractional area
change; LVEF, left ventricular ejection fraction; MAP, mean arterial pressure; PASP, pulmonary arterial systolic pressure; RVEF, right ventricular ejection fraction; RVs, right ventricular free wall strain; TAPSE, tricuspid annular plane
systolic excursion.

the preoperative FACs of the patinets who had developed
AKI (n = 12) were higher than those of the patients who
had not developed AKI (52.3 ± 4.8 vs. 47.4 ± 6.6; P = 0.03).
Additionally, the two patients with AKI that had progressed
to AKI stage 2 had decreased FACs after the surgery
(∆FACs = −3.17 and −10.44), while only one patient had
preoperative CKD.

Discussion
We investigated the correlation between RV function
and renal function in the perioperative period of patients
with cardiac arrest who underwent cardiovascular surgery
without right heart intervention. We observed that RV
parameters such as RVEF, FAC, and TAPSE were significantly decreased after CPB. ∆RVEF, ∆FAC, and ∆RV
strain were related to an increase in ∆sCr, and ∆FAC was
the most strongly related; furthermore, this correlation persisted even after adjusting for CPB duration and preoperative renal function. By applying the cutoff value of ∆FAC

to patients undergoing cardiovascular surgery without right
heart intervention, we can predict the incidence of CSAAKI with a sensitivity of 0.92, a specificity of 0.73, and an
accuracy of 0.79, and in patients with preoperative CKD,
with a sensitivity of 0.85, a specificity of 1.0, and an accuracy of 0.92. These results suggest that changes in RV
function during cardiovascular surgery can affect postoperative renal function, particularly in patients with CKD, and
the deterioration of RV function is a strong predictor of
CSA-AKI.
RV dysfunction after cardiovascular surgery is related
to postoperative outcomes in various cardiac surgeries, such
as valve replacement, heart transplantation, and implantation of a left ventricular assist device (Hosenpud et al.
2000; Lampert and Teuteberg 2015; Cremer et al. 2018;
Magunia et al. 2018). RV failure after cardiovascular surgery can occur without right heart intervention (Cremer et
al. 2018). Cardiovascular surgery itself causes RV dysfunction; therefore, evaluating the RV function by FAC and pre-
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Fig. 4. Measured values of serum creatinine at
 each time
point.
Baseline (preoperative), 0POD (intensive care unit admission), 1POD (first postoperative day), 2POD (second
postoperative day), and Peak (peak values of postoperative measurements) are shown in a line with the first
quartile, median, and third quartile. All postoperative
measurements were performed within the first 48 h after
surgery.

venting a decline in RV function might decrease the incidence of CSA-AKI and reduce mortality. Yockelson et al.
(2019) showed that postoperative RV function and CSAAKI were not related. Meanwhile, Cremer et al. (2018)
reported that changes in RV function before and after cardiac surgery affected prognosis. Therefore, we hypothesized that changes in perioperative ventricular function,
especially changes in RV function, affected postoperative
renal function. The exclusion criteria of our study did not
contain preoperative RV dysfunction because we considered the worsening RV function during surgery to be more
important for AKI development than preoperative RV function. Moreover, Maffessanti et al. (2012) reported that preoperative RV function was not related to perioperative
changes in indicators of RV function. We evaluated the
relationships between changes in various indicators of RV
function and renal function and found that intraoperative
declines in FAC and RVEF were associated with the development of CSA-AKI. The result of our study was different
from that of a previous study (Yockelson et al. 2019), which
might be because the RV function indicators measured in
the previous study could not accurately reflect the change in
RV function. Additionally, Matsui et al. (2012) showed that
renal tubular disorders occurred shortly after surgery and
sCr subsequently increased. The previous study by
Yockelson et al. (2019) evaluated RV function only after

surgery, while our study evaluated RV function during surgery, which might help in determining the relationship
between changes in RV function and renal function.
Thus far, RV function has not been well discussed
because the detection of perioperative deterioration in RV
function is difficult. Other reasons involve the detection of
deterioration in RV function; the right ventricle has a complex three-dimensional structure, and the gold standard of
volume analysis is magnetic resonance imaging (MRI),
which is not possible during cardiac surgery. When using
transesophageal echocardiography during cardiovascular
surgery, long axis contraction of the right ventricle changes
after pericardiotomy (Unsworth et al. 2010; Lindqvist et al.
2012; Maffessanti et al. 2012). Therefore, the American
Society of Echocardiography and the European Association
of Cardiovascular Imaging recommend the use of RV
parameters, such as RVEF and FAC, to reflect the global
RV function during cardiac surgery rather than TAPSE
(Lang et al. 2015). According to the recommendations, we
measured parameters that represented RV function, including RVEF, FAC, and RV strain, using three-dimensional
analysis software, which has been reported to be in good
agreement with MRI findings for the evaluation of RV function (Muraru et al. 2016). Singh et al. (2020) analyzed RV
function during cardiac surgery and reported that TAPSE,
FAC, RV strain at the septum, and average RV strain were
decreased after CPB, whereas RV longitudinal strain at the
free wall was not decreased. In our study, we found that the
RV function parameters TAPSE, FAC, and RVEF declined
after CPB, but RV longitudinal strain at the free wall (RV
strain) did not. However, the difference in RV longitudinal
strain change between the free wall and septum may have
affected our results. Singh et al. (2020) also demonstrated
that the FAC of patients undergoing coronary artery bypass
grafting (CABG) was not decreased. Additionally, a study
examining the intraoperative RV function only in patients
undergoing CABG showed no change in FAC or RVEF
(Sultan et al. 2019), whereas a study that compared RV
function during surgical aortic valve replacement using cardiac MRI showed reduced RVEF (Musa et al. 2016), indicating that CABG has little impact on RV function and surgical aortic valve replacement can reduce RV function.
In our study, only 1 patient underwent isolated CABG
(3%), and most of the participants were patients who underwent aortic valve surgery, which was believed to significantly affect our results on the changes in RV function. In
our study, 35.3% of patients developed AKI (≥ stage 1)
within the first 48 hours postoperatively, which was higher
than that reported in previous studies (Karkouti et al. 2010;
Vives et al. 2019). However, there were no deaths during
hospitalization in our study. Preoperative renal dysfunction, anemia, minimum hematocrit, and duration of extracorporeal circulation have been suggested as risk factors for
CSA-AKI (Hobson et al. 2009). It has also been reported
that maintaining systemic arterial pressure and preventing
body congestion are important to maintain renal perfusion
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Fig. 5. Correlation between changes in serum creatinine value and changes in right ventricular function parameters of each
patient in the perioperative period.
Regarding serum creatinine value, ∆ indicates the difference in value between the postoperative peak within the first 48
h after cardiac surgery and the preoperative baseline. Regarding right ventricular function parameters, ∆ indicates the
difference in value between after chest closure and before the pericardiotomy.
FAC, fractional area change; RVEF, right ventricular ejection fraction; RVs, right ventricular free wall strain; sCr, serum
creatinine; TAPSE, tricuspid annular plane systolic excursion.

and that RV dysfunction could cause organ congestion
(Palomba et al. 2007; Gambardella et al. 2016; Saito et al.
2016). However, to our knowledge, there are no studies
that have investigated these relationships using intraoperative parameters, including RV function. Our results showed
that changes in RV function parameters during cardiac surgery, except TAPSE, were correlated with ∆sCr after adjusting for preoperative sCr and the duration of CPB, and
∆FAC had the strongest correlation with sCr. Our results
also indicated that the intraoperative deterioration of RV
function was associated with the deterioration of renal function after cardiac surgery, which has not been previously
reported.
We considered maintaining renal function to be impor-

tant, especially in patients with mild CKD, to prevent
patients from requiring hemodialysis. Therefore, we
included patients with CKD who had not undergone hemodialysis. The incidence of CSA-AKI in our patients with
preoperative CKD was very high (54%) compared to those
without CKD (24%). Fu et al. (2021) reported that more
than half of patients with preoperative CKD who did not
undergo hemodialysis developed CSA-AKI of KDIGO
stages 1, 2, and 3. Both the mortality rate and the rate of
permanent hemodialysis were higher in their patients with
higher CSA-AKI grades. Although the number of our
patients with preoperative CKD was small, using the ∆FAC
≥ −2.1 for AKI diagnosis in these patients yielded very high
accuracy. These results suggest that worsening RV function
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Fig. 6. Receiver operating characteristic curve illustrating the changes in right ventricular function parameters for the diagnosis of acute kidney injury.
The area under the curve (AUC) values and 95% confidence interval (CI) are shown together. Right ventricular free wall
strain values are expressed by absolute values.
FAC, fractional area change; RVEF, right ventricular ejection fraction; RVs, right ventricular free wall strain; TAPSE,
tricuspid annular plane systolic excursion.

during cardiovascular surgery, especially in patients with
preoperative CKD, could cause postoperative renal dysfunction, and the deterioration of RV function is a strong
predictor of CSA-AKI in these patients.
It has been reported that RV function parameters are
load-dependent (Rudski et al. 2010; Lang et al. 2015).
Considering the displacement of the heart and the effect of
thoracotomy on hemodynamics (Reuter et al. 2004), we
measured RV function and hemodynamic parameters at two
time points: shortly before pericardiotomy and after the closure of the chest. Additionally, we measured the RV function indicators in the RV-centered cross-sectional view of
the four heart chambers for the accurate evaluation of RV
function. We observed that CVP was increased, but the
PASP, Epa, and CI did not change. This suggests that the
preload of the right side of the heart was increased, but the
afterload showed little change. Therefore, the RV afterload
was believed to have little influence on the RV function
parameters in our study. Furthermore, although LVEF, CI,
and MAP are considered the most important parameters in

intraoperative circulatory management, these hemodynamic
parameters did not correlate with sCr, unlike the RV parameters in our study. Even if CI and MAP can be maintained
during surgery, intraoperative RV function parameters cannot always be maintained. In patients with normal RV
function or a small RV, a change in FAC of −2.1% seems
very small, and applying this cutoff value might be unreasonable. However, this suggests that any worsening of RV
function after CPB can lead to CSA-AKI. Additionally, in
a patient with an enlarged RV due to RV dysfunction, a
FAC change of −2.1% can cause a large volumetric change
in RV. Therefore, further investigations are required. Our
findings suggest that careful monitoring of RV function
parameters is important to prevent the development of
CSA-AKI.
Our study has several limitations. First, it was a single-center study, and the study population was small.
Second, pulmonary artery wedge pressure (PAWP) was not
measured in this study. When PAWP is increased, it can
decrease RV function due to an increase in afterload.

Worsening RV Function as a Predictor of Postoperative AKI

139

Fig. 7. Incidence rate and the number of patients who developed acute kidney injury (AKI) in the study.
In the total study patients (Total), patients with preoperative chronic kidney disease (CKD), and patients without CKD
(no CKD), the white columns represent patients who did not develop AKI with a decrease in right ventricular fractional
area change (FAC) of less than the cutoff value of 2.1 (no AKI & FAC decrease < 2.1); the meshed white columns represent patients who did not develop AKI with a decrease in FAC of 2.1 or more (no AKI & FAC decrease ≥ 2.1); the
gray columns represent patients who developed AKI with a decrease in FAC of less than 2.1 (AKI & FAC decrease <
2.1); and the meshed gray columns represent patients who developed AKI with a decrease in FAC of 2.1 or more (AKI
& FAC decrease ≥ 2.1).

However, other parameters that affect afterload, such as Epa
and PASP, did not change in our patients. Third, this was
an observational study; hence, the protocol of inotropic
medications could not be unified, which could have affected
both the RV contractility after CPB and postoperative renal
function. However, all inotropic medications were initiated
after CPB, irrespective of the situation, and RV function
declined. In addition, the intraoperative VIS was not
related to postoperative renal function. Fourth, it is impossible to deny the influences of perioperatively administered
diuretics, such as carperitide and loop diuretics, on the renal
prognoses of the study participants and on the cutoff values
of RV function parameters for the detection of AKI.
Because almost all participants were administered diuretics,
we could not investigate the effect of diuretic administration on the ability of RV function indicators to predict CSAAKI.
Our study indicated that intraoperative global RV function parameters declined after CPB, which was associated
with a deterioration in renal function after cardiac surgery.

Additionally, patients with preoperative renal dysfunction
had a high incidence of CSA-AKI. Changes in RV function
during cardiovascular surgery can affect postoperative renal
function, particularly in patients with CKD, and a deterioration in RV function is a strong predictor of CSA-AKI.
Further large studies are needed to determine whether careful intraoperative RV function monitoring and maintenance
of RV function can improve the renal prognosis of patients
with worsening RV function during surgery and patients
with preoperative CKD.
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