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Summary 

Background: Considerable morbidity and death are associ-
ated with acute kidney damage (AKI) following total aortic
arch replacement (TAAR). The relationship between AKI
following TAAR and serum magnesium levels remains
unknown. The intention of this research was to access the
predictive value of serum magnesium levels on admission
to the Cardiovascular Surgical Intensive Care Unit (CSICU)
for AKI in patients receiving TAAR.
Methods: From May 2018 to January 2020, a prospective,
observational study was performed in the Guangdong
Provincial People’s Hospital CSICU. Patients accepting
TAAR admitted to the CSICU were studied. The Kidney
Disease: Improving Global Outcomes (KDIGO) definition
of serum creatinine was used to define AKI, and KDIGO
stages two or three were used to characterize severe AKI.
Multivariable logistic regression and area under the curve
receiver-operator characteristic curve (AUC-ROC) analysis
were conducted to assess the predictive capability of the
serum magnesium for AKI detection. Finally, the prediction
model for AKI was established and internally validated.
Results: Of the 396 enrolled patients, AKI occurred in 315
(79.5%) patients, including 154 (38.8%) patients with
severe AKI. Serum magnesium levels were independently

Kratak sadr`aj

Uvod: Zna~ajan morbiditet i smrt su povezani sa akutnim
o{te}enjem bubrega (AKI) nakon totalne zamene aortnog
luka (TAAR). Veza izme|u AKI nakon TAAR-a i nivoa mag-
nezijuma u serumu ostaje nepoznata. Namera ovog istra -
`ivanja bila je da se pristupi prediktivnoj vrednosti nivoa
magnezijuma u serumu pri prijemu u Jedinicu intenzivne
kardiovaskularne hirurgije (CSICU) za AKI kod pacijenata
koji primaju TAAR.
Metode: Od maja 2018. do januara 2020. sprovedena je
prospektivna opservaciona studija u narodnoj bolnici
provincije Guangdong CSICU. Prou~avani su pacijenti koji
prihvataju TAAR primljeni u CSICU. Bolest bubrega:
pobolj{anje globalnih ishoda (KDIGO) definicija serumskog
kreatinina je kori{}ena za definisanje AKI, a KDIGO faze
dva ili tri su kori{}ene za karakterizaciju te{ke AKI. Analiza
multivarijabilne logisti~ke regresije i povr{ine ispod krive
karakteristi~ne krive prijemnik-operater (AUC-ROC) je
sprovedena da bi se procenila prediktivna sposobnost se -
rumskog magnezijuma za detekciju AKI. Kona~no, model
predvi|anja za AKI je uspostavljen i interno potvr|en.
Rezultati: Od 396 uklju~enih pacijenata, AKI se javio kod
315 (79,5%) pacijenata, uklju~uju}i 154 (38,8%) pacijena-
ta sa te{kim AKI. Nivoi magnezijuma u serumu su bili neza-
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Introduction

Acute aortic dissection (AAD) is a fatal condition
marked by substantial morbidity and mortality, partic-
ularly in type A aortic dissection (TAAD) (1). The most
complex and challenging surgical method used to
treat TAAD is total aortic arch replacement (TAAR)
(2). Nearly all major surgical operations have the
inescapable hazards of systemic complications and
end-organ damage, and aortic arch surgery is espe-
cially pertinent (3, 4). Longer cardiopulmonary
bypass (CPB) and deep hypothermic circulatory arrest
(DHCA) are used during the complicated open TAAR
procedure, including aortic stent placement and aor-
tic remodeling, which alters the blood supply to end
organs and eventually increases renal ischemia-reper-
fusion injury (IRI) (5–7). In comparison to other car-
diac procedures, acute kidney injury (AKI), a preva-
lent postoperative complication especially after aortic
surgery, carries a risk of up to 71.94% (8). Cardiac
surgery-associated AKI (CSA-AKI) has a complicated
pathogenesis involving IRI, inflammatory response,
metabolic imbalance, oxidative stress, and other fac-
tors (9–12). Since there is presently no efficient treat-
ment for CSA-AKI, meaningful prognostic predictors
could be able to assist clinicians in making an early
diagnosis and stratifying patients by the most effective
and timely intervention. 

The second most abundant intracellular cation
is magnesium, which is involved in several physiolog-
ical processes connected to osteoporosis and cardio-
vascular function, including vascular tone, endothelial
function, glucose and insulin metabolism (13). Renal
excretion is the key regulating element in magnesium
homeostasis, which is commonly referred to as a
proper equilibrium between dietary magnesium
intake and excretion (14). In people with good renal

function, tubular reabsorption and excretion through
urine regulate magnesium homeostasis (15).
Recently, it was discovered that renal function and
serum magnesium levels are related. For example,
low serum magnesium levels may increase the poten-
tial for kidney function deterioration among chronic
kidney disease (CKD) patients (16). Additionally,
impaired renal function might result in the disruption
of magnesium excretion (17). CKD patients have an
increased risk for chronic hypermagnesemia, which is
defined by a standard dialysate magnesium level
greater than 1.20 mmol/L (10, 18). Moreover,
patients who had early elevated serum magnesium
levels following cardiac surgery had a considerably
higher risk of AKI, according to a recent multicenter
retrospective study (19). The aforementioned results
serve as a reminder that more investigation is
required to elucidate any potential causal connections
between serum magnesium and AKI.

In order to evaluate the effectiveness of serum
magnesium on CSICU admission in predicting AKI
following TAAR, we implemented a prospective,
observational study.

Materials and Methods

Patients

This prospective investigation was carried out at
the Department of Cardiovascular Surgery Intensive
Care Unit (CSICU), Guangdong Provincial People’s
Hospital (Guangzhou, China). We enrolled TAAR
patients admitted to the CSICU from May 2018 to
January 2020 as determined by the attending physi-
cian. Independent doctors blinded to serum magne-
sium levels were free to choose the appropriate

related to the postoperative AKI and severe AKI (both, P <
0.001), and AUC-ROCs for predicting AKI and severe AKI
were 0.707 and 0.695, respectively. Across increasing
quartiles of serum magnesium, the multivariable-adjusted
odds ratios (95% confidence intervals) of postoperative AKI
were 1.00 (reference), 1.04 (0.50–2.82), 1.20 (0.56–
2.56), and 6.19 (2.02–23.91) (P for Trend < 0.001).
When serum magnesium was included to a baseline model
with established risk factors, AUC-ROC (0.833 vs 0.808, P
= 0.050), reclassification (P < 0.001), and discrimination
(P = 0.002) were further improved.
Conclusions: Serum magnesium levels on admission are an
independent predictor of AKI. In TAAR patients, elevated
serum magnesium levels were linked to an increased risk of
AKI. In addition, the established risk factor model for AKI
can be considerably improved by the addition of serum
magnesium in TAAR patients hospitalized in the CSICU.

Keywords: acute kidney injury, serum magnesium, car-
diovascular surgical intensive care unit, total aortic arch
replacement, acute aortic dissection

visno povezani sa postoperativnim AKI i te{kim AKI (oba, P
< 0,001), a AUC-ROC za predvi|anje AKI i te{kog AKI su
bili 0,707 odnosno 0,695. U rastu}im kvartilima serum-
skog magnezijuma, multivarijabilno prilago|eni odnosi
{ansi (95% intervala poverenja) postoperativnog AKI su bili
1,00 (referenca), 1,04 (0,50–2,82), 1,20 (0,56–2,56) i
6,19–232. P za Trend < 0,001). Kada je magnezijum u
serumu uklju~en u osnovni model sa utvr|enim faktorima
rizika, AUC-ROC (0,833 prema 0,808, P = 0,050),
reklasifikacija (P < 0,001) i diskriminacija (P = 0,002) su
dodatno pobolj{ani.
Zaklju~ak: Nivoi magnezijuma u serumu pri prijemu su
nezavisni prediktor AKI. Kod pacijenata sa TAAR, povi{eni
nivoi magnezijuma u serumu bili su povezani sa pove}anim
rizikom od AKI. Pored toga, uspostavljeni model faktora
rizika za AKI mo`e se zna~ajno pobolj{ati dodatkom serum-
skog magnezijuma kod pacijenata sa TAAR hospitalizovan-
im u CSICU.

Klju~ne re~i: akutna povreda bubrega, magnezijum u
serumu, kardiovaskularna hirur{ka jedinica intenzivne
nege, totalna nadoknada luka aorte, akutna disekcija aorte
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course of clinical treatment. The following were the
exclusion standards: (1) under 18 years of age, (2)
renal transplantation or nephrectomy, (3) renal
replacement therapy (RRT) or end-stage renal dis-
ease (ESRD) before CSICU admission, (4) length of
CSICU stay being less than 24 h, (5) lack of admis-
sion clinical data, and (6) refusal to consent. The cri-
teria for ESRD were a baseline estimated glomerular
filtration rate (eGFR) of less than 15 mL/min/1.73
m2 or receiving hemodialysis. This study was
approved by the Ethics Committee of the Guangdong
Provincial People’s Hospital and was conducted in
accordance with the Declaration of Helsinki. In for -
med consent papers were signed by each participant.

Data sources

Patients with TAAR who needed CSICU hospital-
ization were eligible for enrollment. Only the first sur-
gical hospitalization indices were included when
patients underwent multiple cardiovascular surgeries.
Patient demographic information, laboratory parame-
ters and clinical data were prospectively obtained via
the hospital’s electronic medical record system. The
participant factors that were included were as follows:
age, sex, body mass index, preexisting comorbidities
such as hypertension, stroke, diabetes, coronary
artery disease, previous cardiac surgery and New York
Heart Association (NYHA) functional class. Pre -
operative two-dimensional echocardiographic data
calculated by the modified Simpson method included
ascending aorta (AA) diameter, left ventricular end-
diastolic diameter (LVDD) and left ventricular ejection
fraction (LVEF). Hemoglobin, D-dimer, hematocrit,
albumin, and baseline estimated glomerular filtration
rate (eGFR), which was calculated by the CKD-
Epidemiology Collaboration (EPI) creatinine equation
(20). Surgical data were included as follows:
American Society of Anesthesiologists (ASA) degree,
specific surgery type based on TAAR including valvu-
lar surgery and coronary artery bypass grafting
(CABG), emergent surgery, the use of drugs including
diuretics and vasopressor drugs, CPB time, aortic
cross-clamping (ACC) time, DHCA time, intraopera-
tive intra-aortic balloon pump (IABP) support, opera-
tion time, fluid management of crystalloid and col-
loid, transfusion of packed red blood cells and blood
platelets, and the use of magnesium supplementa-
tion. The sequential Organ Failure Assessment
(SOFA) score, serum magnesium and total bilirubin
levels were recorded immediately after admission.
SOFA scoring was used to estimate the overall condi-
tion of patients and was evaluated 30 minutes after
recovery from anesthesia. 

Exposure measurement

The principal exposure variable in this investiga-
tion was total serum magnesium which likely repre-

sents the bioactive form of magnesium. Within an
hour of CSICU admission, blood samples were taken
using heparin tubes. Following collection and storage,
all of the samples from the participating department of
the hospital were subjected to batch analysis within 24
h. The Beckman Coulter AU5800 automatic analyzer
was used to analyze samples with the dimethyl aniline
blue colorimetric technique. Additional variables, such
as intraoperative use of magnesium supplementation
that may influence exposure were recorded.

Definitions and outcomes

The Kidney Disease: Improving Global Out -
comes (KDIGO) criteria was used to assess the pri-
mary outcome, which was the diagnosis of AKI,
defined as a raise in baseline sCr of 26.5 mmol/L (0.3
mg/dL) in 48 hours or an increase of 50% in sCr from
the preoperative level in 7 days (21). The baseline sCr
level was defined as the most recent measured sCr
value within 7 days before surgery. After CSICU
admission, we repeatedly measured SCr values for 7
consecutive days. The highest sCr value was deter-
mined when multiple sCr levels were measured on the
same day. The urine output criterion (< 0.5 mL/kg/h
for 6 h) was not used to define AKI because diuretics
and intravascular hypovolemia, which are both com-
mon in patients undergoing cardiac surgery, could
cause confounding (22).

Severe AKI, defined as KDIGO stage 2 or stage
3 within 7 days following CSICU admission, was the
secondary endpoint. According to KDIGO’s sCr crite-
rion, AKI is categorized as follows: In the first stage,
postoperative sCr increases to 1.5–1.9 times base-
line, or ≥26.5 mmol/L (≥0.3 mg/dL); in the second,
sCr increases to 2.0–2.9 times baseline; in the third,
sCr increases to three times baseline, or ≥353.6
mmol/L (≥4.0 mg/dL) from baseline level, or the start
of RRT. RRT types included continuous kidney
replacement therapy, intermittent hemodialysis and
continuous ambulatory peritoneal dialysis. The crite-
ria of CKD were eGFR less than 60 mL/min/1.73 m2. 

Statistical analyses

Software R 4.3.1 and SPSS 26.0 were utilized to
process all statistical data. First, we divided all TAAR
patients into non-AKI and AKI groups. Secondly, in
order to assess clinical stepwise correlations, the
admission serum magnesium levels were divided into
quartiles (0.56–0.91, 0.92–1.02, 1.03–1.24, and
1.25–2.31 mmol/L for quartiles 1–4, respectively).
Measured variables with a normally distributed are
represented as the mean ± standard deviation, while
non-normally distributed continuous data are dis-
played as medians and interquartile ranges. To com-
pare continuous variables, the ANOVA test, the
Kruskal-Wallis test, or Cuzick’s test for trend were per-



formed. To compare the intergroup differences in cat-
egorical variables presented as frequencies (%), the
chi-square test was used. The odds ratio (OR) and
95% confidence interval (CI) of each factor were cal-
culated using maximum likelihood estimation in logis-
tic regression analysis. In order to evaluate the rela-
tionship between clinical outcomes and the serum
magnesium quartile as a continuous variable or a
quartile-level categorical variable, serum magnesium
level was classified on demand and then logistic
regression was performed. 

The multivariate logistic regression analysis
included the following factors (P < 0.05) that had sta-
tistical significance in the univariate analysis to identify
independent predictors and build the AKI prediction
model (Model 1): age, stroke and hypertension histo-
ry, preoperative LVDD and D-dimer, baseline eGFR,
ASA ≥3, CPB time during the surgery, and total biliru-
bin on admission and SOFA score after admission.
Then we calculated the adjusted ORs with random
intercepts. The chosen biomarker, serum magnesium,
was added into Model 1 and then Model 2 was gen-
erated. Finally, we compared Models 1 and 2 to assess
the performance of predictive improvement via the
DeLong test for detecting differences in the area
under the curve receiver-operator characteristic curve
(AUC-ROC), net reclassification improvement (NRI)
index, and integrated discrimination improvement
(IDI) index (23). The average improvement in the
anticipated probability of AKI was displayed by IDI,
and NRI performed as a correlated indicator of the
quantity of patients whose anticipated likelihood of
AKI was increased. The calibration of models is shown
by calibration curves in terms of the conformity

between the actual information and AKI diagnosis
predictions (24). In addition, a novel technique called
decision curve analysis (DCA) has been developed to
assess prediction models, which aimed to acquire the
clinical utility and usefulness of the suggested com-
peting risk model (25). Finally, we conducted a
method by randomly dividing the database into a set
for training (70%) and a set for validation (30%) to
take independent observations to generate AUC-ROC
for internal validation. The performance of the models
for AKI detection was verified using each of the afore-
mentioned internal verification techniques with 100
replications. In every test, a two-tailed P value less
than 0.05 was deemed statistically significant.

Results

Cohort characteristics

Between May 2018 and January 2020, 458
patients getting TAAR were enrolled. 396 patients
had been included in the final analysis after excluding
those under 18 years old (n =2), those with preexist-
ing impaired kidney function such as renal transplan-
tation or nephrectomy (n =3), ESRD or RRT before
CSICU admission (n =10) and an CSICU stay length
being less than 24 h (n =2), missing admission clini-
cal data (n =37) and those who refusal to consent (n
=8). Utilizing the sCr diagnostic criteria of KDIGO,
patients were classified as AKI and Non-AKI groups.
During the observation period of 7 consecutive days,
315 (79.5%) patients developed AKI, and 154
(38.8%) developed severe AKI during hospitalization
(Figure 1). Three of patients with severe AKI had sub-
sequently died in the hospital.
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Figure 1 Population flowchart for the study. ESRD end-stage renal disease, RRT renal replacement therapy, AKI acute kidney
injury, CSICU cardiovascular surgical intensive care unit.
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Table I Study population baseline characteristics according to AKI.

Categorical variables are shown as number (%). Continuous variables are shown as means (± standard deviation) or median (25th–75th
percentile). AA ascending aorta, NYHA New York heart association, LVDD left ventricular end-diastolic diameter, LVEF left ventricular ejec-
tion fraction, ASA American Society of Anesthesiologists, ACC aortic cross-clamping, CPB cardiopulmonary bypass, CABG coronary artery
bypass grafting, IABP intra-aortic balloon pump, eGFR creatinine-based estimated glomerular filtration rate, SOFA sequential organ failure
assessment, CSICU cardiovascular surgical intensive care unit, AKI acute kidney injury.

Characteristic Total AKI Non-AKI P Value

No. of patients 396 315 81

Age, year 51.6 (11.5) 52.8 (10.8) 47.3 (12.9) < 0.001

Body mass index, kg/m2 24.3 (4.6) 23.7 (3.9) 24.4 (4.8) 0.199

Male sex, n (%) 326 (82.3) 286 (81.2) 70 (86.4) 0.280

Comorbidities, n (%)

Stroke 374 (94.4) 294 (93.3) 80 (98.8) 0.103

Hypertension 209 (52.8) 175 (55.6) 34 (42.0) 0.040

Diabetes 15 (3.8) 13 (4.1) 2 (2.5) 0.711

Coronary artery disease 13.3 (3.3) 11 (3.5) 2 (2.5) 0.911

Previous cardiac surgery 357 (90.2) 283 (89.8) 74 (91.4) 0.842

Preoperative cardiovascular status

NYHA ≥3, n (%) 311 (78.5) 247 (78.4) 64 (79.0) 1.000

LVEF, % 63.0 (8.0) 63.4 (7.6) 61.1 (59.4) 0.053

LVDD, mm 49.6 (8.4) 51.9 (10.8) 49.0 (7.5) 0.005

AA diameter, mm 43.2 (8.65) 45.1 (11.8) 52.8 (10.8) 0.030

ASA ≥3, n (%) 360 (90.9) 292 (92.7) 68 (84.4) 0.026

Preoperative laboratory tests

Hemoglobin, g/L 120.3 (20.2) 123.2 (18.8) 119.6 (20.5) 0.144

D-dimer, ng/mL 4230.0 (1790.0–13392.0) 4860.0 (2030.0–15950.0) 2720.0 (1010.0–6740.0) < 0.001

Hematocrit, % 0.4 (0.1) 0.4 (0.1) 0.4 (0.1) 0.104

Albumin, g/L 37.1 (4.1) 37.0 (2.1) 37.4 (4.3) 0.471

Baseline eGFR, mL/min/1.73 m2 73.6 (30.6) 69.5 (28.7) 90.8 (32.4) 0.001

Intraoperative clinical factors

Surgery type

Valve(s), n (%) 294 (87.5) 234 (73.4) 60 (77.9) 0.500

CABG, n (%) 30 (7.6) 27 (8.6) 3 (3.7) 0.215

CABG + Valve (s), n (%) 28 (7.1) 25 (7.8) 3 (3.9) 0.335

Emergent surgery, n (%) 155 (39.1) 122 (38.7) 33 (40.7) 0.839

Use of drugs, n (%)

Norepinephrine use 54 (13.7) 45 (14.1) 9 (11.8) 0.741

Adrenaline use 326 (82.5) 264 (82.8) 62 (81.6) 0.940

Diuretic use 58 (14.6) 44 (13.8) 14 (18.2) 0.425

IABP, n (%) 389 (98.2) 310 (98.4) 79 (97.5) 0.650

CPB time, min 246.0 (63.3) 250.7 (65.1) 227.7 (52.2) 0.004

ACC time, min 130.9 (44.3) 132.1 (45.6) 126.2 (38.6) 0.283

Operation time, min 439.5 (116.4) 444.2 (122.4) 420.9 (87.5) 0.108

Fluid management

Crystalloid, mL 232.2 (349.8) 225.1 (351.7) 259.6 (343.2) 0.429

Colloid, mL 675.8 (482.0) 658.9 (443.8) 741.6 (607.3) 0.169

Packed red blood cells, u 3.3 (10.6) 3.8 (11.8) 1.69 (2.45) 0.121

Blood platelets, u 2.1 (3.0) 2.0 (2.8) 2.3 (3.8) 0.458

Magnesiumsupplementation, n (%) 40 (12.5) 11 (18.0) 29 (11.2) 0.320

Laboratory tests on CSICU admission

Total bilirubin, mmol/L 29.3 (28.2) 40.7 (29.0) 34.0 (24.0) 0.057

SOFA score 15.3 (1.6) 15.6 (1.5) 14.2 (1.5) < 0.001

Serum magnesium, mmol/L 1.1 (0.3) 1.1 (0.3) 0.9 (0.2) < 0.001

severe AKI, n (%) 154 (38.8) 154 (38.8) 0 (0) < 0.001
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Table II Study population baseline characteristics according to the serum magnesium quartile levels.

Serum magnesium quartiles, mmol/L

Characteristic Total Q1 (0.56–0.91) Q2 (0.92–1.02) Q3 (1.03–1.24) Q4 (1.25–2.31) P for
Trend

No. of patients 396 92 100 104 100

Age, year 52.0 (11.0) 50.0 (13.0) 51.0 (10.0) 52.0 (11.0) 54.0 (11.0) 0.098

Body mass index, kg/m2 24.2 (4.6) 23.2 (4.0) 24.3 (6.2) 24.5 (3.8) 24.9 (4.0) 0.099

Male sex, n (%) 326 (82.3) 73 (79.3) 89 (89.0) 85 (81.7) 79 (79.0) 0.221

Comorbidities, n (%)

Stroke 22 (5.5) 7 (7.6) 4 (4.0) 7 (6.7) 4 (4.0) 0.576

Hypertension 209 (52.7) 37 (40.2) 46 (46.0) 58 (55.8) 68 (68.0) 0.001

Diabetes 15 (3.7) 2 (2.2) 2 (2.0) 5 (4.8) 6 (6.0) 0.366

Coronary artery disease 13 (3.2) 2 (2.2) 2 (2.0) 3 (2.9) 6 (6.0) 0.354

Previous cardiac surgery 39 (9.8) 16 (17.4) 9 (9.0) 7 (6.7) 7 (7.0) 0.041

Preoperative cardiovascular status

NYHA ≥3, n (%) 85 (21.4) 18 (19.6) 20 (20.0) 20 (19.2) 26 (26.0) 0.610

LVEF, % 63.0 (8.0) 63.4 (9.1) 92.9 (7.4) 62.5 (7.3) 63.3 (8.3) 0.850

LVDD, mm 49.6 (8.4) 51.3 (9.7) 49.0 (8.3) 48.6 (7.7) 49.4 (7.6) 0.113

AA diameter, mm 44.0 (9.5) 45.4 (11.3) 43.0 (8.9) 43.7 (10.6) 44.0 (6.8) 0.477

Preoperative laboratory tests

Hemoglobin, g/L 120.3 (20.1) 123.6 (20.3) 122.6 (18.4) 119.9 (21.3) 115.4 (19.9) 0.019

D-dimer, ng/mL 4230.0 
(1790.0–13340.0)

2925.0 
(1250.0–10605.0)

4580.0 
(1862.5–12937.5)

4195.0 
(1792.5–14025.0)

4870.0 
(2310.0–18310.0) 0.119

Hematocrit, % 35.9 (6.0) 36.9 (5.6) 35.8 (5.6) 36.3 (6.7) 34.7 (5.9) 0.074

Albumin, g/L 37.1 (4.2) 37.6 (3.8) 36.3 (4.4) 37.9 (4.3) 36.8 (4.0) 0.033

Baseline eGFR, mL/min/1.73 m2 73.6 (30.6) 85.4 (34.2) 81.4 (30.0) 72.0 (26,7) 56.9 (23.3) < 0.001

ASA ≥3, n (%) 360 (90.6) 81 (88.0) 95 (95.0) 96 (92.3) 88 (88.0) 0.240

Intraoperative Factors

CABG + Valve(s), n (%) 28 (7.0) 4 (4.3) 9 (9.0) 3 (2.9) 12 (12.0) 0.044

Emergent surgery, n (%) 241 (60.8) 31 (33.7) 39 (39.0) 43 (41.3) 42 (42.0) 0.637

CPB time, min 235.5 
(201.0–281.0)

230.0 
(192.5–277.0)

229.5 
(202.0–273.8)

232.5 
(201.5–273.5)

250.0 
(213.0–300.8) 0.007

ACC time, min 130.9 (44.3) 128.4 (42.5) 128.7 (40.9) 121.5 (36.7) 145.2 (52.7) 0.001

DHCA time, min 19.6 (9.7) 19.4 (8.4) 18.6 (7.4) 21.3 (13.0) 19.0 (8.7) 0.202

IABP, n (%) 5 (1.2) 2 (2.2) 0 (0.0) 2 (1.9) 1 (1.0) 0.514

Operation time, min 437.5 (124.7) 447.1 (112.1) 431.8 (130.1) 433.6 (125.3) 438.5 (131.0) 0.836

Magnesium supplementation, n
(%) 51 (12.8) 13 (14.1) 9 (9.0) 17 (16.3) 12 (12.0) 0.448

Laboratory tests on CSICU admission

Total bilirubin, mmol/L 31.9 (19.1–51.4) 28.1 (17.8–45.0) 31.6 (17.6–51.3) 30.7 (18.7–46.8) 42.0 (21.2–70.3) 0.001

SOFA score 15.3 (1.6) 14.7 (1.6) 14.8 (1.5) 15.4 (1.5) 16.0 (1.4) < 0.001

Primary outcome

AKI, n (%) 315 (79.5) 62 (67.4) 73 (73.0) 84 (80.8) 96 (96.0) < 0.001

Secondary outcome

severe AKI, n (%) 154 (38.8) 21 (13.6) 26 (16.8) 47 (29.8) 60 (39.6) <

Categorical variables are shown as number (%). Continuous variables are shown as means (± standard deviation) or median (25th–75th
percentile). AA ascending aorta, NYHA New York heart association, LVDD left ventricular end-diastolic diameter, LVEF left ventricular ejec-
tion fraction, ASA American Society of Anesthesiologists, ACC aortic cross-clamping, DHCA deep hypothermic circulatory arrest, CPB car-
diopulmonary bypass, CABG coronary artery bypass grafting, IABP intra-aortic balloon pump, eGFR creatinine-based estimated glomeru-
lar filtration rate, SOFA sequential organ failure assessment, CSICU cardiovascular surgical intensive care unit, AKI acute kidney injury.
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Table I displays the baseline clinical features and
results for the two groups. In contrast to patients with-
out AKI, individuals with AKI were older, had more
serious comorbid conditions such as hypertension,
higher preoperative D-dimer, worse preoperative car-
diac function involving a larger LVDD and a narrower
AA diameter and a worse basic kidney function
including lower eGFR level, severe general condition
such as ASA ≥3 degree, and longer CPB time during
the surgery. After CSICU admission, higher SOFA
scores and serum magnesium levels were observed in
the AKI group. Nonetheless, Nonetheless, there was
no discernible variation in the intraoperative magne-
sium supplement consumption between the two
groups (P = 0.320), suggesting that there was no
meaningful impact of magnesium supplementation
on the key outcomes.

Relationship between the progression of AKI and
serum magnesium levels

Table II displays the clinical attributes of the four
groups, which is categorized by the quartiles of the
serum magnesium level. Elevated serum magnesium
levels connected with a history of hypertension (P for
Trend = 0.001) and prior cardiac surgery (P for Trend
= 0.041), lower preoperative hemoglobin (P for

Trend = 0.019), albumin (P for Trend = 0.033) and
baseline eGFR (P for Trend < 0.001), a higher rate of
combination of CABG and Valve procedure based on
TAAR (P for Trend = 0.044), longer CPB time (P for
Trend = 0.007) and ACC time during the surgery (P
for Trend < 0.001), increased total bilirubin level on
admission (P for Trend < 0.001), and more severe
organ injury, such as SOFA score after admission (P
for Trend < 0.001). There was no significant differ-
ence in the intraoperative use of magnesium supple-
mentation (P for Trend = 0.448) among the four
groups. The AKI incidences were progressively higher
in the quartile groups across gradually increased
magnesium levels (P for Trend < 0.001). For severe
AKI, similar stepwise links were seen (P for Trend <
0.001).

According to the histogram picture in Figure 2,
the prevalence of AKI and severe AKI increased pro-
gressively as the serum magnesium levels increased
(both, P for Trend < 0.001). For the purpose of pre-
dicting AKI and severe AKI, the individual serum
magnesium AUC-ROC values were 0.707 (95% CI,
0.650–0.764) and 0.695 (95% CI, 0.641–0.748),
respectively.

Higher serum magnesium levels were found to
be a continuous variable linked to the development of
AKI (P = 0.002) and severe AKI (P < 0.001), as

Figure 2 The correlation between serum magnesium and postoperative outcomes. The incidence of AKI and severe AKI was
related to the quartile of serum magnesium levels (a). The AUC-ROC analysis of serum magnesium to predict postoperative AKI
and severe AKI (b). AKI acute kidney injury, AUC-ROC area under the curve receiver-operator characteristic curve.
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Table III illustrates. Following multivariate adjustment,
the results demonstrated that in TAAR patients, the
serum magnesium level measured at admission was
an independent risk indicator for AKI (P < 0.001)
and severe AKI (P < 0.001). Every 1 mmol/L
increase about serum magnesium was linked to a
24.53-fold increased risk of AKI (adjusted OR,
24.53; 95% CI, 4.81–149.16) and a 12.63-fold
increased risk of severe AKI (adjusted OR, 12.63;
95% CI, 4.65–36.32). In addition, if serum magne-
sium levels were taken into account as a categorical
variable, both AKI and the development of severe AKI
showed a significant rising trend as the serum mag-
nesium quartile values rose (both P for Trend <
0.001). After multivariate correction, patients in the
highest serum magnesium group had a 6.19-fold
increased risk of AKI (adjusted OR, 6.19; 95% CI,
2.02–23.91) and a 3.57-fold heightened risk of
severe AKI (adjusted OR, 3.57; 95% CI, 1.79–7.30).

Relative contribution of serum magnesium to the
clinical risk model for AKI

To thoroughly investigate more of the clinical
contributions of adding serum magnesium to the
baseline model of the established risk factors, several
validation methods were performed. Established risk
factors for Model 1 included age, stroke and hyper-
tension history, preoperative LVDD and D-dimer,
baseline eGFR, ASA ≥3, CPB time during the surgery,
total bilirubin on admission and SOFA score after
admission. Table IV demonstrates that Model 1 was
able to predict postoperative AKI with a mild AUC-
ROC of 0.808 (95% CI, 0.751–0.865). After includ-
ing serum magnesium in the baseline model (Model
1), Model 2 was constructed and achieved a greater
AUC-ROC value of 0.833 (95% CI, 0.782–0.883),
which was beyond that of Model 1. The DeLong test
(P = 0.050) showed a statistically significant differ-

Table III Association between serum magnesium and postoperative outcomes.

Odds ratio (95% confidence intervals) from multivariable logistic regression models were adjusted for age, stroke, hypertension history,
preoperative LVDD, D-dimer, baseline eGFR, ASA ≥3, CPB time, total bilirubin on CSICU admission and SOFA score. LVDD left ventricular
end-diastolic diameter, CPB cardiopulmonary bypass, ASA American Society of Anesthesiologists, SOFA sequential organ failure assess-
ment.

Serum magnesium Odds ratio (95% CI)

Outcomes Model OR (95% CI) P Value
Q1

(0.56–0.91, 
mmol/L)

Q2 
(0.92–1.02,

mmol/L)

Q3 
(1.03–1.24,

mmol/L)

Q4 
(1.25–2.31,

mmol/L)

P for 
Trend

AKI N events/N
participants 315/396 N/A 62/92 73/100 84/104 96/100 N/A

Univariable 16.23
(2.72–96.87) 0.002 Reference 1.31

(0.70–2.44)
2.03

(1.06–3.95)
11.6

(4.32–38.5) < 0.001

Multivariable 24.53
(4.81–149.16) < 0.001 Reference 1.04

(0.50–2.82)
1.20

(0.56–2.56)
6.19

(2.02–23.91) < 0.001

severe AKI N events/N
participants 138/396 N/A 5/138 26/138 47/138 60/138 N/A

Univariable 21.02
(8.58–54.83) < 0.001 Reference 1.18(0.61–

2.31)
2.78

(1.51–5.26)
5.07

(2.7–9.69) < 0.001

Multivariable 12.63
(4.65–36.3) < 0.001 Reference 1.12(0.62–

2.56)
2.36

(1.22–4.67)
3.57

(1.79–7.30) < 0.001

Table IV Discrimination and reclassification of the combination of serum magnesium for predicting AKI.

Established clinic model included age, the history of stroke and hypertension, preoperative LVDD, D-dimer, baseline eGFR, ASA ≥3, CPB
time, total bilirubin and SOFA score. LVDD left ventricular end-diastolic diameter, CPB cardiopulmonary bypass, ASA American Society
of Anesthesiologists, SOFA sequential organ failure assessment, AKI acute kidney injury, AUC-ROC area under the curve receiver-operator
characteristic curve, CI confidence interval, NRI net reclassification improvement, and IDI integrated discrimination improvement. 
*Estimated differences between two groups

AUC-ROC (95%CI) P value NRI P value IDI P value

Model 1: Established risk factor
model 0.808 (0.751–0.865) Reference Reference

Model 2: Established risk factor
model + Magnesium 0.833 (0.782–0.883) 0.050* 0.47* < 0.001 0.04* 0.002



ence between the Models 1 and 2. Moreover, we
observed at an extra benefit of adding serum magne-
sium to Model 1 for AKI prediction by using reclassi-
fication metrics. The predictive ability of Model 2 was
significantly better than Model 1, as indicated by the
IDI (P = 0.002) and NRI (P < 0.001) indices in
patients after TAAR. 

Finally, Figure 3a displays the AUC-ROC curves
for AKI detection using Models 1 and 2. The calibra-
tion graphs of Models 1 and 2 show a respectable
level of prediction accuracy (Figure 3b-c). Likewise,
Figure 3d-e indicates that Model 2 generated a wider
range of net benefits compared to Model 1, and both
models outperformed the »full treatment« or »no
treatment« plans in terms of overall benefits.
Furthermore, a random split of the dataset into a val-
idation set (n = 119) and a training set (n = 277)
was performed. To investigate Model 2’s internal per-
formance, the training and validation sets were sub-
jected to AUC-ROC analysis and the DeLong test. 

The AUC-ROCs of the set for training and vali-
dation were 0.810 and 0.831, respectively (P =
0.810). These above results of internal validation that
were repeated 100 times suggested that Model 2 has
a better performance for postoperative AKI predic-
tion.

Discussion 

These are the primary findings from our investi-
gation. First, it was discovered that in TAAR patients,
the serum magnesium level on admission was an
independent predictor of the development of AKI.
Second, patients with serum magnesium in the upper
quartiles were strongly linked to a higher risk of AKI
and severe AKI in TAAR patients. Moreover, the pre-
dictive value for AKI was much higher when serum
magnesium was added to the established clinical risk
model than when either biomarker or clinical risk
model was used alone. Notably, this is the first
prospective study to evaluate the prognostic value of
serum magnesium for postoperative AKI in the TAAR
cohort.

In this study, 315 (79.5%) of all 396 patients
suffered AKI, and 154 (38.8%) developed severe
AKI. One of the most serious and frequent side
effects of cardiac surgery is AKI. Such high incidence
rates of AKI correlate with difficulty in the aortic sur-
gical setting involving prolonged intraoperative
hypoxia (5). Numerous past studies have demonstrat-
ed that the aortic procedures carry more risks, notably
AKI, than other cardiac operations, such as valve
replacement and CABG (26, 27). 

Theoretically, AKI is a heterogeneous illness,
and a combination of indicators may be more effec-
tive than a single biomarker because it might reflect
multiple pathophysiological processes (28). Our mul-

tivariate model was created after adjusting for several
factors affecting the development of AKI after TAAR,
which reaffirmed the fact that various types of periop-
erative factors triggered AKI. Our results were consis-
tent with earlier research that found associations
between postoperative AKI and the following factors:
the higher ASA degree, echocardiographic parame-
ters such as LVDD, preoperative coagulation biomark-
er D-dimer, operation time parameters including CPB
time, and SOFA score obtained 30 minutes after
recovery from anesthesia (29–32). Similarly, we
found that an increased total bilirubin level upon
admission increases the chance of developing CSA-
AKI. This situation may be brought on by hepatic
hypoperfusion for bilirubin clearance and bile trans-
port, hemolysis, cardiotomy suction, and mechanical
prosthesis during CPB (33). More severe hyperbiliru-
binemia may trigger the maintenance of bile casts,
causing toxicity directly to the nephrons and resulting
in AKI (34). Prediction Model 1, which was developed
based on the aforementioned clinical characteristics,
had an AUC-ROC value of 0.808 and did not per-
form better than the previously established prediction
model (35, 36). Renal tubular necrosis and the sub-
sequent start of postoperative AKI are caused by sym-
pathetic-adrenal medullary system overexcitation and
neurohumoral regulatory dysfunction, which are
more likely to be caused by hemodynamics, renal
ischemia and hypoxia, systemic inflammation, and a
poor general state (37, 38).

The role of serum magnesium in the develop-
ment of AKI has attracted close attention worldwide.
A recent study found that elevated early serum mag-
nesium levels after surgery was independently associ-
ated with CSA-AKI (19). In line with previous similar
research, we testified that admission measurement of
serum magnesium was a potential predictor for AKI
following TAAR in our prospective study. Further -
more, the performance of serum magnesium on
admission in AKI detection in this study had a moder-
ate AUC-ROC value of 0.707. The data above indi-
cate that serum magnesium holds a relatively limited
predictive value when used as a single biomarker for
AKI after TAAR. Interestingly, researchers discovered
that the incidence of AKI was related to decrease
serum magnesium levels both preoperatively and
intraoperatively, and patients who received magne-
sium supplementation had a lower risk of AKI (39,
40). Researchers have suggested that decreased
magnesium levels have been linked to increased lev-
els of both proatherogenic and inflammatory
cytokines in endothelial cells, affecting renal function
(41, 42). However, there was essentially no difference
in the intraoperative usage of magnesium supple-
mentation through among our groups. Therefore, the
effect of intraoperative magnesium supplementation
on postoperative AKI requires further study by
prospective intervention trials.

Moreover, several retrospective studies have
found that hypermagnesemia (serum magnesium >
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1.25 mmol/L) on ICU admission correlated with in-
hospital death and AKI development (43, 44). Similar
to our findings, when compared to patients in the
lowest quartile, the highest quartile patients had a
6.19-fold risk of AKI and a 3.57-fold risk of severe
AKI. These results implied that increased serum mag-
nesium levels after TAAR might be an alterable risk
factor for AKI. Importantly, we founded that the AUC-
ROC can be notably increased to 0.833 when serum
magnesium is combined with the established Model 1
for AKI detection, which can reap certain clinical ben-
efits (NRI = 0.47, IDI = 0.04) and assist in the early
identification of AKI progression in clinical work.
Comparing our optimized prediction model to those
of other research, it exhibited comparable predictive
power (45, 46).

Although the exact mechanisms by which higher
magnesium levels results in AKI remain unclear, there
are multiple theories regarding the magnesium
metabolism pathway that underlies renal disease.
Primarily, magnesium is a naturally existing calcium
antagonist that is also known to boost the synthesis of
local vasodilation mediators and change the way the
internal vascular system reacts to different vasoactive
substances (47). More specifically, postoperative
renal injury might occur from long-term hypoxia
based on the cross-clamping of significant arterial
structures and extracorporeal circulation during TAAR
(48). As a result, aortic surgery-induced renal blood
flow reduction could drastically hamper the function
of magnesium excretion, leading to elevated serum
magnesium levels and this process might occur
before the identification of postoperative AKI based
on urine excretion or sCr criteria (44, 49, 50). Hence,
correcting magnesium homoeostasis might be a ben-
eficial and low-cost intervention to reduce the risk of
AKI. 

Our study has several strengths. First, rather
than concentrating only on the effects of a single bio-
marker, this study also evaluated the combined effica-
cy of serum magnesium and established multiple
logistic regression prediction model in the identifica-
tion of AKI. Moreover, prospective enrollment of
patients helped to minimize the possibility of recollec-
tion bias. The study further includes restrictions.
Initially, this study evaluated TAAR patients by a sin-
gle-center studies which lacked external validation,
and only Han Chinese patients were included.
Second, despite the relatively large variety of factors
considered, there might have been possible variables
that led to the absence of results. Third, in order to
dynamically determine the association between blood
magnesium level and postoperative AKI, it is impor-
tant to take into account the variations in serum mag-
nesium concentration during the perioperative period
at different time points. Finally, our study only record-
ed serum magnesium levels and supplementation
with magnesium, which is not an ideal assessment of
total magnesium storage in the human body.

However, due to the comparative nature of this study,
the above limitations do not affect the results of this
study.

Conclusion

Measurement of serum magnesium on CSICU
admission is an independent predictor of AKI, and
greater serum magnesium levels on admission were
linked to an increased risk of AKI in TAAR patients.
Finally, the established clinical risk model for AKI can
be greatly enhanced by the addition of serum magne-
sium.
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