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Abstract

Background: The choice of anaesthetic may influence regulation of renal perfusion and function. We investigated renal

function in patients anaesthetised with propofol or sevoflurane before surgery and postoperatively.

Methods: Patients with ASA physical status 1e2 planned for spinal surgery were randomised to propofol or sevoflurane

anaesthesia. Blood and urine were collected before anaesthesia, during anaesthesia (before surgery), during post-

operative care, and the day after surgery.

Results: Twenty-seven patients completed the study protocol (average age, 51 yr; average BMI, 28 kg m�2) and 11 were

women. Urine output and sodium excretion were lower during sevoflurane anaesthesia (n¼14) than during propofol

anaesthesia (n¼13) (0.3 vs 1.1 ml kg�1 h�1 [P¼0.01] and 2.6 vs 6.0 mmol h�1 [P¼0.04], respectively). Urinary potassium

excretion was lower during anaesthesia than after, without intergroup difference (2.3 vs 5.7 mmol h�1, P<0.001). Sevo-
flurane anaesthesia increased plasma renin compared with baseline (138 vs 23 mIU L�1, P<0.001) and propofol anaes-

thesia (138 vs 27 mIU L�1, P¼0.008). Plasma arginineevasopressin did not change significantly during anaesthesia, but

was elevated postoperatively compared with baseline irrespective of anaesthetic (21 vs 12 ng L�1, P¼0.02). Sevoflurane

caused higher postoperative plasma creatinine than propofol (83 vs 66 mmol L�1, P¼0.01). Kidney injury molecule-1 and

neutrophil gelatinase-associated lipocalin did not change significantly in either group.

Conclusions: Sevoflurane anaesthesia reduced urine output and sodium excretion and increased plasma renin compared

with propofol anaesthesia. The impact of this on acute kidney injury and fluid resuscitation during surgery warrants

further investigation.

Clinical trial registration: EudraCT: 2017-001646-10; Clinicaltrials.gov: NCT0333680.
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Editor’s key points

� Choice of anaesthetic could affect perioperative renal

function and the incidence of postoperative acute

kidney injury.

� This study analysed a number of markers of renal

function and injury in healthy patients undergoing

spinal surgery who were randomised to anaesthesia

with propofol or sevoflurane.

� Sevoflurane anaesthesia reduced urine output and

sodium and potassium excretion, and increased

plasma renin and creatinine compared with propofol

anaesthesia, with no changes in biomarkers of kid-

ney injury.

� Reduced renal excretory function during sevoflurane

anaesthesia is consistent with impaired renal blood

flow, which should be confirmed in larger trials.
Acute kidney injury (AKI) affects 6e8% of patients undergoing

surgery,1,2 and is associated with increased mortality and risk

of chronic kidney disease.3 Alongside indirect measurements

of reduced glomerular filtration rate (GFR), decreased urine

output is the main diagnostic criterion for AKI.4 Volatile

anaesthesia reversibly impairs the excretory function of the

kidney, which affects the use of urine output for diagnosing

and grading perioperative AKI.5,6 Intraoperative oliguria is a

risk factor for subsequent AKI, yet most patients with intra-

operative urine output <0.5 ml kg�1 h�1 do not develop AKI.7

Hypovolaemia is a frequently assumed cause of oliguria and

often triggers the use of intravenous fluids for blood volume

expansion.8 However, the use of intravenous fluids to manage

oliguria does not improve intraoperative urine output or

reduce the incidence of postoperative AKI.9,10

We recently showed that sevoflurane causes reduced urine

and sodium excretion and elevated plasma renin but not

arginineevasopressin in haemodynamically stable paediatric

patients undergoing hypospadias repair surgery.11 Also, renal

sympathetic nerve activity stimulated by sevoflurane induces

renal vasoconstriction with reductions in renal water and so-

dium elimination in an experimental model. Volatile anaes-

thesia also compromises renal perfusion and oxygenation to a

greater extent than propofol.12

We examined the effect of propofol or sevoflurane anaes-

thesia on renal excretory function, plasma renin and

arginineevasopressin, and urinary markers for kidney injury

before anaesthesia induction, during anaesthesia before sur-

gery, and postoperatively (Fig 1b). We hypothesised that sev-

oflurane, compared with propofol, would reduce urine water

and sodium excretion and increase plasma renin.
Methods

Study design

The study was planned as a single centre, randomised clinical

trial with two parallel groups (randomisation ratio 1:1) to

compare sevoflurane (Sevorane®; Abbvie, North Chicago, IL,

USA) with propofol (Diprivan®; 20 mg ml�1; AstraZeneca,

Nether Alderley, UK) at Uppsala University Hospital (Uppsala,

Sweden). The randomisation procedure was performed by the

responsible senior consultant using randomised closed enve-

lopes. Based on our previous results, the sample size was

estimated as 60 with 80% probability to find a difference in
urine output of >20% between groups.11 However, as a

consequence of the COVID-19 pandemic and subsequent

intrahospital logistical changes, the study was prematurely

ended at a smaller sample size.
Ethics and recruitment

We assessed 40 patients for enrolment in the study (Fig 1). All

included patients gavewritten consent to participate. The study

was approved by the Regional Ethical Review Board at Uppsala,

Sweden (2016/533), the Swedish Medical Products Agency

(EudraCT 2017-001646-10), and was registered at Clinicaltrials.

gov (NCT0333680). Protocol violations leading to exclusion

included induction of anaesthesia before the first blood sample,

patient withdrawal of consent, surgical or anaesthetic compli-

cations, or malfunction of the urine catheter. Male or female

patients 18e65 yr old scheduled for elective spinal surgery were

included. Criteria for exclusion were patient refusal, pregnancy

or breastfeeding, allergy to propofol or sevoflurane, American

Society of Anesthesiologists (ASA) physical status 3e5, New

York Heart Association (NYHA) class 3e4, BMI >37 kg m�2,

insulin-treated diabetes mellitus, kidney disease according to

KDIGO (Kidney Disease Improving Global Outcome) criteria,

liver disease, or genetic malignant hyperthermia.
Study outcomes

The main outcomes were urine output, plasma creatinine and

creatinine clearance. Secondary outcomes were chosen to

assess mechanisms for differences in the main outcomes.

Renin and arginine-vasopressin (AVP), central for regulation of

renal vascular tone and electrolyte and water homeostasis,

were analysed in plasma. Biomarkers for renal injury, kidney

injury molecule-1 (KIM-1) and neutrophil gelatinase-

associated lipocalin (NGAL), were measured in urine. KIM-1

is a transmembrane protein and its production is increased

in the proximal tubules as an early epithelial cell response to

injury.13 Elevated urinary levels of KIM-1 may signal acute

tubular injury. In a similar manner, NGAL is released from

renal tubular cells during stress and urinary levels have, under

specific circumstances, been found to be early predictors of

AKI.
Study protocol

All subjects received paracetamol 2 g p.o. 1 h preoperatively.

The anaesthetic procedure was standardised. General anaes-

thesia was induced with propofol (2.0 mg kg�1 or to desired

effect), opioids (Table 1) and rocuronium (0.6 mg kg�1), and

maintained with propofol target-controlled infusion (plasma

concentration target 4e6 mg ml�1) or sevoflurane (0.8e1.2

minimum alveolar concentration [MAC]; fresh gas flow 0.3e0.5

L min�1) in combination with opioids (fentanyl, sufentanil, or

remifentanil). Standard monitoring included five-lead ECG,

pulse oximetry, nasopharyngeal temperature probe, and

noninvasive blood pressure via arm cuff. A Foley urinary

catheter was inserted in the urethra after induction of

anaesthesia, and all patients received a balanced acetated

Ringer’s solution of 5ml kg�1 h�1. Blood loss was replaced with

albumin 5% in a 1:1 ratio until haemoglobin became <70 g L�1,

when transfusion with blood products was initiated. All clin-

ical parameters and medications were recorded by patient

monitoring software (Metavision; imdSoft®, Tel Aviv, Israel).

After surgery, subjects were moved to the postoperative care
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Enrolment

Excluded:
  • ASA physical status 3 (n=1)
  • Malignant hyperthermia (n=1)
  • Declined to participate (n=2)

Allocated to sevoflurane (n=18)
  • Received allocated intervention (n=17)
  • Did not receive allocated intervention
      ◦ Anaesthesia induced before sampling (n=1)

Allocated to propofol (n=18)
  • Received allocated intervention (n=16)
  • Did not receive allocated intervention
      ◦ Anaesthesia induced before sampling (n=2)

Monitored (n=13)
  • Excluded, surgical complications (n=2)
  • Excluded, urine catheter malfunction (n=1)

Analysis (n=13)

Monitored (n=14)
  • Excluded, surgical complications (n=1)
  • Excluded, urine catheter malfunction (n=1)
  • Excluded, patient withdraw consent (n=1)

Analysis (n=14)

Assessed for eligibility (n=40)

Randomised (n=36)

Pre-anaesthesia

Follow up

Analysis

a

b Period 1
(preparation)

 Period 2
(surgery)

 Period 3
(postoperative)

 Period 4
(surgical ward)

 

100 min 30-120 min 120 min 120 min

Urine output Urine output Urine output

Ringer's acetate 5 ml kg–1 h–1

Sevoflurane or propofol

Blood sample

Fig 1. CONSORT flowchart (a) of recruitment and inclusion of subjects throughout the study protocol (b). Subjects were randomly assigned

to anaesthesia with either propofol or sevoflurane. The study protocol consisted of three periods: during anaesthesia before surgery

commenced, a 2 h period immediately postoperatively, and a 2 h period on the surgical ward 24 h after induction of anaesthesia. Urine was

collected via a Foley catheter during these three periods. Blood samples were taken before induction of anaesthesia, 30 min into anaes-

thesia before surgery commenced, 1 h into the postoperative period, and 1 h into the period on the surgical ward. Anaesthesia was

maintained during preparation and surgery. Ringer’s acetate was given at a standardised infusion rate (5 ml kg�1 h�1) until postoperative

sampling was finished. CONSORT, Consolidated Standards of Reporting Trials.

840 - Franz�en et al.



Table 1 Perioperative data presented as mean (95% confidence intervals), unless otherwise stated, with the P-value representing the
significance level for differences between propofol and sevoflurane anaesthesia (Pearson’s c2 test or Student’s t-test).

All subjects (n¼27) Propofol (n¼13) Sevoflurane (n¼14) P

Anaesthesia
Minimal alveolar concentration (MAC) e e 0.9 (0.8e1.0)
Propofol infusion (mg kg�1 h�1) e 2.4 (1.7e3.2) e

Sufentanil, n (%) 21 (78) 10 (77) 11 (79) 0.33
Dose (mg) 108 (68e148) 89 (41e136) 122 (57e187)

Remifentanil, n (%) 3 (11) 2 (15) 1 (7) 0.50
Dose (mg), median (minemax) 2083 (1197e3830) 1640 (1197e2083) 3830

Fentanyl, n (%) 3 (11) 1 (8) 2 (14) 0.59
Dose (mg) 300 (250e300) 250 300

Total anaesthesia (min) 226 (196e255) 185 (109e326) 263 (143e410) 0.007
Anaesthesia before surgery (min) 101 (91e111) 87 (52e147) 97 (70e141) 0.89
Prone surgical position, n (%) 15 (56) 6 (46) 9 (64) 0.34
Intraoperative fluids, drugs and bleeding
Ringer’s acetate (ml kg�1 h�1) 5.1 (4.5e5.7) 5.5 (4.5e6.5) 4.7 (3.9e5.4) 0.14
Bleeding, n (%) 18 (67) 7 (54) 11 (79) 0.17
Volume (ml), median (minemax) 250 (25e1200) 150 (25e1200) 300 (50e700)

Albumin 5%, n (%) 6 (22) 1 (8) 5 (36) 0.08
Volume (ml), median (minemax) 325 (250e500) 400 250 (250e500)

Plasma transfusion, n (%) 1 (4) 1 (8) 0 (0) 0.29
Volume (ml) 500 500 0

Received vasopressors, n (%) 20 (74) 8 (54) 12 (86) 0.07
Norepinephrine, n (%) 11 (41) 3 (23) 8 (57) 0.07
Dose (mg), median (minemax) 864 (10e2715) 141 (10e214) 1168 (210e2715)

Atropine, n (%) 10 (37) 3 (23) 7 (50) 0.15
Dose (mg), median (minemax) 0.5 (0.25e1.0) 0.5 0.5 (0.25e1.0)

Ephedrine, n (%) 13 (48) 4 (31) 9 (64) 0.08
Dose (mg), median (minemax) 10 (5e40) 13 (5e20) 10 (5e40)

Mean arterial pressure (mm Hg)
During preparation 74 (71e78) 75 (68e81) 74 (70e78) 0.81
During surgery 79 (75e83) 79 (73e86) 79 (73e84) 0.88
Reduction at induction of anaesthesia 30 (26e34) 28 (21e34) 33 (27e38) 0.25
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unit for at least 2 h and then to the surgical ward. Post-

operative pain management was achieved by paracetamol or

intravenous opioids (morphine or oxycodone) at the discretion

of the treating physician.

Blood samples were taken before anaesthesia, 30 min into

anaesthesia and before surgery commenced, 1 h into post-

operative care, and on the surgical ward the next day (Fig 1b).

Blood was collected into two tubes: one lithium heparin tube

and one ethylenediaminetetraacetic acid (EDTA) tube with

Trasylol® 0.5 ml. Urine was collected continuously during

anaesthesia but before surgery started, 0e2 h into
Table 2 Subject characteristics presented as mean (95% confidence i

All subjects (n¼27)

Patient characteristics
Female, n (%) 11 (41)
Age (yr, range minemax) 51 (48e54)
Weight (kg) 87 (80e94)
BMI (kg m�2) 28 (27e30)
eGFR creatinine (ml min�1) 90 (85e96)
Type of spine surgery
Decompression, n (%) 24 (87)
Material extraction, n (%) 2 (7)
Fusion, n (%) 1 (4)
ASA physical status
1, n (%) 18 (67)
2, n (%) 9 (33)
postoperative care, and during 2 h in the surgical ward 24 h

after anaesthesia (Fig 1b). A pooled urine sample was obtained

for each period.
Blood and urine analysis

Blood and urine samples were collected and analysed for so-

dium, potassium (Architect c16000; Abbott Laboratories,

Abbott Park, IL, USA) and creatinine (enzymatic method) by

Clinical Chemistry at Uppsala University Hospital. EDTA tube

samples were placed on ice and then centrifuged (4�C, 4000
ntervals). eGFR, estimated glomerular filtration rate.

Propofol (n¼13) Sevoflurane (n¼14)

7 (54) 4 (29)
48 (43e53) 53 (49e58)
79 (70e88) 94 (85e103)
27 (25e28) 30 (28e33)
95 (90e100) 86 (77e95)

11 (85) 13 (93)
2 (15) 0 (0)
0 (0) 1 (7)

9 (69) 9 (64)
4 (31) 5 (36)



842 - Franz�en et al.
rpm) for 10 min. Plasma was stored in a e80�C freezer until

analysed for plasma renin and AVP. Renin was analysed using

Liaison XL (Diasorin, Saluggia, Italy) in accordance with the

manufacturer’s instructions (Enzo Life Sciences, Farmingdale,

NY, USA). Arginineevasopressin was analysed using compet-

itive enzyme-linked immunosorbent assay (ELISA; ADI-900-

017, Enzo Life Sciences) in accordance with the manufac-

turer’s instructions. KIM-1 and NGAL were analysed in urine

using commercial immunoassay kits (DY1757 and DY1750B;

R&D Systems, Minneapolis, MN, USA) and calibrated against

recombinant human KIM-1 and NGAL.

Statistical analysis

Data are presented as mean (95% confidence interval [CI]).

Statistica (version 13.5; StatSoft AB, Uppsala, Sweden) soft-

ware was used for statistical calculations. Multivariate anal-

ysis of variance (MANOVA) with two levels of between-subject

effects (Group) and three or four levels of within-subject effects

(Time) with Pillai’s trace correction was used for changes over

time and differences between groups. If MANOVA revealed
Table 3 Renal excretory function during anaesthesia, during the initi
anaesthetised with propofol (n¼13) or sevoflurane (n¼14), presen
molecule-1; NGAL, neutrophil gelatinase-associated lipocalin. *Sig
without significant intergroup differences. yfndaggerSignificant diffe
significant intergroup differences. No significant differences betwee

All subjects (n¼27)

Plasma sodium concentration (reference range: 138e145 mmol L¡1

Preoperative 142 (141e142)
Anaesthesia 141 (140e142)
Postoperative 141 (140e142)
24 h after anaesthesia 139 (138e140)
Plasma potassium concentration (reference range: 3.5e5.0 mmol L
Preoperative 4.0 (3.8e4.2)
Anaesthesia 3.9 (3.7e4.0)
Postoperative 4.2 (4.0e4.3)
24 h after anaesthesia 4.0 (3.8e4.1)
Plasma osmolality (reference range: 285e295 mOsm kg H2O

¡1)
Preoperative 295 (293e297)
Anaesthesia 294 (292e296)
Postoperative 296 (294e298)
24 h after anaesthesia 293 (290e296)
Fractional sodium excretion (reference range: <1%)
Anaesthesia 0.7 (0.4e1.0)
Postoperative 1.1 (0.7e1.5)
24 h after anaesthesia 0.7 (0.5e0.9)
Fractional potassium excretion (reference range: 4e16%)
Anaesthesia 12 (10e14)
Postoperative 17 (14e19)
24 h after anaesthesia 8 (7e9)
Urinary potassium excretion (mmol h¡1; reference range: 25e125 m
Anaesthesia 2.3 (1.5e3.1)
Postoperative 5.7 (4.4e7.0)
24 h after anaesthesia 4.4 (3.2e5.7)
Urinary KIM-1 concentration (reference range: 0e4 mg L¡1)
Anaesthesia 0.9 (0.7e1.3)
Postoperative 0.9 (0.6e1.2)
24 h after anaesthesia 0.8 (0.6e1.0)
Urinary NGAL concentration (reference range: <50 ng ml¡1)
Anaesthesia 12 (4e20)
Postoperative 9 (3e14)
24 h after anaesthesia 10 (5e15)
Creatinine clearance (reference range: 100e150 ml min¡1)
Anaesthesia 88 (60e116)
Postoperative 132 (108e156)
24 h after anaesthesia 194 (152e235)
significant main effects without interaction, Tukey’s honest

significance difference (HSD) test was used for comparison of

means. If the Time�Group interaction was significant,

Bonferroni-corrected multiple comparisons were made for

intergroup differences in mean values at each timepoint, and

each group was independently analysed with one-way anal-

ysis of variance followed by Tukey’s HSD test for intragroup

Time effects. For independent group comparisons, Student’s t-

test was used for continuous data and Pearson’s c2 test for

categorical data.

Results

Between September 1, 2017 and January 10, 2020, 40 patients

were assessed for eligibility, of whom 27 completed the study

(Fig 1a and b). The average age was 51 (48e54) yr, the average

BMI was 28 (27e30) kg m�2, and 41% of the patients were fe-

male (Table 2).

The duration of anaesthesia before surgery commenced

was 101 (91e111) min, and 56% of the subjects were operated

on in the prone position (Table 1). Propofol was administered
al 2 h postoperative period and 24 h after anaesthesia in subjects
ted as mean (95% confidence intervals). KIM-1, kidney injury
nificant difference compared with during anaesthesia (P<0.05)
rence compared with the postoperative period (P<0.05) without
n groups were detected.

Propofol (n¼13) Sevoflurane (n¼14)

)
142 (141e143) 141 (140e142)
141 (140e142) 141 (140e142)
141 (140e142) 141 (140e141)
139 (137e141) 139 (138e141)
¡1)
4.0 (3.7e4.3) 4.0 (3.7e4.3)
3.9 (3.6e4.1) 3.9 (3.6e4.1)
4.1 (3.9e4.4) 4.2 (4.0e4.3)
4.0 (3.8e4.1) 4.0 (3.7e4.2)

295 (291e298) 295 (292e298)
294 (290e298) 294 (292e296)
294 (290e299) 298 (296e300)
294 (289e299) 292 (288e296)

0.9 (0.2e1.5) 0.5 (0.3e0.7)
1.3 (0.8e1.9) 0.9 (0.5e1.1) *
0.6 (0.3e1.0) 0.8 (0.5e1.1)

13 (9e17) 11 (9e13)
16 (13e20) 18 (14e21) *
8 (6e10) 8 (6e10) *,y

mol 24 h¡1)
2.8 (1.3e4.4) 1.8 (0.9e2.6)
4.7 (2.9e6.5) 6.7 (4.6e8.7) *
5.0 (2.8e7.2) 3.9 (2.2e5.6) *

0.9 (0.4e1.4) 1.1 (0.7e1.3)
0.7 (0.3e1.1) 1.2 (0.7e1.6)
0.6 (0.3e0.8) 1.0 (0.7e1.3)

11 (0e21) 13 (2e28)
6 (3e9) 12 (1e23)
10 (1e19) 9 (4e15)

96 (45e146) 80 (43e118)
118 (79e158) 145 (112e177)
179 (127e231) 207 (134e279) *,y
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groups without significant intergroup differences (black) compared with the first timepoint. Daggers denote the significance level of the

difference between groups at that timepoint: yP<0.05, yyP<0.01, or yyyP<0.001. Differences in plasma renin and arginineevasopressin were

analysed with multivariate analysis of variance. For significant main effects, this was followed by Bonferroni-corrected multiple com-
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at 2.4 (1.7e3.2)mg kg�1 h�1 and sevofluranewas dosed to give a

MAC of 0.9 (0.8e1.0). Ringer’s acetate was infused at 5.1

(4.5e5.7) ml kg�1 h�1 without significant difference depending

on the anaesthetic used. Mean arterial pressure remained

steady during anaesthesia and surgery, without significant

differences between groups (Table 1).

Before anaesthesia, all measured variableswerewithin their

reference range and did not significantly differ between groups

(Tables 1 and 3; Figs 2 and 3). Plasma sodium, potassium, and

osmolality, and urinary KIM-1 and NGAL remained within the

reference ranges during the entire study protocol (Table 3).

At 30 min into anaesthesia, plasma renin had increased

from baseline in the sevoflurane group (138 [56e221] vs 23

[10e35] mIU L�1, P<0.001; Fig 2a) and was higher than among

propofol-anaesthetised subjects (propofol: 27 [12e41] mIU L�1,
P¼0.008). Plasma AVPwas not significantly altered at this point

(Fig 2b). The increased plasma renin was accompanied by

lower urine output in the sevoflurane group than in the pro-

pofol group (sevoflurane: 0.3 [0.2e0.4]ml kg�1 h�1, propofol: 1.1

(0.5e1.8) ml kg�1 h�1, P¼0.01; Fig 3a) and lower urinary sodium

excretion (sevoflurane: 2.6 [1.4e3.9] mmol h�1, propofol: 6.0

[2.7e9.2] mmol h�1, P¼0.04; Fig 3b). There were no significant

differences in blood pressure, bleeding, or administered drugs

between subjects anaesthetised with sevoflurane or propofol

(Table 1). Subjects receiving sevoflurane were anaesthetised

slightly longer, but there was no significant difference in

duration of anaesthesia before surgery (when urine and blood

samples were collected; Table 1).

Postoperatively, plasma renin was higher than baseline in

the sevoflurane group (82 [3e167] vs 23 [10e35] mIU L�1,
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multivariate analysis of variance. For significant main effects, this was followed by Bonferroni-corrected multiple comparisons for

intergroup differences and intragroup one-way analysis of variance with Tukey’s honest significance difference.
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P¼0.002; Fig 2a) and was higher than in the propofol group

(26 [6e46] mIU L�1, P¼0.03). Plasma AVP was higher than

preoperatively (21 [13e30] vs 12 [9e15] ng L�1, P¼0.02, Fig 2b),

but not significantly different between groups. Urine output

and sodium excretion in the sevoflurane group were greater

than during anaesthesia 2 h after emergence from anaes-

thesia (1.3 [0.9e1.7] vs 0.3 [0.2e0.5] ml kg�1 h�1, P¼0.01; and

12 [7e16] vs 4 [3e6] mmol h�1, P¼0.04, respectively; Fig 3a

and b). Plasma creatinine was higher after, than before,

sevoflurane anaesthesia (83 [73e93] vs 75 [64e86] mmol ml�1,

P¼0.02; Fig 3c), and also higher compared with the propofol

group (66 [59e73] mmol l�1, P¼0.01; Fig 3c). Fractional so-

dium excretion and fractional and urinary potassium

excretion were increased without significant differences

between groups (Table 3).

The day after anaesthesia, most variables had normalised,

although plasma AVPwas still slightly greater than that before

anaesthesia irrespective of the anaesthetic used (22 [10e33] vs

12 [9e15] ng L�1, P¼0.01). Creatinine clearance was greater

than during or directly after anaesthesia (194 [152e235] vs 88

[60e116] mlmin�1, P<0.001; and 194 [152e235] vs 132 [108e156]

ml min�1, P¼0.005, respectively; Table 3). Regardless of

anaesthetic used, absolute urinary potassium excretion was

higher postoperatively than during anaesthesia, whereas

fractional potassium excretion decreased the day after surgery

compared with during anaesthesia or directly postoperatively

(Table 3).Urinary KIM-1 and NGAL did not change significantly

during the study protocol and did not significantly differ be-

tween groups.
Discussion

The effects of propofol or sevoflurane anaesthesia on renal

function and water-restoring hormones were investigated in a

cohort without major comorbidities. We found that sevo-

flurane anaesthesia resulted in lower urine output and sodium

excretion and higher plasma renin during anaesthesia

compared with propofol anaesthesia, as hypothesised.

Arginineevasopressin increased only slightly after surgery

independent of the anaesthetic used. Sevoflurane resulted in a

slight but significant increase in plasma creatinine post-

operatively compared with propofol.

Impaired urine output during anaesthesia has been re-

ported since the early 20th century.14 Early studies described

reduction of the excretory function of the kidney by ether and

reported that volatile anaesthesia resulted in decreased GFR,

urine output, and sodium excretion.15 More recently, iso-

flurane anaesthesia without surgery has been shown to

induce a reduction in urine output associated with higher

plasma renin and aldosterone compared with before anaes-

thesia.6 Excretion of intravenous crystalloid fluids is

hampered by volatile anaesthesia and laparoscopic surgery.16

A reduction in urine output by sevoflurane has been

demonstrated in patients undergoing colorectal surgery.17 In

valvular heart surgery, sevoflurane anaesthesia resulted in

extended postoperative use of the diuretic furosemide

compared with propofol anaesthesia. Still, the number of

patients with urine output <0.5 ml kg�1 h�1 was significantly

higher in the group anaesthetised with sevoflurane.18 A

strength of the current study is that renal function was

studied during anaesthesia before any surgery was
performed. This shows that the early impairment in renal

excretion by sevoflurane compared with propofol is the result

of the different anaesthetics per se, not because of the surgical

trauma.

There is a lack of firm association between intraoperative

oliguria and postoperative AKI.19,20 Based on changes in

plasma creatinine, inhalation anaesthetics have been associ-

ated with increased risk of AKI compared with propofol. Dur-

ing nephrectomy, a higher incidence of AKI was reported

during both sevoflurane and desflurane anaesthesia compared

with propofol anaesthesia.21 The Volatile Anaesthetic Protec-

tion of Renal Transplants-1 (VAPOR-1) trial showed that

donorerecipient pairs anaesthetised with sevoflurane had

higher risk of renal injury than pairs anaesthetised with pro-

pofol.22 Furthermore, use of sevoflurane anaesthesia is asso-

ciated with an increase in incidence and severity of AKI in

patients undergoing valvular heart surgery compared with use

of propofol anaesthesia.18

The biomarkers NGAL and KIM-1 are both sensitive urinary

markers of tubular damage and could thereby aid in diag-

nosing intrinsic AKI.23 Transiently low GFR caused by renal

hypoperfusion is not associated with tubular injury unless the

reduction in blood flow is enough to cause ischaemia.

Accordingly, urinary NGAL and KIM-1 are lower in pre-renal

compared with intrinsic AKI.24 Urinary NGAL and KIM-1 in-

crease rapidly after cardiac surgery in patients with AKI, and

NGAL correlates with severity and duration of AKI.25,26 Amajor

disadvantage of NGAL and KIM-1 is that both can also be

increased by inflammation, independent of renal injury.23 This

is an important confounder in conditions such as sepsis and

when investigating patients with underlying inflammatory

disorders. However, in patients with no serious comorbidities

or acute systemic inflammation, KIM-1 and NGAL may be

useful for early detection of AKI.20 In our study, NGAL and KIM-

1 remained low throughout the study period, which we

interpret as an indication that no major kidney injury

occurred, though transient hypoperfusion may still have been

present. This is further corroborated by the findings that the

increase in plasma creatinine seen with some subjects

anaesthetised with sevoflurane was reversed postoperatively,

and that none of the anaesthetised patients developed post-

operative AKI based on either creatinine or urine output

KDIGO criteria.

The reduced urine output seen in connection with volatile

anaesthesia may be an indication of decreased renal blood

flow. Reductions in renal blood flow have been reported in

patients anaesthetised with isoflurane. In animal experi-

ments, volatile anaesthetics have been associated with higher

renal sympathetic nerve activity and reduced renal blood flow

and oxygenation compared with propofol.12,27,28 Although

suspected renal hypoperfusion caused by sevoflurane did not

translate into AKI in our subjects, it could increase the risk of

renal impairment in patients with other risk factors, such as

chronic kidney disease, cardiovascular disease, or diabetes

mellitus. If so, impaired renal blood flow would serve as a

physiological explanation of why urine output <0.5 ml kg�1

h�1 during surgery is associated with postoperative AKI when

investigated in large cohorts, but thatmost patients with urine

output below that limit have no subsequent impairment in

renal function.2,7,10 Urinary sodium excretion was transiently

reduced by anaesthesia in our study. This may be caused by a
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combination of a reduced filtered sodium load and increased

sodium reabsorption, as both creatinine clearance and frac-

tional sodium excretion were lower during, than after,

anaesthesia. Sodium excretion has been shown to be lowered

by isoflurane, and in our study the reduction was more pro-

nounced during sevoflurane than propofol anaesthesia.29

In a recent translational study, we showed that sevoflurane

increases renal sympathetic nerve activity and plasma renin,

which results in reduced urine output, sodium excretion, and

renal blood flow.11 As renal sympathetic nerve activity results

in vasoconstriction, renin release and increased sodium

retention, subsequent effects would be reduced perfusion,

GFR, urine output, sodium excretion, and oxygen delivery.

Although renal sympathetic nerve activity and renal blood

flow were not measured here, the decrease in renal sodium

and water excretion and the elevation in plasma renin are in

line with a stimulatory effect of sevoflurane on renal sympa-

thetic nerve activity. The less pronounced effects on renal

excretion and plasma renin by propofol indicate that there

may be mechanistic differences between the anaesthetics.12

In the conscious state, renal sympathetic nerve activity is

controlled by medullary and hypothalamic centres involved in

regulation of cardiovascular function and fluid balance.30 A

difference in how sevoflurane and propofol affect those pre-

sympathetic neurones might explain variations in renal

function.31e33

This study examined changes in plasma levels of renin and

AVP, twomajor regulators of renal function. Plasma renin was

increased by sevoflurane to levels significantly higher than

those seen with propofol. Increased renal sympathetic nerve

activity and reduced GFR are the main stimuli for renin

release. Elevated plasma renin leads to cleavage of angio-

tensinogen to angiotensin I, which in turn is cleaved to

angiotensin II by angiotensin-converting enzyme. Angiotensin

II is a powerful systemic vasoconstrictor and reduces renal

blood flow by increasing renal vascular resistance, stimulates

sodium reabsorption in the proximal tubules, and causes the

release of aldosterone from the adrenal cortex, which con-

tributes to sodium andwater reabsorption in the distal tubules

and collecting ducts of nephrons.34 Thus, the release of renin

results in renal vasoconstriction and renal retention of sodium

andwater. Increased levels of plasma angiotensin II have been

independently associated with renal impairment and injury.34

Arginineevasopressin is a peptide hormone produced in the

subfornical organ and the paraventricular nucleus of the hy-

pothalamus. It is stored in vesicles as a preprohormone and

transported to the neurohypophysis, where it is released in

response to hypernatraemia or hypovolaemia. The former is

sensed by the circumventricular organs of the brain that lack a

functional bloodebrain barrier, and the latter is mediated by

vascular baroreceptors signalling via afferent nerves. When

released into the circulation, AVP stimulates incorporation of

aquaporins into the apical membrane of cells in the distal and

collecting tubules that allow for reabsorption of water by

passive diffusion into the hyperosmolar renal medulla,

resulting in urinary concentration and water retention.35

Arginine-vasopressin has been suggested to mediate the

water-retaining effects of anaesthesia, as it is elevated in

plasma during anaesthesia.33,36 In this study, AVP did not

change to a large degree during anaesthesia, which is in

accordance with previous findings.6,11 The fact that decreased

urine output was accompanied by a similar reduction in so-

dium excretion further supports that AVP is not a main

contributor to oliguria in the current setting.
Common causes of oliguria during anaesthesia and surgery

are hypotension and hypovolaemia.20 Induction of anaes-

thesia by propofol transiently reduced mean arterial pressure

in both groups (Table 1). Although even brief hypotensive

events are associated with AKI, the cardiovascular effects

were minor and did not differ between groups. We therefore

find it unlikely that changes in arterial blood pressure had a

significant impact on the difference in renal function we

observed. As intraoperative oliguria can indicate hypo-

volaemia, it is common clinical practice to increase fluid

administration, despite the weak correlation between urine

output and fluid administered during anaesthesia.37 An

extension of the current findings is that guiding fluid resus-

citation based on urine output may be even more difficult

during sevoflurane anaesthesia than during propofol

anaesthesia.

Slightly >50% of patients were operated on in the prone

position. A prone surgical position is associated with reduced

cardiac output and blood pressure, especially if propofol

anaesthesia is compared with volatile anaesthesia.38,39 Renal

perfusion and function are not significantly impaired in the

prone position, even though intra-abdominal pressure is

increased.40 Here, no apparent effect on renal or cardiovas-

cular function from positioning was evident. Low fresh gas

flow rates during sevoflurane anaesthesia have been associ-

ated with Compound A production, which in turn has been

shown to be nephrotoxic in rats. However, Compound A has

never been found to impair renal function in humans.41
Limitations

The strengths of this study include the controlled clinical

setting where measurements could be performed during

anaesthesia and before surgery in a homogenous patient

group subjected to the same types of surgery. This reduced

inter- and intragroup variability and isolated the early effects

of the anaesthetics. Still, our study had several limitations.

The sample size was relatively small, as the study was closed

early because of the COVID-19 pandemic. However, it was

large enough to describe statistically significant differences

between groups with regard to the main outcomes. A longer

follow-up period might have detected KDIGO-classified AKI in

some patients, as plasma creatinine levels increase 1e3 days

after renal injury. We could not collect urine for measuring

biomarker concentrations at a late stage, because most pa-

tients stayed only one night in hospital after surgery. Urine

was collected during relatively short periods, which made

creatinine clearance calculations variable. Excretion of creat-

inine varies substantially within subjects, and sampling pe-

riods of several hours are usually preferred. Results based on

creatinine clearance and calculations derived therefrom

should be interpreted with some caution. Lastly, patients

randomised to sevoflurane were anaesthetised for a longer

period than those in the propofol group, which could affect the

results from the postoperative sampling. However, the blood

samples collected 30 min into anaesthesia were not affected

by this.

In conclusion, sevoflurane anaesthesia caused greater

impairment in urine output and sodium excretion, and higher

plasma renin and postoperative plasma creatinine compared

with propofol anaesthesia. In combination with clinical in-

vestigations showing a higher incidence of postoperative AKI

with sevoflurane anaesthesia and experimental findings of

sevoflurane induced renal sympathetic nerve activity with
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hypoperfusion, the reduced renal excretory functions during

sevoflurane anaesthesia may be an indication of impaired

renal blood flow unrelated to hypotension or hypovolaemia.

These findings should be confirmed in larger trials performed

in more heterogeneous patient populations.
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