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Abstract

Purpose Renal damage secondary to fluoride ions and
compound A (CpdA) after sevoflurane anesthesia remains
unclear. For safety reasons, some countries still
recommend minimum fresh-gas flows (FGFs) with
sevoflurane. We review the evidence regarding the
intraoperative use of sevoflurane for anesthesia
maintenance and postoperative renal function compared
with other anesthetic agents used for
maintenance. Secondarily, we examine the effects of peak

anesthetic
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plasma fluoride and CpdA levels and the effect of FGF and
duration of anesthesia on these parameters.

Source The databases of MEDLINE (OVID and Pubmed),
EMBASE, the Cochrane Library, Health Technology
Assessment Database, CINAHL, and Web of Science were
searched from inception until 23 April 2020 to identify
randomized-controlled trials (RCTs) in humans utilizing
sevoflurane or an alternative anesthetic for anesthesia
maintenance with subsequent measurements of renal
function. Two different paired reviewers independently
selected the studies and extracted data. The quality of the
evidence was appraised using GRADE recommendations.
Principal findings Of 3,766 publications screened, 41
RCTs in human patients were identified. There was no
difference between creatinine at 24 hr (21 studies; n =
1,529), or creatinine clearance (CCR) at 24 hr (12 studies;
n = 728) in the sevoflurane vs alternative anesthetic
groups. Peak fluoride and fluoride measured at 24 hr were
higher with sevoflurane compared with other inhaled
anesthetics. Subgroup analyses for sevoflurane usage in
various contexts showed no significant difference between
sevoflurane and alternative anesthetics for creatinine or
CCR at 24 hr at varying FGF, duration of exposure,
baseline renal function, or absorbent use.

Conclusions We did not find any association between the
use of sevoflurane and postoperative renal impairment
compared with other agents used for anesthesia
maintenance. The scientific basis for recommending
higher FGF with the use of sevoflurane needs to be
revisited.
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Résumé

Objectif Les lesions renales secondaires aux ions fluorure
et au compose A (CpdA) apres une anesthesie au
sevoflurane demeurent incertaines. Pour des raisons de
securite, certains pays recommandent encore des debits de
gaz frais (DGF) minimaux lors de [utilisation du
sevoflurane. Nous avons passe en revue les donnees
probantes lutilisation peroperatoire de
sevoflurane pour le maintien de [’anesthesie sur la
fonction postoperatoire  comparativement — d
d’autres agents anesthesiques utilises pour le maintien de
l'anesthesie. En analyse secondaire, nous avons examine
les effets des taux plasmatiques maximaux de fluorure et de
CpdA et effet du DGF et de la duree de I’anesthesie sur
ces parametres.

Source Des recherches ont ete’ menees dans les bases de
donnees de MEDLINE (OVID et Pubmed), EMBASE, the
Cochrane  Library, Health Technology Assessment
Database, CINAHL et Web of Science, de leur creation
jusqu’au 23 avril 2020. Nous y avons identifie’ les etudes
randomisées controlees (ERC) realiseées sur des sujets
humains utilisant du sevoflurane ou un agent anesthesique
alternatif pour le maintien de I’anesthesie et presentant des
mesures subsequentes de la fonction renale. Deux
differents reviseurs apparies ont selectionne’ de maniere
independante les etudes et extrait les donnees. La qualite’
des donnees probantes a ete evaluee d [’aide des
recommandations GRADE.

Constatations principales Parmi les 3766 publications
passees en revue, 41 ERC realiseées chez des patients
humains ont ete identifices. Aucune difference n’a ete
observee en ce qui touchait d la valeur de creatinine d 24 h
(21 etudes; n = 1529) ou de la clairance de la creatinine
(CCR) a 24 h (12 etudes; n = 728) dans les groupes
sevoflurane vs autres anesthesiques. Les taux maximaux de
fluorure et le fluorure mesure a 24 h etaient plus eleves lors
de [utilisation de sevoflurane que d’autres agents
anesthesiques halogenes. Les analyses de sous-groupe
portant sur [utilisation du sevoflurane dans divers
contextes n’ont demontre” aucune difference significative
entre le sevoflurane et les autres anesthesiques en matiere
de valeur de creatinine ou de CCR a 24 h selon differents
DGF, durees d’exposition, fonctions renales de base ou
absorbants.

concernant

renale

Conclusion Nous n’avons pas trouve d’association entre
lutilisation du seévoflurane et des deteriorations de la
fonction renale postoperatoires par rapport aux autres
agents utilises pour le maintien de I’anesthesie. Les raisons
scientifiques sur lesquelles repose la recommandation d’un
DGF plus élevé lors de lutilisation de sevoflurane doivent
étre reexaminees.
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Sevoflurane is a widely used volatile anesthetic for
anesthesia maintenance, but minimum fresh gas flows
(FGFs) are recommended because of concerns of
nephrotoxicity when used under low FGF conditions.'
While nephrotoxicity of inhaled anesthetics is well known
with older agents such as methoxyflurane,” such effects are
largely theoretical with sevoflurane, with no definitive
evidence regarding its nephrotoxicity. The two causes of
concern regarding sevoflurane-induced nephrotoxicity are
the relatively higher inorganic fluoride load on the kidneys
secondary to its in vivo metabolism, and the ex vivo
generation of compound A (CpdA), a substance generated
following the reaction of sevoflurane with high alkali-
containing carbon dioxide (CO,) absorbents,” which is
nephrotoxic in rodents. These concerns are presumed to be
higher when sevoflurane is used in a circle ventilation
circuit where a low FGF rate may result in accumulation of
potentially toxic metabolites within the circuit.

As a result, manufacturers have recommended various
minimum FGF' rates with subsequent implications to the
overall cost and the environmental footprint of anesthetic
gases.”® The product monograph for sevoflurane is
different in different countries. In product monographs
with FGF recommendations, these are tied to the presumed
nephrotoxic potential of CpdA and not to fluoride levels or
potential damage to organs other than the kidneys.
Countries such as Germany, the United Kingdom,
Ireland, or France, among others, have no defined
minimum FGF recommendation.*’"” An FGF of 2
L~min71, as is recommended in Canada, can increase the
consumption and thus the cost and the environmental
pollution from sevoflurane by a factor of four compared
with use of minimal FGFs.

A recent systematic review of six studies on sevoflurane
and isoflurane in patients with normal renal function did
not find any differences in postoperative renal function
between the two agents.'” Although several studies have
investigated the use of sevoflurane on subsequent
postoperative renal function over the past 30 years, this
evidence has not yet been comprehensively reviewed.
Hence, it is important to comprehensively review any
association between the use of sevoflurane and subsequent
renal function, especially factoring in the use of various
FGFs, absorbents, and pre-existing renal dysfunction.

The primary aim of this study was to review the
evidence of the impact of sevoflurane on postoperative
renal function compared with alternative anesthetic
maintenance agents deemed safe for the kidneys. The
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secondary aims of this study were to review the effect of
sevoflurane on renal function under different FGFs, pre-
existing renal dysfunction, and different absorbents, as well
as whether different FGFs and exposure durations have an
effect on peak fluoride or CpdA levels.

Methods
Literature review

We followed the Cochrane handbook on systematic review
of interventions for the conduct of the review,'' and we
reported in accordance with the statement on the Preferred
Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) (Fig. 1).'> Our search strategy
covered the date of inception for each database to our
final search and date of inclusion (23 April 2020). The
databases included MEDLINE OVID (1946-present),
Pubmed (1966—present), EMBASE (1947—-present), the
Cochrane Library—which included the Cochrane
Database of Systematic Reviews (1995—-present) and the
Cochrane Central Register of Controlled Trials
(CENTRAL)—CINAHL (1961-present), and Web of
Science (1900—present). We did not apply any additional
chronological parameters to our search. Additional search
techniques included hand-searching the reference lists for
further relevant studies and Google Scholar for grey

literature. Key search terms included “sevoflurane”,
“nephrotoxicity”, “renal  function  test” (RFT),
“compound-A”, “fluoride”, “absorbent”, “low-flow”,

“high-flow”, “blood urea nitrogen” (BUN), “creatinine”,
and “creatinine clearance” (CCR). We did not exclude any
languages because translation services were available in
the university. The full search strategy is described in the
eAppendix, available as Electronic Supplementary
Material (ESM). A reference list was also created based
on all articles the authors were able to discover
independently and was then examined to ensure that all
reference articles published by 23 April 2020 were
retrieved in the searches. All titles and abstracts were
independently screened by two authors (T.O. and R.S.) and
only potentially relevant randomized-controlled trials
(RCTs) were selected and reviewed by the two authors
independently. Any disagreements were resolved by
mutual discussion.

Study selection

Only human RCTs reporting on the use of sevoflurane vs
another agent used for anesthesia maintenance, with
subsequent measurement of renal function parameters,
were included in this review. We excluded RCTs that did

not examine renal function following exposure to
sevoflurane or did not use sevoflurane for anesthesia
maintenance. We included trials on patients with
stable preoperative renal dysfunction as we planned to
perform subgroup analysis to detect any differences
between patients with normal vs impaired renal function
following exposure to sevoflurane.

We also collected any data on tubular function as
assessed by urinary N-acetyl glucosamine (U-NAG),
kidney injury molecule-1, fatty-acid-binding proteins
(FABP-H), U-NAGf/creatinine ratio, glutathione S-
transferase, and o and B macroglobulin. Data were also
reviewed pertaining to glomerular function as assessed by
markers like cystatin-C or markers for both glomerular and
tubular function such as urinary 24-hr albumin and urinary
24-hr protein. We further included specific gravity, pH, and
osmolality of urine as outcome measures. To look at the
fluoride and CpdA load on the kidneys following
sevoflurane use, all studies reporting these parameters
with sevoflurane use were included in the analysis.

Data extraction and primary endpoints

Two investigators (K.N. and T.S.) independently reviewed
and appraised each study prior to extracting the data on a
standard data collection sheet. Any discrepancies between
these two reviewers were resolved by discussion with a
third investigator (R.S.). The time points of data collection
were preoperative baseline values, early (four to six
postoperative hours), and 24 and 48 postoperative hours
with the 24-hr measurements for BUN, creatinine, and
CCR being the primary endpoints. In trials not reporting
the outcomes as mean (standard deviation [SD]) or not
reporting at the pre-specified time points, the
corresponding authors were contacted up to three times
via email. When the measurements were reported as
median (confidence interval [CI]/interquartile range
[IQR]/standard error [SE]) or as variance, these values
were converted to mean (SD) based on previously
published conversion formulas.'”> All the values were
converted to standard units of measurement before
conducting statistical analysis. We followed the Cochrane
Handbook for Systematic Reviews of Interventions
recommendations when handling RCTs with more than
two study arms by splitting the “shared” group into two or
more groups with smaller sample sizes, and included two
or more independent comparisons.'’ If mean (SD) values
could not be directly obtained either from the published
manuscripts or from correspondence, the values were
deduced from the figures—first manually and then
reconfirmed using the Adobe Acrobat measurement tool
and plot digitizer software (http://plotdigitizer.sourceforge.
net/).
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PRISMA Flow Diagram

Fig. 1 PRISMA flow diagram
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The quality of studies was appraised by the Cochrane
Collaboration risk of bias instrument (version 5.0.1), which
includes components to look for selection bias (based on
random sequence generation and allocation concealment),
performance bias (masking of both participants and

@ Springer

investigators), detection bias (masking of evaluators),
attrition bias (incomplete outcome data), reporting bias
(selective outcome reporting), and other types of bias. Each
component of individual RCTs was judged to be of low,
unclear, or high risk of bias. When there were at least ten
studies for meta-analysis, we assessed publication bias by
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visual assessment of funnel plot asymmetry. We did not
quantify the degree of publication bias.

Statistical analysis

Statistical analysis was performed using Review Manager
(RevMan; version 5.3. Copenhagen: The Nordic Cochrane
Centre, The Cochrane Collaboration, 2014). Patients who
received sevoflurane were allocated to the intervention
group while patients receiving any anesthetic agent other
than sevoflurane were considered as ‘“alternative
anesthetic” groups. Given our inclusion of a variety of
different surgical populations and comparators, we
expected clinical heterogeneity, so the meta-analysis was
performed using the Mantel-Haenszel random-effects
model. As all of our outcomes were continuous variables,
the standardized mean difference (SMD) was calculated for
each outcome and analyzed using forest plots for the
magnitude and direction of effect. An SMD of < 0.2 was
considered small, an SMD of 0.5 was considered medium,
and an SMD > 0.8 was considered large.'* The
heterogeneity of outcomes across trials was assessed
using the I? statistic. We considered an I? of > 50% to
indicate significant heterogeneity and planned to address it
by further exploration wusing subgroup analyses.
Additionally, between-trial heterogeneity was planned as
a sensitivity measure to see the effect of individual trials.
A priori subgroup analysis was planned to look for
associations between the use of sevoflurane and renal
function with respect to FGF, duration of anesthesia, type
of absorbent used, and the presence or absence of prior
renal impairment. The parameters of FGF and duration of
anesthesia were dichotomized with FGF categorized as
either low-flow anesthesia (LFA) (< 1 L FGF) or high-flow
anesthesia (HFA) (> 1 L FGF) while the duration of
anesthesia was categorized as < three hours or > three
hours. Further exploration of heterogeneity was planned
via meta-regression if there were significant differences in
outcomes between sevoflurane and alternative anesthetics
or if significant heterogeneity was present. Meta-regression
models with plots were generated using
OpenMeta[Analyst] software (http://www.cebm.brown.
edu/openmeta/) to explore the use of sevoflurane and
subsequent fluoride and CpdA levels and their association
with the FGF and the duration of exposure. We did not
perform meta-analysis for tubular function tests; these
outcomes were summarized descriptively in the review.

Quality of evidence
We rated the confidence in the estimate of effects based on

a scoring system that, apart from the risk of bias, includes
assessments for inconsistency, indirectness, imprecision,

and publication bias. We utilized the GRADE-Pro tool to
score the individual components and based on the above
assessments, we classified the strength of evidence as
strong, moderate, low, or very low quality.

Patient and public involvement

Patients and/or the public were not involved in the creation
of this systematic review and meta-analysis as the format
did not lend itself to outside participation.

Results

A total of 3,766 records were identified through database
searches and cross referencing for the initial screening.
After review of the abstracts, 3,580 studies were excluded
for various reasons, and 186 RCTs were considered for
full-text assessment. Of these 186 RCTs, a further 131
articles were excluded from quantitative synthesis (125
articles were excluded as they did not measure renal
parameters as a part of their outcomes and six articles were
excluded as we could not retrieve the full texts despite
multiple attempts).'”° Twelve other studies were also
excluded®'? (Fig. 1; PRISMA diagram) and data were
extracted from 41 RCTs.**~7? There were no disagreements
between the authors regarding study selection, but
additional articles were retrieved by a single reviewer
(R.S.) through cross referencing. Data extracted by the two
reviewers (K.N. and T.S.) were crosschecked for accuracy
by another reviewer (R.S.) and any discrepancies in data
collection or conversion were resolved mutually. Three
studies were translated into English.*'-*%¢

Study characteristics

Characteristics of the included studies and the assessed
outcomes are summarized in Table 1. The outcomes
assessed in these studies other than those outlined in
Table | include urinary albumin,”® urinary alpha
macroglobulin,***® glutathione S-transferases-alpha,**>°
and serum osmolality,**¢"*"7® There was significant
variability among the included trials in terms of patient
population, type of surgery, presence of prior renal
impairment, FGF, duration of exposure, and the use of
CO, absorbents. Conversions to mg-dL™' were done for
creatinine2434+-55-61.64.68 4 BUN2435-61.64.67.70 o oo
ST units of measurements while conversions to mean (SD)
for central tendency and dispersions were needed in four
more studies.””**°%7" Creatinine values were extrapolated
from graphical data in seven studies,**>'>*36:6%71.72 BUN

in eight studies,¥**3!°436697L72 CCR in eight

@ Springer
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<«Fig. 2 Risk of bias rating for the included trials

studies,
studies.

39,40,43,49,53,56,60,68 L
9:40.43.49.33.56.60.68 qp g peak serum fluoride in 18
35,36,39,40,42,43,48-50,55,58-61,65,68,69,73

Risk of bias assessment

The risk of bias rating for the included trials is given in
Fig. 2 and the risk of bias is summarized in Fig. 3. All the
included trials were RCTs. All but four studies***>38:68
addressed random sequence generation, nine studies
adequately addressed allocation
concealment,**37-39-9%96:37.6466.70 4y trials  explicitly
stated blinding procedures,””’" ten studies adequately
addressed detection bias,34’44’52’55757’63’64’71’72 and 29

trials  accounted  for all  patients in  the
trig] 3% 38-41.43-45.47-53.55,57-60.62-65.67.69-71.73

Primary outcome

The primary outcome of BUN, creatinine, and CCR to
assess the renal function at 24 postoperative hours were not
impaired following the use of sevoflurane vs alternative
anesthetics. In 24 studies (n = 2,024), the effect of
sevoflurane (n = 1,015) on serum creatinine was
compared with that in the alternative anesthetic group (n
= 1,009) as noted by an SMD of 0.04 mg-dL™"' (95% CI,
—0.06 to 0.13) (Fig. 4). In 21 studies (n = 1,529) evaluating
the effect of sevoflurane (n = 731) vs alternative anesthetic
(n =798) on BUN, no differences were noted (SMD, 0.06;
95% CI, —0.04 to 0.16) (Fig. 5). A total of 12 studies (n =
728) evaluated the effect of sevoflurane (n = 385) vs
alternative anesthetic (n = 343) on CCR and showed no
differences between the groups (SMD, 0.14; 95% CI,
—0.09 to 0.37) (Fig. 6).

Subgroup analysis for the primary outcome

Subgroup analysis was performed for the primary outcome
variables to detect any effect of sevoflurane under different
FGF, types of absorbents, duration of anesthetic exposure,
and the presence of stable renal dysfunction on renal
function parameters (Figs 7-16). Although there seemed to
be a trend for lower creatinine and BUN concentrations in
the alternative anesthetic group in patients with pre-
existing renal impairment, the pooled estimate of effect
for the use of sevoflurane on serum creatinine crossed the
line of null effect (Figs 8 and 11).

The FGF is thought to be important during sevoflurane
use. The subgroup analysis with the FGF dichotomized as
< 1 L FGF vs > 1 L FGF revealed that the pooled estimate
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Fig. 3 Risk of bias graph:
authors’ judgements about each
risk of bias item for included

Random sequence generation (selection bias)

Allocation concealment (selection bias)

studies
Blinding of participants and personnel (performance bias) -
Blinding of outcome assessment (detection bias) .
Incomplete outcome data (attrition bias)
Selective reporting (reporting bias)
Other bias l
0% 25% 50% 75% 100X
[ Low risk of blas [ unclear risk of blas [ High risk of blas
Sevoflurane Alternative Anesthetic Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Ammar 2016 1.64 037 25 1.35 0.24 25  2.5% 0.92 [0.33, 1.50] —
Bito 1997 0.71 0.14 16 0.72 0.22 B 12X -0.06[-0.91,0.79] e
Bito 1997 068 0.15 18 0.72 0.22 B 1.2 -0.22[-1.07,0.63] I
Byon 2015 092 039 43 0 0 0 Not estimable
Byon 2015 091 0.41 42 0 0 0 Not estimable
Conzen 1995 21 091 21 2.2 0.44 20 2.2% -0.14 [-0.75, 0.48] T
Conzen 2002 207 096 59 1.8 0.6 57 &6.2% 0.33 [-0.03,0.70] —
Darling 1997 0.86 0.19 24 0.89 0.17 26 2.7% -0.16 [-0.72,0.39] B
Duymaz 2017 098 0.26 15 0.97 0.28 15 1.6%X  0.04 [-0.68,0.75] —
Ebert 2000 093 02 11 0.8 0.2 20 1.6%  0.15 [-0.59, 0.88] .
Ebert 2000 093 02 11 0.97 0.2 10  1.1% -0.18 [-1.05, 0.67] —_— T
Eger 1997 1.13 0.2 4 0.8 0.1 3 0.2 1.66[-0.33,3.65]
Frink 1994 0.9 0.01 7 0.8 0.01 7 08X 0.00[-1.05, 1.05] —_—
Growdine 1999 09 0.2 94 0.88 0.2 B2 9.3%  0.10 [-0.20, 0.40] -
Hase 2000 0.84 0.21 7 0.97 0.34 & 0.7% -0.44 [-1.55,0.67] —_—t
Higuchl 1995 0.8 001 15 0.9 0.33 5 08X -0.61[-1.85,0.42] —1
Higuchl 1995 0.9 0.01 B 0.9 0.33 & 08X 0.00[-1.06, 1.08] I
Higuchl 1998 09 015 14 0.8 0.1 7 10 0.00[-0.91,0.91] 0
Higuchl 1998 088 0.1 14 0.8 0.1 7 10x -0.19[-1.10,0.72] S
Higuchl 2001 19 08 B 1.9 0.5 9 09% 0.00 [-0.95, 0.95] 1
Higuchl 2002 09 01 18 0 0 0 Not estimable
Higuchl 2002 09 01 18 0 0 0 Not estimable
Kharasch 2001 0.65 0.19 28 0.71 0.28 27  3.0% -0.25[-0.78,0.28] — 1
Kim 2013 0.82 0.17 100 0.82 0.17 100 10.6%  0.00 [-0.28, 0.28] -
Ko 2010 0.74 0.17 37 0.71 0.15 37  40% 0.19 [-0.27,0.64] -T—
Kumano 1992 0.79 0.11 4 0.81 0.17 9 06X -0.12[-1.30, 1.06] — =
Kumano 1992 0.79 0.11 5 0.68 0.09 9 06X 1.06[-0.13,2.25] T
Lee 2012 06 01 10 0.6 0.1 7 09% 0.00[-0.97,0.97] 7
Lee 2012 0.6 0.07 7 0.66 0.11 11 0.9% -0.59[-1.56, 0.38] —_—
Lee 2012 0.7 0.1 B 0.7 0.1 & 08X 0.00[-1.06, 1.06] .
Lee 2012 06 0.1 9 0.7 0.1 12 1.0% -0.96 [-1.88, -0.04] -
Newman 1994 0.8 0.17 25 0.93 0.33 24 26X -0.49[-1.06, 0.08] m—
Obata 2000 06 02 10 0.6 0.3 5 0.7% 0.00[-1.07,1.07] e E—
Obata 2000 0.7 02 1 0.6 0.3 5 0.7%  0.40[-0.69, 1.49] 1
Rooke 1996 1.52 0.42 9B 1.27 0.42 103 Not estimable
Sahin 2011 09 02 40 0.9 0.2 40 43x%  0.00 [-0.44,0.44] —_
Story 2001 1.14 0.29 59 1.09 0.25 118 B.4X%  0.19 [-0.12, 0.50] T
Story 2001 1.14 0.2 59 1.13 0.26 118 B.4X%X  0.04 [-0.28, 0.35] ==
Wytewicz 2012 094 032 25 0 0 0 Not estimable
Wujtewicz 2012 104 03 25 0 0 0 Not estimable
Wytewicz 2012 096 033 25 0 0 0 Not estimable
Lorsomradee 2006 0.93 0.22 180 0.93 0.22 160 16.7%  0.00 [-0.22,0.22] -+
Total (95% CI) 1015 1009 100.0% 0.04 [-0.06, 0.13] ¥
Heterogenehty: Tauw® = 0.00; ChE = 33.32, df = 33 (P = 0.45); F = 1X 2 5 ) 3 3

Test for overall effect Z = 0.77 (P = (.44}

Favours [Sevo)

Favours [Alternative)

Fig. 4 Forest plot showing the overall effect of sevoflurane vs an alternative anesthetic agent on serum creatinine measured at 24 postoperative

hours
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Sevoflurane Alternative Anesthetic

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI
Bito 1997 86 29 16 10.4 35 B 1.5% -0.25[-1.10, 0.60] =

Bito 1997 10.7 3.8 16 10.4 35 B 1.5% 0.08 [-0.77,0.93] S —
Byon 2015 8.7 71 42 0 0 0 Not estimable

Byon 2015 11.7 B& 43 0 0 0 Not estimable

Conzen 1995 31.8 23.9 21 29.3 12.1 20 2.8% 0.13 [-0.48,0.74] ——
Conzen 2002 30.3 16.2 59 28.7 15.1 57 B.OX  0.10 [-0.26, 0.47] o
Duymaz 2017 17.1 &6 15 18.3 6.6 15 2.1% -0.18 [-0.89, 0.54] —_—

Ebert 2000 85 35 11 11.3 34 10 1.4% -0.50[-1.37,0.37] —_—

Ebert 2000 85 35 11 8.3 31 20 20X  0.06 [-0.68, 0.80] 1
Eger 1997 10.18 0.05 4 10.18 0.15 3 05% 0.08[-1.42,1.58] —

Frink 1994 13 5.28 7 10 0.01 7  09% 0.75[-0.35, 1.85] -
Growdine 1999 10 489 94 10 4.4 B2 12.1%  0.00 [-0.30,0.30] i

Hase 2000 141 3.4 7 14.3 5.6 & 09%x -0.04[-1.13,1.05] —_—1T
Higuchl 1995 B 38 15 ] 0.01 5 1.0% -0.28 [-1.30, 0.74] I E—
Higuchl 1995 9 28 B ] 0.01 & 09% 0.00 [-1.06, 1.08] -
Higuchl 1998 B 2 14 ] 3 7 1.3% -0.41[-1.32, 0.51] —1
Higuchl 1998 9 3 14 ] 3 7 1.3%  0.00 [-0.91,0.91] S
Higuchl 2001 31 10 B 27 7 ] 1.1%  0.44 [-0.52, 1.41] —l—
Higuchl 2002 10 3 18 0 0 0 Not estimable

Higuchl 2002 10 3 18 0 0 0 Not estimable

Karasch 1997 7 0 38 7.5 0 37 Not estimable

Kharasch 2001 B9 58 28 11.2 4.6 27 3.7% -0.44 [-0.98, 0.09] T

Kim 2013 147 42 100 145 4.3 100 13.8%  0.05[-0.23,0.32] -

Ko 2010 111 23 37 11.3 38 37 5.1% -0.06 [-0.52,0.39] T
Kumano 1992 85 186 4 9.3 23 9 0.8% 0.09[-1.09,1.27] —_—t
Kumano 1992 85 186 5 9.8 3.6 9  09% -0.09[-1.19, 1.00] I I
Lee 2012 103 35 10 7.9 2.8 7 1.1%  0.70 [-0.30, 1.71] N B e—
Lee 2012 9.3 2 ] B.1 23 12 1.4%  0.53 [-0.35, 1.41] -1
Lee 2012 7.5 34 7 B.5 33 11 1.2% -0.29 [-1.24, 0.67] I

Lee 2012 8.4 35 B 8.5 3.7 & 09% -0.03[-1.08, 1.03] T
Newman 1994 11.2 B.4 25 12.62 5.5 24 3.4% -0.20[-0.76,0.37] ——

Obata 2000 10.3 3.7 10 10.5 4 5 0.9% -0.05[-1.12,1.02] —_—
Obata 2000 10 3.8 10 10.5 4 5 0.8% -0.12[-1.19,0.95] —_—
Rooke 1996 51 29 98 48 2.1 103 Not estimable

Sahin 2011 338 62 40 315 9.1 40 5.5%  0.29[-0.15,0.73] T
Story 2001 185 7.7 59 17.7 5.8 118 10.7%  0.28 [-0.04, 0.59] ——

Story 2001 185 7.7 59 18.3 4.8 118 10.8%  0.20 [-0.11, 0.52] ™
Wyjtewicz 2012 155 8.2 25 0 0 0 Not estimable

Wujtewicz 2012 169 B.1 25 0 0 0 Not estimable

Wytewicz 2012 15.7 B3 25 0 0 0 Not estimable

Total (95% CI) 806 798 100.0% 0.06 [-0.04, 0.16] b
Heterogenelty: Taw® = 0.00; ChE = 17.93, df = 30 (P = 0.96); P = 0% ] g { 3

Test for overall effect: Z = 1.15 (P = (.25}

Favours [Sevo] Favours [Alternative)

Fig. 5 Forest plot showing the overall effect of sevoflurane vs an alternative anesthetic agent on blood urea nitrogen (BUN) measured at 24

postoperative hours

crossed the line of null effect, denoting no significant
benefit of sevoflurane or the alternative anesthetic on the
24-hr measurements of CCR (12 studies with 427 subjects;
six studies employing < 1 L FGF; and six studies
employing >1 L FGF), creatinine (19 studies with 1,202
subjects; nine studies employing < 1 L FGF; and ten
studies employing >1 L FGF), or the BUN concentration
(12 studies with 1,232 subjects; 11 studies employing < 1
L FGF; and nine studies employing >1 L FGF) (Figs 7, 12,
and 15). A similar null effect was observed on subgroup

@ Springer

analysis for the effect of duration of exposure (< three
hours vs > three hours) and the use of type of absorbents on
subsequent measurement of CCR, creatinine, or BUN
values measured at 24 postoperative hours (Figs 9, 10, 13,
14, and 16).

Subgroup analysis for CCR was performed only for FGF
and absorbent type as there was an inadequate number of
studies looking at CCR after prolonged anesthetic duration.
The CCR values were higher in the sevoflurane group with
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Sevoflurane

Alternative Anesthetic

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
Bito 1997 118 31 16 140 38 B 5.2% -0.63 [-1.50, 0.24] S

Bito 1997 123 44 186 140 39 B 5.3% -0.39[-1.24,0.47] —_—

Byon 2015 92.1 584 42 0 0 0 Not estimable

Byon 2015 100.7 B2.8 43 0 0 0 Not estimable

Darling 1897 76.6 40.2 24 64.4 33.8 26 9.2% 0.32 [-0.23, 0.88] ——
Hara 1998 103.1 1686 13 78.2 7.4 13 4.6% 1.88 [0.93, 2.82] —_—
Hase 2000 57 11 7 75 48.6 -] 3.5% -0.50 [-1.61, 0.62] 1
Higuchl 1895 112 38.7 15 105 16.6 5 4.1% 0.19 [-0.82, 1.21] e
Higuchl 1995 116 226 ] 105 16.6 & 3.7% 0.51 [-0.57, 1.59] =
Higuchl 1998 125 &3 14 110 35 7 4.8% 0.26 [-0.65, 1.17] A
Higuchl 1998 125 20 14 110 35 7 4.7% 0.56 [-0.37, 1.49] I
Higuchl 2002 130 42 18 0 0 0 Not estimable

Higuchl 2002 126 29 1B 0 0 0 Not estimable

Karasch 1997 114 44 36 120 36 37 11.2% -0.15 [-0.61, 0.31] —_—
Kharasch 2001 162.4 747 28 1414 54.4 27 9.7% 0.32 [-0.22, 0.85] i
Ko 2010 101 20 37 107 19 37 Not estimable

Kumano 1992 138.46 92.31 4 115.38 57.69 ] 3.2% 0.31 [-0.87, 1.50] —T
Kumano 1992 138.46 92.31 5 107.69 46.15 ] 3.5% 0.44 [-0.67, 1.55] —
Munday 1995 120 11.2 5 130 15.1 5 2.7% -0.68 [-1.98, 0.62] —T
Obata 2000 149.1 40.4 10 1515 48.2 5 3.7%  -0.05[-1.13, 1.02] ! E—
Obata 2000 136.1 &6.2 10 1515 48.2 5 3.7% -0.24 [-1.31, 0.B4] S
Lorsomradee 2006 B3.9 29.8 1&0 B1.2 30.2 160 17.1% 0.09 [-0.13, 0.31] b

Total (95% CI) 385 343 100.0% 0.14 [-0.09, 0.37]

Heterogenehty: Tau® = 0.07; Chi = 24.84, df = 16 (P = 0.07); F = 36%
Test for overall effect: Z = 1.16 (P = (.25}

Fig. 6 Forest plot showing the overall effect of sevoflurane vs an

postoperative hours

Sevoflurane

Alternative Anesthetic

alternative anesthetic agent on

Std. Mean Difference

)l
R

R

Favours [Sevo] Favours [Alternative)

creatinine clearance (CCR) measured at 24

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.1.1 High Flow (> 1L/min)

Bito 1997 0.71 0.14 16 0.72 0.22 B 1.9% -0.06 [-0.91, 0.79] —_—
Conzen 1995 2.1 0.91 21 2.2 0.44 20 3.6% -0.14 [-0.75, 0.48] =i
Hase 2000 0.84 0.21 7 0.97 0.34 6 11X -0.44 [-1.55,0.67] ———
Higuchl 1995 0.9 0.01 B 0.9 0.33 ] 1.2%  0.00 [-1.06, 1.06] I —
Higuchl 1998 0.88 0.1 14 0.9 0.1 7 1.6% -0.19[-1.10,0.72] —
Higuchl 2001 - Probenecki 09 01 18 0 0 0 Not estimable

Higuchl 2001 - Probenecki 09 01 18 0 0 0 Not estimable

Ko 2010 0.74 017 37 071  0.15 37 65% 0.19[-0.27,0.64] o
Lee 2012 0.7 01 B 0.7 0.1 & 12% 0.00 [-1.06, 1.08] S
Lee 2012 06 0.1 ] 0.7 0.1 12 1.6% -0.96 [-1.88, -0.04]

Lee 2012 06 0.1 10 0.6 0.1 7 1.5%  0.00 [-0.97,0.97] — 1
Lee 2012 0.6 0.07 7 0.66 0.11 11 1.4% -0.59 [-1.56, 0.38] —
Obata 2000 06 0.2 10 0.6 0.3 5 1.2%  0.00 [-1.07, 1.07] —_—
Story 2001 1.14 0.28 59 1.09 0.25 118 13.9%  0.19 [-0.12, 0.50] e
Story 2001 1.14 0.28 59 11 0.26 118 13.9%  0.15 [-0.17, 0.46] -T—
Subtotal (95% CI) 265 361 50.7% 0.04 [-0.12, 0.21] L 3
Heterogenehty: Tau® = 0.00; ChE = 9.18, df = 12 (P = 0.69); F = 0X

Test for overall effect: Z = 0.49 (P = 0.62)

1.1.2 Low Flow (<1L/min)

Bito 1997 0.68 0.15 16 0.72 0.22 B 1.9% -0.22 [-1.07, 0.63] —_——
Conzen 2002 2.073 0.96 59 1.8 0.6 57 10.1%  0.34 [-0.03, 0.70] —
Ebert 2000 093 0.2 11 0.9 0.2 20 2.5%  0.15 [-0.59, 0.88] T
Ebert 2000 093 0.2 11 0.97 0.2 10 1.8% -0.19 [-1.05, 0.67] —_—
Growdine 1999 08 0.2 94 0.88 0.2 B2 15.5%  0.10 [-0.20, 0.40] |
Higuchl 1995 0.8 0.01 15 0.9 0.33 5 1.3% -0.61[-1.65,0.42] —
Higuchl 1998 0.9 0.15 14 0.9 0.1 7 1.7%  0.00 [-0.91, 0.91] .
Higuchl 2001 19 08 L] 1.9 0.5 9 1.5%  0.00 [-0.95, 0.95] I
Higuchl 2001 - Probeneck 08 01 18 0 0 0 Not estimable

Higuchl 2001 - Probeneck 09 01 18 0 0 0 Not estimable

Kharasch 2001 0.65 0.19 28 0.71 0.28 27 48X -0.25[-0.78,0.28] L
Obata 2000 0.7 0.2 10 0.6 0.3 5 1.2%  0.40 [-0.69, 1.49] N [ —
Sahin 2011 09 02 40 0.9 0.2 40 7.1%  0.00 [0.44, 0.44] —
Subtotal (95% CI) 306 270 49.3% 0.06 [-0.10, 0.23]

Heterogeneity: Tau? = 0.00; ChP = §.48, df = 10 (P = 0.77); F = 0%

Test for overall effect: Z = 0.73 (P = 0.47)

Total (95% CI) 571 631 100.0% 0.05 [-0.07, 0.17]

Heterogenelty: Tau? = 0.00; ChE = 15.69, df = 23 (P = 0.87); F = 0%
Test for overall effect: Z = 0.86 (P = 0.39)
Test for subgroup differences: ChE = 0.03, df = 1 (P = 0.86), F = 0%

4 4

. T

Favours [Sevoflurane] Favours [Alternative)]

Fig. 7 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on serum creatinine measured at 24 postoperative
hours when delivered at low fresh-gas flow (FGF) (< 1 L) or high FGF (> 1 L)
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Sevoflurane Alternative Anesthetic

Std. Mean Difference

Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
1.2.1 Previous Renal Impairment

Conzen 1995 2.1 081 21 2.2 0.44 20 4.4% -0.14 [-0.75, 0.48] —_— T
Conzen 2002 2073 096 59 1.8 0.6 57 12.4% 0.34 [-0.03,0.70] —
Higuchl 2001 19 06 B 1.9 0.5 9 1.8% 0.00 [-0.95, 0.95] .
Subtotal (95% CI) 88 86 18.6% 0.19 [-0.11, 0.49] Fc:
Heterogenehty: Tau® = 0.00; ChE = 1.86, df = 2 (P = 0.39); F = 0%

Test for overall effect: Z = 1.26 (P = 0.21)

1.2.2 No Previous Renal Impairment

Bito 1997 0.68 0.15 16 0.72 0.22 B 2.3% -0.22 [-1.07,0.63] L
Bito 1997 0.71 0.14 16 0.72 0.22 B 2.3% -0.06 [-0.91, 0.79] —_—
Darling 1997 0.86 0.19 24 0.89 0.17 26 5.4% -0.16 [-0.72,0.39] I
Ebert 2000 093 0.2 11 0.9 0.2 20 3.1% 0.15 [-0.59, 0.88] -1
Ebert 2000 093 0.2 11 0.97 0.2 10 2.3%  -0.19 [-1.05, 0.67] —_—
Higuchl 1995 0.9 0.01 B 0.9 0.33 & 1.5% 0.00 [-1.06, 1.06] I
Higuchl 1995 0.8 0.01 15 0.8 0.33 5 1.6% -0.61[-1.65,0.42] S
Higuchl 1998 0.9 0.15 14 0.9 0.1 7 2.0% 0.00 [-0.91, 0.91] S
Higuchl 1998 088 0.1 14 0.9 0.1 7 20% -0.19[-1.10,0.72] —_—
Kharasch 2001 0.65 0.19 28 0.71 0.28 27 5.9% -0.25[-0.78, 0.28] I

Kim 2013 0.82 0.17 100 0.82 0.17 100 21.6% 0.00 [-0.28, 0.28] .

Ko 2010 0.74 017 37 0.71  0.15 37  B.OX  0.19[-0.27,0.64] B o
Lee 2012 0.7 01 B 0.7 0.1 ] 1.5% 0.00 [-1.06, 1.06] — 1
Lee 2012 06 0.1 ] 0.7 0.1 12 2.0% -0.96 [-1.88, -0.04] .

Lee 2012 06 0.1 10 0.6 0.1 7 1.8% 0.00 [-0.97,0.97] S —
Lee 2012 0.6 0.07 7 0.66 0.11 11 1.8% -0.59 [-1.56, 0.38] .
Newman 1994 08 017 25 0983 033 24 5.1% -0.49[-1.06, 0.08] T
Obata 2000 06 0.2 10 0.6 0.3 5 1.4% 0.00 [-1.07, 1.07] _—
Obata 2000 0.7 0.2 10 0.6 0.3 5 1.4% 0.40 [-0.69, 1.49] 1
Rooke 1996 1.52 0.42 98 1.27 0.42 103 Not estimable

Sahin 2011 09 0.2 40 0.8 0.2 40 B.6% 0.00 [-0.44, 0.44] ——
Story 2001 1.14 0.29 59 1.1 0.26 118 Not estimable

Story 2001 1.14 0.29 59 1.09 0.25 118 Not estimable

Subtotal (95% CI) 413 371 814% -0.09 [-0.24, 0.05]

Heterogenelty: Tau® = 0.00; ChE = 11.21, df = 19 (P = 0.92); P = 0X

Test for overall effect: Z = 1.30 (P = 0.19)

Total (95% CI) 501 457 100.0% -0.04 [-0.17, 0.09]

Heterogenehy: Tau? = 0.00; ChE = 15.95, df = 22 (P = 0.82); F = 0%
Test for overall effect: Z = 0.63 (P = 0.53}
Test for subgroup differences: ChP = 2.87, df = 1 (P = 0.09), P = §5.2%

b 2 0 3 4

Favours [Sevoflurane] Favours [Alternative]

Fig. 8 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on serum creatinine measured at 24 postoperative
hours when delivered to patients with or without prior stable renal dysfunction

the use of soda lime while this was not the case with
baralyme (Figs 15 and 16).

Renal function tests at other time points

Renal function tests of creatinine, BUN, and CCR did not
reveal differences between sevoflurane or alternative
anesthetics either at early postoperative or 48
postoperative ~ hour  measurements. Postoperative
creatinine concentration (mg-dL™") was reported in eight
studies. There were no differences between sevoflurane and
alternative anesthetics (SMD, 0.10; 95% CI, —0.23 to 0.43)
(ESM eFigs 1 and 2). At 48 postoperative hours, a pooled
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estimate of serum creatinine from 16 studies (n = 1,510)
also showed no difference (SMD, 0.08; 95% CI, —0.03 to
0.18). The BUN values (mg-del) did not differ with
sevoflurane in the early postoperative period (SMD, —0.15;
95% CI, —0.72 to 0.42) or at 48 postoperative hours vs
alternative anesthetic (SMD, 0.07; 95% CI, —0.04 to 0.18)
(ESM eFigs 3 and 4). Findings for CCR were similar (ESM
eFigs 5 and 6). Higher baseline concentrations of BUN and
creatinine were noted for patients with pre-existing
stable renal dysfunction, but there was no difference
following sevoflurane anesthesia. Unusually low values of
CCR were reported in the postoperative measurements in
one study,”” more so in the alternative anesthetic group



Sevoflurane and renal function

1609

Sevoflurane Alternative Anesthetic Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
1.3.1 Soda Lime
Conzen 1995 2.1 091 21 2.2 0.44 20 &.8% -0.14 [-0.75,0.48] =
Eger 1997 113 0.2 4 0.8 0.1 3 086X 1.66[-0.33,3.865] s
Hase 2000 0.84 0.08 7 0.97 0.14 6 1.8% -1.09[-2.29,0.11] —
Higuchl 1995 0.8 0.01 15 0.9 0.33 5 2.4% -0.61[-1.65,0.42] —
Higuchl 1995 0.9 0.01 B 0.9 0.3 & 23% 0.00[-1.06, 1.08] —
Higuchl 1998 0.88 0.1 14 0.9 0.1 7 3.1% -0.19 [-1.10,0.72] —T
Higuchl 1998 0.9 0.15 14 0.9 0.1 7 3.1%  0.00 [-0.91,0.91] =t
Higuchl 2001 19 08 B 1.9 0.5 ] 2.8%  0.00 [-0.95,0.95] T
Higuchl 2001 - Probeneckl 09 01 18 0 0 0 Not estimable
Higuchl 2001 - Probeneckl 08 01 1§ 0 0 0 Not estimable
Higuchl 2001 - Probeneckl 09 01 18 0 0 0 Not estimable
Higuchl 2001 - Probeneckl 09 01 18 0 0 0 Not estimable
Subtotal (95% CI) 91 63 23.0% -0.17[-0.50,0.17] &
Heterogenehty: Tau® = 0.00; ChP = 6.56, df = 7 (P = 0.48); F = 0X
Test for overall effect: Z = 0.99 (P = 0.32}
1.3.2 Baralyme
Bio 1997 0.71 0.14 16 0.72 0.22 B 3.6X -0.06[-0.91,0.79] ==
Bito 1997 0.68 0.15 16 0.72 0.22 B 3.5% -0.22 [-1.07, 0.63] =—1=
Conzen 2002 207 0.96 59 1.8 0.6 57 19.1%  0.33 [-0.03,0.70] F
Kharasch 2001 0.65 0.19 28 0.71 0.28 27 9.1% -0.25[-0.78,0.28] i
Obata 2000 06 0.2 10 0.6 0.3 5 2.2%  0.00 [-1.07,1.07] —t
Obata 2000 0.7 0.2 10 0.6 0.3 5 2.2%  0.40 [-0.69, 1.49] 1T
Subtotal (95% CI) 139 110 39.7% 0.10 [-0.15, 0.36] 3
Heterogenehty: Tau® = 0.00; ChP = 4.21, df = 5 (P = 0.52); ¥ = 0X
Test for overall effect: Z = 0.78 (P = 0.44)
1.3.3 Barium Hydroxide
Ebert 2000 093 0.2 11 0.9 0.2 20 4.7%  0.15 [-0.59, 0.88] -+
Ebert 2000 093 0.2 11 0.97 0.2 10 3.5% -0.19 [-1.05, 0.67] —r
Growdine 1999 09 02 94 0.88 0.2 B2 29.2%  0.10 [-0.20, 0.40] *
Subtotal (95% CI) 116 112 37.4% 0.08 [-0.18, 0.34]
Heterogeneity: Tau® = 0.00; Chi = 0.43, df = 2 (P = 0.B1); F = 0%
Test for overall effect: Z = 0.59 (P = 0.56)
Total (95% CI) 346 285 100.0% 0.03 [-0.13, 0.19]

0

Heterogenehty: Tau® = 0.00; Chi = 12.99, df = 16 (P = 0.67); F = 0X
Test for overall effect: Z = 0.38 (P = 0.71}
Test for subgroup differences: ChE = 1.78, df = 2 (P = 0.41}, F = 0X

-4 -2 2 4

Favours [Sevoflurane] Favours [Alternative]

Fig. 9 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on the serum creatinine measured at 24 postoperative

hours when used in conjunction with various absorbents

than the sevoflurane group and this could be related to the
elderly population included in the study or the effect of
epidural analgesia, although the 24-hr CCR values showed
no difference between sevoflurane and alternative
anesthetics.

Fluoride levels

Twenty-three studies selected in our review evaluated the

effect of sevoflurane on free fluoride load on the
kidney g 35-37.30-43.48,49.55.56,58-62,65-69.73 In trials

comparing sevoflurane with other halogenated agents,

sevoflurane was associated with a higher fluoride load
(umol-L™") at 24 postoperative hours in 15 studies (SMD,
6.16; 95% CI, 4.42 to 7.90) (ESM eFig. 7) and at 48 hr in
nine studies (ESM eFig. 8) (SMD, 4.35; 95% CI, 1.75 to
6.96).

Peak plasma fluoride and peak CpdA
The pooled estimate of peak serum fluoride (mean)
following sevoflurane from all the studies was 35.08

(95% CI, 31.52 to 38.64) pmol-L~' (ESM eFig. 9) and was
higher compared with other halogenated agents (Fig. 17).

@ Springer
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Sevoflurane Alternative Anesthetic

Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.4.1 Less than 3 Hours

Kumano 1992 0.79 0.11 5 0.68 0.09 9 1.5% 1.06 [-0.13, 2.25] =
Kumano 1992 0.79 0.11 4 0.81 0.17 ] 1.5% -0.12 [-1.30, 1.08§] —T
Lee 2012 0.6 0.07 7 0.66 0.11 11 2.2%  -0.59 [-1.56, 0.38] I
Lee 2012 06 0.1 10 0.6 0.1 7 2.2% 0.00 [-0.97,0.97] 1T
Lee 2012 06 0.1 ] 0.7 0.1 12 2.4% -0.96 [-1.88, -0.04] =
Lee 2012 0.7 01 B 0.7 0.1 ] 1.8% 0.00 [-1.06, 1.06] -
Newman 1994 0.8 0.17 25 0.93 0.33 24 5.5% -0.49 [-1.06, 0.08] ==
Sahin 2011 09 02 40 0.9 0.2 40 B.2X% 0.00 [-0.44, 0.44] -
Subtotal (95% CI) 108 118 25.3% -0.19 [-0.53, 0.15] d
Heterogenehty: Tau® = 0.06; ChE = 0.66, df = 7 (P = 0.21); F = 28X

Test for overall effect: Z = 1.11 (P = .27}

1.4.2 Greater than 3 hours

Conzen 2002 2.073 0.96 59 1.8 0.6 57 10.5% 0.34 [-0.03, 0.70] &
Ebert 2000 093 0.2 11 0.9 0.2 20 3.6% 0.15 [-0.59, 0.88] -1
Ebert 2000 093 0.2 11 0.97 0.2 10 2.7% -0.19 [-1.05, 0.67] —
Eger 1997 1.13 0.02 4 0.8 0.1 3 0.2x 4.27 [0.57, 7.97]

Growdine 1999 09 02 94 0.88 0.2 B2 13.5% 0.10 [-0.20, 0.40] E
Hase 2000 0.84 0.08 7 0.97 0.14 ] 1.5% -1.09[-2.29,0.11] =
Higuchl 1995 0.9 0.01 ] 0.9 0.33 ] 1.8% 0.00 [-1.06, 1.086] s
Higuchl 1995 0.8 0.01 15 0.9 0.33 5 1.9% -0.61[-1.65,0.42] — e
Higuchl 1998 0.88 0.1 14 0.9 0.1 7 2.4% -0.19[-1.10,0.72] —T
Higuchl 1998 0.9 0.15 14 0.9 0.1 7 2.4% 0.00 [-0.91, 0.91] B
Higuchl 2001 19 08 ] 1.9 0.5 9 2.2% 0.00 [-0.95, 0.95] =1
Higuchl 2001 - Probeneck 08 01 18 0 0 0 Not estimable

Higuchl 2001 - Probeneck 09 01 18 0 0 0 Not estimable

Higuchl 2001 - Probeneck 09 01 18 0 0 0 Not estimable

Higuchl 2001 - Probeneck 09 01 18 0 0 0 Not estimable

Kharasch 2001 0.65 0.19 28 0.71 0.28 27  6.2% -0.25[-0.78,0.28] ==
Kim 2013 0.82 0.17 100 0.82 0.17 100 14.5% 0.00 [-0.28, 0.28] T
Ko 2010 0.74 0.17 37 0.71 0.15 37 7.8% 0.19 [-0.27, 0.64] T
Obata 2000 0.7 0.2 10 0.6 0.3 5 1.7% 0.40 [-0.69, 1.49] T
Obata 2000 06 0.2 10 0.6 0.3 5 1.8% 0.00 [-1.07, 1.07] .
Rooke 199 1.52 0.42 98 1.27 0.42 103 Not estimable

Subtotal (95% CI) 430 386 74.7% 0.05 [-0.09, 0.20]

Heterogenehy: Tau® = 0.00; ChP = 15.25, df = 15 (P = 0.43); P = 2%

Test for overall effect: Z = 0.72 (P = 0.47)

Total (95% ClI) 538 504 100.0% -0.02 [-0.17,0.13] 4

Heterogenehy: Taw? = 0.02; ChP = 27.34, df = 23 (P = 0.24); P = 16%
Test for overall effect: Z = .25 (P = 0.80)
Test for subgroup differences: ChE = 1.71, df = 1 (P = 0.19), F = 41.4%

% 2 o 3

Favours [Sevoflurane] Favours [Alternative)

Fig. 10 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on the serum creatinine measured at 24
postoperative hours when the duration of exposure is dichotomized to < or > three hours

The effect of FGF and the duration of exposure on peak
fluoride levels was measured using meta-regression and
presented as bubble plot graphs. Fluoride load was higher
with increasing exposure (duration being the covariate)
(ESM eFig. 10) but not with an increasing FGF (FGF being
the covariate) (ESM eFig. 11).

The effects of sevoflurane on maximum CpdA levels
were assessed in ten studies,®'#442:47:4990.36.62.69.72 e
pooled mean peak CpdA levels was 25.90 (95% CI, 21.46
to 30.35) as assessed across a variety of durations and FGF
(ESM eFig. 12). Higher FGF was associated with lower
CpdA level (ESM eFig. 13) but no association was noted
with duration of exposure (ESM eFig. 14).

Tests of tubular function

Despite inconsistencies in the units of measurements, all
studies were consistent in noting a lack of significant
derangement in tubular function with the use of sevoflurane
compared with alternative anesthetics (Table 2). Only one
study noted sustained effects on glomerular, proximal, and
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distal tubular function after prolonged exposure to
sevoflurane but not with desflurane.”” There was no
summation of these measures in this study, but the
tubular and glomerular function were documented on a
case by case basis.

Summary of findings

Based on the cumulative strength of evidence assessed as
per the GRADE recommendations, we can conclude with
low to moderate certainty that sevoflurane use did not
disturb renal function measures of creatinine, BUN, and
CCR (Table 3). We can conclude with certainty that peak
and 24-hr fluoride levels are higher when sevoflurane is
used compared with when other volatile anesthetics are
used.
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Sevoflurane Alternative Anesthetic Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD  Total Weight 1V, Random, 95% ClI IV, Random, 95% CI
1.5.1 No Renal Impairment
Duymaz 2017 17.1 6.6 15 18.3 6.6 15 2.7% -0.1B [-0.89, 0.54] e —
Ebert 2000 8.5 35 11 9.3 31 20 2.6%  0.06 [-0.68, 0.80] I —
Ebert 2000 8.5 35 11 11.3 34 10 1.8% -0.50 [-1.37,0.37] _—
Eger 1997 10.19 0.05 4 10.18 0.15 3 086X 0.08 [-1.42, 1.58]
Growdine 1999 10 49 94 10 4.4 B2 16.0% 0.00 [-0.30, 0.30] o T
Hase 2000 14.1 34 7 14.3 5.6 -] 1.2% -0.04 [-1.13, 1.05]
Higuchl 1995 ] 39 15 ] 0.01 5 1.4% -0.28 [-1.30, 0.74] S E—
Higuchl 1995 ] 2.8 B 9 0.01 ] 1.2% 0.00 [-1.06, 1.08]
Higuchl 1998 9 3 14 ) 3 7 1.7% 0.00 [-0.91, 0.91]
Higuchl 1998 B 2 14 ) 3 7 1.7% -0.41 [-1.32, 0.51] —
Higuchl 2001 31 10 B 27 7 ) 1.5%  0.44 [-0.52, 1.41] — T
Kharasch 1997 7 0 36 7.5 0 37 Not estimable
Kharasch 2001 B.9 5.8 28 11.2 46 27  49% -0.44 [-0.98,0.09] ———s
Kim 2013 14.7 4.2 100 14.5 43 100 18.2%  0.05[-0.23,0.32] -
Ko 2010 11.1 23 37 11.3 3.8 37  &.7% -0.06[-0.52,0.39] T
Kumano 1992 8.5 1.6 4 9.3 2.3 9 1.0% 0.09 [-1.09, 1.27]
Kumano 1992 8.5 1.6 5 9.8 386 ] 1.2% -0.09 [-1.19, 1.00] I E—
Lee 2012 8.3 2 9 B.1 2.3 12 1.8% 0.53 [-0.35, 1.41] S
Lee 2012 10.3 35 10 7.9 2.8 7 1.4% 0.70 [-0.30, 1.71] S E
Lee 2012 75 3.4 7 B.5 33 11 1.5% -0.29 [-1.24, 0.67] S
Lee 2012 8.4 35 B 8.5 3.7 ] 1.2% -0.03 [-1.08, 1.03]
Newman 1994 11.2 B.4 25 12.62 5.5 24 44X -0.20[-0.76,0.37] —
Obata 2000 10.3 3.7 10 10.5 4 5 1.2% -0.05[-1.12, 1.02] L B
Obata 2000 10 3.9 10 10.5 4 5 1.2% -0.12 [-1.19, 0.95] Y
Rooke 1996 5.1 29 98 4.8 2.1 103 Not estimable
Sahin 2011 33.8 6.2 40 315 8.1 40 7.2% 0.29 [-0.15, 0.73] T
Story 2001 18.51 7.69 59 17.67 5.81 118 Not estimable
Story 2001 18.51 7.69 59 18.23 4.77 118 Not estimable
Subtotal (95% CI) 494 462 84.4% -0.01[-0.14,0.12] &
Heterogenelty: Taw? = 0.00; ChP = 12.04, df = 23 (P = 0.97); P = 0X
Test for overall effect: Z = 0.16 (P = 0.87)
1.5.2 Previous Renal Impairment
Conzen 1995 31.83 5.23 21 29.3 2.71 20 3.6% 0.59 [-0.04, 1.22] —
Conzen 2002 30.35 1&6.16 59 28.72 15.12 57 10.5% 0.10 [-0.26, 0.47] R
Higuchl 2001 31 10 B 27 7 ) 1.5%  0.44 [-0.52, 1.41] —
Subtotal (95% CI) 88 86 15.6% 0.25 [-0.05, 0.55] R
Heterogenehty: Tau® = 0.00; ChP = 1.92, df = 2 (P = 0.38); P = 0%
Test for overall effect: Z = 1.62 (P = .11}
Total (95% CI) 582 548 100.0% 0.03 [-0.09, 0.15]
Heterogenehty: Tau® = 0.00; ChE = 16.37, df = 26 (P = 0.93); F = 0% _{z _;1 3 i 2

Test for overall effect: Z = (.49 (P = .62}
Test for subgroup differences: Chi = 2.40, df = 1 (P = 0.12), P = 58.4%

Favours [Sevoflurane] Favours [Alternative]

Fig. 11 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on blood urea nitrogen (BUN) measured at 24
postoperative hours when delivered to patients with or without prior stable renal dysfunction

Discussion

Our systematic review and meta-analysis of randomized-
controlled studies showed that variables used to assess
renal function (i.e., creatinine, CCR, and BUN) at 24
postoperative hours did not differ significantly following
the use of sevoflurane compared with alternative
anesthetics. Although the quality of evidence is moderate,
sevoflurane usage assessed in subgroups utilizing LFA, in
patients with pre-existing renal impairment, and across a

wide variety of CO, absorbents showed comparable renal
function with that of alternative anesthetics. This has
important economic and environmental consequences as
well as implications for clinical practice.

Sevoflurane was first approved for human use in Japan
in 1990’* and has shown significant benefits over other
volatile anesthetics.”” Uncertainty has remained in regard
to potential nephrotoxicity in humans. The main concerns
have been the higher fluoride load and CpdA generation,
both of which have been associated with direct
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Sevoflurane Alternative Anesthetic Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.6.1 Low Flow (<1L/min)
Bito 1997 96 29 16 10.4 35 B 1.8% -0.25 [-1.10, 0.60]
Conzen 2002 30.3 16.2 59 28.7 15.1 57 10.0% 0.10 [-0.26, 0.47] e
Duymaz 2017 17.1 &6 15 18.3 6.6 15 2.6% -0.18 [-0.89, 0.54] o
Ebert 2000 85 35 11 9.3 3.1 20 2.4% 0.06 [-0.68, 0.80] "
Ebert 2000 8.5 35 11 11.3 3.4 10 1.7% -0.50 [-1.37,0.37]
Growdine 1999 10 49 94 10 4.4 B2 15.1% 0.00 [-0.30, 0.30] —
Higuchl 1995 B 39 15 9 0.01 5 1.3% -0.28 [-1.30, 0.74]
Higuchl 1998 ] 3 14 ] 3 7 1.6% 0.00 [-0.91, 0.91]
Higuchl 2001 31 10 ] 27 7 9 1.4% 0.44 [-0.52, 1.41]
Higuchl 2001 - Probeneck 10 3 18 0 0 0 Not estimable
Higuchl 2001 - Probeneckl 11 3 16 0 0 0 Not estimable
Kharasch 2001 B9 5.8 28 11.2 46 27 46X -0.44[-0.98,0.09] —
Obata 2000 10 398 10 10.5 4 5 1.1% -0.12 [-1.19, 0.95]
Sahin 2011 338 62 40 315 8.1 40 6.8 0.29 [-0.15, 0.73] —p——
Subtotal (95% CI) 321 285 50.6% -0.01[-0.17,0.15] B
Heterogenehy: Taw = 0.00; ChP = 7.59, df = 11 (P = 0.75); P = 0%
Test for overall effect: Z = 0.13 (P = 0.90)
1.6.2 High Flow (>1L/min)
Bio 1997 10.7 3.9 16 10.4 35 B 1.8% 0.08 [0.77, 0.93]
Conzen 1995 31.83 23.9 21 29.3 12.1 20 3.5% 0.13 [-0.48, 0.74] —_—
Hase 2000 141 3.4 7 14.3 5.6 [} 1.1% -0.04 [-1.13, 1.05]
Higuchl 1995 9 28 B ] 0.01 ] 1.2% 0.00 [-1.086, 1.086]
Higuchl 1998 B 2 14 9 3 7 1.6% -0.41[-1.32,0.51]
Higuchl 2001 - Probeneckl 10 4 16 0 0 0 Not estimable
Higuchl 2001 - Probeneck 10 4 18 0 0 0 Not estimable
Ko 2010 111 23 37 11.3 3.8 37 64X -0.06[-0.52,0.39] e T
Lee 2012 8.4 35 B 95 3.7 [} 1.2% -0.03 [-1.08, 1.03]
Lee 2012 103 35 10 7.9 2.8 7 1.3% 0.70 [-0.30, 1.71]
Lee 2012 75 3.4 7 B.5 33 11 1.5% -0.29[-1.24,0.67]
Lee 2012 8.3 2 ] B.1 2.3 12 1.7% 0.53 [-0.35, 1.41]
Obata 2000 10.3 3.7 10 10.5 4 5 1.1% -0.05[-1.12, 1.02]
Story 2001 195 7.7 59 177 5.8 118 13.5%  0.28 [-0.04, 0.59] T
Story 2001 195 7.7 59 18.3 5.8 118 13.5% 0.18 [-0.13, 0.50] .
Subtotal (95% CI) 265 361 49.4% 0.14 [-0.02, 0.31] 05
Heterogenehty: Taw® = 0.00; ChE = §.05, df = 12 (P = 0.91); F = 0X
Test for overall effect: Z = 1.70 (P = 0.09)
Total (95% CI) 586 646 100.0% 0.07 [-0.05, 0.18]
Heterogenehty: Tau® = 0.00; ChP = 15.33, df = 24 (P = 0.91); F = 0% _%1 _d‘ 5 ) 055 i

Test for overall effect: Z = 1.11 (P = 0.27)
Test for subgroup differences: ChE = 1.69, df = 1 (P = 0.19), F = 41.0%

Favours [Sevoflurane] Favours [Alternative)

Fig. 12 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on blood urea nitrogen (BUN) measured at 24
postoperative hours when delivered at low fresh-gas flow (< 1 L FGF) or high fresh-gas flow (> 1 L FGF)

nephrotoxicity. Also of concern have been factors like
FGF, in particular LFA, pre-existing renal impairment,
duration of sevoflurane anesthesia, and the choice of
absorbent.

Prior renal dysfunction may be concerning to
anesthesiologists if sevoflurane was to impact renal
function. Our review identified a total of three studies (n
= 174) that were conducted in patients with preoperative
stable renal dysfunction*®®”%" and two studies that were
conducted in patients who had been exposed to nephrotoxic
agents™>** None of these studies showed any significant
impairment in RFT results following sevoflurane use
compared with alternative anesthetics.
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A second concern with the use of sevoflurane is its
interaction with CO, absorbents, which has driven the
increased FGF recommendations by the manufacturers.
Sevoflurane is known to interact with alkali-containing
(KOH or NaOH) CO, absorbents such as soda lime or
baralyme, resulting in alkaline degeneration and the
subsequent formation of CpdA. The effects of CpdA on
subsequent renal dysfunction were brought into focus by
animal studies and one trial in healthy volunteers from one
group of researchers.”>’®’” This subsequently prompted
public health departments worldwide to recommend a
minimum FGF to diminish the accumulation of CpdA in
the breathing circuits and consequently in the patients.
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Sevoflurane

Alternative Anesthetic

Std. Mean Difference

Std. Mean Difference

4 L

Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
1.7.1 Soda Lime
Conzen 1995 318 2389 21 29.3 12.1 20 &6.5% 0.13 [-0.48,0.74] —_—
Duymaz 2017 171 66 15 1B3 6.6 15 4.8% -0.18 [-0.89, 0.54] —
Hase 2000 14.1 3.4 7 14.3 5.6 ] 2.1%  -0.04 [-1.13, 1.05]
Higuchl 1995 B 28 15 8 001 5 23% -0.39[-1.41,0.83] —
Higuchl 1995 8 38 B 8 001 & 22% 0.00 [-1.06, 1.08]
Higuchl 1998 ] 2 14 ] 3 7 29% -0.41[-1.32,0.51] —
Higuchl 1998 ] 3 14 9 3 7 3.0% 0.00[-0.91,0.91]
Higuchl 2001 31 10 B 27 7 9 26X 0.44[-0.52,1.41] S
Higuchl 2001 - Probeneck 10 3 18 0 0 0 Not estimable
Higuchl 2001 - Probeneck 10 4 18 0 0 0 Not estimable
Higuchl 2001 - Probeneck 11 3 18 0 0 0 Not estimable
Higuchl 2001 - Probeneck 10 4 18 0 0 0 Not estimable
Subtotal (95% CI) 102 75 26.4% -0.04 [-0.34, 0.27] <
Heterogenehy: Tau® = 0.00; ChE = 2.47, df = 7 (P = 0.93); F = 0%
Test for overall effect: Z = 0.25 (P = 0.80)}
1.7.2 Baralyme
Bito 1997 96 289 16 10.4 35 B 34X -0.25[-1.10, 0.60] ——
Bito 1997 107 38 18 104 3.5 B 34X 0.08[-0.77,0.93] —_—
Conzen 2002 30.35 16.16 59 2B8.72 15.12 57 1B8.4X%  0.10 [-0.26, 0.47] ——
Kharasch 2001 B9 56 28 112 4.6 27  B.5% -0.44 [-0.98, 0.09] —
Obata 2000 0 38 10 10.5 4 5 21% -0.12[-1.18,0.95] ]
Obata 2000 103 3.7 10 10.5 4 5 21% -0.05[-1.12,1.02] 1
Subtotal (95% CI) 139 110 38.0% -0.07[-0.33,0.18] <
Heterogenehy: Taw® = 0.00; ChP = 3.01, df = 5 (P = 0.70); F = 0%
Test for overall effect: Z = 0.57 (P = 0.57)
1.7.3 Barium Hydroxide
Ebert 2000 85 35 11 11.3 3.4 10  3.2% -0.50[-1.37,0.37] —_—
Ebert 2000 85 35 11 9.3 3.1 20 45%  0.06 [-0.68, 0.80] I —
Growdine 1999 10 489 94 10 4.4 B2 27.9%  0.00 [-0.30,0.30] —.—
Kharasch 1997 7 0 36 7.5 0 37 Not estimable
Subtotal (95% CI) 116 112 35.6% -0.04 [-0.30, 0.22]
Heterogenehty: Tau? = 0.00; ChP = 1.21, df = 2 (P = 0.55); P = 0%
Test for overall effect: Z = 0.28 (P = 0.78)
Total (95% CI) 357 297 100.0% -0.05 [-0.21, 0.10] ?

0

Heterogeneity: Tau® = 0.00; ChP = §.74, df = 16 (P = 0.98); F = 0X
Test for overall effect: Z = 0.65 (P = 0.52)
Test for subgroup differences: ChE = 0.05, df = 2 (P = 0.98), F = 0%

-2 -1

3

Favours [Sevoflurane] Favours [Alternative]

Fig. 13 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on the blood urea nitrogen (BUN) measured at 24

postoperative hours when used in conjunction with various absorbents

Nevertheless, a lack of nephrotoxicity despite higher levels
of exposure to CpdA has been shown in clinical
studies.**%’®7  The generation of CpdA and its
subsequent accumulation may be related to a variety of
factors such as the type and humidity of the absorbent,
temperature, CO, production, and FGFs.**#! While CpdA
exposure has shown to be cumulative with increasing
duration of exposure in some studies,1’77’82 our meta-
regression plots with duration of anesthetic as the covariate
did not find such an association, in agreement with other
studies. >4

Peak plasma fluoride was elevated with sevoflurane use
compared with the use of other halogenated agents such as
isoflurane, desflurane, or enflurane. The mean pooled peak
plasma fluoride after sevoflurane usage was 35.08 (95% CI,

31.52 to 38.64), but some studies showed peak levels > 50
pM 4243484938 The threshold for renal toxicity secondary
to methoxyflurane anesthesia was accepted to be a plasma
fluoride level of 50 uM.? An important distinction between
methoxyflurane and sevoflurane based on experimental and
clinical evidence is that methoxyflurane undergoes not only

extensive metabolism (70%) but also intra-renal
metabolism, which could have contributed to
nephrotoxicity. While methoxyflurane-associated

nephrotoxicity ranged from transient derangements in
RFT results (such as creatinine or BUN) to fulminant
vasopressin-resistant high-output renal failure, our review
did not note any derangements in RFT results or incidences
of overt renal failure with the sevoflurane use compared
with the use of alternative anesthetics.
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Sevoflurane Alternative Anesthetic Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD  Total Weight IV, Random, 95% CI IV, Random, 95% CI
1.8.1 Less than 3 hours
Duymaz 2017 17.16 &6 15 18.3 6.6 15 2.9% -0.17 [-0.89, 0.55] _—1
Kumano 1992 85 18 5 9.8 3.6 9 1.2% -0.09[-1.18, 1.00]
Kumano 1992 95 16 4 9.3 23 ) 1.1%  0.09[-1.09, 1.27]
Lee 2012 103 35 10 7.9 2.8 7 1.5%  0.70 [-0.30, 1.71] EE
Lee 2012 75 3.4 7 B.5 33 11 1.6% -0.29[-1.24,0.67] —
Lee 2012 94 35 ] 8.5 3.7 ] 1.3% -0.03 [-1.08, 1.03] 1
Lee 2012 9.3 2 ] B.1 23 12 1.9%  0.53 [-0.35, 1.41] ]
Newman 1994 11.2 B.4 25 12.6 5.5 24 47% -0.19[-0.75,0.37] _—
Sahin 2011 338 62 A 315 8.1 40 7.6%  0.29 [-0.15,0.73] g
Subtotal (95% CI) 123 133 23.7% 0.10 [-0.15, 0.35] o
Heterogenehy: Tau? = 0.00; ChE = 5.42, df = B (P = 0.71); F = 0%
Test for overall effect: Z = 0.78 (P = 0.44)
1.8.2 Over 3 hours
Conzen 2002 30.3 16.2 59 28.7 15.1 57 111X 0.10 [-0.26,0.47] —1—
Ebert 2000 85 35 11 11.3 3.4 10 1.9% -0.50[-1.37,0.37] —
Ebert 2000 85 35 11 9.3 3.1 20 2.7%  0.06 [-0.68, 0.80] —_—————
Eger 1997 10.19 0.05 4 10.18 0.15 3 0.7% 0.08[-1.42,1.58]
Growdine 1999 10 49 94 10 4.4 B2 16.8%  0.00 [-0.30, 0.30] —r—
Hase 2000 141 13 7 143 23 6§ 12X -0.10[-1.19,0.99]
Higuchl 1995 9 28 ] 9 0.01 ] 1.3%  0.00 [-1.06, 1.06]
Higuchl 1995 B 389 15 9 001 5 14X -0.28 [-1.30,0.74] —t
Higuchl 1998 B 2 14 9 3 7 1.8% -0.41[-1.32,0.51] S B
Higuchl 1998 9 3 14 ] 3 7 1.8%  0.00 [-0.91,0.91]
Higuchl 2001 31 10 B 27 7 ] 1.6%  0.44 [-0.52, 1.41] —_— T
Higuchl 2001 - Probeneck 10 4 16 0 0 0 Not estimable
Higuchl 2001 - Probeneck 11 3 18 0 0 0 Not estimable
Higuchl 2001 - Probeneckl 10 4 18 0 0 0 Not estimable
Higuchl 2001 - Probeneck 10 3 18 0 0 0 Not estimable
Kharasch 1997 7 0 36 7.5 0 37 Not estimable
Kharasch 2001 B.95 5.46 28 11.23 4.67 27 5.1% -0.44 [-0.98, 0.09] e
Kim 2013 147 42 100 145 43 100 19.2x  0.05[-0.23,0.32] -
Ko 2010 111 23 37 11.3 38 37 7.1% -0.06 [-0.52, 0.39] I
Obata 2000 10.3 3.7 10 10.5 4 5 1.3% -0.05[-1.12, 1.02]
Obata 2000 10 398 10 10.5 4 5 1.3% -0.12 [-1.19, 0.95] g
Rooke 1996 51 289 98 48 2.1 103 Not estimable
Subtotal (95% CI) 430 386 76.3% -0.03[-0.17,0.11] <
Heterogenelty: Tau® = 0.00; ChE = §.17, df = 15 (P = 0.98); P = 0X
Test for overall effect: Z = 0.41 (P = 0.69)
Total (95% CI) 553 519 100.0% 0.00 [-0.12, 0.12]

Heterogenehty: Tau? = 0.00; ChP = 12.36, df = 24 (P = 0.98); P = 0%
Test for overall effect: Z = 0.03 (P = 0.98)
Test for subgroup differences: ChE = 0.77, df = 1 (P = 0.38), F = 0%

: T 1

Favours [Sevoflurane] Favours [Alternative)

Nt

-2

Fig. 14 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on the blood urea nitrogen (BUN) measured at 24
postoperative hours when the duration of exposure is dichotomized to < or > three hours

Increasing FGF has been thought to reduce the risk of
accumulating CpdA, which is based on in vitro studies
showing a decreasing CpdA concentration with an
increasing FGF,' and this finding was reconfirmed in our
meta-regression plots of CpdA and FGF. While increasing
the FGF is thought to reduce the circuit concentrations of
CpdA, whether such increases in FGF actually prevent
CpdA-induced renal dysfunction has long been speculated.
Our review identified 12 studies, including the ones with
patients at risk for renal injury,****% that evaluated
whether a low FGF sevoflurane anesthetic is injurious to

@ Springer

kidneys. None of the studies showed any increase in BUN,
CCR, or creatinine following sevoflurane use compared
with use of alternative anesthetics ?*-7:42:43:45.30:62.63.69.71
A positive correlation has been suggested between the
dosage of sevoflurane and the subsequent plasma fluoride
levels® but our meta-regression plots failed to note an
association between increasing FGF or duration of
exposure with subsequent plasma inorganic fluoride
levels. This could be due to the saturable kinetics of
sevoflurane metabolism, but further studies are needed to
explore this. The fluoride load depends on the hepatic
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Sevoflurane Alternative Anesthetic Std. Mean Difference Std. Mean Difference
Study or Subgroup Mean SD Total Mean SD Total Weight 1V, Random, 95% CI IV, Random, 95% CI
1.13.1 Low Flow (<1L/min)
Bio 1997 118 31 16 140 39 B 74X -0.63 [-1.50,0.24] _—r
Higuchl 1995 112 38.7 15 105 16.6 5 62X 0.19[-0.82,1.21] A
Higuchl 1998 125 20 14 110 35 7 69% 0.56[-0.37, 1.49] N —
Higuchl 2001 - Probeneckl 127 27 1& 0 0 0 Not estimable
Higuchl 2001 - Probeneckl 127 32 18 0 0 0 Not estimable
Kharasch 1997 114 44 36 120 36 37 12.2% -0.15 [-0.61, 0.31] —_—
Kharasch 2001 16245 74 28 141 54.44 27 11.2%  0.32[-0.21, 0.86] -
Obata 2000 136.1 66.2 10 1515 48.2 5 5.7% -0.24[-1.31,0.84] —_—
Obata 2000 149.1 404 10 1515 48.2 5 5.8% -0.05[-1.13, 1.02] —)
Subtotal (95% CI) 161 94 55.4% 0.02 [-0.26, 0.29] <5
Heterogenehty: Tau? = 0.00; ChP = 5.5, df = & (P = 0.47); P = 0%
Test for overall effect: Z = 0.11 (P = (.01}
1.13.2 High Flow (>1L/min)
Bito 1997 123 44 18 140 39 B 7.5% -0.39[-1.24,0.47] _—
Hara 1998 103.1 166 13 78.2 7.4 13 &.7% 1.88 [0.93, 2.82] —
Hase 2000 57 11 7 75 48.6 & 5.5% -0.50[-1.61,0.82] —
Higuchl 1995 116 22.6 B 105 16.6 & 57% 0.51[-0.57,1.59] = T
Higuchl 1998 125 &3 14 110 35 7  7.0% 0.26[-0.65,1.17] S
Higuchl 2001 - Probeneckl 129 49 18 0 0 0 Not estimable
Higuchl 2001 - Probeneckl 144 26 16 0 0 0 Not estimable
Ko 2010 101 20 37 107 19 37 12.2% -0.30 [-0.76, 0.15] A
Subtotal (95% CI) 95 77 446%  0.22[-0.46,0.90] —~eiffe—
Heterogenelty: Tau® = 0.51; Chi? = 19.38, df = 5 (P = 0.002); ¥ = 74%
Test for overall effect: Z = 0.63 (P = 0.53)
Total (95% CI) 256 171 100.0% 0.09 [-0.23, 0.41] ?
Heterogeneity: Tau® = 0.16; Chi = 24.95, df = 12 (P = 0.02); P = 52% % & i ) s

Test for overall effect: Z = 0.52 (P = 0.60)

Test for subgroup differences: Chi = .29, df = 1 (P = 0.59), F = 0X Favours [Sevoflurane] - Favours [Alternative]

Fig. 15 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on creatinine clearance (CCR) measured at 24
postoperative hours when delivered at low fresh-gas flow (< 1 L [FGF]) or high fresh-gas flow (> 1 L FGF)

Sevoflurane Alternative Anesthetic Std. Mean Difference Std. Mean Difference

Study or Subgroup Mean SD Total Mean SD  Total Weight 1V, Random, 95% CI IV, Random, 95% CI
1.14.1 Soda Lime

Hara 1998 103.1 166 13 78.2 7.4 13 7.7% 1.88 [0.93, 2.82] —_—
Hase 2000 57 11 7 75 486 & 6.3% -0.50[-1.61,0.62]

Higuchl 1995 112 38.7 15 105 16.6 5 71%  0.19 [-0.82, 1.21]

Higuchl 1995 116 22.6 B 105 16.6 6 66% 051[-0.57 1.59]

Higuchl 1998 125 &3 14 110 35 7  BOX  0.26 [-0.65,1.17]

Higuchl 1998 125 20 14 110 35 7 7.9% 0.56[-0.37,1.49]

Higuchl 2001 - Probeneckl 120 49 18 0 0 0 Not estimable

Higuchl 2001 - Probeneckl 127 27 16 0 0 0 Not estimable

Higuchl 2001 - Probeneckl 127 32 18 0 0 0 Not estimable

Higuchl 2001 - Probeneckl 144 26 186 0 0 0 Not estimable

Subtotal (95% CI) 71 44 43.7% 0.51[-0.12, 1.13] s
Heterogenehy: Taw® = 0.35; Chi = 11.79, df = 5 (P = 0.04); ¥ = 58%

Test for overall effect: Z = 1.59 (P = .11}

1.14.2 Baralyme

Bio 1997 118 31 18 140 39 B B.4X -0.63 [-1.50,0.24]

Bito 1997 123 44 18 140 39 B B.6X -0.39[-1.24,0.47]

Kharasch 2001 162.4 74.7 28 1414 54.44 27 125%  0.32 [-0.22, 0.85] i
Obata 2000 149.1 404 10 1515 4B.2 5 &6.6% -0.05[-1.13,1.02]

Obata 2000 136.1 66.2 10 1515  4B.2 5 6.6% -0.24 [-1.31, 0.84]

Subtotal (95% CI) 80 53 42.8% -0.07 [-0.44, 0.29] <
Heterogenehty: Tau? = 0.01; ChP = 4.22, df = 4 (P = 0.38); P = 5%

Test for overall effect: Z = 0.40 (P = 0.69)

1.14.3 Barium Hydroxide

Kharasch 1997 114 44 36 120 36 37 13.5% -0.15 [-0.61, 0.31] — 1
Subtotal (95% CI) 36 37 13.5% -0.15[-0.61,0.31] sl
Heterogenelty: Not applicable

Test for overall effect: Z = 0.63 (P = 0.53)

Total (95% CI) 187 134 100.0% 0.14 [-0.21, 0.49] ?
Heterogenehty: Tau® = 0.18; Chi = 22.37, df = 11 (P = 0.02); ¥ = 51% _12 _%1 ) } 2

Test for overall effect: Z = 0.78 (P = 0.44)

Test for subgroup differences: Ch = 3.09, df = 2 (P = 0.21), P = 35.4% B Liavciiand] Saours [Akmmnl

Fig. 16 Subgroup analysis showing the effect of sevoflurane vs an alternate anesthetic agent on the creatinine clearance (CCR) measured at 24
postoperative hours when used in conjunction with various absorbents
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Sevoflurane Control Std. Mean Difference Std. Mean Difference
Study or Subgroup  Mean SD Total Mean SD Total Weight IV, Random, 95% CI IV, Random, 95% CI
Byon 2015 224 4985 42 0 0 0 Not estimable
Byon 2015 236 40.22 44 0 0 0 Not estimable
Conzen 1995 25 101 21 133 498 20 5.4% 1.43 [0.74, 2.13] -
Conzen 2002 36.9 2.2 59 64 24 57 4.7% 13.17 [11.41, 14.93] -
Darling 1997 20.62 7.52 24 3.17 1.01 26 5.3% 3.27 [2.40, 4.14) -
Frink 1992 29.3 1.8 49 384 05 25 3.9% 16.75 [13.94, 19.57] —
Frink 1994 47 3 7 23 1 7 2.6% 10.05 [5.53, 14.56] —
Gokiberg 1996 28.2 14 24 508 435 26 5.3% 2.23 [1.52, 2.95] -
Growdine 1999 40 16 98 3 2 90 5.4% 3.17 [2.73, 3.60] -
Hara 1998 30.1 7.75 13 1.27 0.36 13 4.8% 5.09 [3.40, 6.78] e
Hase 2000 17.7 1.47 7 23 024 6 1.8% 13.05[6.94,19.16]
Higuchl 1995 368 1.9 15 48 05 5 1.8% 1B8.11 [11.77, 24.4§]
Higuchl 1895 55.8 34 B 48 05 -] 1.2% 18.25 [10.20, 26.29]
Higuchl 1998 613 163 14 56 16 7 4.8% 3.96 [2.35, 5.57] -
Higuchl 1998 569 205 14 56 186 7 5.0% 2.90 [1.57, 4.23] -
Karasch 1995 36.2 38 10 0 0 0 Not estimable
Karasch 1985 17 1.6 11 0 0 0 Not estimable
Karasch 1997 44 17 36 7 1 37 5.4% 3.06 [2.38, 3.75] -
Kharasch 2001 48 26 28 3 7 27 5.4% 2.31 [1.62, 3.00] -
Levine 1996 15.8 4.6 40 2 1.2 40 5.3% 4.07 [3.28, 4.85) -
Matsumura 1994 549 3.67 8 8 0.78 7 1.6% 16.08 [9.30, 22.86]
McGrath 1998 33.4 2.81 14 7.1 047 12 3.2% 12.17 [8.50, 15.85] —
Munday 1995 311 53 6 281 38 6 5.1% 0.60[-0.57,1.77] 1
Munday 1995 366 4.3 5 275 26 5 4.7% 2.31 [0.52,4.11) ——
Munday 1995 34 7.1 5 0 0 0 Not estimable
Munday 1995 305 78 5 0 0 0 Not estimable
Newman 1994 23.1 7.5 25 54 198 24 5.3% 3.15 [2.30, 4.01) -~
Obata 2000 53.6 53 10 74 32 5 3.0% 9.15 [5.18, 13.11] _—
Obata 2000 47.1 21.2 10 74 32 5 5.0% 2.11[0.72, 3.49]) -
Tsukamoto 1996 52 9.8 7 B2 22 7 3.9% 5.77 [3.04, B.51] —
Total (95% CI) 542 470 100.0% 5.51 [4.49, 6.53) 3
Heterogenehty: Tau* = 4.93; ChP = 385.55, df = 23 (P < 0.00001); F = 94% Y — v %

Test for overall effect: Z = 10.59 (P < 0.00001)

Favours [Sevo] Favours [control]

Fig. 17 Forest plot showing pooled estimate of peak plasma fluoride level for sevoflurane vs an alternative inhaled anesthetic agent

metabolism of sevoflurane, which is much higher than that
of other currently used halogenated agents and hence is
independent of the sevoflurane load on the body in terms of
FGF.

The rationale and the evidence for the lack of
association between CpdA and nephrotoxicity in humans
has been known for quite some time.*® There is a species
difference in the occurrence of CpdA-mediated
nephrotoxicity and is directly related to the B-lyase
activity of the tubular cells. A high activity of this
enzyme is specific to rodents. Since non-rodents do not
have a high B-lyase activity, the nephrotoxicity of CpdA is
not significant as evidenced by animal and human studies

@ Springer

on prolonged exposure to CpdA. A minimum FGF
recommendation in product monographs to curb CpdA
levels is unnecessary. With the introduction of newer
alkali-free non-reactive absorbents such as litholyme and
amsorb, minimally reactive absorbents containing soda
lime, and with the end of the production of baralyme, the
issue of CpdA generation is antiquated in current
practice. 087

Based on the outcome of this meta-analysis, we
conclude that sevoflurane does not contribute more to
nephrotoxicity in humans than alternative anesthetics do.
Often mistaken to generally be about nephrotoxicity or
other organ toxicity, FGF recommendations for sevoflurane
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Table 2 Tubular function

Tubular function

Studies (units of measurements)

Sevoflurane [mean (SD)]

Control [mean (SD)]

U-NAG 24 hr

Cystatin-C 24 hr

U-Albumin

U-Protein

U- al microglobulin

U B microglobulin

n-GST

Urine osmolality

Ammar 2016** (U-L™")

Frink 19947 (nmol-hr~"'mg~" Cr)
Matsumura 1994°% (U-hr™)
Tsukamoto 1996%° (lU~day71)
Duymaz 20177 (mg-L™")
Kumano 1992°* (mg-g~' Cr)
Wujtewicz 2012
Chemo-+LFA (ng-mL™")
Wujtewicz 2012
Chemo+HFA (ng-mL™")
Wujtewicz 20123
No-chemo+LFA (ng-mLfl)

Higuchi 2001® Low flow + probenecid (mg-24 hr™")
Higuchi 2001¢ Low flow (mg-24 hr™")
Higuchi 2001® High flow + probenecid (mg-24 hr™")
Higuchi 2001*° High flow (mg-24 hr™")

Obata 2000%*> Low flow (mg-day™")

Obata 2000°* High flow (mg-day~")

Conzen 2002% (mg-24 hr™")

Higuchi 2001¢ Low flow + probenecid (mg-24 hr™")
Higuchi 2001*® Low flow (mg-24 hr™")

Higuchi 2001® High flow + probenecid (mg-24 hr™")
Higuchi 2001*® High flow (mg-24 hr™")

Obata 2000%* Low flow (mg-24 hr™")

Obata 2000°% High flow (mg-24 hr™')

Sahin 2011%* (mg-24 hr ')
Higuchi 1998+

Ammar 2016°* (mg~L71)
Hase 2000*° (mg-g~' Cr)
Matsumura 19948 (mg-hr")
Kumano 1992 (ug-g_1 Cr)

Higuchi 2001*® Low flow + probenecid (mg-24 hr™")
Higuchi 2001*® Low flow (mg-24 hr™")
Higuchi 2001® high flow + probenecid (mg-24 hr™")
Higuchi 2001¢ high flow (mg-24 hr™")

Matsumura 1994°® (ug-hr™")
Tsukamoto 1996% (mg-day™")
Higuchi 1998* (ug-g~' Cr)
Ammar 2016** (ug-L™")
Kharasch 1997°° (ng-mg~" Cr)
Conzen 1995%7 (mOsm~kg’l)
Darling 1997°® (mOsm-kg™")
Frink 19947 (mOsm-kg™")
Newman 1994°" (mmol-kg™")
Bito 1997* Low flow (U-g~' Cr)

2.6 (0.9)

45.0 (16.67)
0.92 (0.31)
28.57 (14.29)
0.75 (0.17)
3.67 (0.19)
1044.45 (821)

1054.51 (922.83)

840.1 (871.9)

12 (7)

55 (87)

15 (12)

20 (24)

28.3 (17.8)
41.5 (29.0)
974.0 (1825.0)
94 (32)

279 (508)

73 (31)

144 (222)
300.0 (135.0)
388.0 (156.0)
122.5 (84.3)
Recorded in log scale- not accurate
5.3 (1.8)

19 (3.8)

3.9 (0.48)
1.36 (0.57)

146 (234.0)
3073 (10294)

118 (115)

443 (1317)

300.0 (90)

25.0 (12.0)

358 (513) & 159 (141)
15.5 (4.9)

30.0 (20.0)

489.0 (29.0)

377 (210)

1077.55 (44.44)

485 (49)

4.6 (4.1)

2.5 (0.8)
30.0 (8.33)

1.23 (0.31)

42.86 (21.43)

0.79 (0.19)

3.71 (0.32) & 3.58 (0.2)

28.5 (16.0)
28.5 (16.0)
1076.0 (1545.0)

311.0 (220.0)
311.0 (220.0)
105.3 (35.3)

4.9 (1.5)

22 (7.6)

2.18 (0.29)
1.14 (0.25) &
1.03 (0.18)

527.27 (55)
9.0 (2.0)
174.78 (178)
13.5 (5.4)
23.0 (20.0)
445.0 (31.0)
461 (279)
857.14 (88.88)
541 (46)

5.9 (3.7)
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Table 2 continued

Tubular function Studies (units of measurements)

Sevoflurane [mean (SD)] Control [mean (SD)]

AG/Cr 24 hr Bito 1997* High flow (U-g~' Cr)
Hara 1998>°

Hase 2000

Higuchi 2001*® Low flow + probenecid (mg-24 hr™")

Higuchi 2001*° Low flow (mg-24 hr™')

Higuchi 2001¢ High flow + probenecid (mg-24 hr™") 2.2 (0.9)

Higuchi 2001*° High flow (mg-24 hr™!)
Higuchi 1995*> Low fluoride (U-g~" Cr)
Higuchi 1995** High fluoride (U-g~" Cr)
Higuchi 1998* Low flow (U-g~' Cr)
Higuchi 1998* High flow (U-g~' Cr)
Kharasch 1997°° (mU-mg~" Cr)
Kumano 1992%* (U-g~! Cr)

Lee 2012%*

Sodasorblime (IU-g~' Cr)

Lee 2012°* Sodalyme (IU-g~' Cr)

Lee 2012°* Sodasorb-

(IU-g~' Cr)

Lee 2012°* Spherasorb- (IU-g~" Cr)
Obata 2000°> Low flow (U-g~"' Cr)
Obata 2000°* High flow (U-g~! Cr)

7.8 (7.8) 59 (3.7)
9.4 (1.04) 7.3 (1.74)
17.8 (2.38) 21.16 (2.44)
1.6 (1.1)

2.9 (4.9)

2.6 (1.3)

1.7 (0.2) 1.7 (0.3)
2.2 (0.5) 1.7 (0.3)
22 (141) 2.0 (0.57)
1.8 (0.71) 2.0 (0.57)
4.2 (0.6) 6 (2.5)
24.21 (37.89) 6.32 (6.32) & 4.21 (5.26)
6.4 (5.5) 5.6 (2.7)
5.6 (1.3) 7.6 (4.8)
43 (3.3) 74 (2.7)
7.5 (4.6) 5.2 (3.0)
15.2 (14.8) 15.0 (7.9)
15.5 (10.2) 15.0 (7.9)

Cr = creatinine; SD = standard deviation

are only tied to CpdA production. While many European
countries eliminated FGF recommendations for sevoflurane
in the late 1990s, other countries and healthcare systems
still have FGF recommendations in place today. This has
significantly increased wasteful spending on anesthetic
agents but more importantly, has increased the atmospheric
release of a very potent greenhouse gas.® It is very hard to
change a product monograph and there is no financial
benefit for drug manufacturers to apply to regulatory
bodies to do so. More important will be for anesthesia
societies to issue practice advisories based on available

@ Springer

evidence, incorporating the availability of non-reactive
absorbents, and to refute existing FGF recommendations
for sevoflurane. This is a patient safety issue in that there is
a false sense of unsafe practice when a physician runs a low
FGF sevoflurane anesthetic. Practice advisories will also
reduce fear of litigation.

Limitations

There are certain limitations to our review. Our review did
not identify studies with exposure beyond eight hours, so
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Table 3 Summary of evidence

Nephrotoxicity of sevoflurane compared with alternative anesthetics

Intervention: Sevoflurane
Comparison: Alternative anesthetics

Ne of participants

Certainty of the Anticipated absolute

Outcomes (studies) evidence effects
Follow-up (GRADE)
Risk difference with
Sevoflurane
Creatinine 24 hr 1949 oeCD SMD 0.04 SD higher
(24 RCTs) LOow ** (0.06 lower to 0.13 higher)
CCR 24 hr 728 [0 SMD 0.14 SD higher
(12 RCTs) MODERATE * (0.09 lower to 0.37 higher)
1529 T @) SMD 0.06 SD higher
BUN 24 hr (21 RCTs) LOW * (0.04 lower to 0.16 higher)
. 651 oD MD 6.16 higher
Fluoride 24 hr (15 RCTs) HIGH * (4.42 higher to 7.9 higher)
SMD 5.51 SD higher
. 1012 oD -
Peak serum fluoride (20 RCTs) HIGH * (4.49 higher to 6.53

higher)

BUN = blood urea nitrogen; CCR = creatinine clearance; CI = Confidence interval; RCT = randomized-controlled trial; SMD = standardized

mean difference

GRADE Working Group grades of evidence

High certainty: We are very confident that the true effect lies close to that of the estimate of the effect

Moderate certainty: We are moderately confident in the effect estimate: The true effect is likely to be close to the estimate of the effect, but

there is a possibility that it is substantially different

Low certainty: Our confidence in the effect estimate is limited: The true effect may be substantially different from the estimate of the effect

Very low certainty: We have very little confidence in the effect estimate:

of effect
Explanations

The true effect is likely to be substantially different from the estimate

a. The risk of bias assessment had quite a few studies with unclear risk of bias

b. The SMD varied highly between the trials

the long-term safety of sevoflurane may need further study.
We also cannot comment on the safety of sevoflurane on
other organ systems as this was beyond the purview of our
review. We did not look at the effect of hepatic enzyme
induction as seen in patients with alcohol abuse, or intake
of certain medications (barbiturates, phenytoin), and we
excluded certain vulnerable patient populations such as
patients with cirrhosis and patients undergoing organ
transplant in whom the metabolism of sevoflurane may
be altered; further studies are needed to investigate these
factors. The tubular function tests conducted across various
studies were inconsistent in the timepoints of reporting and
the units of measurement. Future studies should focus on

utilizing consistent units of measurement when reporting
these outcome measures for better comparability.

Our rating of the study quality was low to medium, as
most studies had problems with physician- and allocation
blinding. Conducting studies while ensuring blinding of the
performer can be difficult when utilizing inhaled anesthetic
agents and would not have affected the laboratory
measurements used in this analysis. Because of the
inherent difficulty in blinding the anesthesiologist to
which vapor is being used, it is also unlikely that blinded
studies (i.e., with low risk of bias) can be conducted in the
future or that these would yield different outcome
measurements.

@ Springer
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We extrapolated median (CI/IQR/SE) values into mean
(SD) values for many data points of included studies using
approved meta-analytical methods. These extrapolated
values can vary depending on how the conversions were
made, and a different method of estimation may have
potentially affected our conclusions. Future studies
performed in low FGF settings with different newer
absorbents may affect our conclusions and more studies
or population-based safety data are needed to definitively
conclude our findings. Although we performed a thorough
search, there is a possibility of missed studies. In addition,
we could not retrieve the full text of six studies despite
multiple attempts.

Conclusions

Based on the data extracted from 41 RCTs, sevoflurane
usage did not increase renal dysfunction compared with
other agents used for anesthesia maintenance. This was true
when sevoflurane was administered with low FGF, in
patients with stable renal dysfunction, with different
absorbents, and at varying duration of exposure.
Sevoflurane results in higher fluoride load and
accumulation of CpdA with no adverse effects on renal
function. While the formation of inorganic fluoride had no
relationship to FGF or duration of exposure, the formation
of CpdA showed an inverse relationship to FGF. Minimum
FGF recommendations for sevoflurane anesthesia are not
supported by our analysis and should be reconsidered.
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