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Cancer remains to be the leading cause of death globally. Surgery is a mainstay treatment for solid tumors. Thus, it is critical
to optimize perioperative care. Anesthesia is a requisite component for surgical tumor resection, and general anesthesia is
given in the vast majority of tumor resection cases. Because anesthetics are growingly recognized as immunomodulators, it
is critical to optimize anesthetic regimens for cancer surgery if the selection can affect outcomes. Here, we reviewed the
role of volatile and intravenous anesthesia used for cancer surgery in cancer recurrence.

1. Introduction

Cancer remains to be the leading cause of death globally.
Despite ongoing advancement in chemotherapy, radiation
therapy, and immunotherapy, surgery remains to be a main-
stay treatment for solid tumors [1]. However, local tumor
recurrence and/or distal metastasis after surgical resection
remain to be the main cause of morbidities and mortalities
in solid tumors [2]. Thus, mitigating the chance of local
tumor recurrence and/or distal metastases would be critical
to improve the outcomes for patients.

Since the public demonstration of ether anesthesia in
1846, the importance of anesthesia in surgical procedures
was widely recognized. Clearly, anesthesia has become a req-
uisite component of surgery. Surgical resection may para-
doxically create a period of vulnerability during which
tumor cells disseminated in the process of manipulation of
the tumor mass can surpass host immune functions for
defense [3, 4]. With the appreciation of immunomodulatory
properties of anesthesia, potential approaches to modulate
cancer outcomes after surgical resection by anesthetics have
been investigated: (1) the selection of general anesthetic

drugs, and (2) the use of regional analgesia including neur-
axial and paravertebral blocks, which spares the amount of
general anesthesia. General anesthesia is administered in
the vast majority of surgical cases for cancer resection by
volatile anesthetics, intravenous anesthetics, or both. The
current knowledge on the role of general anesthetic drug
selection in cancer outcomes was reviewed.

2. Clinical Outcome Study

The landmark paper byWigmore et al. in 2016 really ignited the
discussion of whether intravenous anesthetics or volatile anes-
thetics should be used as general anesthetics for cancer resection
surgery. They performed a retrospective, propensity-matched
cohort analysis of 7,030 patients who had various types of can-
cer surgery and reported improved overall survival in patients
given intravenous anesthetic propofol rather than volatile anes-
thetics (15.6% vs. 22.8% five-year mortality after surgery,
respectively; p < 0:001) [5]. Since then, a number of investiga-
tors have retrospectively examined the outcomes after surgical
resection of various cancers under total intravenous anesthesia
(TIVA) vs. volatile anesthetics (Table 1). Propofol has been a
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major intravenous anesthetic used for this purpose. Isoflurane,
sevoflurane, and desflurane are the main volatile anesthetics
in current clinical use. Enflurane was used as a volatile anes-
thetic in the past and included in some of retrospective studies,
but it is no longer available for clinical use due to its sides
including nephrotoxicity.

2.1. Breast Cancer. Breast cancer is the most common type of
malignancy in women. According to GLOBOCAN 2012,
breast cancer is the leading cause of cancer-related deaths
[6]. The role of TIVA vs. volatile anesthetics has been studied
most in breast cancer resection surgery. Enlund et al. exam-
ined 1,837 radical breast cancer surgeries either under propo-
fol anesthesia (620 cases) or sevoflurane anesthesia (1,217
cases) [7]. The 5-year survival was not different between the
two groups. Kim et al. compared 2,533 breast cancer surgeries
under volatile anesthesia (sevoflurane, desflurane, isoflurane,

or enflurane) and 56 cases under TIVA [8]. There was no dif-
ference in recurrence-free survival between the two groups
(p = 0:709). Lee et al. examined 325 modified radical mastecto-
mies done either under propofol anesthesia (173 cases) or sevo-
flurane anesthesia (152 cases). The propofol group had longer
recurrence-free survival (p = 0:037) than the sevoflurane group,
but there was no difference in overall survival between the two
groups (p = 0:383) [9]. Huang et al. examined 976 breast cancer
surgical cases either under propofol anesthesia (344 cases) or
desflurane anesthesia (592 cases) [10]. Following propensity
match, there was no statistical difference of five-year survival
rates or recurrence between the two groups (p = 0:454). In the
study by Wigmore et al. described above, the subgroup analysis
of breast cancer did not show a significant difference in the
overall survival between TIVA and volatile anesthesia despite
they demonstrated difference in all cancers [11]. Yoo et al.
examined 5,331 patients who underwent breast cancer surgery

Table 1: Outcome of cancer surgery and anesthesia.

Type of study Cancer type Outcome Power Reference

Retrospective Various cancers
5-year mortality VA 22.8% vs.

TIVA 15.6%
p < 0:001 Wigmore et al. [5]

Retrospective Breast cancer
5-year mortality no difference between

sevoflurane and propofol arms
n.s. Enlund et al. [7]

Retrospective Breast cancer
No difference in recurrence-free survival

between VA and TIVA
p = 0:646 Kim et al. [8]

Retrospective Breast cancer
Propofol arm had longer recurrence-free

survival than sevoflurane arm;
no difference in overall survival

p = 0:037 (recurrence free);
p = 0:383 (survival)

Lee et al. [9]

Retrospective Breast cancer
Propofol arm had longer recurrence-free

survival than sevoflurane arm;
no difference in overall survival

p = 0:454 Huang et al. [10]

Retrospective Breast cancer
No difference in recurrence-free
survival between VA and TIVA

p = 0:782 Yoo et al. [12]

Retrospective Esophageal cancer
VA was associated with worse overall
survival and recurrence-free survival

p < 0:001 (overall survival,
recurrence-free survival)

Jun et al. [15]

Retrospective Gastric cancer
TIVA was associated with better
overall survival than sevoflurane

p < 0:001 Zheng et al. [16]

Retrospective Gastric cancer
VA had higher 1-year mortality

than TIVA
p = 0:012 Oh et al. [17]

Retrospective Colon cancer
Propofol had better 1-year and 5-year

survival than sevoflurane
p < 0:001 (1-year survival);
p < 0:05 (5-year survival)

Enlund et al. [7]

Retrospective Colon cancer
Propofol had better survival

than desflurane
p < 0:001-p = 0:016 Wu et al. [18]

Retrospective Rectal cancer
No difference in 1-year and 5-year

survival between propofol and sevoflurane
n.s. Enlund et al. [7]

Retrospective Hepatocellular cancer
Propofol had better survival

than desflurane
p < 0:001 Lai et al. [19]

Retrospective Hepatocellular cancer
Propofol was associated with less
2-year recurrence survival than VA

p = 0:029 Koo et al. [20]

Retrospective Cholangiocarcinoma
Propofol was associated with
better survival than desflurane

p = 0:032 Lai et al. [21]

Retrospective
Non-small-lung

cancer

No difference in overall survival and
recurrence-free survival between

TIVA and sevoflurane

p = 0:072 (overall survival);
p = 0:862 (recurrence-free

survival)
Oh et al. [22]
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either under TIVA (3,085 cases) or volatile anesthetics (isoflur-
ane, sevoflurane, desflurane, and enflurane) (2,246 cases) [12].
After propensity score matching including the subtype of breast
cancer, there was no significant difference in recurrence-free
survival or overall survival between the two groups. Overall,
all the studies except Lee’s study showed no difference in post-
operative cancer outcomes between TIVA and volatile
anesthesia.

2.2. Gastrointestinal Cancers. Esophageal cancer is one of the
most fatal malignancies with very poor overall five-year sur-
vival rates (10-40%) [13, 14]. Jun et al. examined 922 adult
patients who underwent elective esophageal cancer either
under TIVA or volatile anesthetics [15]. 191 patients
received volatile anesthetics (isoflurane, sevoflurane, and
desflurane), and 731 patients received TIVA. The volatile
anesthetic arm was associated with worse overall survival
(p < 0:001) and recurrence-free survival (p < 0:001). Even
after the propensity matching, the volatile anesthetic arm
was associated with worse overall survival (p = 0:006) and
recurrence-free survival (p = 0:006).

Gastric cancer is the second most common cause of
global cancer mortality. Zheng et al. examined 2,856 patients
who underwent gastric cancer surgery either under TIVA
(1,506 cases) or sevoflurane anesthesia (1,350 cases) [16].
In this study, all patients underwent laparotomy for cancer
resection. The TIVA group was associated with better overall
survival before and after propensity score matching
(p < 0:001). Oh et al. examined 4,609 patients who under-
went gastric cancer surgery either under TIVA (816 cases)
or volatile anesthesia (sevoflurane or desflurane) (3,791
cases) [17]. Although the 1-year overall mortality was higher
in the volatile anesthesia group before propensity matching
(p = 0:012), the mortality did not differ after matching
(p = 0:774). Different from the study by Zheng et al., more
than 70% of cases were done laparoscopically.

Enlund et al. compared 695 surgical cases for colon cancer
either under propofol anesthesia (179 cases) or sevoflurane
anesthesia (516 cases) [7]. The propofol group had better 1-
year and 5-year survival (p < 0:001 and p < 0:05, respectively).
Wu et al. examined 706 patients who underwent colon surgery
either under propofol anesthesia (657 cases) or desflurane
anesthesia (706 cases) [18]. After propensity matching, the
propofol anesthesia group had a better survival, irrespective
of lower tumor-node-metastasis stage (p < 0:001), higher
tumor-node-metastasis stage (p < 0:001), presence of metasta-
ses (p = 0:002), or absence of metastases (p = 0:016).

Enlund et al. also compared rectal cancer surgery. 104
cases and 202 cases were performed under propofol anesthe-
sia or sevoflurane anesthesia, respectively. There was no dif-
ference in 1-year and 5-year survival between the groups. In
addition to the low number of patients compared in this
study, however, half of the patients in this study were for
reoperative surgery, which may add the complexity to this
cohort to draw the conclusion about the effect of anesthetic
drugs on postoperative outcome.

Overall, the majority of studies examining gastrointesti-
nal cancer surgery demonstrated that TIVA offered a better
recurrence-free survival and overall survival. Furthermore,

in the study by Wigmore et al., the subgroup of patients
requiring gastrointestinal surgery had better survival under
TIVA, in line with other studies [11].

2.3. Hepatobiliary System Cancer. Lai et al. examined 944
patients who underwent hepatectomy for hepatocellular car-
cinoma under propofol anesthesia (452 cases) or desflurane
anesthesia (492 cases) [19]. In the propensity-matched anal-
ysis, the propofol anesthesia group had a better survival
(p < 0:001). Koo et al. examined 259 patients who underwent
laparoscopic hepatic surgery under propofol anesthesia (121
cases) or volatile anesthesia (138 cases) [20]. Propofol anes-
thesia was associated with a significantly decreased 2-year
recurrence survival (p = 0:029). Of note, volatile anesthetics
used in this study were not specified in this study. Lai et al.
examined 70 patients who underwent open intrahepatic
cholangiocarcinoma surgery under propofol anesthesia (34
cases) or desflurane anesthesia (36 cases) [21]. After propen-
sity matching, propofol anesthesia was associated with a bet-
ter survival (p = 0:032).

2.4. Lung Cancer. Lung cancer is one of the leading causes of
cancer-related death worldwide. Non-small-cell lung cancer is
the most common type of lung cancer, accounting for 80% of
lung cancers. Oh et al. examined 943 cases of non-small-cell
lung cancer resection either under TIVA (749 cases) or sevo-
flurane anesthetics (194 cases). There was no significant differ-
ence in overall survival and recurrence-free survival between
the two arms before and after propensity matching [22].

Despite an inherent limitation that the studies described
above are all retrospective in nature, they demonstrated that
TIVA could provide better recurrence-free outcome and
overall survival in gastrointestinal cancer and hepatobiliary
cancer surgery. In addition to the type of cancer surgery,
the invasiveness of surgery may be also an important con-
tributor, as demonstrated that TIVA improved survival of
post gastric cancer surgery done by laparotomy, while it
did not affect the outcome of patients largely done via lapa-
roscopy. Breast cancer surgery is likely less invasive than
surgeries such as abdominal surgeries, for example. The fact
that breast cancer surgery was seldomly affected by the type
of general anesthetic drugs could support the hypothesis that
the invasiveness of surgery plays a role in cancer recurrence.
The idea that surgical invasiveness is associated with cancer
recurrence is supported by an animal study; in murine
orthotopic models of spontaneous postoperative metastasis,
simple primary breast tumor resection did not progress to
metastatic diseases unless accompanied by the surgical stress
and tissue injury of a laparotomy [23]. Certainly, a prospec-
tive randomized control study is critical to clarify the role of
general anesthetic drugs in postsurgical outcome of cancer
patients. Another question is if there is any difference in iso-
flurane, sevoflurane, or desflurane-based volatile anesthesia,
although isoflurane, sevoflurane, and desflurane are all called
halogenated ethers, because they are derivatives of volatile
anesthetic ether [24]. Despite they are structurally similar,
a growing literature suggests that they have some difference
in target molecules [25–27], indicating that the selection
among currently available volatile anesthetics may be also

3BioMed Research International



an important consideration. For example, surgical site infec-
tion was significantly higher in sevoflurane-based general
anesthesia than in desflurane-based general anesthesia [28].

3. Potential Mechanism of Anesthesia-Mediated
Tumor Recurrence

3.1. Mechanism of Cancer Recurrence. Postoperative cancer
recurrence frequently takes the form of metastatic diseases
[29]. Tumor cell dissemination to and colonization at distant
sites is considered to occur during surgery [1]. Circulating
tumor cells (CTCs) are detectable in the majority of patients
with solid tumors [30]. The presence of a high number of
CTCs is associated with a poor tumor prognosis [31]. The ele-
vation in the number of CTCs has been described after cancer
resection surgery [32–34]. However, the presence of CTCs is
not necessarily equal to metastasis. Host immune cells usually
survey CTCs for eradication. For CTCs to colonize, they need
to escape from host immune cells such as NK cells and reach
to “premetastatic niche.” Surgical wound, infection site, or
traumatized tissue is an attracted site for CTCs to be colo-
nized, serving as a premetastatic niche, because these places
have supporting extracellular matrix compared to the vascular
system, inflammatory, and prothrombotic responses to repair
traumatized tissues providing a significant milieu of mediators
beneficial for tumor survival. In addition, surgical stress can
activate the sympathomedullary (SAM) axis to secrete cate-
cholamines. Catecolamines orchestrate immune suppression
by mobilizing leukocytes out of the circulation as well as
reducing their effector functions via the activation of adrener-
gic receptor-mediated signaling within leukocytes, which
includes diminished numbers and cytolytic activity of NK cells
and increased levels of Th2 cells [35, 36]. Thus, general anes-
thetic drugs that minimize surgical stress by affecting SAM
axis to limit immunosuppression and directly mitigate tumor
viability and growth but directly augment host immune cells
would be ideal ones to provide general anesthesia.

3.2. The Effect of Anesthetics on Tumor Cells and Host
Immune Cells

3.2.1. Tumor Viability and Growth. Hypoxia-inducible fac-
tors (HIFs) are a family of transcription factors that regulate
a vast array of genes involved in critical aspects of tumor
activities such as cell proliferation, angiogenesis, glucose
metabolism, and cell invasion [37]. Thus, the effect of anes-
thetics on the HIF pathway has been a major interest. Iso-
flurane upregulated the levels of HIF-1α and HIF-2α via
phosphoinositide 3-kinase (PI3K)/Akt/mechanistic target
of the rapamycin (mTOR) pathway and enhanced human
renal cancer cell RCC4 cell migration and proliferation
[38]. Similarly, isoflurane induced HIF-1α expression in
prostate cancer cells PC3 with an increase in proliferation
and migration [39]. Isoflurane increased VEGF, angiopoie-
tin 1, matrix metallopeptidase- (MMP-) 2, and MMP-9
expression, which is the downstream event of the HIF-1 sig-
naling pathway, compatible with increased angiogenesis and
invasion [40]. Similar to isoflurane, sevoflurane accelerated
proliferation of cervical cancer cells and breast cancer cells

[41, 42]. Desflurane also enhanced migration [43]. However,
the effect of volatile anesthetics on tumor cells can be cell-
type dependent. For example, isoflurane exposure signifi-
cantly increased caspase-3 activation and reduced cell viabil-
ity of H4 human neuroglioma cells [44]. Hepatocellular
carcinoma cell (HCC) viability was also attenuated by iso-
flurane [45]. Sevoflurane inhibited the proliferation of neck
squamous cell cancer (HNSCC) and lung adenocarcinoma
[46, 47]. Desflurane attenuated the proliferation of colorectal
cancer cells [48]. Because the HIF signaling pathway is ubiq-
uitously important, it is not clear how to explain the differ-
ence in phenotypes.

Then, how about propofol? Propofol exposure for 24
hours reduced the levels of HIF-1α and attenuated the inva-
sion and migration of breast cancer cells MDA-MB-231 cells
[49]. In line, propofol attenuated HIF-1α expression in PC3
cells. However, propofol exposure for much shorter dura-
tions (1, 4, and 12 hours) rather increased proliferation
and migration of MDA-MB-231 cells in a dose- and time-
dependent manner [50].

Taken together, the effect of general anesthetic drugs on
tumor cells may be dependent on a number of factors
including the type of tumor cells and exposure duration.
Mechanistic investigation needs to be determined so that
future modification of anesthetics can be considered.

3.2.2. Host Immune Cellular Function. Among various types
of leukocytes critical for cancer immunology, natural killer
(NK) cells and T cells are two predominant cytotoxic effec-
tor cells that are the major components of cell-mediated
immune responses.

3.2.3. NK Cell Function. NK cells are a phenotypically dis-
tinct population of lymphocytes (CD56+/CD3-) that lyse
tumor cells using constitutively expressed lytic machinery
independent of prior immunization. NK cells survey and
conjugate with tumor cells devoid of major histocompatibil-
ity complex (MHC) class I and polarize lytic granules toward
them. Subsequent degranulation of lytic proteins such as
perforin, granzyme, and Fas ligands leads tumor cells to apo-
ptosis. The correlation of perioperative NK cell suppression
with tumor recurrence and mortality after surgical resection
of colorectal and lung cancer suggests that adequate, periop-
erative NK cell function is critical to minimize postresection
cancer recurrence [51, 52].

The number of NK cells in the perioperative period was
studied by Bartal et al. [53]. At postoperative 12 hours, NK
cell number was reduced after major surgeries, while it was
similar compared to the baseline after minor surgeries.
Because catecholamines produced as a result of SAM axis
activation in surgery regulate circulating leukocyte numbers,
this is predictable. The effect of propofol and desflurane-
based anesthesia on NK cell number was examined in
patients undergoing breast cancer surgery [54]. NK cells
were reduced at 24 hours in both groups, but there was no
difference between the two anesthetic groups. Liu et al.
examined NK cell counts in patients who underwent radical
hysterectomy either under propofol anesthesia or sevoflur-
ane anesthesia [55]. Postoperative NK cell number was
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significantly less in both groups, but the degree of reduction
was more profound in the sevoflurane group. It is unclear if
the difference between the two studies was due to difference
between the two volatile anesthetics sevoflurane and desflur-
ane or due to difference in surgical procedures. Because the
apoptosis of NK cells did not differ between propofol and
sevoflurane anesthesia [56], it is possible that sevoflurane
arm had less attenuation of catecholamine production/stress
responses than propofol arm, leading to the mobilization of
NK cells from the peripheral blood, and desflurane might
have attenuated stress responses similar to propofol. Studies
comparing stress responses including the levels of catechol-
amines under different general anesthetic drugs can clarify
this question.

Then, general anesthetic drugs affect NK cell function
differently? NK cells express a number of activating and
inhibitor receptors, which would contribute to their effector
functions. One of activating receptors is leukocyte function-
associated antigen-1 (LFA-1). The binding of LFA-1 to
intercellular adhesion molecule-1 (ICAM-1) on tumor cells
induces lytic granule polarization and NK-cell-mediated
cytolysis [57, 58]. At clinically relevant concentrations, vola-
tile anesthetics isoflurane and sevoflurane act as LFA-1 allo-
steric inhibitors [59–62]. Propofol, on the other hand, did
not show significant inhibition of LFA-1 at the clinically rel-
evant concentrations [59, 63, 64]. In line with these findings,
isoflurane and sevoflurane significantly attenuated NK cell-
mediated tumor cytotoxicity [65]. In contrast, intravenous
agents propofol, etomidate, ketamine, midazolam, fentanyl,
and dexmedetomidine did not attenuate NK cell-mediated
tumor cytotoxicity at clinically relevant concentrations. No
effect on tumor cytotoxicity by propofol was also shown in
the study by Melamed et al. where MADB106 cells were
intravenously injected into rats [66]. So far, the effect of des-
flurane on LFA-1 and NK cell cytotoxicity has not been
known.

Type I interferons activate NK cells for tumor cytotoxic-
ity [67]. Isoflurane exposure attenuated interferon-induced
NK cell activity in vivo [68]. It is not known about the role
of sevoflurane, desflurane, or propofol in type I interferon-
mediated NK cell activation so far.

A number of studies examined the direct effect of anes-
thetics on NK cell functions, but Buckley et al. examined
the effect of serum under different anesthetics on NK cell
functions [69]. They coincubated serum from patients who
underwent breast cancer surgery under propofol and para-
vertebral block anesthesia or sevoflurane-based anesthesia
with healthy NK cells. NK cells coincubated with the serum
from patients receiving propofol-based anesthesia exhibited
a strong cytotoxicity, while NK cells coincubated with the
serum from sevoflurane-based anesthesia showed a marked
impairment of cytotoxicity. The serum from the sevoflurane
group showed less interleukin- (IL-) 1β and IL-10 levels. The
serum level of type I interferons was not measured in this
study. IL-1β is a costimulatory of NK cells [70]. Thus, it is
possible that a reduction in IL-1β in the sevoflurane group
may be in part responsible for their results. Because the pro-
pofol group uses regional block, however, the difference in
serum composition between the two anesthetic groups may

not necessarily be attributed solely to the difference in gen-
eral anesthetic drugs.

Overall, a number of studies have supported that volatile
anesthetics attenuated the function of NK cells compared to
propofol-based anesthesia, but further studies are needed to
clarify if all the halogenated ether derivatives act similarly.
ICAM-1 is often expressed on a group of tumor cells, but
some have its very limited expression. The studies that tested
the effect of anesthetics on NK cell cytotoxicity used K562
cells and YAC-1 cells, both of which express ICAM-1 highly.
Whether or not volatile anesthetics affect NK cell-mediated
tumor cytotoxicity when tumor cells have very limited
ICAM-1 expression remains to be determined. Whether or
not transcriptomic pattern of tumors affect the effect of gen-
eral anesthetic drugs on host immune responses such as NK
cells would be an important question to be investigated in
the future.

3.2.4. T Cells. Comparing the effects of volatile anesthetics vs.
intravenous anesthetic on T cells has been performed on a
very limited basis. Liu et al. examined T cell counts in
patients who underwent radical hysterectomy either under
propofol anesthesia or sevoflurane anesthesia [55]. In both
groups, postoperative T cell numbers were significantly less
than preoperative values. Postoperative T cell counts were
significantly lower in the sevoflurane group than in the pro-
pofol group. This may be explained by a potential difference
in the effect of sevoflurane and propofol on stress response,
as described in NK cell section. Future studies are needed
to clarify this matter.

Helper T (Th) cells play an important role in tumor
immunity. Th1 effector cells produce IL-2 and interferon-
γ, tumor necrosis factor (TNF)-α, which primarily mediate
antitumor immunity. Th2 effector cells produce IL-4, IL-5,
IL-6, IL-10, and IL-13 but can promote cancer progression.
Propofol did not affect the Th1/Th2 ratio, while isoflurane
significantly decreased Th1/Th2 [71]. Sevoflurane attenu-
ated the Th1/Th2 ratio [72]. In contrast, desflurane pre-
served the Th1/Th2 balance [54]. The clinical importance
of Th1/Th2 ratio modulation by different anesthetic drugs
needs to be determined in the future.

4. Conclusion

A number of retrospective clinical studies showed that
propofol-based TIVA might offer outcome benefit in cancer
patients compared to volatile anesthetics in a subset of can-
cer surgeries. The effect of volatile anesthetics on tumor cells
and immune cells may be in part supportive of these clinical
studies. However, prospective randomized control trials are
needed to clarify. Furthermore, whether or not there is any
difference among different volatile anesthetics needs to be
investigated.
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