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Abstract

With advances in tumor treatment, metastasis to bone is increasing, and surgery has become the only choice for most terminal
patients. However, spinal surgery has a high risk and is prone to heavy bleeding. Controlled hypotension during surgery has out-
standing advantages in reducing intraoperative bleeding and ensuring a clear field of vision, thus avoiding damage to important
nerves and vessels. Antihypertensive drugs should be carefully selected after considering the patient’s age, different diseases,
etc, and a single or combined regimen can be used. Hypotension also inevitably leads to a decrease in perfusion of important
organs, so the threshold of hypotension and the maintenance time of hypotension should be strictly limited, and the monitoring
of important organs during the operation is particularly important. Information such as blood perfusion, blood oxygen saturation,
cardiac output, and neurophysiological conduction potential changes should be obtained in a timely fashion, which will help to
reduce the risk of hypotension. In short, when applying controlled hypotension, it is necessary to choose an appropriate thresh-

old and duration, and appropriate monitoring should be conducted during the operation to ensure the safety of the patient.
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Introduction

The incidence of cancer is increasing year by year. In 2020, the
number of diagnosed cancer patients reached 19.3 million, and
10 million died of cancer. In the next 20 years, there will be
30 million new cases and 16 million cancer deaths. Bone is the
third most common site of metastatic tumors after the lung and
liver. The primary tumors most prone to bone metastasis are
breast cancer, prostate cancer, lung cancer, and so on. These
tumors not only have an obvious tendency for bone metastasis,
but they also have a high incidence. The spine is the most
common site of bone metastasis, and with the continuous devel-
opment of treatment and the prolonged survival time of cancer
patients, the incidence of spinal metastases is increasing.'~

Currently, the main method for treating spinal tumors is
surgery, which is often applied when the estimated survival
time of the patient is greater than 6 months, and in these
patients, the malignant metastatic lesions should be removed
as completely as possible. Surgical treatment can improve the
quality of life of the patients by relieving the corresponding
symptoms of spinal cord compression, increase their spinal
stability, and prolong their survival time.’

However, orthopedic surgery usually involves cutting into
the bone marrow, muscle tissue, and venous plexus. Because

of the complex structure of the blood vessels, bleeding during
orthopedic surgery is relatively heavy and is usually character-
ized by diffuse bleeding, which is difficult to control with tradi-
tional surgical techniques, especially when the operation
involves intraosseous capillaries. A meta-analysis by Chen
et al included 760 patients with spinal tumors and spinal metas-
tases. The total perioperative blood loss was 2180 ml (95% CI,
1805-2554 ml).*

Therefore, blood transfusion is a common practice during
orthopedic surgery. However, allogeneic blood transfusion
has risks such as immunosuppression and disease transmission,
and some patients may have transfusion-related reactions such
as transfusion-related lung injury, renal failure, myocardial
infarction, and even life-threatening reactions.’ Other methods
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to reduce bleeding during spinal surgery include aseptic gauze
packing and compression, acute hypervolemic or isovolumic
hemodilution, perioperative blood recovery, antifibrinolytic
drugs, and controlled hypotension. Although acute hypervole-
mic hemodilution and acute normovolemic hemodilution play
an important role in blood protection, hemodilution may affect
the blood coagulation function of the body.®’” Autologous
blood recovery technology can minimize the need for allogeneic
blood transfusion, but spinal surgery is traumatic and has a large
amount of bleeding, so allogeneic blood transfusion cannot be
avoided completely.® Antifibrinolytic drugs can reduce perioper-
ative blood loss and the need for blood transfusion during spinal
surgery, but it is controversial since it can increase the risk of
venous thromboembolism.’ Therefore, the application of con-
trolled hypotension has fewer clinical challenges.

Controlled hypotension (CH) refers to the use of drugs and/
or anesthetic techniques to reduce the mean arterial blood pres-
sure (MAP) to 55~65 mm Hg, the systolic blood pressure to
80~90 mmHg or to reduce MAP by 30% of the baseline
value.'” Controlled hypotension can reduce intraoperative
bleeding and ensure a clear field of vision, avoiding damage
to important nerves and vessels and shortening the operation
time, and reducing the need for blood transfusion, ligation
and cauterization of tissue, and the degree of edema, along
with accelerating wound healing. It is an important method to
reduce intraoperative bleeding during spinal surgery.'’
However, controlled hypotension also introduces risks of low
perfusion injury to various organs, including the spinal cord,
thrombosis, persistent hypotension, cardiac arrest, and so on,
and it can be difficult to prevent these complications.
Intraoperative monitoring of important organs is undoubtedly
an effective means to solve this problem. Emerging technolo-
gies, such as intraoperative transcranial Doppler (TCD) moni-
toring of cerebral blood flow, somatosensory evoked potential
(SSEP) monitoring of the spinal tract, transesophageal echocar-
diography (TEE) monitoring of cardiac function, and near-
infrared spectroscopy (NIRS) monitoring of renal perfusion,
can help clinicians determine the best strategy to reduce the
risk of perioperative complications and monitor cerebral perfu-
sion during the induction and maintenance of general anesthe-
sia. They can help reduce the occurrence of perioperative
ischemic complications.'*'* These techniques make controlled
hypotension safer, and thus it can be used more widely in the
clinic.

Physiology of Hemorrhage During Spinal
Surgery

Intraoperative blood loss is a common problem, and the defini-
tion of massive blood loss is usually considered to be 1 stroke 2
(adult 60 mL/kg) of the patient’s total blood loss within 24 h,
which constitutes severe blood loss.'> Most spinal surgery
studies have reported surgical blood loss requiring blood trans-
fusions, which range from 650 ml to 2839 ml per case. Chen
et al showed that among 760 patients undergoing spinal

surgery, the mean estimated perioperative blood loss was
2180ml (95% Cl 1805-2554), which is rather shocking.’*
Blood loss during spinal surgery for metastatic diseases may
come from large numbers of tumor blood vessels and dilated
epidural veins, as well as from soft tissue, paraspinal vessels,
etc'® The following discusses the physiology behind the ease
of hemorrhage during spinal surgery from three aspects.

Complexity of the Spinal Vessels

Extramedullary artery: there are three longitudinal arteries
along the spinal cord, providing transverse branches to the
white matter and gray matter. These arteries supply a network
of circular arteries located on the surface of the spinal cord,
called the “dural plexus.” The first longitudinal artery is the
anterior spinal artery (ASA). The other two longitudinal arteries
are the paired posterior spinal arteries (PSA). The ASA pro-
vides blood flow to the first 2/3 of the spinal cord, while the
PSA provides blood to the back 1/3 of the spinal cord. The
branches of these arteries that reach the spinal cord are called
radiculomedullary arteries. The largest one is the “great anterior
radiculomedullary artery”. This artery is particularly important
because it anastomoses with the ASA and supplies the major
part of the arterial flow to the lumbar enlargement.'”-'®

Arterial anastomotic systems: When considering the spinal
cord in the axial plane, four anastomotic circles have been
described: intramedullar, intradural, extradural, and extraverte-
bral. They each bear the confluence and shunt of blood. The
ASA and the PSA reach the conus medullaris, where they anas-
tomose through the anastomotic loop of the conus medullaris. It
represents the largest anastomotic system between the ASA and
PSA. Many of the most invasive resections of spinal tumors
endanger the extramedullary artery and intradural anastomotic
network."”

Tumor Neovascularization

Tumor angiogenesis refers to new blood vessels formed by the
existing vascular system in response to the tumor. To maintain
growth beyond more than a few millimeters in diameter, all
malignant tumors need to induce the growth of new blood
vessels, which play a key role in the occurrence, invasion,
and metastasis of solid tumors. Angiogenesis is considered a
sign of tumor progression because the rich vascular network
can provide sufficient oxygen and nutrition for tumor cells
and contribute to tumor metastasis.*

Abnormalities of Tumor Angiogenesis

Tumor angiogenesis produces abnormal blood vessels, and they
are more fragile than normal blood vessels: (a) due to an incom-
plete endothelium, lack of coverage of smooth muscle cells and
surrounding tissue, the vessels are sparse, fragile, deformed and
have high permeability; (b) the tumor interstitial pressure and
blood volume are increased due to arteriovenous shunts and
even acute vascular rupture.m’22
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Effect of Controlled Hypotension

The main purpose of controlled hypotension is to reduce the
intravascular tension, reduce bleeding and blood transfusions,
clear the surgical field and improve the accuracy of the operation,
thus reducing accidental injury to nerves and vessels, shortening
the operation time, reducing preload and afterload and improving
myocardial work, reducing ligation of cauterized tissue, reducing
the degree of edema, and accelerating wound healing. To
improve the safety of the perioperative patients, hypotension is
suitable for spinal surgery and other operations with an expected
large amount of blood loss and a high risk.?>°

Among the many advantages of controlled hypotension, the
most important advantage is that it can effectively reduce the
amount of intraoperative blood loss. Freeman et al studied
102 patients who underwent sacral tumor resection (59% of
the total). The patients in the experimental group received hypo-
tensive epidural anesthesia, and the control group received stan-
dard anesthesia care. The results showed that hypotensive
anesthesia could reduce blood loss and blood transfusions.?®
Huh et al used milrinone to reduce intraoperative blood pres-
sure and adjusted the infusion dose to reduce the systolic
blood pressure or the average blood pressure to 60—-65 mm
Hg. Milrinone-controlled hypotension can reduce intraopera-
tive blood loss and increase the urine volume compared with
sodium nitroprusside or nitroglycerin in elderly patients under-
going spinal surgery.?” Consistently, Hwang et al found that
controlled hypotension can significantly reduce intraoperative
blood loss and blood transfusion, improve the surgical field,
and improve perfusion.”® In addition, the use of controlled
hypotension during spinal surgery can protect renal function
and reduce the degree of renal damage. Park et al measured
serum creatinine clearance, serum cystatin C, urine volume,
and sodium excretion fraction in patients undergoing interpyra-
midal fusion before the operation, after the operation and on the
first day after the operation. The results showed that renal func-
tion was preserved in patients undergoing spinal surgery under
controlled hypotension?® (Table 1).

Commonly Used Drugs for Controlled
Hypotension and Pain Management in the
Clinic

Vasodilators

Sodium nitroprusside is probably the most popular drug; it pro-
duces NO by metabolism in vascular smooth muscle and
relaxes it. Sodium nitroprusside is a powerful vasodilator.
Because the afterload is reduced, the myocardial oxygen con-
sumption is reduced, so the cardiac output does not decrease,
the effect is fast, the action time is short, and the blood pressure
is easy to control; it has long been the first choice as an antihy-
pertensive drug during surgery. However, its inhibition of plate-
lets has a potential risk of increasing blood loss, and its other
potential side effects include tachycardia, hypoxia of liver and
skeletal muscle, and intrapulmonary shunt.*%!

Nitroglycerin mainly relaxes vascular smooth muscle, dilates
the venous system, reduces peripheral circulation resistance and
dilates volumetric blood vessels. In the clinic, nitroglycerin is
recommended to be used in combination with esmolol to
reduce the heart rate. Compared with sodium nitroprusside, nitro-
glycerin acts more slowly but does not cause myocardial ische-
mia, rebound hypertension, or toxic metabolites.*?

Bl Adrenergic Receptor Blockers

Esmolol, as a highly selective 1 adrenergic receptor blocker,
acts quickly and for a short time and can significantly reduce
the heart rate, cardiac output, and blood pressure. Studies
have shown that esmolol can reduce spinal cord ischemia—
reperfusion injury in nerve injury model rats. In theory, the infu-
sion of esmolol and nitroglycerin is more beneficial for the
smooth implementation of controlled hypotension.
a2-adrenergic receptor agonists.

Dexmedetomidine, as a highly selective a2-adrenergic
receptor agonist, has analgesic and sedative effects and
reduces sympathetic nerve activity. It is used for controlled
hypotension mainly by inhibiting sympathetic nerve activity,
thus slowing down the heart rate and reducing blood pressure.
At the same time, it can also reduce the rate of cerebral oxygen
uptake, reduce the incidence of postoperative cognitive dys-
function, and have a neuroprotective effect.

Calcium Channel Blockers

Nicardipine is a calcium channel antagonist injected intrave-
nously that can moderately and quickly control blood pressure,
relax vascular smooth muscle, and reduce systemic vascular
resistance.*>** By comparing nicardipine with sodium nitro-
prusside, Lustik et a/ found that nicardipine caused a lower
rate of severe hypotension than sodium nitroprusside, although
both drugs were acceptable options for achieving the goal of
controlled hypotension.*’

Phosphodiesterase Type IlI Inhibitor

Milrinone is a selective phosphodiesterase type III inhibitor used
in patients with congestive heart failure or during cardiac surgery.
Phosphodiesterase inhibitors can increase cyclic adenosine
monophosphate and promote the influx of calcium into cardio-
myocytes and vascular smooth muscle. Vascular dilatation
occurs in both arterial and venous smooth muscle, which reduces
systemic blood pressure.’® Milrinone-controlled hypotension
reduced the intraoperative blood loss and increased the urine
volume compared with sodium nitroprusside or nitroglycerin.>’

Narcotic Drugs

Propofol, as a general intravenous anesthetic, inhibits myocar-
dial contractility and the circulatory baroreceptor response to
hypotension by directly reducing the peripheral vascular resis-
tance and inhibiting endoplasmic reticulum calcium release.
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Table 1. Clinical outcomes of controlled hypotension reported in different studies.

Blood pressure

Measuring index

Study Drugs range (mm Hg) (experimental group vs control group) Conclusions
Freeman Propofol plus either =~ MAP 53mm Hg Intraoperative blood loss: Red cells Hypotensive anesthesia resulted
et al*® remifentanil or 1457mL vs 2421mL transfused: in less blood loss and fewer
ketamine 2.7units vs blood units transfused
3.9units
Huh Milrinone, sodium A fall of 30% in Intraoperative blood loss: Hourly urine Milrinone for induced
et al”’ nitroprusside, systolic blood 288.5mL vs 399.8mL output: 1.4mL vs hypotension led to less
nitroglycerine pressure and 367.0mL 0.7mL and intraoperative blood loss and
0.9mL higher urine output
Hwang Milrinone MAP was not less  Intraoperative blood loss: Hourly urine Reduced intraoperative blood
et al*® than 60 mm Hg 445.0mL vs 765.0mL output: 1.4mL vs loss and while urine output
0.8mL increased
Park Nicardipine Mean arterial Creatinine clearance: Serum cystatin C: Nicardipine increased creatinine
et al®® pressure at 50-65 200mL/min/1.73m> vs 0.58mg/L vs clearance and renal function
mm Hg 150mL/min/1.73m’ 0.63mg/L was preserved

Abbreviation: MAP, mean arterial pressure.

Its inhibition of circulation is weak, so it is often used in com-
bination with a variety of drugs to achieve antihypertensive
effects. Sevoflurane has been shown to reduce systemic vascular
resistance in a variety of ways. Albertin ef a/ found that patients
treated with propofol had more local blood flow than those in the
sevoflurane group but had less intraoperative bleeding.?’

Anesthetic management during spinal surgery is often faced
with the challenges of massive blood loss, difficult pain control,
a long operation time, and posture-related complications. In the
systematic review by Alboog et al, three main factors were con-
sidered most important during anesthesia for complex spinal
surgery in adults: blood loss, pain management, and
posture-related complications. Prophylaxis of tranexamic acid
and an optimal prone position have been shown to be effective
blood protection strategies with the least risk to patients, while a
combination of gabapentin, ketamine, and opioids can achieve
the best analgesic effect.’” In addition, Waelken et al pointed
out that for surgical analgesia, different operative time periods
should be treated differently. Paracetamol and nonsteroidal
anti-inflammatory drugs or cyclooxygenase-2 specific inhibi-
tors should be used before or during the operation, ketamine
can also be injected intravenously, and epidural anesthesia
should be used alone or in combination with opioids.*®
Therefore, it can be seen that the single or combined use of dif-
ferent drugs, and how to choose and match them, is still the core
issue of clinical concern and should be fully evaluated before
surgery, according to the patient’s specific operation and the
postoperative goals. At the same time, new drug discoveries
also provide more room for controlled hypotension and pain
management (Table 2).

Effects of Controlled Hypotension on Vital
Organs (Heart, Brain, Kidney, Vision)

Controlled hypotension is mostly safe, but this does not mean
that there are no complications. Most of the complications or

Table 2. Overall recommendations for peri-operative pain
management in patients undergoing complex spine surgery.

Pre-operative and intra-operative recommendations
Oral or i.v. paracetamol (Grade D)
Oral or i.v. NSAIDs / COX-2 specific inhibitors (Grade A)
i.v. Ketamine infusion (Grade A)

Postoperative recommendations
Epidural analgesia with local anaesthetics and with or without
opioids (Grade B)
Oral or i.v. paracetamol (Grade D)
Oral or i.v. NSAIDs/COX-2 specific inhibitors (Grade A)
Opioids as rescue medication (Grade D)

Abbreviations: COX, cyclooxygenase; i.v., intravenous.

deaths are closely related to the selection of the antihypertensive
indications, the mastery of the antihypertensive techniques and
management, excessive hypotension, excessive drug dosage
and insufficient blood volume, and the lack of understanding
of potential risk factors before the operation. Therefore,
before applying controlled hypotension, we must fully consider
the advantages and disadvantages before choosing to use it.

Effects of Controlled Hypotension on the Brain

Due to its characteristics of a high metabolic rate, high oxygen
consumption and sensitivity to hypoxia, the greatest concern of
controlled hypotension is cerebral ischemia and hypoxia caused
by insufficient cerebral blood flow. Therefore, ensuring the
blood perfusion of the brain tissue and the balance of oxygen
supply and demand is a basic safety requirement of controlled
hypotension. When the arterial blood pressure changes, intra-
cranial arterioles can maintain a relatively stable cerebral
blood volume through contraction or relaxation to maintain
normal physiological function, which is called automatic regu-
lation of cerebral blood flow. When the blood pressure is lower
than the lower limit of the ability of cerebral blood flow
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regulation, with a continuous decrease in blood pressure, the
cerebral blood flow will continue to decrease, and finally,
there will be irreversible brain damage.*® These injuries
include central nervous system injury, increased local tissue
pressure, hypertension, and a decrease in lateral limb circulation
and they can significantly affect the functional activity of hippo-
campal CAl neurons in the brain.*

For the relationship between intraoperative mild hypoten-
sion and stroke, Bijker ef al found that the duration of a decrease
in mean arterial pressure from the baseline value of more than
30% was significantly correlated with postoperative stroke
and that postoperative hypotension may be associated with peri-
operative stroke.*' However, Hsieh et al found no correlation
between stroke and intraoperative hypotension. The risk of
hypotension among stroke patients was not higher than that in
the normal control group.** Bijker et al explained that there is
a statistically significant correlation between a decrease of
more than 30% of MAP from the base value and the occurrence
of postoperative stroke, and the definition of "baseline" is dif-
ferent, depending on the baseline used, which may affect the
correlation between the degree of intraoperative hypotension
and the risk of postoperative ischemic stroke. In addition,
stroke risk is also associated with the duration of intraoperative
hypotension. When the duration is extended by one minute, the
risk of stroke increases by 1.013 times.*!

Effect of Controlled Hypotension on the Myocardium

The overall incidence of myocardial injury during noncardiac
surgery is 3.1%. There is no fixed definition of perioperative
myocardial injury, generally defined as occurring within 7
days after the operation, reflected by the peak value of fourth-
generation troponin exceeding 0.03~0.04 ng/ml once, and the
peak value of CK-MB exceeding 8.8 ng/ml once.*> Walsh
et al evaluated the relationship between intraoperative hypoten-
sion (MAP < 55-75 mmHg) and postoperative acute renal
injury (AKI) and myocardial injury in 33330 patients to deter-
mine the MAP threshold of increased risk of damage. The inci-
dences of AKI and myocardial injury were 2478 (7.4%) and
770 (2.3%), respectively. The increased risk of both MAP
thresholds was lower than that of 55 mm Hg, and it is worth
noting that there does not seem to be any safe duration when
MAP is lower than 55 mm Hg.**

Salmasi et al evaluated whether the relationship between
intraoperative hypotension and myocardial injury depended
on the baseline MAP. The results showed that an absolute
threshold of MAP lower than 65 mm Hg was progressively
related to myocardial damage. The lower the absolute threshold
is, the longer the duration of hypotension and the more common
the injury. When MAP is 50 mm Hg, only 1 min can signifi-
cantly increase the risk of myocardial and kidney damage.
When MAP is lower than 65 mmHg, a duration longer than
13 min is significantly related to an increased risk of myocardial
and renal injury. When MAP is lower than 50% before surgery,
5 min significantly increased the risk of myocardial and kidney
injury.*> From the same point of view, Waes ef al showed that a

relative MAP less than 40% of the preoperative blood pressure
for more than 30 min was associated with an increased inci-
dence of myocardial injury, and even a short period of hypoten-
sion below 40% of preoperative MAP was associated with
kidney and myocardial injury. Therefore, the classic recommen-
dation that intraoperative blood pressure should be maintained
within 20% of preoperative blood pressure seems reasonable.*®

Effect of Controlled Hypotension on the Kidney

The effect of controlled hypotension on the kidney is mainly
reflected by AKI. AKI is defined as a relative 50% increase in
creatinine or an absolute increase of 0.3 mg/dl in the first two
days after the operation.*’ In adults, the renal blood flow
remains constant between MAP 75 and 170 mmHg, but
beyond this range, it becomes dependent on blood pressure.
MAP of 50 to 60 mmHg is the lower limit of renal blood
flow autoregulation.*® Rhee et al recently measured the reactiv-
ity of renal vessels using near-infrared spectroscopy. When
MAP decreased to 60, 45, and 40 mm Hg, renal blood flow
decreased to 75%, 50%, and 25% of the baseline, respec-
tively.*” To study the relationship between intraoperative hypo-
tension and acute renal injury, Sun ef al/ conducted a
retrospective cohort study of 5127 patients undergoing noncar-
diac surgery, and the results showed that when the MAP was
lower than 60 mmHg, the incidence of AKI was 1.84%.
However, when the MAP was lower than 55 mm Hg, the inci-
dence of AKI was 2.34%, and when the time was extended for
more than 20 min, the incidence of AKI was 3.53%.%° The
degree of reduction of the MAP level is very important; there-
fore, the appropriate baseline level and duration of hypotension
should be selected according to the age and renal function level
before the operation; it should not be less than 55 mm Hg; and
the duration should not generally exceed 20 min.

Effect of Controlled Hypotension on Vision

Vision loss is a complication encountered in 0.2% of spinal sur-
geries. Bilateral optic nerve involvement is common in patients
with perioperative posterior ischemic optic neuropathy, and
bilateral optic nerve involvement occurs in approximately half
of patients and 70% of patients after lumbar surgery.’’
Intraoperative anemia and controlled maintenance hypotension
are the main risk factors for vision loss in patients with ischemic
optic neuropathy after lumbar surgery,’® which may increase
the central venous pressure and decrease the intraocular perfu-
sion pressure.*>*

Mione et al studied bilateral occipital watershed ischemic
stroke caused by hypotension during spinal surgery. They
reported a patient with vision loss due to bilateral symmetrical
occipital infarction caused by intraoperative hypotension after
lumbar laminectomy. The patient was 55 years old, without
any underlying disease. The preoperative blood pressure was
176/114 mm Hg. To prevent bleeding, the systolic blood pres-
sure was controlled below 80 mm Hg for 75 min. He did not
receive a blood transfusion during the operation. When he
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woke up, he complained of complete blindness. Two years
later, he still had serious visual impairment and spatial
neglect. Patients undergoing spinal surgery are particularly
prone to intraoperative hypotension, and there is a risk of
vision loss due to eye infarction and cortical infarction, espe-
cially due to the presence of variations in the cerebral arterial
ring>> (Table 3).

New Progress in the Prevention of
Complications

Intraoperative Monitoring of Cerebral Blood Flow by
Transcranial Doppler

TCD analysis of pulsatile cerebral blood flow velocity wave-
forms of intracranial arteries can provide information on
various cerebrovascular changes.’® The latest TCD includes
the use of spectral and color Doppler as well as grayscale
tissue imaging, allowing direct display of major intracranial
arteries and the identification of arteries and their hemodynam-
ics.”” Cerebral blood flow resistance can be measured by the
Pulsatility Index (PI).® The results of Abdelhaleem et al
show that there is a significant difference between PI and the
mean blood flow velocity of the middle cerebral artery before
and after the operation, so TCD measurement of PI can be
regarded as a more effective monitoring method.>® Chaix et al
used TCD to monitor the blood flow velocity of the middle cere-
bral artery (Vm) and recorded the systolic velocity (Vs.), diastolic
velocity (Vd), and pulsatile index ([Vs.—Vd]/Vm) to evaluate
cerebral perfusion during the induction and maintenance of
general anesthesia. It was found that the decrease in cerebral per-
fusion measured by Vm was related to the decrease in MAP in
high-risk patients.'*> Similarly, Larsen ef al reported that a
decrease in MAP was positively correlated with Vm, although
changes in MAP within the range of brain autoregulation
should not affect cerebral blood flow.®

Somatosensory Evoked Potential Monitoring of the
Spinal Tract

SSEP is performed by applying an electrical stimulation to a
specific mixed nerve or dermatome to generate a sensory stim-
ulus and then recording the responses along the ascending
neural pathway and the sensory cortex. The purpose of SSEP
and other forms of intraoperative neuromonitoring is to detect
reversible electrical changes as early as possible to prevent irre-
versible ischemic damage.®' In view of this relationship, a
decrease in SSEP amplitude can be used to indicate an
increased risk of perioperative ischemic complications, such
as stroke and optic nerve injury.'’ Thirumala er al also
showed that intraoperative SSEP is highly specific for iatro-
genic injury, dural traction, and a decrease in systemic blood
pressure. A decrease in MAP leads to a significant reversible
change in the potential amplitude of monitoring SSEP.®?
However, Abdelkader et al showed that the sensitivity of

SSEP alone in monitoring selective corticospinal tract injury
was low.%® Kelleher et al suggested that the low sensitivity
may be due to nerve root and corticospinal tract injury. EMG
and motor evoked potentials (MEPs) are more sensitive
methods to monitor these injuries.** A combination of MEP
and SSEP has been shown to increase the sensitivity of SSEP
from 59% to 92%.%° Therefore, a combination of MEP and
SSEP for multimode monitoring of the spinal tract is a more
effective and reasonable method.

Monitoring of Cardiac Function by Transesophageal
Echocardiography

Recently, the use of ultrasound has been shown to have an
important impact on improving the monitoring and correction
of hypovolemia and left ventricular dysfunction, with a trend
toward a shorter operation time and reduced mortality.®®
Echocardiography can be divided into transthoracic echocardi-
ography (TTE) and TEE. TEE provides a reliable acoustic
window through the esophagus, reducing the variability of
image generation and usually ensuring high-resolution
images,”” and TEE has been proven to outperform TTE in
terms of the high clinical risk in critically ill patients.® From
the point of view of hemodynamic monitoring, the evaluation
of fluid response by TEE is mainly based on the changes of
the aortic velocity time index, left ventricular systolic function,
dynamic changes of the cardiac output to passive leg raising,
and measurement of the inferior vena cava diameter. At the
same time, TEE has very good specificity and moderate sensi-
tivity in measuring the diameter of the superior vena cava
during respiration.®>’® Therefore, preoperative and intraopera-
tive echocardiography may help clinicians determine the best
strategies to reduce the risk of perioperative complications,
including enhanced monitoring or a higher level of postopera-
tive care.'

Monitoring Renal Perfusion Blood Flow by Near Infrared
Spectroscopy

Different biomarkers (such as cystatin C and NGAL) are often
used in the early detection of kidney injury. Nonetheless, renal
oxygen saturation has been shown to be a better marker of acute
renal hypoperfusion than serum creatinine, EGFR, and urinary
NGAL.”" NIRS is a noninvasive optical technique that contin-
uously measures the difference between oxygenated and deox-
yhemoglobin in the local tissue region, thus reflecting the local
oxygen saturation.”” A decrease in renal venous oxygen satura-
tion (SrvO2) has been proven to be related to postoperative
renal damage, so a decrease in renal oxygen saturation can
predict acute renal injury intraoperatively and postopera-
tively.”> Tholen et al compared the local tissue renal oxygen
saturation (rSO2) obtained from skin sensors placed above
the kidney with the invasive SrvO2 using NIRS. They found
good agreement between rSO2 and SrvO2.”* Malakasioti
et al showed that a decrease in renal blood oxygen saturation
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Table 3. The relationship between controlled hypotension and vital organs.

Thresholds of

Study Treatment intraoperative MAP Complication Incidence Conclusions
Bijker Cardiac or neurosurgical MAP was decreased more  Ischemic stroke 0.1-3% Significantly associated
et al*! procedures were than 30% from baseline with a postoperative
excluded stroke
Hsieh Nonneurological, Under a MAP of 70mm Hg  Ischemic stroke 0.1-3% Not find an association
et al¥ noncardiac, and between hypotension and
noncarotid surgery postoperative stroke
Walsh Noncardiac surgery Less than 55 mm Hg Myocardial 2.3% There does not any safe
et al** damage duration of a MAP less
than 55mm Hg
Salmasi Noncardiac surgery MAP below absolute Myocardial 3.1% Prolonged exposure was
et al® thresholds of 65 mm Hg damage associated with increased
or relative thresholds of odds
20%
Sun Noncardiac surgery Less than 55mm Hg Acute kidney 2.34% or 3.53% AKI is associated with
et al®® injury (MAP<55mmHg); sustained intraoperative
1.84% (MAP<60 mm periods
Hg)
Murphy ~ Lumbar spine fusion Systolic blood pressure Ischemic optic A case Bilateral ischemic optic
et al’! surgery ranging from 85 to 95 neuropathy neuropathy was
mm Hg and diastolic confirmed 2 months
pressure between 40 and postoperatively
60 mm Hg
Abbreviation: MAP, mean arterial pressure.
Table 4. New progress in intraoperative monitoring.
Parameter Method Advantages Limitation
Vessel blood flow Transcranial Doppler Non-invasive Results dependent on probe position and

Regional vascular oxygen
saturation

Potential change

Hemodynamic monitoring

sonography
Near-infrared spectroscopy
Somatosensory evoked

potential

Trans-esophageal
echocardiography

Continuous
Dynamic changes of vessels
Non-invasive
Continuous
Applicable to all ages
Offers real-time resolution of cerebral
ischemia
Sensitivity
Surgical manipulations and to
different types of injury
Continuous
Offers a reliable acoustic window
Assuring high-resolution images
Less invasive

user experience

High costs
Possibility of extracranial
contamination

Ischemic insults to motor areas can only
be detected
Spatial resolution is limited

More time consuming
Contraindication added

during the perioperative period or during shock reflects a
decrease in blood transfer to vital organs and impairs renal per-
fusion.”” Therefore, NIRS is a good noninvasive method for
monitoring renal blood flow.

To a large extent, monitoring allows clinicians access to
important information, such as the perfusion volume, blood
oxygen saturation, cardiac output, and neurophysiological con-
duction potential changes in important organs under conditions
of hypotension, which greatly reduces the occurrence of intra-
operative complications. It should be pointed out that these

new techniques are not only used to monitor specific organs,
such as NIRS, which can also be used to monitor cerebral per-
fusion blood flow. TEE measurement of cardiac output can also
indirectly predict changes in cerebral blood flow. TEE should
be used singly or in combination according to the patient’s con-
dition (Table 4).

In conclusion, surgery is a common treatment method for
patients with spinal tumors. Because of the special anatomical
structure of the spine and the easy bleeding of tumor vessels,
heavy intraoperative blood loss during spine surgery is
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common. The controlled hypotension technique can effectively
reduce intraoperative blood loss and improve the clarity of the
surgical field. Doctors must skillfully master and use the con-
trolled hypotension technique to reduce blood pressure appro-
priately at critical moments. The decrease in blood pressure
should be limited to maintain full perfusion of the heart,
brain, kidney, and other important organs and keeping the
blood pressure level as high as possible while meeting the sur-
gical requirements. At the same time, the physiological func-
tions of important organs must be strictly monitored to avoid
complications and ensure the safety of the patients.
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