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Abstract

Aims: To determine the impact of anesthesia encountered and to optimize the treatment of perioperative pulmonary
arterial hypertension (PAH) in an effort to improve perioperative management and reduce complications.Methods:We
conducted a retrospective analysis of scoliosis patients with PAH who underwent scoliosis surgery. Results: During this
period, we identified a total of 22 patients. Their mean age was 22.18 ± 2.11 years. 16 PAH patients (72.72%) received PAH-
specific treatment. Only Propofol-based TIVA was used intraoperatively. During the procedure, pulmonary artery
catheters and PICCO catheters were placed in all patients to monitor intraoperative and postoperative mPAP, MAP, PRVI
and SRVI. During tracheal intubation and intraoperative awake testing, mPAP generally tended to increase in all patients. 6
patients (27.27%) received intraoperative PAH-Specific therapy. All patients received oral sildenafil (75-100 mg/d orally),
and 9 patients received postoperative oral sildenafil combined with nebulized iloprost (20 μg/d); intravenous treprostinil
(2 ng/kg/min started and titrated to 10-17.5 ng/kg/min); or bosentan (250 mg/d) postoperatively. 7 patients (31.82%)
reported postoperative complications, including 2 cases of respiratory failure requiring reintubation, 1 case of right heart
failure, 2 cases of superficial surgical site infection, 1 case of fluid and electrolyte and acid-base imbalances, 2 cases of
pneumonia and 1 case of pulmonary oedema with fluid overload. Two patients developed more than 1 postoperative
complication. No in-hospital death occurred. Conclusions: The anesthetic management of scoliosis patients with PAH is
important task that, like its own surgery, relies on the input of the multidisciplinary team for its success. Close monitoring,
optimization of systemic blood pressure, pain control, oxygenation and ventilation, avoidance of exacerbating factors, and
the use of vasopressors and pulmonary vasodilators when necessary are essential elements of management.
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Introduction

Severe scoliosis has numerous adverse effects on the car-
diorespiratory system. Previous studies have shown that
scoliosis compromises chest-wall movement and is a causative
factor in restrictive ventilatory disorders including reduced
forced vital capacity (FVC) as well as a decrease in the per-
centage of predicted FVC (%FVC). Several early studies in-
dicated that untreated scoliosis increases mortality caused by
respiratory failure and right heart failure.1,2 Pulmonary arterial
hypertension (PAH) is thought contribute to the development
of cardiac consequences. In scoliosis patients with PAH, an-
esthesia and scoliosis surgery are associated with a significant
increase in morbidity and mortality, mainly due to right
ventricular failure, arrhythmias, postoperative hypoxemia, and
myocardial ischemia.3 Preoperative risk assessment and suc-
cessfulmanagement of scoliosis patientswith PAHundergoing
scoliosis surgery involve an understanding of the patho-
physiology of the disease, screening of patients at-risk for
PAH, analysis of preoperative and operative risk factors,
comprehensive multidisciplinary planning, careful intra-
operative management, and early recognition and treatment of
postoperative complications.

Here, we report a cases series of scoliosis patients with
PAH who successfully underwent scoliosis surgery ac-
cording to the 2015 European Society of Cardiology
(ESC)/European Respiratory Society (ERS) guidelines, in
order to provide a reference for the perioperative man-
agement of such cases.

Methods

Patient Selection

This was a single-center retrospective study. The institu-
tional review board of the XXX approved this study, and the
ethics committee waived the requirements for written in-
formed consent. The medical records of all scoliosis patients
with PAH who underwent scoliosis surgery between 2013
and 2020 at the XXX were reviewed retrospectively. All
cases were confirmedwith pulmonary artery catheterization.
Mild pulmonary hypertension was defined as a mean pul-
monary artery pressure between 25 and 49 mmHg, and
severe pulmonary hypertension was defined a as mean
pulmonary artery pressure ≥50 mmHg or sPAP ≥70 mmHg.
Pulmonary hypertensive crisis (PHC) was defined as an
acute increase in pulmonary arterial pressure (PAP) with an
sPAP/systolic arterial pressure ratio >.8 with acute right
heart (RV) failure and hypoxemia.

Data Collection

Data extraction included patients’ demographics including
age, race–ethnicity, comorbidities, New York Heart As-
sociation functional state before, during, and after scoliosis

surgery, 6-minute walk test, breath-hold test and any other
existing co-morbidity. Preoperative pulmonary arterial
pressure (PAP)- pulmonary artery catheter (PAC), mean
PAP (mPAP)-PAC, pulmonary vascular resistance index
(PVRI)-PAC, systemic vascular resistance index (SVRI)-
pulse contour cardiac output (PICCO), mean arterial
pressure (MAP), cardiac index (CI)-PAC, intraoperative
PAH-specific therapy, operative time and postoperative
PAH therapy, Post-operative duration of mechanical
ventilation (PPDMV), complications, and vasopressor
dose were among the parameters investigated.

Statistical Analysis

Statistical analyses were performed using SPSS version
22.0 (IBM, Armonk, New York, USA). Data were pre-
sented as the mean ± standard deviations (SD) for normally
distributed continuous variables and numbers for cate-
gorical variables.

Results

Basic Demographic Characteristics of Scoliosis
Patients with Pulmonary Arterial Hypertension
Underwent Scoliosis Surgery

From 2013 to 2020, a total of 724 scoliosis patients were
treated at our hospital, with 137 cases of idiopathic sco-
liosis, 212 cases of congenital scoliosis, 114 cases of
neuromuscular scoliosis, 129 cases of degenerative sco-
liosis, 47 cases of traumatic scoliosis, 3 cases of tumour
scoliosis, and 82 cases of inflammatory or specific in-
fectious scoliosis. For patients with moderate-to-severe
PAH, PAH-specific therapy was initiated before surgery.
Most of these patients underwent scoliosis surgery under
general anesthesia. A pulmonary artery catheter was placed
before the patient was transferred to the operating room.

Twenty-two scoliosis patients were identified with
PAH, with an incident rate of 3.04%. Their mean ages were
22.18 ± 2.11 years. Of the 22 patients with combined PAH
who underwent scoliosis surgery, 19 patients (86%) had
neuromuscular and congenital scoliosis. Their baseline
characteristics, and management before scoliosis surgery
were listed in Table 1. 13 patients (59.09%) were newly
diagnosed with PAH during their hospitalization. 9 patients
(40.91%) were previously diagnosed with PAH, and only 2
(9.10%) had received PAH specific therapy. 16 patients
(72.73%) had other cardiopulmonary abnormalities, in-
cluding 14 cases (63.63%) extremely pulmonary dys-
function, 11 (50.00%) structural malformation of heart. 12
(54.55%) had a history of respiratory failure, defined as
arterial oxygen tension (PaO2) lower than 60 mmHgwith a
normal or high arterial carbon dioxide tension (PaCO2). Of
these 22 patients, 13 (59.09%) were wheel chair bound. All
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patients recovered in the surgical intensive care unit for 3
to 5 days and continued to receive treatment for PAH. Once
a patient was hemodynamically stabilized, the patient was
transferred to the general ward for additional care.

Preoperative Therapy and Management

16 PAH patients (72.72%) received PAH-specific therapy
(oral sildenafil, inhaled iloprost, or treprostinil) after initial
diagnosis, 3 to 6 months before scoliosis surgery. They
received sildenafil alone or in combination with inhaled
iloprost, treprostinil or bosentan (Table 2). All 22 scoliosis
patients received traction with a cephalopelvic ring upon
admission. 10 scoliosis patients with combined type 2
respiratory failure were on noninvasive-ventilator assisted
breathing. All of these patients received oxygen therapy.
Only 2 patients received preoperative anticoagulation to
prevent thrombosis and digoxin for heart failure. All pa-
tients were monitored postoperatively in the intensive care
unit and received carefully planned pain management
strategies to reduce sympathetic activation and increased
pulmonary vascular resistance (PVR), and immediate
postoperative monitoring in the intensive care unit. In
addition to the above medical measures, all patients were
asked to blow up balloons and sing exercises, and for
patients with limited mobility, they are also asked to stake
the stairs to improve their lung function.

Intraoperative Details of Scoliosis Surgery With
Pulmonary Arterial Hypertension

Preoperatively, patients were classified as class 4 according
to American Society of Anesthesiologists classification.
The majority of procedures were performed in the prone

position (81.82%, n = 18), with 4 patients receiving the
lateral position due to excessive kyphoscoliosis. After
local oral mucosal anesthesia and cricothyroid membrane
puncture anesthesia, tracheal intubation was performed. 18
(81.82%) patients were guided by fiberoptic bronchoscope
and 4 (18.18%) by visible light wand. Intraoperatively,
only propofol-based total intravenous anesthesia (TIVA)
was used with various neuromuscular blocking agents
(Rocuronium or Cisatracurium), analgesics (Remifentanil,
Sufentanil and Oxycodone), and adjuvants (Dexmedeto-
midine). The median operative time for primary proce-
dures were 386 minutes (IQR 276–469). The estimated
total intraoperative blood loss was 1130 mL (IQR 860–
2600). 4 patients (18.18%) underwent revisional scoliosis
surgery; their median operative time and estimated intra-
operative blood loss were 513 minutes (IQR 457-587) and
1684 mL (IQR 1350-2073), respectively (Table 3).

Pulmonary artery catheters were placed in all patients
before they were transferred to the operating room. In-
traoperative and postoperative monitoring of mPAP, PVR
index, systemic vascular resistance (SVR) index, and
cardiac output was performed. When the intraoperative
mean PAP/mean systemic arterial pressure ratio increased,
iloprost was inhaled or intravenous treprostinil was ad-
ministered to control pulmonary hypertension. Intra-
operatively, 2 patients received iloprost inhalation and 5
patients received treprostinil intravenously. Most pulmo-
nary artery catheters were removed within 3 to 5 days after
surgery when the patient’s condition became relatively
stable. The bispectral index (BIS) monitor was used as a
guide for anesthetic depth to reduce incidents of sudden
hemodynamic disturbances. Somatosensory evoked po-
tentials (SSEPs) and myogenic motor evoked potentials
(MMEPs) were monitored in all procedures. During the
operation, we also monitored invasive arterial blood
pressure and pulse-indicated continuous cardiac output
(PICCO). 16 patients experienced intraoperative hypo-
tension (systemic blood pressure < 90/60 mmHg) and were
treated with phenylephrine; noradrenaline; or epinephrine
to maintain hemodynamic stability. During tracheal intu-
bation and intraoperative awake testing, mPAP generally
tended to increase in all patients (Figure.1).

Postoperative Management and Clinic Outcomes

Echocardiography was performed daily after scoliosis
surgery. LMWH was started 24 hours after surgery. The
pulmonary artery catheter was removed on the third to fifth
postoperative day without catheter-related complications.
No patient died postoperatively due to pulmonary hy-
pertension and related complications. The mean PAP, PVR
index, mean systemic arterial pressure, SVR index, and
cardiac index were almost equivalent preoperatively and
72 hours postoperatively (Figure.1). All patients were

Table 1. Demographic Characteristics and Clinical Features.

Parameter Value

Age (years) 31.6 ± 3.2
Weight (kg) 35.1 ± 12.9
Cobb’s angle (o) 127.5 ± 26.8
Height (cm) 126.2 ± 13.8
Arm length (cm) 146.6±19.1
HR (beats/min) 89.2 ± 26.1
BP (mmHg) 123.5 ± 36.5
SpO2 (%) 89.4 ± 7.8
Na+ (mmol/L) 138.6 ± 2.4
K+ (mmol/L) 3.9 ± 0.4
Blood urea nitrogen (BUN) (mmol/L) 4.7 ± 1.3
Creatinine (μmol/L) 42.5 ± 6.4
Hb (g/dl) 126.3 ± 11.4
WBC (×109/L) 8.4 ± 1.9
PLT (×109/L) 218.2 ± 31.7

Values are expressed as mean±SD.
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treated with oral sildenafil (75-100 mg/d orally), and 9
received oral sildenafil combined with nebulized iloprost
(20 μg/d); intravenous treprostinil (starting at 2 ng/kg/min
and titrated to 10-17.5 ng/kg/min); or bosentan (250 mg/d)
based on PAP measurements by pulmonary artery catheter
(Table 4).

Early postoperative complications (≤30 d) were re-
ported in 7 patients (31.82%). Major early complications
included respiratory failure requiring reintubation (n = 2),
right heart failure (n = 1). Minor early complications in-
cluded superficial surgical site infection (n = 2), fluid and
electrolyte and acid-base imbalances (n = 1), pneumonia (n
= 2), pulmonary edema with fluid overload (n = 1). Two
patients developed >1 early postoperative complications.

Overall, 4 patients developed cardiopulmonary compli-
cations. All patients received post-operative analgesia,
including oral NSAIDs and intravenous oxycodone. There
were no postoperative deaths in this cohort.

Discussion

PAH is a known risk factor for perioperative complica-
tions. Most of the literature regarding the role of PAH in
perioperative morbidity and mortality in patients under-
going noncardiac surgery is based on small series and
remains poorly defined.4 PAH is currently not listed in the
American Heart Association/American College of Cardi-
ology Foundation Practice Guideline for noncardiac

Figure 1. Perioperative hemodynamic parameters over 72 hours for mPAP (A), PVRI (B), SVTI (C), Map (D) and CI(E). mPAP: mean
systemic pulmonary arterial pressure; PVRI: pulmonary vascular resistance index; SVRI: systemic vascular resistance index; MAP:
mean systemic arterial pressure; CI: cardiac index. The horizontal axis of the coordinates indicatingT0, at induction; T1, at intubation;
T2, at skin incision; T3, at intraoperative awake-test; T4, at the end of the procedure; T5, 12 hours postoperatively; T6, 24 hours
postoperatively; T7, 36 hours postoperatively; T8, 48 hours postoperatively; T9, 60 hours postoperatively; T10, 72 hours
postoperatively.
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surgery as an independent risk factor for postoperative
complications.5 Despite the paucity of data, patients with
PAH are often counseled against having elective proce-
dures because early and sudden postoperative deaths have
been reported.6

Potential complications, including hypotension, respi-
ratory compromise, or RV failure, may occur intra-
operatively or in the postoperative period.7 Despite the
limited literature, several factors have been identified as
potential predictors of increased risk of perioperative
complications in patients with PAH undergoing noncardiac
surgery. Patients with PAH are unable to accommodate
alterations in right ventricular (RV) preload or afterload
induced by fluid shifts, medications, or changes in the
autonomic nervous system precipitated by hypoxia or hy-
percapnia.8 These factors become magnified in situations of
added stress such as surgical intervention. Systemic hy-
potension and arrhythmias may precipitate RV ischemia,
further worsening RV function.9,10 Patient and surgical
characteristics and choice of anesthetic technique are crucial
factors in perioperative management. The 2 main principles
of perioperative management are the prevention of systemic
hypotension (risk of RV ischemia) and the prevention of
acute elevations in pulmonary arterial pressure (risk of
RV failure).11-13 Close monitoring, optimization of sys-
temic blood pressure (BP), pain control, oxygenation and
ventilation, avoidance of exacerbating factors, and use of
vasopressors and pulmonary vasodilators as necessary are
essential elements of management.8,12,14 Understanding
the pathophysiology, cause, and severity of PAH in the
individual perioperative patient allows accurate risk as-
sessment, optimization of PAH and RV function prior to
surgery, and appropriate intraoperative and postoperative
management.2,15,16

Appropriate preoperative evaluation and medical op-
timization, as well as close monitoring during the peri-
operative period to avoid noxious stimuli, are essential for
success. Perioperative medical management of these
complex patients often requires a multidisciplinary ap-
proach with input from anesthesiologists, PAH experts,
pharmacists, and surgeons. In our clinical practice, peri-
operative management was based on the literature and the
expertise of the authors in managing these patients, as there
are no evidence-based guidelines.17,18 Based on the evi-
dence, the patients with PAH undergoing scoliosis surgery
are also at increased risk and be evaluated for the cause and
severity of the PAH prior to surgery. In addition to the
assessment of external scoliosis, we performed a thorough
history and physical examination, ECG, chest radiograph
and Doppler echocardiography to assess the structure and
function of the RV and LV and valves. As an anesthesi-
ologist, several key issues should be considered in the
preoperative evaluation, including the risk-benefit ratio of
the surgery, the anesthetic technique to be used, the

potential for the surgery to disrupt fluid balance or increase
PVR, and the availability of necessary tools to prevent and
treat PAH and acute right heart failure should they occur.
The principles of management include the avoidance of
systemic hypotension (risk of RV ischemia), myocardial
depression (risk of RV failure due to diminished con-
tractility), acute elevations of PAP (risk of RV failure due
to increased impedance), inadequate pain control (risk of
increased sympathetic tone and PVR), and respiratory
depression.19-21

Specific medications being used to treat PAH, such as
oral sildenafil, inhaled iloprost, or treprostinil therapy must
be continued, as discontinuation induces aa PAH
crisis.8,11,22 Even though some of these medications can
inhibit platelet aggregation, this is usually a minor effect
and excessive surgical bleeding has not been reported.
Throughout the scoliosis surgery procedure, we main-
tained oxygenation well and avoided systemic hypoten-
sion, which could have led right heart ischemia. The
standard American Society of Anesthesiologists monitors
was used in all scoliosis patients. In addition, we applied an
indwelling arterial catheter to monitor the systemic BP
during induction of general anesthesia. We also monitored
central venous pressure to assess changes in RV filling
pressure and to detect new or worsening of tricuspid in-
sufficiency. Since PA catheter monitoring allows accurate
assessment of PAP for proper treatment with pulmonary
vasodilators, measurement of CO and mixed venous ox-
ygen saturation, as well as accurate measurement of central
venous pressure and pulmonary artery pressure. Because
of the ability to accurately assess PAP for appropriate
treatment with pulmonary vasodilators, measure CO,
mixed venous oxygen saturation, calculate PVR, and ac-
curately measure central venous pressure and pulmonary
wedge pressure to determine the need for vasopressors and
fluids, all of our patients with scoliosis combined with PAH
were monitored with PA catheter. We did not perform
intraoperative TEE monitoring due to the position re-
strictions of scoliosis surgery.

All scoliosis patients underwent general anesthesia. The
choice of anesthetic technique and anesthetic management
are crucial factors in maintaining cardiovascular stability in
patients with PAH. However, regardless of the anesthetic
technique used, an adequate level of anesthesia should be
maintained to produce effective pain control. Good oral
mucosal and tracheal surface anesthesia is particularly
important because the patient’s neck is held in place by an
external fixation brace (cephalopelvic ring), the patient’s
neck is difficult to tilt posteriorly, and all patients were
intubated while awake. All the intubation were performed
in a rapid and smooth manner by an experienced person.
Throughout conscious tracheal intubation, we preoxy-
genated with 100% oxygen to achieve an end-tidal oxygen
concentration of more than 90%, which mitigates the
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increased risk of hypoxemia that often occurs after in-
duction due to reduced functional residual capacity. Pa-
tients were also instructed to breathe deeply to avoid an
increase in arterial CO 2 and to achieve adequate oxy-
genation. Anesthetics may depress myocardial contrac-
tility, decrease SVR and venous return, increase PVR, or
exacerbate hypoxia or hypercapnia. Etomidate has the least
effect on myocardial contractility and SVR, and in com-
bination with opioids is usually our induction agent of
choice. IV or nebulized milrinone or epoprostenol, IV
nitroglycerin, inhaled nitric oxide, or nebulized epopros-
tenol or iloprost can all be used before induction to prevent
pulmonary hypertensive responses, although their efficacy
has not been studied adequately and selection depends
largely on whether they are used preoperatively. When
titrating anesthetics, it should be remembered that the
metabolism of drugs may be altered in patients with
chronic severe PAH due to prolonged venous congestion
and visceral dysfunction. During maintenance, we avoid
exacerbating risk factors that exacerbate impaired RV, such
as hypothermia, hypoxia, hypercarbia, acidosis, and hyper-
or hypovolemia. To achieve these goals, blood gases,
temperature and ventilation need to be monitored and
adequate depth of anesthesia needs to be maintained. A
lung-preserving ventilator strategies using low tidal vol-
umes may help avoid overinflation of the lungs and
minimize PVR by keeping lung volume close to functional
residual capacity. Scoliosis surgery carries greater risks for
patients with PAH because of the long operative time,
volume shifts and blood loss, and the impact on cardio-
vascular or pulmonary function. In particular, patients with
combined thoracic deformities and intraoperative thor-
acoplasty may experience a temporary or permanent in-
crease in PVR.

In addition, scoliosis correction may increase intra-
abdominal pressure enough to impair pulmonary com-
pliance or reduce venous return. Postoperatively, patients
are at risk of worsening PAH values and RVischemia as the
effects of the anesthetics used during surgery, as well as
opioids, wear off. Pain increases PVR, but opioids used
systemically can have the same effect, as they tend to cause
respiratory acidosis. In this case, regional blocks may be
beneficial as they relieve pain without inhibiting respira-
tory drive. We also routinely use adjuvant therapy with
NSAIDs intraoperatively to improve pain control.

A feature of the intraoperative management of scoliosis
surgery is that in order to determine the function of the
spinal cord, the surgeon will require the anesthesiologist to
carry out a wake-up test after the main steps of the op-
eration have been completed. In scoliosis patients with
combined PAH, this is a huge risk. This is why we gave an
adequate amount of analgesic medications, including
oxycodone or NSIADs during intraoperative arousal in
these patients. Arousal times are usually longer than in

other patients with scoliosis without PAH. Despite this,
during our PA catheter monitoring, we found that the
patient’s pulmonary artery pressure was elevated during
intraoperative arousal.

Recommendation

For all patients with scoliosis, we recommend Trans-
Thoracic Echocardiography (TTE) prior to admission,
which provides a clearer picture of the structure of the heart
chambers, changes in valve motion and blood flow
spectrum, and indirectly infers pressure changes in the
pulmonary circulation. When TTE shows a combination of
PAH, patients should undergo right heart catheterization
upon admission to accurately measure pulmonary artery
pressure, which is the “gold standard” for evaluating the
accuracy of various non-invasive manometric methods. In
addition to accurately measuring pulmonary artery pres-
sure, it can be used to determine pulmonary artery wedge
pressure and to measure the oxygen content of the heart
chambers, as well as to assess the degree of hemodynamic
compromise and to test pulmonary vascular reactivity.

Conclusions

PAH is a high-risk factor for scoliosis surgeries. Careful
preoperative evaluation should be performed in all patients
with PAH, and those deemed at higher risk by virtue of
significant reductions in functional capacity or abnor-
malities on echocardiogram should undergo a preoperative
right-sided heart catheterization to better characterize their
severity. Careful planning among PAH specialists, anes-
thesiologists, and surgeons can help avoid unnecessary
complications. Multiple pharmacotherapies, including
specific PAH drugs, vasopressors, and orthomimetics,
have been used to treat PAH patients in the perioperative
period, but have not been systematically studied. On the
other hand, observation of fundamental management
principles such as optimization of fluid volume, systemic
BP, and acid base balance; avoidance of hypoxemia and
hypercapnia; and good pain control are clearly important to
achieve the desired surgical outcomes.
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