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Abstract
Posterior spinal instrumentation and fusion has become the gold standard for the definitive management of children 
and adolescents with spinal deformity. Despite continued innovations designed to improve the safety profile of this 
complex surgical undertaking, spinal cord injury and resulting loss of neurologic function remain a rare but devastating 
risk. The increasing power of instrumentation combined with more aggressive correction strategies puts the spinal cord 
at particular risk due to traction. While the surgeon has the luxury of complex neuromonitoring techniques to alert the 
team in the presence of a neurologic change during surgery, maintenance of spinal cord perfusion throughout surgery 
and in the early postoperative period should be considered to avoid spinal cord ischemia as it accommodates to its new 
position after deformity correction. This manuscript represents recommendations of the POSNA Quality, Value, and 
Safety Spine Committee for optimization of blood pressure in the perioperative period.

Key Concepts
•	 Surgeons should take an active role in establishing blood pressure parameters in patients undergoing spinal surgery 

in order to optimize spinal cord perfusion during all phases of care.

•	 Spinal cord perfusion is critical during all portions of patient care and thus thoughtful blood pressure monitoring 
should occur postoperatively as well as intraoperatively.

•	 Even relatively brief periods of hypotension may result in significant spinal cord ischemia.
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Introduction
Modern spinal deformity surgery, whether using growth-
friendly instrumentation for early onset scoliosis or 
posterior spinal fusion (PSF) for adolescent idiopathic 
scoliosis (AIS), relies heavily on posterior-based 
implants that work through some level of spinal column 
lengthening. Surgeons continue to innovate on the 
classic techniques of posterior thoracic pedicle screw 
instrumentation using flexible drill bits, patient-specific 
drill guides, intraoperative navigation, and robotics 
to improve the accuracy of screw placement. These 
techniques, in addition to increasing familiarity with free-
hand techniques by even young surgeons, have led to an 
ever-decreasing rate of spinal cord injury (SCI) related to 
screw misplacement. Skaggs et al. reviewed over 22,000 
pedicle screws placed using a flexible drill bit and found 
a 0.03% rate of screw misplacement requiring revision.1 
Baky compared 112 patients with AIS who underwent 
PSF using a fluoroscopically assisted approach to 107 
patients managed with the assistance of a CT-based 
navigation system and found a 3.6% incidence of screw 
revision in the fluoroscopically assisted technique 
compared to 0% in the navigation-based group.2 
Gonzalez et al. evaluated 40 patients undergoing 
robotically assisted pedicle screw placement and found 
a 98.7% accuracy rate with no neurological injuries.3 
Despite these technical advances, the surgeon should 
always remember that this triumph of technology often 
results in stretching the spinal cord beyond its limits 
as implantation of promising new instrumentation can 
have devastating consequences. Hamilton et al. reviewed 
108,419 reports from the Scoliosis Research Society’s 
(SRS) morbidity and mortality database and documented 
the incidence of neurologic deficits including those from 
the nerve root, cauda equina, and spinal cord levels. This 
study found that 10.6% of new deficits failed to show 
any recovery postoperatively.4

Hypotensive anesthesia was long espoused for 
minimization of intraoperative blood loss during 
spinal surgery. Adjuncts to limit blood loss such as 
antifibrinolytics (i.e., tranexaemic acid), bipolar sealer 
devices, ultrasonic bone scalpels, cell salvage, and power 

instrumentation have likely decreased the need for these 
potentially risky anesthetic practices.1,5-10 The authors 
believe that other than during exposure, hypotensive 
anesthesia should be avoided in modern spinal deformity 
surgery. Recent studies have shown dramatically lower 
blood loss during spinal surgery than even 15-20 
years ago, likely a result of both better techniques and 
improved technologies.5,9 Clearly, optimizing safety 
during instrumentation is paramount to a neurologically 
safe surgery; however, the surgeon should remember 
that spinal cord perfusion is equally critical to a 
successful outcome when compared to the technical 
aspects of implant placement. Yang and colleagues 
reviewed patients treated with PSF for AIS. Of the 452 
patients enrolled, there were 30 neuromonitoring alerts 
intraoperatively. Twenty percent of these resolved with 
an increase in mean arterial pressure (MAP), belying the 
importance of spinal cord perfusion during correction 
manuevers.11 Both Vitale et al.12 and Lenke et al.13 have 
published intraoperative checklists to guide surgeons 
in the face of neuromonitoring changes in AIS as well 
as more complex spinal deformity. One of the primary 
responses to these changes in both checklists is to 
increase MAP.

Perhaps even more disturbing than the intraoperative 
loss of neuromonitoring data related to spinal cord 
hypoperfusion are the variety of case reports and small 
case series describing delayed paralysis in patients with 
an otherwise successful spinal fusion. Indeed, Welling 
et al.,14 Kia et al.,15 Quinonez et al.,16 Lovi et al.,17 and 
Chang et al.18 all describe cases of otherwise routine 
surgery with delayed neurologic changes from 3 to 60 
hours postoperatively. While some authors documented 
a period of transient hypotension, others demonstrated 
a significant anemia (i.e., hematocrit of 20%) which 
may exacerbate an otherwise borderline hypotensive 
situation.17 The majority of these published accounts 
fortunately resulted in complete neurologic recovery, 
the authors know of a number of unpublished cases 
where neurological losses were permanent. Alam 
et al.19 published an even more concerning series of 
eight patients with both AIS and neuromuscular spinal 
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deformity with a delayed quadriplegia occurring 
postoperatively. All patients had a cervical spinal 
cord ischemic lesion despite more distally located 
instrumentation in the thoracic spine. While the authors 
posit some concerns about the risk of a larger curve, 
more aggressive correction maneuvers, and the presence 
of cervical kyphosis in these cases as causative factors, 
it should be remembered that relative spinal cord 
hypoperfusion is the common feature of any ischemic 
event. Optimizing blood pressure, both intraoperatively 
and postoperatively, may minimize this risk. This 
paper seeks to define recommendations for surgeons 
to minimize the risk of spinal cord ischemia. It should 
be noted that these are simply recommendations of 
the POSNA Spine QSVI Committee and that there 
is extremely limited research to substantiate these 
suggestions. Our hope is to generate an awareness of 
delayed neurologic changes after spinal fusion.

Preoperative
Outside of assessing for preexisting hypotension or 
anemia which may necessitate pharmacological support 
or earlier allogenic transfusion, the most important 
preoperative intervention may be in the planning for 
deformity correction. Prior planning will always prevent 

poor performance in the operating room and some 
forethought about surgical risk factors for spinal cord 
hypoperfusion can optimize outcomes. We recommend 
evaluating correction strategies, especially in larger and 
stiffer curves. Wang et al. have defined the deformity 
angular ratio (DAR), defined as the curve magnitude 
divided by the number of levels over which the curve is 
measured as a risk factor for IONM alerts. Patients with a 
total DAR (T-DAR), defined as the sagittal (S-DAR) plus 
the coronal (C-DAR) over 25 or a S-DAR over 15 were 
more likely to have loss of IONM data intraoperatively 
(Figure 1).20,21

Sielatycki et al. classified the morphology of the spinal 
cord within the spinal canal based on the presence of 
cerebrospinal fluid (CSF) between the neural elements 
and the pedicle wall as well as any deformity imparted 
by this pedicle on the spinal cord. Type 3 spinal cords, 
defined as those with no CSF between the spinal cord 
and pedicle and deformity/flattening of the cord, were 
found to have a 28-fold higher rate of losing IONM data 
intraoperatively (Figure 2).22

Larger kyphosis also increases the possibility of 
neurological injury, especially in the setting of 
congenital curves or revision surgery.20,23-26 Larger 

Figure 1. An 11-year-old boy with severe juvenile idiopathic scoliosis. His Coronal-Deformity Angular Ratio 
(C-DAR) was 131°/7 levels = 18.7 and his sagittal-DAR (S-DAR) was 80.5°/10 levels = 8.1 giving him a T-DAR 
of 26.8. He had a temporary decrease in nMEP during correction which responded to removal of apical screws 
and recontouring the convex rod.
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curves may benefit from preoperative halo-gravity 
traction to allow the spinal column, including the spinal 
cord, to undergo slow and gently stretching while the 
patient is awake and can provide regular neurological 
examinations27 (Figure 3).

A comparable strategy in more severe deformities is 
to place implants and apply temporary distraction with 
plans for staging the correction.28 While posterior column 
osteotomies (PCO) have increased in popularity,29 
they have been associated with more IONM alerts, 
possibly due to the association with more aggressive 
corrections.30,31 Surgeons should anticipate IONM 
alerts during deformity correction in larger curves with 
multiple PCO’s and ensure that blood pressures are 
elevated to maximize perfusion of the spinal cord. The 
desire to maximize the power of modern instrumentation 
has often resulted in impressive radiographic outcomes 
following PSF however a neurologically devastated 
patient will never appreciate how straight their spine 

appears. Preoperatively defining the goals of surgery as 
achieving spinal balance, optimizing sagittal profile, and 
stopping curve progression can put the goal of surgery 
in perspective. Curve deformity correction is often the 
icing on the cake for these patients as limited data has 
correlated clinical improvements with minor differences 
in residual curve magnitude.32

Intraoperative
Modern spinal deformity correction mandates real time 
blood pressure monitoring using an arterial line. Non-
invasive blood pressure monitoring, although a viable 
back-up in the setting of an unreliable arterial line, 
should not be used as the primary form of measuring 
mean arterial blood pressures. While not used on routine 
cases, surgeons may consider the utility of a central line 
in cases where monitoring cardiac function and output 
may be relevant such as patients with a cardiac history. 
As blood pressure management may require both volume 
and pharmacologic interventions, two large-bore (i.e., 
18-gauge) intravenous lines should be established. Blood 
pressure can be augmented by vasopressors such as 
norepinephrine or dopamine. Norepinephrine has been 
shown to maintain mean arterial pressure with a lower 
intrathecal cerebrospinal fluid pressure and higher spinal 
cord perfusion pressure when compared to dopamine.32 
The surgeon should also be aware of the presence of 
oversedation of the patient, often by a well-meaning but 
underexperienced anesthesiology resident, with high 
doses of propofol impacting initial IONM signals or 
undersedation with resulting hypertension upon incision 
which is quickly counteracted by a large bolus of opioids 
or anesthetic. An effective strategy is to carefully titrate 
each patient to a MAP goal upon initiation of surgery 
using an antihypertensive calcium channel blocker such 
as nicardipine for hypertension and vasoactive pressors 
for hypotension. A similar scenario can occur at the 
end of the surgery if anesthetics are stopped too early 
resulting in hypertension. The anesthesiologist should 
carefully balance increasing sedation in this scenario 
with the risk of creating hypotension and may consider 
the use of a bispectral index monitor to help measure the 
depth of sedation.33

Figure 2. Cross sectional T2 weighted MRI of the apical 
vertebrae from the child in Figure 1. The spinal cord is 
compressed against the pedicle wall with no intervening CSF. 
There is no significant flattening of the cord, consistent with a 
type 2 spinal cord.
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Perhaps the most important time at which the surgeon 
can communicate the desired mean arterial pressure goals 
for the different portions of the surgery is during the 
surgical time out. While some feel that time outs should 
only incorporate the most critical aspects of the surgical 
case (i.e., allergies, site of surgery),34 the authors would 
contend that establishing blood pressure goals at the onset 

of surgery is as important as any of these. We typically 
state blood pressure goals for each component of the 
surgery (i.e., “MAPs 65-75 mmHg during exposure  
and 75-85 during instrumentation, PCO’s, and correction 
with maintenance at this level until the wound is 
closed”). Instituting these on every case and asking for 
confirmation creates an expectation that this is a critical 

A B

C

Figure 3. (A) A 12 year old male with Soto syndrome, a coronal curve of 113°, sagittal curve of 103° and a T-DAR of 
24.2 (C-DAR = 11.3 S-DAR = 12.9). (B) He was treated with 6 weeks of halo gravity traction, taking his coronal curve 
down to 84° and his sagittal curve to 68°. (C) He was then treated with PSF without IONM changes.
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component of surgery and establishes a pattern for the 
anesthesia team. After this has occurred regularly, it is 
typical that the anesthesiologist will preemptively ask for 
MAP parameters before surgery is started. The surgeon 
should also ensure that these constraints are conveyed to 
other members of the anesthetic team providing breaks 
to the primary team. In addition to establishing blood 
pressure goals, our typical practice is to also discuss the 
use of antifibrinolytics, the type of anesthesia (i.e., total 
intravenous anesthesia or TIVA), and the anticipated need 
for blood products (i.e., packed red blood cells, platelets, 
fresh frozen plasma, etc.).

Ideal blood pressure goals are surgeon and case specific; 
however, we will define our preferences here, realizing 
that there is no published data to support or refute their 
utility. They are provided as a guide and the authors 
would encourage surgeons to initiate a discussion 
with the anesthesia team to establish parameters at 
their own center. For typical adolescents with AIS, 
our goals as stated above are for MAP to fall around 
65 mmHg during exposure and 75-85 mmHg during 
instrumentation and correction. These numbers increase 
for more complex cases (i.e., vertebral column resection) 
when we aim for a MAP between 75-85 mmHg 
during exposure but keep it above 85 mmHg during 
instrumentation and correction. These numbers may be 
even higher in the presence of myelopathy. While blood 
loss may be greater at higher blood pressures, even in 
the presence of antifibrinolytics,35 the use of cell salvage 
and multiple newer surgical instruments (i.e., bone 
scalpels) may act to counter massive hemorrhage.5,7-10 A 
unique difficulty that has not been previously discussed 
in the literature is the challenge of establishing levels 
of relative hypertension for cord perfusion in younger 
and smaller children. In consultation with hospital 
intensivists, the recommendations in Table 1 may help 
guide surgeons caring for younger children in the setting 
of high-risk deformity correction or true IONM changes. 
Assuming that blood pressure goals for a 15-year-old 
female weighing 75 kg undergoing PSF for AIS should 
be the same as for a 5-year-old female weighing 20 
kg who is undergoing a hemivertebrectomy is likely 

incorrect. Adoption of a MAP of 85 mmHg in the 
setting of a IONM change likely puts the child at risk 
for intracranial hemorrhage. We therefore target a range 
of 20-25% above the child’s preoperative value during 
instrumentation and correction in younger children.

Postoperative
Surgeons should remember that the postoperative period 
for children undergoing spinal deformity surgery really 
commences as soon as the surgical incision is closed, 
as this typically represents the period when IONM no 
longer exists and neurologic assessment is purely clinical. 
Reacting to a neurologic change at any point thereafter 
often results in either emergent imaging or return to the 
operating room. As such, maintenance of appropriate 
blood pressures should continue while the patient wakes 
enough to provide an adequate examination.36 One of 
the biggest challenges for the surgeon at the conclusion 
of the surgery is the loss of relative control over 
patient blood pressure. During surgery, blood pressure 
management is a coordinated dance between the patient, 
the surgeon and the anesthesiologist. Once the child 
leaves the operating room, a variety of less informed 
and perhaps inexperienced team members may be 
monitoring the blood pressure and fail to appreciate the 
importance of spinal cord perfusion. The surgeon should 
strive to touch base with every team member, from the 
postoperative anesthesia nurse to the floor nurse, in any 
child at risk for spinal cord hypoperfusion.

While some centers still require all spinal deformity 
patients to be transferred to an intensive care unit 

Table 1. Mean Arterial Pressure Goals for Children 
with Intraoperative Neuromonitoring Changes, either 
Temporary or Permanent, Based on Age

Age Mean Arterial Pressure Goal

1-4 years 70-80 mmHg

5-9 years 75-85 mmHg

10-14 years 80-90 mmHg

15 years and older 85-95 mmHg
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setting,37 there is evidence that this is not necessary if 
appropriate staffing exists.38-41 Most centers currently 
send very few patients with AIS to the PICU and some 
centers have moved towards only requiring intensive care 
for select patients with neuromuscular scoliosis.42-44 It is 
our belief that any patient with a neuromonitoring change 
intraoperatively, even those that are short and transient, 
be admitted to the PICU for a minimum of 24 hours of 
observation. A change in IONM data suggests that the 
spinal cord is sensitive to the correction just imparted 
on it and that hypotension may push it over the edge 
to a point of inadequate perfusion. Patients with true 
neurologic deficits are obviously admitted to the PICU 
for monitoring and blood pressure management as well.

Patients with a temporary neurological change (i.e., 
decrease in motor evoked potentials during rod insertion 
which resolves with under correction of the rod and 
elevated MAPs) are admitted to the PICU. Our MAP 
goals are as above in Table 1 and surgeons should 
establish that these will be maintained for a minimum 
of 24 hours pending a stable neurological exam. One 
of our centers has further developed a specific note in 
our medical record that documents the intraoperative 
neuromonitoring change event and establishes our blood 
pressure goals in the medical record to minimize any 
ambiguity about the plan (Figure 4).

The surgeon should meet with the nurses and intensivist 
in a face-to-face manner to discuss MAP goals. While 
well meaning, it is likely that the intensive care team may 
not understand the importance of maintaining elevated 
MAP in an at-risk spinal cord. Temporary hypotension, 
perhaps seemingly harmless to the intensivist or bedside 
nurse, has been shown to provide an adequate window 
for spinal cord hypotension. Quinonez et al. reported 
a case of a child with a 125-degree scoliosis who was 
placed in the PICU with strict MAP parameters.16 
A subsequent ascending paraplegia resulted in a rapid 
return to the OR for implant removal. A careful chart 
review revealed a short (~2 hour) period of relative 
hypotension which was felt to have caused this 
neurologic change. Hwang et al., using a rat model, 

found that 9 minutes of spinal cord ischemia resulted in 
mild, reversible spinal cord changes while 10 minutes 
of ischemia was the upper limit for moderate, reversible 
changes. All animals with 11 minutes or longer of 
spinal cord ischemia sustained a permanent, complete 
paraplegia.45 While no published human clinical data 
exists to add further support a specific time to permanent 
paraplegia, our anecdotal experience is that even a short 
period of hypotension can result in devastating spinal 
cord injury. The differences between this protocol and 
that used in the setting of a true neurologic change is 
simply the duration. The authors, while acknowledging 
the lack of supporting data, prefer to keep MAP goals 
in place in these patients for a minimum of 48-72 hours 
depending on the situation and may extend this in certain 
situations when postoperative examination may be less 
reliable (i.e., developmental delay, intubated patient, or 
a variable neurological exam). Central venous access is 
typically needed in these situations due to concerns for 
prolonged vasopressor use through a peripheral IV.

Perhaps one of the greatest challenges with postoperative 
blood pressure management is that most patients will 

Figure 4. Example of standardized note in patients sustaining 
an intraoperative neuromonitoring change.
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spend some time on a general surgical floor with 
less frequent neurological checks and no ability to 
provide pharmacologic blood pressure support. It is our 
experience that floor nurses who may not be as well 
versed in the importance of blood pressure management 
in the postoperative setting may allow a MAP in the 
low 50s or even 40s to persist as long as the patient 
appears “well.” In an attempt to minimize ignoring 
hypotension in well appearing patients, one of us worked 
with our informatics team to create an adjunct to our 
standard postoperative electronic order set for otherwise 
uneventful spinal deformity surgeries. This order requires 
that nurses contact the house staff on call for any MAP 
under a certain threshold, typically 65 mmHg, with the 
expectation that a fluid challenge can be ordered. If a 
bolus is given without any response, then the patient’s 
hemoglobin and hematocrit are checked with a transfusion 
given if below a certain threshold based on the attending 
surgeon’s preference. If the hypotension persists, then 
the patient could be considered for transfer to the PICU 
for closer monitoring and vasopressive support. Three 
years after implementation of this protocol, the author is 
unaware of any patient who did not respond to volume 
resuscitation and required transfer to the PICU.

Conclusions
Blood pressure management in patients undergoing 
correction for spinal deformity should not be reserved for 
the anesthesia team and intensivists. Monitoring spinal 
cord perfusion in the setting of deformity correction falls 
on the entire team and the surgeon should play an integral 
role in assuring this. Having a preoperative plan to optimize 
blood pressure management, an intraoperative approach to 
maintenance of cord perfusion during deformity correction, 
and a postoperative strategy to minimize the risk of 
hypotension can potentially save a spinal cord at risk.
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