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Abstract: Scoliosis surgery is a challenge for the entire team in terms of safety, and its accomplish-
ment requires the utilization of advanced monitoring technologies. A prospective, single centre,
non-randomised controlled cohort study, was designed to assess the efficacy of protocolised in-
traoperative haemodynamic monitoring and goal-directed therapy in relation to patient outcomes
following posterior fusion surgery for adolescent idiopathic scoliosis (AIS). The control group (n = 35,
mean age: 15 years) received standard blood pressure management during the surgical procedure,
whereas the intervention group (n = 35, mean age: 14 years) underwent minimally invasive haemo-
dynamic monitoring. Arterial pulse contour analysis (APCO) devices were employed, along with
goal-directed therapy protocol centered on achieving target mean arterial pressure and stroke volume.
This was facilitated through the application of crystalloid boluses, ephedrine, and noradrenaline.
The intervention group was subjected to a comprehensive protocol following Enhanced Recovery
After Surgery (ERAS) principles. Remarkably, the intervention group exhibited notable advantages
(p < 0.05), including reduced hospital stay durations (median 7 days vs. 10), shorter episodes of hy-
potension (mean arterial pressure < 60 mmHg—median 8 vs. 40 min), lesser declines in postoperative
haemoglobin levels (−2.36 g/dl vs. −3.83 g/dl), and quicker extubation times. These compelling
findings strongly imply that the integration of targeted interventions during the intraoperative care
of AIS patients undergoing posterior fusion enhance a set of treatment outcomes.

Keywords: adolescent idiopathic scoliosis; haemodynamic monitoring; hypotension; length of stay;
ERAS (enhanced recovery after surgery)

1. Introduction

Posterior fusion surgery for adolescent idiopathic scoliosis (AIS) poses a significant
challenge to anaesthetists due to the extensive surgical area and the need for specific
anaesthesia techniques that accommodate intraoperative neurophysiological monitoring of
the spinal cord. AIS, the most common spinal deformity in children, necessitates surgical
correction while minimising the risk of spinal cord injury, which can be achieved through
intraoperative neuromonitoring and the maintenance of adequate spinal cord perfusion.
In our centre, when qualifying for scoliosis, the criteria outlined in the Scoliosis Research
Society (SRS) guidelines are followed, which means that scoliosis surgery is indicated for
patients above 12 years of age with a Cobb angle > 45 degrees, without the necessity of
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general symptoms. For patients with early-onset scoliosis, two criteria must be met-both
a Cobb angle > 45 degrees and a progression of more than 10 degrees per year [1]. The
orthopaedics do not wait for complications in the form of organ dysfunction to arise. If
the Cobb angle is less than 45 degrees, conservative treatment of scoliosis is possible. For
angles below 30 degrees, rehabilitation is applied, and for angles above 30 degrees, bracing
is considered, provided that the patient cooperates with this therapy.The maintenance of
intraoperative haemodynamic stability holds significant importance in determining the
postoperative prognosis of AIS patients undergoing surgical intervention. Hypotension,
leading to tissue hypoperfusion, is a key contributor to unfavourable neurological outcomes.
Monitoring parameters such as intraoperative volemia, cardiac function, blood pressure,
and haemoglobin levels play a pivotal role in ensuring sufficient oxygen delivery to vital
organs. Tissue hypoxia stands out as a major driver of perioperative complications [2].
Appropriate management of fluid administration and vasopressors becomes essential in
preventing and treating hypo- and hypervolemia, while maintaining adequate oxygen
delivery without causing fluid overload.

Intraoperative hypotension (IOH) frequently occurs during surgical procedures. How-
ever, a universally accepted definition for IOH remains elusive. IOH poses the potential for
ischemia-reperfusion injury, which can manifest as dysfunction in vital organs [3]. While
some studies have reported the association of IOH with postoperative complications in
adults, similar investigations in children are scarce. The APRICOT study documented
hypotension in 54.9% of major cardiovascular events, with the majority of these events
(94%) resulting in uneventful outcomes [4].

Standard methods based on non-invasive blood pressure monitoring may not be
sufficient to detect perfusion abnormalities. Hypovolemia can mask itself with normal
blood pressure due to increased vascular resistance, and anaesthesia can influence heart
rate, making it an unreliable indicator of hypovolemia. Moreover, oscillometric techniques,
in comparison to invasive blood pressure measurement, tend to overestimate low blood
pressure readings and underestimate high blood pressure readings. Consequently, more
advanced haemodynamic monitoring methods have been developed.

Uncalibrated devices utilise patient anthropometric and demographic data, along with
internal databases and algorithms, to calculate cardiac output (CO) from arterial waveforms,
which proves valuable in perioperative optimisation protocols. Measured, calculated or
derived haemodynamic parameters are instrumental in identifying the underlying causes
of hypotension.

Goal-directed therapy (GDT) constitutes a haemodynamic treatment approach that in-
volves titrating fluid and inotropic agents based on physiological flow-related endpoints [5].
Its implementation has shown to reduce perioperative morbidity and mortality in both
adult and paediatric populations [6–13]. However, the application of monitoring meth-
ods primarily developed for adults to children may introduce challenges due to differing
characteristics of the vascular system and the absence of reference values [14,15].

Paediatric patients exhibit a poor correlation between advanced haemodynamic pa-
rameters routinely used in adults, such as arterial pressure or plethysmographically derived
variables, and fluid responsiveness [14]. This discrepancy in correlation with adults can
be attributed to greater vascular compliance in paediatric patients. However, the precise
age at which arterial properties in children resemble those in adults remains unknown,
necessitating further research.

The objective of this study was to assess the effectiveness of a protocolised care
approach involving intraoperative haemodynamic monitoring and goal-directed therapy
in improving patient outcomes following posterior fusion surgery for AIS.

2. Materials and Methods

A prospective, single-centre, non-randomised, controlled cohort study was employed.
The research focused on 70 consecutive Caucasian teenagers with AIS who underwent
posterior fusion. The criteria for inclusion in the study were as follows: individuals who
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had their first scoliosis operation and were under 18 years of age. Patients who met the
qualification for scoliosis surgery at this facility underwent X-ray imaging, computed to-
mography, and magnetic resonance imaging. Those with a Cobb angle exceeding 45 degrees
were deemed eligible. Prior to anaesthesia approval, echocardiography and spirometry
tests were conducted. Criteria used to exclude patients from the study included emergency
surgery, reoperation, advanced chronic respiratory-circulatory failure, or scoliosis caused
by factors other than idiopathic origins.

The control group, comprising of 35 patients with a mean age of 15 years, including
7 boys, received standard blood pressure management during the surgical procedure. Sub-
sequently, the obtained results were analyzed to establish the protocol for the intervention
group. The intervention group consisted of 35 patients, with a mean age of 14 years and a
higher proportion of females (5 boys). This group followed a protocol that involved intraop-
erative minimally invasive haemodynamic monitoring, GDT, and components of Enhanced
Recovery After Surgery (ERAS). The study’s participant flow is visually represented in
Figure 1 using the Consort diagram.
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Figure 1. The Consort diagram.

The study protocol was officially registered with the clinicaltrials.gov database and
can be identified by the accession number NCT 05159505.

2.1. Preparation for Surgery

In preparation for the scheduled surgery, patients were directed to undergo an anaes-
thetic consultation and subsequently were qualified for general anaesthesia.

On the day of the operation, as a pre-emptive analgesia, patients were administered
metamizole at a dosage of 15 mg/kg for children weighing under 50 kg, or a 1 g oral
dose if body weight exceeded 50 kg. Additionally, they received an orally administered
carbohydrate-rich fluid (Preop, Nutricia, Poland).
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2.2. Surgery

During the procedure, all patients received general anaesthesia, which involved
intubation using a reinforced endotracheal tube and mechanical ventilation using a Primus
apparatus (Dräger, Germany). The control group did not adhere to a specific anaesthesia
protocol, as the decision regarding analgesic medications and anaesthesia management
was left to the administering anaesthesiologist. A visual representation of the anaesthesia
administration in the intervention group can be found in Figure 2. In this group, patients
had a radial artery catheter placed for arterial access, and an HemoSphere (Edwards
Lifesciences, Irvine, CA, USA) monitor and a Flotrac or Acumen IQ sensor was utilised for
haemodynamic monitoring purposes.
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Figure 2. The anaesthesia protocol used in this study (ECG—electrocardiography, NIBP—non-
invasive blood pressure, SpO2—pulse oximetry, GA—general anaesthesia, RBC—red blood cells,
FFP—fresh frozen plasma, IONM—intraoperative neuromonitoring, GDT—goal directed therapy,
MAP—mean arterial pressure, SV—stroke volume).

In this study, a GDT protocol was implemented, aiming to maintain the desired levels
of mean arterial pressure (MAP) and stroke volume (SV) by means of fluid therapy and the
administration of vasopressors. A detailed outline of the protocol can be found in Figure 3.

Fluid therapy in this study encompassed the administration of balanced crystal-
loid solutions (Sterofundin-B. Braun/Optilyte-Fresenius Kabi) intravenously at a rate of
4:2:1 mL/kg/h. The initiation of the protocol occurred when the patient was transitioned
to the prone position, preceded by an intravenous bolus of 5 mg ephedrine to address
hypotension. The target values aimed to maintain MAP above 60 mmHg, with a higher
threshold of MAP > 75 mmHg in cases of depressed MEP.

If hypotension (MAP < 60 mmHg) and SV below 50 mL/beat were observed, a
crystalloid bolus of 5 mL/kg was administered intravenously over a period of 10–15 min.
Following the bolus, the response to fluid therapy was evaluated. If SV increased by more
than 10% and hypotension persisted, an additional fluid bolus was given. In cases where
SV did not increase by more than 10%, norepinephrine infusion was initiated to sustain a
MAP above 60 mmHg.
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(MAP—mean arterial pressure, MEP—motor-evoked potentials, SV—stroke volume).

When hypotension (MAP < 60 mmHg) was present but SV exceeded 50 ml/beat, a
single dose of 5 mg ephedrine was administered. If the response was insufficient, nore-
pinephrine infusion was initiated to maintain the target MAP. In situations where SV was
below 50 mL/beat but no evidence of hypotension (MAP > 60 mmHg) or peripheral perfu-
sion failure (capillary refill time < 2 s) was observed, no fluid bolus was administered. The
use of colloids for fluid administration was prohibited. In cases where blood loss surpassed
7 mL/kg, a transfusion of 1 unit of red blood cells was provided.

The extubation criteria were not firmly defined in the study. They considered the
presence of spontaneous breathing, the level of consciousness-responsiveness to voice with
eye opening, the presence of gag reflex, and hemodynamic stability.

2.3. Surgical Technique

The surgical procedure employed a posterior approach, involving ligament and bone
release, implant fixations, and the ultimate correction using titanium rods. The surgical
techniques utilised either a screws-only system or hybrid systems incorporating screws,
hooks, or sublaminar bands.

2.4. Intraoperative Neuromonitoring (IONM)

Continuous monitoring of motor and sensory potentials was carried out throughout
the procedure to ensure the preservation of spinal cord function. The IONM was performed
using the Inomed Neurstimulator ISIS device, following a consistent protocol. The place-
ment of screws relative to the spinal root was verified using direct nerve stimulation (DNS)
electromyography. DNS was conducted with a constant current (CC) of 3 Hz frequency,
200 µs pulse duration, monopolar/negative stimulation, and a stimulation threshold of
8 mA. Additionally, the integrity of the corticospinal pathway was assessed during the
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correction procedure using transcranial electrostimulation (TES) or motor evoked potentials
(MEP). TES/MEP involved CC with 2 Hz frequency, interstimulus interval (ISI) of 4 mA, a
train of 5 pulses, positive polarity, 500 µs pulse duration, and a maximum amplitude of
200 mA. The motor responses were recorded from indicator muscles of the lower extrem-
ities and upper extremity flexors, serving as a reference. Furthermore, somatosensory
evoked potentials (SEP) were evaluated by stimulating the posterior tibial nerves with CC,
square pulses/positive polarity, 200 µs pulse duration, 3.7 Hz frequency, and an amplitude
of 25 mA, as an assessment of sensory pathway integrity.

2.5. Postoperative Course

Patients were monitored in the post-anaesthesia care unit (PACU) for a duration
of 24 h after surgery. Vital signs were regularly assessed, and a numerical scale (NRS)
was utilised to evaluate pain intensity. This assessment was performed every hour for
the initial 24 h and then every 8 h until hospital discharge. The evaluation included
monitoring the administered drugs, their type, dose, route, and any occurrence of side
effects or complications.

During the postoperative period, medications such as paracetamol, metamizole,
ibuprofen, magnesium sulfate, intravenous opioid infusion, and lide infusions were admin-
istered at regular intervals. The decision to transition from intravenous to oral treatment
was determined based on the patient’s daily requirements.

The study maintained consistency in preoperative preparation, surgical technique,
perioperative analgesia, and postoperative evaluation parameters between the “control”
and “intervention” groups. The intervention group followed a hospitalisation plan rooted
in the principles of the ERAS protocol. ERAS programs employ a multidisciplinary ap-
proach to improve surgical outcomes by implementing evidence-based, procedure-specific
care protocols. In this study, the ERAS program encompassed elements such as early
mobilisation, rehabilitation, early evacuation of drains, early initiation of oral hydration,
and early initiation of feeding.

2.6. Definitions of Complications

The evaluation of the obtained results was a comparison in terms of: demographic
data, total time of hypotension, duration of the surgical procedure “skin to skin” (minutes),
duration of hospitalisation (days).

Hypotension in the study was defined as systolic blood pressure (SBP) below
90 mmHg and MAP below 60 mmHg for at least 1 min. Adverse drug reactions encom-
passed symptoms such as apnoea, dyspnoea, decrease in SpO2 below 90%, bradycardia,
hypotension, pruritus, nausea, vomiting, urinary retention, constipation, dizziness and
drowsiness preventing rehabilitation. Surgical complications included partial or complete
spinal cord injury leading to transient or persistent paralysis, transient neuropraxia related
to positioning, dural tear, position-related complications, visual disturbances, respiratory-
circulatory failure, surgical site infection, haematoma, gastric disorders, pneumonia, and
death. In order to assess the findings, a comparative analysis was conducted, which
involved examining demographic data, total duration of hypotension, the length of the
surgical procedure from “skin to skin” in minutes, and the duration of hospitalisation
in days.

2.7. Outcomes

The primary outcome of the study was the duration of hospitalisation in days. Ad-
ditionally, secondary outcomes were evaluated, including the following: intraoperative
hypotension time (min), volume of red blood cell transfusion (mL), volume of fresh frozen
plasma transfusion (mL), intraoperative blood loss (mL), administration of crystalloids
(mL/kg), total dose of ephedrine (mg), pre-surgery haemoglobin level (g/dL), post-surgery
haemoglobin level (g/dL), change in haemoglobin level (g/dL), pre-surgery haematocrit
level (%), post-surgery haematocrit level (%), change in haematocrit level (%),the duration
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of the surgical procedure “skin to skin” (min), and time to extubation (min), the occurrence
of neurological and cardiac complications.

2.8. Statistical Analyses

To assess the distribution of continuous variables, the Shapiro-Wilk normality test was
conducted. Descriptive statistics were then reported using means and standard deviations,
or median and interquartile ranges (IQR), as appropriate. Qualitative variables were
presented as numbers and percentages. For comparing outcomes between the two groups,
either the nonparametric Mann-Whitney test or parametric t-test was employed. The
chi-squared test was utilised to analyze the association between qualitative variables. For
the variables with low numbers (n < 5), a Fisher’s exact test was adopted. The significance
level for type I error was set at 0.05, and the calculations were performed using MedCalc
statistical software version 20.110 (Ostend, Belgium). To control for type I errors, the false
discovery rate (FDR) approach was applied using the p.adjust function from the stats
package in R [17]. The statistical power was determined using G*Power software version
3.1.9.2 [18].

3. Results
3.1. Study Participants

Table 1 presents the baseline characteristics of the study participants in relation to the
tested procedure. No statistically significant differences were observed among any of the
tested parameters except of haemoglobin level. Patients within the control group had a
higher concentration as compared to intervention group counterparts.

Table 1. Demographic data from patients among the groups.

Parameters Control (n = 35) Intervention (n = 35) p

Age 15 (14–17) * 14 (13–17) * 0.144

Gender (boys/girls) 7/28 5/30 0.529

BMI 20.58 (18.43–22.36) * 18.97 (17.93–21.77) * 0.259

Haemoglobin level
before surgery (g/dL) 13.71 (1.326) ** 13.03 (0.93) * 0.016

Haematocrit level
before surgery (%) 38.29 (4.03) ** 37.93 (2.72) ** 0.672

ASA * 1 21 22 0.297

ASA 2 14 10

ASA >2 0 3
Legend: BMI—body mass index, ASA—American Society of Anaesthesiology; * median, interquartile range;
** mean, standard deviation.

3.2. Outcomes

Table 2 presents a comprehensive comparison of perioperative data, hypotension time,
complications, transfusions, and haemoglobin levels between the control and intervention
groups. The results demonstrate that intraoperative haemodynamic monitoring had a
significant impact on various outcomes, including duration of hospital stay, number of
neurological and cardiac complications, hypotension time, fresh frozen plasma (FFP) trans-
fusion, time to extubation, and all tested blood parameters. Notably, the intervention group
exhibited minimal duration of hypotension with MAP below 55 mmHg, with a median of
0 min and an interquartile range (IQR) of 0–3.5 min. The intervention group did not require
the administration of norepinephrine throughout the study.
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Table 2. Perioperative data, time of hypotension, complications, transfusions.

Parameters Control (n = 35) Intervention (n = 35) p FDR Power

Duration of the surgical procedure “skin
to skin” (minutes) 195 (16–218) * 205 (170–240) * 0.390 0.442 0.52

Neurological complications (no) 1 0 0.5 0.531 0.32

Cardiac complications (no) 3 0 0.239 0.290 0.66

Duration of hospitalisation (days) 10 (9–11) * 7 (6–8) * <0.001 0.003 0.99

Hypotension time (min) 40 (20–60) * 8 (1–14) * <0.001 0.003 0.98

Red blood cells transfusion volume (mL) 290 (0–560) * 190 (0–290) * 0.123 0.16 0.48

Fresh frozen plasma transfusion
volume (mL) 200 (0–200) * 0 * <0.001 0.003 0.99

Intraoperative blood loss (mL) 500 (350–500) * 500 (350–588) * 0.903 0.903 0.07

Crystalloids administered (mL/kg) 22 (16.3–31.5) * 27.8 (20.1–35.4) * 0.078 0.121 0.4

Ephedrine total dose (mg) 0 (0–8.75) * 5 (0–13.75) * 0.098 0.139 0.05

Intraoperative fluid administration (mL) 23.5 (10.05) 27.8 (9.93) 0.078 0.121 0.4

Haemoglobin level after surgery (g/dL) 9.71 (1.59) ** 10.67 (1.02) ** 0.007 0.017
0.74

Change in haemoglobin ˆ (g/dL) −3.83 (1.50) ** −2.36 (1.14) ** <0.001 0.006 0.97

Haematocrit level after surgery (%) 27.93 (4.05) ** 31.05 (3.18) ** 0.002 0.064 0.87

Change in haematocrit level ˆ (%) −9.53 (5.39) ** −6.89 (3.69) ** 0.030 0.003 0.53

Time to extubation $ (min) 27.5 (20–50) * 0 (0–15) * <0.001 0.115 0.99

Intraoperative diuresis (mL) 135 (100–250) 215 (127–300) 0.061 0.442 0.21

Legend: * median, interquartile range; ** mean, SD; ˆ before-after surgery; $ time from end of operation
till extubation.

Exemplary Figures 4 and 5 of significant results are presented below.
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In the control group, exclusively, four complications of neurological and cardiac nature
were observed (cardiorespiratory failure resulting from hypovolemic shock—three patients,
transient limb paresis—one patient). None of these events occurred among the subjects
in the intervention group. It is noteworthy to mention that the hypovolemic shock in the
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control group was due to a gradual rather than sudden blood loss, which eventually proved
to be significant and life-threatening. Consequently, these patients required postoperative
intensive care, and one of them additionally developed a complication in the form of
pneumonia. Unfortunately, we were not able to assess by means of statistics whether
the complications occur less frequently when an invasive haemodynamic monitoring is
introduced, as no such data were obtained in the intervention group. More studies to verify
these results are warranted.
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4. Discussion

This study aimed to assess the efficacy of intraoperative haemodynamic monitoring
GDT outcomes in adolescents undergoing posterior fusion for AIS.

Firstly, the intervention group demonstrated a significantly shorter length of stay in
hospital. Furthermore, patients in the intervention group displayed a substantially reduced
duration of hypotension (MAP < 60 mmHg). Additionally, it is worth mentioning that the
intraoperative diuresis was higher in the control group, while the GDT approach resulted
in more stable haemoglobin and haematocrit levels with a smaller amplitude of changes
and improved blood pressure stability. The extent of blood loss remained similar in both
groups, albeit FFP was more frequently transfused in the control group. Additionally,
the time interval from the conclusion of surgery to extubation was notably shorter in the
intervention group, which contributed to earlier patient mobilisation. The duration of
surgical procedures did not exhibit any notable differences between the two groups, which
can be attributed to the consistent involvement of the same surgical team. Remarkably, the
control group experienced instances of cardiac and neurological complications, whereas
no such adverse events were observed in the intervention group following the implemen-
tation of the GDT protocol. These findings emphasise the potential of the intervention
to enhance post-operative recovery and overall patient outcomes. The results obtained
by the authors were corrected for multiple testing and statistical power was calculated
for each comparison to demonstrate the validity. As elegantly summarised in Table 2, the
following outcomes gained high statistical power: duration of hospitalisation, hypotension
time, FFP transfusion volume, change in haemoglobin, time to extubation. Also, in regard
to these results, the differences between intervention group and control group remained
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statistically significant after multiple testing. The authors hereby confirm, that invasive
haemodynamic monitoring in teenagers with AIS is efficient with respect to many of intra
and postoperative parameters

The observed reduction in length of stay within our study can be attributed to a range
of factors, with particular emphasis on the absence of complications within the intervention
group and the successful implementation of the ERAS strategy for uncomplicated patients.
A study conducted by Marsollier et al., which harnessed the ERAS protocol for AIS cases,
demonstrated a noteworthy decrease in the median length of hospital stay within the
ERAS group [19]. Additionally, research by Jeandel et al., focusing on ERAS utilization
for AIS, showcased not only a decrease in hospital stay but also a significant reduction in
hospitalization costs [20]. These findings collectively underscore the significance of the
ERAS approach in optimizing postoperative outcomes and resource utilization in AIS cases.

According to surveys conducted by the Scoliosis Research Society, spinal deformity
surgery carries a risk of spinal cord injury, with reported rates ranging from 0.3% to
0.6% [21]. These injuries to the spinal cord can arise from various factors, including direct
compression by surgical instruments or implants, compromised blood flow due to vessel
stretching or compression, interruption of radicular blood flow, spinal cord distraction
injury, or the presence of epidural haematoma. Among these factors, ischemic injury is
the most commonly observed, with the motor pathways supplied by the anterior spinal
artery being particularly susceptible to such damage. Therefore, timely identification and
prevention of hypotension during spinal deformity surgery are vital in reducing the risk of
ischemic injury. However, detecting hypotension early can pose challenges, especially in
paediatric patients, due to the limited availability of non-invasive monitoring options.

To address the aforementioned challenges, the utilisation of invasive monitoring and
GDT emerges as a potential solution, given its proven advantages in adult populations.
Hence, the objective of this study is to assess the potential advantages of GDT in minimizing
the duration of hypotension episodes during scoliosis surgery, specifically focusing on
the prevention of intraoperative spinal cord ischemia, which is recognised as the most
prevalent complication.

The selection of a MAP threshold of less than 60 mmHg as an indicator of hypotension
in this study was driven by several considerations. Notably, there are no established
hypotension thresholds specific to the age group of teenagers undergoing spinal deformity
surgery. Given that the study population consisted of slim teenagers who likely possessed
good microcirculation autoregulation, the authors believed that a lower threshold would
be appropriate for detecting deviations from normal blood pressure ranges. Additionally,
previous research has demonstrated that maintaining a MAP above 60 mm Hg during spinal
surgery is a critical factor in lowering the likelihood of spinal cord injury, aligning with the
observations made by the authors [22]. This evidence supports the notion that maintaining
an adequate perfusion pressure is crucial for safeguarding the integrity of the spinal cord.
By selecting a MAP threshold of less than 60 mmHg, the authors aimed to establish a
clinically relevant cut-off that would prompt timely intervention to prevent hypotension-
related complications. This threshold takes into account the unique characteristics of
the study population while aligning with the existing literature on the importance of
maintaining appropriate blood pressure levels during spinal surgery. While the Flotrac
APCO system has demonstrated utility in the paediatric population, it is important to note
that its validation specifically in children is yet to be established.

The findings of this study demonstrate that the combination of invasive arterial
pressure monitoring and the implementation of the GDT protocol leads to a significant
reduction in the duration of intraoperative hypotension. Notably, it was observed that the
instances where the MAP remained below 55 mmHg were remarkably transient, indicating
effective management of blood pressure during the surgical procedure.

GDT protocols have gained significant popularity in the operating theatre as a means
to optimise the patient’s haemodynamic status and enhance overall outcomes. Various
types of GDT protocols can be employed, such as those focusing on CO, SV, and oxygen
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delivery optimisation. These protocols utilise advanced monitoring techniques, including
arterial waveform analysis, pulse contour analysis, and echocardiography, to guide the
administration of fluids and vasopressors with the aim of achieving specific haemodynamic
targets. Alternatively, some protocols utilise dynamic variables like stroke volume variation
(SVV) or pulse pressure variation (PPV) to guide fluid management decisions. The imple-
mentation of GDT has demonstrated notable improvements in outcomes across a range
of surgical procedures, encompassing high-risk surgeries and major abdominal surgeries.
The updated guidelines from the European Society of Cardiology (ESC) on cardiovascular
assessment and management of patients undergoing non-cardiac surgery have assigned
a Class IA recommendation for perioperative goal-directed haemodynamic therapy in
high-risk surgical adult patients. Additionally, there is a strong recommendation (IB) to
prevent an intraoperative decrease in MAP exceeding 20% from baseline or falling below
the range of 60–70 mmHg to mitigate the occurrence of perioperative complications [23].

The use of GDT protocols has been extensively studied and implemented in the
adult population; however, there is a scarcity of literature regarding their application in
paediatric patients. A study conducted by Pereira de Souza Neto et al. focused on mechani-
cally ventilated children under general anaesthesia, investigating the predictive value of
dynamic parameters and transthoracic echocardiography in assessing fluid responsive-
ness [14]. The study findings indicated that while the respiratory variation of aortic peak
velocity (∆Vpeak) proved to be an accurate predictor of fluid responsiveness, no arterial
pressure or plethysmographically derived variable demonstrated accuracy in predicting
fluid responsiveness.

On the other hand, Koraki et al. conducted a single-centre retrospective analysis
utilising a GDT protocol based on SVV and ClearSight technology (Edwards Lifesciences)
in scoliosis surgery [13]. The authors observed that this SVV and ClearSight-based GDT
protocol effectively maintained haemodynamic stability and yielded favorable outcomes in
patients undergoing scoliosis surgery. Notably, the protocol was associated with reduced
requirements for blood transfusions, shorter hospital stays, and lower rates of postoperative
complications. The results of these studies indicate the potential benefits of implementing
GDT protocols in paediatric populations undergoing high-risk surgery, such as scoliosis
correction. However, further research is necessary to determine the optimal approach to
GDT in children and identify the most suitable protocols to improve outcomes within this
specific population.

The choice of utilising an arterial waveform analysis GDT protocol, as opposed to pulse
contour analysis or ultrasound analysis, is guided by multiple considerations. Firstly, arte-
rial waveform analysis is a well-established and validated method that effectively evaluates
fluid responsiveness, providing continuous and real-time feedback regarding haemody-
namic fluctuations. In contrast, echocardiographic analysis necessitates specialised training
and may not be feasible in all clinical settings. Furthermore, it is typically performed at
specific time points and may not promptly detect acute changes in haemodynamic status.
Non-invasive pulse contour analysis, on the other hand, may encounter challenges affected
by factors such as hypothermia, vasoconstriction, or centralisation of circulation, ultimately
compromising the accuracy of the technique.

In light of these factors, the authors have chosen to implement a GDT protocol based
on SV. Alternative SVV-based protocols can pose challenges in clinical scenarios where there
are variations in intra-thoracic pressure, such as during scoliosis correction. This is because
SVV can be influenced by alterations in venous return and compliance, potentially leading
to misinterpretation and inappropriate decisions regarding fluid management. Another
aspect considered is that protocols relying on CO are more susceptible to variability due
to fluctuations in heart rate, which can result in imprecise measurements, thus rendering
them less dependable.

It is of utmost importance to acknowledge that during scoliosis correction procedures,
the anaesthesiologist should exercise caution when implementing the conventional GDT
protocol and remain mindful of its limitations in this specific surgical context. This is
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primarily due to instances where the surgeon exerts significant force, resulting in thoracic
compression and potential kinking of the arterial cannula. Consequently, the arterial
pressure waveform may exhibit a straight line pattern, which can be misinterpreted as
hypotension. This ambiguity arises as the usual response to hypotension would involve
initiating the GDT protocol. However, in the case of scoliosis correction procedures, it is
crucial to recognise that the appropriate course of action is to adjust the force exerted by
the surgeon on the surgical instruments. By appropriately modifying the applied force, it
becomes possible to prevent hypotension and maintain optimal haemodynamic stability
in the patient. Without clinician awareness of the importance of hypotension prevention
and immediate treatment, the protocol will fail. Education and confidence in new tools is a
very important part of success in hypotension prevention.

This study, despite its promising findings, is subject to several limitations that need to
be acknowledged. Firstly, the study design employed was a non-randomised, single-centre,
prospective, controlled cohort study, potentially restricting the generalisability of the results.
The absence of randomization and the inclusion of patients solely from a single centre
introduce the possibility of selection bias, thus not accurately representing the broader
population of patients undergoing posterior fusion for adolescent idiopathic scoliosis.
Additionally, the lack of blinding in the intervention group introduces the potential for
performance bias since clinicians were aware of the treatment being administered.

Notwithstanding these limitations, this study offers valuable information regarding
the potential advantages of intraoperative haemodynamic monitoring and GDT in pa-
tients with AIS. However, further exploration through larger, multicentre, randomised
controlled trials is warranted to gain deeper insights and establish a more comprehensive
understanding of the subject matter.

In summary, fluid management and protocolised haemodynamic monitoring have be-
come integral elements of the paediatric ERAS (Enhanced Recovery After Surgery) protocol,
offering significant potential benefits. When combined with intraoperative neuromonitor-
ing, this approach holds promise in reducing hospital stays and minimising postoperative
complications such as blood loss, neurological injuries, and wound infections. Recent stud-
ies have demonstrated that the implementation of haemodynamic optimisation and ERAS
protocols can lead to improved outcomes, particularly in high-risk surgical procedures like
scoliosis surgery. By employing real-time haemodynamic monitoring and goal-directed
therapy protocols, healthcare providers can deliver personalised care tailored to individual
patients’ physiological requirements.

As ongoing research in this field progresses, it remains crucial to continually evaluate
and compare different haemodynamic monitoring and fluid management protocols. This
evaluation aims to identify the most effective approaches for enhancing outcomes and
minimising complications in paediatric surgical patients. Further studies are warranted to
refine protocols and establish best practice guidelines specifically for scoliosis surgery.

5. Conclusions

To summarise, the utilisation of intraoperative haemodynamic monitoring and goal-
directed therapy in patients undergoing posterior fusion for AIS has demonstrated several
positive outcomes. These include reduced hospital stay duration, shorter intraoperative
hypotension time, and improved preservation of haemoglobin and haematocrit levels.
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J.M. and K.S.-Ż.; supervision, J.B.; project administration, J.B. All authors have read and agreed to the
published version of the manuscript.

Funding: This research received no external funding.



Children 2023, 10, 1371 13 of 14

Institutional Review Board Statement: The study was conducted in accordance with the Declaration
of Helsinki, and approved by the Institutional Review Board at Pomeranian Medical University in
Szczecin (resolution no. KB 0012/126/10/2021/Z; 27 October 2021).

Informed Consent Statement: All study participants over 16 years of age and their legal guardians
gave informed consent to participate in the study, and participants under 16 years of age had informed
consent obtained solely from their legal guardians. Written informed consent has been obtained from
the patient(s) to publish this paper.

Data Availability Statement: The raw data are available upon request from the corresponding author.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Negrini, S.; Donzelli, S.; Aulisa, A.G.; Czaprowski, D.; Schreiber, S.; De Mauroy, J.C.; Diers, H.; Grivas, T.B.; Knott, P.; Kotwicki, T.;

et al. 2016 SOSORT guidelines: Orthopaedic and rehabilitation treatment of idiopathic scoliosis during growth. Scoliosis Spinal
Disord. 2018, 13, 3. [CrossRef]

2. Vincent, J.-L.; Pelosi, P.; Pearse, R.; Payen, D.; Perel, A.; Hoeft, A.; Romagnoli, S.; Ranieri, V.M.; Ichai, C.; Forget, P.; et al.
Perioperative cardiovascular monitoring of high-risk patients: A consensus of 12. Crit. Care 2015, 19, 224. [CrossRef]

3. Walsh, M.; Devereaux, P.J.; Garg, A.X.; Kurz, A.; Turan, A.; Rodseth, R.N.; Cywinski, J.; Thabane, L.; Sessler, D.I. Relationship
between Intraoperative Mean Arterial Pressure and Clinical Outcomes after Noncardiac Surgery: Toward an empirical definition
of hypotension. Anesthesiology 2013, 119, 507–515. [CrossRef]

4. Habre, W.; Disma, N.; Virág, K.; Becke, K.; Hansen, T.G.; Jöhr, M.; Leva, B.; Morton, N.S.; Vermeulen, P.M.; Zielinska, M.; et al.
Incidence of severe critical events in paediatric anaesthesia (APRICOT): A prospective multicentre observational study in 261
hospitals in Europe. Lancet Respir. Med. 2017, 5, 412–425. [CrossRef]

5. Dalfino, L.; Giglio, M.T.; Puntillo, F.; Marucci, M.; Brienza, N. Haemodynamic goal-directed therapy and postoperative infections:
Earlier is better. a systematic review and meta-analysis. Crit. Care 2011, 15, R154. [CrossRef] [PubMed]

6. Rollins, K.E.; Lobo, D.N. Intraoperative Goal-directed Fluid Therapy in Elective Major Abdominal Surgery: A Meta-analysis of
Randomized Controlled Trials. Ann. Surg. 2016, 263, 465–476. [CrossRef] [PubMed]

7. Bacchin, M.R.; Ceria, C.M.; Giannone, S.; Ghisi, D.; Stagni, G.; Greggi, T.; Bonarelli, S. Goal-Directed Fluid Therapy Based on
Stroke Volume Variation in Patients Undergoing Major Spine Surgery in the Prone Position: A Cohort Study. Spine 2016, 41,
E1131–E1137. [CrossRef] [PubMed]

8. Habicher, M.; Balzer, F.; Mezger, V.; Niclas, J.; Müller, M.; Perka, C.; Krämer, M.; Sander, M. Implementation of goal-directed fluid
therapy during hip revision arthroplasty: A matched cohort study. Perioper. Med. 2016, 5, 31. [CrossRef] [PubMed]

9. Ripollés, J.; Espinosa, A.; Martínez-Hurtado, E.; Abad-Gurumeta, A.; Casans-Francés, R.; Fernández-Pérez, C.; López-Timoneda,
F.; Calvo-Vecino, J.M. Intraoperative goal directed hemodynamic therapy in noncardiac surgery: A systematic review and
meta-analysis. Braz. J. Anesthesiol. 2016, 66, 513–528. [CrossRef]

10. Dushianthan, A.; Knight, M.; Russell, P.; Grocott, M.P. Goal-directed haemodynamic therapy (GDHT) in surgical patients:
Systematic review and meta-analysis of the impact of GDHT on post-operative pulmonary complications. Perioper. Med.
2020, 9, 30. [CrossRef]

11. Michard, F.; Giglio, M.T.; Brienza, N. Perioperative goal-directed therapy with uncalibrated pulse contour methods: Impact on
fluid management and postoperative outcome. Br. J. Anaesth. 2017, 119, 22–30. [CrossRef] [PubMed]

12. Benes, J.; Giglio, M.; Brienza, N.; Michard, F. The effects of goal-directed fluid therapy based on dynamic parameters on
post-surgical outcome: A meta-analysis of randomized controlled trials. Crit. Care 2014, 18, 584. [CrossRef] [PubMed]

13. Koraki, E.; Stachtari, C.; Stergiouda, Z.; Stamatopoulou, M.; Gkiouliava, A.; Sifaki, F.; Chatzopoulos, S.; Trikoupi, A. Blood and
fluid management during scoliosis surgery: A single-center retrospective analysis. Eur. J. Orthop. Surg. Traumatol. 2020, 30,
809–814. [CrossRef]

14. Neto, E.P.d.S.; Grousson, S.; Duflo, F.; Ducreux, C.; Joly, H.; Convert, J.; Mottolese, C.; Dailler, F.; Cannesson, M. Predicting fluid
responsiveness in mechanically ventilated children under general anaesthesia using dynamic parameters and transthoracic
echocardiography. Br. J. Anaesth. 2011, 106, 856–864. [CrossRef]

15. De Graaff, J.C.; Pasma, W.; van Buuren, S.; Duijghuisen, J.J.; Nafiu, O.O.; Kheterpal, S.; van Klei, W.A. Reference Values
for Noninvasive Blood Pressure in Children during Anesthesia: A Multicentered Retrospective Observational Cohort Study.
Anesthesiology 2016, 125, 904–913. [CrossRef]

16. Edwards’ Hemodynamic Optimization Reference Card. Irvine, USA. Available online: https://education.edwards.com/
hemodynamic-optimization-reference-card/330963#hemosphere (accessed on 1 July 2023).

17. R Foundation for Statistical Computing, Vienna, Austria. Available online: https://cran.r-project.org (accessed on 3 June 2023).
18. Faul, F.; Erdfelder, E.; Lang, A.-G.; Buchner, A. G*Power 3: A flexible statistical power analysis program for the social, behavioral,

and biomedical sciences. Behav. Res. Methods 2007, 39, 175–191. [CrossRef] [PubMed]

https://doi.org/10.1186/s13013-017-0145-8
https://doi.org/10.1186/s13054-015-0932-7
https://doi.org/10.1097/ALN.0b013e3182a10e26
https://doi.org/10.1016/S2213-2600(17)30116-9
https://doi.org/10.1186/cc10284
https://www.ncbi.nlm.nih.gov/pubmed/21702945
https://doi.org/10.1097/SLA.0000000000001366
https://www.ncbi.nlm.nih.gov/pubmed/26445470
https://doi.org/10.1097/BRS.0000000000001601
https://www.ncbi.nlm.nih.gov/pubmed/27046635
https://doi.org/10.1186/s13741-016-0056-x
https://www.ncbi.nlm.nih.gov/pubmed/27999663
https://doi.org/10.1016/j.bjan.2015.02.002
https://doi.org/10.1186/s13741-020-00161-5
https://doi.org/10.1093/bja/aex138
https://www.ncbi.nlm.nih.gov/pubmed/28605442
https://doi.org/10.1186/s13054-014-0584-z
https://www.ncbi.nlm.nih.gov/pubmed/25348900
https://doi.org/10.1007/s00590-020-02637-y
https://doi.org/10.1093/bja/aer090
https://doi.org/10.1097/ALN.0000000000001310
https://education.edwards.com/hemodynamic-optimization-reference-card/330963#hemosphere
https://education.edwards.com/hemodynamic-optimization-reference-card/330963#hemosphere
https://cran.r-project.org
https://doi.org/10.3758/BF03193146
https://www.ncbi.nlm.nih.gov/pubmed/17695343


Children 2023, 10, 1371 14 of 14

19. Julien-Marsollier, F.; Michelet, D.; Assaker, R.; Doval, A.; Louisy, S.; Madre, C.; Simon, A.; Ilharreborde, B.; Brasher, C.; Dahmani,
S. Enhanced recovery after surgical correction of adolescent idiopathic scoliosis. Pediatr. Anesth. 2020, 30, 1068–1076. [CrossRef]
[PubMed]

20. Jeandel, C.; Ikonomoff, T.; Bertoncelli, C.M.; Bertoncelli, C.M.; Cunsolo, L.L.; Luna, M.V.; Monticone, M.; Clement, J.-L.; Rampal,
V.; Solla, F. Enhanced recovery following posterior spinal fusion for adolescent idiopathic scoliosis: A medical and economic
study in a French private nonprofit pediatric hospital. Orthop Traumatol Surg Res. 2023, 103626. [CrossRef]

21. Murphy, R.F.; Mooney, J.F., 3rd. Complications following spine fusion for adolescent idiopathic scoliosis. Curr. Rev. Musculoskelet.
Med. 2016, 9, 462–469. [CrossRef]

22. Levin, D.; Strantzas, S.; Steinberg, B. Intraoperative neuromonitoring in paediatric spinal surgery. BJA Educ. 2019, 19, 165–171.
[CrossRef] [PubMed]

23. Halvorsen, S.; Mehilli, J.; Cassese, S.; Hall, T.S.; Abdelhamid, M.; Barbato, E.; De Hert, S.; de Laval, I.; Geisler, T.; Hinterbuchner,
L.; et al. 2022 ESC Guidelines on cardiovascular assessment and management of patients undergoing non-cardiac surgery. Eur.
Heart J. 2022, 43, 3826–3924. [CrossRef] [PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1111/pan.13988
https://www.ncbi.nlm.nih.gov/pubmed/32750176
https://doi.org/10.1016/j.otsr.2023.103626
https://doi.org/10.1007/s12178-016-9372-5
https://doi.org/10.1016/j.bjae.2019.01.007
https://www.ncbi.nlm.nih.gov/pubmed/33456886
https://doi.org/10.1093/eurheartj/ehac270
https://www.ncbi.nlm.nih.gov/pubmed/36017553

	Introduction 
	Materials and Methods 
	Preparation for Surgery 
	Surgery 
	Surgical Technique 
	Intraoperative Neuromonitoring (IONM) 
	Postoperative Course 
	Definitions of Complications 
	Outcomes 
	Statistical Analyses 

	Results 
	Study Participants 
	Outcomes 

	Discussion 
	Conclusions 
	References

