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Abstract
Although the beach-chair position (BCP) is widely used during shoulder surgery, it has been reported to associate with 
a reduction in cerebral blood flow, oxygenation, and risk of brain ischaemia. We assessed cerebral haemodynamics using a 
multiparameter transcranial Doppler-derived approach in patients undergoing shoulder surgery. 23 anaesthetised patients 
(propofol (2 mg/kg)) without history of neurologic pathology undergoing elective shoulder surgery were included. Arterial 
blood pressure (ABP, monitored with a finger-cuff plethysmograph calibrated at the auditory meatus level) and cerebral 
blood flow velocity (FV, monitored in the middle cerebral artery) were recorded in supine and in BCP. All subjects under-
went interscalene block ipsilateral to the side of FV measurement. We evaluated non-invasive intracranial pressure (nICP) 
and cerebral perfusion pressure (nCPP) calculated with a black-box mathematical model; critical closing pressure (CrCP); 
diastolic closing margin (DCM—pressure reserve available to avoid diastolic flow cessation); cerebral autoregulation index 
(Mxa); pulsatility index (PI). Significant changes occured for DCM [mean decrease of 6.43 mm Hg (p = 0.01)] and PI 
[mean increase of 0.11 (p = 0.05)]. ABP, FV, nICP, nCPP and CrCP showed a decreasing trend. Cerebral autoregulation was 
dysfunctional (Mxa > 0.3) and PI deviated from normal ranges (PI > 0.8) in both phases. ABP and nCPP values were low 
(< 60 mm Hg) in both phases. Changes between phases did not result in CrCP reaching diastolic ABP, therefore DCM did 
not reach critical values (≤ 0 mm Hg). BCP resulted in significant cerebral haemodynamic changes. If left untreated, reduc-
tion in cerebral blood flow may result in brain ischaemia and post-operative neurologic deficit.
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1 Introduction

The beach chair position (BCP) offers several advantages 
in shoulder surgery, such as a better intra-articular visuali-
zation and less risk of neurovascular trauma in comparison 
to surgery performed in the lateral decubitus position [1]. 
However, BCP may provoke hypotension in the presence 
of general anaesthesia, which alters cardiovascular reflex 
responses [2, 3].

There are published reports of rare, but devastating, 
neurologic injuries occurring in patients in the beach chair 
position. These include stroke, spinal cord ischaemia, and 
transient visual loss [4–11]. The incidence of neurologic 
complications after shoulder surgery in the beach chair 
position remains unknown, but a survey of the American 
Shoulder and Elbow Surgeons (including 32% of respond-
ers) indicated that major stroke occurs in 0.0004% of such 
patients [7].

Because of arterial blood pressure (ABP) hypoten-
sion and the gravitational effects of positioning the head 
above the level of the heart, such neurologic complications 
reported after shoulder surgery in the beach chair posi-
tion may be the result of cerebral autoregulation failure, 
inadequate cerebral perfusion, and cerebral ischaemia. By 
assessing cerebral haemodynamics in patients undergo-
ing surgery in the beach chair position, we aim to clarify 
whether these issues occur in this scenario.

Transcranial Doppler (TCD) ultrasonography allows 
continuous and non-invasive assessment of cerebral 
haemodynamics by monitoring cerebral blood flow veloc-
ity (FV). From TCD signal processing, several parameters 
have been developed and applied in neurocritical care set-
tings, which include cerebral autoregulation indices (CA), 
critical closing pressure (CrCP) of the cerebral circulation, 
non-invasive estimations of intracranial pressure (nICP) 
and cerebral perfusion pressure (nCPP). There are few 
published reports on the use of TCD in beach chair posi-
tion for the assessment of cerebral haemodynamics, but 
unfortunately, most simply use mean FV as the main meas-
ure [12, 13]. We advocate for a complete assessment of 
cerebral haemodynamics including not only pre-existing 
TCD parameters, like the components of cerebral blood 
flow velocity (systolic, diastolic, mean), but also the inter-
actions between various parameters derived from mathe-
matical models describing cerebral blood flow circulation.

We hypothesised that BCP may incidentally cause 
subtle deterioration of cerebral haemodynamics; this can 
be monitored by transcranial Doppler parameters during 
shoulder surgery under general anaesthesia. Therefore, 
the objective of this study is to assess cerebral haemody-
namics using a multiparameter TCD-derived approach in 

patients undergoing shoulder surgery who were positioned 
from supine to beach chair position.

2  Methods

2.1  Patient population

Thirty-three patients with no history of neurological dis-
ease having elective shoulder surgery in the beach chair 
position were enrolled in this study. Patients were admitted 
to the Department of Trauma and Orthopaedics at Adden-
brooke’s Hospital, Cambridge, UK, between March 2016 
to 2017. The experimental protocol and informed consent 
were approved by the Institutional Review Board (REC 16/
LO/0350). Informed consent was obtained from all individ-
ual participants included in the study.

On arrival to the surgical suite, standard monitoring was 
applied, including pulse-oximetry, electrocardiography, and 
non-invasive arterial blood pressure in the arm. The patients 
did not receive anxiolytic medication prior to induction of 
anaesthesia. After pre-oxygenation, general anaesthesia was 
induced with intravenous propofol (2 mg/kg). To facilitate 
endotracheal intubation, cisatracurium besilate (0.15 mg/
kg) was administered intravenously, and then the lungs 
were ventilated with a mixture of oxygen/air and sevoflurane 
(MAC of 0.8–1.0) to maintain an end-tidal carbon dioxide 
 (ETCO2) of 4.6–5.5 kPa.

Ultrasound guided interscalene block using an in-plane 
approach was performed to provide intra- and post-operative 
analgesia. Bupivacaine 0.25–0.5% (15–20 ml) were injected 
around the superior and middle trunks of the brachial plexus, 
between the anterior and middle scalene muscles. The plexus 
regional technique was performed after general anaesthesia. 
A catheter was not placed for post-operative analgesia in 
any cases.

For these patients, we administered crystalloids before 
and during anaesthesia induction or small boluses of met-
araminol to improve mean ABP when it presented below 
65 mm Hg. The dose and choice of the strategy to main-
tain an adequate blood pressure depended on many factors, 
including the patient’s signalment, physical condition, and 
the length and type of the procedure.

Potential neurological complications were assessed 
through clinical neurological examination of the patient at 
the end of the procedure and post-operative period in the 
recovery room, including the assessment of focal or global 
deficit and pupil characteristics.

2.2  Monitoring and data analysis

ABP was non-invasively measured for clinical purposes with 
a cuff via an oscillometric method from the arm  (ABPARM). 
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Any clinical interventions to control ABP were performed 
considering measurements obtained with this method. Addi-
tionally, ABP was monitored over time non-invasively using 
a finger-cuff (Finometer Pro®, Finapres Medical Systems, 
Amsterdam, The Netherlands) calibrated at the auditory 
meatus level  (ABPFINGER) strictly for research purposes. 
Cerebral haemodynamic parameters were calculated using 
 ABPFINGER. Cerebral blood flow velocity was assessed using 
transcranial Doppler (Digi-Lite™, RIMED, Rihanna, Israel) 
in the middle cerebral artery ipsilateral to the surgerical side. 
The monitoring sessions were performed by an experienced 
operator (DC) and the TCD probe was hand-held in place 
during the entire recording. The use of a headset for probe 
support was unfeasible due to technical difficulties to accom-
modate such a structure in the configuration of the surgi-
cal chair’s headrest. Only  ABPFINGER and FV signals were 
recorded simultaneously.

ABPFINGER and FV monitoring were performed in two dif-
ferent periods: in supine position, immediately after induc-
tion of anaesthesia (phase A); and before commencement of 
surgery with the patient in beach chair position (phase B). 
Beach chair position was achieved by tilting the table at an 
automated smooth pace to an angle range of 45–90° adjusted 
for surgical exposure on an individual basis (around 30 s). 
The measurements during phase B started once the surgical 
team had the patient in an optimal and stable sitting position, 
and the onset time varied (generally being close to 1 min). 
 ABPARM was collected retrospectively from the hospital’s 
electronic records during the study’s analysis phase. Pre-
operative (in the anaesthetic room, before anaesthesia induc-
tion) and operative values (in the operation room, with the 
patient in beach chair position) for  ABPARM were collected.

All parameters were calculated and averaged for both 
phases. Raw signals were digitized using an analog–digital 
converter (DT 2814, Marlborough, California, United States 
of America) sampled at a frequency of 100 Hz and recorded 
with ICM+® (Cambridge Enterprise, http://www.neuro surg.
cam.ac.uk/icmpl us/). The recorded signals were subjected 
to manual artefact removal and analysed with ICM+®. All 
calculations were performed over a 10 s sliding window.

2.3  Multiparameter TCD‑derived cerebral 
haemodynamic assessment

2.3.1  Non‑invasive estimation of ICP and CPP

The nICP assessment was performed using a ‘black-box’ 
mathematical model, published and described thoroughly 
[14]. In this model, the intracranial compartment is con-
sidered a black-box (BB) system, with ICP being a system 
response to the incoming signal ABP [14]. This mathemati-
cal model originates from system analysis, which provides 
a method to describe the transmission characteristics, with 

input and output signals. The intracranial compartment is 
indirectly described by a transfer function [15, 16] which 
connects the assumed input signal, ABP, with the output 
signal, ICP. Two linear models are first established to depict 
the relationship between ABP and ICP and that between 
ABP and FV, yielding two coefficients, f and w, respectively. 
By applying this linear mapping function, non-invasive ICP 
estimation can be performed by first estimating f from the 
coefficient w obtained from ABP and FV (TCD character-
istics, obtained from datasets of reference patients with 
raised ICP following traumatic brain injury (TBI) [14]). 
An estimate of ICP can then be derived from ABP using 
the calculated f. The output data provides a continuous full 
waveform of nICP (in mm Hg) and constant relationship 
between FV and ABP. A recent prospective study in TBI 
patients assessed the model’s 95% limits of accuracy for 
ICP estimation as ± 10 mm Hg [17]. nICP estimation was 
performed using a plugin developed and available for the 
ICM + software® platform. The non-invasive cerebral perfu-
sion pressure measurement was calculated as the difference 
between mean ABP and nICP (nCPP = ABP–nICP).

2.3.2  Cerebral autoregulation

Cerebral autoregulation describes the intrinsic ability of the 
cerebral vasculature to maintain a stable cerebral blood flow 
over a wide range of arterial blood pressures. Continuous 
indices of cerebral autoregulation can be calculated from 
spontaneous fluctuations of ABP and FV. In this work, the 
correlation coefficient between ABP and FV, termed Mxa 
(mean flow index), was calculated [18]. Mxa close to + 1 
denotes that slow fluctuations in ABP produce synchronized 
slow changes in FV indicating defective cerebral autoregu-
lation. Based on previous studies considering TBI patients, 
negative values or values less than 0.3 indicate intact CA, 
while positive values above 0.3 indicate failure of CA [19, 
20].

2.3.3  Pulsatility index

The pulsatility index describes quantitative and qualitative 
changes in the morphology of the TCD waveform resulting 
from alterations in CPP. The PI represents the relationship 
between the difference of  FVs (systolic flow velocity) and 
 FVd (diastolic flow velocity) divided by  FVm (mean flow 
velocity). PI is a multifactorial parameter and has been 
reported as inversely proportional to mean CPP, directly 
proportional to pulse amplitude of ABP, and non-linearly 
proportional to the compliance of the cerebral arterial bed, 
cerebrovascular resistance and heart rate [21].

http://www.neurosurg.cam.ac.uk/icmplus/
http://www.neurosurg.cam.ac.uk/icmplus/
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2.3.4  Critical closing pressure

The critical closing pressure of the cerebral circulation denotes 
a threshold of ABP below which the blood pressure in the 
brain vessels is inadequate to prevent the collapse and cessa-
tion of blood flow (closing pressure) [22]. CrCP can be repre-
sented as the sum of ICP and vascular wall tension [22, 23], 
and given this association with the vasomotor tone of the brain 
microvasculature, it may explain cerebral perfusion in different 
pathologies [22, 24–27].

Derived from CrCP and diastolic ABP  (ABPd), the diastolic 
closing margin (DCM = ABPd–CrCP) of the brain microvas-
culature can be obtained. Previous works have demonstrated 
that  ABPd below CrCP correlates with loss of measurable FV 
during diastole [28], which is associated with an increase in 
CBF pressure passivity in patients following TBI. CrCP was 
calculated as described in Varsos et al. [27].

2.4  Statistical analysis

Statistical analysis was conducted with R Studio software (R 
version 3.3.1). Data were tested for normal distribution using 
the Shapiro–Wilk test and are presented as median and inter-
quartile range (IQR). All parameters assessed were non-par-
ametric in nature. Statistical measurements were performed 
with the Wilcoxon rank sum test with continuity correction 
and the Wilcoxon signed rank test for paired comparisons. 
In addition, we employed a Spearman correlation coefficient 
matrix to assess correlations between the various parameters 
considering differences from supine to beach chair position 
[delta correlations (∆)]. Delta differences between param-
eters are presented as mean and percentage change. The 
statistical significance level for all tests was set at p < 0.05.

2.4.1  Sample size calculation

A sample size calculation for this study was performed using 
power analysis based on the proportional power calculation 
for a binomial distribution (power analysis for one propor-
tion), in which a power of 80%, significance level of 5%, 
and medium Cohen’s “d” effect size (d = 0.5) were consid-
ered. This analysis yielded a sample size of 32 individuals 
for detecting the specified effect. Based on the number of 
cases in the area admitted to our Department of Trauma 
and Orthopaedics between March 2016 and 2017, we could 
recruit 33 eligible patients during the study period.

3  Results

The study was completed in 23 patients: 4 patients could 
not be included due to absence of an insonation window for 
TCD; 6 patients due to poor recordings of either ABP or 

FV. The mean age was 50.83 years [range 18–81 years; 18 
males (78%)]. The mean monitoring time was 5.40 ± 1.60 
(95% confidence interval: 5.07–7.27) min for phase A and 
5.30 ± 1.50 (95% confidence interval: 4.65–6.67) minutes 
for phase B. Table 1 presents demographics, medical, and 
surgical characteristics of patients undergoing shoulder 
surgery. Table 2 presents results for all physiological and 
cerebral haemodynamic parameters assessed in phase 
A (supine) and phase B (beach chair position). Table 3 
includes the respective mean delta changes expressed in 
percentage between phases A and B, and the correlation 
coefficients of changes in FV and ABP with changes in 
other parameters evaluated.

There was a significant difference between pre-oper-
ative and operative  ABPARM [86.67 (80.83–95.67) and 
76.00 (69.83–80.83), respectively; mean decrease of 
9.68 mm Hg (− 12%) (p < 0.001)]. Between supine and 
BCP, significant differences occurred in DCM (mean 
decrease of 6.43  mm  Hg (− 34%) (p = 0.009)) and PI 
(mean increase of 0.11 (+ 11%) (p = 0.05)).  ABPFINGER 
exhibited a decreasing trend from phase A to B, as well 
as nICP, nCPP, and CrCP. End tidal  CO2 did not change 
significantly between the two phases.

When compared to TCD parameters in a healthy popu-
lation [29], patients in this study had low FV (< 60 cm/s). 
PI values also deviated from normal ranges in both meas-
urement points (PI > 0.8 [29]).

nCPP values were lower than previously reported in 
healthy volunteers (< 60 mm Hg [30]), and decreased 
further from supine to BCP. nICP presented a decreasing 
trend between phases; however, the observed changes in 
nCPP were better correlated with changes in  ABPFINGER 
than nICP [Table 3, ∆R = 0.95 (p < 0.001) and ∆R = 0.44 
(p = 0.04), respectively].

Mxa showed lower levels indicating dysfunctional 
cerebral autoregulation (Mxa > 0.3) in phases A and B. 
CrCP did not approach diastolic  ABPFINGER from phase 
A to B; consequently, DCM did not reach critical values 
(≤ 0 mm Hg), remaining above a mean of 12 mm Hg dur-
ing BCP. Changes in CrCP were strongly correlated with 
changes in diastolic ABP (∆R = 0.82, p < 0.001). Never-
theless, considering individual cases, two patients during 
phase B (one with history of arterial hypertension) and one 
patient during phase A presented relatively low values for 
DCM below 5 mm Hg. Generally, changes in DCM and 
diastolic FV were correlated [∆R = 0.40 (p = 0.05)].

No patient presented symptoms or signs suggestive of 
neurological damage after shoulder surgery in our cohort. 
Individual and mean changes across phases from supine 
(A) to beach chair position (B) are shown in Fig. 1 for 
 ABPFINGER, FV, PI, nICP, and nCPP; Fig. 2 for autoregula-
tion index; and Fig. 3 for CrCP and DCM.
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Table 1  Patients’ demographic 
characteristics, medical history, 
and type of surgical procedures 
performed

BMI body-mass index, Min minimum age, Max maximum age

Characteristics

Age (years), range (min, max) 59 ± 20 (18–81)
Sex, male/female, n (%) 18 (78%)/5 (22%)
BMI (kg/m2) 29 ± 4

Medical history

Hypertension 30%
Diabetes mellitus 13%
Hypercholesterolemia 9%
Myocardial infarction 4%
Obesity 4%
Depression 22%
Asthma 13%
Sleep apnoea 4%
Thyroid nodule 4%
Adrenal mass 4%
Factor XI haemophilia 4%
Gastroesophageal reflux disease 4%

Procedure

Arthroscopic subacromial decompression 26%
Arthroscopic cuff repair 22%
Shoulder replacement 17%
Arthroscopic acromioclavicular joint 17%
Shoulder stabilization 13%
Arthroscopic shoulder capsular release 4%

Table 2  Physiological and cerebral haemodynamic parameters 
assessed in phases A and B

ABPFINGER (mm Hg), arterial blood pressure monitored at the audi-
tory meatus level; FV (cm/s), cerebral blood flow velocity; nICP 
(mm  Hg), non-invasive intracranial pressure; nCPP (mm  Hg), non-
invasive cerebral perfusion pressure; Mxa, cerebral autoregulation 
index; PI, pulsatility index; CrCP (mm Hg), critical closing pressure; 
DCM (mm  Hg), diastolic closing margin;  ETCO2 (kPa), end-tidal 
carbon dioxide concentration; Phase A, supine position; Phase B, 
beach chair position

A B p-value

ABPFINGER 61.71 (52.41–69.30) 48.53 (37.64–66.35) 0.21
FV 40.86 (33.72–50.77) 43.01 (32.06–51.66) 0.27
nICP 4.52 (2.07–9.57) 2.14 (− 0.18 to 9.14) 0.66
nCPP 57.66 (49.54–63.92) 43.79 (37.46–57.66) 0.14
Mxa 0.32 (0.01–0.78) 0.47 (0.20–0.62) 0.94
PI 1.00 (0.85–1.14) 1.03 (0.90–1.34) 0.048
CrCP 31.65 (22.18–37.94) 25.33 (13.15–41.95) 0.60
DCM 18.08 (11.23–23.88) 10.44 (7.78–15.71) 0.01
ETCO2 5.30 (4.90–5.40) 5.20 (4.80–5.35) 0.17

Table 3  Mean delta changes and correlation coefficients between FV 
and ABP considering delta changes

ABPFINGER (mm Hg), arterial blood pressure monitored at the audi-
tory meatus level; FV (cm/s), cerebral blood flow velocity; nICP 
(mm  Hg), non-invasive intracranial pressure; nCPP (mm  Hg), non-
invasive cerebral perfusion pressure; Mxa, cerebral autoregulation 
index; PI, pulsatility index; CrCP (mm Hg), critical closing pressure; 
DCM (mm  Hg), diastolic closing margin;  ETCO2 (kPa), end-tidal 
carbon dioxide concentration; ∆ (delta), variation between phases A 
and B in percentage; R, Spearman correlation coefficient

∆ (%) R with ∆ABP p-value R with ∆FV p-value

ABPFINGER − 14 – – 0.48 0.02
FV − 6 0.48 0.02 – –
nICP − 29 0.61 0.002 0.33 0.12
nCPP − 12 0.95 0 0.42 0.05
Mxa 5 − 0.06 0.77 − 0.21 0.34
PI 11 − 0.1 0.64 − 0.23 0.29
CrCP − 9 0.8 0 0.17 0.43
DCM − 34 0.61 0.01 0.36 0.09
ETCO2 − 3 0.04 0.84 − 0.01 0.95
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4  Discussion

Our study demonstrates that changing from the supine to 
beach chair position adversely affects cerebral haemody-
namics with significant decrease in DCM and increase in 
pulsatility index, and an impairment in all cerebral haemo-
dynamics parameters.

In previous studies reporting catastrophic perioperative 
brain infarction associated with shoulder surgery in the sit-
ting position, the patients did not present any risk factors 
for perioperative stroke, and the authors attributed these 
complications to intraoperative cerebral hypoperfusion [6].

Cerebral hypoperfusion can be represented by the low 
cerebral blood flow velocity pattern observed in our study, 
which was even lower than previous findings in a study 
assessing normative values in healthy volunteers [29]. This 
may be explained by the fact that arterial blood pressure and 
estimated cerebral perfusion pressure were below 60 mm Hg 
in both surgery phases. It suggests that the patients were 
on the verge of the lower limit of autoregulation [31, 32], 
where FV decreases passively with decreasing ABP or CPP 
[20]. Pulsatility index, as a parameter describing changes in 

the TCD waveform resulting from changes in CPP, deviated 
from the normal range under these conditions if compared to 
normative values in healthy volunteers [29]. However, PI did 
not show high values as indicated in previous studies assess-
ing cerebral haemodynamics in patients with traumatic brain 
injury, for instance (PI > 2) [21]. In our study, we observed 
that PI increased whereas CPP decreased, although they did 
not present a significant correlation (∆R = − 0.15, p = 0.49). 
Therefore, in this case, PI could be better described as an 
indicator of increased cerebrovascular resistance.

Diminished cerebral autoregulation has been reported in 
patients undergoing shoulder surgery in the beach chair posi-
tion previously. A study from Laflam et al. [33], applying 
near-infrared spectroscopy (NIRS) for CA assessment using 
COx [a correlation index between ABP and regional cere-
bral oxygen saturation  (rSCO2)] indicated that these patients 
were more likely to have impaired autoregulation and lower 
 rSCO2 in comparison to patients undergoing surgery in 
the lateral decubitus position. Moreover, in a study from 
Hayashi et al. [34], decreases in  rSCO2 were proportional 
to reductions in cortex level ABP (calibrated at the level 
of the auditory meatus) induced by postural changes due 

Fig. 1  Longitudinal plots showing changes between supine (phase 
A) and beach chair position (phase B) for  ABPFINGER (a), FV (b), PI 
(c),nICP (d), and nCPP (e). Triangles on the plots represent the mean 
values for each variable at a specific surgical phase. Thick black lines 
represent the linear fit of the data; grey shadowed areas represent the 

95% confidence interval of the linear model representative of the 
data. ABP arterial blood pressure, FV cerebral blood flow velocity, PI 
pulsatility index, nICP non-invasive intracranial pressure, nCPP non-
invasive cerebral perfusion pressure
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to the BCP. Although cerebral desaturation events assessed 
with NIRS are commonly observed during shoulder surgery 
in the BCP, a recent study from Cox et al. [35] revealed 
that patients did not have significant cognitive deficits after 

this procedure. To date, although other authors have applied 
TCD as a tool for cerebral haemodynamic assessment during 
BCP [33], ours is the first reporting that TCD-based CA was 
dysfunctional in this surgical setting.

Our findings suggest that the patients were out of the cer-
ebral autoregulatory range in both positions. Considering 
that these patients did not present any previous indications 
of neurological impairment, the absence of a functional CA 
during supine position could be attributed to the effects of 
anaesthetic agents on arterial blood pressure, and ultimately 
on cerebral circulation. Propofol has been reported to pre-
serve autoregulation either at high or low doses in healthy 
individuals [36]. However, high doses of this drug have been 
shown to impair CA in TBI patients [37]. Sevoflurane in 
standard doses has not been reported to alter global CBF and 
CA [38, 39]; however, alterations on regional CBF have been 
reported with inhaled anaesthetic agents [40]. Although the 
anaesthetic agents used in the study have not been reported 
to alter CA, we hypothesise that an early ABP hypotensive 
effect and decrease in systemic vascular resistance [41] after 
administration of propofol could have been the cause for a 
dysfunctional of CA during the supine phase, as monitoring 
was performed immediately after anaesthesia induction and 
therefore did not account for vasopressor administration to 
overcome the hypotension event.

Changes in estimated cerebral perfusion pressure were 
strongly correlated with changes in ABP monitored at 
the auditory meatus level (∆R = 0.82, p < 0.001). It is 
believed that the gravitational effects of BCP contribute 

Fig. 2  Longitudinal plot showing changes between supine (phase A) 
and beach chair position (phase B) for cerebral autoregulation index 
(Mxa). Triangles on the plots represent the mean values for each vari-
able at a specific surgical phase. Thick black lines represents the lin-
ear fit of the data; grey shadowed areas represent the 95% confidence 
interval of the linear model representative of the data

Fig. 3  Longitudinal plots showing changes between supine (phase 
A) and beach chair position (phase B) for critical closing pressure 
(CrCP—a) and the diastolic closing margin (DCM—b). Triangles on 
the plots represent the mean values for each variable at a specific sur-

gical phase. Thick black lines represent the linear fit of the data; grey 
shadowed areas represent the 95% confidence interval of the linear 
model representative of the data
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to the observed arterial hypotension and consequent CPP 
decrease, as in anaesthetised patients an altered barore-
flex compromises haemodynamic control in the sitting 
position [42]. Arterial hypotension is commonly reported 
in procedures performed in this surgical setting, which 
has been reported to produce ABP decreases of 20% in 
an extensive study including 5177 patients undergoing 
neurosurgery and orthopaedic surgeries. 50% of these 
patients experienced severe hypotension defined as an 
ABP decrease ≥ 40% relative to pre-operative values [43]. 
In another study including 4169 shoulder surgery proce-
dures, 47% of patients presented hypotension defined as 
an ABP < 66 mm Hg or a decrease > 30% from pre-anaes-
thesia values. 37% of these patients experienced severe 
hypotension [9]. Other studies from McCulloch et  al. 
[12], Hanouz et al. [13] and Buget et al. [44] also reported 
decreases in ABP after transitioning from supine to BCP.

Although the decrease in  ABPFINGER reached an average 
of 14% (also observed for  ABPARM—12% decrease), besides 
cerebral hypoperfusion, we observed that such changes from 
supine to BCP were also reflected in DCM [Table 2, ∆ of 
− 34%, delta correlation with ABP, R = 0.8 (p < 0.001)]. By 
monitoring CrCP, DCM can be trended and may represent 
an important clinical threshold in patients with arterial hypo-
tension [28], as it can provide to the clinician a safety margin 
for manipulation of ABP in the operative setting.

Given the association of these modelled parameters with 
the vasomotor tone of blood vessels, CrCP and DCM logi-
cally relate to changes in previously available TCD parame-
ters, such as the mean or diastolic flow velocity values. How-
ever, mathematical models may improve our comprehension 
of cerebral haemodynamics over the existing TCD param-
eters in a variety of conditions affecting the brain, provided 
that they are able to outline the main relationships among 
several physiological parameters in quantitative terms [45]. 
In critical conditions, for example, cerebral circulatory 
arrest, while a decreasing diastolic flow velocity towards 
zero only indicates the imminence of this event to the cli-
nician, CrCP could provide information on which specific 
blood pressure target the clinician should avoid to prevent 
a circulatory arrest. In a scenario where neuromonitoring is 
essential to the management of patients, more comprehen-
sive parameters like CrCP and DCM could provide precision 
to certain interventions and individualise the treatment.

We could not identify any cases in which DCM decreased 
to 0 mm Hg, although it decreased significantly between 
phases (Fig. 3). Nevertheless, in three isolated cases, we 
could observe DCM approaching relatively low values 
(~ 5 mm Hg), which could have been the ideal scenario 
for fluid and vasopressor administration to increase ABP 
towards safe levels concerning cerebral perfusion. In addi-
tion, overall changes in DCM and diastolic FV were cor-
related, indicating a decrease in FV during diastole and 

consequent increase in pressure passivity to cerebral cir-
culation [28].

For instance, in a study of Hanouz et al. [13], the authors 
reported that beach chair position-induced ABP decrease, 
requiring vasopressors and fluid challenge in 44 patients 
(83% of the study’s cohort). In this study, the authors only 
relied on ABP decrease of 20% from pre-induction values to 
guide the vasopressors intervention, only considering mean 
FV for the assessment of cerebral haemodynamics.

Given our findings, continuous multiparameter TCD 
monitoring could provide a more comprehensive interpre-
tation of the haemodynamic changes and guide individu-
alised management of ABP and cerebral haemodynamics 
in the BCP operative setting. A special scenario would be 
combining ABP and multiparameter TCD monitoring for 
cases at imminent risk of cerebrovascular derangements, 
such as in patients with idiopathic intracranial hyperten-
sion, hydrocephalus, diabetes, arterial hypertension, and 
history of stroke. In these cases, special attention should be 
given to manage ABP within normal ranges with vasopres-
sors or fluids before and throughout beach chair position. 
In this context, recent studies have even suggested the use 
of invasive arterial lines to improve the monitoring of ABP 
and consequently cerebral blood flow in the BCP opera-
tive setting [46, 47]. Moreover, the technique of calibrating 
invasive arterial blood pressure at the auditory meatus level 
could potentially prevent low cerebral perfusion pressure in 
patients positioned with an elevated head.

Furthermore, from a surgical point of view, given the 
observed arterial hypotension leading to dysfunctional cere-
bral autoregulation and other potential cerebrovascular risks, 
a possibility to be considered is performing the procedure 
with only a regional block instead of general anaesthesia. 
Under these conditions, the normal functioning of cardio-
vascular reflex responses could prevent events of arterial 
hypotension in the beach chair position.

This study has potential limitations. First, is the small 
number of patients included in the study analysis, which was 
inferior to the calculated sample size. Nevertheless, given 
the limited study period and the absence of potential eligible 
patients during this time, we could not accomplish the estab-
lished sample size. However, we could obtain consistent 
results even with the reduced number of patients included 
in the study. Baseline FV and ABP were not monitored 
before anaesthesia induction. We hypothesized that supine 
position after induction should be the baseline phase, as the 
effects of anaesthesia on cerebral haemodynamics should 
be considered. Moreover, due to surgical configurations, we 
could not extend monitoring of the parameters throughout 
surgery. However, according to Hanouz et al. [13], signifi-
cant changes in cerebral haemodynamics occurred only from 
baseline (after anaesthesia induction in supine position) to 
BCP. Because of technical reasons of limited working space 
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in the operating room, we could only assess FV ipsilateral 
to the side of surgery, therefore not accounting for differ-
ences in flow that may exist between left and right MCAs. In 
this context, because the interscalene block was performed 
ipsilateral to the side of FV recordings, there is the potential 
for that sympathetic blockade to have altered CBF during 
ABP hypotension [48].  ABPARM and  ABPFINGER could not 
be compared effectively in any stages of the experimental 
protocol since simultaneous recordings of these parameters 
were unfeasible. We have presented both variables for the 
sake of a qualitative comparison only, to trace a parallel 
between changes in ABP observed clinically  (ABPARM) 
and experimentally  (ABPFINGER). We also acknowledge the 
heterogeneity among patients as to individual changes in 
ABP and FV, however, we can only speculate its causes. 
For instance, the effects of anaesthesia with consequent 
absence of the cardiovascular reflex responses could have 
influenced ABP and FV across the wide age span of the 
patients recruited.

Short periods of FV and ABP monitoring makes the 
autoregulation index calculation potentially less reliable. 
Thirty minutes is considered as a standard, but shorter peri-
ods were also used in the past (1-min epochs over time) [49]. 
Increasing the monitoring time in our study setting would 
increase surgery time, which would result in additional stress 
on patients and surgical teams.

Another potential limitation is the absence of the gold 
standard invasive technique for ICP monitoring, which 
would have allowed the determination of the degree of accu-
racy of TCD in estimating ICP and CPP. However, inva-
sive monitoring of ICP cannot be considered in a cohort 
of patients without any indications of brain injury. In TBI 
patients, the nICP estimation method used in this work 
showed a 95% confidence interval for ICP prediction of 
9.94 mm Hg. Although the accuracy of the method is not 
ideal at the current stage of development, it has shown good 
prediction ability for detection of ICP increases associated 
with changes in cerebral blood volume (ROC area under 
the curve of 0.82), as well as good correlation with standard 
invasive methods to track changes of ICP in time non-inva-
sively (R = 0.80) [50]. However, considering that the nICP 
method algorithm was derived from a TBI population, in 
which ICP changes are of greater magnitude in comparison 
to the cohort studied here, it is supposed that it would under-
estimate ICP in subjects presenting a normal ICP range. This 
inaccuracy is suggested to be associated with the matter of 
non-specific nICP calibrations.

In conclusion, our study suggests altered cerebral 
haemodynamics in patients undergoing shoulder surgery 
in the beach chair position. The driving force for such a  
pattern was an arterial blood pressure staying out of the 
assumed cerebral autoregulatory range for both supine 
and beach chair positions. Nevertheless, the gravitational 

effects to which patients were subjected during BCP 
caused a further worsening of the cerebral hemodynamic 
parameters. These findings may have particular signifi-
cance in patients with clinically overt or covert cerebro-
vascular disease, especially in an older population or 
patients with the latter condition in whom the outcome 
may be more catastrophic.
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