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patients) and recent study from the Cleveland Clinic [7] 
showed that the risk for postoperative myocardial and 
kidney injury significantly increases below a mean arte-
rial pressure of 65  mmHg, and that a few minutes under 
that threshold might be deleterious. A strong relationship 
between the occurrence/duration of intraoperative hypoten-
sion and postoperative complications such as stroke, acute 
kidney injury, cardiac arrhythmia and myocardial injury 
is now well established [8–10]. Therefore, in the surgical 
context, systems monitoring BP continuously are desirable 
first to detect hypotension without any delay. Then, sys-
tems able to respond quickly and automatically to hypoten-
sive events may have value to minimize their duration and 
potential impact on outcome, especially as very short dura-
tions of hypotension seem to be deleterious.

1  Detecting hypotensive events during surgery

Brachial cuffs are commonly used to measure BP in 
patients undergoing low to medium-risk surgery and in 
some patients undergoing high-risk surgery (typically hip 
fracture in elderly patients, colorectal resection for can-
cer). They allow non-invasive, intermittent measurements 
of BP, so that hypotension may be missed or detected 
with delay. In patients undergoing 3h abdominal or ortho-
pedic procedures, Chen et  al. [11] showed that monitor-
ing BP continuously has the potential, when compared to 
5 min-intervals brachial cuff measurements, to decrease the 
duration of hypotensive events by around 20 min. Arterial 
lines allow continuous BP monitoring but are associated 
with thrombotic, hemorrhagic and infectious complica-
tions. Therefore, they are reserved for procedures at high-
risk of hemodynamic instability such as cardio-vascular, 
major abdomino-pelvic, and spine surgeries. Thanks to 

In this issue of the Journal, Rinehart et al. [1] described a 
new closed loop system designed to maintain blood pres-
sure (BP) within a predetermined target zone by triggering 
the automatic administration of a vasopressor. This was a 
computer or “in silico” study where the goal was to main-
tain the virtual mean arterial pressure of virtual patients 
between 65 and 75 mmHg. In this well controlled experi-
mental setting, the controller performance was excellent. 
This study was a first development step, or engineering 
requirement. Animal and human studies are now needed to 
investigate the safety and reliability of the system in real 
physiologic or pathophysiologic conditions, and in an envi-
ronment where artifacts and measurement errors may occur. 
Other groups have already conducted in  vivo evaluations 
of closed loop systems for BP control either with fluids or 
vasopressors [2, 3]. In 222 women having spinal anesthesia 
for caesarean delivery, Ngan Kee et al. [3] reported a bet-
ter BP control, with fewer interventions and less wobble, 
with computer-controlled than with manual-controlled phe-
nylephrine infusion. Given the exponential development of 
computer capabilities and digital health solutions, closed 
loop hemodynamic systems may become available soon in 
operating rooms and intensive care units [4, 5].

Optimal BP values remain a subject of debate in criti-
cally ill patients [6]. In surgical patients, a large (57,315 
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recent improvements in applanation tonometry [12] and 
volume clamp methods [13, 14], continuous BP monitor-
ing is now possible non-invasively. Validation studies have 
yielded conflicting results; a better accuracy was reported 
during surgery than in ICU patients with shock. A recent 
meta-analysis from Cannasson’s group [15] showed that 
these methods do not meet standards from the Association 
for the Advancement of Medical Instrumentation (AAMI). 
However, one must keep in mind that AAMI criteria have 
been developed to test the accuracy and precision of bra-
chial cuffs, not alternative methods measuring continuously 
finger or radial BP. Interestingly, a recent study, using inva-
sive radial measurements as the reference, reported a bet-
ter precision with the volume clamp method than with the 
brachial cuff [16].

In the future, thanks to flexible electronics and chemi-
cal innovations, we will likely use sensors able to “feel” 
our pulse and record high quality blood pressure curves 
[17–19]. Today, these still experimental sensors are small 
(∼1  cm2), lightweight, thin and capable of stretching to 
conform to the skin, while providing high levels of pres-
sure sensitivity and fast response time [19]. A very recent 
study published in Science [20] showed that adding gra-
phene to a silicone polymer (also known as “Silly Putty” 
in toy stores) enables the development of super sensitive 
electromechanical sensors able to detect the footsteps of a 
small spider. When placed on the surface of our skin, next 
to a beating carotid artery, these sensors can record central 
pressure signals [19–21]. Central BP signals are more reli-
able than peripheral signals (e.g. radial) in the presence of 
peripheral decoupling, a phenomenon often associated with 
vasoplegia [22, 23]. Central BP signals should also enable 
a more accurate estimation of cardiac output by pulse con-
tour algorithms because, unlike peripheral signals, they are 
almost identical to aortic signals [24].

2  Managing hypotensive events during surgery

In their introduction, Rinehart et  al. [1] mentioned that 
“nearly all packaged food is the result of specially designed 
robots performing programmed, automated tasks”. They 
added that “automation in medicine, however, has found 
limited implementation despite more than 40  years of 
research”. Could it be because there are not two patients 
alike and our therapeutic decisions cannot be calibrated as 
packaged food? Individualized hemodynamic management 
is desirable and part of a larger trend called personalized 
or precision medicine [25, 26]. The closed loop system 
tested by Rinehart et  al. [1] was designed to automati-
cally administer vasopressors when the BP dropped below 
a predetermined value. This approach makes perfect sense 
in case of vasodilation-induced hypotension. However, it 

would not make sense in case of hypovolemia or cardiac 
dysfunction, and this limitation was clearly acknowledged 
by the authors. Understanding the underlying mechanisms 
of hypotension is key to ensure the correct therapy (Fig. 1). 
Ultimately, the clinical value of automatic systems will 
depend more on their programmed treatment algorithm 
than on the automation process itself. The former is a medi-
cal challenge (identifying the right answer to a clinical 
problem), the latter is a technical challenge that Rinehart 
et al. [1] successfully faced in their simulation study.

When used in combination with pulse contour algo-
rithms, continuous blood pressure waveforms enable con-
tinuous monitoring of cardiac output and estimation of 
vascular tone (TVR), the two determinants of mean arte-
rial pressure. When vasodilation is the cause for hypoten-
sion it may be wise to decrease anesthetic drugs instead of 
using vasopressors [27, 28], assuming the depth of anes-
thesia permits. Further analysis of the BP tracing enables 
the estimation of the arterial pulse pressure variation (PPV) 
induced by mechanical ventilation, a predictor of fluid 
responsiveness useful in the decision-making process of 
fluid administration [29].

The bottom line is that several variables and their inte-
gration are needed to develop physiology-based decision 
trees, mimic clinician’s reasoning (Fig. 1), and envision the 
development of decision support tools (suggesting diagno-
sis and treatment) or automated systems (delivering ther-
apy automatically). To quote Rinehart et  al. in a previous 

Fig. 1  Classical physiology-based reasoning in case of intraopera-
tive hypotension. Data integration helps to make the right therapeutic 
decision. Bold arrows indicate the most common, but not exclusive, 
scenarios. All parameters (black rectangles) can now be measured 
continuously and non-invasively. BP blood pressure, CO cardiac out-
put, TVR total vascular resistance (Mean arterial pressure/CO), PPV 
pulse pressure variation, DOA depth of anesthesia, Hb hemoglobin, 
β+ inotrope, RBC red blood cell, α+ vasopressor
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publication [30], “unlike anesthetic closed loops that target 
depth of anesthesia [31], hemodynamic management does 
not lend itself to management using only a single feedback 
variable. These challenges will, in all probability, require 
sophisticated controller algorithms to manage safely”.

In patients monitored with an arterial catheter, future 
closed loop systems for BP control will have to take into 
account artifacts and possible damping phenomena and 
zeroing issues, leading to an over or underestimation of 
BP. The lack of sensor redundancy may also be problem-
atic [4]. Indeed, multiple sensors are classically needed to 
guarantee the quality of signals triggering automatic inter-
ventions. In airplanes, multiple airspeed sensors (or pitot 
tubes) are used to regulate jet engine power. While we do 
not insert two or more invasive arterial catheters in our 
patients, we most certainly can envision the simultaneous 
use of several non-invasive sensors to optimize BP meas-
urements reliability, decrease false alarms, and settle the 
above-mentioned redundancy issue.

In the future, new materials (e.g. viscoelastic graphene 
polymer nanocomposites) and products (e.g. electronic 
tatoos) will allow us to monitor central BP and its deter-
minants continuously and non-invasively in the operat-
ing room and beyond (in the ICU but also in ambulatory 
patients) [5]. Thanks to the development of connectivity 
between monitoring tools, data integration (Fig. 1) should 
become ubiquitous and useful to develop decision support 
tools which suggest diagnosis (e.g. vasodilation) and treat-
ments (e.g. vasopressors). In this context, clinical studies 
will be required to clarify if systems delivering hemody-
namic therapy automatically (with closed or open loops) 
are needed to further improve quality of care.
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