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Arterial pressure is a key hemodynamic variable that is 
often monitored continuously during high-risk surgery 
and in critically ill patients. Advantages of invasive con-
tinuous pressure monitoring include accuracy (assum-
ing proper zeroing), instantaneous detection of pressure 
changes, and ease of blood sampling.

But catheter insertion is occasionally time-consum-
ing and rarely causes traumatic, hemorrhagic, throm-
botic, or infectious complications. Pressure is, therefore, 
often monitored oscillometrically from a brachial cuff, 
although the method is intermittent, sometimes unreli-
able, and bothersome for conscious patients.

In recent years, some non-invasive methods of con-
tinuously estimating arterial pressure have been revisited. 
New methods and sensors have also emerged.

Finger cuff methods
Most finger cuff techniques are based on the volume 
clamp (i.e., vascular unloading) method. They use a finger 
cuff with an integrated infrared light source and a ple-
thysmographic detector that measures the finger artery 
volume (Fig.  1). By constantly adjusting cuff pressure, 
the artery is clamped to a constant volume at which the 
arterial wall is “unloaded” (i.e., the transmural pressure of 
the arterial wall is zero because the finger cuff pressure 
equals intraarterial pressure).

Volume clamp systems use various algorithms to ascer-
tain vascular unloading and reconstruct brachial pres-
sure from the finger signal [1, 2]. They use oscillometric 
brachial cuff measurements for calibration [1] or self-
calibrate with proprietary algorithms [2]. The average 
bias and precision in 21 validation studies were 2 and 
8 mmHg, respectively [3]. Importantly, bias and precision 

varied from study to study, depending on the reference 
method (oscillometric or intra-arterial) and the clinical 
context. Volume clamp systems track acute changes in 
arterial pressure induced by anesthesia [4], but may be 
inaccurate when the peripheral circulation is shut down 
as in shock or in patients receiving high doses of vaso-
pressors [3, 5].

A novel finger cuff method uses a low, constant pres-
sure of about 40  mmHg. The finger cuff pneumatically 
couples arterial pulsations to a piezoelectric pressure 
sensor. The recorded signal is then decomposed into its 
components, including the two main reflection waves. In 
turn, this pulse decomposition analysis tracks pressure 
changes (Fig. 1). A calibration with brachial oscillometry 
is therefore necessary, but the low finger cuff pressure 
(below diastolic pressure) has the advantage over previ-
ous methods of only minimally impeding blood flow. A 
recent study [6] done during major abdominal surgery 
showed a good agreement with mean intra-arterial pres-
sure measurements (bias 1 mmHg, precision 5 mmHg).

Tonometric methods
Applanation tonometry uses a pressure sensor that is 
automatically positioned over the radial artery using 
a wrist bracelet (Fig.  1). Mean pressure is derived from 
compressing (applanating) the artery against the radius 
until transmural pressure is reduced to a minimum, 
thereby maximizing pulse transfer to the sensor [7]. Sys-
tolic and diastolic pressures are derived from an algo-
rithm upscaling the radial pressure signal [8]. For mean 
arterial pressure measurements, a meta-analysis of five 
validation studies [5] suggested acceptable accuracy and 
precision (bias 1  mmHg, precision 6  mmHg). Optimal 
positioning of the sensor is key to obtain reliable meas-
urements; movement-induced disruption of sensor posi-
tioning is, of course, more likely in ICU patients than 
during general anesthesia.
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A novel tactile sensor measures both the magnitude 
and the direction of the surface force. The sensor has a 
silicone dome containing an infrared light emitter and 
several light sensing elements [9]. When positioned on 
the radial artery, pressure variations deform the dome, 
thus altering light reflection on its inner layer. A three-
dimensional force vector can be calculated from differ-
ences in reflected light received by each sensing element. 
The three-dimensional approach may allow good-quality 
pressure recordings even when the sensor-dome is not 
perfectly centered over the radial artery. A recent study 
[9] done in healthy volunteers with a prototype sen-
sor showed a good agreement with Millar applanation 
tonometry for mean arterial pressure measurements 
(bias 3 mmHg, precision 2 mmHg).

Pulse wave transit time methods
The pulse wave transit time represents the differential 
between a heart beat and the detection of the corre-
sponding peripheral pulse. It decreases when vascular 
tone increases (i.e., when arterial pressure increases), 

and vice versa. Therefore, estimating changes in tran-
sit time estimates changes in pressure, but not absolute 
pressures. Consequently, systems that use this approach 
must be calibrated at intervals. Some bedside monitors 
already use changes in transit time to trigger brachial 
oscillometric measurements. Other mobile monitoring 
systems combine chest electrodes (to detect heart beats) 
and peripheral sensors (e.g., pulse oximeters) to measure 
transit time and estimate changes in pressure (Fig.  1). 
They have been designed for ward monitoring, and 
seem to perform relatively well in this non-ICU context 
[10, 11] where early detection of hypotension may help 
improve outcome [12].

Words of caution regarding current validation 
methods
Validation methods and criteria may need as well to be 
revisited [13]. The current precision limit proposed 
by the Association for the Advancement of Medical 
Instrumentation (AAMI) is 8 mmHg for pressure meas-
urements. It represents only a 5% difference for the 

Fig. 1 Commercially available techniques for non-invasive and continuous monitoring of arterial pressure. PWTT pulse wave transit time, OR oper-
ating room, ICU intensive care unit, CO cardiac output, *depends on the volume clamp system
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160  mmHg systolic pressure of a hypertensive patient, 
but a 15% difference for the 55 mmHg mean pressure of 
a patient with shock. Therefore, future validation studies 
should not only assess statistical agreement using one-
size-fits-all criteria, but also clearly address what is clini-
cally acceptable in given contexts [13]. Additionally, the 
ability to track changes in arterial pressure is crucial from 
a clinical perspective, but very few studies have addressed 
this issue, and criteria for defining acceptable concord-
ance rates are still lacking.

Perspectives
Chemical innovations and improvements in nano-manu-
facturing processes led to the development of new sens-
ing materials. These new-generation sensors are highly 
sensitive, conformable, flexible, stretchable, and bat-
tery-free [14–16]. When placed next to the radial or the 
carotid artery, they potentially provide high fidelity pres-
sure curves wirelessly. From such signals, it may prove 
possible to monitor blood pressure and also to determine 
pulse rate, respiratory rate, pulse pressure variation, and 
stroke volume. Such new sensing tools may revolution 
physiologic monitoring in the operating room and the 
ICU, and perhaps more importantly facilitate monitoring 
of ambulatory ward patients [17]. These methods remain 
somewhat speculative at this point but are opportunities 
for future product development.
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