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BP measurement (by intra-arterial catheterization) were used in 15.4% of all studies. There were a
considerable number of studies that did not disclose their reference method (11.5%).

J.

Figure 6. Pie chart of the percentage of studies published between January 2010 and January 2019 that
used an automated BP (ABP) cuff, manual BP cuff, or invasive approach as a gold standard. Studies
that did not disclose their gold standard method were classified as “not reported” (N/R). Usage of the
ABP cuff as the gold standard could be used to assess the validity of PPG in estimating BP from an
outpatient setting, while the use of intra-arterial catheters could be used to assess the validity of PPG in
an inpatient hospitalized setting (e.g., in critical care units).

4. Discussion

4.1. Anatomical Site of PPG Measurement

As shown in Figure 2, the number of investigations testing single-measurement PPG for BP
estimation has increased exponentially over the 2010–2019 period. The most notable increase in
publication volume occurred in 2018, suggesting that single PPG measurement is an emerging topic of
research and can be expected to attract more researchers (from academia and industry) in coming years.
As the volume of research grows in the near future and more evidence is gathered, single-measurement
PPG may offer a promising mechanism for continuous non-invasive BP measurement. However,
the total number of identified publications may be limited by the specific MeSH search term used
in this study, and the keywords used in each study. Therefore, it is possible that some papers were
not identified due to search engine bias, a limitation in the methodological approach, or the use of
non-conventional keywords.

The analyzed studies measured PPG signals on the finger, forehead, wrist, or toe, as shown in
Figure 1. The most common location was the finger, which was used in 80.8% of all studies. Other
anatomical sites were seldom used, such as the wrist, which was used in only 7.7% of studies, followed
by the forehead, toe, and arm at 3.8%, respectively. A study by Chua et al. estimated SBP during
sleep states by using wrist- or finger-derived PPG and analyzing pulse amplitude, with PAT used as
an additional reference [27]. The study found that the correlation between pulse amplitude (using
a single-site PPG) and measured SBP was significantly stronger than that for PAT (using multiple
biosignals). The results showed that a correlation coefficient for finger PPG feature measurement with
BP RS (finger) of 0.73, in comparison to the wrist (RS (wrist) = 0.40) during the non-REM sleep phase.
The study also found that pulse amplitude correlation with SBP weakened during REM sleep. This
study found that the finger is the anatomical location with the strongest evidence of accurate BP
measurement. Therefore, future studies will benefit from finger-derived PPG signals for measurement
purposes. More investigations are needed to confirm the validity of other PPG measurement sites.
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4.2. Integration of Single PPG into Smartphone Applications

Recently, work has been carried out to investigate the efficacy of BP estimation using PPG signals
via smartphone cameras or integrated into a portable probe connected to a smartphone. In a 2018 study
by Dey et al., single PPG signals were collected from 205 participants (45 for validation, 160 for training)
using a Samsung Galaxy S6 heart rate sensor [15]. Using time-domain features, frequency-based
features, and patient demographic parameters as features, BP readings were achieved with a mean
absolute error of 5 mmHg DBP and 7 mmHg SBP.

Chandrasekhar et al., incorporated PPG and a force sensor unit into a smartphone device to
measure BP on a smaller sample size to compare a cuff-based volume-clamp approach and an automated
BP device [14]. This group achieved BP readings with a mean absolute error of 9 mmHg SBP and
8 mmHg DBP, along with a correlation coefficient of Rs = 0.76 and RD = 0.79 with the smartphone,
in comparison to Rs = 0.77, RD = 0.83 with a finger cuff (gold standard). These studies highlight the
potential for single-measurement PPG to be used in smartphone-based BP estimations and for the
incorporation of this technology into smartphone applications.

Although studies published in 2019 were not included in this paper’s search or review, one
notable study by Luo et al. has drawn considerable interest internationally for its study of transdermal
optical imaging technology using a smartphone to estimate BP based on facial features [34]. Despite
the potential impact of the claims and findings, the study has raised several questions. First, the
approach was tested on 1320 normotensive subjects and no hypertensive subjects. Consequently,
uncertainty remains as to whether the technology is clinically applicable in diagnosing hypertension.
Furthermore, for reasons that are unclear, findings for only 15% of the 1320 subjects were reported.
It is also worth bearing in mind that accuracy of measurements may vary in clinical settings due to
differences in environmental lighting, camera angle, camera distance, subjects’ skin color, and subjects’
facial features. This paper therefore recommends that further research with a focus on hypertensive
patients be carried out.

4.3. Varying Study Sample Sizes

Some of the analyzed studies reported large sample sizes. From the 25 published papers that
were analyzed, 12 (48%) had more than 30 test participants, with 5 studies having sample sizes of
100 or more. With a sample of 410 normotensive participants (80% used for training), Monte-Moreno
et al. tested multiple PPG features of uncalibrated PPG signals using different machine-learning
techniques to improve the accuracy of BP estimation. An ML approach called the “random forest
technique,” designed by Brienman et al., achieved an RS of 0.954 and RD of 0.94 between estimated
BP and actual BP [26]. In 2013, Ruiz-Rodríguez et al. constructed a regression model with a Deep
Belief Network-Restricted Boltzmann Machine (DBN-RBM) to estimate BP among 47 patients (with
525 having been used for training) [24]. These patients were critically ill, but exclusion criteria
included arrhythmia, an imminent death condition, and measurement disturbances in the arterial
or the PPG curve morphology. The researchers found a large mean bias (MB), where MBs = −3
(±19) mmHg, MBD = −4 (±9) mmHg, and their approach showed promise, but they concluded that
the intrinsic variability and the wide agreement limits of their approach did not allow for clinical
application [24]. Although these studies reported large sample sizes, both studies used the majority of
their participant pool for training rather than for validation of their methods. Future studies could
focus on developing an approach that limits the requirement of a large training cohort and thereby
maximizes the validation cohort. This paper recommends that future studies continue to use large
sample sizes to test their methods.

Two of the 25 analyzed papers utilized only one participant as a sample. One such paper,
published by Fu et al., demonstrated qualitatively that a decrease in finger dicrotic wave amplitude
correlated with a decrease in SBP readings [22]. Furthermore, they observed a toe inversed dicrotic
wave in hypoperfused (low SBP) tissue, suggesting that the dicrotic wave could be used as a sensitive
marker for hypoperfusion. In addition, they reported that toe PPG could be more sensitive than


