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Abstract—The concept of early goal-directed therapy
emphasizes the need for early diagnosis and intervention to
achieve better therapeutic outcomes in critical care. There has
been rapidly growing interest in the wuse of the
photoplethysmogram (PPG), also known as the “pulse oximetry
waveform”, as a noninvasive diagnostic tool in this clinical
setting. The peripheral PPG exhibits beat-to-beat variability
driven by physiological mechanisms such as respiration and
sympathetic vascular activity. This paper provides an overview
of the current progress towards the application of PPG
waveform variability (PPGV) in emergency and intensive care.
Studies to date have demonstrated the potential value of PPGV
for assessing a range of pathophysiological conditions including
blood loss, sepsis and low systemic vascular resistance.
Translation of research findings into clinical practice poses
several future challenges, including the need for large scale
validation studies with appropriate measurement systems, more
robust solutions to signal quality issues (such as motion
artifacts), and better physiological understanding of the
information-rich PPGV.

1. INTRODUCTION

In the critical care sector, including the emergency
department (ED) and the intensive care unit (ICU), clinicians
are required to make timely decisions (both diagnostic and
therapeutic) that are critical to the survival of patients. The
concept of early goal-directed therapy has emerged, which
emphasizes the benefits of early recognition and intervention
in critical pathophysiological conditions, such as sepsis and
trauma [1]. The first period of disease following onset is
seen as the “golden hour”, given the significant improvement
of outcome with treatment provided within this time window.
To take advantage of the therapeutic benefits of this critical
time frame, diagnostic tools that facilitate timely and
accurate assessment of patients’ conditions are therefore of
great importance.

Assessment of cardiovascular conditions in critical care
has been predominantly based on information available from
vital sign monitors, with the basic metrics including heart
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rate (HR), blood pressure (BP) and arterial oxygen saturation
(Sa0,). These metrics, however, often do not provide
sufficient information for the early detection of critical
conditions; one example is the detection of blood volume
loss due to internal bleeding. Physiological regulatory
mechanisms such as the baroreflex are effective in
maintaining BP at a stable level in the presence of mild
blood loss, whereas HR changes during blood loss are
complex and stage dependent [2]. Hypotension (low BP) is a
late sign which signifies blood volume loss by 30% or more,
by which time patients are at high risk of cardiovascular
collapse and death as a result of severe hemorrhagic shock.

The photoplethysmogram (PPG) is well recognized for its
use in pulse oximetry for the estimation of SaO, (based on
the differential absorption of red/infrared light by
hemoglobins). The application of the PPG waveform, also
known as the “pulse oximetry waveform”, in cardiovascular
monitoring has also attracted substantial interest from critical
care clinicians in recent years [3, 4], given that measurement
can be obtained noninvasively and continuously in a
comfortable manner, either via the pulse oximeter module of
vital sign monitors or using low cost portable sensors. The
PPG utilizes the absorption or reflection of light by blood to
measure blood volume change at a peripheral site, typically
the finger, ear or forehead. The waveform may be seen as a
result of the interaction between cardiac pulsation,
arterial/venous pressure and peripheral vascular tone, leading
to the intriguing possibility of characterizing subtle changes
in both central and peripheral circulation, that may not be
apparent based on metrics provided by existing vital sign
monitors.

In this review, we focus on the clinical information
derived from the beat-to-beat fluctuation in peripheral blood
volume measured by PPG (Fig. 1), termed the PPG
waveform variability (PPGV). Similar to the more well-
known cardiovascular variability signals such as heart rate
variability (HRV) and blood pressure variability (BPV),
PPGV also consists of slow fluctuations generated by
respiration and various regulatory mechanisms. It has been
hypothesized that changes in the fluctuation patterns reflect
physiological regulatory responses, which in turn may be
helpful for diagnosis of critical illness. Previous work by our
group and others towards the utilization of PPGV in critical
care is presented in this review.
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Fig. 1. Finger PPG waveform trace showing beat-to-beat fluctuations in
peaks (circles) and troughs (triangles) that constitute PPGV.

II. PPG VARIABILITY IN CRITICAL CARE

A. Blood loss (hemorrhage)

The use of respiratory variability in pulse oximetry PPG
peak, baseline and pulse amplitude to assess blood volume
status has been extensively documented, with the prediction
of fluid responsiveness (the ability of cardiac output to
increase with fluid therapy) using pulse oximetry PPG being
one of the most popular critical care research topics in recent
years, as discussed in detail in previous reviews [3, 4]. It has
been shown in mechanically ventilated patients that
respiration-induced PPG fluctuation is augmented during
reduction in central blood volume (hypovolemia), and that
the magnitude of respiratory variation was indicative of how
much cardiac output could be improved by fluid challenge.
Respiratory PPGV was also found to be potentially useful for
detecting hemorrhagic blood volume loss in spontaneously
breathing subjects, based on studies of healthy blood donors
[5] and trauma patients during prehospital transport [6],
although conflicting results were seen in another study based
on simulation of blood loss by lower body negative pressure
(LBNP) [7].

An alternative approach of inferring blood loss from
PPGV has been explored by our group [8, 9], based on
analysis of the “slow waves” at the low frequency range (LF,
0.04-0.15 Hz) together with respiratory variation in the high
frequency range (HF, 0.15-0.45 Hz). Information was
obtained by frequency spectrum analysis of the beat-to-beat
variation in the PPG peak/trough/pulse amplitude, performed
on 2-5 min of continuous data. The underlying premise is
that these LF waves reflect the modulation of peripheral
vascular tone by sympathetic activity [10, 11], which is
known to increase with blood volume reduction as a result of
baroreflex activation. Previously we used blood donation as
a model of moderate hemorrhage, and showed that the LF
power of fingertip PPGV (expressed in mean-scaled units)
increased in spontaneously breathing subjects during and
after blood loss [9]. Similar increases were noted in a study
of renal patients during removal of plasma volume in
hemodialysis, with the increase correlating with the drop in
relative blood volume [8]. Such responses were attributed to
enhanced sympathetic drive to the peripheral vasculature
during blood volume loss.

Two major limitations have been noted, however, with the
use of PPGV spectral features in blood loss detection.
Firstly, severe blood loss can result in poor perfusion and a
high degree of vasoconstriction in peripheral vessels
(particularly in the finger), leading to poor signal quality and
unusable recordings. This may limit the application of PPGV
to the detection of a mild to moderate degree of blood loss,
given peripheral perfusion is still maintained. Secondly, the
spectral powers of PPGV showed a considerable degree of
inter-subject variability, limiting its use for distinguishing
between hypovolemic and non-hypovolemic subjects based
on a single measurement. Expression in normalized units
(division by the sum of LF+HF power) would not be helpful
in this context, given both LF and HF powers increase with
blood loss. That being said, PPGV would still be useful for
tracking the blood loss response of an individual over time,
and provide an important indication of deterioration of
physiological compensation related to critical conditions.

B. Sepsis

Sepsis is one of the most lethal yet least understood
syndromes in the critical care setting. It is generally defined
as the presence (or presumed presence) of an infection
accompanied by a systemic inflammatory response syndrome
(SIRS), with symptoms such as either an abnormally high or
low core body temperature, high HR (tachycardia), high
respiratory rate and an abnormally high or low white blood
cell count. At more severe stages of sepsis the mortality rate
is high, exceeding 30% for severe sepsis (sepsis with organ
dysfunction) and septic shock (sepsis with refractory
hypotension) [1].

Peripheral circulatory dysfunction is common in sepsis
patients, and has been identified as a main contributor to
organ dysfunction and multiple organ failure in severe
sepsis. Piepoli ef al. were the first to propose PPGV as a
marker of peripheral circulatory abnormalities in sepsis
patients [12], and showed that the LF power in fingertip
PPGV was suppressed in septic shock patients (attributed to
a loss of normal sympathetic vasomotor function), with LF
fluctuations subsequently restored as the patients recovered.

Recently our group explored classification of sepsis
severity by spectral analysis of PPGV measured at the
earlobe [13, 14], with the most interesting finding that the
normalized mid frequency power (MF, 0.09-0.15 Hz) of ear
PPGV was much higher in patients with SIRS compared with
the high lactate severe sepsis patients [14]. This was evident
by the emergence of large magnitude slow waves in the SIRS
patients (Fig. 2), which was absent in severe sepsis patients.
This could not be explained by respiration, as the breathing
rates in these patients were well above 0.15 Hz. HRV
(derived from the electrocardiogram) was also analyzed in
the study, but did not show such characteristic changes. The
most likely source of these MF waves is believed to be a
peripheral vascular mechanism associated with autonomic
and metabolic abnormalities in the sepsis syndrome,
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although further investigation is required for a more
complete understanding. Nevertheless, preliminary results
have clearly demonstrated the utility of PPGV for the
diagnosis of sepsis, and also its potential application in the
categorization of sepsis patients using a statistical classifier
[13].
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Fig. 2. Ear PPG waveform of an SIRS patient (top) characterized by large
magnitude slow waves, with a power spectrum (bottom) showing the relative
dominance of MF power (0.09-0.15 Hz, in lighter colour) in PPGV.
Abbreviations: au, arbitrary units.

To gain further insight into the PPGV response during the
progression of sepsis syndrome, we employed an
experimental model of sepsis involving infusion of endotoxin
or lipopolysaccharide (LPS) in anesthetized rabbits, with a
dosage sufficiently large to induce endotoxic shock [15]. The
most significant finding was the substantial but transient
elevation of LF and MF powers in PPGV (measured at the
rabbit toe), with augmented slow waves similar to those seen
in Fig 2, which started before the onset of endotoxin-induced
hypotension and peaked at the onset of hypotension. This
sudden rise in spectral power coincided with a fall in toe
pulse amplitude, suggesting a sudden surge in sympathetic
vasoconstrictor drive prior to the onset of endotoxic shock.
BPV was also measured in this study, but did not show such
characteristic changes. Thus, the observed patterns of change
in PPGV were most likely reflecting regional vasomotion in
peripheral vasculature, mediated by the interaction of
sympathetic and autoregulatory influences. The implication
of these findings in human sepsis is not totally clear, given
the potential difference in physiological responses between
anesthetized animals and conscious humans. Nevertheless,
these findings raised an interesting possibility of detecting
abnormal vascular response prior to the occurrence of
circulatory shock using PPGV, which further adds to the
clinical value of this simple and noninvasive signal.

C. Systemic vascular resistance

Systemic vascular resistance (SVR) represents the overall
vascular tone of the systemic circulation, with important
diagnostic value in a range of critical illnesses; for instance,
low SVR may be observed in distributive shock states,

particularly in vasodilatory sepsis or anaphylaxis patients.
Persistently low SVR, regardless of etiology, can contribute
to mortality, thus the identification of low SVR is of clinical
importance. Conventional methods of determining SVR
involve highly invasive procedures such as insertion of a
pulmonary artery catheter to determine cardiac output, then
using this to calculate resistance. However, given that PPGV
reflects the sympathetic modulation of peripheral
vasculature, it would be useful if it was also able to provide
some indication of SVR in a completely noninvasive manner.

Early work by Larsen et al. showed that suppression of
basal sympathetic tone by induction of anesthesia could
cause a relative reduction in sympathetic-related LF
fluctuations, and enhancement of respiratory HF fluctuations,
in the fingertip PPGV [11]. We further explored the
possibility of detection of sympathetic withdrawal with
PPGV, by investigating the relationship between fingertip
PPGV and SVR in post cardiac surgery ICU patients [16].
Moderate but significant positive correlations were obtained
between the normalized LF powers (LF,) of PPGV and
SVR in these patients, and more importantly, a low value of
LF,, appeared to be a highly specific marker of low SVR.
These results not only provided quantitative evidence to
confirm the association between PPGV and sympathetic
vascular control, but also justified its practical use in a
realistic clinical setting as an indicator of systemic vascular
tone. The discrimination of SVR using PPGV may be
improved further by incorporating other PPG features as
inputs to a statistical classifier [17]. The ability to classify
SVR given the range of pathological conditions and
medications used in these ICU patients seems encouraging,
although future work is needed to precisely determine the
specific influences of vasoactive drugs and anesthetics on the
PPGV-SVR relationship.

III. FUTURE CHALLENGES

Whilst studies to date have revealed the very interesting
clinical potential of PPGV, its actual value in the
management of critical care patients is yet to be fully
established. The use of respiratory PPGV as a measure of
fluid responsiveness in the ICU setting has made significant
progress towards gaining clinical acceptance, with a number
of large-scale clinical validation studies being conducted in
recent years [3, 4]. Evaluation of respiratory PPGV as a
blood loss indicator in the prehospital transport setting has
also been reported, based on study of a large cohort of
trauma patients [6]. However, given that most clinical studies
have been based on PPG signals obtained from commercially
available pulse oximeters, whose baseline fluctuations
(below the cardiac pulse frequency) have been removed by
built-in filters, the clinical utility of the complete PPGV,
which includes also the modulation of signal baseline at the
LF and HF ranges, remains to be validated. Moreover, most
clinical studies have been based on the fingertip waveform,
while it has been shown on a number of occasions that
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PPGV measured from an alternative site (e.g. the ear) might
provide better diagnostic value [5, 13, 14]. Hence, the
availability of unfiltered PPG signals and pulse oximetry
sensors for alternative body sites seems crucial for the
clinical validation of PPGV.

The greatest hurdle in the move to clinical application of
PPGV (or the PPG waveform in general) will no doubt be
the susceptibility of signal quality to motion artifact and poor
peripheral perfusion. In the ICU setting, these concerns are
minimized as patients are typically lying still on a bed, and
may often be receiving sedative medications which cause
peripheral vasodilatation, thus ensuring good perfusion. In
the emergency care setting however, it is more difficult to
obtain good quality PPG signals given the unavoidable
presence of motion artifact and poor peripheral perfusion
(e.g. in trauma patients), as a recent study based on data from
prehospital transport has revealed [6]. It will be a great
challenge from the perspectives of hardware and software
designs to obtain reliable information from the PPGV under
such conditions. The solution may involve development of
artifact-resistant biosensor units, or smart computer
algorithms for artifact rejection/recognition.

The mechanisms underpinning PPGV are still not fully
understood particular those associated with the low
frequency waves below the respiratory rate. Whilst studies
have demonstrated a clear relevance of sympathetic vascular
control in the LF band [8-11, 15, 16], the potential role of
local mechanisms such as autoregulation cannot be
neglected. The differential patterns exhibited in multi-site
PPGV further highlight the complexity of regional
circulatory control [14, 15], which warrants more extensive
investigation. Future work should also consider the
incorporation of very low frequency (VLF, < 0.04 Hz)
PPGYV in the analysis, which has previously been linked with
sympathetic vasomotor activity [18] and may provide
additional information to the LF and HF bands.

IV. CONCLUSION

Research studies so far have demonstrated the potential
value of PPGV in critical care for assessing a range of
pathophysiological conditions, including blood loss, sepsis
and other low systemic vascular resistance. Several
challenges will need to be overcome to translate research
findings into clinical practice, which will include conducting
large scale validation studies, with appropriate measurement
systems for the acquisition of raw signals. There is also a
need for more robust hardware/software solutions to signal
quality issues such as motion artifact, and a more complete
understanding of the physiological mechanisms behind
PPGV. It is hoped that continued research efforts will
eventually establish PPGV as a noninvasive and convenient
tool for clinical diagnosis, and ultimately contribute to
reduction in mortality in the critical care setting via early
recognition of life threatening pathophysiological conditions.
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