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Abstract. OBJECTIVE: Remote pulse oximetry in visible light (VIS) is a relevant

application of photoplethysmography (PPG). However, wavelengths penetrate at

different depths and VIS-based pulse oximetry may not guarantee robustness to

physiological variations of the skin properties. This paper shows how a simple

manoeuver like a posture change can hamper the accuracy of a method relying on

red and the less penetrating green wavelengths.

APPROACH: Stationary subjects were measured under normoxic conditions while

sitting and in the supine position. For each recording, we extracted remote PPG

signals from forehead video recordings of 31 healthy adults at the red and green camera

channels. The resulting normalized PPG-amplitudes, and its ratio, red-over-green

(RoG), were compared between postures. The observed RoG changes were translated

into estimates for arterial blood oxygen saturation (SpO2, %) errors by means of

Monte Carlo simulations of the skin tissue. Simulations were also used to compare

the calibratability errors of SpO2 in VIS against the conventional red-IR wavelengths.

MAIN RESULTS: RoG differs significantly between postures (RoG: sitting, 0.100 ±
0.025; supine, 0.123 ± 0.033), mediated by PPG-amplitude changes in green. The

posture interference in RoG may be mitigated by an offset correction. Without this

correction, we estimated that the observed change in RoG causes SpO2 errors > 3%.

Analogous simulations involving red-IR wavelengths indicate SpO2 errors < 1%.

SIGNIFICANCE: Our results show that the calibrations for remote pulse oximetry in

VIS require the specification of a fixed measurement position. Future work could be

aimed at controlling for posture in measurements.

Keywords: pulse oximetry, photoplethysmography, health monitoring
Submitted to: Physiol. Meas.
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1. Introduction

Pulse oximetry is a non-invasive method for estimating the arterial blood oxygen

saturation (SpO2, %). The method explores the wavelength-dependency of amplitude

of photoplethysmographic (PPG) signals, which resemble the arterial blood absorption

curve (Mannheimer 2007). The linearity of the relationship between SpO2 and the so-

called “ratio of ratios” (RRs) between the normalized PPG-amplitudes of signals probed

in red over IR (RoIR) wavelengths have enabled SpO2 to be effectively determined as a

linear function of RoIR (Mannheimer 2007). Conventional pulse oximeters are accurate

and cost-effective but require probes which, when worn for extended periods of time or

on sensitive skin, lead to discomfort and even irritation (Jubran 2015).

The drawbacks of contact pulse oximetry have motivated research on camera-

based alternatives, which typically explore the red-IR window (Wieringa et al. 2005,

Verkruysse et al. 2016, van Gastel et al. 2016). With the evolution of mobile devices

with embedded RGB cameras, there have also been attempts to measure SpO2 in VIS

(Scharf 1998, Tarassenko et al. 2014). Figure 1‡ indeed suggests the possibility of

estimating SpO2 in VIS by using reference blue or green wavelengths instead of IR.
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Figure 1. Absorption coefficients of oxyhaemoglobin (µa,HbO2
) and reduced

haemoglobin (µa,Hb), evidencing maximum contrast in red wavelengths.

Tarassenko et al. (2014) and Bal (2015) were the first to implement the RRs

method using the red camera channel and the blue channel as the reference wavelength.

In subsequent work, the group of Tarassenko demonstrated that the SpO2 levels in

critically ill patients and newborns could be tracked based on the RRs between PPG

signals probed from the red and blue camera channels. Villarroel et al. (2014) conducted

measurements with a mixture of natural and fluorescent lighting, whereas Guazzi et al.

(2015) tracked SpO2 changes under non-dedicated illumination.

A shortcoming in the literature on remote pulse oximetry in VIS is the fact that

the reported SpO2 values rarely drop below 90%. Addison et al. (2017) addressed

this in a porcine model of hypoxia enabling a SpO2 range of 50%–100%. This report

‡ Absorption coefficients of oxyhaemoglobin and reduced haemoglobin (Bosschaart et al. 2014)
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raised concerns over the reliability of SpO2 levels measured with RGB cameras as the

calibration coefficients changed over time and with oxygen desaturation events. But

the validity concerns about SpO2 measurements in VIS are also optical. Combining

blue-green with red wavelengths implies that different levels of the vasculature are

interrogated and the resulting depth-gap may render measurements susceptible to

measurement conditions, e.g., room temperature and posture (Moço et al. 2018).

In this paper, we consider that the RRs method is calibratable if there is a

single calibration curve relating SpO2 levels with the RRs obtained from remote PPG

signals. A change in posture was used as an exemplary maneuver to investigate the

relationship between SpO2 and the RRs. The rationale of the proposed maneuver is that

inducing venous pooling in the transition from sitting to the supine position changes

the penetration depth-gap between remote PPG signals acquired in red and green

wavelengths (Hickey et al. 2015). To study this effect, we proposed a measurements

protocol (Sec 2.1) and a numerical approach (Sec 2.2). The obtained results are

presented in Sec. 3 and discussed in Sec. 4. Concluding remarks are found in Sec. 5.

2. Methods

2.1. Forehead measurements with an RGB camera

2.1.1. Subjects We measured a total of 31 healthy subjects (ages 29 ± 4 yrs; 4 females;

one smoker) whose skin types ranged from light Caucasian to Asian (i.e., Fitzpatrick skin

types I to III). At the acquired data, the SpO2 and average pulse-rates were in the range

of 95% to 99%, and 45 to 109 beats per minute (b.p.m.), respectively. SpO2 variations

of 95% to 99% are physiological in stationary subjects undergoing 5-min recordings

and within the instrument error, which can be as high as 4% (ISO 80601-2-61:2011).

Subjects felt no cold nor discomfort during the recording sessions. All experiments were

approved by the Philips Internal Committee on Biomedical Experiments and a written

informed consent was obtained from each participant.

2.1.2. Data acquisition Measurements were carried out in an office with temperatures

ranging from 24oC to 27oC. Participants were asked to refrain from voluntary motions

while having their foreheads recorded under sitting and supine conditions. Recordings

lasted 5 min and were obtained on the same day in two separate time slots, spaced by

three to five hours. The protocol was not applied sequentially. However, we randomized

the measurement sequence to prevent any order effects from influencing results. 17

subjects had the sitting measurement in the morning whereas the remanding 14 subjects

started with the supine recording. Subjects had a reference (cork) patch at the right

side of the forehead and a finger pulse oximeter (within 20 cm of heart level; Contec

Medical, Japan) synchronized with video recordings (see Fig. 2).

An RGB camera was used (µEye UI222xSE-C R3 with near-IR blocking filter above

640 nm, IDS, Germany; fixed lens, computar M0814-MP2 2/3”, 8 mm, Japan) and set for
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Figure 2. Setup schematics for data acquisition under supine and sitting conditions.

acquisitions at 20 frames per second (frame size, 420 × 600 pixels). Stable illumination

during recordings was ensured by a DC-powered dimmable tungsten-halogen lamp

(Osram Xenophot HLX, Germany; 50 W, 12 V) for a source-skin separation of 15

to 25 cm. Specular reflections were avoided by using a cross-polarization scheme with

linear polarizing film in front of the camera and lamp.

2.1.3. Signal processing

Preprocessing As shown at the sample frame of Fig.2, skin and reference (i.e., non-

skin) regions of interest (RoI; size range, 100–300 × 100–300 pixels) were demarcated

at all forehead recordings (see Fig. 2). These were denoted as RoI Skin and RoI Ref ,

respectively, with the reference surface being a rubberized cork patch attached to the

skin by double-sided tape. RoI Skin and RoI Ref were manually demarcated at frames

spaced by 1000 samples (or 50 sec). The remaining frames were linearly interpolated.

From the defined RoIs, the temporally-varying pixel-averages (i.e., reflectance

signals) were obtained simultaneously for the red (R) and green (G) camera channels

as motion-induced reflectance variations (denoted as RefR and RefG for the R and G

channels, respectively) and skin reflectance variations (denoted as SkinR and SkinG)

for the R and G channels). The signals were expressed in least significant bits (l.s.b.).

DC calibration Reflectance measurements are influenced by the light intensity and

by camera sensitivity. To make the DC-reflectance comparisons invariant to these

influences, the DC-reflectance of the skin in the R and G channels were calibrated

by expressing signals as fractions of the reference reflectance; i.e.,

R DC =
E[SkinR(t)]

E[RefR(t)]
, (1)

G DC =
E[SkinG(t)]

E[RefG(t)]
, (2)



Posture Effects on the Calibratability of Remote Pulse Oximetry in Visible Light 5

where (t) evidences temporal dependency and E[.] denotes the temporal means taken

over the full range of each video recording.

AC/DC normalization The cardiac-related component of the raw reflectance signals

(i.e., the“AC” component) was made invariant to slow motions and brightness conditions

by expressing these modulations as fractions of the static reflectance (“DC” component).

This procedure was referred to as AC/DC normalization. For the neighboring RoI Skin

and RoI Ref , the AC/DC-normalized motion signal can be assumed to be the same.

We also note that AC/DC-normalized motion signals are wavelength-independent and,

therefore, the same for R and G. This is why MOT (t) was based on the summation of

the reflectance signals from the R and G channel. Accordingly, the normalized [common-

source] motion signal, MOT , was obtained as follows:

MOT (t) =
RefR(t) +RefG(t)

LPF[RefR(t) +RefG(t)]
, (3)

where LPF[.] denotes the low pass filtering operation ( filter type, 9-th order Butterworth

filter; normalized cutoff frequency, 0.05π rad/sample) that isolates the static or slowly

fluctuating component of the raw signals. The motion-contaminated PPG signals were

probed and normalized separately for the R and G camera channels as{
PPGplusMOTRn(t) = SkinR(t)/LPF[SkinR(t)]

PPGplusMOTRn(t) = SkinG(t)/LPF[SkinG(t)]
(4)

Lastly, the normalized PPG signals at the R and G channels (denoted as PPGRn(t)

and PPGGn(t)) were retrieved by motion interference cancellation:{
PPGRn(t) = PPGplusMOTRn(t)−MOT (t),

PPGGn(t) = PPGplusMOTGn(t)−MOT (t).
(5)

The adaptive strategy used to achieve harmonic truncation of PPGRn(t) and

PPGRn(t) was described in detail by Kamshilin et al. (2011) and was adapted by Moço

et al. (2016). In short, the signals were processed in an overlap-and-add manner, with

an overlapping factor of 50%. In each window (length 256 samples or 12.8 seconds),

the contact-PPG signal was used to estimate the pulse rate frequency (p.r.f.) based

on the median of the detected peaks. The p.r.f. estimate was then used to select the

relevant frequency bin at the Fourier spectra of PPGRn(t) and PPGRn(t) within the

same temporal window—this procedure is referred as 1H-truncation in the remainder

of this paper. Analogously, 4H-truncation is used to refer to signals truncated more

conservatively by also including the three harmonics of the p.r.f..

Ensemble-averaging Normalized signals were ensemble-averaged (EA) into highly

resolved waveforms by taking the median of consecutive cardiac cycles in each recording.

For the R and G channels, these were denoted as Rn and Gn. These were computed for
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1H-truncated signals truncated to the p.r.f. and, for illustrative purposes, also for 4H-

truncated signals. The EA procedure used was described in our previous work (Moço

et al. 2016). Waveforms were linearly time-warped to the average number of samples

per cardiac cycle by using the MATLAB function resample. The parameters extracted

from the 1H-truncated waveforms were its standard deviations, |Rn| and |Gn|, and its

ratio, RoG = |Rn|/|Gn|. The total number of cycles acquired in a video recording, NC ,

is associated with the resolution of the EA-waveforms. To quantify this, the following

error metrics were defined:

εR(m) =

1
m

√∑m
j=1

[(
1
NT

∑NT

i=1 wij

)
−Rnj

]2
1
NT

√∑NT

j=1Rnj
2

, (6)

εG(m) =

1
m

√∑m
j=1

[(
1
NT

∑NT

i=1 wij

)
−Gnj

]2
1
NT

√∑NT

j=1Gnj
2

, (7)

where m is the m-th cardiac cycle; wi is the i-th sample of the EA-waveform (template

size, NT ). In our dataset, εR(m) and εG(m) decayed exponentially and εG(m) was lower

than εR(m) (see Fig. 3). Errors below 10% were commonly achieved with m > 100

cardiac cycles. Hence, the EA-approach is safe with 200 to 300 cycles.
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Figure 3. (a) εR and (b) εG, as percentages of |Rn| and |Gn|, respectively.

2.1.4. Statistical analysis To explore the extent by which a change in posture

influenced |Rn|, |Gn|, and its ratio, RoG, the following procedures were conducted

in MATLAB (version R20116a, The Mathworks, Inc., USA). The RoG data were

visualised, separately for the sitting and supine settings, using Box-Whisker plots. After

confirming the homoscedasticity of the RoG data (Levene’s Test), the significance of a

posture change in RoG was tested with a paired sample t-test (N=31).

The associations between |Rn| and |Gn| were assessed, separately for sitting

and supine, with robust linear regressions (MATLAB function fitlm; ’RobustOpts’

enabled). In our moderately noisy dataset, robust linear regressions were preferable to

regular least squared regressions because of a bisquare function that penalized outliers
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(Holland & Welsch 1977). In addition, stepwise linear regressions were conducted with

RoG as dependent variable and G DC, R DC, RoG DC (=R DC/G DC), GoR DC

(=1/RoG DC), and sitting (boolean variable) as predictors. This procedure was

employed to assess whether RoG changes were explained by the changes in the DC-

reflectance of the skin in addition to the induced change in posture. Similar stepwise

linear regressions were conducted for |Rn| and |Gn| (dependent variables). The

statistical significance level was set at p =0.05 for all tests.

2.2. Numerical approach

Analytical developments Building on the model of Guazzi et al. (2015) for a AC/DC-

normalized remote PPG signal, R̂c, as acquired by a camera channel operating in VIS

and with quantum efficiency rc:

R̂c(t) =
∆v

v
(λ)

∑
λc
L̂(λ)rc(λ)m(λ)bAC(λ)∑

λc
L̂(λ)rc(λ)m(λ)bDC(λ)

, (8)

where the indexes t and λ translate temporal and wavelength dependence, respectively.

The term L̂ accounts for incident light spectrum; m for non-blood tissue interactions;

bDC , bAC describe the static and pulsatile components of the skin’s total reflectance; and

v and ∆v translate the volumes of the static and pulsatile blood, respectively. Differing

from Guazzi et al. (2015), 1. we limit our analysis to a specific skin portion at the

forehead and ignore surface dependencies; 2. we assume stationary conditions and omit

the temporal dependence of v, bAC , bDC ; and, 3. we make the wavelength dependence

explicit for the pulsatile blood ratio, ∆v/v, as red and green wavelengths interrogate

different tissue-depths. We decomposed v into its arterial and venous components, va
and vv, respectively, and switch variables as

v(λ) = va(λ) + vv(λ),

∆v(λ) = ∆va(λ),

b′DC =
(

1 + 1
rA:V

)
bDC(λ),

v(λ)
∑

λc
L̂(λ)rc(λ)m(λ)bDC(λ) = va(λ)

∑
λc
L̂(λ)rc(λ)m(λ)b′DC(λ),

(9)

where rA:V , va/vv is the arteriovenous ratio; i.e., the relative ratio of arterial to

venous blood during diastole §. As in Moço et al. (2018), the skin was decomposed into

homogeneous and horizontal layers. For simplicity, only the upper dermis (UD) and

the lower dermis (LD) were considered pulsatile and ∆va/va(λ) was expanded into the

additive contributions from the pulsatile sources located at the UD and LD:

∆va
va

(λ) =
∆va;UD
va

(λ) +
∆va;LD
va

(λ). (10)

§ The skin model considerations on the ratio between arterial and venous blood were preceded by

Reuss & Siker (2004) and by our own work (Moço et al. 2018).
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Note that a vector defined as P = [pUD, pLD]T , [∆va;UD/va, ∆va;LD/va]
T

described the pulsating profile of the skin and enabled Eq. 8 (i.e., the PPG signal)

to be expressed as a function of the dermal “signatures” sUD(λ) and sLD(λ):

R̂c(t) =


∑
λc
L̂(λ)rc(λ)m(λ)bAC(λ;UD)∑
λc
L̂(λ)rc(λ)m(λ)b′DC(λ)︸ ︷︷ ︸

sUD(λ)

∑
λc
L̂(λ)rc(λ)m(λ)bAC(λ;LD)∑
λc
L̂(λ)rc(λ)m(λ)b′DC(λ)︸ ︷︷ ︸

sLD(λ)

×P, (11)

with posture effects occurring via bAC(λ;UD), bAC(λ;LD), and bDC(λ). We were unable

to fully determine the parameters of this complex model. Therefore, we proceeded by

simulating sUD(λ) and sLD(λ) by using the Monte Carlo technique.

Monte Carlo technique The skin of the forehead was modeled as mixture of bloodless

tissue and blood, and regarded as a medium where absorbers and scatterers are random

and homogeneously distributed (see details at the Supplemental file). For each simulated

wavelength, systole and diastole were simulated. For a reference wavelength λREF and

λRED within 600–700 nm, each of the simulated RRs was obtained as:

RRs ,
R̂RED(t)

R̂REF (t)
=
pUDsUD|λ=λRED

+ pLDsLD|λ=λRED

pUDsUD|λ=λREF
+ pLDsLD|λ=λREF

, (12)

with P being a fixed parameter. Table 1 lists the modeled skin layers thickness, refractive

index, and blood concentrations for the sitting and supine, with the latter being modeled

by doubling the venous content, Cbv. The models were calibrated using our average

measurements of RoG, |Rn| and |Gn| and those of Verkruysse et al. (2016).

Table 1. Multi-layered skin architectures for simulating the skin of the forehead.

Layers n Thickness (cm) Cba Cbv [sitting] Cbv [supine]

Medium above (air) 1

Epidermis (EPI) 1.3 0.007 0 % 0 % 0 %

Upper dermis (UD) 1.33 0.025 0.5% 0.25 % 0.5 %

Lower dermis (LD) 1.33 0.17 1.33 % 0.67 % 1.33 %

Subdermis (SD) 1.4 0.3 2% 1 % 2 %

Medium below 1.4

Acronyms: n, refractive index; Cba, nominal (diastolic) arterial blood concentration; Cbv,

venous blood concentrations for the sitting and supine conditions.

The models were completed by setting the scattering coefficient of the skin and the

absorption coefficients for the skin layers, for the EPI, UD, LD, and SD. Only the UD

and LD are pulsatile; i.e., have its absorption coefficients increased during systole, and

contribute to the PPG signal formation. Simulations were aimed at estimating SpO2

errors due to a posture change. These were performed for wavelengths in VIS-IR and

for an illustrative SpO2 level of 97% but supplemental simulations of calibration curves

in the range of 80%–100% are found in the Supplemental file.
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3. Results

3.1. Experiments

Figure 4 illustrates the conversion of normalized PPG into EA waveforms. The average

amplitude of Gn was stronger than that of Rn by about an order of magnitude.

Considerable inter-individual variations were seen between the relative amplitudes of

normalized PPG and motion signals. The sensitivity and robustness of the obtained

EA waveforms is supported by low RMSE figures (εR: sitting, 6.5 ± 3.6 %, supine,

3.2±1.9 %; εG, sitting, 2.0 ± 1.4 %, supine 2.5 ± 2.1 %). Motion artifacts in supine

were less than in the sitting position (by a factor of about 8 times).
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Figure 4. Contrast between green and red PPG data acquired under sitting versus

supine conditions [Subject 21]. Normalized PPG-signals were converted to EA-

waveforms truncated to four harmonics, 4H, and one harmonics, 1H, of the pulse-rate

frequency. EA-waveforms are AC/DC-normalized and scaled to 0–1).

Figure 5 contains the group statistics for the average RoG for sitting and supine.

Note that a change in posture resulted in a relative RoG variation of 23% (p < 0.005).

0.04 0.06 0.08 0.1 0.12 0.14 0.16 0.18 0.2

SITTING

SUPINE
0.123 ± 0.033 [0.109, 0.135]

0.100 ± 0.025 [0.091, 0.111] 

RoG

Figure 5. Box-Whisker plots with the sitting-supine RoG data (N=31).

The posture dependencies on RoG were investigated further by means of scatter
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plots and robust linear regressions between |Rn| and |Gn|. As shown in Fig. 6, for the

same normalized PPG-amplitudes in red, the PPG-amplitudes in green are stronger in

sitting. In the investigated PPG-amplitude range, the regressions for sitting and supine

do not intersect each other and its 95% confidence margins differ. Stated differently, a

change in posture introduced a relative offset between |Rn| and |Gn|.

0.2 0.4 0.6 0.8 1 1.2 1.4 1.6 1.8

|Rn|  (AC/DC) 10-3

0

0.002

0.004

0.006

0.008
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0.012

|G
n|

 (A
C

/D
C

)
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Supine
Lin. Reg
Lin. Reg

SITTING 
y = 3.56×10-3 + x 4.98
r2 = 0.54
RMSE = 1.31x10-3

SUPINE  
y = 2.60×10-3 + x 4.29
r2 = 0.59
RMSE = 1.04×10-3

Figure 6. Associations between |Rn| and |Gn| for sitting versus supine conditions.

The 95% confidence margins of the regressions are indicated in gray tones. All

regressions were significant (p < 0.001).

Table 2 provides the final models of the stepwise regression analyses conducted for

|Rn|, |Gn| and RoG, with R DC, G DC, RoG DC, GoR DC and the boolean variable

Sitting as starting dependent variables. Albeit with low values for the Pearson’s R2, all

the final models and its predictors were significant.

Table 2. Associations of |Rn|, |Gn| and RoG with GoR DC and/or with the boolean

variable Sitting (1, sitting; 0 supine). p < 0.005 for all models.

Model |Rn| |Gn| RoG

Intercept 1.545 × 10-3 12.62 × 10-3 0.12311

GoR DC -1.126 × 10-3 -9.22 × 10-3

Sitting 1.19 × 10-3 -0.023032

R2 0.21 0.452 (adjusted) 0.138

RMSE 0.25 × 10-3 1.4 × 10-3 0.0293

RMSE, root mean squared error.

Table 2 enables the remarkable observation that |Rn| and |Gn| are weak to

moderately associated with GoR DC (i.e., a DC-reflectance measurement), whereas

RoG is only a function of the boolean variable Sitting.
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3.2. Simulations

Table 3 shows that posture-related SpO2 errors typically exceed 3% in VIS while RoIR

combinations result in errors at the level of simulation noise. We remark that a single

SpO2 level is representative of SpO2 levels within the 80–100% range because posture

effects lead to a bias error (see the RoG model in Tab. 2 and the Supplemental file).

Table 3. Simulated SpO2 errors (%) due to the postural changes for a nominal SpO2

level of 97%. Errors were simulated for the RRs method with a center wavelength in

the red range, λRED, and reference center wavelength, λREF , in blue, green, and IR.

λREF (nm) 450 494 520 557 577 800 840 900

λRED (nm)

600 14.0 1.8 6.4 12.8 10.1 30.2 -18.7 -21.8

610 7.0 3.3 4.8 6.7 5.9 4.4 4.1 -4.8

620 5.8 3.3 4.3 5.5 5.0 1.6 1.7 -2.2

642 3.5 2.1 2.7 3.3 3.1 <1% <1% <1%

660 3.8 2.6 3.1 3.7 3.4 <1% <1% <1%

700 5.3 3.4 4.2 5.1 4.7 <1% <1% <1%

4. Discussion

This paper raised awareness for the fundamental calibratability pitfalls of camera-based

SpO2 in VIS, with a change in posture as a relevant case-study. Considering that SpO2

estimates are obtained from RoG measurements, posture-induced changes at RoG were

demonstrated in recordings of 31 normoxic subjects measured with an RGB camera.

To support why a change in posture influences RoG, the model derivation at Eqs.

(11,12) was provided, featuring a change in venous blood content as a physiological

mechanism. Furthermore, the skin tissue was simulated by the Monte Carlo technique.

This enabled posture-induced RoG perturbations to be translated into estimates for

the consequent SpO2 errors. The simulations also enabled the accuracy comparison of

RoG-based SpO2 estimates with those performed in the red-IR diagnostic window.

Referring to our experimental findings, Fig. 6 shows that the regressions to the

(|Rn|, |Gn|) data for the sitting and supine postures differ mostly by a bias term.

This suggests that calibrating for postural influences may be achieved by correcting for

a constant offset. Table 2 points in a similar direction since it shows that, whereas

GoR DC is required to explain |Rn| and |Gn|, Sitting (a boolean variable) suffices to

correct for posture-related changes in RoG. This result seems to imply that controlling

for posture only requires a constant term, or that performing measurements under a

fixed position ensures calibratability. However, the final model for RoG as function of

Sitting has an R2 of only 0.138 and more studies are needed to confirm the obtained

associations/models under more controlled measurement conditions, larger groups, and

wider SpO2 ranges.

The simulation results of Tab. 3 indicate that posture-induced SpO2 errors typically

exceed 3% in wavelength combinations of red-over-green or red-over-blue. In contrast,
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the depth-gap problem is not apparent for RoIR; this result is in agreement with the

fact that the depth-gap between probing wavelengths in the red-IR window is below an

order of magnitude than its VIS-based counterparts (Moço et al. 2018). Thus, findings

are in agreement with our initial hypothesis.

The insights within this paper hold irrespective of the methodology used to achieve

camera-based pulse oximetry. However, we considered a young and healthy population,

thus limiting the representativeness of clinical groups with hyperemic disorders (Sanford

et al. 2005, Forbes et al. 2007). Similarly, the fact that measurements were performed at

room temperatures > 21oC avoided cold-induced vasoconstriction but could have limited

the validity of our insights to centralized patients. We remark that measurement errors

can result from surface variations of the forehead skin (Branson & Mannheimer 2004),

while simulation outcomes can reflect inaccuracies in parameter settings.

At the time being, we feel that the VIS-based SpO2 estimates should be interpreted

carefully because of the still limited understanding of the effects of differences in skin

for different body parts, temperature, and health status, among other factors (Allen &

Howell 2014). Standardizing SpO2 measurements is currently the only means to promote

the validity of estimates. However, we believe that future work on refined models of

the light-tissue interaction will enable new SpO2 methods to accommodate physiological

variations of the skin properties, particularly the dermal blood concentration.

5. Conclusion

We have explored the possible implication that the depth-gap between red and reference

wavelengths could have for the calibratability of remote SpO2 in VIS. Using a change

in posture as a means to influence this depth-gap, the RoG changes for normoxic SpO2

levels were investigated (range, 95–99%). Our measurements showed that a transition

from sitting to supine or vice-versa changes RoG by 23%. Simulations suggest that this

change is sufficient to introduce SpO2 errors above 3%. While posture is simply one

among various physiological factors which can compromise measurements performed

using VIS wavelengths, the insights reported here open up avenues for further research

on the technical challenges of remotely estimating SpO2 levels in VIS.
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