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Abstract: The widely applied capillary refill time (CRT) measurement is currently performed
by manually applying pressure and using a stopwatch to record the time taken for the skin to
recover its normal colour after a blanching pressure is applied. This method is highly subjective
and observer-dependent. This paper presents a new, integrated optical sensor probe, combining
monitoring of the capillary refilling process with the blanching pressure applied. The sensor consists
of an optical fibre-based reflectance photoplethysmography (PPG) sensor to measure the reflected
light signal, as well as a fibre Bragg grating (FBG) to measure the applied blanching pressure and to
indicate the time when pressure is released. This sensor was applied to calculate the CRT (1.38 + 0.66 s)
of 10 healthy adult volunteers with (55.2 + 21.8 kPa) blanching pressures. The form of the capillary
refilling data was investigated by fitting using an exponential regression model (R > 0.96). The
integrated probe has the potential to improve the reliability of CRT measurements by standardising
the optimum duration and magnitude of the pressure.

Keywords: capillary refill time; plastic optical fibre; photoplethysmography; fibre bragg grating;
contact pressure

1. Introduction

Capillary refill time (CRT) is defined as the time taken for a distal capillary bed to regain its colour
after blanching caused by external applied pressure. This test is widely applied in clinical care as
a simple means of cardiovascular assessment, and has been proposed as a method for the clinical
assessment of peripheral macrovascular disease and cutaneous microvascular disease [1]. CRT was
first introduced in 1910 as an indicator of dehydration [2], and since the 1940s, it has been accepted as a
medical indicator of dehydration and surgical shock [3,4]. CRT has also been applied in the assessment
of perfusion [5], and there is interest in areas such as assessment of tissue breakdown leading to foot
ulceration for people with diabetes [1,6,7].

Currently, there is no clearly defined and standardised method for CRT measurement [8]. The
commonly applied method of measuring CRT is using a stopwatch to manually record the time taken
for the skin to recover its colour after blanching [9,10]. The testing area is usually set close to the finger
or toenail [11]. As the predominant method of calculating CRT is highly observer-dependent and
influenced by skin temperature, with a lack of standardisation of the actual blanching manoeuvre (e.g.,
pressure strength: light, moderate, or firm; pressure duration: 3 s, 5 s, or until the capillary bed visually
blanches), the obtained results are likely to be unreliable and inaccurate [12-16].
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Recent studies investigating automatic measurement of this process have reported that CRT can
be calculated from the changes in the reflected light due to the pressure applied on the skin [13,17-21].
As the reflected photoplethysmogram depends on the change of blood volume, it can be used to
calculate the CRT. In previous studies [10,22], CRT sensors were designed based on a reflectance PPG
sensor, which was simply composed of a light source (LED) and a photodetector. This sensor design
enables CRT measurement on any part of the subject’s body, as it is based on reflectance geometry [23].
However, these designs did not take the blanching pressure into consideration, which is a limitation as
the duration and strength of the blanching pressure can influence the measured CRT [10,24]. Therefore,
simultaneous recording of the applied pressure and PPG can be beneficial in classifying normal and
abnormal CRT. In a previous study, we proposed the incorporation of polymer optical fibre (POF) pulse
oximetry with a fibre Bragg grating (FBG) pressure sensor to simultaneously monitor oxygen saturation
and the contact force of the subject [25]. Compared to other optical fibre-based pressure sensors,
such as the extrinsic Fabry-Perot interferometry, the FBG-based pressure sensor is more suitable for
skin contact measurements as no additional diaphragm is required, making it more robust [26-28].
Although a simple approach, POF displacement sensors do not provide the sensitivity of FBG pressure
sensors [29,30]; therefore, FBG contact pressure sensing is preferred. Thus, in the present study;, this
sensor is used to simultaneously monitor the reflectance PPG signals and the applied pressure signals
to provide a new method of measuring CRT. In this study, the pressure recording is utilised in signal
processing to indicate the onset and release of the applied pressure.

After obtaining the reflected PPG signal, the CRT can be calculated from the processed refilling
signals. An exponential fitting model of the light intensity data of the recovery phase has been applied
for CRT calculation [8,31]. In 2017, Shinozaki et al. presented a CRT measurement method which
modelled the recovery phase of the intensity waveform as an exponential decay, and recorded the time
taken for the light intensity to return to 10% of its initial height above baseline after the blanching
pressure was released [31]. However, the relationship between the order of exponential regression
model and the calculated CRT was not investigated in detail. In order to try to better understand the
CRT process, this paper further investigates and demonstrates the relationship between the order of
exponential models and the calculated CRT.

This paper demonstrates the application of a novel optical fibre sensor probe to detect the
reflectance PPG signal and the blanching pressure in order to measure the CRT. The next section
describes the design of the sensing system. Calibration and in vivo experiment results are shown in
Section 3, and Section 4 presents the conclusion.

2. Materials and Methodology

2.1. CRT Monitoring System

Figure 1 shows the design of the integrated probe, which combines a POF perfusion sensor and
an FBG pressure sensor. The perfusion sensor combines three 500 pm diameter POFs to transfer light
from/to the opto-electronic system (shown in Figure 2). These fibres are encased in a bio-compatible
epoxy (Vitralit 1655) which directly comes into contact with the skin during measurement. The end of
each fibre has been cleaved to 45 degrees and polished in order to increase the light coupling efficiency
transmitted to, and received from, the skin [32]. An absorbing black rubber shield (2 mm thick) was
situated between the transmitting and receiving optical fibres in order to prevent light from passing
directly between the source to the detector, which would cause a large DC (direct current, i.e., a static,
unmodulated signal) background light level. The large DC background light level would make it
more difficult to isolate the CRT signal due to increased shot noise and would make a high-resolution
analogue-to-digital converter be required.
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Figure 1. (a) Schematic diagram of a plane view of the probe. The red frame represents the POF
connected to an infrared LED (centre wavelength A = 850 nm). The yellow frame represents the POF
connected to a photodiode. As the sensor has been adapted from a pulse oximeter described previously,
there is an additional channel (orange frame) that exists which was not used in this investigation.
The blue frame represents the stainless-steel tube. (b) Schematic diagram of a side view of the probe.
The two sensors are encased in epoxy. The POFs transfer light from/to the skin, whilst the FBGs
monitor the applied pressure. POF — polymer optical fibre and FBG - fibre Bragg grating, LED - Light
emitting diode.
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Figure 2. Opto-electronics system for the designed probe. An infrared fibre-coupled LED (A =
850 nm, Thorlabs) is applied as the light source. The photo detector is a Si-type photodiode
(PDA36A-EC, Thorlabs gain = 4.75 X 100 Q). A NI-myDAQ device (National Instruments, Austin,
TX, USA) was applied, as the data acquisition system in the opto-electronics system had a +/-10 V
16-bit analogue-to-digital converter (ADC). The FBG interrogator is a SmartScope FBG interrogator
(0.8 pm resolution). (I/V: current-to-voltage converter; DAC: digital-to-analogue converter; ADC:
analogue-to-digital converter; and PC: personal computer).
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The pressure sensor is a 125 pm diameter optical fibre containing two FBGs (separation = 6
mm) encased in an epoxy (Norland Optical Adhesive 65). The purpose of the epoxy is to transduce
the transverse load applied to FBG1 into an axial strain, which can be measured using an optical
interrogation unit. It has a Young’s modulus (137.9 MPa) lower than that of the optical fibre, which
increases the strain induced on the FBG under a transverse load [33,34]. FBGs are also sensitive to
temperature, and so a second FBG (FBG2) is used for temperature compensation [25]. The FBG2 is
located inside a stainless-steel tube (internal diameter = 0.31 mm) in order to isolate it from the effects
of pressure [35,36]. In this experiment, the integrated sensor probe was attached to the optical table in
order to prevent manually straining the fibre, which would affect the FBG response.

Figure 2 presents the schematic of the opto-electronic system. The reflectance PPG monitoring
system is composed of an infrared LED (centre wavelength A = 850 nm, M850F2 fibre-coupled LED,
Thorlabs, Newton, NJ, USA) and a photodiode (PDA36A-EC 350-1000 nm, Thorlabs, Newton, NJ, USA).
This wavelength was selected as we adapted a pulse oximeter design; however, it should be noted
that the green wavelength range is likely to provide higher contrast [10] and is likely to be adopted in
future designs. The FBG interrogator (SmartScope, Smartfibres, Bracknell, UK) tracks the wavelengths
reflected from the FBGs that indicates the applied pressure with temperature compensation.

2.2. FBG Calibration and Validation

The pressure sensor consists of two FBGs which are fabricated in the core of the same silica fibre
(PS1250, Fibercore Ltd., Hampshire, UK). One FBG (FBG1) was covered by epoxy in order to increase
the pressure sensitivity, whilst the other FBG (FBG2) was applied to compensate for the temperature
effect on FBG1 [25].

Temperature calibration of the FBG sensors was achieved by placing the dual-FBG fibre in an
oven (ED53, Binder GmbH, Tuttlingen, Germany). The oven increased the temperature around the
FBG from approximately 30 °C to 49 °C, and the door was then opened to naturally decrease the
temperature back to 30 °C. The temperature during the test was measured by a thermocouple (Type K,
SE000 Pico Technology, Saint Neots, UK) with a resolution better than 0.025 °C and a range over —250
to +1370 °C. According to the temperature calibration result, as shown in the Supplementary Materials
(Figure S1), the temperature compensation equation of FBG1 is:

ANP = ANFBG1 - 2.4264 x AAFBG2 - 0.0111 (1)

where AAP is the Bragg wavelength shift in FBG1 with temperature compensation, and AAFBG1 and
ANFBG2 are Bragg wavelength shifts read from the interrogator (all in pm).

The pressure calibration of the sensor was performed using the setup illustrated in Figure 3. By
moving a linear stage, the load was applied to the sensor through an aluminium pole and plate. The
load applied during the test was recorded by a weighing scale (PCB 6000-0, KERN & SOHN GmbH,
Balingen, Germany) that sat beneath the sensor and worked as a load cell. The FBG sensor’s sensitivity
to pressure with the temperature compensation is:

Pressure (kPa) = 0.1563 X (AAFBG1 — 2.4264 x AAFBG2 — 0.0111) — 0.0066. (2)
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Figure 3. Pressure sensor calibration setup.
2.3. Signal Processing

An exponential regression fit to the measured light intensity was used to calculate CRT [31], and
is described here using an example. Figure 4a illustrates the intensity changes of the light reflected
from the finger, with the loaded pressure recorded by the integrated PPG and contact pressure sensor.
The recorded pressure data (black trace) can be processed with the reflected light signals (red trace) in
order to find the optimum pressure for the CRT measurement. What’s more, the pressure recorded
(black trace) can be used to isolate each capillary refill process during the 10 s following the point
where the loading pressure is released. As the blanching pressure is manually applied by the subject,
the pressure signal is not stable between 11.8 to 21.7 s.
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Figure 4. (a) Intensity changes (red curve) with loaded pressure (black curve). From 0 to 10 s, there is
no external pressure applied on the finger, and both pressure sensor output and the reflected PPG are
relatively stable. Then the light intensity rapidly increases in accordance with the pressure changes
that arise from the blanching pressure (from 10.5 to 11.7 s). After the pressure is removed (at 21 s), the
output pressure sensor rapidly returns to the baseline, whilst the reflected light intensity takes a longer
time (CRT) to return to baseline. (b) Normalised reflected PPG signal (red curve) with exponential
fitting curve (Equation (4), blue trace). The R-squared value of the exponential regression is 0.985, and
the root mean square error (RMSE) is 0.024. The dotted line is the threshold applied for CRT estimation.
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From the results presented in Figure 4a, it can be observed that the DC component of the reflectance
PPG signal is relatively stable after removing the load (apart from the oscillating heartbeat signal).
Therefore, a horizontal linear fitting of the reflectance PPG DC component is used as the baseline.
However, occasionally, motion artefacts, ambient light changes, and physiological changes will affect
this baseline. In this case, normalisation of the extracted refilling curves is used to reduce the impact of
changes in the baseline:

(Imux - Imin)
(I -1 min)
where I, is the normalized light intensity of the reflected light signal, Iy is the maximum reflected
light intensity, L, is the minimum reflected light intensity, and I is the original reflected light intensity.

In Figure 4b, the red trace is the normalised isolated refilling curve, and the blue curve is the
exponential fitting curve created according to the exponential fitting function:

I, = 3)

y=e 4By 4)

where I;; is the normalized light intensity of the reflected light signal, A is the power of the exponential
factor, and By is the baseline of the exponential fitting curve. As described in the introduction, the
time taken for the light intensity to drop to a 10% threshold of the initial value above the baseline
is the estimated CRT [10,31]. In Figure 4b, the isolated capillary refill process is represented by the
exponential regression model, which demonstrates a high R-squared value (0.985). Consequently, the
order (A) of the exponential regression curve can reflect the time of capillary refilling.

All PPG signal processing was carried out in MATLAB, version R2016a. The FBG signals are
processed using the software SmartSoft V3.2.0 (Smart Fibres, Bracknell, UK). The Bragg peaks of two
FBGs in the reflection spectrum are detected using the peak detection function of the SmartSoft V3.2.0.

2.4. In Vivo Capillary Refill Time Test Experiment

The designed POF sensor detects the intensity level of the reflected light from the skin which
implies the tissue absorption changes with the applied load. The FBG sensor records the contact
pressure between the skin and the probe, which indicates the time at which pressure is released and
assists the CRT calculation.

Human volunteer studies were approved by the Faculty of Engineering Ethics Committee at
the University of Nottingham. Figure 5 shows the experimental setup. Each volunteer was asked to
locate their index finger on the sensor probe, and to press the probe manually by applying an external
pressure which was high enough (over 15 kPa) to evacuate blood from the capillary bed, as no pulsatile
PPG component from the reflected light could be observed [25].

Masimo Radical - 7 Designed Sensor

Thermocouples

Figure 5. The region beneath the index finger is the designed optical fibre pressure sensor. The
commercial sensor is taped onto the middle finger. Two thermocouples were used to measure the
temperatures of the environment and the index finger.
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As low body temperature would increase the CRT of the subjects [31,37,38], in this experiment, the
laboratory temperature was maintained at a range from 24 to 26 °C to ensure that the skin temperature
was higher than 30 °C (measured by a type K PICO Technology SE000 thermocouple (Pico Technology,
Saint Neots, UK)).

3. Results and Discussion

3.1. Integrated Sensor Pressure Testing

Figure 6a shows the pressure response of the integrated sensor with temperature compensation,
which follows that of the applied pressure. The applied pressure was increased/decreased by using the
system shown in Figure 3. Figure 6b shows the dependence of the measured wavelength shift upon
applied pressure during loading and unloading, demonstrating the capability of the integrated sensor
to monitor pressure. Results demonstrating the effect of temperature on the FBGs and the effectiveness
of the temperature reference calibration are shown in the Supplementary Material.
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Figure 6. (a) Cyclical loading/unloading experiment up to 25 kPa. (b) Bragg wavelength shift versus
contact pressure from Figure 6a, which demonstrates a linear relationship, repeatable results, and low
hysteresis over three cycles.

3.2. In Vivo Capillary Refill Time and Pressure Monitoring

The new CRT sensor was tested on a group of 10 volunteers using the measurement protocol.
Typical results for a single volunteer are presented in Figure 7a to demonstrate the sensor response
to blanching pressures. The two signals show the reflected PPG signals (red curves) and the contact
pressure (black curve). According to Section 2.3, the refilling intervals are isolated from the reflected
PPG signals by extracting the 10-s data after the pressure release. Figure 7b shows 10 normalised
capillary refills (red curves) which were isolated from the reflected PPG signal in Figure 7a using
the contact pressure record to confirm the pressure release time. The blue curves in Figure 7b are
exponential regression curves of isolated and normalised capillary refills. R-squared values of all
exponential regression models are >0.96. Figure 7c shows the relationship between the estimated CRT
(with a threshold level of 10%) versus the order of exponential model fit. As anticipated, a shorter CRT
is characterised by a rapidly decaying exponential fit.
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Figure 7. (a) Reflected PPG response to blanching pressure. The red line shows the light intensity of
the reflected PPG signal, and the black line is the pressure recorded by the FBG. (b) Ten normalised
capillary refills (red lines) and their exponential regression models (blue lines) over a 10 s period after
contact pressure is released. The black dotted line is the 10% threshold applied for estimating CRT.
R-squared values for all 10 exponential regression curves are >0.96. (c) Estimated CRT (with a threshold

level of 10%) versus the order of exponential regression curves.

The capillary refill responses of all 10 volunteers are shown in the Supplementary Materials. For
each of the 10 volunteers, the blanching process was repeated 10 times to provide 100 capillary refill
datasets, all of which were similar to Figure 7. Figure 8 shows the relationship between the estimated
CRT (with a threshold level of 10%) versus the orders of exponential fitting curves for all 10 volunteers,
which indicates an exponential relationship between the regression exponential order (x) and estimated

CRT (y):

y =516 e 1035,

©)
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Figure 8. Relationship between the exponential regression curve order and the estimated capillary
refill time. The black dots represent the estimated CRT for each refilling process. The purple dashed
line is a fit through the data, which indicates an exponential relationship between regression orders
and estimated CRT.

4. Conclusions

In this paper, a novel integrated optical fibre sensor probe combining reflectance
photoplethysmography with an FBG contact pressure sensor capable of carrying out measurements of
capillary refill time was demonstrated. In vivo measurements of 10 healthy volunteers demonstrated
the potential of the sensor to provide quantitative CRT measurements.

The integrated sensor probe has the potential to improve the reliability of CRT measurements. In
this case, the applied pressure recorded by the FBG pressure sensor was used to indicate the onset of
the release of pressure in order to isolate the capillary refill signal. The CRT signals can be fitted using
an exponential regression model, and the order of fit can be related to the CRT. Although previous
research has demonstrated that the duration and strength of the blanching pressure can influence the
measured CRT, the optimum application pressure and duration are currently poorly standardised [24].
Thus, the probe should find use in optimising the duration and strength of the blanching pressure for
CRT measurements. For the data obtained here, we found no clear correlation between the blanching
pressure and CRT, which was thought to be important in previous studies [12,13,15]; however, further
investigation is required.

In alignment with other PPG measurement systems, motion artefacts will affect signal quality.
Some researchers have included an accelerometer to identify motion artefacts [39,40]. However, the
FBG pressure sensor provides the capability to identify when contact has been made and when there is
relative motion between the sensor and the finger. As described in Section 1, the CRT measurement
was also influenced by skin temperature. In this study, the laboratory ambient temperature was
maintained in the range of 24 to 26 °C to avoid the effects of skin temperature on CRT measurements.
In future studies, calibrating the sensor for skin temperature using either a thermocouple or another
FBG temperature sensor located on the surface of the epoxy at the skin’s interface is suggested.
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Supplementary Materials: The following are available online at http://www.mdpi.com/1424-8220/20/5/1388/s1,
Figure S1: Temperature performance of FBG 1&2; Figures S2 to S11: 10 groups of experiments data recorded.

Author Contributions: Conceptualization, R.C.,S.M., S.K. and B.H.-G.; Methodology, C.L. and R.C.; Software, C.L.
and R.C.; Validation, C.L., H.B. and R.C.; Formal Analysis, C.L. and H.B.; Investigation, C.L., S.K., BH.-G. and S.M,;
Resources, B.H.-G. and S.M.; Data curation, C.L.; Writing—Original Draft Preparation, C.L.; Writing—Review and
Editing, C.L., R.C,, SK.,, B.H.-G. and S.M.; Visualization, C.L., R.C. and S.M.; Supervision, R.C., SK., BH.-G. and
S.M.; Project administration, S.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by EPSRC Impact Acceleration Award (EP/K503800/1) and a Hermes
Innovation award. CL was funded by a studentship from the University of Nottingham, HB was funded by
a stipend from the Electronic and Computer Engineering, University of Umm Al-Qura, Al-Abdiah, Makkah,
Saudi Arabia.

Conflicts of Interest: The authors declare no conflict of interest.

Ethical Statements: All subjects gave their informed consent for inclusion before they participated in the study.
The study was conducted in accordance with the Declaration of Helsinki, and the protocol was approved by
the Faculty of Engineering Research Ethics Committee, the University of Nottingham (ethics approved data:
15/11/2017, revision approved data: 02/07/2018).

References

1. Klupp, N.L.; Keenan, A.-M. An evaluation of the reliability and validity of capillary refill time test. Foot 2007,
17,15-20. [CrossRef]

2. Takayesu, ].K,; Lozner, A.W. Pediatrics, dehydration. Pediatrics 1910, 8, 18.

3. Guedel, A.E. Cyclopropane anesthesia. Anesthesiol. ]. Am. Soc. Anesthesiol. 1940, 1, 13-25. [CrossRef]

4. Crismon, J.; Fuhrman, F. Studies on gangrene following cold injury: VI. Capillary blood flow after cold
injury, the effects of rapid warming, and sympathetic block. J. Clin. Investig. 1947, 26, 468—475. [CrossRef]

5. Osborn, D.; Evans, N.; Kluckow, M. Clinical detection of low upper body blood flow in very premature
infants using blood pressure, capillary refill time, and central-peripheral temperature difference. Arch. Dis.
Child. Fetal Neonatal Ed. 2004, 89, F168-F173. [CrossRef]

6.  Boyko, E.J.; Ahroni, ].H.; Davignon, D.; Stensel, V.; Prigeon, R.L.; Smith, D.G. Diagnostic utility of the history
and physical examination for peripheral vascular disease among patients with diabetes mellitus. J. Clin.
Epidemiol. 1997, 50, 659—-668. [CrossRef]

7. Kruse, I; Edelman, S. Evaluation and treatment of diabetic foot ulcers. Clin. Diabetes 2006, 24, 91-93.
[CrossRef]

8.  Kviesis-Kipge, E.; Curkste, E.; Spigulis, J.; Eihvalde, L. Real-time analysis of skin capillary-refill processes
using blue LED. In Biophotonics: Photonic Solutions for Better Health Care II; International Society for Optics
and Photonics: San Diego, CA, USA, 2010; Volume 7715, p. 771523.

9.  Sheridan, D.C.; Baker, S.D.; Kayser, S.A.; Jones, D.; Hansen, M.L. Variability of Capillary Refill Time among
Physician Measurements. J. Emerg. Med. 2017, 53, e51-e57. [CrossRef]

10. Blaxter, L.L.; Morris, D.E.; Crowe, J.A.; Henry, C.; Hill, S.; Sharkey, D.; Vyas, H.; Hayes-Gill, B.R. An
automated quasi-continuous capillary refill timing device. Physiol. Meas. 2015, 37, 83. [CrossRef]

11.  Wilkins, L.W. Handbook of Signs & Symptoms, 3rd ed.; Lippincott Williams & Wilkins: Philadelphia, PA, USA,
2006.

12.  Kawaguchi, R.; Nakada, T.; Oshima, T.; Shinozaki, M.; Nakaguchi, T.; Haneishi, H.; Oda, S. Optimal pressing
strength and time for capillary refilling time. Crit. Care 2019, 23, 4. [CrossRef]

13. John, R.T.; Henricson, J.; Junker, J.; Jonson, C.; Nilsson, G.E.; Wilhelms, D.; Anderson, C.D. A cool
response—The influence of ambient temperature on capillary refill time. J. Biophotonics 2018, 11, €201700371.
[CrossRef] [PubMed]

14. Fleming, S.; Gill, P; Jones, C.; Taylor, J.A.; Van den Bruel, A.; Heneghan, C. Validity and reliability of
measurement of capillary refill time in children: A systematic review. Arch. Dis. Child. 2015, 100, 239-249.
[CrossRef] [PubMed]

15.  Ait-Oufella, H; Bige, N.; Boelle, P.Y.; Pichereau, C.; Alves, M.; Bertinchamp, R.; Baudel, J.L.; Galbois, A.;
Maury, E.; Guidet, B. Capillary refill time exploration during septic shock. Intensive Care Med. 2014, 40,
958-964. [CrossRef] [PubMed]


http://www.mdpi.com/1424-8220/20/5/1388/s1
http://dx.doi.org/10.1016/j.foot.2006.08.006
http://dx.doi.org/10.1097/00000542-194007000-00002
http://dx.doi.org/10.1172/JCI101831
http://dx.doi.org/10.1136/adc.2002.023796
http://dx.doi.org/10.1016/S0895-4356(97)00005-X
http://dx.doi.org/10.2337/diaclin.24.2.91
http://dx.doi.org/10.1016/j.jemermed.2017.06.035
http://dx.doi.org/10.1088/0967-3334/37/1/83
http://dx.doi.org/10.1186/s13054-018-2295-3
http://dx.doi.org/10.1002/jbio.201700371
http://www.ncbi.nlm.nih.gov/pubmed/29384267
http://dx.doi.org/10.1136/archdischild-2014-307079
http://www.ncbi.nlm.nih.gov/pubmed/25260515
http://dx.doi.org/10.1007/s00134-014-3326-4
http://www.ncbi.nlm.nih.gov/pubmed/24811942

Sensors 2020, 20, 1388 11 of 12

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

Raju, N.V.; Maisels, M.].; Kring, L.; Schwarz-Warner, L. Capillary refill time in the hands and feet of normal
newborn infants. Clin. Paediatr. 1999, 38, 139-144. [CrossRef]

Zaman, T.; Kyriacou, P.A.; Pal, S. Free flap pulse oximetry utilizing reflectance photoplethysmography. In
Proceedings of the 2013 35th Annual International Conference of the IEEE Engineering in Medicine and
Biology Society (EMBC), Osaka, Japan, 3-7 July 2013; pp. 4046—40409.

Shinozaki, K.; Capilupi, M.J.; Saeki, K.; Hirahara, H.; Horie, K.; Kobayashi, N.; Weisner, S.; Kim, J.; Lampe, ].W.;
Becker, L.B. Blood refill time: Clinical bedside monitoring of peripheral blood perfusion using pulse oximetry
sensor and mechanical compression. Am. J. Emerg. Med. 2018, 36, 2310-2312. [CrossRef]

Bezzerides, V.; Neuman, M.I. Capillary Refill Time Diagnostic Apparatus and Methods. U.S. Patent 9603559B2,
28 March 2017.

John, R.T; Henricson, J.; Anderson, C.D.; Wilhelms, D.B. Man versus machine: Comparison of naked-eye
estimation and quantified capillary refill. Emerg. Med. |. 2019, 36, 465-471. [CrossRef]

John, R.T.; Henricson, J.; Nilsson, G.E.; Wilhelms, D.; Anderson, C.D. Reflectance spectroscopy: To shed new
light on the capillary refill test. J. Biophotonics 2018, 11, e201700043. [CrossRef]

Kviesis-Kipge, E.; Curkste, E.; Spigulis, J.; Gardovska, D. Optical studies of the capillary refill kinetics in
fingertips. In Proceedings of the World Congress on Medical Physics and Biomedical Engineering, Munich,
Germany, 7-12 September 2009; pp. 377-379.

Kyriacou, P.A.; Powell, S.; Langford, R.M.; Jones, D.P. Esophageal pulse oximetry utilizing reflectance
photoplethysmography. IEEE Trans. Biomed. Eng. 2002, 49, 1360-1368. [CrossRef]

Pickard, A.; Karlen, W.; Ansermino, ].M. Capillary refill time: Is it still a useful clinical sign? Anesth. Analg.
2011, 113, 120-123. [CrossRef]

Liu, C.; Correia, R.; Ballaji, H.; Korposh, S.; Hayes-Gill, B.R.; Morgan, S.P. Optical Fibre-Based Pulse Oximetry
Sensor with Contact Force Detection. Sensors 2018, 18, 3632. [CrossRef]

Leng, ].S.; Asundi, A. Real-time cure monitoring of smart composite materials using extrinsic Fabry-Perot
interferometer and fiber Bragg grating sensors. Sensors 2018, 18, 3632. [CrossRef]

Yu, Q.; Zhou, X. Pressure sensor based on the fiber-optic extrinsice Fabry-Perot interferometer. Photonic
Sensors 2011, 1, 72-83. [CrossRef]

Zhang, Y.; Huang, J.; Lan, X.; Yuan, L.; Xiao, H. Simultaneous measurement of temperature and pressure
with cascaded extrinsic Fabry-Perot interferometer and intrinsic Fabry-Perot interferometer sensors. Opt.
Eng. 2014, 53, 067101. [CrossRef]

Ghaffar, A.; Hou, Y.L,; Liu, W.Y,; Dharejo, FA.; Zhang, H.X; Jia, P.G.; Yanyun, H.; Liu, J.; Yunjun, Z.; Nasir, Z.
Two-dimensional displacement optical fiber sensor based on macro-bending effect. Opt. Laser Technol. 2019,
120, 105688. [CrossRef]

Kuang, ].H.; Chen, P.C.; Chen, Y.C. Plastic optical fiber displacement sensor based on dual cycling bending.
Sensors 2010, 10, 10198-10210. [CrossRef]

Shinozaki, K.; Capilupi, M.J.; Saeki, K.; Hirahara, H.; Horie, K.; Kobayashi, N.; Weisner, S.; Kim, J.; Lampe, ] W.;
Becker, L.B. Low temperature increases capillary blood refill time following mechanical fingertip compression
of healthy volunteers: Prospective cohort study. J. Clin. Monit. Comput. 2019, 33, 259-267. [CrossRef]
Davenport, J.J.; Hickey, M.; Phillips, ].P.; Kyriacou, P. Method for producing angled optical fiber tips in the
laboratory. Opt. Eng. 2016, 55, 026120. [CrossRef]

Correia, R.; Chehura, E; Li, J.; James, S.W.; Tatam, R.P. Enhanced sensitivity fibre Bragg grating (FBG) load
sensor. Meas. Sci. Technol. 2010, 21, 094006. [CrossRef]

Correia, R.; Blackman, O.; Hernandez, F.; Korposh, S.; Morgan, S.; Hayes-Gill, B.; James, SW.; Evans, D.;
Norris, A. Highly sensitive contact pressure measurements using FBG patch in endotracheal tube cuff. In
Proceedings of the Sixth European Workshop on Optical Fibre Sensors, Washington, DC, USA, 30 May 2016;
Volume 9916, p. 99161F.

Xu, M.,; Geiger, H.; Dakin, J. Fibre grating pressure sensor with enhanced sensitivity using a glass-bubble
housing. Electron. Lett. 1996, 32, 128-129. [CrossRef]

Xu, M.].; Archambault, L.; Reekie, L.; Dakin, J. Discrimination between strain and temperature effects using
dual-wavelength fibre grating sensors. Electron. Lett. 1994, 30, 1085-1087. [CrossRef]

Gorelick, M.H.; Shaw, K.N.; Baker, M.D. Effect of ambient temperature on capillary refill in healthy children.
Pediatrics 1993, 92, 699-702. [PubMed]


http://dx.doi.org/10.1177/000992289903800303
http://dx.doi.org/10.1016/j.ajem.2018.04.006
http://dx.doi.org/10.1136/emermed-2018-207948
http://dx.doi.org/10.1002/jbio.201700043
http://dx.doi.org/10.1109/TBME.2002.804584
http://dx.doi.org/10.1213/ANE.0b013e31821569f9
http://dx.doi.org/10.3390/s18113632
http://dx.doi.org/10.1088/0964-1726/11/2/308
http://dx.doi.org/10.1007/s13320-010-0017-9
http://dx.doi.org/10.1117/1.OE.53.6.067101
http://dx.doi.org/10.1016/j.optlastec.2019.105688
http://dx.doi.org/10.3390/s101110198
http://dx.doi.org/10.1007/s10877-018-0159-7
http://dx.doi.org/10.1117/1.OE.55.2.026120
http://dx.doi.org/10.1088/0957-0233/21/9/094006
http://dx.doi.org/10.1049/el:19960022
http://dx.doi.org/10.1049/el:19940746
http://www.ncbi.nlm.nih.gov/pubmed/8414858

Sensors 2020, 20, 1388 12 of 12

38. Schriger, D.L.; Baraff, L. Schriger D L, Baraff L. Defining normal capillary refill: Variation with age, sex, and
temperature. Ann. Emerg. Med. 1988, 17, 932-935. [CrossRef]

39. Virtanen, J.; Kotilahti, K.M.; Ilmoniemi, R.; Noponen, T.E.; Virtanen, J. Accelerometer-based method for
correcting signal baseline changes caused by motion artifacts in medical near-infrared spectroscopy. J. Biomed.
Opt. 2011, 16, 087005. [CrossRef] [PubMed]

40. Alzahrani, A.; Hu, S.; Azorin-Peris, V.; Barrett, L.; Esliger, D.; Hayes, M.; Akbare, S.; Achart, ].; Kuoch, S. A
multi-channel opto-electronic sensor to accurately monitor heart rate against motion artefact during exercise.
Sensors 2015, 15, 25681-25702. [CrossRef]

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1016/S0196-0644(88)80675-9
http://dx.doi.org/10.1117/1.3606576
http://www.ncbi.nlm.nih.gov/pubmed/21895332
http://dx.doi.org/10.3390/s151025681
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methodology 
	CRT Monitoring System 
	FBG Calibration and Validation 
	Signal Processing 
	In Vivo Capillary Refill Time Test Experiment 

	Results and Discussion 
	Integrated Sensor Pressure Testing 
	In Vivo Capillary Refill Time and Pressure Monitoring 

	Conclusions 
	References

