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Abstract

Capillary refill time (CRT) is an internationally accepted indicator of peripheral circulation. The CRT is measured by applying
compression to the fingernail for a few seconds, releasing it, and observing the process of refilling of blood at the fingertip.
The international guidelines for the management of sepsis and septic shock 2021 contains an additional new recommenda-
tion for CRT measurement to determine the peripheral circulation statuses of adult patients with septic shock. However, the
current CRT measurement method lacks objectivity. Previous studies have reported the development of measurement devices
and video analysis systems, which involve complex measurement environment construction and assume only in-hospital
measurements. In addition, since medical workers are limited in the number of carrying medical devices, devices that can
be used to obtain multiple biometric indicators in a single measurement are needed. Hence, a prototype wearable CRT
measurement device was developed in this study, and its feasibility was evaluated by comparing the agreement, intra-class
correlation coefficient, and coefficient of variation with those of a CRT measurement device developed in the past. The results
indicated that mean CRTs between measurement methods were agreement, with moderate or better intra-rater reliability and
no difference in coefficient of variation. Therefore, the results indicate the feasibility of the proposed wearable CRT device.
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1 Introduction

Capillary refill time (CRT) is an internationally accepted
indicator of peripheral circulation; it is defined as the time
required for a patient’s fingertip to recover to its original
pre-compression color after pressure is applied to the nail
fold for several seconds and released [1-3]. The interna-
tional guidelines for the management of sepsis and septic
shock 2021 contain an additional new recommendation for
CRT measurement to determine the peripheral circulation
statuses of adult patients with septic shock [4]. Furthermore,
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it has been reported to be useful for triage in emergency and
disaster medicine [3, 5-7], the evaluation of dehydration in
critically ill children [8], and the evaluation of skin valve
condition in plastic surgery [9]. However, the current CRT
measurement methods lack objectivity [10, 11]. To this end,
previous studies have reported the development of measure-
ment devices [12, 13] and video analysis systems [13, 14];
however, these methods involve complex constructions of
the measurement environments and assume only in-hospital
measurements. In addition, the development of devices that
measure individual vital signs has resulted in an increase
in the number of medical equipment as well as increased
burden on medical workers. Thus, devices that can obtain
multiple biometric indicators in a single measurement are
needed.

To quantify CRT measurement, we developed a com-
pression standardization device that mechanically and auto-
matically compresses the fingertips and proposed optimal
measurement conditions for CRT measurements [15]. We
also developed a portable CRT measurement device with
visual feedback function for inducing manual compression
to optimal measurement conditions [16—18]. Using the port-
able CRT measurement device, we clarified the relationship
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between CRT and measurement position [17], and found
that the device improved measurement stability over con-
ventional visual CRT measurement [18].

Wearable electronics have achieved remarkable pro-
gress in recent years [19]. Monitoring systems have been
developed to measure human respiration, pulse, and body
movements continuously via highly elastic sensors affixed
at multiple locations on the skin [20]. Thus, wearable elec-
tronics can obtain simultaneous measurements of multiple
biometric data with reduced operator burden.

In this study, we develop a wearable device called the
Medic Hand, which extends the functionality of a medical
worker’s hand and can be used to measure multiple biomet-
ric indicators simultaneously without increasing the number
of medical equipment. This study entails the development
of a prototype of the Medic Hand for CRT measurement
to investigate feasibility. We compare the variation, intra-
rater reliability, and agreement of measurements between the
proposed device and a portable CRT measurement device
developed in the past [18].

2 Methods
2.1 Wearable CRT measurement device

The prototype of the Medic Hand is shown in Fig. 1; it meas-
ures the nail bed color and provides visual feedback on the
compression strength and time [18]. The measurement unit
(Fig. la) comprises a force sensor, a color sensor, and an
indenter that contacts the fingernail. The measured nail
bed color, compression strength, and CRT are stored in an
external memory (Micro SD) (Fig. 1b). Translucent bands
printed using an optical 3D printer are used for attaching
the measurement unit and cable to the hand (Fig. 1c). When
measuring the CRT with Medic Hand, a microcontroller
with a display is attached to the wrist, and the measurement
unit is applied to the index finger. Medic Hand is used to
measure the CRT via pinching the subject’s fingertip and by
compression and release according to the feedback function
(Figs. 2 and 3). The feedback function induces a compres-
sion strength of 3—7 N and compression time of 3 s or more,
with the nail bed color being measured automatically. In this
work, the target compression strength and compression time
were set to 5 N and 3 s, respectively [15].

2.2 Portable CRT measurement device

We developed a portable device with the optimal meas-
urement condition feedback function, as shown in Figs. 4
and 5 [18]. The portable device comprises visual feed-
back for the optimal CRT measurement conditions and a
measurement function for the nail bed color. The operator

Fig. 1 Prototype wearable CRT measurement device: Medic Hand. a
The measurement unit for measuring compression strength and nail
bed color. b The external memory (Micro SD) for storing measured
nail bed color, compression strength, and CRT. ¢ The translucent
bands for attaching the measurement unit and cable to the hand
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Fig.2 CRT measurement with Medic Hand
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Fig.3 Visual feedback function of optimal feedback function for
measuring CRT

Fig.4 Portable CRT measurement device

manually presses and releases the subject’s fingertip in the
manual method using the portable device with feedback
function under the optimal conditions. In this work, the
target compression strength and compression time were
setto 5 N and 3 s, respectively [15].
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Fig. 5 CRT measurement with portable CRT measurement device

2.3 Experimental protocol

The feasibility of Medic Hand was verified by comparing
the agreement between the obtained measurement, coeffi-
cient of variation, and intra-rater reliability from the port-
able CRT measurement device (Figs. 4 and 5) [18]. The
Institutional Review Board of Chiba University Gradu-
ate School of Medicine approved this experimental study
(approval number: 4154). In the experiments with human
subjects, consent was obtained from all participants.
Eleven healthy adults in their 20 s participated as sub-
jects (males: six people, females: five people). One non-
medical worker in their 20 s participated as the operator of
the Medic Hand and portable CRT measurement device.
The operator placed each subject in a supine position. The
operator then measured the CRT from the index finger of
the left hand for each method.

Each measurement was performed according to the
visual feedback function for compression strength and
time (Fig. 3) [18]. Each measurement was obtained for
five times for each method, and the subject’s fingertip was
removed each measurement. The order of trials for each
measurement was switched for each subject. The interval
between compression release and the subsequent measure-
ment was at 1 min.
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2.4 Statistical analysis

We used eleven mean CRT data measured with the Medic
Hand and eleven CRT data measured with the portable CRT
measurement device for Bland—Altman analysis to evaluate
the agreement (Table 1). We also used eleven mean CRT
data and standard deviation (SD) measured with the Medic
Hand and eleven mean CRT data and SD measured with
the portable CRT measurement device for the coefficient of
variation (CV) (Table 1). We used 55 CRT data measured
with the Medic Hand and 55 CRT data measured with the
portable CRT measurement device for the intra-class corre-
lation coefficient (ICC). p <0.05 was considered significant.

Statistical analyses were performed using R software ver-
sion 4.2.2, tidyverse version 1.3.2, blandAltmanLeh version
0.3.1, and psych version 2.2.9 packages.

3 Results

The Bland—Altman plots for the Medic Hand and portable
CRT measurement device are shown in Fig. 6 [21]. The
solid lines in Fig. 6 indicate the upper and lower permis-
sible limits of agreement (LOA) for the measured values

Table 1 Mean CRT, standard deviation, and coefficient of variation
of the study participants

Participants Methods Mean CRT [s] Standard  Coefficient
deviation  of variation
[s]
1 Portable 1.64 0.21 0.13
Medic Hand 2.73 0.70 0.26
2 Portable 2.14 0.68 0.32
Medic Hand 2.80 0.96 0.34
3 Portable 2.86 0.85 0.30
Medic Hand 3.90 0.33 0.09
4 Portable 1.29 0.26 0.20
Medic Hand 2.08 0.78 0.38
5 Portable 2.80 0.54 0.19
Medic Hand 3.62 0.50 0.14
6 Portable 1.64 0.55 0.34
Medic Hand 2.13 0.97 0.45
7 Portable 1.28 0.27 0.21
Medic Hand 3.62 0.49 0.13
8 Portable 1.04 0.29 0.28
Medic Hand 3.22 0.39 0.12
9 Portable 3.40 0.55 0.16
Medic Hand 2.81 1.84 0.65
10 Portable 2.48 0.96 0.39
Medic Hand 2.09 1.30 0.62
11 Portable 0.80 0.17 0.21
Medic Hand 2.35 0.85 0.36
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Fig.6 Bland-Altman plot between measurements

and the mean difference in measured values between the
methods. The LOA ranges from 2.69 [95% Cls: 3.75 to
1.63] s to—0.88 [95% CIs: 0.18 to —1.93] s. The mean
difference in measured values between the methods is 0.91
[95% Confidence intervals (CIs): 1.52 to 0.30] s, with a
fixed error (one-sample ¢ test assuming zero population
mean, p value=0.0079). The Pearson’s correlation coef-
ficient is —0.26, with no proportional error (Pearson's
non-correlation test, p value =0.45). Figure 6 shows that
11 out of the 11 data are within the acceptable limits of
measurement values, thus indicating that the mean CRTs
of the Medic Hand and portable CRT measurement device
agree with each other.

For each measurement method, the CV was calculated
from the mean and SD of the CRT measured five times for
each subject. The CV is an indicator of the variation in
CRT about the mean. The mean CV for Medic Hand was
0.32+0.20 (mean + SD) and that for the portable CRT
measurement device was 0.24 +0.08. There was no differ-
ence in the coefficient of variation between Medic Hand
and the portable CRT measurement device (Wilcoxon
signed-rank test, p =0.28).

To evaluate the intra-rater reliability of each measure-
ment method, the corresponding ICC was calculated [22].
The portable CRT measurement device’s ICC (1, 5) was
0.92 [95% ClIs: 0.97 to 0.80], and Medic Hand’s ICC (1, 5)
was 0.60 [95% CIs: 0.88 to 0.065]. Each method showed
moderate or better intra-rater reliability compared to the
benchmarks noted by Landis et al. [23].
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4 Discussion

The mean CRTs obtained with Medic Hand and the portable
device show concordance in the Bland—Altman analysis.
There is no difference in the coefficient of variation between
Medic Hand and the portable device. Each measurement
method showed moderate or better intra-rater reliability
compared to the benchmarks of Landis et al. [23]. These
results indicate the feasibility of Medic Hand. Compared
with the portable CRT measurement device, Medic Hand is
more difficult to use for compression and release, and this
difficulty stems from the indenter made of polylactic acid
resin, which slips on the fingernail. Hence, we need to con-
sider a mechanism that prevents the indenter from slipping
on the fingernail. In addition, because Medic Hand requires
the sensor to continue remaining pinched after release to
avoid floating off the nail, the mean compression strength of
0.45+0.17 N (mean + SD) is measured even after release;
the corresponding value for the portable measuring device
is 0.14+0.10 N. The compression strength after release is,
therefore, significantly different (Mann—Whitney U test, p
value <0.0001) and affect refilling of blood at the fingertip
(Fig. 7). In fact, the Bland—Altman analysis showed a fixed
error between the Medic Hand and the portable CRT meas-
urement device (one-sample ¢ test assuming zero population
mean, p value=0.0079). The CRT measured by the Medic
Hand is longer than that measured by the portable CRT
measurement device. The LOA ranges from 2.69 [95% Cls:
3.75 to 1.63] s to —0.88 [95% ClIs: 0.18 to —1.93] s, which
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Fig. 7 The compression strength after release
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may affect triage in emergency and disaster medicine. Thus,
to realize CRT measurement using Medic Hand in emer-
gency and disaster medicine, we need to consider a solu-
tion where the sensor does not float from the fingernail after
compression release. The hardware improvements to reduce
the fixed error, software improvements are also needed, such
as a simple method to subtract the fixed error calculated in
this study from the measured values and a correction method
to compensate for general fixed errors properly. Concrete
methods will be the subject of future research.

The sensor part of the current Medic Hand prototype is
thick in the ventral direction of the fingertip, which may
interfere with medical procedures that require detailed
work. Accordingly, we need to redesign the indenter with
reduced thickness in the ventral direction of the fingertip.
Another solution is to mount the sensor on the basal pha-
lanx when CRT measurements are not performed, similar
to a ring. In the future, we will consider usability improve-
ments using technologies to convert rigid boards and elec-
tronic components to flexible ones [19, 20].

In this study, a single operator handles both the port-
able CRT measurement device and Medic Hand. The cur-
rent prototype was intended to confirm the principle and
feasibility, but the usability as a wearable device cannot
be evaluated at present. The total measurement times of
the portable device and Medic Hand, including considera-
tion of the time required to switch from another task to
the CRT measurement task, are not compared. Hence, we
plan to further study the feasibility of and improvements
to Medic Hand with more operators. In addition, subjects
were limited to adults in their 20 s. Conditions that cause
impaired peripheral circulatory status, such as sepsis and
heat stroke, are not limited to older adults but also affect
children and young adults. Thus, there is no contradic-
tion in asking adults in their 20 s to cooperate as subjects.
However, to accurately evaluate the feasibility of Medic
Hand, it is necessary to measure CRT in a wide range of
age groups rather than restricting the subjects to specific
age groups. Therefore, we will design CRT measurement
experiments for a wide range of age groups to assess the
feasibility of the Medic Hand more accurately.

5 Conclusion

A prototype wearable CRT measurement device called the
Medic Hand was developed in this study, and its feasibility
was evaluated by comparing the agreement, intra-class cor-
relation coefficient, and coefficient of variation with those
of a CRT measurement device developed in the past. The
results indicate the feasibility of the proposed wearable CRT
device.
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