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Abstract

In this pilot study, five healthy participants (1 female) simultaneously wore a minimally invasive
interstitial fluid glucose (ISFG) sensor and a ring-type wearable device that continuously recorded
heart rate (HR), peripheral oxygen saturation (SpO.), and actigraphy during sleep (00:00-06:00).
Multimodal time-series analyses were performed to characterize associations between ISFG
fluctuations and physiological parameters. ISFG levels decreased during sleep in four of five
participants. In participants 1, 3, 4, and 5, ISFG increased between 12:00-15:00, followed by a gradual
decline toward the night. Paired t-tests demonstrated significantly lower ISFG levels during the latter
half of the sleep period compared with the first half (0-3 h vs. 3-6 h, n =5, p = 0.01). In addition, four
participants exhibited a mild decrease in SpO, between 03:00-04:00, while one dataset was
incomplete. These preliminary findings suggest that nocturnal ISFG reduction may be associated
with subtle alterations in oxygen saturation dynamics. Integration of minimally invasive glucose
monitoring with ring-type wearable devices offers a promising approach for detecting unrecognized
nocturnal hypoglycemia and may enhance remote healthcare services through real-time
physiological risk assessment. Future studies with larger cohorts are needed to validate these
observations and facilitate clinical application.

Keywords: interstitial fluid glucose (ISFG); nocturnal hypoglycemia; wearable ring sensor; heart rate
variability (HRV); remote health monitoring

1. Introduction

Continuous monitoring of glucose dynamics is of great clinical and physiological importance,
particularly in detecting subtle metabolic changes that may not be captured by routine testing.
Interstitial fluid glucose (ISFG) monitoring has emerged as a minimally invasive approach that
enables dynamic assessment of glucose fluctuations in real-world and clinical settings. Over the past
two decades, numerous studies have explored ISFG monitoring in a wide range of contexts [1-9].
Research has extensively examined postprandial glucose responses to dietary intake [1,2], as well as
applications in patients undergoing dialysis, where glycemic control is often complicated by altered
metabolic homeostasis [3,4]. In addition, ISFG monitoring has been integrated into broader metabolic
and lifestyle research, including exercise physiology, stress-related responses, and circadian rhythm
assessments [5-9]. Collectively, these findings underscore the versatility of ISFG monitoring as a tool
for capturing physiologically relevant glucose fluctuations.

One particularly critical application of ISFG monitoring is the detection and characterization of
nocturnal hypoglycemia. Nocturnal hypoglycemia is often asymptomatic and thus difficult to
recognize in routine care, yet it is associated with serious acute and long-term consequences,
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including cardiovascular stress, impaired neurocognitive function, and increased mortality risk. In
recent years, this condition has received growing attention in both basic and clinical research. Studies
have proposed predictive and detection technologies that leverage continuous glucose monitoring
(CGM), machine learning algorithms, and multimodal sensor integration to improve recognition of
nocturnal hypoglycemia in real time [10-21]. Parallel to these technological advances, clinical
investigations have emphasized the impact of nocturnal hypoglycemia on patient management, with
specific focus on treatment intensification, individualized insulin titration, and patient education
strategies [22-32]. Furthermore, therapeutic innovations such as modified insulin formulations,
adjunct pharmacotherapies, and tailored behavioral interventions have been explored to reduce the
risk of nocturnal hypoglycemic episodes [33—40].

Beyond applied technologies and clinical interventions, basic research has provided essential
insights into the physiological mechanisms underlying nocturnal hypoglycemia. Several studies have
highlighted the role of cortisol secretion patterns, which may contribute to early-morning glucose
nadirs and altered counterregulatory responses [41-47]. Others have focused on the autonomic
nervous system, where reduced sympathetic activation during sleep may impair glucose counter
regulation and exacerbate the risk of hypoglycemia [42,47]. At a broader level, foundational work in
pathophysiology and general conceptual frameworks has contextualized nocturnal hypoglycemia
within the dynamics of circadian biology, endocrine regulation, and systemic energy balance [41,42].
Together, these studies emphasize that nocturnal hypoglycemia is a multifactorial condition,
requiring a multimodal and interdisciplinary approach to monitoring, prediction, and intervention.

Despite these advances, significant challenges remain in integrating metabolic monitoring with
physiological signals that reflect systemic responses during sleep. Standard ISFG or CGM devices
provide valuable metabolic data, but they typically operate in isolation from other physiological
parameters, limiting their ability to capture the complex interplay between glucose dynamics and
sleep-related changes in autonomic, cardiovascular, and respiratory function. Recent progress in
wearable technologies—particularly ring-type and wrist-worn sensors—offers an opportunity to
overcome these limitations by enabling the simultaneous, noninvasive recording of heart rate, oxygen
saturation, and activity levels. Such multimodal integration may be particularly advantageous for
identifying subtle physiological correlates of nocturnal hypoglycemia, such as oxygen desaturation
or altered heart rate variability, which can precede or accompany glycemic decline.

The present pilot study was designed to explore the feasibility of combining minimally invasive
ISFG monitoring with a ring-type wearable device for simultaneous assessment of glucose and
physiological signals during sleep. By applying time-series analyses to data collected from healthy
participants, we aimed to identify associations between nocturnal glucose fluctuations and changes
in cardiorespiratory parameters. This approach builds on prior research in both glucose monitoring
and wearable biosensing, and represents an initial step toward developing low-burden, real-time
systems capable of detecting unrecognized nocturnal hypoglycemia. Ultimately, such multimodal
monitoring platforms could contribute to remote healthcare solutions and personalized interventions
that improve safety and quality of life for individuals at risk of nocturnal metabolic disturbances.

2. Materials and Methods

2.1. Participants

Five healthy volunteers (1 female, mean age 55 + 10 years) were recruited for this study. None
of the participants reported a history of metabolic, cardiovascular, or sleep disorders, and none were
taking medications that could affect glucose metabolism or autonomic function. Written informed
consent was obtained from all participants prior to enrollment. The study protocol was reviewed and
approved by the Ethics Committee of the Graduate School of Engineering, Mie University (Approval
number: 132, Approval date: February 19, 2025) and the Ethics Review Committee of Nagoya City
University Hospital (Approval number: 60-18-0211, Approval date: March 22, 2019). All procedures
were conducted in accordance with the Declaration of Helsinki.
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2.2. Sensors and Data Acquisition

Participants simultaneously wore two types of sensors during the monitoring period; Interstitial
Fluid Glucose (ISFG) Monitoring. A minimally invasive ISFG sensor (Libre, Abbott, USA) was placed
on the upper arm. The device continuously recorded glucose concentrations at 15-minute intervals
over a 14-day period. Physiological Signal Monitoring; a ring-type wearable device (Check-MeRing,
Sanei Medisys, Kyoto, Japan; medical device certification number: 304A ABZX00029000) was worn
on the index finger of the non-dominant hand (Fig.1). The device continuously recorded heart rate
(HR), peripheral oxygen saturation (SpO.,), and actigraphy at a sampling rate of 0.25 Hz. Data were
transferred to a smartphone via Bluetooth 4.0 BLE using the Check Me app and exported as CSV files.
Measurement ranges were: SpO. 70-99%, HR 30-250 bpm. Measurement accuracy was specified as
+2% for SpO, between 80-99%, +3% for SpO, between 70-79%, and +2 bpm or +2% (whichever was
greater) for HR.

Data were collected during participants’ natural sleep periods, with a primary focus on the
nighttime interval between 00:00 and 06:00. Participants were instructed to maintain their usual sleep
routines and to refrain from alcohol or strenuous exercise on the day of measurement.

(a) (b)

Figure 1. Continuous monitoring of interstitial fluid glucose levels. Figure (a) shows a sensor used to measure

glucose levels in interstitial fluid. It comes with an ultra-fine filament (needle) that is inserted into the skin during
application. This is not designed to puncture the skin or leave the needle in place; instead, it is inserted into the
skin's interstitial spaces to measure glucose concentration in the interstitial fluid. The filament reacts with
glucose in the interstitial fluid using an enzyme inside the sensor, and the resulting weak electrical current is
measured. The strength of this current is used to calculate blood glucose levels. Since there is no need to prick
the fingertip with a needle, this method offers the advantage of reduced pain and discomfort compared to

traditional blood glucose meters. Figure (b) shows the measurement using a ring-shaped sensor.

2.3. Data Processing and Analysis

All physiological data were synchronized by timestamp. ISFG measurements were linearly
interpolated to generate a continuous time series at 0.25 Hz, matching the sampling rate of the ring-
type device. HR, SpO,, and actigraphy signals were used as recorded, without filtering or smoothing.

The actigraphy signal was analyzed to confirm sleep onset and identify periods of excessive
movement. Datasets with substantial motion artifacts during the target sleep interval were excluded.
Resultant acceleration was calculated from the three-axis accelerometer embedded in the ring device,
using:

Amag = /a,zc + b2 + c

0 = arccos | ——=
Jaz + a3 + a2
where ax, ay, and a; represent accelerations along the three axes (units: g). This measure reflects
changes in overall acceleration magnitude. Body position was further inferred from the tilt angle (),
calculated as the deviation of the vertical (Z-axis) component from gravity:
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0 = 0°: Standing

0 = 90°: Supine, prone, or lateral recumbent (lying down)

The horizontal components (ax, ay) were used to distinguish between supine, prone, and lateral
postures. In this study, this classification was used primarily to confirm lying-down status during
sleep.

For glucose analysis, mean ISFG levels were computed for two consecutive intervals: the first
half of sleep (0-3 h) and the second half (3-6 h). Paired t-tests were applied to compare ISFG levels
between intervals, with statistical significance set at p < 0.05. SpO. values were averaged in 1-hour
bins, and visual inspection was used to identify common temporal patterns across participants.
Statistical analyses were performed using SPSS version 28 (IBM Corp., Armonk, NY).

3. Results

3.1. Interstitial Fluid Glucose (ISFG) Dynamics During Sleep

Between 00:00 and 06:00, four participants (Participants 1, 3, 4, and 5) showed a gradual and
continuous decline in ISFG levels. In contrast, Participant 2 maintained relatively stable ISFG values
without a clear downward trend (Figure 2, Table 1).

180 - 180
le0 - 160 -
Ejl-u 140 - %n 140 -
g 120 | g 120 |
T | \/’——/\_—'_‘ T
80 . - . . - . - ! 80 ! ! ! ! !
0-3 3-6 69 912 12-15 15-18 18-21 21-24 0-3 36 69 912 1215 15-18 1821 2124
Time classification (h) Time classification (h)
180 - 180
160 - 160
"Téu 140 % 140
g 120 L é’ 120 k \/’—‘\'_.
h 100 h 100 +
30 . . . . ) 80 1 1 1 1 1
0-3 3-6 69 912 1215 15-18 18-21 21-24 0-3 3-6 69 912 12-15 15-18 18-21 21-24
Time classification (h) Time classification (h)
180
160
%‘n 140
(_% 120 |
)
- 100 -
80
0-3 3-6 6-9 912 12-15 1518 18-21 21-24
Time classification (h)
Figure 2. Diurnal variation calculated from 2 weeks of ISFG
Table 1. Average ISFG per time segment.

Participants ISFG ISFG ISFG ISFG ISFG ISFG ISFG ISFG ISFG
P (mg/dL)  (0-3)*  (3-6) (6-9) (9-12) (12-15) (15-18)  (18-21)  (21-24)
1 106£7 103 94 104 102 119 109 107 108
2 138+8 141 134 150 139 147 123 130 140
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3 112+9 103 95 107 110 123 122 117 119
4 120+6 123 115 107 118 126 129 122 121
5 144425 110 109 126 154 172 177 166 138

*The brackets in ISFG indicate time.

3.2. Peripheral Oxygen Saturation (SpO,), Heart Rate, and Motion

SpO; values were stable during the early sleep phases but showed a mild decline between 03:00
and 04:00 in four participants, with mean values decreasing by approximately 1-2% compared to
earlier periods. Data from one participant were excluded due to device malfunction (Figures 2 and
3). Heart rate showed the expected nocturnal slowing in all participants, with no arrhythmic events
or abrupt fluctuations. Occasional minor HR increases coincided with motion artifacts, though large
body movements were uncommon during the main sleep intervals (Table 2).

Table 2. Values obtained from biosensors during sleep (by time period).

Participants HR (bpm) HR (0-3a) HR (3-6a)
1 67+9 74+7 60+5
2 49+7 54+7 45+4
3 83+4 84+3 81+4
4 87+6 90+6 85+6
SpO2(%) SpO2(0-3) SpO2(3-6)
1 97+1 96+1 97+1
2 96+1 95+1 96+1
3 97+1 96+1 97+1
4 95+1 95+1 96+1
Motion (G) Motion (0-3) Motion (3-6)
1 0 [0-0] 0 [0-1] 0[0-0]
2 0[0-1] 0 [0-1] 0 [0-1]
3 0[0-1] 1[0-1] 0[0-1]
4 0 [0-0] 0[0-0] 0[0-0]

3.3. Quantitative Analysis

Comparison of ISFG levels between the 0-3 h and 3-6 h intervals revealed a significant reduction
in the latter. A paired t-test confirmed that this decrease was statistically significant (p =0.01).

Blue: participant 1, Green: participant 2, Orange: participant 3, Purple: participant 4, Red:
participant 5. ISFG is measured as a 3-hour average. During nighttime sleep, ISFG decreased in 4 out
of 5 participants from 0:00 to 6:00. After that, ISFG increased in 4 participants (participants 1, 3, 4, and
5) from 12:00 to 15:00 and then gradually decreased throughout the night.
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Figure 3. Changes in average SpO:z over time during nighttime sleep.

Blue: participant 1, Green: participant 2, Orange: participant 3, Purple: participant 4. Hourly
averages and standard deviations from 0 to 6:00 am. Participants 1, 3, and 4 showed a gradual
increase from 3 to 4:00 am. after falling asleep. Participant 2, who had the highest ISFG among
participants, showed a rapid decrease from 2 to 3:00 am. after falling asleep, and then recovered.

(Data for participant 5 is missing)
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Figure 4. Changes in average SpO2 over time during nighttime sleep.

Blue: participant 1, Green: participant 2, Orange: participant 3, Purple: participant 4. Hourly averages and

standard deviations from 0:00 to 6:00. All four participants experienced a gradual decrease from 3:00 to 4:00 after

going to bed.

Due to missing data, we were unable to obtain biosignal data during sleep from participant 5.
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4. Discussion

This pilot study investigated nocturnal interstitial fluid glucose (ISFG) dynamics in healthy
individuals using a multimodal monitoring system that combined minimally invasive glucose
sensing with a ring-type wearable device capable of recording heart rate (HR), oxygen saturation
(5p0Os), and motion. Our findings highlight characteristic overnight patterns of glucose fluctuation
and provide preliminary evidence for their physiological correlates, supporting the feasibility of
continuous, multimodal monitoring in non-clinical environments.

A consistent reduction in ISFG was observed in four out of five participants, with significantly
lower values in the latter half of the sleep period (03:00-06:00) compared to the earlier half (00:00—
03:00). This finding suggests sustained cerebral glucose utilization during sleep, even in the absence
of food intake, and is consistent with prior reports emphasizing the brain’s high energy demand,
particularly during non-REM sleep phases. The statistical significance of this decline (p =0.01) further
reinforces the reliability of the observed trend, despite the small cohort size.

Interestingly, a mild decline in SpO,, temporally clustered around 03:00-04:00, was observed in
most participants. Although these changes were within normal physiological ranges and did not
suggest pathological hypoxemia, their timing in relation to the lowest ISFG levels may indicate subtle
autonomic or sleep-stage transitions influencing both ventilatory regulation and glucose metabolism.
This interplay raises the possibility that coordinated fluctuations in oxygenation and glucose levels
represent early physiological signatures of metabolic stress, even in healthy populations.

Actigraphy confirmed that participants exhibited minimal motion throughout the monitored
interval, supporting the interpretation that observed changes were attributable to sleep physiology
rather than behavioral factors. HR followed the expected nocturnal decline consistent with
parasympathetic predominance, further validating the physiological relevance of the glucose and
oxygenation changes. Together, these findings underscore the value of synchronized multimodal
monitoring for capturing subtle but meaningful shifts in systemic physiology during sleep.

Beyond the nocturnal period, we also noted a reproducible post-sleep rebound in ISFG between
12:00 and 15:00 in most participants. This may reflect circadian and behavioral influences such as
dietary intake, activity levels, or hormonal rhythms, including cortisol peaks. Such findings highlight
the importance of assessing both nocturnal and diurnal glucose dynamics in order to understand the
broader context of metabolic regulation.

These results have potential implications for telemedicine and preventive healthcare. The
integration of glucose, HR, SpO,, and motion data offers a richer perspective than single-modality
monitoring, particularly when paired with advanced analytical techniques such as anomaly detection
or machine learning. This multimodal approach could enable the early detection of asymptomatic
nocturnal hypoglycemia, thereby improving risk assessment and facilitating timely intervention in
at-risk populations.

Compared with prior ISFG literature centered on meals [1,2], dialysis [3,4], device performance
[5-8], or peri-operative contexts [9], and distinct from prediction-algorithm or therapy-oriented
advances [10-21,33-40], our study integrates minimally invasive glucose sensing with wearable
cardio-respiratory and activity monitoring during sleep in healthy individuals. This multimodal,
real-world, nocturnal focus fills a methodological gap by capturing coordinated metabolic and
physiological fluctuations that are directly actionable for telemedicine workflows and that can feed
contemporary predictive models and clinical decision pathways [10-21,22-32].

Nevertheless, several limitations must be acknowledged. The small sample size (n = 5) limits
generalizability, and the absence of simultaneous polysomnography (PSG) prevents precise mapping
of physiological fluctuations to sleep stages. Future studies incorporating PSG and larger, more
diverse populations—including individuals with prediabetes, diabetes, or sleep disorders—are
essential to validate and extend these findings. Moreover, longitudinal monitoring across multiple
nights would capture intra-individual variability and strengthen the robustness of derived
biomarkers.

© 2025 by the author(s). Distributed under a Creative Commons CC BY license.
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In conclusion, this study demonstrates the feasibility and potential of multimodal, minimally
invasive monitoring to characterize nocturnal glucose and physiological dynamics in real-world
settings. By bridging wearable technology, data science, and clinical medicine, such approaches hold
promise for advancing proactive healthcare, enabling real-time detection of metabolic risk, and
ultimately improving patient outcomes through personalized, continuous monitoring.

5. Conclusions

This study demonstrated that interstitial fluid glucose (ISFG) levels typically decline during
sleep in healthy individuals, with a statistically significant reduction observed between early and late
sleep phases. Peripheral oxygen saturation (SpO;) remained largely stable but showed a subtle
decline in the mid-sleep period, while heart rate followed expected nocturnal slowing patterns
without major disturbances. These findings highlight the feasibility of continuous, non-invasive
monitoring using integrated wearable sensors to capture nocturnal metabolic and physiological
dynamics.
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