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To understand circadian rhythms and sleep in an understudied population, which
is particularly prone to suffer chronodisruption (CD), eighteen blind volunteers of
51.5 + 3.6 years (Mean + SEM) and 26 volunteers (51.8 + 1.2) with no visual
impairments wore the ambulatory circadian monitoring (ACM) device Kronowise®
for seven consecutive days in real-life conditions. Nine of the blind participants
declared to have some sort of light perception while the other nine declared to
lack conscious light perception. ACM combines measurements of distal skin
temperature; motor activity, light exposure and feeding schedules, providing
information about lifestyle and the bidirectional crosstalk between internal time
and external synchronisers, which is paramount to determine a subject’'s CD
degree. We found a extraordinarily diverse population in terms of blindness
aetiology and thus, in the degree of affectation of the participants visual and
circadian systems. Our results pointed to poorer circadian health and sleep in the
blind participants, which could be directly related to the impact of disease over
circadian photoreception but also to disruption of daily habits. Compared to
controls, blind participants showed significantly lower light exposure and physical
activity values during the day and higher time of movement during the night.
Besides, we analysed feeding schedules in the blind participants for the first time
and found that their last meal of the day happened later than in controls, thus
blind participants’ night fasting was shorter. Altogether, our results indicated
substantial behavioural circadian alterations associated with the disease.

KEYWORDS
blindness, circadian photoreception, daily habits, feeding times, light exposure, sleep

1 Introduction

Maintaining the different physiological processes in the appropriate temporal order is
essential to keep health and well-being (Karatsoreos et al., 2011; Mazzoccoli et al., 2011).
Circadian rhythm disruption or chronodisruption (CD) has been defined as a relevant
disturbance of the internal temporal order of physiological, biochemical and behavioural
circadian rhythms or in the regular phase relationship between internal circadian rhythms
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and exposure to environmental synchronisers (Erren et al., 2003;
Garaulet and Madrid, 2010), being light/dark cycle the most
important. CD connects light, biological rhythms and the
development of several life-threatening diseases (Erren et al.,
2009, 2003). In 2007 (revised in 2019), the International Agency
for Research on Cancer (WHO) classified ‘shift work that involves
circadian disruption’ as potentially carcinogenic in humans (Straif
et al., 2007; International Agency for Research on Cancer (WHO),
2020), and recently, the most prestigious scientific journals, Nature,
Science and Current Biology have claimed about health risks
produced by an inadequate light exposure, which has also been
related to a higher probability to suffer cardiovascular disease,
cognitive impairment, affective disorders, sleep alterations,
inflammatory and metabolic disorders and accelerated ageing
(Czeisler, 2013; Kantermann, 2013; Mehta and Zhu, 2009; Verma
et al,, 2023).

Blindness is a visual impairment (VI) affecting 0.7% of the
world population and its incidence is expected to grow in the next
years due to the ageing of population and the increasing prevalence
of disorders such as diabetes (Gomez-Ulla de Irazazabal and
Odategui-Parra, 2012). The most recent statistics speak of around
1 million people with VI in Spain, of which 70,490 are blind, this is
around 1.5 blind persons per 1,000 inhabitants (to be considered as
blind in Spain, a person must be affected in both eyes by at least one
of two visual requirements: 1) visual acuity equal or below 0.1,
obtained with the best possible optic correction, and/or 2) visual
field reduced to 10 degrees or under) (Record of ONCE affiliates,
December 2022, https://www.once.es/dejanos-ayudarte/afiliacion/
datos-de-afiliados-a-la-once).

Most people with VI, at higher levels, are particularly prone to
CD due to their inability to synchronise their circadian clock with
the environmental light-dark cycle (Medeiros da Silva et al., 2016;
Warman et al., 2011). The International Classification of Sleep
Disorders (ICSD-3) of the American Academy of Sleep Medicine
(https://aasm.org/) attests to that fact, saying that more than half of
totally blind individuals have non-standard 24-hour circadian
rhythms and 50% to 80% of blind people present sleep disorders
(American Academy of Sleep Medicine, 2014). The situation
worsens even more when we consider the difficulties of access to
reference health services and, therefore, the delay in the diagnosis of
disorders (Medeiros da Silva et al., 2016).

Since the early 2000s, we know the photoreceptors and
pathways driving light into the central pacemaker of the circadian
system (the suprachiasmatic nuclei) and entraining the circadian
rhythms (Berson et al., 2002). While image forming is primarily
driven by rods and cones from the outer retina, whose signal are
transmitted to the vision-processing centre of the brain, there is a
third sort of photoreceptor, a type of ganglion cells located in the
inner retina called intrinsically photosensitive retinal ganglion cells
(ipRGC), which contain melanopsin (Davies et al., 2012; Hankins
et al,, 2008; Vandewalle et al., 2007), a specialised photopigment
that is especially sensitive to light in the 460-480nm range (Canteras
et al., 2011; Kawasaki and Kardon, 2007; Morin et al., 2006).
ipRGC’s axons converge into the retino-hypothalamic tract and
lead to the central pacemaker (Grone et al., 2011; Maywood et al.,
2007; Moore and Speh, 2004), where they make synaptic contact
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with clock neurons. Although it has been suggested that ipRGCs
contribute to basic vision (e.g. low-spatial frequency contrast,
brightness detection, and adjustment of the sensitivities of rods
and cones) in humans and rodents (Vandewalle et al., 2018), their
main role would be transmitting light information to the circadian
system. We now know that, among the blind population, there are
people who retain non-image-forming photoreception, presumably
via the ipRGC (Medeiros da Silva et al., 2016), offering a unique
opportunity to investigate light impacts in the absence of
conscious vision.

In a survey conducted with 1,073 blind people (53% with no
light perception), sleep patterns were altered compared to non-
blind people (Leger et al., 1996) and in a comparative study, among
people with no light perception, 83% of them had at least one sleep
problem, such as difficulty of sleeping, night-time awakenings,
decreased sleep duration and daytime sleepiness, compared with
57% in the control group (Tabandeh et al., 1998). Therefore, these
investigations point to the fact that the higher the degree of severity
of VI, the greater the sleep disorders, and the prevalence of sleep
ailments is higher in blind people with no light perception
compared to blind people with some sort of light perception and
control (people without any VI) [(Adeoti, 2010; Das et al., 2006;
Vervloed et al., 2003; Warman et al.,, 2011) in (Medeiros da Silva
et al., 2016)].

The overall aim of this study was to evaluate the status of the
circadian system (CS) and sleep in a Spanish blind population in
real life, in comparison with a control VI free population. Blind
subjects with some sort of conscious light perception (CLP) and
blind participants with NO CLP were separately analyzed to check
for possible differences. With that purpose, multivariable
ambulatory circadian monitoring or ACM, through wearable
technology, was used, as it provides objective information about
lifestyle and the bidirectional crosstalk between internal time and
external synchronisers, which is paramount to determine a subject’
s propensity to suffer CD (Ortiz-Tudela et al., 2014a).

2 Material and methods
2.1 Participants

Eighteen volunteers (28% female) of 51.5 + 3.6 years of age
(Mean + SEM) (Table 1) from Murcia’s Region were recruited
between May and June 2023 through the Spanish National
Organization of the Blind (ONCE). All participants were free from
any significant health condition other than blindness, and they had
not crossed across time zones in the last month. Although they could
not see any images, nine of them (11% females) declared to have
some sort of light perception (CLP) while the other nine (44%
females) declared to lack conscious light perception (NO CLP)
(Table 1). As controls, we recruited (between May and June 2024)
26 volunteers (50% female) with no visual impairments and with
similar age and body mass index than blind participants (Table 1).
Volunteers were encouraged to maintain their normal lifestyle
during the week of the study. All participants received appropriate
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TABLE 1 Characteristics of blind participants (total blind population, with
conscious light perception [CLP] and with no conscious light perception
[NO CLP]) and controls.

Control 26 (50% female) 51.8+ 1.2 255+ 0.7

Blind 18 (28% female) 51.5+3.6 266 + 1.1

CLP 9 (11% 513+46  27.3+19
female)

Causes

Retinitis pigmentosa 3

Retinopathy of prematurity 2

Glaucoma 1

Brain tumour 1

Side effects of penicilin 1

High myopia 1

NO CLP o s 5174+59 | 259 +11
female)

Causes

Traffic accident 4

Retinopathy of prematurity 3

Glaucoma 1

Side effects of anaesthesia 1

Age and body mass index (BMI) data expressed as mean + SEM.

information about the research characteristics and signed an
informed consent form prior to their inclusion in accordance with
the Declaration of Helsinki. This work was approved by the Ethics
Committee of University of Murcia (ID 2108/2018). Data from the
volunteers were included in a database and were protected according
to Spanish Law 15/1999 of 13 September.

2.2 Ambulatory circadian monitoring for
the analysis of circadian system status and
inferred sleep

An ACM device the size of a wrist watch (Kronowise® 3.0,
Kronohealth S.L., Spain) and equipped with a temperature sensor, a
MEMS calibrated triaxial accelerometer and three light sensors
[(the technical characteristics of the ACM Kronowise® 3.0 device
have been previously described by Madrid-Navarro et al. (2018)]
was placed on the non-dominant hand over the course of seven
consecutive days and participants were instructed to remove the
device only to shower. The main variables recorded by this device
were wrist skin temperature (WT), triaxial acceleration (A), time in
movement (TM), triaxial wrist position (P), and exposure to light
on three spectral bands (visible, blue light with a wavelength of 460-
490 nm and infrared light >700 nm). The sampling frequencies per
period (epoch= 30 sec.) were: 10Hz (300 readings per epoch) for the
A and TM measurements, 1Hz (30 reading per epoch) for WT and
light exposure and 0.033Hz (1 reading per epoch) for P and event
marker, capturing ~23,000,000 data points over the course of
a week.
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Data were analysed by the chronobiological software
Circadianware, implemented in the online Kronowizard platform
(https://kronowizard.um.es/).

The following were selected from a total of 14 variables recorded
by Kronowise®:

a. Wrist skin temperature (WT) as a variable with a strong
endogenous circadian component and representative of
autonomic balance at the skin vessel level. WT rises at
night, preceding sleep, and is correlated and phase-
advanced with respect to the night decrement of central
body temperature (CBT), suggesting that heat loss from the
extremities may drive the CBT circadian rhythm (Raymann
et al., 2005; Sarabia et al., 2008; Van Someren, 2003).

b. Tilt of the x-axis (P, radius and ulna perpendicular axis),
which oscillates between 0° for maximum horizontality and
+90° for maximum verticality. This variable allows to
identify posture changes during immobility periods, so as
the amplitude of movements, from the difference of grades
between one sample and the previous. The decrease in P
variability allows to identify the beginning of sleep periods.

c. Acceleration or intensity of movement (A). It was calculated
as the sum (absolute value) of the acceleration vector values
(in g, Proportional Integral Mode algorithm) recorded in the
300 samplings (10 Hz) of one epoch (30 sec.). To facilitate
the comparison with other devices, the sum of acceleration
vector values per epoch was divided by the sampling
frequency (10 Hz) and thus, A data were expressed as g/
30 sec.

A indicates speed of movement and force, but not the duration
or frequency of the movement. A was categorized considering the
sum of the acceleration of the three axes in each epoch with the
following classes: vigorous (=100), moderate (>50), light (>25),
sedentary (>2), and rest (< 2).

d. Time in movement (TM) was calculated as the sum of
samples per epoch (second tenths) in which activity on
any of the three axes of the accelerometer overcame a
threshold of 0.05 g (Time Above Threshold algorithm)
from the 300 samplings (10 Hz) recorded in 1 epoch (30
sec.). TM data can be easily transformed from sec. tenths per
30 sec. to sec. per min. TM is particularly useful to
discriminate between sleep and wake states and together
with A offers information on a circadian variable more
dependent on willingness.

e. Three light sensors on the front to record visible (LE),
infrared and blue light (BLE), with a range of between
0.01 and 43,000 lux, with internal self-adjustment
according to the level of luminance and suppression of
flicker at 50/60Hz. For this study, only LE was used to
calculate the integrated variable TAPL (Madrid-Navarro
et al., 2019).

For light source categorization (indoors, outdoors), the
proportion of infrared versus full light spectrum (IR/Full ratio)
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was calculated from data recorded by ACM light sensors and then
by applying an algorithm previously developed by our group, which
correlates ACM data with spectroradiometer measures (Arguelles-
Prieto et al. (2019).

2.3 Automatic inference of sleep and wake
states.

To automatically infer sleep and wake periods, a two-phase
procedure, previously described by Madrid-Navarro et al. (2019),
was used. First, sleep and wake periods were automatically
inferenced using the TAPL algorithm, a modification of the
previously published TAP algorithm, which integrated
temperature (T), activity (A) and position (P) (Ortiz-Tudela et al.,
2010) to additionally integrate exposure to LE, implemented on the
Kronowizard website. TAPL can be used to express general
activation, where a value of 0 was an indicator of deep rest,
characterized by immobility, vasodilation of the skin and low
levels or absence of LE (probable sleep), while 1 corresponded to
a wake state. A time period was classified as sleep when the TAPL
value fell beneath a pre-set threshold, previously validated by PSG
(Ortiz-Tudela et al., 2014a). Once the main inferred sleep and wake
periods had been detected by means of TAPL, we proceeded to
mark the probable intra-sleep awakening episodes to improve the
precision of the estimates, as previously validated through
comparison with PSG as the standard (Ortiz-Tudela et al., 2014a).
The Keywake® algorithm was used to mark these periods, using
artificial intelligence and based on the time in movement from the
4 min before and 2 min after each time period evaluated (Madrid-
Navarro et al., 2019). All these calculations are implemented on the
Kronowizard platform.

2.4 Calculation of circadian parameters

To analyse any possible differences among circadian patterns
between blind and control subjects, a non-parametric analysis was
carried out as described in the literature (Refinetti et al., 2007), which
includes the following indexes: 1) Interdaily Stability (IS), which
quantifies the invariability of the rhythm between days; 2) Intradaily
Variability (IV), which gives an indication of the fragmentation of
the rhythm and 3) Relative Amplitude (rhythm amplitude, RA)
(Witting et al., 1990). For those variables whose acrophase occurred
during the daytime (LE, BLE, A, TM and TAPL), RA was calculated
as the difference between M10 (average for the 10 consecutive hours
with the maximum values, measured in 10-min intervals) and L5
(average for the 5 consecutive hours with the minimum values,
measured in 10-min intervals), divided by the sum of M10 and L5, as
previously reported by Witting et al. (1990) for activity. However,
since WT and sleep acrophases occur during the rest period, RA was
calculated as the difference between M5 (average for the 5
consecutive hours with the maximum values, measured in 10-min
intervals) and L10 (average for the 10 consecutive hours with the
minimum values, measured in 10-min intervals), divided by their
sum (Martinez-Nicolas et al., 2019). To normalize relative amplitude
among variables (NRA), the highest and the lowest 5% values were
recoded as 1 and 0, respectively, and the values in between were
rescaled for the new range. The night phase markers were obtained
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using the timing for L5 (LE, BLE, A, TM and TAPL) or M5 (WT and
sleep), while the timing of L10 (WT and sleep) or M10 (LE, BLE, A,
TM and TAPL) was used as day phase markers, as previously
described (Martinez-Nicolas et al., 2011).

The Environmental Synchronization (ES) parameter was
calculated to characterize the level of synchronization between the
endogenous phase marker of one circadian variable during the resting
period (M5T or L5T) and the midpoint of natural darkness (Mnd),
taking as reference the official time in the location where the recording
is made (i.e. 2 am for Spain, considering standard or daylight-saving
time when appropriate) (Vicente-Martinez et al., 2023):

( [M5T or L5T — M,,| )
12

ES=1 -

Since the maximum possible desynchronization for one rhythm
regarding environmental darkness is 12 h, values are normalized
respecting this maximum value. Therefore, an ES = 1 occurs when
the midpoint of sleep coincides with the natural darkness, while an
ES = 0 would happen when the midpoint of sleep takes place at
2 pm.

The Internal Synchronization (IntS) was used as an indicator of
the coincidence between the circadian phases of different circadian
rhythms. IntS was calculated as the difference in phase (in hours)
between the timing of wrist temperature M5 and the timing of time
in movement L5, used as night phase markers, divided by 12h,
which is the maximum difference between the two variables
(Vicente-Martinez et al., 2023):

|WT TM5-TM TL5|
=( B )

IntS=1

This way, a subject with a timing of WT M5 at 3am and a timing
of TM L5 at 6am will have an IntS= 1- (|3-6|/12) = 0.75. IntS shifts
closer to 1 as the synchronization among the rhythms increases, and
an IntS equal to 0 means that the difference between the two
variable phases is 12.

Finally, two global indexes of the robustness of the circadian
system were calculated. First, the A/T index was calculated as the
ratio Acceleration M10/Time in movement L5 (Madrid-Navarro
et al,, 2018). If we consider A or acceleration of physical activity
during the day as an indicator of physical vigour and the TM during
the night as a marker of the fragmentation of the sleep rhythm, the
relationship between the two parameters makes it possible to
determine the degree of contrast between day and night and can
also be used as an indicator of biological ageing. In particular, low
values in this index reflect low levels of A during wakefulness
together with high values of TM during sleep (lower sleep depth),
indicating ageing and circadian frailty. Second, the Circadian
Health Status (CHS), which integrates three main characteristics
of a healthy rhythm: NRA, IS, and ES (Vicente-Martinez et al.,
2023). CHS was calculated as:

IS+ NRA + ES
3

CHS =
CHS values range from 0 to 1 where 1 means that a rhythm is

perfectly regular, with a high amplitude and centred in the
natural darkness.
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2.5 Calculation of sleep parameters

The sleep and wake periods were automatically inferred as
previously described; however, the precise moments at which the
subject went to bed and got up were recorded manually as there was
a great variability of habits among participants, so that the
calculation of sleep parameters was circumscribed to the periods
manually marked as bed periods. Bedtime was set after following a
drop in activity level and when visible light went off. Get up time
was defined using the following indicators: increase in activity level,
decrease in WT and increase in light level above 1.0 uW/cm?. The
rest of the sleep parameters were calculated automatically, as
described by Madrid-Navarro et al. (2019).

2.6 Night fasting

Volunteers were asked to indicate when they eat by pressing for
at the
beginning of each meal. Valid recordings from 9 blind participants
(51.6 + 4.8 years, 11% females) and 20 controls (52.0 + 1.5 years,
55% females) were gathered. Night fasting length, phase, regularity

five seconds the event marker button in the Kronowise®

and relationship with sleep were calculated. Particularly, regularity
was assessed with Composite Phase Deviation, as described by
Fischer et al. (2016).

2.7 Statistical analysis

While the control sample was constituted by 50% females,
representing the general population, the blind sample only counted
on 28% females, this gender being underrepresented regarding the
general blind population. Considering that it is difficult to access total
blind subjects and to have control over gender proportions, we
performed a two-way ANOVA to check for possible interactions
between ‘group’ (blind participants versus controls, CLP or NO CLP)
and ‘gender’ variables for every parameter and index. As only
significant results for WT NPIs between the ‘Blind’ and ‘Control’
populations were found, the remaining mean values of the circadian
and sleep parameters calculated by ACM for blind participants versus
controls, and CLP versus NO CLP were compared using an
independent-samples Student’s t-test after checking for data
normality (Kolmogorov-Smirnov test). Due to the high number of
tests, p values were corrected using the Benjamini-Hochber method,
in order to reduce the False Discovery Rate (Supplementary Table 1)
(Haynes, 2013). Only adjusted p values are shown in text and those
under 0.05 were considered statistically significant. All statistical
analyses were performed with IBM SPSS Statistics version 28.0.1.1
(SPSS, Inc., Chicago, IL, United States). All data are expressed as
mean = SEM and were processed using Microsoft Office Excel 2019.

3 Results
3.1 Causes of blindness

The aetiology of blindness among volunteers was very diverse
(Table 1), finding up to eight different causes in a sample of eighteen
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participants. Retinopathy of prematurity was the most frequent (5
cases), followed by traffic accidents causing ocular mass loss and/or
retinal detachment (4 cases), retinitis pigmentosa (3 cases),
glaucoma (2 cases), high myopia (1), brain tumour (1) and side
effects of anaesthesia (1) and penicillin (1).

Except for the cases affected by bilateral enucleation (2), it was
found that individuals diagnosed with the same ocular disease
declared different visual phenotypes (i.e. keeping or lacking CLP).

3.2 Gender interactions

Statistically significant interactions between group and gender
were only found for the wrist temperature rhythm (WT),
particularly for maximum night values (M5, F[1, 40] = 8.374, p =
0.030), regularity (IS, F[1, 40]= 6.980, p= 0.030), normalized
amplitude (NRA, F[1, 40]= 6.418, p= 0.030) and circadian health
score (CHS, F[1, 40]= 6.483,p= 0.030) (Tables 2 and 3). In general,
females showed higher WT CHS (this index integrates IS, NRA and
environmental synchronization) than males, this pointing to better
WT rhythms in females. These differences were particularly
significant in blind women compared to males (Figure 1).

When total blind participants were divided in two groups: those
with conscious light perception (CLP) and those without conscious
light perception (NO CLP), no statistically significant interactions
between ‘group’ and ‘gender’ were found for any non-parametric
index or sleep parameter (Tables 4 and 5).

3.3 Blind participants versus controls

Daily mean patterns of all recorded variables from blind
subjects under free living conditions and their controls are shown
in Figure 2, while their rhythmic characteristics are detailed in
Table 2. As expected, the rhythms of environmental light exposure
(LE, visible light; BLE, blue light) showed high exposure levels
during the day and low exposure levels during the night
(Figures 2A, B). Blind participants showed significantly lower LE
during the day, particularly indoors light (M10 for total LE,
p=0.038; Indoors, p=0.038; Outdoors, 0.055) (Supplementary
Table 2A) and NRA (p=0.038) than controls (Table 2). Besides,
blind subjects had lower LE levels in the 2h after waking (p<0.001)
than controls (Table 3). During the night, no statistical differences
in darkness length (442.0 + 14.7 min for blind participants and
440.6 + 8.4 for controls) and midpoint of the lowest light exposure
(LE L5T, Table 2) between blind participants and controls
were found.

On the other hand, acceleration (A) and time in movement
(TM) rhythms exhibited low values at night and high values during
daytime (Figures 2C, D, respectively). Blind participants showed
significantly lower A values during the day (M10, p=0.014)
(Table 2) and therefore, a significantly lower A/T index than
controls (p=0.024) (Table 3). Besides, blind subjects showed lower
A NRA (p=0.010) and A CHS (p=0.018) than controls. When
participants’ physical activity was categorized according to
intensity, we found that blind participants spent more time in
sedentary activities (p=0.018) and less time in moderate activities
(p<0.010) during daytime than controls (Supplementary Table 3A).
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TABLE 2 Non-parametrical indexes of circadian rhythms corresponding to the blind participants (n=18) or their respective controls (n=26).

NEE

Control Control Control Control Control

M5 - - 0.82 + 0.02 0.89 + 0.01 - - - - 333 +0.2 334 +0.1% - - - -

M5T - - 3.68 +0.31 3.94 +0.18 - - - - 525+ 1.10 4.17 £ 0.58 - - - -

L10 - - 0.01 +0.01 0.02 £ 0.00 - - - - 31.6 £ 0.2 31.7 £ 0.15 - - - -

L10T - - 14.39 + 0.52 14.22 + 0.32 - - - - 13.6 £ 1.1 144 +£0.7 - - - -
M10 0.49 £ 0.01 0.52 £ 0.01 - - 1.50 £ 0.13 1.89 £ 0.05 1.13 £ 0.10 1.39 £ 0.05 - - 154 £ 1.0 202+ 1.1 29.6 + 1.4 30.1+£1.0
MI10T 15.06 + 0.65 14.92 £ 0.32 - - 14.55 £ 0.31 14.53 £ 0.16 14.38 £ 0.26 14.52 £ 0.16 - - 155 £ 0.6 154 £ 0.4 14.9 £ 0.6 152 £03
L5 0.06 £ 0.01 0.05 £ 0.00 - - 0.01 £ 0.01 0.01 + 0.00 0.00 £ 0.00 0.00 £ 0.00 - - 2.36 + 0.14 2.11 £ 0.10 2.02 £ 0.30 132 £0.13
L5T 3.89 +0.29 3.85+0.17 - - 3.27 £ 0.30 3.62 +0.18 3.14+0.28 343 £0.21 - - 3.80 £ 0.29 3.87 £0.18 3.83 £0.30 3.84 £ 0.16
IS 0.48 £ 0.02 0.52 £ 0.01 0.65 + 0.03 0.72 £ 0.01 0.54 £ 0.04 0.62 + 0.02 0.49 £ 0.03 0.56 £ 0.02 0.39 £ 0.04 0.43 + 0.02* 0.32 £ 0.02 0.33 £ 0.01 0.45 + 0.02 0.45 £ 0.01
v 0.04 £ 0.00 0.03 £ 0.00 0.30 + 0.02 0.28 £ 0.01 0.07 £ 0.01 0.07 £ 0.00 0.08 £ 0.01 0.09 £ 0.00 0.0 £0.0 0.0 £0.0 0.37 £ 0.02 0.33 £ 0.01 0.25 £ 0.01 0.25 £ 0.01
NRA 0.43 + 0.01 0.48 + 0.01 0.81 + 0.02 0.88 + 0.01 0.50 + 0.04 0.63 + 0.02 1.00 £ 0.00 1.00 £ 0.00 0.35 £ 0.05 0.35 + 0.03* 0.37 £ 0.03 0.52 + 0.03 0.69 + 0.04 0.72 £ 0.03
ES 0.83 £ 0.02 0.84 £ 0.01 0.85 + 0.02 0.84 £ 0.01 0.87 £ 0.02 0.86 + 0.01 0.88 + 0.02 0.87 + 0.01 0.74 £ 0.07 0.81 + 0.03 0.84 + 0.02 0.84 + 0.01 0.83 + 0.02 0.84 + 0.01
CHS 0.67 + 0.01 0.70 + 0.01 0.78 + 0.02 0.83 £ 0.01 0.70 £ 0.02 0.76 + 0.01 0.58 + 0.02 0.63 + 0.01 0.43 + 0.04 0.46 + 0.02* 0.48 + 0.01 0.54 + 0.01 0.58 + 0.02 0.63 + 0.01
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Main characteristics of the circadian rhythms studied: TAPL (arbitrary units, 0-1), sleep probability, light exposure (LE, log; lux), blue light exposure (BLE, log, lux), distal skin temperature (WT, °C); acceleration of movement (A, g/30 sec); and time in movement (TM, sec/
min).

The values are expressed as the mean + SEM. M5 and M5T, mean value and mid-point time of the 5 consecutive hours with the highest values for WT and sleep probability; L10 and L10T, mean value and mid-point time of the 10 consecutive hours with the lowest values for
WT and sleep probability; M10 and M10T, mean value and mid-point time of the 10 consecutive hours with the highest values for TAPL, LE, BLE, A and TM; L5 and L5T, mean value and mid-point time of the 5 consecutive hours with the lowest values for TAPL, LE, BLE, A
and TM; BLE, blue light exposure; IS, interdaily stability; IV, intradaily variability; LE, visible light exposure; NRA, normalized relative amplitude; ES, environmental synchronization; CHS, circadian health status. P-values were corrected for multiple testing with the
Benjamini-Hochberg method. A student’s t-test was used to compare means from the blind participants and their controls for each variable and parameter Significant differences (p-adjusted<0.05) are shown in bold type. A two-way ANOVA was conducted to analyse possible
interactions between group (blind or control) and gender. ‘¥ symbols indicate that this interaction is significant (p-adjusted<0.05) for that variable and parameter.
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TABLE 3 Main sleep parameters from total blind participants (n=18) and
controls (n=26).

Blind Control

Sleep latency, SL (min) 14.6 + 2.1 119 + 0.7

Sleep Interval, SI 414.0 + 14.7 422.0 £ 8.0

WASO (min) 54.0 £ 5.8 439 £30

Sleep efficiency, SE (%) 81.6 + 1.4 85.9 + 0.7

Awakenings (n°/h) 28+0.2 31+02

Total time of movement, TTM (min) 9.0 + 1.1 9.0 +09

Activity 2h before SO (°) 9.4 +0.8 9.6 + 0.6
Activity 2h after waking (°) 145+ 1.2 205+ 1.1

A/T index 11.1+1.5 18.6 + 2.0

Internal Synchronization (IntS) 0.89 + 0.09 0.97 + 0.05
WT during sleep (°C) 333 +0.2 334 +0.1

WT 2h after waking (°C) 314 +0.3 314 +0.2
Visible light during sleep (log lux) 0.03 +0.01 0.02 +0.01
Blue light during sleep (log lux) 0.02 + 0.01 0.01 + 0.00
Visible light 2h before SO (log lux) 0.46 + 0.09 0.69 + 0.05
Blue light 2h before SO (log lux) 0.14 + 0.04 0.15 + 0.03
Visible light 2h after waking (log lux) 1.06 £ 0.11 1.71 £ 0.07
Blue light 2h before SO (log lux) 0.61 + 0.07 0.90 + 0.06
Napping time (min) 202+ 11.2 132+26

Data expressed as mean + SEM. AT, awakening time (last time period marked as sleep before
the get up time); SE, percentage of time asleep with regard to the time in bed; SL, total time in
minutes between bed time and SO; SO, sleep onset (first time period marked as sleep after bed
time); TIB, period of time between bed time and get up time; TST, time marked as sleep during
the sleep interval; TTM, total minutes in the sleep interval during which movement has been
detected; WASO, wake after sleep onset time (total minutes marked as awake after SO); WT,
wrist skin temperature. A student’s t-test was used to compare Blind participants, and Control
means for each parameter. P-values were corrected for multiple testing with the Benjamini-
Hochberg method. Significant differences (p-adjusted<0.05) are shown in bold type. A two-
way ANOVA was conducted to analyse possible interactions between group (blind or control)
and gender. No significant differences were found.

10.3389/fphys.2026.1787735

The distal skin temperature (WT) pattern of blind participants
and controls (Figure 2E) showed common rhythmic characteristics,
with high and relatively stable values during sleep time and low and
highly variable values during the active phase. When compared, no
differences in circadian parameters between the blind and control
populations were found.

The integrated variable TAPL (general activation) showed low
and stable values at night, and high and variable values during the
daytime. (Figure 2F). TAPL rhythm from the blind participants had
significantly lower values of NRA (p=0.047) and, consequently,
lower CHS (p=0.047) than that from controls (Table 2). Also, a
tendency to higher values during the night (L5, p=0.054) and lower
regularity (IS, p=0.054) was appreciated.

Finally, the sleep probability rhythm showed high values during
the night and low values during daytime, as expected, with an
afternoon peak associated to postprandial somnolence (Figure 2G).
Although night sleep length (360.0 + 14.0 min for blind volunteers
and 377.7 £ 7.8 min for controls) and midpoint (Sleep M5T,
Table 2) were not significantly different between blind volunteers
and controls, blind subjects had a lower sleep probability during the
night (M5, p=0 018) and lower values of NRA (p=0.030) than
controls (Table 2). Besides, blind participants showed a significantly
lower sleep efficiency (higher awake time during the sleep period,
p=0.002). Lastly, the regularity of sleep rhythm tended to be lower
in blind participants (IS, p=0.068).

3.4 CLP versus NO CLP

Daily mean patterns of all recorded circadian rhythms from
blind participants with CLP and with NO CLP were very similar
(Figure 3). When we compared non-parametric indexes from the
two groups, we found that WT rhythm was delayed during the night
in NO CLP compared to CLP (M5T, 3.03 + 0.54 vs 7.47 + 1.90)
being coherent with a worse environmental synchronization in this
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Mean-waveforms of wrist temperature for (A) total blind (blue line) and control subjects (red line) separated by gender and (B) male (purple line) and
female participants (green line) separated by group. n for blind male: 13, blind female: 5, control male: 13 and control female: 13. Data are presented
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TABLE 4 Non-parametrical indexes of circadian rhythms corresponding to the blind participants with conscious light perception (CLP, n=9) and the blind subjects with no conscious light perception (NO CLP, n=9).

Sleep
CLP NO CLP CLP CLP

M5 - - 0.81 + 0.03 0.83 + 0.03 - - - - 333402 334403 - - - -

M5T - - 380+ 050 | 3.56 +0.39 - - - - 3.03 % 0.54 7.47 + 1.90 - - - -

L10 - - 0.01+0.00 | 0.02+001 - - - - 317 0.2 315+05 - - - -

L10T - - 1449 +0.83 | 1430 + 0.66 - - - - 144+ 15 127+ 1.6 - - - -
MI10 | 0.50 +0.02 0.49 + 0.02 - - 1.58 + 0.20 1424017 | 11940169 & 1.06+0.14 - - 167 + 1.7 142+ 1.1 31.0 2.0 282420
MIOT | 1437 +092 1574 +0.91 - - 1471 +057 | 1439+030 | 1449 +047 | 1428 +0.24 - - 15.1 + 1.0 158 + 0.8 145 + 0.9 152 + 0.8
L5 0.06 = 0.01 0.06 = 0.01 - - 0.01+0.00 | 0.02+001 0.00 +0.00 | 0.00 + 0.00 - - 240 +0.13 231 %027 1.95 +0.28 2.09 +0.55
L5T | 4.14+040 | 3.64+044 - - 351047 | 3.04+040 | 339+039 | 2388+ 04l - - 4.00 + 0.40 3.60 £ 043 | 3.96 + 043 371 +0.44
IS 0.48 + 0.02 0.47 + 0.02 0.64+004 | 066+004 | 052+006 055005 048+ 006 | 0.50+004 | 039 +0.04 039 + 0.07 033 + 0.02 032 % 0.02 0.46 + 0.03 0.44 + 0.03
v 0034000 | 0.04+000 | 034+0.03 025 + 0.02 0.08 + 0.01 0.07 + 0.01 0.09 + 0.02 0.08 + 0.01 0.0 + 0.0 0.0+ 0.0 039 + 0.02 034 + 0.03 0.25 + 0.02 0.25 + 0.02
NRA | 044 +0.02 0.42 + 0.02 0.80 + 0.03 0.81 + 0.03 052+007 | 047 +006 | 0.99+0.00 1.00 + 0.00 033 + 0.04 037 +0.10 0.41 + 0.05 034 + 0.03 0.73 + 0.05 0.65 + 0.05
ES 0.82 + 0.03 0.84 + 0.02 0.85+0.04 | 085 +0.02 0.86 = 0.03 0.89 + 0.02 0.87 + 0.03 0.89 + 0.02 0.87 % 0.03 0.61 = 0.13 0.83 = 0.03 0.84 + 0.02 0.84 + 0.04 0.83 + 0.02
CHS | 067 +0.01 0.67 % 0.01 0.77 + 0.03 0.79 + 0.03 0.71 % 0.03 0.69 + 0.03 0.58 + 0.03 0.58 + 0.03 0.44 + 0.04 0.41 + 0.08 0.49 + 0.02 0.48 + 0.02 0.58 + 0.04 0.58 + 0.03

Main characteristics of the circadian rhythms studied: TAPL (arbitrary units, 0-1), sleep probability, light exposure (LE, log,, lux), blue light exposure (BLE, log, lux), distal skin temperature (WT, °C); acceleration of movement (A, g/30 sec); and time in movement (TM, sec/
min).

The values are expressed as the mean + SEM. M5 and M5T, mean value and mid-point time of the 5 consecutive hours with the highest values for WT and sleep probability; L10 and L10T, mean value and mid-point time of the 10 consecutive hours with the lowest values for
WT and sleep probability; M10 and M10T, mean value and mid-point time of the 10 consecutive hours with the highest values for TAPL, LE, BLE, A and TM; L5 and L5T, mean value and mid-point time of the 5 consecutive hours with the lowest values for TAPL, LE, BLE, A
and TM; BLE, blue light exposure; IS, interdaily stability; IV, intradaily variability; LE, visible light exposure; NRA, normalized relative amplitude; ES, environmental synchronization; CHS, circadian health status. P-values were corrected for multiple testing with the
Benjamini-Hochberg method. A student’s t-test was used to compare means from CLP and NO CLP participants for each variable and parameter. No significant differences were found. A two-way ANOVA was conducted to analyse possible interactions between group (CLP

or NO CLP) and gender. No significant differences were found.

‘le 1o ZaunJep-zaunep

§8//8/1'9202'sAUdy/6855 0T


https://doi.org/10.3389/fphys.2026.1787735
https://www.frontiersin.org/journals/physiology
https://www.frontiersin.org

Martinez-Martinez et al.

TABLE 5 Main sleep parameters from blind participants with conscious
light perception (CLP, n=9) and blind subjects with no CLP (n=9).

CLP NO CLP
Sleep latency, SL (min) 13.8 + 3.6 16.2 + 2.6
Sleep Interval, SI 4034 £17.2 430.8 + 25.1
WASO (min) 58.4 +£9.2 522 + 8.0
Sleep efficiency, SE (%) 80.4 + 2.6 822+15
Awakenings (n°/h) 33+03 23+02
Activity 2h before SO (°) 91+ 1.1 10.1 £ 1.1
Activity 2h after waking (°) 16.6 + 2.1 13.1 + 1.1
A/T index 103 + 1.7 10.8 £2.5
Internal Synchronization (IntS) 1.08 + 0.04 0.69 + 0.16
WT during sleep (°C) 334 +0.2 333+0.3
WT 2h after waking (°C) 316 £ 0.3 312+ 04
Visible light during sleep (log lux) 0.04 +0.02 0.03 +0.02
Blue light during sleep (log lux) 0.02 + 0.02 0.01 £ 0.01
Visible light 2h before SO (log lux) 0.53 + 0.14 0.31 +0.08
Blue light 2h before SO (log lux) 0.17 + 0.05 0.06 + 0.02
Visible light 2h after waking (log lux) 1.19 £ 0.18 0.96 + 0.14
Blue light 2h after waking (log lux) 0.66 + 0.11 0.59 £ 0.10
Napping time (min) 312 %225 114+78

Data expressed as mean + SEM. AT, awakening time (last time period marked as sleep before
the get up time); SE, percentage of time asleep with regard to the time in bed; SL, total time in
minutes between bed time and SO; SO, sleep onset (first time period marked as sleep after bed
time); TIB, period of time between bed time and get up time; TST, time marked as sleep during
the sleep interval; TTM, total minutes in the sleep interval during which movement has been
detected; WASO, wake after sleep onset time (total minutes marked as awake after SO); WT,
wrist skin temperature. A student’s t-test was used to compare CLP and NO CLP means for
each parameter. P-values were corrected for multiple testing with the Benjamini-Hochberg
method. No significant differences were found. A two-way ANOVA was conducted to analyse
possible interactions between group (CLP or NO CLP) and gender. No significant differences
were found.

group (ES 0.87 + 0.03 vs 0.61 + 0.13) but none of these differences
reached significance after correction (Table 4, Supplementary
Table 1). On the other hand, no differences for LE, BLE, A, TM
and sleep rhythms were found for any circadian parameter.

Time spent in in- and outdoors light (Supplementary Table 2B)
and in physical activities of different intensities (Supplementary
Table 3B) was not statistically different between CLP and NO
CLP either.

Regarding sleep parameters, no significant differences were
found after multiple test correction. However, on average, blind
participants with CLP seemed to be more exposed to blue light
during the 2h before sleep onset (0.17 + 0.05 vs 0.06 + 0.02). CLP
participants also tended to have an increased awakening rate during
the night (3.3 £ 0.3 vs 2.3 £ 0.2) and a higher inner synchronization
(IntS,1.08 + 0.04 vs 0.69 *+ 0.16) than those with NO CLP (Table 5).

Length and midpoint of night sleep and darkness were
represented for every volunteer during the 7 days of the
recordings (Figure 4). For every group analysed (control, CLP
and NO CLP), we found participants with entrained sleep
rhythms (like SB23-C16) and subjects whose sleep patterns
seemed to free run along the days (see for example SB23-C28).
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Besides, in most of the recordings, darkness exposure patterns were
almost identical to those of sleep.

3.5 Night fasting

Night fasting length was significantly shorter in blind
participants than in controls (646.0 = 21.3 vs 715.1 + 20.6
minutes; p= 0.037) (Figure 5). The blind subjects’ last meal of the
day happened later (22.0 £ 0.3 vs 21.1 + 0.2; p: 0.034) and was more
regular than that of controls, showing lower values of Composite
Phase Deviation (1.0 + 0.2 vs 1.8 + 0.3 hours; p: 0.034), while there
were no statistical differences in the first meal of the days’ time and
regularity. Considering that sleep length and midpoints were not
statistically different between both groups, the time between the last
meal of the day and either the sleep onset (2.5 + 0.3 vs 3.3 £ 0.2
hours; p: 0.058) and the sleep midpoint (5.9 + 0.3 vs 6.9 £ 0.2 hours;
p: 0.034) was shorter in the blind participants than in controls.

4 Discussion

In general, blind participants showed poorer circadian function
than controls, with most of the analysed rhythms presenting lower
amplitude. Surprisingly, blind volunteers did not show significant
differences in the circadian rhythms’ phase or in their
environmental synchronization (ES). When the daily sleep onset,
midpoint and offset of each individual were represented, we found
that the two most evident cases of free-running sleep among the
blind volunteers corresponded to individuals with bilateral
enucleation. Among the blind individuals who retained eyes, we
found some less patent cases that could match with a free running
sleep rhythm in both, blind participants who declared having some
sort of light perception (CLP) and those who lacked conscious light
perception (NO CLP).

This study has shown us the enormous variability in the aetiology
of blindness. We have found up to eight different causes of blindness
in a sample of eighteen participants and, except for the two individuals
who had lost both eyes, we cannot be certain up to what extent
ipRGC:s or the retino-hypothalamic tract (RHT) are impacted in each
condition since it is not usually assessed in the clinical practice, and
thus it is not generally consigned in the clinical history. Furthermore,
it must be considered that even individuals with the same diagnosed
ocular disease can have different visual (i.e. keeping or lacking CLP)
and circadian phenotype, as already described (Hull et al, 2018).
Therefore, we will need for future work to determine exactly how
melanopsin and ipRGC are impacted by visual diseases and the
development of a robust biomarker for personalized evaluation of
the circadian photoreception function is an obvious starting point
(Allen, 2019).

To make the picture even more complicated, we also found
some cases of free-running sleep in the control population, which
remarks the fact that circadian photoreception does not guarantee
entrainment since daily habits, not only light exposure but also
sleep patterns, physical exercise or feeding times among others, are
important contributors (Lazreg et al., 2011; St. Hilaire et al., 2007).
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If measured outside lab conditions, confounding factors can
disguise read-outs of circadian rhythms, for example, sleep/wake
cycles. Depending on the phase of the individual’s circadian clock,
participants with non-24-hour sleep-wake disorders may show
symptoms of delayed or advanced phases, or no circadian
abnormalities whatsoever. Therefore, the diagnosis of circadian
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disorders in the blind participants in real-life was an additional
challenge of this study.

Hartley et al. (2018) have stated that the key tool to investigate
circadian rhythm disorders is an objective record of sleep and wake
times over an extended period (weeks or even months when
necessary) and actigraphy is recommended in patients for whom
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FIGURE 3

Mean-waveforms for blind participants with conscious light perception (CLP) (light blue line, n=9) and blind subjects with no conscious light perception (NO
CLP) (dark blue, n=9) for: (A) visible light exposure; (B) blue light exposure; (C) acceleration of movement; (D) time in movement; (E) distal skin temperature;
(F) the integrated variable TAPL and (G) sleep. All variables are expressed as the mean + SEM.

there is a suspicion of a circadian rhythm disturbance. This  circadian monitoring (ACM), thanks to sensors included in the
wearable technology opens the possibility to study, on a long-  wristwatch-like Kronowise®, combines measurements of a)
term basis, a wide range of people in real-time conditions and  endogenous variables, such as skin temperature (Sarabia et al.,
provides, at the same time, information on a single individual that ~ 2008); b) zeitnehmers (Roenneberg et al., 2003) (German word
can then be used to guide health-related decisions. But there are  meaning timekeeper), such as motor activity and body position
other objective approaches that improve the performance of more dependent on willingness (Skeldon et al, 2017); and c)
actigraphy alone (Almaida-Pagan et al, 2022). Ambulatory  exogenous synchronisers or zeitgebers, such as light exposure. In
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fact, KW includes three light sensors to record visible, infrared and
blue light. The sensor for blue light is equipped with a filter that only
let circadian light through (Arguelles-Prieto et al., 2019), which is
the one primarily detected by the ipRGC. The ratio between

infrared/visible light makes it possible to determine the source of
light (i.e. natural, fluorescent, infrared, incandescent, or LED light),
providing information about life-style and the bidirectional
crosstalk between internal time and external synchronisers
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FIGURE 5
each parameter. * indicates p-adjusted< 0.05.

Night fasting of Blind (n=9, colour blue) and Control (n=20, colour red) participants. Individual values of last meal (circles), mid-fasting (squares) and
first meal (triangles) are represented. Lines and shades correspond to the mean and the standard error of mean, respectively. Around graph, their
corresponding average night sleep periods are shown with bars. A Student's t-test was used to compare Blind and Control participants means for
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(Arguelles-Prieto et al., 2019; Madrid-Navarro et al., 2015;
Martinez-Nicolas et al., 2011), with especial focus on light
exposure, which is paramount to determine a subject suffering
from chronodisruption (Erren and Reiter, 2013). It is true that
light is measured at wrist level, but according to literature it can
provide accurate light measurements relative to locating a calibrated
photosensor at the plane of the cornea (Figueiro et al, 2013).
Besides, ACM has been validated for sleep/wake detection (it
shows higher sensitivity and specificity than actigraphy alone) by
comparison with sleep diaries (Ortiz-Tudela et al., 2010) and
polysomnography (PSG) (Ortiz-Tudela et al, 2014a) and it can
be used instead of DLMO (dim light melatonin onset) to predict the
internal phase (Bonmati-Carrion et al., 2014). ACM has proven its
usefulness in very different populations, such as shift workers
(Gomez-Garcia et al., 2016; Moreno-Casbas et al., 2014), babies
(Batinga et al., 2015; Zornoza-Moreno et al., 2011), hypertensive
and patients with metabolic syndrome (Blazquez et al.,, 2012;
Corbalan-Tutau et al., 2011), ageing (Batinga et al., 2015;
Martinez-Nicolas et al., 2018), mild cognitive impairment (Ortiz-
Tudela et al., 2014b), sleep-disordered breathing (Martinez-Nicolas
et al., 2017), Parkinson s disease (Madrid-Navarro et al., 2018) and
cancer (Almaida-Pagan et al., 2022), among others.

As determined by ACM, blindness is linked to disruptions in
behaviour, as we can see in light exposure, with blind participants
showing significantly lower visible light exposure during the day
and thus, reduced amplitude of daily light-dark contrast, and
physical activity, with blind subjects showing lower activity values
during the day (mainly referred to acceleration or intensity), which
correlates with poorer sleep efficiency. These results would agree
with previous data showing poorer sleep quality in the blind
population (Lazreg et al., 2011; Medeiros da Silva et al., 2016) and
our methodology would point to light exposure and physical
activity as behavioural approaches to improve circadian and sleep
status of the blind population in future interventions.

For the first time, we analysed blind volunteers’ feeding times
over a week prospectively and found that their last meal of the day
happened later than in controls and blind participants’ night fasting
was shorter. Apart from inner, environmental and social times,
feeding schedules play an important role in regulating peripheral
clocks and metabolism (Lazreg et al., 2011; Lockley et al., 2007;
Sinturel et al., 2021; St. Hilaire et al., 2007; Wehrens et al., 2017) and
thus, more attention to this aspect will be necessary in
future research.

Interestingly, women showed higher wrist temperature during
the night than men, this being particularly marked in blind subjects.
This would agree with data from a previous study, in which adult
women showed a more robust WT pattern (lower fragmentation,
and higher night-time temperature, amplitude, circadian function
index, and first harmonic relative power) than men, although these
differences were lost with ageing, a period of life that was
consistently associated with a phase advance of the rhythm
(Batinga et al., 2015).

When subjects with CLP and NO CLP were compared, we
found no significant differences in circadian parameters for any
analysed rhythm. Only an interesting tendency was appreciated for
distal skin temperature from blind participants, with NO CLP
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having a delayed phase of nocturnal WT values regarding that of
blind subjects with CLP. This result might indicate that people
lacking CLP are prone to have worse environmental
synchronization of the most endogenous circadian rhythm
analysed. These data, if confirmed with future studies, would
point to possible alterations of the temperature rhythm in blind
subjects with NO CLP, which is directly regulated by the central
clock, and circadian alterations that were not clearly reflected
on sleep.

Summarizing, this study shows promising data pointing to
poorer circadian health in the blind participants, which could be
directly related to the impact of disease over circadian
photoreception and their self-selected light exposure but also to
disruption of daily habits that could also input the circadian system.
ACM allows for a multidimensional analysis of circadian function
and sleep in real life, considering light exposure and behaviour. For
future studies, we will need to increase the number of participants to
address important questions such as the effect of age of the onset of
blindness or the relationship between specific ocular diseases and
varying degrees of sleep/circadian disturbances. It will be also
necessary to objectively measure ipRGC and RHT integrity, e.g.
measuring the regulation of pupil size (Bonmati-Carrion et al.,
2016), as an initial screening in blind individuals. Better diagnoses
should in turn lead to a clearer understanding of how blindness
impacts circadian photoentrainment. As a result, we will be able to
recognise how the most promising therapeutic approaches can
be implemented.
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