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Major advancements are expected in medicine and healthcare in the 21st century- “Digital
Age”, mainly due to the application of data technologies and artificial intelligence into
healthcare. In this perspective article we share a short story depicting the future Cushings’
Disease patient and the postulated diagnostic and management approaches. In the
discussion, we explain the advances in recent times which makes this future state
plausible. We postulate that endocrinology care will be completely reinvented in the
Digital Age.
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SHORT STORY: THE MIDNIGHT SUN

23 June 2051
00:00:
Sound exposure: limited to the breathing sounds & background noise
Light exposure: no blue light exposure.
Heart Rate: Normal
Systolic Blood Pressure: Trending higher at night
Diastolic Blood Pressure: Trending higher at night
Glucose: Trending higher
Hypnograph: Stage 3/Stage 4 sleep.
Stress level: “High”
Cortisol Level: “High” from 00:00 to 24:00
23 June 2051
06:00:
The alarm gently rings and plays “Good morning”.
Sunlight creeps through the curtains and fills the room with warmth and light.
Claire awakens, rubbing her eyes seeing the analytics of the previous day affirming good

productivity and excellent sleep patterns. A red notification blares on the side indicating high stress
levels throughout the night, tense muscles around the head and forecasting a feeling of headache
that may prop up in the day, suggesting a dose of painkiller before work. The weather outside is
reported as very good with no rains and work schedule is displayed after that.
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The living room and kitchen is spick and span; the bath water
exactly 37 degrees Celsius, the day’s clothes laid out- creaseless
and ironed. Breakfast table is laid with 2 eggs, sunny side up.

The self-driving ride is on time with the first meeting on the
way to work. The planned day runs smoothly. The bank account
at 15:00 hours shows that the amount has increased as expected.
The watch detects an exercise pattern in the evening, a slow walk
for 60 minutes with increase in heart rate to warm up level. The
10,000 steps goal for the day was achieved.

Bright red – the notification remains visible on the side and
beams again indicating nocturnal trend of high stress in the
evening. A reminder to watch the trend is added to her
digital notes.

30 June 2051
06:00
Alarm beeps: Reminder: check the detailed analytics (Figure 1).
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Heart Rate: Trending higher
Heart Rate Variability: Trending Lower
More information: see detailed analytics
Systolic Blood Pressure: Abnormal
More information: see detailed analytics
Diastolic Blood Pressure: Abnormal
More information: see detailed analytics
Glucose: Abnormal
More information: Baseline trend higher; see detailed analytics
Hypnograph: Awake.
Stress level: “Very High”
Cortisol Level: “High” from 00:00 to 24:00
More information: No Dip of cortisol levels at night; see
detailed analytics

1 July 2051
06:00
FIGURE 1 | Deep Analytics interface showing the difference in daily patterns. Blood Pressure: Systolic and Diastolic blood pressure has a diurnal circadian rhythm
with a nocturnal dip in the month of May; this dip is decreased in the month of June with an overall increase. Heart Rate is trending overall higher in June when
compared to May. Heart Rate Variability assumed to be time interval (RR interval) is normally highest at night and lower in the early morning with subsequent increase
as seen in May. This pattern is attenuated with an overall decrease in June. Glucose monitoring shows an overall baseline increase in glucose and the nocturnal dips
are attenuated with post-prandial surge. Cortisol day curve shows attenuation of the circadian rhythm and overall very high levels.
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https://www.frontiersin.org/journals/endocrinology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/endocrinology#articles


Dalan et al. The Midnight Sun
Alarm beeps: The stress hormones are in dangerous high
levels, please visit the nearest healthcare facility for
deeper analysis.

The morning ride slows at the entrance of a healthcare facility
and signals -disembarkation. Claire alights and enters the
reception grumbling about the ‘obvious glitch in the watch’.
They take the wearable and download all the data to the nearest
workstation. Indeed, very high cortisol levels with a loss of the
usual circadian rhythm in all parameters is observed. A higher
order specialist workstation (termed Endocrinology) is assigned
to Claire. She waits for her turn; foot tapping impatiently and
enters the room. An endocrinologist is seated at the computer
table. She smiles serenely and asks about the day, general feelings,
and emotions. The Heart rate monitor reflects an increase, as
Claire feels visibly uncomfortable sharing deep thoughts with a
stranger. A new watch is given to her with an additional chip
which would measure the levels at increased intervals, more
precisely, throughout the day for next week and upload results to
her doctor’s database. The situation would be reviewed in one
week to decide upon the next course of action.

The week passes routinely. The only reminder is on the day of
the appointment when the ride slows again in front of the
healthcare facility. This time, the lady is whisked directly into
her endocrinologist’s room. The data, uploaded live and
pathways studied, shows high hormones -steroids with an
active pituitary to adrenal pathway suggesting a pathology in
the pituitary gland. The proposed diagnosis is explained, and a
small chip is inserted underneath her collar bone. After the chip
insertion, she is made to pass through a scanner and remain
there for 5 minutes.

The screen confirms the diagnosis: Cushing’s disease:
microscopic hot spot in pituitary. The next screen
recommends an available specific targeted treatment to target
this region deliverable through a small nano-based therapeutic
implant on the forearm.

Claire is free to go after that. Daily circadian patterns,
monitored through the watch, slowly returns to normal within
a month. Every time a similar increase in cortisol levels over a
threshold is seen, an additional dose is delivered remotely
through the same implant.

No further alarms are heard as life continues as usual.
DISCUSSION

In the 20th century, practice of medicine and healthcare benefited
from significant scientific breakthroughs. We are at inflection
point for another incredible breakthrough in healthcare – in the
sense that digitization will enable the application of data
technologies and artificial intelligence into healthcare. The term
‘digital biomarker’ has been introduced. FDA defines a digital
biomarker as “characteristic or set of characteristics, collected
from digital health technologies, that is measured as an indicator
of normal biological processes, pathogenic processes, or responses
to an exposure or intervention, including therapeutic
interventions” (1). This ability to derive biomarkers from daily
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patterns can potentially provide context to enrich normal values
for the population, derive individual person-centric baseline
values, and assess changes in health status over time to make
clinical diagnosis. Modern-day wearables can be in the form of
headbands, sociometric badges, camera clips, smart watches or
sensors embedded in clothing and have the ability to monitor vital
physiological measurements such as heart rate, electrocardiogram,
heart rate variability, respiratory rate, oxygen saturation,
temperature, pressure sensors, activity levels, sleep patterns,
environmental sound and light exposure etc (2). The
requirements for authorisation by the U.S. FDA or regulatory
CE-marking, remuneration, and privacy/data security depend on
the specificities of the product, its purpose, the technology, the
risks and benefits, and the data it processes.

Devices with capability to measure blood pressure, in the
form of multi-parameter, miniaturized solutions for home
environments are currently being pursued with great interest
(3). Correlations of ambulatory blood pressure, especially high
nocturnal blood pressure with cardiovascular risk has been
observed and automated methods of blood pressure
monitoring are being encouraged (4). Various techniques are
being exploi ted for these measurements including
miniaturization of cuff oscillometry, tonometry, pulse
propagation techniques and pulse wave analysis (3, 5). Pulse
propagation techniques include using the PTT (pulse transit
time) or the PAT (pulse arrival time) (time required for the pulse
to travel between 2 arterial sites) is directly proportional to the
blood pressure. Photoplethysmography (PPG) uses optical and
inertial sensors to detect blood flow patterns. The technology
indirectly measures the blood flow rate through the amount of
light absorbed or reflected by blood vessels. Since the relationship
between PPG and blood pressure is non-linear, a machine-
learning algorithm is used to convert blood flow information
to blood pressure measurement. As more data is collected, the
algorithm will get more precise (3, 5). Protocols for validation of
these ambulatory blood pressure measurements are being
developed and some of these devices will likely receive
regulatory approvals in the near future. Please see Table 1 for
a summary of devices with FDA approval or CE mark.

Currently, non-invasive methods for glucose measurements
in a simple wearable like a watch, are under development.
Methods using a subcutaneous wired enzyme glucose sensor
inserted in the body which transmits data to a smart phone are
available and approved by the FDA (6–8) (Table 2). These
systems can be applied by self (6, 7) or need to be implanted
by a healthcare professional.

Cortisol rises early in morning and is highest before
awakening, it falls naturally throughout the day and can spike
in response to meals and to stress. Current methods for
measuring cortisol concentrations is a laboratory-based blood
test and is time consuming. Increasingly more rapid and direct
plasma assays are being developed (9, 10). Salivary and sweat
cortisol concentrations reflect the systemic steroid
concentrations (11, 12). In terms of development, several
independent researchers across the globe are working on
systems which can be used to measure cortisol concentrations
July 2022 | Volume 13 | Article 943993
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in body fluids and can thus be estimated on a superficial patch or
wearable. A cortisol sensor has been formulated using extended
gate-field-effect transistor (13–17). This has been developed as
wearable contact lenses which can detect cortisol concentration
in tears (13). This cortisol sensor is integrated with transparent
antennas and wireless communication circuits to link with the
smartphone (14). A similar sensing system applied on the wrist
with capability to measure sweat cortisol levels has been
developed and tested which shows promise (14–17) (Table 3).
It is very likely that such a device will be developed and
integrated into the traditional wearable watch as cortisol levels
have applications in measurement of daily stress or
allostatic load.

With regards the percentage of population using a wearable,
whether the utopian type of order written in this short story can
be true, is also highly probable. Insurance companies or other
healthcare payers are likely going to mandate wearing of a daily
wearable, so to enable preventive care. It is likely that the
premium rates may be higher in individuals refusing to comply
in the beginning but in the long run when the population adopts
this technology, it will become a mainstay.

This lady above has ACTH-dependent Cushing’s syndrome
secondary to a pituitary adenoma also called Cushing’s Disease
(CD). Cushing’s disease was first described in a landmark
Frontiers in Endocrinology | www.frontiersin.org 4
monograph more than a century ago, in 1910 by Dr. Harvey
Cushing. He described his first patient, Minnie G. to have “…
syndrome of painful obesity, hypertrichosis, and amenorrhea,
with overdevelopment of secondary sexual characteristics
accompanying a low grade of hydrocephalus and increased
cerebral tension. Pituitary, adrenal, pineal or ovary?” (18–21).

Diagnosis and management of CD has evolved significantly in
the last century. Despite the advances, significant pitfalls and
challenges remain. The typical patient presents 5-10 years into
the illness, when the high cortisol hormones lead to downstream
multi-organ problems. They present to healthcare when frank
symptoms and signs are visible which includes significant change
in appearance (moon shaped facies, central obesity) and change
in metabolic status (hypertension, diabetes mellitus) and body
composition (central visceral obesity and osteoporosis). After
clinical suspicion, multiple tests (1mg dexamethasone
suppression test, 24 hrs urine free cortisol, midnight salivary
cortisol, ACTH, cortisol assays) are required to confirm the
diagnosis. Once diagnosis is confirmed, then localisation is
extremely challenging and pituitary adenomas secondary to
Cushings’ is detected on magnetic resonance imaging with
sensitivity ranging from 42% to 85%. Early, small lesions <4
mm in size are even more difficult to localise. Functional
imaging, in the form of 11c-methionine PET, is still under
TABLE 1 | Blood pressure monitoring devices with FDA approval or European CE Mark.

Device Technology Calibration Regulatory
Approval

1. Omron Heartguide (OMRON Corporation, Japan): wrist watch
2. Caretaker 4 (Caretaker Medical, US): wrist mounted with
inflatable finger cuff

Cuff Oscillometric Method: Integration of miniature cuff into a
smart watch

Self-calibration 1. FDA approval
2. FDA approval

3. BPro (Healthstats, Singapore) Wrist watch radial artery -Tonometry Requires
calibration

FDA Approval

4. Biobeat Pulse Arrival Time (PAT) Requires
calibration

FDA Approval

5. Aktiia Photoplethysmography (PPG) and Pulse Wave Analysis Requires
calibration

CE Mark
Ju
ly 2022 | Volume 1
TABLE 2 | FDA approved methods of non-invasive continuous glucose monitoring.

Method Frequency Application Duration Calibration

1. Abbot Freestyle Libre
systems

Subcutaneous wired enzyme glucose sensing
technology

1 minute Self 14 days Factory-calibrated

2. Dexcom G6 system Subcutaneous wired enzyme glucose sensing
technology

5 minutes Self 10 days Factory-calibrated

3. Ever sense CGM systems Fluorescent sensor 5 minutes Healthcare
provider

90-180
days

User calibrate 1-2 times a
day
TABLE 3 | Current and upcoming methods of cortisol assessment.

Test Principle Sample Time

1.EIA (competitive, chemiluminescence) Serum/Plasma 18-40 min
2.ECLIA (Competitive electrochemiluminescence immunoassay) Serum/Plasma/urine 18-40 min
3.CMIA (Competitive Chimiluminescence Microparticle Immunoassay) Serum/Plasma/saliva 30 min
4.EIA (competitive, dry technology chemiluminesence) Serum/Plasma/saliva/urine 10 min
5.LC-MS/MS Serum/Plasma/saliva/urine Varies depending on lab; direct measurement shortens time
6. Wireless immunosensing of cortisol through contact lenses Tears Instant
7. Graphene based wireless Wearable device Sweat Instant mobile technology
3 | Article 943993
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research development. The invasive inferior petrosal sinus
sampling needs to be performed which can localise the lesion
at best to the pituitary gland only (21). Many of the tumours are
sent for surgery without localisation and are localised
intraoperatively (22). Surgical treatment is the mainstay for
pituitary adenomas but remains challenging and only a
handful of patients go into remission (at best 60-70%) (23).
Medical treatment has evolved with 2 FDA approved
therapeutics (pasireotide and mifepristone). However, even
these are not superior to curative excision (24).

Early diagnosis in CD can be made through changes in
heart rate and blood pressure dynamics (25, 26). The
hypothalamic-pituitary-adrenal axis (HPA), responsible for
the circadian rhythm of endogenous cortisol secretion,
contributes to the circadian rhythm of blood pressure (26).
In CD, the typical dip in nocturnal blood pressure (lower by
10% from baseline) is absent and the daytime heart rate is
higher (25). Heart rate variability shows a characteristic
pattern in terms of circadian differences and the typical
pattern of highest between 10-2 PM at night is attenuated in
Cushings disease (27). Corticosteroids also affects insulin
signalling pathways directly and through an increase in
growth hormone and results in higher post prandial glucose
and blunted circadian pattern (28). A characteristic pattern
has also been reported in patients with acromegaly, a pituitary
condition with high growth hormones even before it affects
glucose tolerance (29).

Differential diagnosis includes: Phaeochromocytoma, and
primary aldosteronism. Periodic patterns would suggest
phaeochromocytoma and similar pattern as CD with normal
steroid concentrations suggest primary aldosteronism.

Adrenal and pituitary incidentalomas are commonly
detected during screening for non- related medical concerns.
These may represent subclinical hypercortisolism (30, 31) in
otherwise clinically asymptomatic patients. The wearables can
potentially be used to ascertain subclinical disease and to
differentiate from pseudo-Cushings’ syndrome (occurs in
obesity, alcoholism etc). Conversely, with the advent of
regular wearables incorporating cortisol, it is possible that
such subclinical glucocorticoid excess will be detected more
frequently and may even be the causative mechanism in some
patients with metabolic abnormalities. We envision that
initially, the wearables will be useful in patients with clinical
suspicion like above. However, with time as more long term
longitudinal data is collected in the population (over 10-20
years), big data analytics is set to uncover digital biomarkers
(patterns) that can be used to make an early diagnosis before
definite clinical signs appear. We envision that by 2051,
preventive care with remote digital monitoring is highly
probable at a population scale level.

Next steps for localisation require the characterisation of
CRH-ACTH-cortisol pathway (32). Cushings disease has a
unique metabolomic signature (33) and with advancement in
omics platforms (34), and in artificial intelligence predictive
analytics it is highly probable that the pathway can be used to
identify the active areas.
Frontiers in Endocrinology | www.frontiersin.org 5
Pituitary lesions in Cushing’s syndrome are only detected by
MRI in <60% of cases. Hybrid imaging combining PET and MRI
such as 11C-methionine PET co-registered with volumetric MRI
will likely improve the sensitivity and specificity in the near
future (35). As novel data reveals more information on exact
gene and protein expressions in these tumours, it will become
possible to design advanced functional imaging methods which
targets these areas to show “hotspots”.

Molecular targeted therapies such as ACTH antagonists
(36) or melanocortin type 2 receptor (MC2R) (37), EGFR,
retinoic acid receptors, CDK with specific inhibitors for CD,
and cyclin E-Mediated Human Proopiomelanocortin pathway
(38–42) are being developed. Efficiency in targeted delivery
can be achieved with the conjugation of drugs with target cell
surface-targeting moieties and encapsulation of unique
nanocarriers/nanoparticles (43). Studies evaluating the
clinical efficacy of these therapeutics will bring some of
these into clinical practice.

While the above case vignette, appears to be a sci-fi fantasy and
significant challenges in each area of diagnostics and therapeutics
remain; the wearables and the massive data that will be accrued,
will likely transform healthcare through predictive modelling and
implementation of personalised care. One of the key factors for
successful implementation is defining specific problems for
targeted wearable solutions in specific disease states and
establishing partnerships with clinician champions (44). We
envision that these methods are set to bring about a major
paradigm shift in the management of most endocrine related
conditions. The practice of endocrinology is set to evolve
significantly in the coming decades.

At the turn of the 20th century, Dr. William Osler said:
“Listen to your patient; he is telling you the diagnosis,”
In the 21st century:
“Look and analyse the digital physiological and behavioural

trends; therein lies the diagnosis”.
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