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Introduction

Good glycemic control is extremely important in type 1 dia-
betes mellitus to reduce the risk of both microvascular and 
macrovascular complications.1-3 Despite the availability of 
insulins, pump systems, and self-management techniques, 
obtaining good control is difficult and not obtained by more 
than half of the patients. Frequency of self-monitoring of 
blood glucose is inversely related to glycated hemoglobin, 
but the mean use of finger strips in type 1 has been shown to 
be no more than 2.5 per day.4-6 The use of continuous glucose 
measurement (CGM) systems leads to better control and 
more time in range with less hypoglycemia and notably a 
better quality of life.7 Current CGM systems are invasive, 
costly, and can give skin problems. Also, the visibility of the 
external device is an obstacle for some patients. Therefore, 
there is a need for noninvasive, nonvisible devices. 
Noninvasive glucose measurement via the skin (BioMKR, 
GlucoWise, and Glucotrack) is under development or clini-
cal testing.8 Until our first report in 2018,9 attempts to 

measure glucose in tears have not resulted in the creation of 
a reliable device. This was reviewed by Baca et al in 2007 
and since then little has changed.10 The largest challenge in 
measuring in the eye has been identifying a method to mea-
sure in the eye without causing abrasion of the sclera result-
ing in artificially high glucose values while also being able to 
measure sufficient volumes of consistent tears in the eye. 
This report demonstrated the clinical evidence that these 
challenges have now been largely mitigated with the use of 
this sensor. After a successful pilot study9 we now show the 
results of the next 24 study participants.
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Abstract
Introduction: We recently published the results of a pilot study measuring glucose in tear fluid. We now show the results 
of an additional 24 patients.
Methods: Twenty-four subjects were recruited from Haaglanden Diabetes Centre. The patients reported in a fasting state 
and were given a meal with half the usual dose of insulin during the test. The device was applied under the lower eyelid. 
Glucose levels from capillary blood and interstitial fluid with a flash glucose measurement device were recorded every 
15 minutes; the current from the tear glucose sensor was recorded continuously. The eye surface and tolerability were 
regularly checked. A calibration algorithm to convert tear glucose to blood values was built using a neural network regression 
model and validated.
Results: No adverse events were attributed to the sensor coil placed under the lower eyelid. The mean absolute relative 
difference for the 24-patient subset was 16.7 (after 6 hours total time in the eye). The median absolute relative difference 
was 13.3. Compared to published data from Abbott (15.7 on day 1), the present device is comparable to Libre, considering 
that the device was allowed only one hour of equilibration time before the measurements were made.
Conclusion: The NovioSense Tear glucose sensor measures blood glucose values with an acceptable accuracy and may 
become a good alternative to invasive devices.
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Study Design (Statistical Method)

A power and sample size calculation was carried out using 
the historical data from our first phase II six-patient clinical 
trial. From this we determined that a sample size of 24 
patients was required to evaluate the data with statistical con-
fidence and standard power of no less than 0.9 at a confi-
dence of 95% (α = 0.05).

Patients and Methods

The device assembly, coating specifications, electrochemical 
measurement technique, calibration of the device, as well as 
functionality and use of the sensor are described in a previ-
ous report.9 In short, the device consists of a flexible, spring-
shaped coil coated with a proprietary hydrogel. The sensor 
has a classical first-generation enzymatic detection design. 
The devices are factory calibrated, which involve extensive 
calibration on a per-lot basis to determine a suitable set of 
calibration parameters for the device along with comparison 
to a proprietary model and data set on the performance of the 
sensor over time. The sensor can be easily placed into the 
fornix of the lower eyelid. In the moist surroundings of the 
lower eyelid, the gel coating will swell, creating a contact 
between the coil and fluid in the eye. The device contains no 
power source, and in the final embodiment, the readings are 
triggered by an external telemetry device, for example, a 
phone or stand-alone reader. For this study, we used the same 
prototype devices as employed in the pilot trial.

Patients with type 1 diabetes, already wearing a Freestyle 
Libre device for at least 24 hours, were recruited from the 
Diabetes Centre of Haaglanden Medical Centre. All patients 
were ≥18 years old on the date they signed the informed 
consent. Exclusion criteria were prior eye surgery, any his-
tory of disease of the eye like conjunctivitis, keratitis, dry 
eye, and wearing contact lenses, not willing or able to com-
ply to the protocol, or any signs or symptoms of an additional 
disease except diabetes.

Before positioning the device, the ophthalmologist exam-
ined each subject to exclude eye disease, trauma, or infec-
tion. An extensive ophthalmologic exam was performed to 
exclude any pre-existent anterior surface a disease test for 
lacrimal secretion, tear breakup time, Schirmer tear test, cor-
neal punctate staining, the appearance of the anterior cham-
ber, and photography of the ocular surface. Before insertion, 
the device was tested in sterile water to exclude the risk of a 
short circuit. After the insertion, the sensor was left in the eye 
for one hour to stabilize before the blood (Roche Accu-Chek 
Inform II) and interstitial glucose samples were taken and 
then recorded every 15 minutes for 5 hours; the current mea-
sured with tear glucose sensor was recorded continuously. 
The eye surface and lower eyelid and tolerability were regu-
larly monitored by the ophthalmologist and through ques-
tionnaires. One hour after start of the measurements, the 
patients took their normal meal with half the dose of insulin 
in order to let glucose values rise as high as about 15 mmol/L.

It was the intention of this study to determine the cor-
rect algorithm for conversion from tear glucose to blood 
glucose values; thus, after data collection, each sensor 
was postcalibrated following removal from the eye. The 
conversion algorithm for tears to blood used a combined 
calibration model from the factory calibration factors and 
the postcalibration; however, in practice, the results of 
using either/or method did not affect the mean absolute 
relative difference (MARD) or Clarke error grid data. All 
amperometry-based glucose-sensing techniques require 
an algorithm that contains multiple steps, especially in the 
case of continuous monitoring: filtering, smoothing, and 
application of a calibration factor. Intuitively this process 
requires additional steps when measuring blood glucose 
indirectly, that is, in a non-blood matrix in order to con-
vert to blood equivalent values. It was the purpose of this 
study to provide data to first examine the feasibility for 
measuring glucose in the tears in a clinical setting and 
secondly allow for the generation of an appropriate cali-
bration algorithm for the determination of the conversion 
of blood to tear glucose. Due to the lack of information in 
the literature this study and our previous report9 stand as 
the seminal works in the determination of blood glucose 
values from tears. In the course of this we have used a 
neural network model to carry out the conversion from 
tear to blood values due to its ability when properly cross-
validated (as was done here) to account for the as-yet 
unknown parameters for conversion. This is discussed in 
detail in the supplemental material.

For statistical analysis, the MARD and median absolute 
relative difference (MedARD) were calculated.

The study was approved by METC Zuidwest Holland, ID: 
NL66681.098.18 and Dutch Health Care Inspectorate, ID: 
VGR2009189 conducted between October 26, 2018 and 
January 18, 2019.

Results

Thirteen males, 11 females, aged 19-73 years, mean dia-
betes duration 25 years, were tested. Measured glucose 
values during the test ranged from 3.6 to 19.9 mmol/L. All 
patients completed the study. During the study, data from 
three patients were deemed unusable as the probe wires 
became irreversibly detached from their mounting and 
thereby the device became inoperable. The power was 
recalculated and found to be above 0.8. The study pro-
duced a total of 368 data points, which are further ana-
lyzed below.

Glucose in tear fluid was found to be significantly lower 
compared to blood glucose (Libre). An example of the tear 
glucose levels versus time is shown in Figure 1 (black line). 
Several parameters (noise, patient-specific factors, per-
batch variability) were identified that affect the tear- 
to-equivalent blood value. The model for tear-to-blood glu-
cose conversion published previously was only able to 
account for around 70% of the variation in the data.9
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The clark error grid arising from analysis according to our 
previous report (Kownacka et al.)9 is shown in Figure 2. The 
corrected tear glucose values according to this model are 
shown in Figure 1 (red line).

Due to the number of parameters involved in the conver-
sion and complexity of the interactions, a neural network 
regression algorithm was developed and cross-validated to 
convert tear glucose values-to-blood glucose equivalent val-
ues. The neural network can calibrate not only for sensor 
response but also for the unknown physiological conversion 
parameters.

The development of the regression method of the neural 
network is discussed in detail in the supplemental informa-
tion. The time versus blood glucose equivalent tear glucose 
values are shown in Figure 1 (green line) as well as the 

corresponding blood glucose values obtained from the 
Libre device (blue line).

The error grid analysis shown below (Figure 3) was 
derived from the trials using the neural network regression 
model. The error grid analysis of the 24 patient data set 
exhibited an excellent correlation between blood and tear 
glucose; 99.7% of data was found in the A+B region 
(Figure 3).

The calculated MARD for the 24-patient subset was 
determined to be 16.7 and MedARD was found to be 13.3. A 
significant number of outlying data points (10% of the data) 
skewed the MARD considerably.

Although the study was not designed to test compliance to 
ISO 15197:2013 in terms of protocol, study, sample size, and 
concentration range, it is a valuable measure for NovioSense 
device’s potential. The NovioSense tear glucose sensor could 

Figure 1.  Tear glucose versus time for patient 016. (a) Non-time-corrected data. (b) The time-corrected data (15 minutes). Timeshift is 
indicated by the gray dotted line.

Figure 2.  Error grid using previously published algorithm for the 
tear-to-blood glucose concentration.

Figure 3.  Error grids produced from the neural network 
regression model.
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measure 80% of the data points within ±15 mg/dL (±15%) 
accuracy criteria (Figure 4).

Tolerability

Detailed microscopic examination of the eye and inferior con-
junctival fornix carried out at various points of the trajectory 
of the study did not show significant adverse events. The pic-
tures of patients wearing the tear glucose sensor in the eye 
taken at different points of the clinical trial phase II can be 
found in our previously published paper.9 Results from oph-
thalmological measurements have shown good tolerability of 
wearing NovioSense tear glucose sensor. However, some of 
the subjects developed a slight conjunctival redness (mild irri-
tation) due to the probe wires exiting the eye, not as a result of 
the sensor itself. All patients could finish the five-hour test. 
The results of the questionnaires on tolerability are presented 
in Table 1. Most of the patients confirmed good tolerance to 
the device being present in the eye. Only two subjects had 
marginally less subjective tolerance to the ocular insert.

Discussion

Tear glucose was found to be much lower in tears than in 
blood glucose, which was consistent with reported data in 
our previous article and is also well known from literature.9-14 
The most recent publication on this topic is that of the group 
of Wang showing similar results for an eye glasses–based 
device.13 Our results suggest that the lag time between tear 
glucose and blood glucose appears to be around 15 minutes 
(Figure 3), which is similar to prior reports of interstitial 
fluid used, for example, in the Libre device.15 Evidence of 
the tear and blood glucose correlation with a lag time of 
15 minutes was already published in 2006 by Dr Wayne 
March et al.16 Also, several other studies have indicated that 

tear and blood sugar delay is around 10 minutes.8,16,17 
However, according to Zhang et al, the delay between blood 
and tear glucose concentration was around five minutes.18 
The clinical relevance of a delay is especially important with 
rapid rising or lowering of blood glucose values.

It is expected that tear glucose may not perfectly track 
with blood glucose; however, we showed that there is 
undoubtedly a significant correlation between blood and 
tear glucose.

Many factors affect the ability of the sensor to accurately 
predict glucose levels in tears of patients with diabetes. 
Therefore, in this study, a robust calibration with a newly 
derived algorithm utilizing a neural network for the conver-
sion of tear glucose to blood glucose was employed. The 
results suggest that the utilized neural network can enhance 
the accuracy of the noninvasive ocular insert. A neural net-
work approach was taken using regression analysis to deter-
mine blood equivalent values given the tear glucose and 
sensor parameters.

Accuracy metrics showed that the noninvasive nature of 
the NovioSense device could measure the blood glucose val-
ues from tears that are comparable with CGM devices avail-
able in the market, allowing patients to measure their glucose 
on demand, at least for the glucose values measured during 
this study. The Abbott Freestyle Libre device generally 
shows an MARD equal to 15.7 on the first day. Comparing 
the NovioSense device to this, it can be seen that the values 
are similar, considering that the device was allowed only 
five hours of performance time before the MARD was mea-
sured, and this is rather promising.

It should be noted that the ocular insert utilizes a factory 
calibration system, meaning no user calibrations are required 
during sensor wear duration. The sensor utilizes a cross-val-
idated artificial intelligence technique to transform tear glu-
cose to blood glucose. However, further research is needed to 
assess the effectiveness and performance for a longer period 
and at more glucose variation, for example hypoglycemia 
and glucose values above 15 mmol/L. Since this a pilot clini-
cal study we did not want to expose patients to extreme glu-
cose values. As published previously in both ex vivo and in 
vitro data the NovioSense sensor performs excellently in the 
lower glucose concentration regime (<4 mmol/L).9

Also, tolerability for more than five hours has to be stud-
ied, which is only possible with a wireless device.

Conclusion

We have conducted the first clinical trial, using a statistically 
significant sample size at a power of 0.8, showing that the 
NovioSense device measures glucose values from tears with 
an acceptable accuraccy, which is similar to that shown by 
commercial CGM devices on the first day. Further studies 
with more variation in glucose values and longer duration are 
warranted after building in a microchip for interface with, for 
example, a mobile phone.

Figure 4.  Analysis of NovioSense data versus blood glucose data 
following ISO 15197:2013 standard.
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