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Abstract : Background : FreeStyle Libre uses the algorithm to calculate the sensor glucose (SG) levels. The man-
ufacturer announced that they had changed the algorithm from the first generation (Gen. 1) to the third gener-
ation (Gen. 3). To assess the difference, we conducted an observational study to analyze the characteristics of
the measurements by these two algorithms compared to the capillary blood glucose (BG) levels. Methods : Par-
ticipants with type 1 diabetes wore two FreeStyle Libre sensors, one on the left arm used with Gen. 3 algo-
rithm, and another on the right arm used in combination with the FreeStyle Libre Reader with Gen. 1 algorithm.
Results : Data were collected from 11 participants. The Bland-Altman analysis of the measurements by Gen. 3
algorithm showed bias of 7.4 mg/dl and no proportional bias was observed (r=0.130). In contrast, the Bland-Al-
tman analysis of the measurements by Gen. 1 algorithm showed bias of 4.4 mg/dl and proportional bias was ob-
served (r =0.424). The MARD of Gen. 3 algorithm and Gen. 1 algorithm was 11.9 + 9.0% and 9.7 + 8.3%, respectively
(P =0.053). Conclusion : No proportional bias in the measurements by Gen. 3 algorithm was observed, but in those
by Gen. 1 algorithm. J. Med. Invest. 71:225-231, August, 2024
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(3). However, the difference in the modality of reference BG
levels makes it difficult to compare their accuracy directly. To di-
rectly assess the accuracy of the two algorithms using the same
reference, we conducted an observational study to analyze the
characteristics of the measurements by these two algorithms.

INTRODUCTION

The use of continuous glucose monitoring (CGM) has be-
come very common, especially in patients with type 1 diabetes
(T1D), based on accumulated evidences of its benefits (1). CGM
measures glucose concentration in the interstitial tissue, and
display sensor glucose (SG) levels using algorithm equipped in
each model of CGM. Abbott Diabetes Care (Alameda, CA, USA),
the manufacturer of the intermittent-scanning CGM (isCGM)
device FreeStyle Libre (original version without alert function),

METHODS
Study design

had announced that they had changed the algorithm used to
calculate the SG levels from the first-generation algorithm
(Gen. 1) to the third-generation algorithm (Gen. 3) ; however, the
technical details have not been disclosed yet. The manufacturer
reported that the mean absolute relative difference (MARD) of
Gen. 1 algorithm was 11.4% compared to the capillary blood glu-
cose (BG) levels measured by the self-monitoring of BG (SMBG)
(2) ; in contrast, the MARD of Gen. 3 algorithm was 9.2% com-
pared to the venous BG levels measured at the central laboratory
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This study was a multicenter, single-armed, observational
study. The participants continued their treatment of T1D as
usual. Participants wore two FreeStyle Libre sensors, one on the
left arm used in combination with the FreeStyle Libre Reader
with Gen. 3 algorithm, and another on the right arm used with
Gen. 1 algorithm. FreeStyle Libre sensors with a single serial
number (6778572) was used. Capillary BG levels were measured
by FS precision electrode. After 14 days of usage, data were
downloaded from both the FreeStyle Libre Reader with Gen.
3 algorithm and that with Gen. 1 algorithm to computers for
analysis.

The primary outcome was the Bland-Altman analysis of the
SG levels measured by FreeStyle Libre Reader with Gen. 3
algorithm compared to the capillary BG levels. The secondary
outcomes included Bland-Altman analysis of the SG levels mea-
sured by FreeStyle Libre Reader with Gen. 1 algorithm compared
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to the capillary BG levels, correlation between the SG levels
measured by FreeStyle Libre Reader with Gen. 1 algorithm
and the capillary BG levels, between the SG levels measured by
that with Gen. 3 algorithm and the capillary BG levels, between
the SG levels measured by FreeStyle Libre Reader with Gen. 3
algorithm and that with Gen. 1 algorithm, MARD, mean abso-
lute difference (M AD), median absolute relative difference (Me-
dARD), median absolute difference (MedAD), the Clarke error
grid analysis and the Parkes (Consensus) error grid analysis.

Study participants and setting

Twelve participants were recruited at the following study
cites ; NHO Kyoto Medical Center (n = 4), Kobe University (n = 4)
and Tokai University (n = 4). Inclusion criteria were ; being diag-
nosed as T1D according to the criteria by the Japan Diabetes
Association (4), aged 20 years old or more, and using FreeStyle
Libre. Exclusion criteria were ; having end-stage renal failure
(either on hemodialysis or after kidney transplantation), being
blind, having an implanted medical device such as a pacemaker
or being unable to participate based on the opinion of the treat-
ing clinician.

The study was conducted in an outpatient setting and the data
was collected between 1 August 2022 and 13 October 2022.

Variables

The SG levels downloaded from FreeStyle Libre Reader with
Gen. 3 algorithm or FreeStyle Libre Reader with Gen. 1 algo-
rithm, and capillary BG levels were used for the analysis. Pri-
mary outcome was the Bland-Altman analysis of the SG levels
of Gen. 3 algorithm compared to capillary BG levels. Secondary
outcomes included Bland-Altman analysis of the SG levels of
Gen. 1 algorithm compared to capillary BG levels, MARD,
MAD, MedARD, MedAD, Clarke error grid analysis and Parkes
error grid analysis.

Data sources and measurements

The data of the SG levels and the capillary BG levels were
downloaded from FreeStyle Libre Reader with either Gen. 3 al-
gorithm or Gen. 1 algorithm at each study cite. The capillary BG
levels were measured by F'S precision electrode and FreeStyle
Libre Reader ; the SMBG function did not differ between Free-
Style Libre Reader with Gen. 3 algorithm and Gen. 1 algorithm.

Bias

All the obtained SG data were used for generating measure-
ment triplets to avoid selection bias.

Statistical analysis

Triplets of the SG levels (Gen. 3 and Gen. 1) and the capillary
BG levels with a timestamp less than 3 minutes difference to
each other were used for the analysis. Pearson’s r correlation co-
efficient was used to evaluate the linear correlation between two
variables, and interpreted as follows : Less than 0.3 was consid-
ered poor correlation, 0.3 to 0.5 fair, 0.6 to 0.8 moderately strong,
and at least 0.8 very strong (5). Comparisons among the groups
were performed by an unpaired Student’s t-test or Mann-Whit-
ney U test. Bland-Altman analysis was conducted to analyze the

Table 2. SG levels and capillary BG levels.
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agreement between the two different methods, and the upper
limit of agreement (ULoA) and the lower limit of agreement
(LLoA) represented the 95% confidence interval (95%CI) of the
bias (6). MARD, MAD, MedARD, and MedAD were calculated
using the pooled triplets of the SG levels (Gen. 3 and Gen. 1) and
the capillary BG levels. Clarke error grid analysis and the Parks
error grid analysis for T1D were used to evaluate clinical signif-
icance of the inaccuracy in the measurements of glucose levels
(7-9). Passing-Bablok regression analysis was used to estimate
the agreement and possible systemic bias between two analytical
methods (10). Analyses were conducted using R version 3.4.3 (R
Project for Statistical Computing, Vienna, Austria).

RESULTS

Written informed consent was obtained from 12 participants.
One participant voluntarily withdrew from the study before
starting the observation. The characteristics of the 11 partici-
pants who completed the observation are summarized in Table 1.

To analyze the accuracy, 125 triplets of SG levels (Gen. 3 and
Gen. 1) and the capillary BG levels were used ; these triplets
were derived from 10 participants, as no triplet was obtained
from one participant. The mean and median SG levels by Gen. 3
algorithm, SG levels by Gen. 1 algorithm and capillary BG levels
are shown in Table 2. There was strong correlation between the
senor glucose levels by Gen. 3 algorithm and the capillary BG
levels (- = 0.938), between the senor glucose levels by Gen. 1 and
the capillary BG levels (- = 0.958), and between the senor glucose
levels of Gen. 3 and the senor glucose levels of Gen. 1 (-=0.961).

The Bland-Altman analysis of the measurements by Gen. 3
algorithm using capillary BG levels as control showed the bias
of 7.4 mg/dl, 95% CI [3.7, 11.1], with ULoA being 48.4 mg/dl,
95% CI [42.1, 54.7], LLoA -33.5 mg/dl, 95% CI [-39.8, -27.2]),
and no proportional bias was observed (- = 0.130). However, the
measurements by Gen. 1 algorithm showed the bias of 4.4 mg/dl,
95% CI [1.0, 7.9], with ULoA being 42.9 mg/dl, 95% CI [37.0,
48.9], LLoA -34.1 mg/dl, 95% CI [-40.0, -28.1], and proportional
bias was observed (r=0.424) (Figure 1). The MARD of Gen. 3

Table 1. The characteristics of the participants.

Variables
Age, years 59.0+£9.9
Male, % 45.5
Height, cm 161.5+7.1
Body weight, kg 58.3+14.8
Body mass index, kg/m? 22.2+4.4
HbA1lc, % 76+0.8
Handedness, %

Right 81.8

Left 9.1

Cross-dominance 9.1

N =11. Numbers are percentage or Mean = SD.

SG levels by Gen. 3 SG levels by Gen. 1 Capillary BG levels
Mean, mg/dl 161.0+60.2 158.0 +65.8 153.6+57.6
Median, mg/dl 154 [118, 197] 148 [107, 197] 145 [110, 194]

N =10. Triplets = 125. Mean + SD or Median [25%, 75%].
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algorithm and Gen. 1 algorithm compared to capillary BG levels
was 11.9+9.0% and 9.7 + 8.3%, respectively (P =0.053) ; the
MAD of Gen. 3 algorithm and Gen. 1 algorithm was 17.1 +14.0
mg/dl and14.8 + 13.5 mg/dl, respectively (P =0.187) ; the Me-
dARD of Gen. 3 algorithm and Gen. 1 algorithm was 9.8% and
8.5%, respectively (P =0.040) ; The MedAD of Gen. 3 algorithm
and Gen. 1 algorithm was 14 mg/dl and 11 mg/dl, respectively
(P=0.086) (Table 3). The Clarke error grid analysis demonstrat-
ed that 99.2% of measurements by Gen. 3 algorithm belonged
to zone A+B, and 100.0% of those by Gen. 1 algorithm belonged
to zone A+B (Figure 2 a, b). The Parks error grid analysis
demonstrated that 100.0% of measurements by Gen. 8 algorithm
belonged to zone A+B, and 100.0% of those by Gen. 1 algorithm
belonged to zone A+B (Figure 3 a, b).

The bias was shown by post-hoc Passing—Bablok regression
analysis for the SG levels by Gen. 3 algorithm (vertical axis)
versus the capillary BG levels as reference (horizontal axis)
with the slope of 1.04, 95% CI [0.97, 1.11] and the corresponding
intercept of 3.9 mg/dl, 95% CI [-5.8, 12.4] ; for the SG levels by
Gen. 1 algorithm (vertical axis) versus the capillary BG levels
as reference (horizontal axis) with the slope of 1.13, 95% CI
[1.07, 1.19] and the corresponding intercept of -13.0 mg/dl, 95%
CI [-21.8, -4.7] ; and the SG levels by Gen. 3 algorithm (vertical
axis) versus the SG levels by Gen. 1 algorithm (horizontal axis)
with the slope of 0.94, 95% CI [0.89, 1.00] and the corresponding
intercept of 12.4 mg/dl, 95% CI [6.0, 19.8].

DISCUSSION

In this study, strong correlation was observed between mea-
surements by Gen. 3 algorithm, measurements by Gen. 1 and
capillary BG levels. The Bland-Altman analysis clarified that no
proportional bias in measurements by Gen. 3 algorithm, unlike
those by Gen. 1 algorithm. MARD, MAD, MedAD did not differ
between measurements by Gen. 3 algorithm and measurements

Differences (mg/dL)

100 200 300
Means (mg/dL)

Figure 1. Bland-Altman analysis.
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by Gen. 1 algorithm ; however MedARD was significantly great-
er in measurements by Gen. 3 algorithm compared to mea-
surements by Gen. 1 algorithm. The Clarke error grid analysis
and the Parkes error grid analysis suggested that both mea-
surements by Gen. 3 algorithm and measurements by Gen. 1
algorithm were clinically acceptable. Passing-Bablok regression
analysis revealed the absence of constant and proportional er-
rors in the SG levels by Gen. 3 algorithm compared to capillary
BG levels, but the presence of constant and proportional errors
in the SG levels by Gen. 1 algorithm compared to capillary BG
levels ; there was constant, but no proportional error in the SG
levels by Gen. 3 algorithm compared to the SG levels by Gen. 1
algorithm.

In a previous study comparing measurements by Gen. 1 al-
gorithm and the capillary BG levels, the MARD and the MAD
were 15.6% and 23.2 mg/dl, respectively, and the bias of -13.0
mg/dl (ULoA 43.8 mg/dl, LLoA -69.7 mg/dl) was observed, but
no proportional bias (=0.085) in Bland-Altman analysis (11,
12). There is the possibility that FreeStyle Libre sensor might
have different measurement characteristics between products
with different manufacturing lot numbers or between individual
products. Actually, some FreeStyle Libre sensor with specific
lot numbers (6916030 and 6916031) were recalled because they
did not satisfy the required standard of quality (13, 14). There is
also a case report in which marked discrepancy was observed be-
tween the SG levels and the capillary BG levels, possibly due to
the failure in factory calibration, and resulted in inappropriately
high readings in the SG levels (15). The reason why the median
value of Gen.3 was higher than the capillary BG levels remained
unclear. To address this issue, further investigation using mul-
tiple lots of FreeStyle Libre sensor with larger number of study
participants will be required.

There are several limitations to be addressed in this study.
This study used FreeStyle Libre sensor with single lot number,
and there is the possibility other lots might present different
results. The number of study participants is small. Temporal

Differences (mg/dL)

100 200 300
Means (mg/dL)

The horizontal axis represented the means of the two methods, and the vertical axis represented the difference of the two methods (SG -
BG). Broken lines represented the bias, ULoA, or LLoA. Dotted lines represented their upper or lower limit of 95% CI, respectively. a. Gen.
3 vs. capillary BG. There was bias of 7.4 mg/dl, 95% CI [3.7, 11.1], with ULoA being 48.4 mg/dl, 95% CI [42.1, 54.7], LLoA -33.5 mg/dl,
95% CI [-39.8, -27.2]. No proportional bias was observed (r=0.130). b. Gen. 1 vs. capillary BG. There was bias of 4.4 mg/dl, 95% CI [1.0, 7.9],
with ULoA being 42.9 mg/dl, 95% CI [37.0, 48.9], LLoA -34.1 mg/dl, 95% CI [-40.0, -28.1]. Proportional bias was observed (r = 0.424).
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Figure 2. The Clarke error grid analysis.
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Table 3. MARD, MAD, MedARD, MedAD in different glucose ranges.

Variables Gen. 3 Gen. 1 P value
MARD, %
Overall 11.9+9.0 9.7+8.3 0.053
<70 mg/dL 21.1+17.2 12.5+14.6 0.243
70-180 mg/dL 10.7+6.7 92+78 0.231
>180 mg/dL 11.8+8.8 10.0+7.0 0.320
MAD, mg/dl
Overall 17.1+14.0 14.8+13.5 0.187
<70 mg/dL 10.5+7.1 6.1+6.0 0.151
70-180 mg/dL 13.5+8.4 12.1+11.1 0.397
>180 mg/dL 25.7+19.2 22.1+15.9 0.371
MedARD, %
Overall 9.8 [5.5, 16.5] 8.5[3.9, 13.0] 0.040*
<70 mg/dL 13.7[8.5, 27.6] 7.5[3.1,11.7] 0.105
70-180 mg/dL 8.8 5.5, 15.7] 8.0[3.9, 12.2] 0.099
>180 mg/dL 10.3 [4.7,17.3] 10.0 [4.9, 13.2] 0.557
MedAD, mg/dl
Overall 14 [7, 23] 11 [5, 23] 0.086
<70 mg/dL 8.0 [5.0, 15.8] 4.5[1.5,7.5] 0.102
70-180 mg/dL 127, 18] 9[5,17] 0.079
>180 mg/dL 22.0 [10.5, 36.0] 23.5[10.3, 30.3] 0.544
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N =10. Triplets = 125. Mean + SD or Median [25%, 75%]. * P<0.05.
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a. Gen. 3 vs. capillary BG. Zone A : 88.0%, zone B:11.2%, zone C: 0.0 %, zone D : 0.8 % and zone E:0.0 %. b. Gen. 1 vs.

capillary BG. Zone A : 92.8%, zone B : 7.2%, zone C : 0.0%, zone D : 0.0% and zone E : 0.0%.
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Figure 3. The Parks error grid analysis.
a. Gen. 3 vs. capillary BG. Zone A : 94.4%, zone B : 5.6%, zone C : 0.0%, zone D : 0.0% and zone E : 0.0%. b. Gen. 1 vs. capillary
BG. Zone A : 93.6%, zone B : 6.4%, zone C : 0.0%, zone D : 0.0% and zone E : 0.0%.
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Figure 4. Relationship between the SG levels by Gen. 1 algorithm, those by Gen. 3 algorithm, and the capillary BG levels. Passing—Bablok
regression analysis showed the following relationship between the variables. Solid lines represented the regression equations, shadowed areas
represented the corresponding 95% Cls, and broken lines represented the evenness: a. [senor glucose levels by Gen. 3 algorithm] =1.04*
[capillary BG levels] + 3.9. Corresponding 95% Cls were [0.97, 1.11] and [-5.8, 12.4], respectively. b. [senor glucose levels by Gen. 1 algorithm)]
=1.13* [capillary BG levels] - 13.0. Corresponding 95% ClIs were [1.07, 1.19] and [-21.8, -4.7], respectively. c. [senor glucose levels by Gen. 3
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algorithm] = 0.94* [senor glucose levels by Gen. 1 algorithm] + 12.4. Corresponding 95% ClIs were [0.89, 1.00] and [6.0, 19.8], respectively.
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change of the accuracy was not analyzed in this study, although
studies sponsored by Abbott had reported that such change was
minor (2, 3). There is the possibility that some of the SMBG mea-
surements might not be accurate due to the contamination of the
skin, however both SMBG measurements of the capillary blood
and the central laboratory measurements of the venous blood
had been reported to be acceptable as the reference methods
for evaluating the accuracy of CGM (2). Only participants with
T1D were recruited, and there was no participants with type 2
diabetes.

The current observations reported here suggested that the
main difference of the Gen. 3 algorithm and the Gen. 1 algo-
rithm of FreeStyle Libre may be the absence or the presence
of the constant and proportional error, as identified by the
Passing-Bablok regression analysis. Considering MARD, MAD,
MedAD did not differ and Med ARD was significantly greater in
measurements by Gen. 3 algorithm compared to measurements
by Gen. 1 algorithm, we could not conclude from this study
that Gen. 3 algorithm was more accurate compared to Gen. 1
algorithm.

Historically, both the capillary BG levels and the venous BG
levels have been used as the reference value to evaluate the accu-
racy of CGM. However it is important to note that the venous BG
levels are considered to be more accurate than the capillary BG
levels, because the measurement of the capillary BG levels has
its own limitation in the accuracy, mainly due to the definitions
in ISO15197 : 2013 for SMBG devices which accept +15% error
in the glucose levels 100 mg/dl or more and £15 mg/dl error
below 100 mg/dl in 95% of the measurements compared to the
reference values of venous BG levels measured at the central lab-
oratory. Theoretically, there is the possibility that the indices of
CGM accuracy assessed by SMBG as reference could be different
from those assessed by the central laboratory measurements of
venous BG, due to the relative inaccuracy of the measurements
tolerated in SMBG. However, in a study comparing different ref-
erence methods for the accuracy assessment of CGM, MedARD
of Dexcom G5 (Dexcom [San Diego, CA, USA]), a capillary cal-
ibrated CGM system, did not differ between venous BG levels,
arterialized-venous BG levels and capillary BG levels used as
the reference measurements (16). Therefore, it is unclear wheth-
er the smaller MARD of Gen. 3 algorithm compared to Gen. 1
algorithm reported by the manufacture could be related with
the difference in the reference measurements of the venous BG
levels and capillary BG levels, respectively (2, 3).

Although this study used FreeStyle Libre sensor with a single
lot number, the results of Clarke error grid analysis and the
Parks error grid analysis suggested both the measurements by
Gen. 3 algorithm and those by Gen. 1 algorithm are clinically
acceptable. These observations support the non-adjunctive use
of FreeStyle Libre to SMBG, except for the confirmation of the
hypoglycemia and in occasions that the SG levels do not match
the clinical symptoms or users’ prediction as described in the
product’s labeling. Currently, the product’s labeling contains a
segment that reads “Users should not change the dose of oral
medications, GLP-1 receptor agonists, or insulin based on the
measurements : Changes of treatments need to be directed
by physicians” (17). This part is different from the labeling in
US and EU, and do not match the general consensus of dose
adjustment of insulin according to the glucose levels, especially
in patients with T1D. Abbot Japan is encouraged to apply for
non-adjunct use of FreeStyle Libre to the regulatory authority,
in order to promote the adequate usage of this device, otherwise
dose adjustment of insulin using FreeStyle Libre remains off-la-
bel use.

T. Murata, et al. Accuracy and algorithms of FreeStyle Libre CGM

CONCLUSION

In this study population, the superiority of the Gen. 3 algo-
rithm compared to Gen. 1 algorithm was not proven. There was
proportional bias in the Gen. 1 algorithm of FreeStyle Libre, but
not in the Gen. 3 algorithm. The MARD, MAD, MedAD did not
differ between measurements by Gen. 1 algorithm and those
by Gen. 3 algorithm, but MedARD did. Error grid analyses
suggested both measurements by Gen. 1 algorithm and those
by Gen. 3 algorithm are clinically acceptable. There were nei-
ther constant nor proportional errors in the SG levels by Gen. 3
algorithm compared to capillary BG levels, however there were
both constant and proportional errors in the SG levels by Gen. 1
algorithm compared to capillary BG levels.
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