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ARTICLE HIGHLIGHTS

� Why did we undertake this study?
We wanted to understand sources of inaccuracy and discrepancies between HbA1c-based and CGM-based estimates of glycemia.

� What is the specific question(s) we wanted to answer?
When estimating a patient’s 90-day average glucose, what are the effects of assay errors and nonglycemic factors on HbA1c, and the effects of
sensor bias and variation in monitoring duration or time on CGM?

� What did we find?
Accuracy may be improved by averaging glycemia estimates from 14 days of CGM and HbA1c or extending the monitoring period beyond
�26 days.

� What are the implications of our findings?
Fourteen days of CGM data and HbA1c often provide similar accuracy. Both can lead to inaccurate estimates of glycemia, but averaging can help.
Nonglycemic effects can lead to persistent biases in HbA1c, which may complicate diagnosis and management.
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OBJECTIVE

To examine the accuracy of different periods of continuous glucose monitoring
(CGM), hemoglobin A1c (HbA1c), and their combination for estimating mean gly-
cemia over 90 days (AG90).

RESEARCH DESIGN AND METHODS

We retrospectively studied 985 CGM periods of 90 days with <10% missing data
from 315 adults (86% of whom had type 1 diabetes) with paired HbA1c measure-
ments. The impact of mean red blood cell age as a proxy for nonglycemic effects on
HbA1c was estimated using published theoretical models and in comparison with em-
pirical data. Given the lack of a gold standard measurement for AG90, we applied cor-
rection methods to generate a reference (eAG90) that we used to assess accuracy for
HbA1c and CGM.

RESULTS

Using 14 days of CGM at the end of the 90-day period resulted in a mean absolute
error (95th percentile) of 14 (34) mg/dL when compared with eAG90. Nonglyce-
mic effects on HbA1c led to a mean absolute error for average glucose calculated
from HbA1c of 12 (29) mg/dL. Combining 14 days of CGM with HbA1c reduced the
error to 10 (26) mg/dL. Mismatches between CGM and HbA1c >40 mg/dL oc-
curred more than 5% of the time.

CONCLUSIONS

The accuracy of estimates of eAG90 from limited periods of CGM can be improved
by averaging with an HbA1c-based estimate or extending the monitoring period
beyond ����26 days. Large mismatches between eAG90 estimated from CGM and
HbA1c are not unusual and may persist due to stable nonglycemic factors.

Regular monitoring of blood glucose levels is crucial to achieve glycemic control,
but precisely measuring blood glucose over an extended period is challenging. Both
hemoglobin A1c (HbA1c) and continuous glucose monitors (CGM) can be used to es-
timate average blood glucose levels over time.

HbA1c has been shown to be associated with risk of complications (1,2), and
HbA1c measurement has the advantage of providing a retrospective estimate of gly-
cemia from a single nonfasting blood sample. However, nonglycemic factors, such
as acute or chronic alterations in the mean age and turnover of the red blood cell
(RBC) population, may affect HbA1c. While this effect is readily appreciated in cases
of acute blood loss or hemolysis, individual differences in RBC life span may be

1Department of Pathology and Center for Systems
Biology, Massachusetts General Hospital, Boston,
MA
2Department of Systems Biology, Harvard Medical
School, Boston, MA
3Division of Endocrinology, Diabetes and Meta-
bolism, Department of Medicine, University of
Cincinnati College of Medicine, Cincinnati, OH
4Medical Service, Cincinnati Veterans Affairs
Medical Center, Cincinnati, OH
5University of Cincinnati, College of Nursing,
Cincinnati, OH
6Mass General Brigham Enterprise Research IS,
Boston, MA
7Diabetes Research Center, Department of
Medicine, Massachusetts General Hospital, Boston,
MA
8Harvard Medical School, Boston, MA
9Department of Obstetrics and Gynecology,
Massachusetts General Hospital, Boston, MA
10Eli and Edythe L. Broad Institute of MIT and
Harvard, Cambridge, MA

Corresponding authors: Veronica Tozzo, vtozzo@
mgh.harvard.edu, andJohn Higgins, higgins.
john@mgh.harvard.edu

Received 26 June 2023 and accepted 12
December 2023

This article contains supplementary material online
at https://doi.org/10.2337/figshare.24852888.

© 2024 by the American Diabetes Association.
Readers may use this article as long as the
work is properly cited, the use is educational
and not for profit, and the work is not altered.
More information is available at https://www
.diabetesjournals.org/journals/pages/license.

O
R
IG
IN
A
L
A
R
TI
C
LE

460 Diabetes Care Volume 47, March 2024

D
ow

nloaded from
 http://ada.silverchair.com

/care/article-pdf/47/3/460/748544/dc231177.pdf by guest on 20 M
arch 2024

mailto:vtozzo@mgh.harvard.edu
mailto:vtozzo@mgh.harvard.edu
mailto:higgins.john@mgh.harvard.edu
mailto:higgins.john@mgh.harvard.edu
https://doi.org/10.2337/figshare.24852888
https://www.diabetesjournals.org/journals/pages/license
https://www.diabetesjournals.org/journals/pages/license
http://crossmark.crossref.org/dialog/?doi=10.2337/dc23-1177&domain=pdf&date_stamp=2024-02-13


stable over time and affect HbA1c. The
reliability of HbA1c measurements has
been shown to be improved by incorpo-
rating an estimate of mean RBC age
(MRBC) (3).
CGM can also be used to estimate av-

erage blood glucose levels over time
and has proven to be a valuable tool
to monitor diabetes (4,5). CGM-derived
statistics reflect glycemia during a moni-
toring period, the length of which can
vary substantially. A common CGM moni-
toring period in clinical practice and in
many clinical studies is 10–14 days (6).
Most CGM devices use proprietary con-
version formulas to estimate blood glu-
cose concentration from measurements
of interstitial fluid glucose concentration,
but standards for CGM device quality
control, traceability, and performance are
still in development (7).
HbA1c and CGM can produce inaccu-

rate estimates of true glycemia for sev-
eral reasons (Fig. 1), leading to confusion
about how best to estimate individuals’
glycemia (8–10). In this study, we com-
pared the ability of different CGM time
periods and HbA1c to estimate mean gly-
cemia accurately over 90 days (AG90), the
time period typically reflected by a single
HbA1c measurement. Since there is no
reference laboratory-based measurement
of AG90, we estimated it (eAG90) using
correction methods described in Table 1
(11,12).We analyzed sources of inaccuracy
in HbA1c-based (eAGA1c) and CGM-based
(eAGCGM) estimates of eAG90: HbA1c assay
analytic errors, CGM sensor bias, CGM pe-
riod lengths, and MRBC variation as a proxy
for nonglycemic effects. We also investi-
gated whether CGM use over limited

monitoring periods and HbA1c could be
combined to improve accuracy.

RESEARCH DESIGN AND METHODS

Estimation of HbA1c Assay Error and
CGM Sensor Error From Published
Studies
We reviewed published studies and re-
ports that included measurements of
imprecision and bias for HbA1c assays
and CGM sensors. HbA1c assay error was
estimated with the mean coefficient of
variation reported for NGSP-certified
HbA1c assays of 2.48% (in dimensionless
units, see Supplementary Table 1), with
a mean absolute assay bias of 0.1% (in
NGSP HbA1c units) (13). We estimated a
representative CGM sensor bias by averag-
ing measurements from published studies
of CGM sensor bias. See Supplementary
Table 2 and Supplementary Methods for
details and citations. Imprecision of single
CGM measurements has a negligible effect
(typically <0.5 mg/dL) on CGM-based esti-
mates of glycemia when thousands of dis-
tinct CGM measurements are averaged,
and we did not include it as a consider-
ation in this analysis.

Retrospective Study Population
We retrospectively analyzed CGM and
HbA1c results for 315 individuals with dia-
betes who were regular CGM users at
Massachusetts General Hospital (Table 2).
We included participants with $90 con-
secutive days of CGM data obtained with
the Dexcom G5 or G6, and no more than
10% missing data, and with paired HbA1c
measurements at the end of the 90 days.
HbA1c was measured with an antibody-
based assay (Roche cobas c 501) or a bor-
onate affinity method (Trinity Biotech

Premier), the results of which were com-
parable (<0.2% mean absolute differ-
ence) based on split samples assayed at
regular intervals. Each method is relatively
unaffected by hemoglobinopathies and in-
terfering factors (1) and has high precision
(coefficients of variation <2% in the Mas-
sachusetts General Hospital laboratories).
The research was approved by the Mass
General Brigham Institutional Review
Board, which waived the requirement for
informed consent due to minimal risk.

Statistical Analysis

CGM Analysis

For the analysis of CGM accuracy, eAG90

was estimated as the time-weighted av-
erage over 90 days of CGM with the ad-
dition of sensor bias. CGM monitoring
periods were analyzed with use of all
available CGM data, and CGM-based
estimates of glycemia (eAGCGM) were de-
termined for shorter intervals with time-
weighted averaging and then compared
with eAG90 for determination of accuracy,
with mean absolute error (95th percen-
tile) reported in milligrams per deciliter of
glucose (Table 1).

HbA1c Analysis

TheHbA1c-basedpoint estimate of glycemia
(eAGA1c) was computed with a regression
equation derived in the A1c-Derived Aver-
ageGlucose (ADAG) study (14) (Table 1).

Quantifying and analyzing the impact
of all hypothesized nonglycemic factors
on the error of eAGA1c is not feasible,
but MRBC has been shown to be a major
contributor to these nonglycemic ef-
fects and serves as a useful proxy for
understanding the contribution of non-
glycemic factors to errors in estimation

ADAG study

HbA1c

HbA1c error

Figure 1—HbA1c assays and CGM devices provide estimates (eAGA1c and eAGCGM) of glycemia (AG90) that have different sources of inaccuracy. For
HbA1c (left side), venous and arterial glucose levels determine measured HbA1c, and assay error and nonglycemic effects including MRBC contribute
to errors in eAGA1c. CGM devices measure interstitial glucose, and sensor bias, monitoring duration variation, and missing data contribute to
eAGCGM inaccuracy. Discrepancies between eAGA1c and eAGCGM reflect the net contributions of all effects.
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of glycemia (3,15). MRBC effects on HbA1c
were estimated with use of a published
mechanistic model (3) of the relationship
of HbA1c, average glucose, and MRBC. For
the analysis of eAGA1c accuracy, mean
true glycemia over 90 days (eAG90) was
estimated with use of theoretical models
that assume MRBC is known (Table 1).
The estimated theoretical errors were
compared with empirical estimates pro-
vided by estimators of variance derived
from data in the ADAG study and other
published studies (14,16). See Supple-
mentary Methods for more detail.

Data and Resource Availability
The data that support the findings of this
study are available from the Massachu-
setts General Hospital, but restrictions on
sharing apply to maintain patient ano-
nymity. Summary data are available from
the authors on reasonable request and
with permission of the Mass General
Brigham Institutional Review Board.

RESULTS

Analytic Error in HbA1c and CGM
Assays
We estimated that HbA1c measurements
between 5.7% and 7.0% (NGSP % units)
have an expected absolute assay error
(95th percentile) of 0.1% (0.3%), which
corresponds to an expected absolute er-
ror in estimating eAG90 of 3 (8–10) mg/dL.
For CGM, the representative absolute
CGM sensor bias (95th percentile) of

3 (10) mg/dL implies that an individual
who monitored CGM over a full 90-day
period using at least six different sensors
with uncorrelated biases should expect
that the eAGCGM calculation would have
an absolute error of�2 (7) mg/dL in esti-
mating eAG90. This analysis does not
include consideration of possible CGM
device malfunction or delays (17).

Limited CGM Periods
eAGCGM differs from eAG90 less as the
periods become longer (Fig. 2A). A com-
mon monitoring length of 14 days at
the end of the 90-day period yielded an
eAGCGM that differed from eAG90 with a
mean absolute error (95th percentile)
of 14 (34) mg/dL (Fig. 2A). Thus, individu-
als with true mean glycemia of 154 mg/dL
could have an eAGCGM of 120–188 mg/dL
(95% CI). Biological variation in glycemia
may also cause distinct monitoring inter-
vals of the same length but at different
times to result in different eAGCGM.
eAGCGM calculated for two nonoverlapping
14-day intervals within the same overall
90-day interval had a mean variation
(95th percentile) of 9% (20%) (Fig. 2B).
For example, when comparing an eAGCGM

of 168 mg/dL calculated from 14 days of
CGM with that calculated from a distinct
nonoverlapping 14-day period within the
same 90-day interval, the second 14-day
eAGCGM is expected to range from 134 to
202 mg/dL (95% CI). While no systematic
difference was found in estimating AG90

using different 14-day intervals across the
90-day CGM duration (Supplementary
Fig. 1), averaging eAGCGM from two non-
overlapping 14-day periods reduced the
error, with the lowest mean absolute error
(95th percentile) of 6 (15) mg/dL obtained
by combining the monitoring intervals
between 42 and 56 and 14 and 28 days
before the end of the 90-day interval
(Supplementary Table 6). When a signifi-
cant percentage of CGM data during the
monitoring interval is missing or when
comparing shorter periods of time, these
inaccuracies increase (see Supplementary
Figs. 2–4).

Nonglycemic Effects on HbA1c

The impact of nonglycemic effects (con-
ceptualized and modeled as MRBC) is that
similar eAG90 levels will correspond to dif-
ferent HbA1c values (Fig. 2C). Common re-
gression formulas such as the ADAG study
empirical regression line will reflect the
specific MRBC and average glucose joint dis-
tribution of the population in which they
were inferred. For example, when AG90 is
�125 mg/dL, the ADAG formula is most
accurate for individuals with MRBC at �50
days, and for AG90�200 mg/dL the ADAG
formula is most accurate for individuals
whose MRBC is �53 days. This pattern
likely reflects nonrandom associations be-
tween MRBC and AG90 in the ADAG study
cohort, and using this formula to map
HbA1c to eAGA1c in different cohorts might
lead to inaccuracies. If we model the

Table 1—Correction methods used in the absence of a gold standard measurement of AG90

Article section Acronym Meaning

Overall AG90 Perfect measurement of mean glycemia over 90 days for which no gold standard is available.

CGM Analysis eAG90 Correction of average glucose calculated over 90 days of CGM with addition of representative CGM
sensor bias.

eAGCGM Estimate of glycemia obtained from a time-weighted average of CGM collected over an arbitrary period
of time. Estimated error distributions for eAGCGM depend on monitoring duration and are shown in
Fig. 2A.

HbA1c Analysis eAG90 Correction of the average glucose obtained with addition of representative HbA1c assay error to the
average glucose calculated from the following expression, which assumes perfect knowledge of MRBC

and HbA1c (HbA1c0 is HbA1c level in the youngest RBCs; kg is the glycation rate constant; HbA1c (IFCC)
is HbA1c in IFCC units; see Supplementary Methods for more details):

HbA1c IFCCð Þ � HbA1c0

1000 � HbA1c0½ � � kg � MRBC

eAGA1c Average glucose estimate, obtained from a single HbA1c measurement through the ADAG equation
(below). Estimated error distributions for eAGA1c depend on HbA1c (Fig. 2E).

eAGA1c mg=dLð Þ ¼ 28:7
mg
dL

NGSP%

� �
� HbA1cðNGSP%Þ � 46:7

mg

dL

� �
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theoretical effects of MRBC we obtain a
mean absolute error (95th percentile) in
estimating eAG90 of 10 (24), 10 (25), and
12 (29) mg/dL for HbA1c 5.7%, 6.5%, and
7.0% respectively, corresponding to 117,
140, and 154 mg/dL. Thus, individuals
with true mean glycemia of 140 mg/dL
can expect to have eAGA1c between 115
and 165mg/dL (95% CI). These theoretical
errors were compared with errors esti-
mated using published data from the
ADAG study and another empirical study
where HbA1c and average glucose were
both measured directly (14,16) (Fig. 2D).
The similarity between the CIs helps vali-
date the assumption that most HbA1c vari-
ability can be attributed to RBC life span
variation and any other highly correlated
nonglycemic factors. Additional detail on
nonglycemic effects in empirical studies

can be found in Supplementary Results
and Supplementary Fig. 6.

Combining CGM and HbA1c Is More
Accurate for Shorter CGM Periods
Figure 2E shows a comparison of the accu-
racy of the average of eAGA1c and eAGCGM

with the accuracy of either eAGA1c or
eAGCGM alone, as a function of the length
of the CGM monitoring period. The aver-
age of eAGA1c and eAGCGM calculated
from 3, 10, and 14 days of CGM at the
end of the 90-day period differed from
eAG90 with a mean absolute error (95th
percentile) of 15 (36), 11 (27), and 10
(26) mg/dL respectively.When the CGM
monitoring period was <26 days (95%
CI 21, 28), the average of these two dif-
ferent measurement methods had a
lower mean absolute error as well as a

significantly reduced frequency of very
large errors. The empirical mean abso-
lute error (95th percentile) for eAGA1c
shown in Fig. 2E (16 [40] mg/dL) is larger
than what was found with the theoretical
analysis above (12 [29] mg/dL) or in prior
empirical studies (12 [31] mg/dL) (14,16)
and may be caused by differences be-
tween the MRBC distribution in our cohort
and that in the ADAG equation derivation
cohort and also by intrapatient fluctua-
tion in MRBC. See Supplementary Results
and Supplementary Figs. 8 and 9 for more
detail.

CONCLUSIONS

HbA1c and CGM are both used to esti-
mate average glycemia for people with
diabetes, but eAGA1c and eAGCGM can
differ, with inaccuracies arising from as-
say error for both measurements, lim-
ited duration of CGM monitoring, and
nonglycemic factors for HbA1c. Under-
standing the sources and magnitude of
inaccuracies can help clarify how to de-
termine the most accurate estimate of
glycemia given available data.

The mean errors (95th percentile) in
eAGCGM from 14 days of CGM and in
eAGA1c due to typical assay error and nor-
mal biological variation are estimated to
be similar (14 [34] mg/dL for eAGCGM

and 12 [29] mg/dL for eAGA1c). For an
individual with true mean glycemia of
167 mg/dL there is more than a 5% chance
that the mismatch will be >40 mg/dL
(�1.3% inNGSPHbA1c units). Discrepancies
may thus be larger than the difference be-
tween common thresholds for the diagno-
sis of prediabetes and diabetes (e.g.,
HbA1c 5.7% and 6.5% differing by 0.8%,
the equivalent of 26 mg/dL).

The errors in estimating eAGA1c and
eAGCGM are likely independent of each
other, and averaging them is therefore
typically beneficial when CGM data for
fewer than �26 days (95% CI 21, 28) are
available.When more CGM data are avail-
able, eAGCGM is expected to be more ac-
curate on its own assuming sensor bias is
low and data are not missing in a sys-
tematic way. Longer CGM periods will
consistently reduce the error, even if
nonoverlapping periods are combined.
Previous studies showing that a 4-week
CGM period leads to robust CGM metrics
(18) are consistent with our results, and
longer periods are needed in the setting
of data missing not at random (19). In

Table 2—Summary characteristics of analyzed population (N = 315)

Participant characteristics
Age (years) 48 (16)
Female, n (%) 166 (53)
Diabetes type, n (%)
Type 1 272 (86)
Type 2 39 (12)
Other (including type 3c) 4 (1)

Self-reported race and ethnicity, n (%)
Asian, non-Hispanic 8 (3)
Black, non-Hispanic 12 (4)
White, Hispanic 2 (0)
White, non-Hispanic 279 (89)
None of the above 14 (4)

Insurance type, n (%)
Private 244 (77)
Public 68 (22)
None 2 (1)
Unknown 1 (0)

CGM periods with 90 days of monitoring and <10% data missing, n (%) 958 (100)
CGM periods per individual, n (%)
1 135 (43)
2 76 (24)
3 39 (12)
$4 65 (21)

Laboratory test characteristics

HbA1c (%) 7.0 (1.0)
HbA1c (mmol/mol) 53 (11)
eAGCGM (mg/dL) 167 (28)

Derived characteristics

eAGA1c (mg/dL) 155 (28)
GMI (%) 7.3 (0.7)
Mismatch eAGCGM-eAGA1c (mg/dL) 12 (20)
Mismatch HbA1c-GMI (%) �0.3 (0.7)
Missing CGM data, n (%)
<1% 12 (1)
1–5% 653 (68)
6–10% 293 (31)

Data are means (SD) unless otherwise indicated. GMI, glucose management indicator (23).
CGM, continuous glucose monitoring.
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10–12% in MRBC (�5 days), yielding the following CIs: For HbA1c: 1:96�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
52 � ð 1� HbA1c0ð Þ � kg � AG90 � 100Þ2

q
and for eAGA1c:

28:8� 1:96�
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
52 � ð 1� HbA1c0ð Þ � kg � AG90 � 100Þ2

q
. The shaded areas show empirical CIs for eAGA1c obtained in the ADAG study, CIADAG ¼

1:96 �
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
4:81 � HbA1c

2:03
p

(14), and in the study by Becket al. (16).The similarity between the theoretical and empirical CIs supports the use ofmodeledMRBC as
a proxy for all nonglycemic effects onHbA1c. See SupplementaryMethods for details. E: The error expectedwhen eAGA1c is averagedwith eAGCGM.Themean ab-
solute error of the average (left panel, black line) is lower than that for either eAGA1c or eAGCGM alone if<26 days of CGMdata are available, and extreme errors
are less frequent (right panel). AE, absolute error;MAE,mean absolute error.
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Supplementary Results, we provide spe-
cific scenarios that are often seen in clini-
cal practice and offer further suggestions
on when to use CGM and when HbA1c
depending on the context.
We found that theoretical models of

HbA1c variability due to MRBC corre-
sponded to published empirical data (16)
(Fig. 2D), supporting the validity of the as-
sumption that MRBC can explain the ma-
jority of nonglycemic variation in HbA1c in
real world settings and that no signifi-
cant bias is present in our assumptions
about AG90. Our estimation of nonglyce-
mic effects (MRBC) relies on a commonly
used regression equation from the ADAG
study (12). This and other commonly
used regression equations implicitly re-
flect the joint MRBC and AG90 distribution
of their derivation cohorts. Individuals
with a combination of MRBC and AG90

that is not well represented in the rele-
vant derivation cohort will have more
inaccurate glycemia estimates. Similarly,
differences between published empirical
regression formulas can be explained
by differences in this joint distribution in
the derivation cohorts. When eAGA1c and
eAGCGM differ consistently by even greater
amounts than expected for a particular
individual, there may be a stable nongly-
cemic source of inaccuracy, like an MRBC

that differs significantly from that as-
sumed by the regression equation used
to generate the HbA1c-based estimate of
glycemia, in which case it would be more
accurate to use extended CGM periods
for estimation of glycemia, or to infer
novel regression equations in the popula-
tion of interest to reduce the impact of
nonglycemic factors. If this situation is
not recognized, use of HbA1c to guide
management may lead to chronic under-
or overtreatment (for further details see
Supplementary Results and Supplementary
Fig. 5).
This study contributes to the growing

literature disentangling the relationship
between CGM-based statistics and HbA1c
(4,9,20–25). First, means and 95% CIs are
provided for expected errors in eAGA1c

and eAGCGM (Fig. 2 and Supplementary
Table 6). Second, the analysis minimizes
the effects of biases due to short-term
behavioral changes or to the reported ef-
fective therapeutic benefit of CGM (26–29)
by focusing on CGM data from individuals
with diabetes who were dedicated CGM
users. Third, estimates are provided for the
impact of MRBC as a surrogate for

nonglycemic effects on HbA1c, with com-
parison of theoretical and empirical analy-
sis of this impact. Fourth, this study can
help explain the frequent and significant
mismatches between HbA1c and the glu-
cose management indicator (GMI)
(23–25,30). GMI is calculated from an indi-
vidual’s current eAGCGM and is thus af-
fected by CGM assay errors, monitoring
duration, and missing data. Additionally,
the GMI equation was derived from
eAGCGM and HbA1c measurements and
thus GMI assessment will be inaccurate for
individuals with combinations of MRBC and
AG90 that were not well represented in the
GMI derivation cohort (see Supplementary
Results for detail).

The analysis has limitations, and the con-
clusionsmaynot generalize to somepatient
cohorts. First, there is no available gold
standardmeasurement of glycemia over 90
days, and our study relies on correction
methods (11,12). In particular, eAG90 used
for CGM analysis relies on estimates of sen-
sor bias. Data on CGM sensor bias are very
limited, and errors may depend on brand,
model, batch, and placement. Results of
the sensitivity analysis of the empirical
sensor bias data used to derive the repre-
sentative sensor bias in this study (Supple-
mentary Table 2) suggest that conclusions
are robust (Supplementary Fig. 10), but if
real-world sensor bias is different from
what was assumed in this study, it may
impact overall error estimates and sug-
gestions for decision-making (31). Some
recent studies (32,33) suggest that sub-
stantially greater sensor biases are possi-
ble under some conditions, and if sensor
bias exceeds �7 mg/dL, averaging HbA1c
and CGM may be more accurate no mat-
ter how much CGM is available. It will
thus be important to update this analysis
when larger and more accurate data sets
reporting CGM sensor bias become avail-
able. Second, the empirical analysis fo-
cused on eAGCGM from individuals with
diabetes who used CGM extensively (>90
days with <10% missing data), and these
individuals may differ in important ways
from the average person with diabetes.
For instance, they may have less variable
glycemia during both monitored and un-
monitored periods, yielding eAGCGM errors
lower than would be expected for a ran-
domly selected CGMuser.Third,we cannot
account for the effect of systematic differ-
ence in glycemia during times when CGM
data are missing, which may have a signifi-
cant impact on the reliability of eAGCGM.

Identification of real-world patterns of gly-
cemia when data are missing is not cur-
rently feasible. Fourth, averaging nono-
verlapping periods of CGM will typically
lead to a lower error; however, the optimal
14-day periods found in this study may not
generalize to other cohorts. Fifth, CGM de-
vices are not standardized (7), and biases
for specific devices may be different from
what was assumed in this study. Sixth, we
do not account for nonglycemic effects
thatmay act independent ofMRBC, and the
use of other mechanistic models might be
required to further investigate these inde-
pendent effects.These results do not apply
to individuals with hemoglobin variants
and will be inaccurate for individuals with
rapidly changing hematologic states, e.g.,
in the setting of hemolysis or transfusion.
Lastly, our findings, including the 26-day
threshold below which averaging eAGA1c

and eAGCGM is expected to reduce error,
need to be further validated in indepen-
dent cohorts to increase confidence that
they are unbiased and not due to intrinsic
fluctuations of our study data.

The findings of this study should as-
sist clinicians in interpreting CGM and
HbA1c and understanding and explaining
discrepancies. This study may also help
investigators evaluate the reliability of
new devices or assays and plan informa-
tive clinical trials that involve monitor-
ing glycemia.
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