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Diabetes Mellitus Type 1 has a Higher Impact on Corneal

Endothelial Cell Density and Pachymetry than Diabetes

Mellitus Type 2, Independent of Age: A Meta-Regression
Model

Diana Patricia Amador-Murioz, MD, MSc,* Valentina Conforti, MD, 1
Luisa Marina Matheus, MSc, PhD,* Nicolas Molano-Gonzalez, MSc,} and
César Payan-Gomez, MD, PhDg

Purpose: Patients with diabetes mellitus (DM) often have kerat-
opathy. However, the compromise of the corneal endothelium in
type 1 DM (T1DM) and type 2 DM (T2DM) has so far not been
well characterized.

Methods: We performed a systematic literature search to find
articles on humans combining T1DM and/or T2DM and the corneal
endothelium. The period was from inception to June 2020. The
meta-regression evaluated the role of each type of DM on corneal
endothelial cell density (CED) and pachymetry. The statistical
models included age as a modulator to discriminate between the
normal changes due to age and the effect of the disease and to
determine the impact of the disease duration.

Results: The initial search identified 752 records, of which 17 were
included in the meta-regression. Patients with TIDM had, on
average, 193 cells/mm? lesser than control patients (P < 0.00001).
Patients with T2DM had 151 cells/mm? less compared with control
patients (P < 0.00001). The loss of corneal endothelial cells was
expected because the aging was similar in patients with T1IDM and
T2DM and their control groups. Patients with TIDM and T2DM
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showed an increase in pachymetry versus control patients, and in
both groups, it was associated with the duration of the disease.

Conclusions: Both types of DM reduced CED and increased
pachymetry. These differences were higher in patients with TIDM
versus control patients than patients with T2DM versus control
patients. In TIDM, CED reduction was not correlated with the time
from diagnosis. In both groups, patients had CED reduction due to
aging similar to that of their matched control patients.

Key Words: diabetes mellitus type 1, diabetes mellitus type 2,
endothelium, corneal, meta-analysis

(Cornea 2022;41:965-973)

iabetes mellitus (DM) is a major and fast-growing global

health problem. In 2019, the International Diabetes
Federation estimated that 463 million people had diabetes,
and this is projected to reach 578 million by 2030.!

Type 1 DM (T1DM) is caused by an autoimmune reaction
affecting pancreatic 3 cells because little or no insulin is produced.
ThCopyright © 2021 The Author(s). Published by Wolters
Kluwer Health, Inc. This disease is more prevalent in children.?
Type 2 DM (T2DM) affects approximately 90% of diabetic
people worldwide.! In these patients, hyperglycemia is the result
of the inability of the cells in the body to respond appropriately to
insulin signaling. This prompts an increase in insulin production,
and over time, it leads to pancreatic B-cell failure.?

Diabetic retinopathy is the most well-known ocular
complication in diabetic patients. Nevertheless, it is not the only
ocular complication associated with this disease. In these
patients, abnormalities of the cornea have been described that
predispose them to recurrent corneal erosions and reduced
corneal sensitivity.> Studies using laboratory techniques and
animal models have identified a metabolic dysfunction in
comeal endothelial cells under diabetic conditions.* Neverthe-
less, corneal endothelial impairments have been less studied.

The corneal endothelial cells cover the inner side of the
cornea and maintain the perfect relative dehydration of the stroma
through an electroosmotic gradient and the action of cell
junctions that permit a leak of fluid to the anterior chamber.’
The CED at birth is as high as 7500 cells/mm? and declines
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progressively during life. It has been estimated that between
the ages of 20 and 80 years, the reduction in cell density is
approximately 0.52% per year.® The normal cornea of healthy
adults has approximately 3200 to 3500 cells/mm? organized as
a mosaic in which 60% of them should have a hexagonal
shape.” When the CED falls to 1200 cells/mm?, the compro-
mise of the monolayer integrity further compromises the
endothelial pumping function (symptomatic threshold),® and
finally, if the cell density drops below 500 to 700 cells/mm?, it
results in an irreversible hydration imbalance that swells the
stroma and produces permanent opacity.> Stressors accelerate
the loss expected by age, and once the cornea turns cloudy, the
only therapeutic option is transplantation.’

It has been considered that the increase in central corneal
thickness (CCT) could be an early marker of corneal endothelium
dysfunction.!® In addition, the studies suggest that diabetic
patients have an increase in CCT because of Na*/K* dependent
adenosine triphosphatase (ATPase) impairment, increased stromal
swelling pressure or disrupted barriers as a consequence of the
hyperglycemia, and reduced insulin levels!! and the compromise
of the comeal endothelial cells.'?

The results of the studies that compared the endothe-
lium and the CCT of diabetic corneas versus matched controls
are not consistent. Some of these studies did not find
significant differences between CED and CCT in patients
with TIDM or T2DM compared with control patients,'3-14
whereas others did.!>"'8 Furthermore, studies comparing
patients with TIDM or T2DM separately with control patients
found differences in one group but not in the other.!31° In
addition, it has been suggested that some of the results may be
masked by the normal aging process because patients with
T2DM are older, on average, than patients with TIDM.°

Two meta-analyses have been conducted to identify
possible relations between DM and the compromise of the
corneal endothelium,??! but, to our knowledge, there have been
no meta-regressions reporting corneal endothelial changes specif-
ically associated with diabetic type compared with nondiabetic
groups. The aim of this study was to assess the differences in
CED and CCT in patients with TIDM, patients with T2DM, and
nondiabetic patients. In addition, considering that DM is a chronic
disease and corneal endothelial cell density and CCT change with
the natural aging process, we considered important to include an
age modifier in the meta-regression model. A better understanding
of the effect of DM on the corneal endothelium might lead to a
more comprehensive ocular evaluation of diabetic patients and
might highlight areas for further research.

MATERIALS AND METHODS

Formulated Questions

Following the PICO (patient, intervention/exposure,
comparison groups, and outcome) reporting system, the
review addressed a couple of questions: 1) What is the effect
of TIDM and T2DM regarding exacerbating the reduction of
CED (cells/mm?) expected by age in nondiabetic control
patients? 2) What is the effect of TIDM and T2DM regarding
exacerbating the increase of CCT (pum) expected by age in
nondiabetic control patients?
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Search Strategy

A literature search using the Medical Subject Heading
terms “corneal endothelium” OR “cornea” AND “diabetes
mellitus” was conducted in PubMed, Proquest EMBASE, and
Cochrane Central Register of Controlled Trials. The Health
Sciences Descriptors “endotelio corneal” AND “diabetes
mellitus” were used for a Spanish search in the Lilacs
database. In both cases, the search was limited to studies
performed in humans. No limits regarding language, publi-
cation type, or publication period were considered as of June
26, 2020, when the search was performed.

Study Selection

Study selection was performed by 2 independent
reviewers (D.A.M. and V.C.). The inclusion criteria used
were as follows: 1) the cases included patients clearly defined
as having T1DM or T2DM and the study included matched
nondiabetic control patients; and 2) corneal endothelial cell
density and pachymetry are reported. Studies were excluded
based on the following criteria: 1) cases included individuals
with type 1 and 2 DM, and it was not possible to discriminate
the results for each type of diabetes, 2) the control patients
were not age matched, 3) there was no control group
(nondiabetic patients) as a source of comparison, 4) case
patients or control patients had diseases other than diabetes,
and 5) case patients or control patients had undergone eye
surgeries. Two investigators (D.A.M. and C.P.) indepen-
dently evaluated the quality of eligible studies according to
the Newcastle-Ottawa Scale.

Meta-Regression

The data obtained were analyzed using a meta-
regression model in which the impact of each type of diabetes
was tested separately. We evaluated 2 variables: one mor-
phological, the corneal endothelial density, and one func-
tional, the CCT using pachymetry. In addition, considering
that the progressive reduction of corneal endothelial density
with age is well documented, the age of the individuals was
also considered in the model. Meta-regression model speci-
fications were as follows: First, we used the raw mean as the
effect size; therefore, for each study, we were able to obtain at
least 2 effect measures: one raw mean of the case patients and
one of the control patients.

In this setting, we specified a mixed-effect model, with
a random effect associated with the study, which reports the
raw means for case and control patients. Fixed effects were
specified by means of a linear regression model where the
status of case and control patients was included along with
age. The interaction between age and case—control status was
also considered in this mean structure. A complete description
of the model is included in Supplemental Digital Content 1
(see Text Document, http://links.lww.com/ICO/B274).

The final set of variables and interactions were selected
based on the likelihood ratio test and the Akaike information
criteria. To assess the model fitness, we used the following
indexes: tau, for this model, a measure of heterogeneity
between studies; rho, for intrastudy correlation; the I?

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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heterogeneity statistic; and the generalized determination
coefficient for mixed models R?.

This modeling strategy is based on the methodology
proposed by Konstantopoulos,?? implemented in the Metafor
package?? for the software R (version 4.0.4).>* A second
meta-regression was performed to evaluate the impact of the
time from diagnosis of DM on CED and CCT values.

RESULTS

Using the search strategy, 752 records were found, of
which 664 were discarded after a duplicate check. After the
selection by title and abstract and after reviewing the full
texts, 17 studies were used for the meta-regression (Fig. 1).
Eight studies presented in 7 publications with a total of 367
patients were used for the analysis of TIDM; 14 studies
reported in 13 publications with a total of 2136 patients were
included in the analysis of T2DM.

Characteristics of Included Analyses
The studies examining corneal characteristics in
patients with TIDM compared with control patients are

ﬂ

summarized in Table 1. Three studies were conducted in
Europe (Hungary,'? Italy,'® and Poland!”?), 2 in the United
States, 3> one in Africa (Egypt!®), and one in Asia (India®).
All studies were used in both meta-regressions. The studies
selected for T2DM are summarized in Table 2. Six studies
were conducted in Europe (Hungary,!® Italy,!® Spain,27-28
Lithuania,?® and Denmark'#), one in the United States,'? and
6 in Asia (Turkey,3%3! Malaysia,>?> Saudi Arabia,?? Japan,3*
and India'®). The study by Anbar et al'® took independent
measures of each eye. Three studies!#!3-32 were not included
in the second meta-regression because they did not report the
time from diagnosis of DM. Most of the studies were
classified as having good quality (G). One study was
classified as having fair quality (F)'° (see Table 1, Supple-
mental Digital Content 2, http:/links.lww.com/ICO/B265).

Meta-Regressions for Patients with TIDM and
Control Patients
The meta-regression for CED involves T1DM status and

mean age as moderators (see Table 2, Supplemental Digital
Content 3, http://links.lww.com/ICO/B266). At 22.82 years (the
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FIGURE 1. PRISMA flow diagram for

study selection. (The full color ver-
sion of this figure is available at

. From: Moher D, Liberati A, Tetzlaff J, Aitman DG, The PRISMA Group (2009). Preferred Reporting /tems for Systematic Reviews and Meta-
www.corneajrnl.com.)

Analyses: The PRISMA Statement. PLoS Med 6(7): e1000097. doi:10.1371/journal.pmed1000097
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TABLE 1. Studies Selected for the Analysis of Endothelial Differences Between Patients With TIDM and Nondiabetic Control

Patients
Case Patients
Disease Cell Density, Hexagonal Pachymetry,
Country Participants Age, yr Duration, yr HbAlc, % Cell/mm? Cells, % pm
Study, yr (Continent) (M/F) Mean = SD Mean += SD Mean £ SD Mean £ SD  Mean = SD  Mean = SD
Anbar et al'® (LE), Egypt (Africa) 80 (32/48) 8.22 = 3.12 351 =224 833 £ 232 3142 + 416 50 =7 539 =30
2016
Anbar et al'® (RE), Egypt (Aftrica) 80 (32/48) 822 = 3.13 3.51 =223 8.33 £ 231 3150 = 344 49 =5 537 = 33
2016
Fernandes et al,2® India (Asia) 50 (24/26) 12.16 = 2.63 391 = 1.65 109 £ 23 3040 = 293 NS 525 =33
2019
Keoleian et al,?® USA (America) 14 (NS/NS) 33 £ 12 22 =11 10 =14 2883 =+ 280 68 = 8 560 = 20
1992
Larsson et al,'3 USA (America) 49 (NS/NS) 36 £ 12 20 = 11 104 = 2.1 2722 + 313 59 =8 580 = 50
1996
Modis et al,'® 2010 Hungary 22 (13/9) 4097 = 1546 10.88 = 8.06 8.55 + 1.83 2428 = 219 NS 570 = 40
(Europe)
Roszkowska et al,'®  Ttaly (Europe) 30 (NS/NS)  29.76 = 3.43 153 1.2 NS 2141 = 78 NS 580 = 20
1999
Urban et al,'” 2013  Poland (Europe) 123 (60/63) 15.34 = 3.06 8.02 =39 8.02 =39 2436 *+ 443 NS 550 = 30
Control Patients
Age, yr HbAlc, % Cell Density, Cel/mm?  Hexagonal Cells, %  Pachymetry, pm
Study, yr Participants (M/F) Mean * SD Mean * SD Mean * SD Mean * SD Mean * SD
Anbar et al'® (LE), 2016 40 (14/26) 7.83 = 2.49 4.33 £ 0.83 3316 = 100 55 =10 501 = 16
Anbar et al'® (RE), 2016 40 (14/26) 7.83 + 2.49 4.33 £ 0.83 3309 = 99 56 = 10 504.7 £ 24
Fernandes et al,2® 2019 50 (28/22) 12.28 = 3.00 NS 2495 *+ 191 NS 513 =29
Keoleian et al,?> 1992 14 (NS/NS) 33 £ 10 NS 3131 *+ 483 74 = 8 560 = 40
Larsson et al,'* 1996 20 (NS/NS) 36 + 12 NS 2805 *+ 368 64 =7 550 = 30
Modis et al,'® 2010 22 (12/9) 40.45 = 15.16 NS 2495 *+ 191 NS 505 £ 24
Roszkowska et al,'8 1999 30 (NS/NS) 29.5 = 3.11 NS 2406 = 116 NS 540 = 30
Urban et al,'7 2013 124 (66/58) 14.58 = 2.01 NS 2971 *= 207 NS 530 = 33

LE, left eye; RE, right eye.

pooled mean age of the studies in the meta-regression), the
estimated CED was 2900 cells'mm? [95% confidence interval
(CI): 2712-3089] for control patients with TIDM. At this age,
patients with TIDM had 193 cells/mm? lesser than its control
patients (95% CI: —254 to —132; P < 0.00001). The model
calculated that control patients for the TIDM groups had an
average loss of 16 cells/mm? per year (95% CI: —32 to —0.31).
Of interest, the rate of cellular loss expected by the normal aging
process was similar between patients with TIDM and control
patients (P = 0.253) (Fig. 2). In addition, the analysis showed
that 44% of the variance in CED was explained by the model
that included T1DM and age.

The meta-regression about time from diagnosis and CED
values showed that at 10.89 years (the mean time from diagnosis
of the disease) the estimated CED is 2700 cells/mm? (95% CI:
2458-2942) for patients with TIDM. This model calculated that
patients with TIDM had an average loss of 16 cells/mm? per
year (95% CIL: —50 to 19), similar to what was found for control
patients. Remarkably, the loss of cells was not associated with
the duration of the disease (95% CIL: —51 to 19; P =0.383) (see
Table 3 and Fig. 1, Supplemental Digital Content 4, http://links.
Iww.com/ICO/B267 and http://links.lww.com/ICO/B263).
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There was a significant positive association between
T1DM and CCT. At 22.82 years, the control patients included
in the meta-regression had an average corneal thickness of
531 pm (95% CI: 524-537; P < 0.00001) as measured by
pachymetry, and because of the disease, we calculated that
patients with TIDM had a pachymetry 24 pm greater than
that of the control patients (95% CI: 15-33; P < 0.00001)
(see Table 4, Supplemental Digital Content 5, http://links.
lww.com/ICO/B268). However, the change in pachymetry
expected because of the normal aging process was similar
between patients with TIDM and control patients for the
different groups analyzed (P = 0.563) (Fig. 3). The model
including TIDM disease and age explained 88.4% of the
difference in the pachymetry between patients with TIDM
and control patients (see Table 4, Supplemental Digital
Content 6, http://links.lww.com/ICO/B268).

The meta-regression about time from diagnosis and
CCT values showed that at 10.89 years (the mean time from
diagnostic of the disease), the estimated CCT was 555 pm
(95% CI: 546—564) for patients with TIDM. In contrast to the
findings for CED, the CCT increase was significant (2 um per
year 95% CI: 0.8-3.5; P = 0.0015) (see Table 5 and Fig. 2,

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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TABLE 2. Studies Selected for the Analysis of Endothelial Differences Between Patients With T2DM and Nondiabetic Control

Patients
Case Patients
Disease, Cell Density, Hexagonal = Pachymetry,
Country Participants Age, yr Duration, yr HbAlc, % Cell/mm? Cells, % pum
Study, yr (Continent) (M/F) Mean += SD Mean *= SD Mean £ SD Mean £ SD Mean = SD  Mean = SD
Calvo-Maroto?’ (ST),  Spain (Europe) 37 (16/21) 455 €25 0.38 £ 0.12 7.66 £ 0.78 2581 £ 175 NS 546 = 13
2014
Calvo-Maroto?’ (LT), Spain (Europe) 40 (17/23) 522 1.8 102 £ 0.8 7.78 £ 0.66 2205 *£ 194 NS 569 = 11
2014
Cankurtara et al,>° Turkey (Asia) 153 (76/77) 549 * 6.6 11.5 £ 63 8.7 1.8 2483 *+ 326 54 =10 534 £ 34
2019
(+)Choo et al,2 2010 Malaysia (Asia) 100 (NS/NS) NS NS NS 2542 + 516 45 = 21 517 = 53
Durukan et al,>! 2019 Turkey (Asia) 120 (67/53) 59.5 = 8.1 11.5 £ 6.2 92 %15 2295 = 311 49 = 10 544 * 38
El-Agamy et al 33 Saudi Arabia 57 (27/30) 57.08 =837 12.87 = 8.03 8.57 £2.09 2492 * 261 33 %10 546 = 30
(Asia)
Galgauskas et al,® Lithuania 62 (31/31) 455 + 135 93 *+ 6.6 9.8 23 2722 + 264 60 + 11 566 * 36
2016 (Europe)
Inoue et al, 3* 2002 Japan (Asia) 99 (53/46) 655175 9.1 £82 69 £ 13 2493 *+ 330 56 = 8 538 = 36
Larsson et al,'> 1996  USA (America) 60 (NS/NS) 60 = 10 13 =8 99 £ 2.1 2457 + 367 57 =8 570 = 50
Modis et al, 1° 2010 Hungary 30 (10/20)  64.36 = 10.47  13.61 = 6.5 8.79 = 2.01 2330 * 251 NS 560 = 30
(Europe)
Roszkowska et al, '8 Italy (Europe) 45 (NS/NS)  49.6 £ 6.16 172 £ 2.2 NS 1915 = 70 NS 570 £ 20
1999
Sanchis-Gimeno,?® Spain (Europe) 35 (17/18) 338 £32 59+12 6.7 £03 2101 = 184 NS 567 = 11
2016
(+)Storr-Paulsen et al, Denmark 107 (51/56) 72.1 £ 11 NS 73 +0.2 2578 = 77 581 546 = 7
142014 (Europe)
(+)Sudhir et al, 1 India (Asia) 1191 (637/554) 54.8 = 9.5 NS NS 2550 = 96 5717 525 = 35
2012
Control Patients
Age, yr HbAlc, %  Cell Density, Cel/mm? Hexagonal Cells, % Pachymetry, pm
Study, yr Participants (M/F) Mean = SD  Mean = SD Mean * SD Mean * SD Mean * SD
Calvo-Maroto?’ (ST), 2014 38 (20/18) 453 £ 2.1 NS 2603 * 155 NS 545 = 11
Calvo-Maroto?’ (LT), 2014 43 (22/21) 523 £26 NS 2554 = 254 NS 547 = 11
Cankurtara et al,3° 2019 146 (71/75) 539 +73 5202 2530 = 276 53 =10 523 = 35
(+)Choo et al,>2 2010 101 (NS/NS) NS NS 2660 * 516 41 = 20 511 =72
Durukan et al,3! 2019 112 (60/52) 573+ 172 5203 2501 = 302 55 =10 522 = 32
El-Agamy et al 33 45 (22/23) 50.8 = 8.39 NS 2630 = 293 34+9 539 =29
Galgauskas et al,?® 2016 65 (32/33) 454 =195 NS 2967 * 264 59 =11 550 = 56
Inoue et al, 3* 2002 97 (52/45) 67.6 £ 173 NS 2599 = 278 56 =6 537 = 38
Larsson et al,'3 1996 20 (NS/NS) 59 =12 NS 2604 = 385 61 =6 560 + 30
Modis et al, '° 2010 30 (15/15) 62.69 = 15.38 NS 2354 + 186 NS 560 = 40
Roszkowska et al, '8 1999 32 (NS/NS) 49.75 = 7.01 NS 2032 = 82 NS 550 = 30
Sanchis-Gimeno,?® 2016 48 (23/25) 3343 NS 2505 £ 182 NS 542 = 12
(+)Storr-Paulsen et al, 4 2014 128 (49/79) 75.6 = 8.9 NS 2605 = 66 581 538 =5
(+)Sudhir et al, ' 2012 121 (58/62) 51.9 = 8.7 NS 2634 = 256 57+17 526 = 33

(+) Studies not included in meta-regression about time from diagnosis.
LT, long-term diabetes; ST, Short-term diabetes.

Supplemental Digital Content 7, http:/links.lww.com/ICO/
B269 and http://links.lww.com/ICO/B264).

Meta-Regressions for Patients With T2DM
and Control Patients

The meta-regression for CED involving T2DM status
and mean age as moderators determined that mean age was

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.

not significant in this case (P = 0.357). CED is estimated to be
151 cells/mm? lower for patients with T2DM compared with
control patients (95% CI: —230 to —72; P = 0.0002) (see
Table 6, Supplemental Digital Content 8, http://links.lww.
com/ICO/B270). Only 14% of the variance in CED was
explained by the model including T2DM disease and age.
Various articles reported different conclusions either in
favor or against an association between T2DM and CED
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changes. In addition, the meta-regression showed that the
CED changes associated with age did not have a significant
effect on the differences between patients with T2DM and
control patients. Then, we used a forest plot to display the
different populations on a single set of axes to demonstrate
where there is a difference between patients with T2DM and
nondiabetic control patients (Fig. 4).

Unlike the results obtained for T1DM, the meta-
regression about time from diagnosis and CED values showed
that duration of T2DM disease had a significant effect on the
differences between patients and control patients (—37 cells/
mm? per year 95% CL: —45 to —29; P < 0.00001). At 10.41
years (the mean time from diagnosis of the disease for the
T2DM group), the estimated CED is 2386 cells/mm? (95%
CI: 2251-2520) (see Table 7 and Fig. 1, Supplemental Digital
Content 9, http://links.lww.com/ICO/B271 and http://links.
lww.com/ICO/B263).

The meta-regression for pachymetry involved T2DM
status and mean age as moderators, and it explained 15% of
the variance between patients with T2DM and control
patients. This analysis determined that the mean age was
not significant in this case (P = 0.093) (see Table 8,
Supplemental Digital Content 10, http:/links.lww.com/ICO/
B272). The CCT of patients with T2DM was estimated to be
13 pm greater than that of its control patients (95% CI: 7-19;
P < 0.0001). These results can be seen in Figure 5.

The meta-regression about time from diagnosis and
CCT showed that at 10.41 years (the mean time from
diagnosis of the disease), the estimated CCT is 554 pm
(95% CI: 545-563) for patients with T2DM. The average
CCT increase from the diagnosis of T2DM was 2 um per year
(95% CI: 1.7-2.8; P < 0.00001) (see Table 9 and Fig. 1,
Supplemental Digital Content 11, http://links.lww.com/ICO/
B273 and http:/links.lww.com/ICO/B263).

DISCUSSION

DM is a chronic disease whose incidence and preva-
lence are growing worldwide. Two meta-analyses had been
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conducted to identify possible relations between DM and the
compromise of the corneal endothelium.!!-12 This study adds
to the available knowledge by making an independent
estimation of CED and pachymetry for each type of diabetes
(type 1 and type 2) and by including the mean age in the
model of evaluation. This helps us to understand the impact
of the disease considering the reduction in CED expected
over time and the increase in pachymetry at different ages.
Our analysis demonstrated that DM types 1 and 2 are
associated with reduced CED and increased pachymetry.
These differences were bigger between patients with T1DM
and control patients than between patients with T2DM and
control patients, independently of the reduction in the
endothelial cell density and the increase of pachymetry
expected by the normal aging process.

The meta-regressions for TIDM included 448 case
patients and 340 control patients from Europe, the United
States, Africa, and Asia. Our model showed a significant
reduction in CED of 193 cells/mm? in diabetic patients
compared with control patients. The meta-regression for
T2DM included 1064 case patients and 1026 control patients
from Europe, Asia, and the United States. Our model
estimated a significant reduction of 151 endothelial cells/
mm? in patients with T2DM compared with control patients,
which suggested a lower impact than the one identified in the
T1DM group versus nondiabetic control patients. The results
of the TIDM and T2DM meta-regressions showed that the
reduction in CED due to the aging process was similar
between diabetic and nondiabetic groups, but older people
seem to have less density loss than the younger ones.
However, the time from diagnosis was related with the
impact of the disease only for patients with T2DM.

Zhang et al'? and Tang et al'! suggested that DM has a
negative impact on CED. However, these studies were
performed including both types of diabetes at the same time;
therefore, it was not possible to see the impact of each
diabetes type separately. We believe that making this
distinction is useful considering the variations in pathophys-
iology, the difference in the age of onset of disease, and the

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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FIGURE 3. Meta-regression scatterplot showing
the correlation between CCT (um) and age (years)
in patients with TIDM (red) and control patients
(Ctr TIDM) (blue). Each circle represents a group
of patients (control or TIDM group) of one study 5251
included in the meta-analysis, and the size of the
circle is proportional to study weighting. The solid
black line represents the regression line based on
variance-weighted least squares. The dashed line
shows the 95% Cl around the regression line. (The 495
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full color version of this figure is available at www.
corneajrnl.com.)

high and rapid metabolic compromise in TIDM compared
with the progressive course of the T2DM. These comparisons
were useful to identify that DM affects the corneal endothe-
lium extensively; the analysis of each type separately gives us
additional information to understand whether it is necessary
to have a different clinical approach to the endothelial damage
according to the type of DM. The reduction of CED found in
both diabetic groups is not a physiological issue by itself;
however, it puts diabetic patients in an unfavorable situation,
especially the patients with TIDM who have the most
reduced densities.

Our model with pachymetry and mean age showed a
significantly increased CCT in patients with TIDM and
T2DM compared with control patients, and in both, there
was also a correlation between the duration of the disease and
the change in CCT. As was expected, pachymetry showed an
opposite trend compared with the results obtained in the meta-
regression for CED. When Tang et al?® evaluated the CCT,
they did not find a significant difference between diabetic
patients and nondiabetic control patients. It could be ex-
plained by the low number of studies available when they did
the study; however, they reported a slightly greater CCT in
patients with DM. Our results showed that the difference in
CCT between patients and control patients was higher with
the population with TIDM, the same group in which we
found the major impact on the CED. This could imply a
greater risk because, in addition to cell reduction, excessive
hydration promotes folding in Descemet membrane, which
increases the stromal thickness even more. In addition, the
persistence of this condition also predisposes to corneal
vascularization, infection, and scarring.3’

Two main factors associated with the pathophysiology
of the corneal endothelium in diabetes are the high glycemic
environment and the reduced or null amount of insulin. Faced
with glucose in excess, cells, such as the corneal endothelium,
in which the entrance of glucose does not depend on insulin,
are exposed to the task of modulating the entry of glucose, so
they became particularly prone to complications.3®

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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Because all diabetic patients are exposed to glucose in
excess and other inductors of damage such as polyols and
advanced glycation end products, we hypothesize that the
differences between TIDM and T2DM are related with the
impact of the disease at different points of the life span in
diabetic populations. Damage mediated by diabetes has a higher
impact in TIDM because it starts in the moment of life where
the loss of cells is higher (16 cells/mm? per year in nondiabetic
control patients), and DM could enhance it. In addition, TIDM
has an immunological background that could also affect the
level of cellular loss. Genetic analyses of TIDM have linked the
HLA complex with susceptibility to TIDM in at least 50% of
patients.>® HLA class I (HLA-A, HLA-B, and HLA-C) are
constitutively expressed on the corneal endothelium,?” and HLA
class II (-D) can be expressed on the corneal endothelium when
it is exposed to an inflammatory trigger.3® In addition, TIDM is
associated with autoantibodies that could also affect the cornea.
The antibodies against the enzyme glutamic acid decarboxylase
have been recognized in 65% of patients with T1IDM and might
have a long-term impact on the corneal endothelium. This
enzyme is highly expressed in corneal endothelial cells,3**® and
the mutations in the coding gene are related with the
development and progress of Fuchs corneal dystrophy.*!

The proportion of the variance of CED and CCT that is
explained by the meta-regression, including the DM type and
mean age variables, was higher for TIDM (CED, R? = 44%;
CCT, R? = 88%) than for T2DM (CED, R? = 14%; CCT,
R? = 15%). This suggests that TIDM and its young age of
onset are the causes of the greater difference found between
its case patients and nondiabetic control patients in compar-
ison with that between T2DM and its control group. It would
be interesting to evaluate these changes in the extremes of life
to identify the moment when the risk for cellular loss is higher
and the cumulative impact of TIDM over time.

The heterogeneity (12) was high for CED and pachy-
metry in the TIDM and T2DM groups. This could be
partially explained because the studies used for analysis were
cross-sectional and case—control studies. These studies
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Author Status N mean CED (cells/mm?) Weight (%) Mean 95% ClI
Sanchis-Gimeno et al 2016 Ctr 48 2505 i 4% 2505 [2454, 2556
Calvo-Maroto et al 2014 Ctr 38 2603 L ] 4% 2603 [2554, 2652
Galgauskas et al 2016 Ctr 120 2967.3 [ ] 4% 2967 [2928, 3007
Roszkowska et al 1999 Ctr 62 2032.55 | 4% 20332012, 2053
EI-A?]amy and Alsubaie 2017 Ctr 45 2629.68 il 4% 2630 [2544, 2715
Sudhir et al 2012 Ctr 121 2634.44 el 2% 2634 [2589, 2680
Calvo-Maroto et al 2014 Ctr 43 2554 HiH 4% 2554 [2478, 2630
Cankurtaran and Tekin 2018 Ctr 146 2530.2 - 4% 2530 [2486, 2575]
Durukan 2019 Ctr 112 2501 HH 4% 2501 [2445, 2557
Larsson et al 1996 Ctr 20 2604 —a— 3% 2604 [2435, 2773
Médis et al 2010 Ctr 60 2354 L 4% 2354 12307, 2401
Inoue et al 2002 Ctr 97 2599 i 4% 2599 [2544, 2654
Storr-Paulsen et al 2014 Ctr 256 2605 [} 4% 2605 [2597, 2613
Sanchis-Gimeno etal2016 T2DM 35 2101 HH 4% 2101 [2040, 2162
Galgauskas et al 2016~ T2DM 123 2721.8 L ] 4% 2722 [2675, 2768
Calvo-Maroto et al 2014 T2DM 37 2581 E 1 4% 2581 [2525, 2637
Roszkowska et al 1999  T2DM 90 1915.47 u 4% 1915 [1901, 1930
Calvo-Maroto et al 2014 T2DM 40 2205 HH 4% 2205 [2145, 2265
Sudhir et al 2012 T2DM 1191 2550 . 2% 2550 [2545, 2555
Cankurtaran and Tekin2018 T2DM 153 24827 [ ] 4% 2483 [2431, 4
El-Agamy and Alsubaie2017 T2DM 5 2491.98 HH 4% 2492 [2424, 2560
Durukan 2019 T2DM 120 2295 HH 4% 2295 [2239, 2351
Larsson et al 1996 T2DM 60 2457 i 3% 2457 [2364, 2550
Madis et al 2010 T2DM 59 2330 HiH 4% 2330 [2266, 2394
Inoue et al 2002 T2DM 99 2493 HH 4% 2493 [2428, 2558
Storr-Paulsen et al 2014 T2DM 214 2578 | | 4% 2578 [2568, 2588
. Ctr < 2552 [2442, 2663
FIGURE 4. Forest plot of CED in  T2om - 2408 [2297, 2518

patients with T2DM and control
patients (Ctr). The mean corneal
endothelial cell density is shown for
patients with T2DM and control
patients.

provide information on different populations at a specific
period in patients’ lives and the course of the disease, which is
not consistent between the different studies, and increase the
variability once they are pooled for analysis. In addition, the
different places where the studies were performed and the age
of the participants could increase the variability because it has
been described that the average CED for a specific age is not
the same in all geographic areas and the rate of change is
different over time, even in the same population.3?#2 Because
this meta-regression was performed using data obtained in
different studies, it relied on the quality of the information
provided by them.

We evaluated the impact of TIDM and T2DM
separately, but it was not possible with the available studies
to directly compare TIDM with T2DM to establish quanti-

Status

1850 2350 2850 3350

Mean

tative relations between these conditions. Despite this, it is
interesting that a significant relation between the duration of
the DM and the progressive reduction in CED was only found
in the T2DM group, whereas for both types of DM, the CCT
correlated with the duration of the disease. Moreover, the
calculated rate of CCT change was very similar in both types
of DM. Overall, these findings point out that there must be a
pathophysiological mechanism associated with T1DM that
affects the corneal endothelial cells and is not correlated with
the duration of the disease.

Our meta-regression model allowed a more accurate
estimation of the association between each type of DM and
the reduction in CED or the increase of CCT compared with
nondiabetic control patients. This confirms that each type of
DM and the duration of disease contribute differently to

N  mean CCT (um) Weight (%) Mean 95% CI

Author
Sanchis-Gimeno et al 2016 Ctr
Calvo-Maroto et al 2014 Ctr
Galgauskas et al 2016 Ctr
Roszkowska et al 1999 Ctr
El-Agamy and Alsubaie 2017 Ctr
Sudhir et al 2012 Ctr
Calvo-Maroto et al 2014 Ctr
Cankurtaran and Tekin 2018 Ctr
Durukan 2019 Ctr
Larsson et al 1996 Ctr
Madis et al 2010 Ctr
Inoue et al 2002 Ctr
Storr-Paulsen et al 2014 Ctr
Sanchis-Gimenoetal2016 ~ T2DM
Galgauskas et al 2016 T2DM
Calvo-Maroto et al 2014 T2DM
Roszkowska et al 1999 T2DM
Calvo-Maroto et al 2014 T2DM
Sudhir et al 2012 T2DM

Cankurtaranand Tekin2018 ~ T2DM
El-AgamyandAlsubaie2017  T2DM

Durukan 2019 T2DM
Larsson et al 1996 T2DM
Madis et al 2010 T2DM
Inoue et al 2002 2

T
Storr-Paulsen et al 2014 T2DM

FIGURE 5. Forest plot of pachymetry Fiom

(CCT) in patients with T2DM and
control patients (Ctr). The mean of
the pachymetry value is shown for
patients with T2DM and for control
patients.
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48 542 ] 4.49% 542.00 [538.35, 545.65]
38 545 ] 4.52% 545.00 [541.50, 548.50
120 550 ™ 3.48% 550.00 [539.91, 560.09
62 550 [ ] 3.98% 550.00 [542.53, 557.47
45 539.42 - 3.62% 539.42[530.88, 547.96
121 526.06 - 2.07% 526.06 [520.11, 532.01
43 547 | | 4.53% 547.00 [543.71, 550.29
146 522.7 n 4.18% 522.70 [517.10, 528.30
112 521.5 ] 4.06% 521.50 [515.67, 527.33
20 560 - 2.74% 560.00 [546.85, 573.15
60 560 [l 3.41% 560.00 [549.88, 570.12
97 537 3.81% 537.00 [529.44, 544.56
256 538 | | 4.75% 538.00 [537.39, 538.61
35 567.4 [ ] 4.49% 567.40 [563.79, 571.01
123 566.7 = 3.76% 566.70 [560.39, 573.01
37 546 ] 4.45% 546.00 [541.81, 550.19
90 570 u 4.19% 570.00 [565.87, 574.13
40 569 u 4.48% 569.00 [565.59, 572.41
1191 524.75 " 2.16% 524.75[522.79, 526.71
153 534.1 [ ] 4.19% 534.10 [528.68, 539.52
57 545.61 - 3.67% 545.61[537.72, 553.50
120 544.2 [ ] 3.99% 544.20[537.40, 551.00
60 570 - 2.78% 570.00 [557.35, 582.65
59 560 - 3.60% 560.00 [552.35, 567.65
99 538 [ ] 3.84% 538.00[530.91, 545.09
214 546 [ | 4.75% 546.00 [545.06, 546.94

- 539 [532, 547

. 552 [544, 559

T T 171
450.00 600.00
Mean
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corneal endothelial compromise, and this clinically requires
further attention.

Copyright © 2021 The Author(s). Published by Wolters Kluwer Health, Inc.
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