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Diabetes is the leading cause of nontraumatic lower-extremity amputations (LEAs).
Identiﬁcation of patients with foot ulcers at risk for amputation remains clinically
challenging. Plasma copeptin, a surrogate marker of vasopressin, is associated with
the risk of cardiovascular and renal complications in diabetes.

PATHOPHYSIOLOGY/COMPLICATIONS

RESEARCH DESIGN AND METHODS

We assessed the association between baseline plasma copeptin and risk of LEA
during follow-up in four cohorts of people with type 1 (GENESIS, n 5 503, and
GENEDIAB, n 5 207) or type 2 diabetes (DIABHYCAR, n 5 3,101, and SURDIAGENE,
n 5 1,452) with a median duration of follow-up between 5 and 10 years. Copeptin
concentration was measured in baseline plasma samples by an immunoluminometric assay.
RESULTS

In the pooled cohorts with type 1 diabetes (n 5 710), the cumulative incidence of LEA
during follow-up by increasing tertiles (tertile 1 [TER1], TER2, and TER3) of baseline
plasma copeptin was 3.9% (TER1), 3.3% (TER2), and 10.0% (TER3) (P 5 0.002). Cox
regression analyses conﬁrmed the association of copeptin with LEA: hazard ratio
(HR) for 1 SD increment of log[copeptin] was 1.89 (95% CI 1.28–2.82), P 5 0.002. In
the pooled cohorts of type 2 diabetes (n 5 4,553), the cumulative incidence of LEA
was 1.1% (TER1), 2.9% (TER2), and 3.6% (TER3) (P < 0.0001). In Cox regression
analyses, baseline plasma copeptin was signiﬁcantly associated with LEA: HR for
1 SD increment of log[copeptin] was 1.42 (1.15–1.74), P 5 0.001. Similar results were
observed in the cohort with type 2 diabetes for lower-limb revascularization (HR
1.20 [95% CI 1.03–1.39], P 5 0.02).
CONCLUSIONS

Baseline plasma copeptin is associated with cumulative incidence of LEA in cohorts
of people with both type 1 and type 2 diabetes and may help to identify patients at
risk for LEA.
Diabetes is the leading cause of nontraumatic lower-extremity amputations (LEAs).
LEA is a major complication of diabetes and is associated with low quality of life and
higher risk of mortality (1). The high prevalence of LEA in people with diabetes is mainly
related to the presence of foot ulcers, and this complication is driven by a range of
factors including peripheral arterial disease (PAD), diabetic neuropathy, impaired
wound healing, and susceptibility to infection (2). However, despite these well-known
causal factors, biomarkers able to predict the risk of LEA are lacking. We have recently
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RESEARCH DESIGN AND METHODS
Study Population
Cohorts With Type 1 Diabetes

Génétique de la Néphropathie Diabétique
(GENEDIAB) and Genesis France-Belgium
(GENESIS) are two multicenter binational
cohorts of people with long-standing
type 1 diabetes designed to study
the vascular complications of diabetes.
GENEDIAB participants were selected on
the basis of a diagnosis of type 1 diabetes
before the age of 35 years and past or
present diagnosis of severe diabetic retinopathy (10). GENESIS was a familybased study conducted in ﬁrst-degree
relatives and probands with type 1 diabetes, selected on the basis of a diagnosis
of diabetes before the age of 35 years and
past or present diagnosis of diabetic retinopathy (11). Subsets of participants
from GENEDIAB (n 5 260) and GENESIS
(n 5 550) were included in a prospective
observational study and followed until an

end point was reached or until February
2007. The subsets were composed of
participants who attended outpatient
clinics at least once during the follow-up
period. Median duration of follow-up was
10.2 years (interquartile range 2.7) and
5.0 years (1.6) for GENEDIAB and GENESIS,
respectively. In the present investigation,
we studied 207 GENEDIAB and 503
GENESIS participants for whom plasma
copeptin at baseline and LEA information
during follow-up were available. Study
protocols were approved by the ethics
committee of the Angers University Hospital (Angers, France), and all participants
gave written informed consent.
Cohorts With Type 2 Diabetes

DIABHYCAR was a multinational, multicentric clinical trial conducted in people
with type 2 diabetes selected on the basis
of persistent microalbuminuria (urinary
albumin concentration [UAC] 20–200
mg/L) or macroalbuminuria (UAC .200
mg/L) without renal failure (plasma creatinine ,150 mmol/L) at baseline. The
trial tested the effect of a low dose of
ramipril, an ACE inhibitor, on the incidence of cardiovascular and/or renal
events. The median duration of follow-up
was 5 years. Results were negative regarding the drug effect and have previously were published (12). SURDIAGENE
is an ongoing prospective monocentric
study aiming to identify the genetic and
environmental determinants of vascular
complications in type 2 diabetes (13).
Patients have been recruited and followed
regularly since 2002 at the Diabetes Department of the University Hospital of
Poitiers, France. Living status and cardiovascular and kidney end points were determined from patients’ hospital records
and interviews with general practitioners
and recorded every other year since 2007.
Median duration of follow-up was 7 years.
A detailed description of study population, outcome criteria, and adjudication
procedure was previously published for
both cohorts (12). In the present investigation, we studied 3,101 and 1,452
participants with type 2 diabetes from
the DIABHYCAR and SURDIAGENE cohorts, respectively, for whom plasma
copeptin at baseline and LEA information
during follow-up were available. Participants from both cohorts provided written
informed consent, and study protocols were
approved by the ethics committee of Angers
University Hospital (DIABHYCAR) and the
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Comités de Protection des Personnes (CPP)
Ouest III, Poitiers, France (SURDIAGENE).
Deﬁnition of Clinical Parameters and
Outcomes

In both type 1 and type 2 diabetes
cohorts, an ad hoc event committee
reviewed the case record of each patient
to validate the baseline data and, later,
the incidence of outcomes during
follow-up (10,11). Estimated glomerular
ﬁltration rate (eGFR) was calculated using the CKD-EPI (Chronic Kidney Disease Epidemiology Collaboration) study
equation for serum creatinine (14). Microalbuminuria was deﬁned as UAC
30–300 mg/24 h, 20–200 mg/min, or
20–200 mg/L and macroalbuminuria as
UAC .300 mg/24 h, .200 mg/min, or .200
mg/L. The primary outcome was the ﬁrst
occurrence of LEA during follow-up, as
deﬁned as a nontraumatic amputation at
or above the metatarsophalangeal joint.
The requirement of lower-extremity revascularization (angioplasty or bypass surgery) during follow-up was considered a
secondary outcome for sensitivity analyses (data available only in the cohorts with
type 2 diabetes). History of diabetic foot
ulcer at baseline and incident diabetic foot ulcer during follow-up was not
reported in any of the cohorts.
Laboratory Procedures

Copeptin concentration was measured in
fasting plasma–EDTA samples, collected
at baseline and kept frozen at 280°C.
Copeptin measurements were performed
by Thermo Fisher Scientiﬁc using their
automated immunoluminometric assay
(ultrasensitive Copeptin proAVP; Thermo
Fisher Scientiﬁc, Hennigsdorf, Germany)
(15). The limit of detection was 0.9 pmol/L.
Intra-assay coefﬁcient of variation reported by the manufacturer was ,15%
and ,8% for concentration ranges of 2.0–
4.0 pmol/L and 4.0–15.0 pmol/L, respectively. Interassay coefﬁcient of variation
was ,18% and ,10%, respectively, for
the lower and higher copeptin concentration range.
Computations and Statistical Analyses

Results are expressed as mean 6 SD,
except copeptin, AER, and triglycerides,
which are expressed as median (interquartile range). Differences between
groups were assessed by Student t test,
Wilcoxon test, and Fischer exact test.
Kaplan-Meier curves were used to plot
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reported in a prospective cohort of people with type 2 diabetes that the use of
diuretics was associated with a higher
risk of amputation (3). That work was
driven by the assumption that diureticinduced hypovolemia would worsen hypoperfusion of distal lower extremities,
triggering ischemia and necrosis, eventually leading to amputation.
More recent work has identiﬁed copeptin as a marker of circulating volume
status. Copeptin is the COOH-terminal
portion of the preprovasopressin peptide and is cosecreted into the blood by
the neurohypophysis in an equimolar
amount with vasopressin. The main stimuli for the secretion of vasopressin are an
increase in plasma osmolality and/or a
decrease in arterial circulating volume.
Plasma copeptin has been involved in a
wide range of pathophysiological processes, especially in patients with diabetes, including the development and
progression of diabetic kidney disease
and cardiovascular morbidity and mortality (4–9).
In line with this hypothesis, in the
present investigation, we assessed the
relationship between copeptin, a surrogate of vasopressin and therefore hydration status and LEA in people with
diabetes. Speciﬁcally, in this analysis,
we assessed the association between
plasma copeptin at baseline with the
risk of subsequent LEA in independent
cohorts with type 1 and type 2 diabetes.
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RESULTS
Copeptin and Risk of LEA in Cohorts
With Type 1 Diabetes

The cumulative incidence of LEA during
follow-up in GENESIS and GENEDIAB
pooled study was 5.5% (n 5 39), and

its incidence rate was 0.89 per 100 personyears. Characteristics of participants at
baseline according to occurrence of LEA
during follow-up are shown in Table 1.
Brieﬂy, incident LEA case subjects, compared with participants not presenting the
outcome, were older; had a longer duration of diabetes; had higher systolic blood
pressure; had higher concentrations of
copeptin, HbA1c, and UAC; had lower
eGFR; and were more likely to take
antihypertensive drugs. Previous myocardial infarction and LEA at baseline
were more frequent in incident LEA
case subjects.
The incidence of LEA during follow-up
by tertiles of baseline plasma copeptin
was 3.9% (tertile 1 [TER1]), 3.3% (TER2),
and 10.0% (TER3 [log-rank test x2 5 12.7,
P 5 0.002]) (Fig. 1A). Cox proportional
hazards survival regression analyses
were performed with LEA as outcome
and the clinical and biological parameters
mentioned above plus sex, cohort membership, and use of diuretics at baseline
as independent covariates. Baseline plasma
copeptin was signiﬁcantly and positively associated with incidence of
LEA during follow-up in all regression
models that were tested (Table 2). HbA1c
and a previous history of LEA at baseline
also remained signiﬁcantly and positively
associated with the outcome (Supplementary Fig. 1).
The incidence of LEA was higher in
users of diuretics at baseline than in
nonusers (14.2% vs. 3.7%, respectively,
P , 0.0001). Copeptin was also higher in
users of diuretics than in nonusers (median 12.5 [interquartile range 25.6] vs.
4.5 [5.2] pmol/L, respectively; Wilcoxon
test, P , 0.0001). No difference was
observed in copeptin-related risk of
LEA during follow-up between users
and nonusers of diuretics (fully adjusted
model 2): median 2.14 (interquartile
range 1.06–4.78) for 1 SD of log[copeptin],
P 5 0.03 in diuretic users and 1.97 (1.10–
3.58), P 5 0.02 in nonusers. No interaction between diuretics and copeptin
was observed for the association with
LEA.
Copeptin and Risk of LEA in Cohorts
With Type 2 Diabetes

The cumulative incidence of LEA during
follow-up in DIABHYCAR and SURDIAGENE
pooled study was 2.5% (n 5 115),
and its incidence rate was 0.47 per
100 person-years. Characteristics of

participants at baseline according
the occurrence of LEA during follow-up
are shown in Table 1. Brieﬂy, incident LEA
case subjects, compared with participants not presenting the outcome,
were more likely to be men; were older;
had a longer duration of diabetes; had
higher concentrations of copeptin, total
cholesterol, and UAC; had lower eGFR
and HDL cholesterol; and were more
likely to be taking renin-angiotensin system blockers, diuretics, antihypertensive
drugs, antiplatelet or anticoagulation
drugs, lipid-lowering drugs, and insulin.
Previous LEAs at baseline were more
frequent in incident LEA case subjects.
The incidence of LEA during follow-up by
tertiles of baseline plasma copeptin was
1.1% (TER1), 2.9% (TER2), and 3.6%
(TER3) (log-rank test x2 5 26.6, P ,
0.0001) (Fig. 1B). In Cox proportional
hazards survival regression analyses,
baseline plasma copeptin was signiﬁcantly and positively associated with incidence of LEA during follow-up in all
regression models that were tested
(Table 2). Sex (male), UAC, and a previous
history of LEA at baseline also remained
signiﬁcantly and positively associated with
the outcome (Supplementary Fig. 1).
The incidence of LEA was higher in
users of diuretics at baseline than in
nonusers (4.2% vs. 1.8%, respectively;
P , 0.0001). Copeptin was also higher in
users of diuretics than in nonusers (median 7.9 [interquartile range 8.9] vs. 6.9
[6.6] pmol/L, respectively; Wilcoxon test,
P , 0.0001). Copeptin-related risk of LEA
(fully adjusted model 2) during follow-up
was median 1.25 (interquartile range
0.93–1.68) for 1 SD of log[copeptin], P 5
0.14 in users and 1.58 (1.17–2.11), P 5
0.003 in nonusers. No interaction between
diuretics and copeptin was observed in
the association with LEA.
Sensitivity Analysis: Baseline Copeptin
and Lower-Extremity Revascularization During Follow-up in Cohorts
With Type 2 Diabetes

Lower-extremity revascularization was
performed in 115 (2.5%) participants
from the cohorts with type 2 diabetes.
Characteristics of participants who had a
revascularization compared with those
who had not are shown in Supplementary
Table 1. The incidence of the outcome
during follow-up by tertiles of baseline
plasma copeptin was 3.2% (TER1), 4.3%
(TER2), and 6.1% (TER3 [log-rank test
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the incidence of the outcome over time.
The copeptin concentrations were log
transformed to adjust for positive skewness. Difference of incidence between
groups was assessed by log-rank tests.
Cox proportional hazards survival regression analyses were used to examine the
effect of plasma copeptin at baseline on
the outcomes during follow-up and to
evaluate the independence of this association from other relevant covariates.
Hazard ratios (HRs) with 95% CICIs were
computed in these analyses for 1 SD of
log[copeptin], and two regression models were tested. Model 1 included as
independent covariates cohort membership (see below), sex, use of diuretics,
and baseline parameters with P , 0.05 in
the comparison between incident cases
and participants who did not present
the outcome (data from Table 1 and
Supplementary Table 1), except UAC
and eGFR, while model 2 also included
these markers of kidney function. As death
could compete with the occurrence of the
primary outcome, we have also performed
competing-risk regression analyses according to the Fine and Gray method (16) with
death from all causes during follow-up as
a competing risk (model 3). Subhazard
ratios (sHR) with 95% CI were computed
for 1 SD of log[copeptin]. Since we showed
that risk of LEA is higher in patients using
diuretics and that diuretics can modify
volume homeostasis and so plasma copeptin, we also compared copeptin-related
risk of LEA in subgroups of patients according to diuretic use at baseline (3). We also
assessed the interaction between diuretics
and copeptin in LEA risk. To increase
sample size and the number of events
during follow-up, and thus the statistical
power of the analyses, data from GENESIS
and GENEDIAB, and from SURDIAGENE and
DIABHYCAR, were pooled for the analyses
in cohorts with type 1 and type 2 diabetes,
respectively. Cohort membership was always included as a covariate in the regression models to take into account
cohort-related differences. Statistics were
performed with JMP (SAS Institute, Cary,
NC) and with R statistical packages. P ,
0.05 was considered signiﬁcant.
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Table 1—Characteristics of participants at baseline by the incidence of LEA during follow-up
Cohorts with type 1 diabetes

n (%)

No LEA

Incident LEA

P

No LEA

Incident LEA

P

671 (94.5)

39 (5.5)

d

4,438 (97.5)

115 (2.5)

d

,0.0001

GENESIS cohort, n (%)

489 (97.2)

14 (2.8)

GENEDIAB cohort, n (%)

182 (87.9)

25 (12.1)

d
d

d
d

DIABHYCAR cohort, n (%)
SURDIAGENE cohort, n (%)

Cohorts with type 2 diabetes

d

d

d

d

d

d

d
d

3,064 (98.8)
1,374 (94.6)

37 (1.2)
78 (5.4)

,0.0001
,0.0001

366 (55)

24 (62)

0.41

3,008 (68)

102 (89)

43 6 11

48 6 11

0.006

65 6 9

67 6 9

0.10

Duration of diabetes, years

27 6 9

30 6 8

0.04

12 6 9

15 6 10

,0.0001

BMI, kg/m2

24.3 6 3.5

24.0 6 3.7

0.58

30.0 6 5.3

30.1 6 4.4

0.80

Systolic BP, mmHg

133 6 19

143 6 19

0.003

141 6 16

143 6 16

0.16

Diastolic BP, mmHg

77 6 11

78 6 9

0.57

79 6 10

78 6 11

0.20

Arterial hypertension, n (%)
Current tobacco smoking, n (%)

336 (50)
191 (29)

31 (79)
8 (22)

0.0004
0.45

2,847 (64)
578 (13)

96 (83)
18 (16)

,0.0001
0.32

Previous MI, n (%)

30 (5)

7 (18)

0.003

381 (8.6)

14 (12.2)

0.18

Previous stroke, n (%)

21 (3)

3 (8)

0.13

195 (4.4)

8 (7.0)

0.17

Previous LEA, n (%)

34 (5)

19 (49)

,0.0001

48 (1.1)

24 (20.9)

,0.0001

Copeptin, pmol/L

4.8 [6.3]

9.6 [23.7]

0.0003

7.0 [7.1]

9.1 [12.1]

,0.0001

HbA1c, %

8.5 6 1.4

9.2 6 2.0

0.007

7.8 6 1.7

8.0 6 1.8

0.38

HbA1c, mmol/mol

70 6 16

77 6 21

0.007

62 6 18

64 6 20

0.38

Total cholesterol, mmol/L*
HDL cholesterol, mmol/L

5.8 6 1.5
NA

5.6 6 1.7
NA

0.55
d

5.5 6 1.2
1.3 6 0.4

5.2 6 1.3
1.2 6 0.4

0.02
0.0007

Triglycerides, mmol/L*

1.1 [0.9]

1.4 [1.2]

0.51

1.8 [1.3]

1.7 [1.1]

0.56

Plasma creatinine, mmol/L

84 [25]

104 [126]

0.0002

87 [29]

97 [40]

,0.0001

eGFR, mL/min/1.73 m2

84 6 31

61 6 34

,0.0001

74 6 20

65 6 26

,0.0001

UAC, mg/L

19 [175]

105 [1,086]

0.004

60 [128]

168 [453]

,0.0001

UAC stages, n (%)
Normoalbuminuria
Microalbuminuria
Macroalbuminuria

333 (50)
142 (21)
196 (29)

8 (20.5)
8 (20.5)
23 (59)

0.0002

637 (14)
2,801 (63)
993 (23)

17 (15)
45 (39)
53 (46)

,0.0001

,0.0001

Use of antiplatelet or anticoagulation drugs, n (%)

NA

NA

d

1,277 (29)

63 (55)

55 (8)

6 (15)

0.14

1,195 (27)

15 (13)

0.0006

Use of BP-lowering drugs, n (%)

336 (50)

31 (79)

0.0004

2,846 (64)

95 (83)

,0.0001

Use of ACE-I or ARB, n (%)
Use of diuretics, n (%)

279 (42)
280 (42)

21 (54)
21 (54)

0.18
0.18

1,034 (23)
1,302 (29)

65 (57)
57 (50)

,0.0001
,0.0001

Use of insulin, n (%)

671 (100)

39 (100)

0.99

821 (19)

53 (46)

,0.0001

Use of lipid-lowering drugs, n (%)

Data are expressed as means 6 SD or median [interquartile range] unless otherwise indicated. Differences between groups are assessed by
Student t test, Wilcoxon test, or Fischer exact test. eGFR computed by CKD-EPI formula. ACE-I, ACE inhibitor; ARB, angiotensin receptor blocker; BP,
blood pressure; MI, myocardial infarction; NA, no available data. *Data from cohorts with type 1 diabetes available only for GENEDIAB participants.
P , 0.05 was signiﬁcant.

x2 5 24.4, P , 0.0001]) (Supplementary
Fig. 2). In Cox proportional hazards survival regression analyses, baseline plasma
copeptin was signiﬁcantly and positively
associated with the requirement of lowerextremity revascularization during followup in all regression models that were
tested (Table 3). Cohort (DIABHYCAR),
sex (male), active tobacco smoking, total
cholesterol, UAC, use of antiplatelet or
anticoagulation drugs, and a previous history of LEA at baseline also remained
signiﬁcantly and positively associated
and BMI and HDL cholesterol inversely

associated with the outcome (data not
shown).
Death as a Competing Risk of LEA

During follow-up, death occurred in 59
participants (8.3%) in cohorts with type 1
diabetes, including 15 incident cases of
LEA, and in 991 participants (21.8%) in
cohorts with type 2 diabetes, including
67 incident cases of LEA. The association
between baseline copeptin and the incidence of LEA evaluated with the Cox
model might be biased if many patients
died before achieving the LEA end point.

Consequently, we performed competing
risk regression analyses to estimate sHR
for risk of LEA according to baseline
plasma copeptin with all cause death as
a competing risk. In both cohorts with
type 1 and cohorts with type 2 diabetes,
copeptin remained signiﬁcantly associated with LEA (Table 2) (model 3), indicating that death was not a signiﬁcant
competing risk.
CONCLUSIONS

In this study, we showed that high plasma
copeptin at baseline is associated with
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Male sex, n (%)
Age, years

2294

Copeptin and Amputation Risk in Diabetes

Diabetes Care Volume 42, December 2019

increased cumulated incidence of LEA
over a 5- to 10-year follow-up in cohorts
of people with diabetes. The associations
were independent from other relevant
risk factors for LEA such as dyslipidemia,
arterial hypertension, the severity and
duration of diabetes, markers of kidney
disease, and a previous history of cardiovascular disease and LEA at baseline.
Moreover, our results were consistent
across cohorts of both people with
type 1 diabetes and people with type 2
diabetes.
We and others have previously shown
that plasma copeptin is strongly associated with a higher risk of chronic kidney

disease and cardiovascular disease in
people with diabetes (4–9,17). However, to our knowledge, this study is
the ﬁrst to investigate the association
between copeptin and risk of LEA in
prospective cohorts of both people
with type 1 and people with type 2
diabetes.
The pathophysiological mechanisms
behind the association of copeptin with
LEA are likely complex. Vasopressin
acts through three different G-protein–
coupled receptors, which are widely distributed across tissues. Vasopressin has
been involved in a wide range of pathological processes such as chronic kidney
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Figure 1—Kaplan-Meier curves for the cumulative incidence of LEA during follow-up by tertiles (T)
of baseline plasma copeptin. A: Cohorts with type 1 diabetes, log-rank test x2 5 12.7, P 5 0.002. B:
Cohorts with type 2 diabetes cohorts, log-rank test x2 5 26.6, P , 0.001. y, years.

disease, diabetes and metabolic disorders, hypertension, and aging (18). Similarly, in diabetes, LEA is the consequence
of several intricately linked factors such
as foot deformations, diabetic neuropathy, peripheral artery disease, skin microangiopathy with impairment of skin
blood ﬂow, coagulation disorders, and
infectious diseases (19).
There is a growing body of evidence
that copeptin is a biomarker of atherosclerotic disease in people with diabetes
(8,9). Indeed, we previously showed that
copeptin was positively associated with
coronary heart disease. Since PAD, a manifestation of atherosclerosis, is a major
trigger of LEA in people with diabetes,
the relationship between copeptin and
cardiovascular disease could explain, at
least in part, the increased risk of LEA
associated with copeptin. Consistent
with this, two previous studies reported
an association between PAD and copeptin. Bar-Shalom et al. (20) showed that
plasma copeptin was signiﬁcantly associated with surrogate markers of PAD
(ankle brachial index and toe systolic
pressure index) in 302 patients with
type 2 diabetes without known or suspected cardiovascular disease. Similarly,
Ozkaramanli Gur et al. (21) showed a
signiﬁcant increase of plasma copeptin as
ankle brachial index decreased in 180 participants with previous multivessel coronary artery bypass grafting surgery (half
of them had diabetes). Furthermore,
vasopressin is involved in vascular function and may play a pathophysiological
role in thrombosis function. The vasopressin receptor V1a subtype is expressed
in vascular smooth muscle cells and platelet
membrane. It has been shown that
vasopressin has a vasoconstrictor effect in lower-limb arteries and induces
platelet aggregation via V1aR activation (22,23). On the other hand, the V2
receptor is expressed in endothelium
and have been shown to increase the
circulating levels of coagulation factor
VIII, von Willebrand factor, and tissue
plasminogen activator (24,25).
A large body of data supports a direct
role for vasopressin, through the activation of V2 receptors, in the development
and progression of CKD, including diabetic kidney disease (5,8,17,18,26–28).
Impaired kidney function may aggravate
other risk factors for LEA such as hypertension, oxidative stress, dyslipidemia,
inﬂammation, and arterial calciﬁcation
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Table 2—Baseline plasma copeptin and risk for LEA during follow-up
Cohorts with type 1
diabetes

Cohorts with type 2
diabetes

HR or sHR

95% CI

P

HR or sHR

95% CI

P

Crude
Model 1

1.91
1.80

1.47–2.45
1.31–2.47

,0.0001
0.0003

1.79
1.53

1.52–2.09
1.28–1.81

,0.0001
,0.0001

Model 2

1.89

1.28–2.82

0.002

1.42

1.15–1.74

0.001

Model 3

1.82

1.28–2.61

0.001

1.64

1.38–1.94

0.001

(29). The presence and severity of CKD
are associated with a dramatic increased
risk of diabetic foot ulcers, PAD, and LEA in
patients with diabetes (30). Therefore,
the association of copeptin with LEA
observed in the present investigation
may be partly accounted for by the
deleterious effects of vasopressin on
kidney function. However, in our study,
in both of the cohorts, with type 1 and
with type 2 diabetes, association between
plasma copeptin and LEA remained signiﬁcant after adjustment for markers of
kidney disease (UAC and eGFR), suggesting that this relationship was mainly independent of the effect of vasopressin on
renal function.

Table 3—Baseline plasma copeptin
and requirement of lower-extremity
revascularization during follow-up in
the cohorts with type 2 diabetes
HR

95% CI

P

Crude

1.44

1.26–1.63

,0.0001

Model 1

1.30

1.13–1.49

0.0002

Model 2

1.20

1.03–1.39

0.02

HR computed by Cox proportional hazards
survival regression analysis for 1 SD of
log[copeptin]. Model 1: adjustment for
cohort membership; sex; age; duration of
diabetes; BMI; arterial hypertension;
diastolic blood pressure; total cholesterol;
HDL cholesterol; current tobacco smoking;
use of insulin, ACE inhibitors, angiotensin
receptor blockers, diuretics, blood pressure–
lowering drugs, or antiplatelet or
anticoagulation drugs; and previous history
of myocardial infarction, stroke, or LEA at
baseline. Model 2: model 1 adjustments plus
adjustment for eGFR and UAC at baseline.
P , 0.05 is signiﬁcant.

The primary function of vasopressin is
to adapt water excretion by the kidney
to maintain body ﬂuid balance and
plasma osmolality within narrow limits
(31). Dehydration and a modest elevation
of plasma osmolality are major stimuli
for vasopressin secretion by the neurohypophysis. Thus, plasma copeptin is a
surrogate marker of blood volume, and it
has been shown that volume depletion
led to a signiﬁcant increase of copeptin
(32). The latter could further decrease
peripheral perfusion in patients with
PAD, which would favor decompensation
and eventually LEA. There is evidence
from case reports that extracellular volume depletion could lead to lower-limb
or mesenteric ischemia (33,34). Use of
diuretics is associated with an increased
risk of hypovolemia, and in the present
analysis, patients taking diuretics at
baseline indeed had a higher copeptin
concentration in both cohorts. This is
consistent with our recent report of an
association between diuretic use and a
higher risk of LEA in people with type 2
diabetes (3). Furthermore, an unexplained association between sodium–
glucose cotransporter 2 (SGLT2) inhibitors
and amputation risk was recently observed in a cardiovascular safety trial,
and in some observational studies
(35–37). In light of our results, this unexpected safety signal could be seen as
plausible due to the osmotic diuretic
effect of this new class (38). Indeed,
volume-depletion adverse events have
been reported with SGLT2 inhibitors in
randomized control trials (39). Moreover, plasma copeptin concentrations
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HR and sHR computed for 1 SD of log[copeptin] by Cox proportional hazards survival regression
analysis (HR) or competing risk regression analyses (sHR). Model 1 for cohorts with type 1 diabetes:
adjustment for cohort membership, sex, age, duration of diabetes, systolic blood pressure, HbA1c,
use of diuretics and of blood pressure–lowering drugs, and previous history of myocardial
infarction and LEA at baseline. Model 1 for cohorts with type 2 diabetes: adjustment for cohort
membership; sex; age; duration of diabetes; arterial hypertension; HbA1c; total cholesterol; HDL
cholesterol; use of insulin, ACE inhibitors, angiotensin receptor blockers, diuretics, blood pressure–
lowering drugs, antiplatelet or anticoagulation drugs, or lipid-lowering drugs; and previous history
of LEA at baseline. Model 2 for all cohorts: model 1 adjustments plus adjustment for eGFR and
UAC at baseline. Model 3 for all cohorts: death from all causes as a competing risk over model 2.
P , 0.05 is signiﬁcant.

increase in response to 8 weeks of
SGLT2 inhibition in patients with type
1 diabetes (P.B., D.Z.C., personal communication). Therefore, medications that
induce a contraction of plasma volume,
both traditional and novel agents with a
diuretic mode of action, appear to raise
circulating copeptin levels. Further work
is required to better understand the
interaction between circulating volume
and copeptin stimulation and the potential for tissue ischemia. Speciﬁcally,
since the risk of LEA has only been
reported to be increased with a single
agent in one of three available cardiovascular outcome trials, it will be important to determine whether there is a
threshold for copeptin as a biomarker
of limb ischemia either with SGLT2 inhibitors or with traditional diuretics. At a
more general level, future work should
determine whether LEA risk could be
predicted by increased concentrations
of copeptin, regardless of the underlying
cause.
Our study has several limitations. First,
due to the observational design, we could
not ascertain a causal relationship between copeptin/vasopressin and LEA.
Moreover, we used copeptin as a surrogate of vasopressin. However, plasma
concentrations of both peptides correlate over a wide range of plasma and/or
urine osmolalities, and the correlation
seems relatively stable for eGFR .28 mL/
min/1.73 m2 (40). Only a small number of
participants in the four cohorts had eGFR
below this threshold, and their exclusion
had no impact on the results (data not
shown). Another limitation was the relatively small number of LEAs observed
during follow-up, potentially reducing
the statistical power to observe independent associations. Finally, since plasma
copeptin was only measured at baseline,
we were not able to assess the effect of
copeptin changes on LEA. Despite these
limitations, the study has major strengths.
It includes a longitudinal study over 5–
10 years for .700 participants with longstanding type 1 diabetes and ;4,500
participants with type 2 diabetes and
diabetic kidney disease. Moreover, our
results were consistent across cohorts and
replicated with lower-limb revascularization in cohorts with type 2 diabetes.
In conclusion, this study show for
the ﬁrst time a positive and signiﬁcant
association between concentrations of
plasma copeptin at baseline and risk of
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