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OBJECTIVE

This study evaluated the association between hemoglobin A1c (A1C) and wound
outcomes in patients with diabetic foot ulcers (DFUs).
RESEARCH DESIGN AND METHODS

We conducted a retrospective analysis of an ongoing prospective, clinic-based study
of patients with DFUs treated at an academic institution during a 4.7-year period.
Data from 270 participants and 584 wounds were included in the analysis. Cox
proportional hazards regression was used to assess the incidence of wound healing
at any follow-up time in relation to categories of baseline A1C and the incidence of
long-term (‡90 days) wound healing in relation to tertiles of nadir A1C change and
mean A1C change from baseline, adjusted for potential confounders.

Baseline A1C was not associated with wound healing in univariate or fully adjusted
models. Compared with a nadir A1C change from baseline of 20.29 to 0.0 (tertile
2), a nadir A1C change of 0.09 to 2.4 (tertile 3) was positively associated with longterm wound healing in the subset of participants with baseline A1C <7.5% (hazard
ratio [HR], 2.07; 95% CI, 1.08–4.00), but no association with wound healing was seen
with the mean A1C change from baseline in this group. Neither nadir A1C change nor
mean A1C change were associated with long-term wound healing in participants
with baseline A1C ‡7.5%.
CONCLUSIONS

There does not appear to be a clinically meaningful association between baseline or
prospective A1C and wound healing in patients with DFUs. The paradoxical ﬁnding
of accelerated wound healing and increase in A1C in participants with better
baseline glycemic control requires conﬁrmation in further studies.
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Given their high attendant risk of amputation, lower extremity ulcers are a dreaded
complication of diabetes. The prevalence of foot ulcers in patients with diabetes is 4–
10%, and the lifetime incidence is as high as 25% (1). Among amputations in patients
with diabetes, 85% are preceded by a foot ulcer (2). Major risk factors for diabetic foot
ulcers (DFUs) include loss of protective sensation (LOPS) from advanced peripheral
neuropathy, peripheral vascular disease (PVD), changes in foot structure, poor glycemic control, cigarette smoking, and history of DFU or amputation (1,3,4). In addition
to impairment in quality of life, DFUs are associated with reduced life expectancy, with
5-year mortality rates as high as 55% for ischemic ulcers and 77% for those with a
previous lower limb amputation (5,6).
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Glycemic control is an established method
of primary prevention of microvascular
complications (7) and has been shown to
reduce amputation rates when combined
with other cardiovascular disease prevention strategies (8). The role of glycemic
control for secondary prevention of DFUs
(i.e., preventing ulceration in patients with
established neuropathy) or tertiary prevention (i.e., prevention of amputation in
patients with DFUs) is less clear. A systematic review of nine randomized controlled trials (RCTs) found that intensive
glycemic control was associated with a
35% reduced risk of amputations in patients with “diabetic foot syndrome” (9).
Studies have shown mixed results regarding the effect of glycemic control on wound
healing, time to wound healing, and
amputation rate. For instance, some observational studies have shown a direct
association between baseline hemoglobin A1c (A1C) and rate of wound healing
(10,11), baseline A1C and amputation
rate (12), and mean A1C and amputation
rate (13,14). Most of these studies, however, found no association between glycemic control and wound outcome (15–18),
and a meta-analysis of ﬁve RCTs found
that baseline A1C was not associated with
wound healing in patients with neuropathic DFUs (19).
A limitation of previous studies in this
area was that measures of glycemic control were generally collected before wound
treatment, making it difﬁcult to draw inferences regarding the effect of glycemic
control during wound treatment on wound
outcomes. The objective of this study was
therefore to evaluate not only the association between baseline A1C and wound
healing but also the association of wound
healing with change in A1C from baseline
by using prospectively collected A1C measures. Furthermore, unlike previous studies,
our intervention included diabetes specialists as integral members of the multidisciplinary diabetic foot and wound team,
which facilitated timely collection of A1C
measurements and individualization of
glycemic targets. We hypothesized that
tighter glycemic control would be associated with shorter time to wound healing.

RESEARCH DESIGN AND METHODS
Study Design

This was a clinic-based observational study
of patients with DFUs seen at the Johns
Hopkins Multidisciplinary Diabetic Foot and
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Wound Clinic between 3 July 2012 and
7 March 2017. Brieﬂy, the integrated
clinic includes specialists from vascular
surgery (surgeon, physician assistant), podiatry (surgical podiatrist), endocrinology
(physicians, nurse practitioner), and wound
care (nurse) (20). All interventions and
study-related procedures reﬂected standard of care for management of DFUs.
For participants with glycemic control at
target, visits with the diabetes specialist
occurred approximately every 3 months
but as frequently as weekly with other
team members if needed for wound care
needs. For patients with uncontrolled
diabetes, the frequency of visits was determined predominantly by wound care
needs rather than by diabetes management needs. The Johns Hopkins Institutional Review Board approved the study.
Written informed consent was obtained
from each participant.
Study Population

Adult patients with a diagnosis of diabetes and lower extremity wound(s) were
eligible for participation. Exclusion criteria
included 1) patient inability or unwillingness to adhere to treatment recommendations, 2) presence of lymphedema/
venous stasis, 3) wound requiring minor
podiatric or conservative treatment considered more appropriate for a general
podiatry clinic, 4) patients seeking only
a one-time second opinion who wished
to continue outside care with established
vascular surgeon or endocrinologist, and
5) stage 5 wounds according to the
Society for Vascular Surgery WIfI (Wound,
Ischemia and foot Infection) wound staging classiﬁcation system (20,21) deemed
to require immediate major amputation.
A1C Measures

Glycemic control was assessed using serum or point-of-care A1C measurements,
which were obtained at a goal of 90-day
intervals in accordance with the standard
of care. Point-of-care A1C was measured
using the Alere Aﬁnion AS100 Analyzer,
which meets performance standards established by the National Glycohemoglobin
Standardization Program. Quality control of
A1C testing by clinical staff was overseen
by the Johns Hopkins Department of Pathology Point-of-Care Testing ofﬁce.
Baseline A1C was deﬁned as the most
recent A1C result within the interval of
2365 to +30 days from date of the initial
wound assessment. Any A1C measurement

obtained after the date of the baseline
A1C was considered a prospective A1C.
Two prospective measures of A1C were
used to calculate the change in A1C from
baseline: nadir A1C change was deﬁned
as the difference between the baseline
A1C and the single lowest prospective A1C
measurement, and mean A1C change was
deﬁned as the difference between the
baseline A1C and the average of all prospectively collected A1C measurements.
For wounds with only one prospective
A1C measurement, nadir and mean A1C
(and corresponding changes from baseline)
were equivalent.
Wound Assessment and Interventions

All wounds were staged at initial presentation by the vascular surgeon using
the validated Society for Vascular Surgery
WIfI staging system, which takes into account wound size, PVD, and underlying
infection, and accurately predicts the need
for major amputation (20–23). Standardized Infectious Disease Society of America
guidelines were followed for the treatment of infected wounds (24). Interventions were classiﬁed as wound care only
and surgery, deﬁned as débridement,
minor amputation (distal to ankle), splitthickness skin grafting, endovascular
intervention, open bypass, and endarterectomy. The need for major amputation
(above the level of the ankle) was based on
the severity of wound and determined by
the surgeons.
Covariates

Potential confounders in the association
between glycemic control and wound
outcomes were evaluated. Diabetes type
and duration and presence of relevant
comorbidities were conﬁrmed by the diabetes team based on the participant’s
reported history and medical record review. Every participant had a detailed
neurological assessment by the podiatrist, including 10-g monoﬁlament proprioception, Achilles and patellar deep
tendon reﬂexes, vibratory sensation, sharp/
dull discrimination, and motor coordination of heel to patella to ankle bilaterally.
Abnormality in at least two of these tests
was used to deﬁne LOPS (25,26). Wound
severity was evaluated using the categorical WIfI stage. We also adjusted for A1C
targets (,7% or 7.0–7.5%) because the
participant’s A1C levels were individualized
at the discretion of the diabetes specialist based on participant comorbidities,
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diabetes duration, life expectancy, established vascular complications, risk of
hypoglycemia, and participant motivation
and support (27,28).
Study Outcome

The primary outcome was time to wound
healing, which was deﬁned as complete
epithelialization of the wound with restoration of sustained functional and
anatomic continuity (29,30). For healed
wounds that reopened within the subsequent 6 weeks, the wound outcome
was changed to unhealed, and the wound
observation period was extended to the
last visit date. Wounds requiring major
amputation were considered treatment
failure. A participant who did not have
an outcome during the wound observation time, died, or withdrew from the
study before experiencing a wound outcome was censored on the date of the last
clinic visit. Because A1C levels are usually
obtained at 90-day intervals, participants
with wounds that healed before 90 days
from the baseline assessment may not
have had an opportunity to have a repeat
A1C collected. Therefore, although baseline
A1C was evaluated as a predictor of wound
healing at any time during follow-up, the
association of A1C change measures and
wound healing was limited to long-term
($90 days) outcomes.
Statistical Analysis

Summary statistics were calculated by
using means, SD, medians, and interquartile ranges (IQR) for continuous variables.
Statistical signiﬁcance was evaluated with
the Student t test or Wilcoxon rank sum
test for continuous variables and the
Fisher exact test or x2 test for proportions. Normality was assessed using the
Shapiro-Wilk test. Some participants had
multiple wounds, and we used a pseudorandom number generator function to
randomly select one wound per study
participant to ensure independence of
wound outcomes and other covariates
when reporting baseline characteristics
(Table 1), because related samples cannot
be examined in univariate analyses.
The association between baseline A1C,
evaluated as a categorical variable (,6.5%,
6.5–8.0%, and 8.0%), and wound healing
was evaluated in univariate and multivariable Cox regression models (Table 2).
These baseline A1C categories were selected because they were felt to reﬂect
clinical treatment targets for this patient
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population, whereby the reference group
of 6.5–8.0% would be considered acceptable glycemic control for most of the participants, ,6.5% indicative of tight control,
and .8% indicative of inadequate control. Baseline A1C was also evaluated as a
continuous measure but was not signiﬁcantly associated with wound healing (data
not shown). Covariates known to be clinically signiﬁcant predictors of wound healing and those that showed a univariate
association with wound healing at a significance level of #0.10 were entered as
covariates into multivariate proportional
hazards regression models for wound
healing. Model 1 was adjusted for age,
sex, and race. Model 2 was additionally
adjusted for smoking status, prior amputation, LOPS, quartiles of insulin doses,
metformin use, sulfonylurea use, wound
intervention (surgery vs. wound care),
estimated glomerular ﬁltration rate (eGFR)
category (based on Kidney Disease Improving Global Outcomes guidelines),
kidney transplant status, target A1C, and
antibiotic use. We checked the Cox proportional hazards assumption with graphs
of Schoenfeld residuals and tested for
nonproportionality. Because nonproportionality was observed in the fully adjusted model (model 2), we stratiﬁed this
model by WIfI and PVD.
The association between A1C change
measures and long-term ($90 days)
wound healing was evaluated in univariate and multivariable Cox regression
models, stratiﬁed by baseline A1C status
of ,7.5% (Table 3) and $7.5% (Table 4).
We stratiﬁed by baseline A1C for two
reasons. First, inclusion of both A1C
change and baseline A1C as covariates
in a regression model would result in
nonindependence of these variables because calculation of A1C change includes
baseline A1C. Second, because the degree
of A1C change is expected to be different
based on the variance of baseline A1C
from target A1C, analysis of wounds by
baseline A1C status allows clinically meaningful inferences to be made about the
effect of A1C change in relation to the
median target A1C of this population
(7.5%). Nadir A1C change and mean
A1C change were both evaluated as categorical variables (tertiles), with the reference group being the middle tertile (i.e.,
least amount of change from baseline) to
make results more clinically meaningful.
Similarly, insulin doses were categorized
as tertiles, because larger numbers of

quantiles resulted in insufﬁcient numbers
of wounds in each quantile in the models.
When selecting covariates, we sought
to achieve an event-to-predictor ratio of
,10 to minimize the risk of overﬁtting
(31), favored covariates known to be
strong clinical predictors, and omitted
covariates that were felt to be captured
in other variables (e.g., PVD was not included because it is already a component
of the WIfI stage variable). Model 1 was
adjusted for WIfI stage and wound intervention. Model 2 was additionally adjusted
for age, smoking status, antibiotic use,
eGFR stages, history of kidney transplant,
and prior amputation. Model 3 was additionally adjusted for total insulin dose
in tertiles of units per kilogram per day.
The Cox proportional hazards assumption was met, so stratiﬁcation was not
required.
Because wounds in the same participant are not independent events, robust
estimation of SEs for clustered data were
performed. Collinearity for each of the
covariates in the Cox models was evaluated using the variance inﬂation factors,
and there was no evidence of collinearity.
A ﬂowchart of the wounds included in
the Cox analyses with information about
missing prospective A1C measurements
is shown in Supplementary Fig. 1. Statistical analyses were performed using Stata
14 (StataCorp, College Station, TX) and
SAS 9.3 (SAS Institute, Cary, NC) statistical
software.
RESULTS
Description of Study Participants and
Wounds

All eligible patients were approached for
enrollment in the study. Among the 417 patients with a DFU seen in the clinic during
the study period, 341 (82%) were deemed
eligible for participation (Fig. 1). Four candidates declined to participate, 27 were
lost to follow-up before consent could be
obtained, and 5 were not consented due
to oversight, resulting in 305 enrolled
participants and a recruitment yield of
90%. After excluding 7 participants for
failure to adhere to treatment plan or
voluntary withdrawal, 12 participants for
lack of follow-up, and 16 participants with
missing baseline A1C results, data from
270 participants and 584 wounds were
included in the analysis.
Table 1 summarizes the baseline characteristics and wound outcomes using
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Table 1—Baseline characteristics of wounds by wound outcome
One wound per participant (random)
Characteristics
Time to wound outcome, days
Sex, %
Female
Male
Age, years
Race,† %
White/Caucasian
Black
Other
BMI,‡ kg/m2
Diabetes type, %
Type 1
Type 2
Diabetes duration, years

Not healed
n = 68

Healed
n = 202

All
N = 270

98 (82)

84 (130)

91 (121)

47.1
52.9

38.6
61.4

40.7
59.3

60.7 6 12.4

57.4 6 11.0

58.3 6 11.4

P value*
0.89
0.22

0.04
0.14

43.3
53.7
3.0

30.2
66.8
3.0

33.4
63.6
3.0

29.6 (12.8)

31.7 (10.5)

31.1 (10.9)

5.9
94.4

5.4
94.6

5.6
94.4

0.58
0.89

15.2 (11.5)

16.1 (14.2)

15.7 (12.9)

Baseline A1C, %

7.8 (3.6)

8.3 (3.5)

8.1 (3.5)

0.79

Nadir A1C, %

7.0 (2.2)

7.1 (2.2)

7.1 (2.2)

0.33

Mean A1C, %
Nadir A1C change from baseline
Mean A1C change from baseline
Target A1C, %
,7.0%
7.0–7.5%

0.81

7.5 (2.8)

7.8 (2.8)

7.7 (2.9)

0.35

20.5 (2.2)
20.2 (1.2)

20.5 (1.5)
20.2 (1.2)

20.5 (1.7)
20.2 (1.2)

0.41
0.26

32.3
67.7

37.1
62.9

35.9
64.1

0.48

Observed-to-expected A1C per
90 days

1.0 (0.2)

1.0 (0.2)

1.0 (0.2)

0.55

N (%) with $1 prospective A1C

60 (88.2)

174 (86.1)

234 (86.7)

0.66

25.0
2.9
2.9
1.5
0
14.7

39.6
5.9
1.0
0.5
0
16.3

35.9
5.2
1.5
0.7
0
15.9

0.03
0.34
0.26
0.44
d
0.75
0.38

0
44.4
55.6
75.0

9.4
21.9
68.8
63.9

7.3
26.8
65.9
66.7

23.5
5.9
14.7
22.1
33.8

35.3
8.4
21.9
19.4
14.9

32.3
7.8
20.1
20.1
19.7

Comorbidities, %
Coronary artery disease
Prior myocardial infarction
PVD
Prior amputation
Hypertension
LOPS
Retinopathy
Dialysis
Prior kidney transplant

27.9
11.8
42.7
27.9
80.9
94.1
30.9
16.2
13.2

23.3
12.4
37.6
32.2
83.2
92.6
23.3
9.1
7.9

24.4
12.2
38.9
31.1
82.6
93.0
25.2
11.1
9.3

eGFR categories,|| %
G1–2
G3

31.3
28.1

31.8
34.1

31.7
32.5

Antihyperglycemic medications, %
Metformin
DPP-4 inhibitors
GLP-1 agonists
Thiazolidinediones
SGLT-2 inhibitors
Sulfonylureas, %
Sulfonylurea types, %
Glyburide
Glimepiride
Glipizide
Insulin, %
Total insulin dose
(units/kg/day), %
0.00
0.07–0.23
0.23–0.46
0.46–0.82
0.82–3.28

0.09
0.01

0.44
0.89
0.46
0.51
0.67
0.67
0.21
0.12
0.19
0.66

Continued on p. 5

one randomly selected wound per participant. Baseline characteristics for all
wounds are reported in Supplementary
Table 1. There were no signiﬁcant differences when all wounds were compared
with a random selection of wounds. The
study population consisted of a high-risk
group of obese, middle-aged participants
with predominantly type 2 diabetes and
advanced diabetic-related complications.
There was a slight preponderance of men
and African Americans in this cohort, and
consistent with their long diabetes duration, most participants required insulin.
Older age and higher total insulin doses
and WIfI stage were negatively associated with wound healing. Metformin use
was positively associated with wound
healing, but otherwise, there were no
differences in use of antihyperglycemic
medications by wound outcome. No differences were found in the prevalence
of comorbid conditions, smoking status,
wound intervention type (surgery vs. wound
care only), or antibiotic use by wound outcome. Interestingly, although PVD was
not signiﬁcantly associated with wound
healing, the WIfI stage, which incorporates the presence of ischemia together
with wound size and infection, was a signiﬁcant predictor.
Glycemic control at study entry was
poor, with median baseline A1C of 8.1%.
An A1C was obtained per 90-day interval
for nearly all participants (observed-toexpected A1C ratio of 1.0), and the frequency of A1C testing did not differ by
wound outcome. Most participants were
targeted to an A1C of 7.0–7.5%, with no
differences in A1C target by wound outcome. The median nadir A1C during wound
treatment was 7.1%, representing a median
change from baseline of 20.5%. The median of the mean A1C was 7.7%, representing a median change from baseline
of 20.2%.
Wound Healing

Among the 584 wounds, 450 (77.1%) had
evidence of wound healing on the basis of complete epithelialization. Among
these 450 wounds, 411 (85.6%) were
conﬁrmed to have sustained wound
closure at a follow-up visit $6 weeks. The
remaining 39 wounds, which were considered healed, were of participants who
had no follow-up (n = 29) or who had
a follow-up visit at an interval ,6 weeks
(n = 10) after conﬁrmation of initial
wound closure.

care.diabetesjournals.org

Fesseha and Associates

Change in A1C and Long-term Wound
Healing

Table 1—Continued
One wound per participant (random)
Not healed
n = 68

Healed
n = 202

All
N = 270

18.8
21.9

18.4
15.6

18.5
17.3

Current smoker, %

64.7

55.5

57.8

WIfI stage,¶ %
1
2
3
4

19.1
17.7
27.9
35.3

33.7
15.4
30.2
20.8

30.0
15.9
29.6
24.4

22/28 (78.6)

78/100 (78.0)

Characteristics
G4
G5

P value*

0.18
0.04

Uninfected wounds at baseline
(n = 128)
No antibiotics, n (%)

0.95

Antibiotic use, n (%)

6/28 (21.4)

Infected wounds at baseline (n = 142)
No antibiotics, n (%)
Antibiotic use, n (%)

100/128
(78.1)
22/100 (22.0) 28/128 (21.9)
0.37

0/40 (0)
40/40 (100)

2/102 (1.9)
100/102
(98.1)

2/142 (1.4)
140/142
(98.6)

67.7

60.4

62.2

Antibiotic use, %
Wound intervention, %
Wound care
Surgery

0.29
0.66

44.1
55.9

41.1
58.9

41.9
58.2

Continuous data are shown as mean 6 SD or median (IQR) and categorical data as indicated. DPP-4,
dipeptidyl peptidase 4; GLP-1, glucagon-like peptide 1; n, number of wounds; SGLT-2, sodium–
glucose cotransporter 2. *P values were calculated using the Student t test for continuous variables
with normal distribution and the Wilcoxon rank sum test for nonnormally distributed variables.
Fisher exact test or x2 tests were used for categorical variables. P values were not reported for “All
wounds” because of lack of independence of characteristics for multiple wounds per participant.
Bold values indicate P , 0.05. †Race missing one observation in “Not healed” category. ‡BMI
missing one observation in “Healed” category. ||eGFR categories were based on Kidney Disease
Improving Global Outcomes. Laboratory results were missing for 4 observations in the “Not healed”
category and for 23 observations in the “Healed” category. ¶WIfI classiﬁcation of the Society for
Vascular Surgery.

Baseline A1C and Wound Healing

Table 2 reports the association of baseline
A1C and wound healing. Compared with
the reference group of baseline A1C 6.5–
8.0%, there were no differences in the
unadjusted and adjusted hazard ratio (HR)

for wound healing in wounds with a baseline
A1C of ,6.5% or .8.0%. Although data
are not reported, we did not see any association between baseline A1C and incidence
of wound healing in relation to short-term
(,90 day) or long-term ($90 day) outcomes.

Table 2—Association of baseline A1C and wound healing in multivariable Cox
models

Baseline
A1C

N

HR

Unadjusted

Model 1*

Model 2†

n = 584

n = 583

n = 528

95% CI

P
value

HR

95% CI

P
value

HR

95% CI

P
value

6.5–8.0%

162 1.00

Ref

d

1.00

Ref

d

1.00

Ref

d

,6.5%

149 1.00

0.96

0.99

0.97

0.26

1.13

0.44

0.97

0.65–
1.44
0.70–
1.36

0.89

298 1.18

0.69–
1.43
0.83–
1.54

0.96

.8.0%

0.69–
1.47
0.89–
1.58

0.87

N, number of wounds. P values ,0.05 are statistically signiﬁcant. *Model 1 adjusted for age, sex,
and race; one observation was dropped due to missing race. †Model 2 adjusted for age, sex, race,
smoking status, neuropathy (LOPS), prior amputation, quartiles of insulin dose (units/kg/day),
metformin use, sulfonylurea use, wound intervention (surgery vs. wound care only), eGFR category,
kidney transplant, A1C target (,7.5% vs $7.5%), and antibiotic use; 56 observations were dropped
from model 2: 54 missing eGFR, 1 missing race, and 1 missing insulin dose.

Table 3 reports the association of A1C
change measures and long-term ($90 day)
wound healing in participants with baseline A1C of ,7.5%. Of the 129 wounds,
34 (26.4%) had a single prospective A1C
measurement; thus, nadir and mean A1C
were equivalent. Univariate analyses showed
no association between nadir A1C change
or mean A1C change from baseline and
wound healing. There was also no association seen after adjusting for WIfI stage
and wound intervention (model 1). On one
hand, model 2, which was adjusted for a
greater number of confounders, showed a
paradoxical association with nadir A1C
change: the highest tertile of change (i.e.,
A1C increase from baseline) was associated
with a HR of 1.90 (95% CI 1.03–3.53; P =
0.04) for wound healing, which persisted in
the fully adjusted model accounting for
insulin doses (HR 2.07; 95% CI 1.08–
4.00). On the other hand, no association
was seen between the mean A1C change
from baseline in any of the models.
Table 4 reports the association of A1C
change measures and long-term ($90 day)
wound healing in participants with baseline A1C $7.5%. Of the 143 wounds,
17 (11.9%) had one prospective A1C measurement, with equivalent nadir and mean
A1C values. In this group, no association
between nadir A1C change or mean A1C
change was seen in any of the models.
Supplementary Table 2 (one wound per
participant) and Supplementary Table 3 (all
wounds) report the baseline characteristics
of the wounds used in the analyses in
Tables 3 and 4.
CONCLUSIONS

In this long-term, prospective, clinic-based
study of DFUs, we did not observe an
association with baseline A1C and wound
healing, which is consistent with previous
studies. Similarly, change in A1C measures
during wound treatment were generally
not associated with accelerated wound
healing. We did, however, observe an unexpected positive association of long-term
wound healing and increased A1C
from baseline in the subset of wounds
from participants with better glycemic
control at baseline (A1C ,7.5%). This
paradoxical ﬁnding was limited to change
in the nadir A1C and was not seen with
change in the mean A1C.
Why an increase in A1C was associated
with accelerated wound healing only in
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Table 3—Association of A1C change from baseline and long-term (‡90 day) wound healing among wounds with baseline
A1C <7.5%
Unadjusted (n = 129)
Model 1 (n = 129)
Model 2 (n = 118)
Model 3 (n = 117)
N

HR

95% CI

P value

HR

95% CI

P value

HR

95% CI

P value

HR

95% CI

P value

DNadir A1C
Tertile 1 (21.7 to 20.3) 47 0.67 0.41–1.09
Tertile 2 (20.29 to 0.0) 54 1.00
Ref
Tertile 3 (0.09–2.4)
28 1.29 0.77–2.17

0.11
d
0.34

0.64 0.36–1.14
1.00
Ref
1.30 0.76–2.22

0.13
d
0.34

0.85 0.48–1.50
1.00
Ref
1.90 1.03–3.53

0.58
d
0.04

0.85 0.48–1.51
1.00
Ref
2.07 1.08–4.00

0.29
d
0.03

DMean A1C
Tertile 1 (21.4 to 0.0)
Tertile 2 (0.02–0.3)
Tertile 3 (0.35–4.25)

0.07
d
0.55

0.96 0.39–2.38
1.00
(ref)
1.19 0.45–3.10

0.93
d
0.73

0.78 0.30–2.02
1.00
(ref)
0.97 0.33–2.84

0.61
d
0.96

0.85 0.27–2.72
1.00
(ref)
1.06 0.32–3.56

0.79
d
0.93

69 1.02 0.54–1.95
17 1.00
(ref)
43 1.20 0.62–2.35

N, number of wounds; D, change (from baseline). Bold values indicate statistical signiﬁcance (P , 0.05). Model 1: adjusted for WIfI classiﬁcation system
(stage 1–4), and wound intervention (wound care vs. surgery). Model 2: adjusted for WIfI, wound intervention, age, smoking status, antibiotic use,
eGFR stages, history of kidney transplant, and history of amputation; 11 observations were dropped due to missing eGFR data. Model 3: adjusted
for WIfI, wound intervention, age, smoking status, antibiotic use, eGFR stages, history of kidney transplant, history of amputation, and total insulin
dose (units/kg) assessed in tertiles (tertile 1: 0.00; tertile 2: 0.11–0.26; tertile 3: 0.27–3.28); 12 observations were dropped (11 missing eGFR data
and 1 missing insulin dose).

participants with better glycemic control
at baseline and why the same pattern was
not seen with increase in mean A1C is not
readily apparent. Although it is possible
that the baseline level of glycemic control
at the initial visit in a multidisciplinary
diabetic wound clinic could modify the
timing and intensity of treatment modalities offered (i.e., poorer glycemic control
delaying surgery out of concern for postsurgical infection), the inverse association
between nadir A1C and wound healing
persisted even after adjustment for comorbid conditions, interventions, and insulin doses. As expected, the magnitude of
change in a single A1C value from baseline
(nadir A1C change) was more pronounced
than the average of multiple values from
baseline (mean A1C change). Thus, the
phenomenon of regression to the mean
could partly explain why the association
was not seen with mean A1C change.

Chronic hyperglycemia is known to
disrupt wound healing in patients with
diabetes (32–34); thus, a positive association between an increase in A1C from
baseline and wound healing is counterintuitive. Although we did not formally
monitor hypoglycemic episodes in this
study, one possible explanation for this
unexpected association may be that unrecognized hypoglycemia could contribute to a stress response that impairs
wound healing via immune dysregulation
(35–38). We treated medications as timeﬁxed (i.e., baseline) variables and were
thus unable to account for the effect
of medication dose adjustments during
wound treatment. Insulin is an anabolic
agent that could theoretically accelerate
wound healing through its effects on
protein synthesis, inﬂammation, and other
processes; accordingly, intensiﬁcation
of insulin doses during wound treatment

could possibly modify A1C measures (exposure) and wound healing (outcome).
However, intensiﬁcation of insulin doses
would be expected to be less pronounced
in participants with better glycemic control at baseline, and, if insulin were mediating the inverse association observed,
one would expect decreases in insulin
doses to result in increases in A1C, rather
than the contrary. We did not ﬁnd an
interaction between change in A1C measures and baseline insulin doses but suspect that such an interaction would have
been observed had insulin doses been
collected prospectively and treated as a
time-varying covariate.
Rapid improvement in glycemic control
has been linked to treatment-induced
neuropathy of diabetes (“insulin neuritis”) that results in severe pain and autonomic dysfunction (39,40). Most of our
participants already had LOPS, but it is

Table 4—Association of A1C change from baseline and long-term (‡90 day) wound healing among wounds with baseline
A1C ‡7.5%
Unadjusted (n = 143)
N

HR

95% CI

P value

Model 1 (n = 143)
HR

95% CI

P value

Model 2 (n = 141)
HR

95% CI

P value

Model 3 (n = 141)
HR

95% CI

P value

DNadir A1C
Tertile 1 (29 to 22.5)
48 1.22 0.76–1.94
Tertile 2 (22.5 to 21.0) 50 1.00
Ref
Tertile 3 (20.9 to 2.6)
45 1.24 0.77–2.00

0.41
d
0.38

1.23 0.75–2.02
1.00
Ref
1.19 0.66–2.12

0.42
d
0.56

1.58 0.91–2.75
1.00
Ref
1.51 0.84–2.73

0.10
d
0.17

1.85 0.91–3.79
1.00
Ref
1.53 0.82–2.87

0.09
d
0.18

DMean A1C
Tertile 1 (26 to 21.5)
48 1.23 0.77–1.97
Tertile 2 (21.5 to 20.3) 48 1.00
Ref
Tertile 3 (20.2 to 2.7)
47 1.09 0.67–1.75

0.38
d
0.74

1.35 0.81–2.26
1.00
Ref
1.22 0.68–2.17

0.25
d
0.50

1.60 0.92–2.79
1.00
Ref
1.22 0.74–2.40

0.10
d
0.34

1.86 0.91–3.85
1.00
Ref
1.33 0.73–2.43

0.09
d
0.35

N, number of wounds; D, change (from baseline). P values ,0.05 are statistically signiﬁcant. Model 1: adjusted for WIfI classiﬁcation system (stages 1–4)
and wound intervention (wound care vs. surgery). Model 2: adjusted for WIfI, wound intervention, age, smoking status, antibiotic use, eGFR
stages, history of kidney transplant, and history of amputation. Model 3: adjusted for WIfI, wound intervention, age, smoking status, antibiotic use, eGFR
stages, history of kidney transplant, history of amputation, and total insulin dose (units/kg) assessed in tertiles (tertile 1: 0.00–0.23; tertile 2: 0.23–0.56;
tertile 3: 0.57–3.28). Two observations were dropped from models 2 and 3 due to missing eGFR data.
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Figure 1—Flowchart of study participants.

plausible that rapid A1C lowering could
contribute to worse wound outcomes via
effects on endoneurial edema, ischemia,
and neuronal injury (41). Again, although
this mechanism could be invoked to
explain a paradoxical association of A1C
increase and favorable wound outcome,
it is less likely to be encountered among
participants with better glycemic control
at baseline and seems an inadequate
explanation for our ﬁndings.
The totality of these data does not
support a clear association of better glycemic control and favorable wound outcomes in DFUs. Most studies have shown
a neutral or favorable association of A1C
and wound healing time (10–12,15–18),
and there are no completed RCTs of
intensive compared with conventional
glycemic control in the management of
DFUs. To deﬁnitively evaluate the effect
of glycemic control on patients with established DFUs would require an RCT;
however, selecting A1C targets higher
than that recommended for the general
population would be ethically problematic, because intentionally exposing participants to higher levels of glycemia could
accelerate risk of other microvascular
complications even if potentially beneﬁcial
in the short-term for wound healing. Alternatively, assigning hyperglycemic patients to different rates of A1C lowering
could shed light on this association, but

such a study would be difﬁcult to achieve
from a practical standpoint without strict
adherence to medication titration algorithms relative to blood glucose targets.
In any case, collecting information about
antihyperglycemic medications prospectively is important, because variations
in A1C during wound follow-up are
likely mediated by medication dose
changes.
Our study has several strengths. This
was a large cohort study performed over
a long period of time (.4.5 years). Loss to
follow-up bias was minimized by the very
low dropout rate, and ﬁndings are generalized to a multidisciplinary limb salvage clinic. Unlike most studies in this area,
which have generally used baseline A1C
as the measure of glycemic exposure, our
study included both baseline and prospective A1C measures, with nearly complete
ascertainment.
Some limitations should be considered
in the interpretation of our results. We
attempted to adjust for key covariates
but were unable to account for baseline
hemoglobin (which may inﬂuence A1C
measurements), level of physical activity,
or nutritional status, and there may be
as yet unmeasured confounders. Exclusion of patients with very small or minor
wounds may have biased our results. We
did not have information about the specialists seen at each visit, and it is possible

that the frequency of clinic visits was
inﬂuenced by the need for more intensive glycemic management rather than
wound care needs. We believe this is
unlikely to be a signiﬁcant confounder
based on the set up of our clinic model.
It is possible that a small number of wound
outcomes were misclassiﬁed due to inability to verify sustained wound closure
for 6 weeks for some participants because of lack of follow-up; however, because our clinic has real-time access to
emergency department visits and hospitalizations for all study participants, the
possibility that a participant would have a
wound recurrence in our health system
without our knowledge is minimized. Finally, although we attempted to collect
A1C measurements at 90-day intervals,
participants whose wounds healed ,90
days were less likely to return to the clinic
for a follow-up A1C; thus, determining
how change in A1C measures affect shortterm (,90 day) outcomes was not possible in this study. To overcome this
limitation, we partitioned our data set
at the 90-day interval, which resulted in a
decrease in the sample size and possible
loss of power. A study with a deﬁned
protocol for A1C measurements, irrespective of timing of wound outcomes, would
be better designed to address the potential role of on-going glycemic control and
wound outcomes in this population.
To our knowledge, our study is one of
the larger prospective studies looking
speciﬁcally at the role of glycemic control
on wound outcomes during DFU treatment. Although prospective A1C measures were generally not associated with
wound healing after adjusting for multiple confounders, we observed a paradoxical association of accelerated wound
healing in participants with better baseline glycemic control who had an increase
in their A1C. Further studies are needed
to conﬁrm this ﬁnding. In the interim, in
the absence of any clear beneﬁt of more
intensive glycemic control, our ﬁndings
support a conservative A1C target in this
high-risk patient population.
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