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Association of Hemoglobin A;,
and Wound Healing in Diabetic
Foot Ulcers

Diabetes Care 2018;41:1478-1485 | https://doi.org/10.2337/dc17-1683

OBJECTIVE

This study evaluated the association between hemoglobin A;. (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.

RESULTS

Baseline A1C was not associated with wound healing in univariate or fully adjusted
models. Compared with a nadir A1C change from baseline of —0.29 to 0.0 (tertile
2), a nadir A1C change of 0.09 to 2.4 (tertile 3) was positively associated with long-
term wound healing in the subset of participants with baseline A1C <7.5% (hazard
ratio [HR] 2.07; 95% Cl 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.

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 gly-
cemic 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 preven-
tion strategies (8). The role of glycemic
control for secondary prevention of DFUs
(i.e., preventing ulceration in patients with
established neuropathy) or tertiary pre-
vention (i.e., prevention of amputation in
patients with DFUs) is less clear. A sys-
tematic review of nine randomized con-
trolled trials (RCTs) found that intensive
glycemic control was associated with a
35% reduced risk of amputations in pa-
tients with “diabetic foot syndrome” (9).
Studies have shown mixed results regard-
ing the effect of glycemic control on wound
healing, time to wound healing, and
amputation rate. For instance, some ob-
servational studies have shown a direct
association between baseline hemoglo-
bin A;. (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, how-
ever, found no association between gly-
cemic 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 neuro-
pathic DFUs (19).

A limitation of previous studies in this
area was that measures of glycemic con-
trol were generally collected before wound
treatment, making it difficult to draw in-
ferences regarding the effect of glycemic
control during wound treatment on wound
outcomes. The objective of this study was
therefore to evaluate not only the associ-
ation between baseline A1C and wound
healing but also the association of wound
healing with change in A1C from baseline
by using prospectively collected A1C meas-
ures. Furthermore, unlike previous studies,
our intervention included diabetes special-
ists as integral members of the multidis-
ciplinary 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 associ-
ated 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

Wound Clinic between 3 July 2012 and
7 March 2017. Briefly, the integrated
clinic includes specialists from vascular
surgery (surgeon, physician assistant), po-
diatry (surgical podiatrist), endocrinology
(physicians, nurse practitioner), and wound
care (nurse) (20). All interventions and
study-related procedures reflected stan-
dard 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 de-
termined predominantly by wound care
needs rather than by diabetes manage-
ment needs. The Johns Hopkins Institu-
tional Review Board approved the study.
Written informed consent was obtained
from each participant.

Study Population

Adult patients with a diagnosis of diabe-
tes and lower-extremity wound(s) were
eligible for participation. Exclusion criteria
included 1) patient inability or unwilling-
ness to adhere to treatment recommen-
dations, 2) presence of lymphedema/
venous stasis, 3) wound requiring minor
podiatric or conservative treatment con-
sidered 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 WIfl (Wound,
Ischemia and foot Infection) wound stag-
ing classification system (20,21) deemed
to require immediate major amputation.

A1C Measures
Glycemic control was assessed using se-
rum 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 es-
tablished by the National Glycohemoglobin
Standardization Program. Quality control
of A1C testing by clinical staff was overseen
by the Johns Hopkins Department of Pa-
thology Point-of-Care Testing office.
Baseline A1C was defined as the most
recent A1C result within the interval of
—365 to +30 days from date of the initial
wound assessment. Any A1C measurement
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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 measure-
ments. For wounds with only one pro-
spective A1C measurement, nadir and
mean A1C (and corresponding changes
from baseline) were equivalent.

Wound Assessment and Interventions
All wounds were staged at initial pre-
sentation by the vascular surgeon using
the validated WIfl staging system, which
takes into account wound size, PVD, and
underlying infection and accurately pre-
dicts the need for major amputation
(20-23). Standardized Infectious Diseases
Society of America guidelines were fol-
lowed for the treatment of infected
wounds (24). Interventions were classi-
fied as wound care only and surgery,
defined as debridement, minor ampu-
tation (distal to ankle), split-thickness
skin grafting, endovascular intervention,
open bypass, and endarterectomy. The
need for major amputation (above the
level of the ankle) was based on the se-
verity 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 di-
abetes team based on the participant’s
reported history and medical record re-
view. Every participant had a detailed
neurological assessment by the podia-
trist, including 10-g monofilament pro-
prioception, Achilles and patellar deep
tendon reflexes, vibratory sensation, sharp/
dull discrimination, and motor coordina-
tion 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 categor-
ical WIfl 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 special-
ist based on participant comorbidities,
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diabetes duration, life expectancy, es-
tablished 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 res-
toration of sustained functional and
anatomic continuity (29,30). For healed
wounds that reopened within the sub-
sequent 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 obser-
vation time, died, or withdrew from the
study before experiencing a wound out-
come 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 interquar-
tile ranges for continuous variables. Sta-
tistical 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. Nor-
mality 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 multivar-
iable Cox regression models (Table 2).
These baseline A1C categories were se-
lected because they were felt to reflect
clinical treatment targets for this patient

population, whereby the reference group
of 6.5-8.0% would be considered accept-
able glycemic control for most of the par-
ticipants, <6.5% indicative of tight control,
and >8% indicative of inadequate con-
trol. Baseline A1C was also evaluated as a
continuous measure but was not signifi-
cantly associated with wound healing (data
not shown). Covariates known to be clin-
ically significant predictors of wound heal-
ing and those that showed a univariate
association with wound healing at a signif-
icance 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 ampu-
tation, 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 Im-
proving Global Outcomes guidelines),
kidney transplant status, target A1C, and
antibiotic use. We checked the Cox pro-
portional hazards assumption with graphs
of Schoenfeld residuals and tested for
nonproportionality. Because nonpropor-
tionality was observed in the fully ad-
justed model (model 2), we stratified this
model by WIfl and PVD.

The association between A1C change
measures and long-term (=90 days)
wound healing was evaluated in univar-
iate 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 be-
cause 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 mean-
ingful 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 cat-
egorical variables (tertiles), with the ref-
erence 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
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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
<10to 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 in-
cluded because it is already a component
of the WIfl stage variable). Model 1 was
adjusted for WIfl stage and wound inter-
vention. Model 2 was additionally adjusted
for age, smoking status, antibiotic use,
eGFR stages, history of kidney transplant,
and prior amputation. Model 3 was ad-
ditionally adjusted for total insulin dose
in tertiles of units per kilogram per day.
The Cox proportional hazards assump-
tion was met, so stratification was not
required.

Because wounds in the same partici-
pant are not independent events, robust
estimation of SEs for clustered data were
performed. Collinearity for each of the
covariates in the Cox models was evalu-
ated 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. Statis-
tical 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 pa-
tients with a DFU seen in the clinic during
the study period, 341 (82%) were deemed
eligible for participation (Fig. 1). Four can-
didates 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 char-
acteristics and wound outcomes using
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Table 1—Baseline characteristics of wounds by wound outcome

One wound per participant (random)

Not healed Healed All
Characteristics (n = 68) (n = 202) (N = 270) P value*
Time to wound outcome, days 98 (82) 84 (130) 91 (121) 0.89
Sex, % 0.22
Female 47.1 38.6 40.7
Male 52.9 61.4 59.3
Age, years 60.7 = 124 574 £ 110 583 =114 0.04
Race, %t 0.14
White/Caucasian 433 30.2 334
Black 53.7 66.8 63.6
Other 3.0 3.0 3.0
BMI, kg/m?t 29.6 (12.8) 31.7 (10.5) 31.1 (10.9) 0.58
Diabetes type, % 0.89
Type 1 5.9 5.4 5.6
Type 2 94.4 94.6 94.4
Diabetes duration, years 15.2 (11.5) 16.1 (14.2) 15.7 (12.9) 0.81
Baseline A1C, % 7.8 (3.6) 8.3 (3.5) 8.1 (3.5) 0.79
Nadir A1C, % 7.0 (2.2) 7.1 (22) 7.1 (2.2) 0.33
Mean A1C, % 7.5 (2.8) 7.8 (2.8) 7.7 (2.9) 0.35
Nadir A1C change from baseline —0.5(2.2) —0.5 (1.5) —-0.5(1.7) 0.41
Mean A1C change from baseline —0.2 (1.2) —-0.2 (1.2) —-0.2 (1.2) 0.26
Target A1C, % 0.48
<7.0% 323 37.1 35.9
7.0-7.5% 67.7 62.9 64.1
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
Antihyperglycemic medications, %
Metformin 25.0 39.6 35.9 0.03
DPP-4 inhibitors 2.9 5.9 5.2 0.34
GLP-1 agonists 2.9 1.0 15 0.26
Thiazolidinediones 1.5 0.5 0.7 0.44
SGLT-2 inhibitors 0 0 0 =
Sulfonylureas, % 14.7 16.3 15.9 0.75
Sulfonylurea types, % 0.38
Glyburide 0 9.4 7.3
Glimepiride 44.4 21.9 26.8
Glipizide 55.6 68.8 65.9
Insulin, % 75.0 63.9 66.7 0.09
Total insulin dose
(units/kg/day), % 0.01
0.00 235 353 323
0.07-0.23 5.9 8.4 7.8
0.23-0.46 14.7 21.9 20.1
0.46-0.82 221 19.4 20.1
0.82-3.28 33.8 14.9 19.7
Comorbidities, %
Coronary artery disease 279 233 24.4 0.44
Prior myocardial infarction 11.8 124 12.2 0.89
PVD 42.7 37.6 38.9 0.46
Prior amputation 27.9 32.2 31.1 0.51
Hypertension 80.9 83.2 82.6 0.67
LOPS 94.1 92.6 93.0 0.67
Retinopathy 30.9 233 25.2 0.21
Dialysis 16.2 9.1 11.1 0.12
Prior kidney transplant 13.2 7.9 9.3 0.19
eGFR categories, %|| 0.66
G1-2 313 31.8 31.7
G3 28.1 34.1 325

Continued on p. 1482

one randomly selected wound per par-
ticipant. Baseline characteristics for all
wounds are reported in Supplementary
Table 1. There were no significant differ-
ences 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 diabetes-related complications.
There was a slight preponderance of men
and African Americans in this cohort, and
consistent with their long diabetes dura-
tion, most participants required insulin.
Older age and higher total insulin doses
and WIfl stage were negatively associ-
ated 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 dif-
ferences were found in the prevalence
of comorbid conditions, smoking status,
wound intervention type (surgery vs. wound
care only), or antibiotic use by wound out-
come. Interestingly, although PVD was
not significantly associated with wound
healing, the WIfl stage, which incorpo-
rates the presence of ischemia together
with wound size and infection, was a sig-
nificant 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-to-
expected A1C ratio of 1.0), and the fre-
quency 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 out-
come. The median nadir A1C during wound
treatment was 7.1%, representing a median
change from baseline of —0.5%. The me-
dian of the mean A1C was 7.7%, repre-
senting a median change from baseline
of —0.2%.

Wound Healing

Among the 584 wounds, 450 (77.1%) had
evidence of wound healing on the ba-
sis 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 con-
sidered 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.
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Table 1—Continued

One wound per participant (random)
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and wound intervention (model 1). On one
hand, model 2, which was adjusted for a
greater number of confounders, showed a

L M il Al paradoxical association with nadir A1C
Characteristics (n = 68) (n = 202) (N = 270) P value* R X .
change: the highest tertile of change (i.e.,
G4 18.8 18.4 18.5 AlC increase from baseline) was associated
G5 21.9 156 173 with a HR of 1.90 (95% Cl 1.03-3.53; P =
Current smoker, % 64.7 55.5 57.8 0.18 0.04) for wound healing, which persisted
WIfl stage, %9 0.04 in the fully adjusted model accounting for
1 bt ekl Y insulin doses (HR 2.07; 95% Cl 1.08—
2 17.7 154 159 4.00). On the other hand, no association
3 27.9 30.2 29.6
4 353 0.8 214 was seen between the mean A1C change
Uninfected wounds at baseline from baseline in any of the models.
(n = 128) 0.95 Table 4 reports the association of A1C
No antibiotics, n/N (%) 22/28 (78.6)  78/100 (78.0) 100/128 (78.1) change measures and long-term (=90 day)
Antibiotic use, n/N (%) 6/28 (21.4)  22/100 (22.0) 28/128 (21.9) wound healing in participants with base-
Infected wounds at baseline (n = 142) 0.37 line A1C =7.5%. Of the 143 wounds,
No antibiotics, n/N (%) 0/40 (0) 2/102 (1.9)  2/142 (14) 17 (11.9%) had one prospective A1C mea-
Antibiotic use, n/N (%) 40/40 (100)  100/102 (98.1) 140/142 (98.6) surement, with equivalent nadir and mean
Antibiotic use, % 67.7 60.4 62.2 0.29 AILC values. In this group, no association
Wound intervention, % 0.66 between nadir A1C change or mean A1C
Wound care 44.1 41.1 41.9 change was seen in any of the models.
Surgery 55.9 58.9 58.2

Continuous data are shown as mean = SD or median (interquartile range) 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 x? 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. TRace missing one observation in “Not
healed” category. +BMI missing one observation in “Healed” category. ||eGFR categories were
based on Kidney Disease Improving Global Outcomes guidelines. Laboratory results were missing
for 4 observations in the “Not healed” category and for 23 observations in the “Healed” category.
\WIfl classification of the Society for Vascular Surgery.

Baseline A1C and Wound Healing
Table 2 reports the association of base-
line 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%. Al-
though 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.

Change in A1C and Long-term Wound
Healing

Table 3 reports the association of A1C
change measures and long-term (=90 day)
wound healing in participants with base-
line 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 asso-
ciation seen after adjusting for WIfl stage

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 un-
expected 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

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

Unadjusted Model 1* Model 2t

(n = 584) (n = 583) (n = 528)
Baseline A1C N HR 95% Cl P value HR 95% Cl P value HR 95% CI P value
6.5-8.0% 162 1.00 Ref — 1.00 Ref = 1.00 Ref =
<6.5% 149 1.00 0.69-1.47 0.96 0.99 0.69-1.43 0.96 0.97 0.65-1.44 0.89
>8.0% 298 1.18 0.89-1.58 0.26 1.13 0.83-1.54 0.44 0.97 0.70-1.36 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. TModel 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.
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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% Cl  Pvalue HR 95% Cl  Pvalue HR 95% Cl  Pvalue HR 95% Cl P value

ANadir A1C

Tertile 1 (—1.7 to —0.3) 47 0.67 0.41-1.09 011 0.64 0.36-1.14 013 0.85 0.48-1.50 058 0.85 0.48-1.51 0.29

Tertile 2 (—0.29 to 0.0) 54 1.00 Ref = 1.00 Ref = 1.00 Ref = 1.00 Ref =

Tertile 3 (0.09-2.4) 28 129 0.77-2.17 034 130 0.76-2.22 034 1.90 1.03-3.53 0.04 2.07 1.08-4.00 0.03
AMean A1C

Tertile 1 (—1.4 to 0.0) 69 1.02 0.54-1.95 0.07 0.96 0.39-2.38 0.93 0.78 0.30-2.02 0.61 0.85 0.27-2.72 0.79

Tertile 2 (0.02-0.3) 17 1.00 Ref = 1.00 Ref = 1.00 Ref = 1.00 Ref =

Tertile 3 (0.35-4.25) 43 120 0.62-2.35 0.55 1.19 0.45-3.10 0.73 0.97 0.33-2.84 0.96 1.06 0.32-3.56 0.93

N, number of wounds; A, change (from baseline). Bold values indicate statistical significance (P < 0.05). Model 1: adjusted for WiIfl classification system
(stage 1-4) and wound intervention (wound care vs. surgery). Model 2: adjusted for WIfl, 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 WIfl, 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 modal-
ities offered (i.e., poorer glycemic control
delaying surgery out of concern for post-
surgical infection), the inverse association
between nadir A1C and wound healing
persisted even after adjustment for co-
morbid conditions, interventions, and in-
sulin 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 associ-
ation between an increase in A1C from
baseline and wound healing is counter-
intuitive. Although we did not formally
monitor hypoglycemic episodes in this
study, one possible explanation for this
unexpected association may be that un-
recognized hypoglycemia could contrib-
ute to a stress response that impairs
wound healing via immune dysregulation
(35—-38). We treated medications as time-
fixed (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 acceler-
ate wound healing through its effects
on protein synthesis, inflammation, and
other processes; accordingly, intensifi-
cation of insulin doses during wound

treatment could possibly modify A1C
measures (exposure) and wound heal-
ing (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 in-
verse 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 ob-
served 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 neuri-
tis”) that results in severe pain and au-
tonomic dysfunction (39,40). Most of our

Table 4—Association of A1C change from baseline and long-term (=90 day) wound healing among wounds with baseline

Al1C 27.5%
Unadjusted (n = 143) Model 1 (n = 143) Model 2 (n = 141) Model 3 (n = 141)
N HR 95% Cl  Pvalue HR 95% Cl  Pvalue HR 95% Cl  Pvalue HR 95% CI P value
ANadir A1C
Tertile 1 (—9 to —2.5) 48 1.22 0.76-1.94 0.41 1.23 0.75-2.02 0.42 1.58 0.91-2.75 0.10 1.85 0.91-3.79 0.09
Tertile 2 (—2.5to —1.0) 50 1.00 Ref — 1.00 Ref — 1.00 Ref — 1.00 Ref —
Tertile 3 (—0.9 to 2.6) 45 1.24 0.77-2.00 0.38 1.19 0.66-2.12 0.56 151 0.84-2.73 0.17 1.53 0.82-2.87 0.18
AMean A1C
Tertile 1 (—6 to —1.5) 48 123 0.77-1.97 038 135 0.81-2.26 025 160 092-2.79 0.10 186 0.91-3.85 0.09
Tertile 2 (—1.5 to —0.3) 48 1.00 Ref = 1.00 Ref = 1.00 Ref = 1.00 Ref =
Tertile 3 (—0.2 to 2.7) 47 109 0.67-1.75 074 122 068217 050 122 0.74-2.40 034 133 0.73-2.43 035

N, number of wounds; A, 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 WIfl, wound intervention, age, smoking status, antibiotic use, eGFR
stages, history of kidney transplant, and history of amputation. Model 3: adjusted for WIfl, 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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Assessed for

eligibility
(n=417 patients with *
diabetes and a wound)

Eligible
(n=341 participants)

Excluded:

Unable/unwilling to adhere to treatment

recommendations (n=4)

+ Lymphedema/venous stasis (n=11)

« Wound requiring minor wound care (n=23)

« Second opinion only (n=35)

« WIfl Stage 5 wound requiring major amputation
(n=3)

\

Enrolled in study

+ Lost to follow-up prior to consent (n=27)
« Not consented due to oversight (n=5)
+ Declined to participate (n=4)

(n=305 participants)

\

Included in analysis
(n=270 participants;
584 wounds)

Excluded:
+ Terminated by study team for failure to follow
Y treatment plan or voluntarily withdrawn from
study (n=7)
* No follow-up visit in study period (n=12)
« Missing baseline A1C (n=16)

| Figure 1—Flowchart of study participants.

participants already had LOPS, but it is
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 gly-
cemic control and favorable wound out-
comes 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 es-
tablished DFUs would require an RCT;
however, selecting A1C targets higher
than that recommended for the general
population would be ethically problem-
atic, because intentionally exposing par-
ticipants to higher levels of glycemia could
accelerate risk of other microvascular
complications even if potentially beneficial
in the short-term for wound healing. Al-
ternatively, assigning hyperglycemic pa-
tients 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 algo-
rithms relative to blood glucose targets.
In any case, collecting information about
antihyperglycemic medications prospec-
tively 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 gen-
eralized to a multidisciplinary limb sal-
vage 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 prospec-
tive 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. Exclu-
sion of patients with very small or minor
wounds may have biased our results. We
did not have information about the spe-
cialists seen at each visit, and it is possible
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that the frequency of clinic visits was
influenced by the need for more inten-
sive 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 in-
ability to verify sustained wound closure
for 6 weeks for some participants be-
cause of lack of follow-up; however, be-
cause our clinic has real-time access to
emergency department visits and hospi-
talizations for all study participants, the
possibility that a participant would have a
wound recurrence in our health system
without our knowledge is minimized. Fi-
nally, 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 short-
term (<90 day) outcomes was not pos-
sible 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, irrespec-
tive of timing of wound outcomes, would
be better designed to address the poten-
tial 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 treat-
ment. Although prospective A1C mea-
sures were generally not associated with
wound healing after adjusting for multi-
ple confounders, we observed a paradox-
ical association of accelerated wound
healing in participants with better base-
line 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.

Acknowledgments. The authors acknowledge
assistance for clinical data coordination and re-
trieval from the Center for Clinical Data Analytics,
supported in part by the Johns Hopkins Institute
for Clinical and Translational Research (UL1-TR-
001079) from the National Center for Advancing
Translational Sciences (NCATS), a component of
the National Institutes of Health (NIH), and NIH



care.diabetesjournals.org

Roadmap for Medical Research. Its contents are
solely the responsibility of the authors and do not
necessarily represent the official view of the
Johns Hopkins Institute for Clinical and Trans-
lational Research, NCATS, or NIH.

Funding. This study was supported by NIH grants
T32-DK-062707 to B.K.F., P30-DK-079637 (from
National Institute of Diabetes and Digestive and
Kidney Diseases Diabetes Research Centers) to S.L.,
and 5KL2-TR-001077-02 (from NCATS) to N.M.
Duality of Interest. No potential conflicts of
interest relevant to this article were reported.
Author Contributions. B.K.F. collected and an-
alyzed data and wrote the manuscript. C.J.A.
contributed to the study design, collected data,
and edited the manuscript. K.F.H., R.S., P.F., S.L,,
and J.C. collected data and contributed to dis-
cussion. K.C.L. collected data and reviewed the
manuscript. S.M.H. and G.J. researched data and
reviewed the manuscript. C.W.H. researched data
and contributed to discussion. S.Y. edited the
manuscript and researched data. N.M. designed
the study, collected and analyzed the data, and
wrote and edited the manuscript. N.M. is the
guarantor of this work and, as such, had full access
to all the data in the study and takes responsibility
for the integrity of the data and the accuracy of the
data analysis.

References

1. Singh N, Armstrong DG, Lipsky BA. Preventing
foot ulcers in patients with diabetes. JAMA 2005;
293:217-228

2. Apelqvist J, Larsson J. What is the most effec-
tive way to reduce incidence of amputation in the
diabetic foot? Diabetes Metab Res Rev 2000;16
(Suppl. 1):575-583

3. Gregg EW, Gu Q, Williams D, et al. Prevalence
of lower extremity diseases associated with nor-
mal glucose levels, impaired fasting glucose, and
diabetes among U.S. adults aged 40 or older.
Diabetes Res Clin Pract 2007;77:485-488

4. Boyko EJ, Ahroni JH, Stensel V, Forsberg RC,
Davignon DR, Smith DG. A prospective study of
risk factors for diabetic foot ulcer. The Seattle
Diabetic Foot Study. Diabetes Care 1999;22:
1036-1042

5. Fortington LV, Geertzen JH, van Netten JJ,
Postema K, Rommers GM, Dijkstra PU. Short
and long term mortality rates after a lower limb
amputation. Eur J Vasc Endovasc Surg 2013;46:
124-131

6. Moulik PK, Mtonga R, Gill GV. Amputation and
mortality in new-onset diabetic foot ulcers strat-
ified by etiology. Diabetes Care 2003;26:491-494
7. Hemmingsen B, Lund SS, Gluud C, et al. Tar-
geting intensive glycaemic control versus target-
ing conventional glycaemic control for type 2
diabetes mellitus. Cochrane Database Syst Rev
2013:CD008143

8. Gaede P, Lund-Andersen H, Parving HH,
Pedersen O. Effect of a multifactorial interven-
tion on mortality in type 2 diabetes. N Engl J Med
2008;358:580-591

9. Hasan R, Firwana B, Elraiyah T, et al. A sys-
tematic review and meta-analysis of glycemic con-
trol for the prevention of diabetic foot syndrome. J
Vasc Surg 2016;63(2 Suppl.):225-28S.e1-2

10. Markuson M, Hanson D, Anderson J, et al.
The relationship between hemoglobin A(1c)

values and healing time for lower extremity ulcers
in individuals with diabetes. Adv Skin Wound
Care 2009;22:365-372

11. Christman AL, Selvin E, Margolis DJ, Lazarus
GS, Garza LA. Hemoglobin Alc predicts healing
rate in diabetic wounds. J Invest Dermatol 2011;
131:2121-2127

12. Pscherer S, Dippel FW, Lauterbach S, Kostev
K. Amputation rate and risk factors in type 2
patients with diabetic foot syndrome under real-
life conditions in Germany. Prim Care Diabetes
2012;6:241-246

13. Miyajima S, Shirai A, Yamamoto S, Okada N,
Matsushita T. Risk factors for major limb ampu-
tations in diabetic foot gangrene patients. Di-
abetes Res Clin Pract 2006;71:272-279

14. Lepore G, Maglio ML, Cuni C, et al. Poor
glucose control in the year before admission as a
powerful predictor of amputation in hospitalized
patients with diabetic foot ulceration. Diabetes
Care 2006;29:1985

15. Moffat AD, Worth ER, Weaver LK. Glycosy-
lated hemoglobin and hyperbaric oxygen coverage
denials. Undersea Hyperb Med 2015;42:197-204
16. Yesil S, Akinci B, Yener S, et al. Predictors of
amputation in diabetics with foot ulcer: single
center experience in a large Turkish cohort. Hor-
mones (Athens) 2009;8:286-295

17. Tabur S, Eren MA, Celik Y, et al. The major
predictors of amputation and length of stay in
diabetic patients with acute foot ulceration. Wien
Klin Wochenschr 2015;127:45-50

18. Pickwell K, Siersma V, Kars M, et al. Predic-
tors of lower-extremity amputation in patients
with an infected diabetic foot ulcer. Diabetes
Care 2015;38:852-857

19. Margolis DJ, Kantor J, Santanna J, Strom BL,
Berlin JA. Risk factors for delayed healing of
neuropathic diabetic foot ulcers: a pooled anal-
ysis. Arch Dermatol 2000;136:1531-1535

20. Mathioudakis N, Hicks CW, Canner JK, et al.
The Society for Vascular Surgery Wound, Ische-
mia, and foot Infection (WIfl) classification system
predicts wound healing but not major amputa-
tion in patients with diabetic foot ulcers treated
in a multidisciplinary setting. J Vasc Surg 2017;65:
1698-1705.e1

21. Mills JL, Sr., Conte MS, Armstrong DG, et al.
The Society for Vascular Surgery lower extremity
threatened limb classification system: risk stratifica-
tion based on Wound, Ischemia, and foot Infection
(WIfl). J Vasc Surg 2014;59:220-234.e1-2.

22. Causey MW, Ahmed A, Wu B, et al. Society
for Vascular Surgery limb stage and patient risk
correlate with outcomes in an amputation pre-
vention program. J Vasc Surg 2016;63:1563—
1573.e2

23. Zhan LX, Branco BC, Armstrong DG, Mills JL
Sr. The Society for Vascular Surgery lower ex-
tremity threatened limb classification system
based on Wound, Ischemia, and foot Infection
(WIf1) correlates with risk of major amputation
and time to wound healing. J Vasc Surg 2015;61:
939-944

24. Lipsky BA, Berendt AR, Cornia PB, et al.;
Infectious Diseases Society of America. 2012 In-
fectious Diseases Society of America clinical prac-
tice guideline for the diagnosis and treatment of
diabetic foot infections. Clin Infect Dis 2012;54:
el32-el173

Fesseha and Associates

25. Handelsman Y, Bloomgarden ZT, Grunberger
G, et al. American Association of Clinical Endocri-
nologists and American College of Endocrinology—
clinical practice guidelines for developing a diabetes
mellitus comprehensive care plan—2015. Endocr
Pract 2015;21(Suppl. 1):1-87

26. Boulton AJ, Armstrong DG, Albert SF, et al.
Comprehensive foot examination and risk assess-
ment. A report of the Task Force of the Foot Care
Interest Group of the American Diabetes Associ-
ation, with endorsement by the American Asso-
ciation of Clinical Endocrinologists. Phys Ther
2008;88:1436-1443

27. American Diabetes Association. Glycemic
targets. Sec 6. In Standards of Medical Care in
Diabetes—2017. Diabetes Care 2017;40(Suppl.
1):548-S56

28. Cahn A, Raz |, Kleinman Y, et al. Clinical
assessment of individualized glycemic goals
in patients with type 2 diabetes: formulation
of an algorithm based on a survey among leading
worldwide diabetologists. Diabetes Care 2015;38:
2293-2300

29. Lazarus GS, Cooper DM, Knighton DR,
Percoraro RE, Rodeheaver G, Robson MC. Defi-
nitions and guidelines for assessment of wounds
and evaluation of healing. Wound Repair Regen
1994;2:165-170

30. Margolis DJ, Berlin JA, Strom BL. Interob-
server agreement, sensitivity, and specificity of
a “healed” chronic wound. Wound Repair Regen
1996;4:335-338

31. Harrell FE Jr, Lee KL, Mark DB. Multivariable
prognostic models: issues in developing models,
evaluating assumptions and adequacy, and mea-
suring and reducing errors. Stat Med 1996;15:
361-387

32. Falanga V. Wound healing and its impair-
ment in the diabetic foot. Lancet 2005;366:1736—
1743

33. Leung PC. Diabetic foot ulcers—a comprehen-
sive review. Surgeon 2007;5:219-231

34. Dinh T, Tecilazich F, Kafanas A, et al. Mech-
anisms involved in the development and healing
of diabetic foot ulceration. Diabetes 2012;61:
2937-2947

35. Kiecolt-Glaser JK, Marucha PT, Malarkey WB,
Mercado AM, Glaser R. Slowing of wound healing
by psychological stress. Lancet 1995;346:1194—
1196

36. Marucha PT, Kiecolt-Glaser JK, Favagehi M.
Mucosal wound healing is impaired by examina-
tion stress. Psychosom Med 1998;60:362—-365
37. Norman D. The effects of stress on wound
healing and leg ulceration. Br J Nurs 2003;12:
1256-1263

38. Godbout JP, Glaser R. Stress-induced im-
mune dysregulation: implications for wound heal-
ing, infectious disease and cancer. J Neuroimmune
Pharmacol 2006;1:421-427

39. Gibbons CH, Freeman R. Treatment-induced
neuropathy of diabetes: an acute, iatrogenic com-
plication of diabetes. Brain 2015;138:43-52

40. Gibbons CH, Freeman R. Treatment-induced
diabetic neuropathy: a reversible painful auto-
nomic neuropathy. Ann Neurol 2010;67:534-541
41. Ohshima J, Nukada H. Hypoglycaemic neu-
ropathy: microvascular changes due to recurrent
hypoglycaemic episodes in rat sciatic nerve. Brain
Res 2002;947:84-89


http://care.diabetesjournals.org

