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Study Objectives: Sleep-disordered breathing (SDB) is prevalent and associated with an increased risk of morbidity and mortality. However, whether SDB
has an adverse impact on wound healing in patients with diabetic foot ulcers (DFUs) is uncertain. The purpose of this study was to investigate the association of
SDB with wound healing in patients with DFUs.
Methods: A total of 167 patients with DFUs were enrolled between July 2013 and June 2019 at West China Hospital (Chengdu, China) to assess the association
of SDB with wound healing, ulcer recurrence, and all-cause mortality.
Results:Whereas there was no significant association between apnea-hypopnea index (AHI) and wound healing, total sleep time (per hour: hazard ratio [HR],
1.15; 95% confidence interval [CI], 1.01–1.30;P =.029), sleep efficiency (per 10%: HR, 1.20; 95%CI, 1.04–1.37;P =.012), and wakefulness after sleep onset (per 30
minutes: HR, 0.89; 95% CI, 0.82–0.97; P =.008) were associated with wound healing. Total sleep time (per hour: odds ratio, 0.71; 95% CI, 0.51–0.97; P =.035) and
sleep efficiency (per 10%: odds ratio, 0.68; 95% CI, 0.47–0.97; P =.033) were also associated with ulcer recurrence. Mean oxygen saturation (per 3%: HR, 0.68;
95% CI, 0.49–0.94; P = .021) and percentage of sleep time with oxygen saturation < 90% (per 10%: HR, 1.25; 95% CI, 1.03–1.53; P = .026) were significantly
associated with mortality.
Conclusions: SDB is highly prevalent in patients with DFUs but its severity, as conventionally measured by AHI, is not associated with wound healing. Sleep
fragmentation and hypoxemia are stronger predictors of poor wound healing, high ulcer recurrence, and increased risk of death in patients with DFUs.
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BRIEF SUMMARY
Current Knowledge/Study Rationale: Sleep-disordered breathing is very prevalent in the diabetes population and is associated with an increased risk of
cardiovascular morbidity and mortality. However, whether sleep-disordered breathing has an adverse impact on wound healing in patients with diabetic foot
ulcers is uncertain.
Study Impact: This study showed that sleep fragmentation and hypoxemia are strong predictors of poor wound healing, high ulcer recurrence, and
increased risk of death, whereas sleep-disordered breathing severity, as measured by AHI, is not associated with outcomes in patients with diabetic foot
ulcers. Thus, it is imperative to take sleep-disordered breathing into account and comprehensively evaluate polysomnography to predict wound healing in
patients with diabetic foot ulcers.

INTRODUCTION

Diabetic foot ulcers (DFUs) are very common in patients with
diabetes mellitus, with lifetime incidence estimated to be be-
tween 19% and 34%.1 DFUs are an important cause of morbidity
in these patients, with foot amputation required in up to 20%
of patients. DFUs in patients with diabetes are associated with a
2.5-fold greater risk of death compared with the risk in patients
with diabetes without foot ulcers, and mortality after diabetes-
related amputation exceeds 70% at 5 years for all patients with
diabetes.1 Because of the exorbitant health and economic costs
associated with DFUs,2 this diabetes complication imposes a
considerable burden on patients and health care service systems.

Sleep-disordered breathing (SDB) is highly prevalent in the
general population. It is estimated that between 711million and
961 million individuals worldwide have SDB, which is typi-
cally defined as an AHI ≥ 5 events/h. Of people with SDB,
between 272 million and 458 million have at least moderate to
severe SDB (AHI ≥ 15 events/h).3 People with SDB are more
likely to have multiple medical conditions including cardio-
vascular disease and depression.4

SDB is also associated with insulin resistance, impaired
glucose metabolism, and obesity.5 The association between
SDB and type 2 diabetes is thought to be bidirectional.6 SDB
is frequent in patients with diabetes, with pooled preva-
lence estimates of 69% in patients with diabetes.7 Furthermore,
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SDB is associated with an increased risk of complications
of diabetes, such as diabetic polyneuropathy and peripheral
artery disease.8,9

Current evidence indicates that SDB may be implicated in
DFU and their consequences. SDB may contribute to ulcer
development through an increased risk of diabetic poly-
neuropathy, peripheral artery disease, impaired glucose meta-
bolism, and obesity.5,8,9 SDB may also compromise and delay
wound healing. In this regard, only a few studies have inves-
tigated the impact of SDB on wound healing, yielding incon-
sistent results. A previous study in people with DFUs showed
that probable SDB, as identified from a questionnaire, predicted
poor DFU healing as compared to those without SDB (45% vs
20.5%; P = .025).10 On the contrary, Andrews et al found that
patients with SDB were significantly more likely to heal within
3 months than patients without SDB (88% vs 59%).11

In this prospective cohort study, we evaluated patients with
DFUs who were treated using a standard care protocol and
underwent polysomnography (PSG) to assess SDB. We sought
to (1) investigate the prevalence of SDB in a clinical sample of
patients hospitalized with DFUs and (2) investigate the impact
of SDB on wound healing and other related complications
including foot amputation, wound recurrence, and mortality in
patients with DFUs.

METHODS

Patients
This was a prospective, observational cohort study conducted
between July 2013 and June 2019 at West China Hospital
(Chengdu, China). One hundred sixty-seven patients with
DFUs hospitalized in the diabetic foot care center in the de-
partment of endocrinology and metabolism were included.
Inclusion criteria were age ≥ 18 years and the presence of a foot
ulcer. All ulcers corresponded to aWagner grade between 2 and
4. Exclusion criteria were as follows: hospitalization because of
nondiabetic ulcers, such as malignant ulcers, ulcerated topha-
ceous gout, and ulcers associated with cryoglobulinemia, and
activemedical diseases (ie, diabetic ketoacidosis, hyperosmolar
hyperglycemic state, uncontrolled severe systemic infection,
advanced cirrhosis, advanced kidney disease, or refractory
psychiatric disease). Patients who were being treated with
corticosteroids, immunosuppressive drugs, or chemotherapy
were also excluded.No participant had a prior diagnosis of sleep
disorders or was being treated for SDB. This study was ap-
proved by the Biomedical Research Ethics Committee of West
China Hospital of Sichuan University, and all participants
provided written informed consent.

Procedures
All patients received standard care including pressure off-
loading, treatment of infection, debridement, local wound
care, negative-pressure wound therapy, autologous platelet-
rich gel when needed, metabolic control, and treatment of
comorbidities and associated risk factors including smoking,
hypertension, and dyslipidemia. Current guidelines were
followed as per the attending clinician’s judgment.12 Patients

with SDB did not receive treatment for this sleep disorder while
in the hospital.

Demographics, comorbidities, and laboratory data were
obtained from the patient’s medical record at the date of ad-
mission. Wounds were graded using the Wagner classification.
Wound healing was defined as complete epithelial cover. Pa-
tientswere followed 12weeks after hospitalization to determine
the time to healing and amputation. Mortality and recurrence
datawere obtained by phone interviewof patients or next-of-kin
in case of deceased patients during November 2019.

Sleep was assessed using a portable PSG device (Somté,
Compumedics, Victoria, Australia). Inpatient PSG was per-
formed 5–7 days after hospitalization in multiple-bed rooms
accommodating 2–3 patients at a time. Patients were allowed to
sleep based on their habitual sleep time. The apparatus included
electroencephalography, bilateral electrooculography, elec-
trocardiography, electromyography (submental and anterior
tibialis), nasal pressure and thermal airflow, thoracoabdominal
movements, and pulse oxygen saturation. Sleep recordings
were scored by certified sleep technologists, who were blind to
any diagnosis.

Respiratory events were manually scored according to 2012
American Academy of Sleep Medicine recommendations.13

Apnea was defined as a drop of at least 90% of airflow from
baseline lasting 10 seconds or longer. Hypopnea was defined as
a reduced airflow of ≥ 30% from baseline for at least 10 seconds,
in association with either a ≥ 3% oxygen desaturation or an
arousal. AHI was calculated as the number of apnea and
hypopnea events per hour of sleep. SDB severity was graded as
follows: normal (AHI < 5 events/h), mild (AHI 5–14.9 events/
h), moderate (AHI 15–29.9 events/h), and severe (AHI ≥ 30
events/h). Other PSG variables of interest were total sleep time,
sleep efficiency, arousal index, wakefulness after sleep onset
(WASO), mean oxygen saturation, oxygen desaturation index,
and cumulative nocturnal hypoxemia (percentage of sleep time
with oxygen saturation < 90%, T90%).

Statistical analysis
We summarized data as count (%), mean (standard deviation),
or median (interquartile range). Between-group comparisons
were conducted using an analysis of variance test and a chi-
square test, as appropriate. TheKruskal-Wallis test was used for
highly skewed continuous data. The association of SDB with
wound healing and amputation was assessed over a 12-week
period, and wound recurrence and mortality were evaluated
over extended follow-up. The Kaplan-Meier method was used
to construct curves forwoundhealing andmortality, using a log-
rank test. In this analysis, whereas SDB severity was catego-
rized according to AHI values, the median-split was used for
other sleep measures. Unadjusted and adjusted Cox models
were used to test whether sleep measures were associated with
wound-related outcomes. Multivariable models were corrected
for age, sex, body mass index (BMI), wound duration, and
Wagner grade. Proportional hazards assumption was verified.
Logistic regression was used to assess the association of SDB
with amputation and wound recurrence. Statistical analysis was
performed with Stata version 13 (StataCorp, College Station,
TX), andP values < .05were considered statistically significant.
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RESULTS

Baseline characteristics
Table 1 shows the baseline characteristics of our study pop-
ulation categorized according to SDB severity. Overall, the
average age was 64 ± 11 years, and 30% of patients were
women. The mean duration of diabetes was 12.8 ± 7.8 years,
with a mean glycated hemoglobin level of 8.4% ± 2.0%. The
median wound duration was 2 months (interquartile range, 1–5
months), with more than half of the patients’ wounds classified
as Wagner grade 3 (58%) and 20% as Wagner grade 4. SDB,
defined as AHI > 5 events/h, was found in nearly 92% of pa-
tients, and 34%of patients had severe SDB (AHI > 30 events/h).
Age was higher with higher AHI (P = .003). BMI and duration
of diabetes were increasingly higher with greater AHI (P = .014
and P = .023, respectively). There was no significant difference
among SDB severity groups with regard to sex, wound clas-
sification, wound duration (Table 1), and comorbidities (Table
S1 in the supplemental material).

On average, sleep duration was 6.0 ± 1.8 hours and sleep
efficiency was 66.0% ± 16.0%. Arousal index, T90%, and
oxygen desaturation index increased with higher AHI levels
(P < .001, P = .001, and P < .001, respectively) and mean
oxygen saturation decreased (P = .002; Table 1). There was no
significant difference in sleepmeasures, such asAHI, total sleep
time, sleep efficiency, WASO, T90%, mean oxygen saturation,

and oxygen desaturation index among different Wagner grade
groups (Table S2).

SDB and wound healing
Of the 167 patients, 106DFUs healedwithin 12weeks, yielding
an overall healing rate of 63.47%. Kaplan-Meier survival
analysis showed that there was no significant difference across
SDB severity (log-rank P = .438; Figure 1A). Consistently, the
Cox model showed no association between SDB severity and
wound healing in crude models and after adjusting for age, sex,
BMI, Wagner grade, and wound duration (Table S3). In a
sensitivity analysis, we modeled AHI as a binary variable
testing different thresholds (5 events/h, 15 events/h, 30 events/
h) and obtained similar, nonsignificant results (log-rank P =
.456, P = .380, and P = .225, respectively; Figure S1 in the
supplemental material). Treating AHI as a continuous variable
again yielded no evidence of an association between AHI and
wound healing in either univariate (per 5 events/h: HR, 1.02;
95% CI, 0.98–1.07; P = .356) or multivariable models (per 5
events/h: HR. 1.02; 95% CI, 0.97–1.07; P = .411; Table 2).

Kaplan-Meier plots of total sleep time, sleep efficiency, and
WASO by median cutoffs are shown in Figure 1B, Figure 1C,
and Figure 1D. The median cutoffs of total sleep time, sleep
efficiency, and WASO were 6.2 hours, 68%, and 120 minutes,
respectively. In unadjusted analysis, total sleep time was
associated with wound healing (log-rank P = .047). After

Table 1—Baseline characteristics of Patients with DFUs.

Total (n = 167)
SDB Severity

P Value
Normal (n = 14) Mild (n = 57) Moderate (n = 39) Severe (n = 57)

Male sex, % 117 (70) 11 (79) 46 (81) 25 (63) 37 (64) .124

Age, y 64 ± 11 62 ± 11 62 ± 11 63 ± 11 68 ± 10 .003

BMI, kg/m2 24.6 ± 3.5 23.4 ± 3.4 24.1 ± 3.4 24.5 ± 3.4 25.4 ± 3.5 .014

Smoking, % 97 (58) 11 (79) 37 (65) 21 (54) 28 (49) .129

Duration of diabetes, y 12.8 ± 7.8 7.4 ± 5.8 11.9 ± 8.4 15.1 ± 6.8 13.4 ± 7.8 .023

HbA1c, % 8.4 ± 2.0 8.3 ± 1.9 8.3 ± 2.4 8.4 ± 1.9 8.4 ± 1.7 .526

Wound duration, mo 2 (1–5) 1 (1–2) 3 (1–6) 2 (1–5) 2 (1–6) .948

Wound classification .865

Wagner grade 2 37 3 (21%) 15 (26%) 7 (18%) 12 (21%)

Wagner grade 3 97 8 (58%) 34 (60%) 22 (56%) 33 (58%)

Wagner grade 4 33 3 (21%) 8 (14%) 10 (26%) 12 (21%)

Total sleep time, h 6.0 ± 1.8 6.0 ± 1.7 6.0 ± 1.8 5.9 ± 1.7 6.1 ± 1.9 .867

Sleep latency, min 22.7 ± 26.9 20.5 ± 15.8 26.0 ± 30.5 16.2 ± 13.1 24.3 ± 31.6 .880

Sleep efficiency, % 66.0 ± 16.0 71.8 ± 14.0 65.6 ± 16.5 65.0 ± 14.9 65.6 ± 16.8 .466

WASO, min 132.3 ± 78.8 109.3 ± 69.7 129.3 ± 86.3 150.9 ± 85.3 128.3 ± 67.1 .614

Arousal index, events/h 12.1 (7.9–23.8) 12.3 (5.5–19.3) 10 (6.4–12.1) 12.9 (10–20.7) 19.7 (9.2–38) < .001

AHI, events/h 24.3 ± 17.2 3.0 ± 1.7 9.1 ± 2.6 22.1 ± 4.6 46.1 ± 17.2 < .001

Oxygen desaturation index, events/h 24.0 ± 19.7 3.8 ± 3.3 10.4 ± 5.9 21.8 ± 8.2 44.3 ± 19.0 < .001

Mean oxygen saturation, % 93.5 ± 3.3 95.0 ± 2.0 94.1 ± 2.6 93.8 ± 2.8 92.4 ± 4.0 .002

T90%, % 14.8 ± 23.4 13.2 ± 24.8 7.5 ± 11.7 12.4 ± 20.6 24.1 ± 30.3 .001

Data are shown as mean (standard deviation), median (quartile), or count (%). BMI = body mass index, HbA1c = hemoglobin A1c, SDB = sleep-disordered
breathing, T90%= percentage of time with oxygen saturation < 90%, WASO = wakefulness after sleep onset.
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correcting for age, sex, BMI,Wagner grade of ulcers, and wound
duration, total sleep time (HR, 1.69; 95% CI, 1.10–2.57; P =
.015), sleep efficiency (HR, 1.52; 95%CI, 1.00–2.30;P = .047),
andWASO (HR, 0.61; 95%CI, 0.41–0.92;P= .017)were found
to be significantly associated with wound healing (Table S4).
When we treated these sleep measures as a continuous vari-
able, higher total sleep time (per hour: HR, 1.15; 95%CI, 1.01–
1.30; P = .029) and sleep efficiency (per 10%: HR, 1.20;
95%CI, 1.04–1.37;P= .012) remained associatedwith a greater
likelihood of wound healing in the adjusted analysis. Con-
versely, a higher WASO (per 30 minutes: HR, 0.89; 95% CI,
0.82–0.97; P = .008) was associated with lower wound healing

(Table 2). Therewasno significant relationship of sleep latency,
arousal index, oxygen desaturation index, mean oxygen satu-
ration, and T90% with wound healing in the adjusted analy-
sis (Table 2).

SDB and amputation
During the 12-week period, 9 patients (5.4%) had to undergo
foot amputation. Three amputationswere performed on patients
with moderate SDB and 6 on patients with severe SDB. Hence,
patientswith noSDBand thosewithmildormoderate SDBwere
pooled together for this analysis. Relative to patientswithAHI<
30 events/h, patients with severe SDB had a greater risk of foot

Figure 1—Kaplan-Meier plots of wound healing.

Kaplan-Meier plots of wound healing by SDB severity (A), sleep efficiency (B), WASO (C), and total sleep time (D). SDB = sleep-disordered breathing,
WASO = wakefulness after sleep onset.

Table 2—Association of sleep measures with wound healing.

Unadjusted Adjusted*

HR (95% CI) P Value HR (95% CI) P Value

Sleep latency (per 10 min) 0.98 (0.91–1.06) .688 0.97 (0.89–1.06) .533

Total sleep time (per h) 1.10 (0.99–1.23) .080 1.15 (1.01–1.30) .029

Sleep efficiency (per 10%) 1.13 (0.99–1.27) .050 1.20 (1.04–1.37) .012

WASO (per 30 min) 0.90 (0.84–0.98) .010 0.89 (0.82–0.97) .008

Arousal index (per 5 events/h) 1.02 (1.00–1.05) .042 1.02 (0.99–1.04) .052

AHI (per 5 events/h) 1.02 (0.98–1.07) .356 1.02 (0.97–1.07) .411

T90% (per 10%) 1.04 (0.96–1.13) .371 1.04 (0.95–1.14) .416

Mean oxygen saturation (per 3%) 1.01 (0.85–1.19) .906 1.01 (0.82–1.23) .947

Oxygen desaturation index (per 10 events/h) 1.03 (0.93–1.13) .578 1.04 (0.94–1.15) .420

*Adjusted for age, sex, BMI, Wagner grade of ulcers, and wound duration. BMI = body mass index, HR = hazard ratio, T90% = percentage of time with oxygen
saturation < 90%, WASO = wakefulness after sleep onset.
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amputation (odds ratio, 4.20; 95% CI, 1.01–17.45; P = .049) in
the unadjusted model. However, this association did not
withstand corrections for age, sex, BMI, Wagner grade of the
ulcers, and wound duration (odds ratio, 3.17; 95% CI, 0.67–
14.97; P = .145). Other sleep measures were not significantly
associated with amputation (Table S5).

SDB and ulcer recurrence
During a median follow-up of 21 months (interquartile range,
15–33 months), 17 patients experienced wound recurrence
(14.7%), with 51 patients lost to follow-up. Four patients ex-
perienced recurrence more than once. Both higher total sleep
time (per hour: odds ratio, 0.71; 95% CI, 0.51–0.97; P = .035)
and sleep efficiency (per 10%: odds ratio, 0.68; 95% CI, 0.47–
0.97; P = .033) were associated with lower ulcer recurrence in
the multivariable models. No other relationships were found
(Table S6).

SDB and all-cause mortality
Among the 167 patients, 11 patients (9.5%) died (median
follow-up 21 months [interquartile range, 15–33 months]). In
the Kaplan-Meier survival analysis, mean oxygen saturation
andT90%were significantly associatedwith all-causemortality

(log-rank P = .011 and P = .010, respectively; Figure 2). After
considering age, sex, BMI, and Wagner grade, mean oxygen
saturation (HR, 0.20; 95% CI, 0.05–0.79; P = .021) and T90%
(HR, 9.75; 95% CI, 1.19–79.83; P = .034) were significantly
associated with all-cause mortality (Table S7). In an analysis in
which mean oxygen saturation and T90% were modeled as
continuous variables, lower mean oxygen saturation (per 3%:
HR, 0.68; 95% CI, 0.49–0.94; P = .021) and higher T90% (per
10%:HR, 1.25; 95%CI, 1.03–1.53;P= .026)were significantly
associated with higher mortality in the multivariable models.
Oxygen desaturation index, total sleep time, sleep efficiency, and
WASO were not significantly associated with death (Table 3).

DISCUSSION

In this study of patients with DFUs, the prevalence of SDB was
strikingly elevated, with 92% diagnosed with SDB and 34%
with severe SDB. Notwithstanding this finding, SDB severity
was not associated with DFU outcomes including wound
healing, ulcer recurrence, and limb amputation. However,
nocturnal hypoxemia predicted death in patients with DFU.
Notably, other PSG-derived measures such as total sleep time

Figure 2—Kaplan-Meier plots of mortality.

Kaplan-Meier plots of mortality in patients with DFUs by mean oxygen saturation (A) and T90% (B). DFU = diabetic foot ulcers, T90% = percentage of time
with oxygen saturation < 90%.

Table 3—Association of sleep measures and mortality.

Unadjusted Adjusted*

HR (95% CI) P Value HR (95% CI) P Value

Total sleep time (per h) 1.25 (0.84–1.86) .274 1.21 (0.82–1.77) .329

Sleep efficiency (per 10%) 1.12 (0.74–1.69) .604 1.12 (0.74–1.70) .578

Arousal index (per 5 events/h) 1.01 (0.96–1.05) .792 1.00 (0.94–1.07) .929

WASO (per 30 min) 0.89 (0.69-1.16) .405 0.88 (0.67–1.15) .349

Oxygen desaturation index (per 10 events/h) 1.14 (0.87–1.50) .342 1.12 (0.82–1.54) .470

AHI (per 5 events/h) 1.05 (0.91–1.21) .505 1.05 (0.89–1.24) .583

Mean oxygen saturation (per 3%)† 0.55 (0.41–0.74) < .001 0.68 (0.49–0.94) .021

T90% (per 10%) 1.25 (1.04–1.51) .018 1.25 (1.03–1.53) .026

*Adjusted for age, sex, BMI, and Wagner grade. †For mean oxygen saturation, the HRs for 1% higher of mean oxygen saturation were as follows: unadjusted
HR, 0.82 (95% CI, 0.74–0.90) and adjusted HR, 0.88 (95% CI, 0.79–0.98). BMI = body mass index, HR = hazard ratio, T90% = percentage of time with oxygen
saturation < 90%, WASO = wakefulness after sleep onset.
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and metrics of sleep fragmentation (ie, sleep efficiency and
WASO) were significantly associated with wound healing
and recurrence.

To date, only few studies have investigated the association of
SDBwithwound healing, and our study is thefirst to investigate
the impact of SDB on wound healing using prospectively ac-
quired PSG data. In a study of 94 patients with DFUs, Maltese
et al10 found that a STOP-BANG score ≥ 4 predicted poor DFU
healing, whereas a study from the Mayo Clinic including 307
patients with amputation site wounds suggested that a prior
diagnosis of SDB did not impair healing of partial foot
amputation.11 The use of continuous positive airway pressure
treatment may explain the higher wound healing rate observed
in patients with SDB in the latter study, although only a small
proportion of patients (28%) received treatment. Our study
found that AHI was not associated with wound healing within
the 12-week follow up. Notably, we consistently observed null
findings irrespective of the AHI threshold used to define SDB
and when we treated this measure as a continuous variable, thus
corroborating the robustness of our results.

In our study, we found that total sleep time and sleep frag-
mentation were associated with wound healing and ulcer re-
currence. Preclinical studies in obese, db/db mice with type 2
diabetes14 and experimental sleep restriction studies in healthy
human volunteers15 suggested that sleep fragmentation can
significantly delay wound healing. Sleep fragmentation can
promote inflammation by increasing proinflammatory cyto-
kines, such as interleukin-1 and tumor necrosis factor-α,14,16

and/or decreasing chemokines such as interleukin-8.15 Thus,
sleep fragmentation may elicit and perpetuate the inflammatory
response. In turn, chronic inflammation can lead to impaired
angiogenesis, impaired cell migration, and disorganized
granulation,17 hence compromising wound healing in these
patients. Furthermore, sleep fragmentation can increase insulin
resistance via activation of oxidative stress and inflammatory
pathways18 and induce obesity via leptin resistance.19 Altered
glucose homeostasis may also be implicated by disruption
of sleep duration and quality.20 Therefore, sleep quantity
and sleep fragmentation could impact wound healing via
multiple mechanisms.

In our study, there was no significant association of AHIwith
wound healing and mortality, whereas measures of nocturnal
hypoxemia (ie, mean oxygen saturation and T90%) were as-
sociated with an increased risk of mortality. In clinical practice,
the diagnosis and severity grading of SDB are based upon AHI
levels. However, accumulating evidence suggests that hypoxic
burden, rather than AHI, is a powerful predictor of adverse
outcomes in patients with SDB.21–23 It is increasingly recog-
nized that patients with similar AHIs may have vastly different
underlying pathophysiological determinants, symptoms, and
polysomnographic expression of SDB (eg, severity of hypox-
emia and sleep architecture changes), all of which may affect
prognosis, especially in terms of cardiometabolic disease and
mortality. Our study corroborates the concept that AHI does
not capture the heterogeneity of SDB and thus may not predict
SDB-associated outcomes.24

Our study has several limitations. First, PSG was performed
as an inpatient procedure and the hospital setting may have

affected sleep, as suggested by the relatively low sleep effi-
ciency found in our sample. Second, because only 1 night of
PSGwas conducted, it is also possible that sleep may have been
further impacted by the so-called first-night effect, thus po-
tentially reducing data representativeness. Third, we do not
have information on whether any patients with SDB received
treatment for this sleep disorder after discharge. It is possible
that SDB therapy may have influenced outcomes. However,
given the very low rate of SDB treatment in the Chinese
population, it is unlikely that SDB therapy influenced our
results.25,26 Fourth, in terms of mortality, the relatively high
loss-to-follow-up rate (31%) may have biased the evaluation of
the impact of SDB on mortality. However, the comparable
demographic characteristic and sleep measures between pa-
tients included in the analysis and thosewhowere lost to follow-
up (Table S8) suggest that this finding may not have seriously
influenced the results. Fifth, because of the relatively low event
rate of amputation andmortality, a larger sample size and longer
follow-up may be needed to confirm our findings. Finally,
selection bias may not be excluded because patients were
recruited from a tertiary center.

The results we report have implications for clinical practice.
SDB is a heterogeneous disorder in terms of pathogenesis and
clinical manifestation, comprising breathing disturbance, au-
tonomic dysregulation, hypoxemia, and sleep fragmentation.24

In addition, SDB signs and symptoms are variously associated
with cardiovascular risk.27 As shown by our data, whereas
respiratory events during sleep did not predict outcomes, other
quantitative measures of disrupted sleep and hypoxemia were
strongly associated with wound-related complications. This
finding speaks to the need to comprehensively evaluate PSG
metrics to improve risk stratification in patients with DFUs
and SDB.

Furthermore, asymptomatic patients may not benefit from
SDB treatment as much as symptomatic patients. In a ran-
domized trial, patients with severe SDB but no excessive
daytime sleepiness in fact did not experience cardiovascular
advantages from continuous positive airway pressure ther-
apy, the mainstay treatment for SDB.28 In addition, the ab-
sence of symptoms such as sleepiness may result in poor
treatment adherence.29 On the other hand, supplementary ox-
ygen may be beneficial in patients who experience oxygen
desaturation,30 although whether this treatment improves out-
comes remains unclear.

Therefore, given the multiple SDB phenotypes and related
patterns of risk and response to treatment,23,27,28 individualized
therapeutic approaches taking these elements into account are
warranted. It is relevant to note that because PSG is costly and
labor-intensive, other methods that can capture measures of
sleep fragmentation and hypoxia may be explored. The wide-
spread availability of smartphones and wearable devices using
an array of embedded accelerometers, temperature sensors, and
heart rate sensors to estimate sleep characteristics and pulse
oxygen saturation represents an attractive alternative.31 These
devices have the added benefit of beingminimally obtrusive and
allowing multiple nights of recording, thus allowing acquisi-
tion of data that would be more representative of routine sleep
patterns and could be easily used as screening and risk

Journal of Clinical Sleep Medicine, Vol. 17, No. 5 May 1, 2021914

L Chen, W Ma, N Covassin, et al. Impact of SDB on diabetic foot ulcers
D

ow
nl

oa
de

d 
fr

om
 jc

sm
.a

as
m

.o
rg

 b
y 

K
ir

st
en

 T
ay

lo
r 

on
 F

eb
ru

ar
y 

23
, 2

02
2.

 F
or

 p
er

so
na

l u
se

 o
nl

y.
 N

o 
ot

he
r 

us
es

 w
ith

ou
t p

er
m

is
si

on
. 

C
op

yr
ig

ht
 2

02
2 

A
m

er
ic

an
 A

ca
de

m
y 

of
 S

le
ep

 M
ed

ic
in

e.
 A

ll 
ri

gh
ts

 r
es

er
ve

d.
 



stratification tools. However, the validation of these devices
needs to be considered.

In conclusion, we found that although SDB was highly
prevalent in patients with DFUs, conventional measures of
SDB severity such as AHI were not associated with wound-
associated outcomes. Conversely, sleep quantity and sleep
fragmentation were associated with wound healing and ulcer
recurrence and hypoxemiawas associatedwith an increased risk
of death in these patients. Given the multifaceted pathophysi-
ology and clinical presentation of SDB, metrics such as sleep
quantity, sleep fragmentation, and hypoxemia-based measures
may be stronger predictors of SDB outcomes in patients with
DFUs than measures of event frequency (ie, AHI). Further re-
search is needed to determine whether our results can be repli-
cated in a larger population and whether targeting these metrics
for treatment, for instance byoxygen supplementation in addition
to continuous positive airway pressure, could improve wound
healing, prevent ulcer recurrence, and reduce mortality.

ABBREVIATIONS

AHI, apnea-hypopnea index
BMI, body mass index
CI, confidence interval
DFU, diabetic foot ulcer
HR, hazard ratio
PSG, polysomnography
SDB, sleep-disordered breathing
T90%, percentage of time with oxygen saturation < 90%
WASO, wakefulness after sleep onset
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