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Abstract: Ineffective healing and treatment of foot ulcers can lead to an infection and gangrene of
the wound area that ultimately results in the loss of the limb. The incidence of foot ulcers is higher
in patients with diabetes, peripheral vascular disease and kidney disease. Accordingly, this study
was undertaken to assess the ability of foot bathing in CO2-enriched water to heal foot ulcers. The
design was a double-blinded, randomized, placebo-controlled study. Patients with at least one foot
ulcer were randomized to receive either a treatment with bath therapy at 37 ± 0.5 ◦C containing
either 1000–1200 ppm CO2-enriched tap water (the intervention) or non-carbonated tap water at
37 ± 0.5 ◦C (the control group). Treatment was conducted three times/week for 15 min per session
for up to 16 weeks for a total of 48 treatment sessions. Before and at the end of every treatment
month, wound size, wound area oxygenation and the ankle brachial index were measured. In
addition, the McGill pain questionnaire was conducted. Blood was also collected at these time points
(for a total of five collections) for the measurement of different biomarkers. While no significant
differences (p < 0.05) in the group/time interaction effect were observed, a clear separation within the
wound area reduction/wound area/oxygenated Hb outcomes was seen between placebo (control)
and treatment (CO2) group. This pilot study is suggestive that bathing in CO2-enriched water may
accelerate the healing of foot ulcers.

Keywords: foot ulcer; CO2-enriched water; foot-bathing therapy

1. Introduction

It has been estimated that 4% annually, and up to 30% in the entire lifetime, of patients
with diabetes may experience a foot ulcer [1,2]. The data suggest a surge in global incidence
of diabetes, with which there is a concomitant increase in the global burden of diabetic
foot ulcers [3]. A number of factors including bacterial infection, tissue ischemia, ongoing
trauma and poor management are major aspects precluding the physiological ulcer healing,
often resulting in a chronic, non-healing ulcer formation [4]. The chronic, non-healing
foot ulcers are associated with several complication including infections and gangrenes.
Furthermore, the diabetic patients with foot ulcers are at a higher risk of amputation [1,2], as
well as a higher risk of requiring re-amputation [5]. Besides, diabetic patients developing
foot ulcers are at a much higher risk of death, experiencing an increase in three-year
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mortality risk from 13% to 28% [6]. Furthermore, such higher morbidity and mortality
burden is associated with a significant psychological and physical stress to the patient,
resulting in a poor quality of life [7], as well as with a significant increase in healthcare
utilization. The diabetic foot ulcer is thus a major health care concern, incurring significant
health care costs [8–10].

The risk for foot ulceration is increased in patients with diabetes and chronic kidney
disease (CKD) [11]. In this regard, it has been reported that foot ulceration, as well
as amputation increased in diabetic patients undergoing dialysis [12]. In addition, the
occurrence of foot ulcers in patients with diabetes and CKD receiving dialysis is five times
higher compared to pre-dialysis diabetic patients [13]. Hemodialysis has also been linked to
a higher risk for peripheral arterial disease (PAD); indeed, hemodialysis causes a reduction
in skin microcirculation and tissue oxygenation, leading to ulceration [14]. Interestingly, an
improvement in peripheral blood flow in PAD patients in response to CO2 treatment has
been reported [15–20].

Impairment of microcirculation and the resulting ischemia is at the core of the occur-
rence of diabetic foot ulcers. Similarly, in patients with PAD, vasoconstriction leads to
ischemia and is considered to play a key role in the pathogenesis of foot ulceration [21].
These foot ulcers, secondary to PAD affecting tibial and peroneal arteries, are found in
about 50% of cases. The management approach for foot ulcers in patient with diabetes
and PAD is to relieve ischemic pain, heal the ulcers and to prevent amputation [22,23].
CO2 is known to causes vasodilation and therefore bathing limbs in CO2-enriched water
will increase blood flow in the skin, given that CO2 can permeate through the skin [20].
The efficacy of CO2-enriched water in healing of diabetic foot ulcers has also been eval-
uated [24,25]; however, there are limitations in case studies. Thus, there is a need for an
appropriately designed clinical study to determine the efficacy of CO2-enriched water for
the treatment of foot ulcers. Furthermore, while several different approaches have been
undertaken to examine wound healing [26], only 24–50% of all ulcers are reported to heal
after 12 weeks to 6 months of standard treatment [27,28]. Therefore, there is a need for
evaluating novel approaches that may exhibit higher efficacy for the treatment of foot
ulcers.

Accordingly, the present study was undertaken to assess the potential of CO2-enriched
water in the treatment of foot ulcers. The study tested the hypothesis that bathing of foot
ulcers in CO2-enriched water bath will reduce the size of the foot ulcer. The objectives
of the study following treatment with CO2-enriched water were to (1) determine wound
area reduction; (2) measure peripheral blood flow; (3) measure oxygen saturation level in
the wound and (4) measure blood levels of vascular endothelial growth factor and tumor
necrosis factor-α, as well as blood lipid profile, fasting blood glucose and HbA1c.

2. Materials and Methods
2.1. Study Design

This study was a randomized, double-blinded, placebo controlled clinical trial. Study
participants were those with at least one foot ulcer. The inclusion and exclusion criteria
for the study are shown in Table 1. Patients were randomly assigned to either receive foot
bathing with CO2-enriched tap water (1000–1200 ppm CO2, the treatment group), or normal
tap water (the control group). Treatment was carried out at 37 ± 0.5 ◦C, 3 times/week, for
15 min sessions for up to 16 weeks. Blood (approximately 20 mL) was also collected at the
beginning of the treatment period and at the end of every month of the treatment period
(a total of 5 collections) for measuring different biomarkers. It should be noted that the
standard of care for wound healing (i.e., debridement, use of povidone iodine and new
dressing) continued throughout the study period and was not interrupted by participation
in the study.
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Table 1. Criteria used for inclusion and exclusion for the study.

Inclusion

1. Men and women ≥ 18 years of age with at least one foot ulcer.
2. No acute medical illness.

3. Undergoing conventional medical management prior to CO2-enriched water foot
bathing.

4. Participant willing and able to provide written informed consent.

Exclusion

1. DVT or PE within the past 12 months.

2. Subjects with known active cancer, HIV, hepatitis B virus, hepatitis C virus, human
transmissible spongiform encephalopathy, Treponema pallidum.

3. Subjects who are deemed to have an infection of the ulcer.
4. Pregnant women.
5. Unstable angina.
6. Acute MI within 1 month.
7. Stroke within 1 month.
8. Patient scheduled for revascularization during the 4-month intervention period.

2.2. Institutional Review Board Approvals

The study was conducted according to the guidelines of the Declaration of Helsinki,
and written approvals from the Research Ethics Board at the University of Manitoba, St.
Boniface Hospital Research Review Committee, Seven Oaks Hospital and Health Sciences
Centre Research Impact Committee were obtained prior to start of the study. The tenets
of Good Clinical Practice and Good Laboratory Practice were followed in the conduct of
this study.

2.3. Participant Selection, Recruitment and Informed Consent

Potential study participants were screened for eligibility by review of their medical
history and approached for written informed consent prior to study enrolment. Partici-
pants were in-patients or out-patients at St. Boniface Hospital, Seven Oaks Hospital and
Health Sciences Centre and were given both written and verbal information describing
the the study. Ample time was allowed for participants to provide their consent. Patient
demographics (diabetes, PAD, hemodialysis) were also recorded at screening.

2.4. Foot Bathing

Foot bathing was performed with either CO2-enriched tap water (37 ± 0.5 ◦C; CO2
concentration of 1000–1200 ppm) or regular tap water (37 ± 0.5 ◦C) with an immersion
time of 15 min for 3 times/week for up to 16 weeks (4 months) for a total of 48 treatment
sessions. Study participants were rested on a chair for 15 min prior to the start of foot
bathing treatment. Table 2 shows the primary and secondary outcome measures for the
study. The following procedures were conducted at before and at end of 1, 2, 3 and 4 months
of the treatment period. It should be noted that at the end of each foot bathing treatment
session feet were meticulously towel dried and new dressing applied. Povidone iodine
was applied if indicated.
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Table 2. Primary and secondary outcome measures.

Primary Outcome Measures

1. Ulcer area (length × width).
2. Ulcer volume (length × width × depth).
3. Formation of new ulcers.
4. Ulceration rate.
5. Ankle-brachial index/Blood flow by Doppler.

Secondary Outcome Measures

1. Degree of rest pain.
2. Saturated oxygen level of the wound by a non-invasive near infra-red spectroscopy.
3. Angiogenesis marker: vascular endothelial growth factor (VEGF).
4. Inflammatory markers: TNFα and C-reactive protein.
5. Markers of glucose handling: HbA1c and fasting blood glucose.
6. Lipid profile: Total cholesterol, HDL-cholesterol, LDL-cholesterol, triglycerides.
7. Use of bespoke footwear.
8. Ability to walk barefoot at home.
9. Incidence of amputation.

10. Antibiotic use indicated for the ulcer treatment

2.5. Measurement of Ulcer Size

The area, volume and depth of the foot ulcer were measured by using the Silhouette
Mobile camera (ARANZ Medical, Christchurch, New Zealand). The Silhouette Mobile
camera is a portable handheld computer with an integrated high-resolution digital camera
and embedded laser light. The accuracy of measurements obtained with this device have
been reported to be within 2% of surface area on wound models with user variability of
only 2–5% in clinical use [29].

2.6. Ankle/Brachial Index (ABI)/Blood Flow

The ankle brachial index (ABI) was measured to assess peripheral blood flow [30].
The study participants were requested to rest in supine position for 10 min before taking
pressure measurements for calculating the ABI. A continuous wave, handheld Doppler
machine along with a conventional sphygmomanometer were used to measure the systolic
pressure in both the posterior tibial and dorsalis pedis arteries. Brachial systolic and
diastolic pressures were also measured. The ABI was calculated as a ratio of the ankle
systolic pressure and brachial systolic blood pressure [30].

2.7. Limb Oxygenation

Noninvasive near infra-red spectroscopy (NIRS) [31–34] was used to measure the
extent of oxygen saturation in the microcirculation of the foot ulcer. This technology can
measure the percentage of hemoglobin oxygen saturation up to a distance of 30 mm below
the skin [32].

2.8. Biochemical Measurements

Blood samples collected from study participants at baseline and at the end of each
month of the treatment period were analyzed for C-reactive protein, glucose, total choles-
terol, triglycerides, high density lipoprotein (HDL)-cholesterol and low-density lipoprotein
(LDL)-cholesterol levels by Laboratory Services at St. Boniface Hospital. TNF-α, and
VEGF were measured by ELISA method in the Albrechtsen Research Centre at St. Boniface
Hospital as described elsewhere [35].

2.9. Questionnaires

The degree of rest pain was determined by using the short form McGill Pain Ques-
tionnaire [36].
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2.10. Premature Withdrawal/Discontinuation Criteria

Study participants were permitted to withdraw from the study at any time for any
reason. The clinical investigators were also allowed to withdraw any participant from the
study at any time for medical reasons, or if the participant was consistently not compliant
with the study protocol.

2.11. Statistical Analysis

Baseline characteristics and outcome measures of the patient population were summa-
rized using means and standard errors or medians and interquartile ranges for continuous
variables where appropriate. Categorical variables were summarized using percentages.
The primary and secondary outcomes were analyzed using generalized estimating equa-
tions (GEE) to account for dependency of observations. Utilizing this methodology, a group
effect, time effect, and group/time effect was calculated for each of the study outcomes of
interest. All statistical analyses were performed using SAS version 9.3. For all statistical
analyses, the significance level was set at p < 0.05.

3. Results

The baseline characteristics of the 16 participants that were compliant with the baseline
visit are presented in Table 3. The population has an average age of 59.9 ± 1.5 years and
there are 11 males and 5 female participants. 94% (15/16) were diabetic, as evidenced by an
approximate 2-fold elevation of the mean FBG and an approximate 1.5-fold increase in the
mean values for HbA1c. 63% (10/16) of the participants were undergoing dialysis for ESRD.
Baseline analysis revealed no significant differences in the mean values of FBG, HbA1c,
total cholesterol, triglycerides, HDL-cholesterol, LDL-cholesterol, total cholesterol/HDL-
cholesterol ratio and the LDL-cholesterol/HDL-cholesterol ratio were observed between
the control and those randomized into the CO2-treated group. It should be noted that 80%
(12/15) of the participants have elevated C-reactive protein levels (Table 3).

Table 3. Baseline characteristics, fasting blood glucose, HbA1c, lipid profile and wound/limb characteristics of patients
enrolled into the study.

Individual Characteristic Full Cohort (N = 16) Control (N = 5) CO2 (N = 11) p-Value

Age 59 (58–64) 58 (53–58) 63 (58–65) 0.059
Sex (Female) 5 (31%) 1 (20%) 4 (36%) 1.000

Diabetes 15 (94%) 4 (80%) 11 (100%) 0.313
Hemodialysis 10 (63%) 1 (20%) 8 (73%) 0.106

Peritoneal Dialysis 1 (6%) 1 (20%) 0 (0%) 0.313
Not on Dialysis 6 (38%) 3 (60%) 3 (27%) 0.300

McGill Questionnaire—VAS 7 (4–13) 5 (0–7) 8 (4–14) 0.392
McGill Questionnaire—Pain Intensity 6 (4–7) 3 (0–6) 7 (5–8) 0.046

C-Reactive Protein 10.2 (5.8–14.5) 12.5 (7.0–46.5) 10.0 (5.8–14.5) 0.514
FBG 8.7 (6.5–12.7) 7.5 (6.3–8.5) 9.4 (6.5–16.0) 0.214

HbA1c (%) 8.5 (6.5–9.8) 6.4 (6.3–7.9) 9.2 (7.3–10.8) 0.045
Total Cholesterol 4.1 (2.9–4.4) 2.7 (2.5–3.7) 4.2 (3.3–4.5) 0.116

Triglycerides 1.1 (0.8–2.4) 0.9 (0.7–1.5) 1.4 (0.8–2.4) 0.214
HDL 0.9 (0.8–1.0) 0.9 (0.8–1.1) 0.9 (0.8–1.0) 0.688
LDL 1.9 (1.2–2.5) 1.2 (1.0–2.2) 2.1 (1.7–2.5) 0.258

Total/HDL 3.6 (2.9–5.0) 3.2 (2.5–4.5) 3.9 (2.9–5.0) 0.671
LDL/HDL 1.9 (1.5–2.8) 1.4 (1.0–2.8) 2.0 (1.7–2.8) 0.287

TNFα (pg/mL) 27.5 (23.2–36.1) 31.3 (23.7–26.1) 23.4 (15.4–37.5) 0.569
VEGF (pg/mL) 63.2 (51.7–74.0) 65.8 (18.5–74.0) 60.6 (51.7–86.1) 0.909
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Table 3. Cont.

Wound/Limb Characteristics Control Wounds
(N = 11) CO2 Wounds (N = 13) p-Value

Number of Wounds 24 11 13 -
Amputees, leg/toe 8 - - -

BKA 6 4 2 -
Toe 4 - 4 -

Wound Area Reduction (%) 0 (0–0) 0 (0–0) 0 (0–0) 1.000
Wound Area (cm2) 0.9 (0.5–3.2) 1.6 (0.6–6.1) 0.7 (0.5–1.4) 0.176
Oxygenated Hb (%) 12.5 (−15.3–78.5) 6.0 (−7.0–79.0) 18.0 (−19.0–84.0) 0.895

Left ABI 0.9 (0.8–1.1) - 0.9 (0.8–1.1) -
Right ABI 0.8 (0.6–0.9) 0.9 (0.9–0.9) 0.8 (0.6–1.0) 0.439

O2 Saturation (%) 44 (26–57) 35 (15–58) 44 (33–56) 0.306
Wound Depth Max (mm) 1 (0–2) 1 (0–4) 1 (0–1) 0.200

Wound Depth Mean (mm) 0 (0–0) 0 (0–0) 0 (0–0) 0.420
Wound Depth Volume (cm3) 0 (0–0) 0.0 (0.0–0.2) 0 (0–0) 0.072

Categorical variables expressed as N (%) and compared between study cohorts using Fisher’s exact test for non missing values. Continuous
variables expressed as median (quartiles 1–3) and compared between study cohorts using Mann-Whitney Test for non-missing values.
Individual characteristics are calculated based off the number of study participants; wound characteristics calculated based off the number
of total wounds observed. Abnormal values for the resting ankle-brachial index (ABI) are 0.9 or lower and 1.40 or higher. If the ABI is 0.91
to 1.00, it is considered borderline abnormal. Abbreviations and reference values: FBG, fasting blood glucose (reference values 3.6–6.0 mM);
HbA1c, glycated hemoglobin (reference value 4.0–6.0%). ESRD, end-stage renal disease; total cholesterol (reference < 1.7 mM); triglycerides
(reference > 1.0 mM); HDL-cholesterol (reference < 3.4 mM); LDL-cholesterol (reference < 4.5 mM); total total cholesterol/HDL-cholesterol
levels (reference < 3.5 mM); C-reactive protein (normal range < 5 mg/L); ABI, ankle-brachial index; BKA, below-knee amputation; TNFα,
tumor necrosis factor α; VEGF, vascular endothelial growth factor.

Table 3 shows some of the baseline characteristics of the study participants. It was
observed that 38% (6/16) patients are below knee amputees (BKA). All patients had at
least one foot ulcer. The McGill Questionnaire revealed that the baseline pain intensity
scores were significantly higher in the participants randomized into the CO2 group. It
was also noted that the mean value for oxygen saturation at the site of the wound was
approximately 42%. ABI was not measurable in the placebo (control) group and in some
patients in the CO2 group, due to non-compressibility of arteries. However, based on the
pre- and post- treatment, an increase in the ABI was observed in the CO2 group (mean
values ± S.E.M: baseline = 0.84 ± 0.08 (n = 80; treatment = 1 month: 0.97 ± 0.12 (n = 4));
2 months: 0.97 ± 0.28 (n = 2); 3 months: 0.97 ± 0.40 (n = 2) and 4 months: 1.02 ± 0.26
(n = 2)).

Figure 1a shows the % wound area reduction in control and CO2 treated groups. It
can be seen that the median wound area reduction was greater in the CO2 treated group
in a time-dependent manner as compared to the control group. Similarly, the median
wound area was reduced with increasing extent over the time course of the treatment with
CO2-enriched as compared to control (Figure 1b). These improvements in the CO2 treated
group were associated with a time-dependent increase in the % median oxygenated Hb
levels (Figure 2a). Interestingly, the % median O2 saturation in the wound area was higher
in the CO2 treated group up to 2 months of the intervention but were similar to the control
group thereafter (Figure 2b). It can be seen from Figure 3 that patients randomly assigned
to the CO2 intervention group exhibited higher pain scores at baseline, which gradually
decreased with the course of the treatment with CO2-enriched water. No differences in the
serum levels of TNFα and VEGF were seen in control and CO2-treated groups (Figure 4).
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Figure 1. Effect of CO2-water bathing on the dimensions of foot ulcers. Panel (a) percent wound area reduction of foot ulcers
and panel (b) wound area in patients treated without and with CO2-enriched water. Study participants were randomized to
undergo foot bathing either with CO2-enriched tap water (37 ± 0.5 ◦C; CO2 concentration of 1000–1200 ppm) or with regular
tap water (37 ± 0.5 ◦C) with an immersion time of 15 min for 3 times/week for up to 16 weeks for a total of 48 treatments.
The Silhouette Mobile camera (ARANZ Medical, Christchurch, New Zealand) was used to measure the dimensions of
the ulcer.
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Figure 2. Oxygenated hemoglobin and oxygen saturation levels in the wound area in patients treated without and with
CO2-enriched water. Panel (a) oxygenated hemoglobin levels in the wound area and panel (b) oxygen saturation levels of the
wound in patients treated without and with CO2-enriched water. Participants underwent foot bathing with CO2-enriched
tap water (37 ± 0.5 ◦C; CO2 concentration of 1000–1200 ppm) or a regular tap water (37 ± 0.5 ◦C) with an immersion time
of 15 min for 3 times/week for up to 16 weeks for a total of 48 treatment sessions. Non-invasive near infra-red spectroscopy
was used to measure the percentage of oxygenated hemoglobin and oxygen saturation levels in the microcirculation of
tissue up to 3 cm below the skin as described elsewhere [32].
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Figure 3. McGill VAS and pain intensity scores in patients treated with and without CO2-enriched water. The short form
McGill Pain Questionnaire was used to measure the degree of pain (a) and degree of pain intensity (b) experienced by the
study participants.
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Figure 4. Effect of CO2-water bathing on markers of inflammation and angiogenesis in the serum of patients with foot
ulcers. TNF-α (a) and VEGF (b) were measured by ELISA method as per manufacturers (Invitrogen) instructions and as
described elsewhere [35]. Blood samples were collected before and at the end of every month of the treatment period (for a
total of 5 collections) for the measurement of VEGF and TNFα.

The most important p-value for the purposes of this study in likely the group/time
interaction effect, as this represents the difference between the groups experienced over
time. While no statistically significant differences (p < 0.05) in the group/time interaction
effect were observed, from the data presented it can be seen that there is a clear separation
within the wound area reduction/wound area/oxygenated Hb outcomes. The lack of
statistical difference at the level of p < 0.05 could very well be due to the small sample size.
Nonetheless, some inference can be made. A p-value essentially represents the probability
that the difference observed is due to random chance. Thus, the p-value of 0.072 for the
group/time effect for wound area reduction represents that there is a 7.2% chance that the
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differences observed is due to random chance. This essentially means that there is a 93%
confidence that there is a difference being observed between both groups.

4. Discussion

We have earlier described the rationale and design of this study undertaken to evalu-
ate the clinical utility, efficacy and safety of a novel approach involving bathing in CO2-
enriched water for the treatment of foot ulcers [37]. Although several different approaches
have been undertaken to facilitate healing of foot ulcers, it is clear that such approaches
require multidisciplinary management if amputation is to be avoided [38]. Several ther-
apies are available in clinical practice and include topical agents, dressings, engineered
tissue, cell therapy, growth factors, devices and herbal/natural remedies [1]. Furthermore,
novel therapies such as magnetic fields have been employed and show great potential in
promoting wound healing and have already been utilized in the management of diabetic
wounds [39]. The potential of polymeric wound dressing has also been evaluated in wound
care management [40]. In addition, improvements in hydrogel dressings have enabled
advancements for wound healing [41]. With the development of nanotechnology, specifi-
cally glass/hydrogel nanoparticles, incorporating bioactive agents or cells, has allowed a
prolonged availability of target molecules at the wound site, and thereby facilitating wound
healing [41,42]. Novel therapies including traction force-activated payloads local delivery
of short-interfering RNA are also potentially of value in the healing of wounds [42].

The evidence for the beneficial actions of topical oxygen therapy in healing of diabetes-
related foot ulcers and the likelihood of healing has recently been examined; however, the
effect on amputation and cost-effectiveness of such therapy was unclear [43]. An improved
lower limb ulcer healing in response to increase tissue oxygenation via hyperbaric oxygen
has been reported [44]. Negative pressure wound therapy (NPWT) is one of the most
effective techniques for the treatment of foot wounds. Although some advancements in
this technique have been achieved, due to the complex pathogenesis and management
of diabetic foot, irregular application of NPWT has been linked to complications, such as
infections, bleeding and necrosis that seriously affect its treatment outcomes [45]. Based
on the aforementioned information, it is apparent that several different approaches are
available for the healing of foot ulcers, however their efficacy is dependent on an adequate
arterial perfusion [46].

The present foot care study has generated data on the safety, tolerability, vascular
efficacy and capacity to heal ulcerated foot lesions. While no statistically significant
differences (p < 0.05) in the group/time interaction effect were observed, there is a clear
separation within the wound area reduction/wound area/oxygenated Hb outcomes. The
lack of statistical difference at the level of p < 0.05 may be attributed to the small sample
size. There is likely an acceleration in the process of wound healing in response to foot
bathing in carbonated (1000 ppm–1200 ppm) water at 37 ± 0.5 ◦C. The facilitated wound
healing seen in the treatment group may be associated with an increase in O2 saturation
and oxygenated hemoglobin levels at site of wound. Interestingly, in some cases, we
also observed that foot bathing in carbonated water alleviated ischemic discoloration of
skin (data not shown). Although ABI was largely not measurable in the placebo (control)
group, as well as in some patients in the treatment arm, due to non-compressibility of
arteries [47,48], based on the pre- and post- treatment values of ABI in the CO2 treated
group, the accelerated healing of wounds in this group may be associated with an increase
in peripheral circulation. However, it should be mentioned that while no significant
differences in the serum levels of VEGF were observed between control and CO2 groups,
the median VEGF serum concentration was higher in the CO2 treated group following
longer duration (2–4 months) of treatment, suggesting the possibility of new collateral
blood vessel formation [49].

In support of our notion that bathing of feet in CO2-enriched water, several clinical
studies have demonstrated an increase in blood flow subsequent to treatment with CO2. In
patients with mild, bilateral, peripheral occlusive arterial disease (intermittent claudication,
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femoral or iliac type) immersion of the lower leg and foot in fresh CO2-enriched water
(1200 mg CO2) for 20 min has shown increases in microcirculation and oxygen tension in the
skin of the foot [15]. Interestingly, topical applications of CO2 have been shown to increase
skin blood flow in a concentration-dependent manner, providing additional support for
the clinical use of CO2 bathing in the treatment of disturbances of skin circulation as well
as skin ulcers and wounds [50]. It has been suggested that the effects of CO2-enriched
water on the subcutaneous microcirculation may be due to peripheral vasodilation as
evidenced by increased parasympathetic and decreased sympathetic activity and that CO2
foot bathing is clinically effective on salvage of CLI (Fontaine stage IV) limbs [16]. Recently,
patients with PAD risk factors (ABI in the normal range or ABI indicating some or moderate
arterial disease, ABI > 0.5) were shown to benefit from CO2 therapy due to improvements
in blood flow [51].

In our study, while data on usage of bespoke footwear, ability to walk barefoot at
home, occurrence of amputation and use of antibiotics for the treatment of foot ulcer
were collected, no differences were observed between control and treated groups (data not
shown). It is also pointed out that in 2/7 hemodialysis subjects that were randomized into
the treated group there was the occurrence of new pressure type ulcers in different region
of the foot. Accordingly, in this North American population of subjects with foot ulcers
and undergoing hemodialysis, there is potentially an increase in the risk (by about 28%)
of new pressure-type ulcers forming and thus this negative effect from exposure to CO2
foot bathing is suggestive that foot bathing may be contraindicated in this population (data
not shown). It should be mentioned that tap water contains various impurities and salts
used for its purification. Salts dissolved in water, when exposed to CO2 can lead to the
formation of substances that can cause chemical burns, it is thus possible that the high risk
for new ulcer formation observed in some of the hemodialysis patients may be related to
this. Therefore, in any follow up especially a large-scale study, use of distilled water may
be indicated.

Several preclinical studies have examined the potential mechanisms for the beneficial
actions of bathing of ischemic limbs in CO2-enriched water with respect to improved
microcirculation. In this regard, Elimban et al. [52] have shown that CO2 bathing increased
small blood vessel count, an index of vascular density. In addition, Xu et al. [53] have
reported that CO2 water bath therapy of the ischemic hind limb of diabetic rat augments
blood flow as well as evokes the development of angiogenesis in the skeletal muscle of
diabetic ischemic animals. Taken together, such therapy may be some benefit for the
treatment of PAD in diabetes that may also be due to a reduction in oxidative stress [54].
In this regard, a reduction of plasma free radical concentration, as well as an increase in
antioxidant levels have been reported to be associated with an increase in microcirculation
in patients with PAD (Fontaine stage III) [55].

In conclusion, although the sample size is small, the present pilot study is suggestive
that foot bathing in CO2-enriched water may accelerate the healing of foot ulcers due to
an improvement in microcirculation and adequate perfusion of the ischemic wound area.
Thus, treatment of foot ulcers by immersing in CO2-enriched water may potentially serve
as an adjunct to standard therapeutic approaches for diabetic foot wound healing.
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