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Abstract

Obstructive sleep apnea syndrome (OSAS) and obesity are frequently associated with hypertension (HTN), dyslipidemia
(DLP), and insulin resistance (IR). In patients with obesity and OSAS scheduled for bariatric surgery (BS), guidelines recom-
mend at least 4 weeks of preoperative continuous positive airway pressure (CPAP). Low-calorie ketogenic diets (LCKDs)
promote pre-BS weight loss (WL) and improve HTN, DLP, and IR. However, it is unclear whether pre-BS LCKD with CPAP
improves OSAS more than CPAP alone. We assessed the clinical advantage of pre-BS CPAP and LCKD in patients with
obesity and OSAS. Seventy patients with obesity and OSAS were randomly assigned to CPAP or CPAP+LCKD groups for
4 weeks. The effect of each intervention on the apnea—hypopnea index (AHI) was the primary endpoint. WL, C-reactive
protein (CRP) levels, HTN, DLP, and IR were secondary endpoints. AHI scores improved significantly in both groups
(CPAP, p=0.0231; CPAP+LCKD, p=0.0272). However, combining CPAP and LCKD registered no advantage on the AHI
score (p=0.863). Furthermore, body weight, CRP levels, and systolic/diastolic blood pressure were significantly reduced
in the CPAP+LCKD group after 4 weeks (p=0.0052, p=0.0161, p=0.0008, and p=0.0007 vs baseline, respectively), and
CPAP+LCKD had a greater impact on CRP levels than CPAP alone (p=0.0329). The CPAP+LCKD group also registered a
significant reduction in serum cholesterol, LDL, and triglyceride levels (p=0.0183, p=0.0198, and p<0.001, respectively).
Combined with CPAP, LCKD-induced WL seems to not have a significant incremental effect on AHI, HTN, DLP, and IR
but lower CRP levels demonstrated a positive impact on chronic inflammatory status.
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Introduction

Obstructive sleep apnea syndrome (OSAS) has a prevalence
in the bariatric surgical population of up to 50-70% [1].
Clinical data associate OSAS with hypertension (HTN), dys-
lipidemia (DLP), insulin resistance (IR), and inflammation
[2—4]. Polysomnography is the gold standard for the diag-
nosis of OSAS [5], and the apnea—hypopnea index (AHI) is
used to quantify severity based on an international score [6].
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Bariatric surgery (BS) is associated with a marked long-
term weight loss (WL) and the resolution or improvement
of co-morbid diseases [7]. To improve the AHI score in
obese patients with severe OSAS (>30) scheduled for BS,
preoperative continuous positive airway pressure (CPAP)
is recommended for at least 4 weeks to reduce anesthesia
risks [8]. Furthermore, body weight (BW) reduction is asso-
ciated with improvements in OSAS, with a 10% reduction
in BW predicting an approximate 26-32% change in the
AHI score [9]. An accurate preoperative multidisciplinary
assessment of bariatric patients plays an important role in
improving performance status, surgical outcome, and WL
[10-17]. Previous studies have reported that a low-calorie
ketogenic diet (LCKD) is safe and effective in reducing BW
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and liver volume in patients scheduled for BS, resulting in a
reduction of intraoperative complications and operating time
[18-22]. To date, no prospective multicenter randomized
trial has evaluated whether preoperative LCKD combined
with CPAP improves OSAS versus treatment with CPAP
alone. Therefore, the present pilot trial aims to assess the
clinical advantage in combining two preoperative strategies
(CPAP and LCKD) compared to CPAP alone, to improve
AHI score, HTN, DLP, IR, and CRP levels in patients with
severe obesity and OSAS scheduled for BS.

Patients and Methods

Study Design and Characteristics of the Patients
at Baseline

Between January 2019 and April 2021, we conducted a
pilot, prospective, randomized, multicenter study involving
a cohort of patients with severe OSAS (AHI >30) sched-
uled for BS. A total of 303 patients were selected, 82 under-
went randomization, and 70 completed the study (Fig. 1).
All patients fulfilled the criteria established by the Inter-
national Federation for Surgery of Obesity and the Italian
Society for Obesity Surgery and Related Diseases for the
surgical treatment of morbid obesity [23]. Inclusion criteria
included patients of both sexes with body mass index (BMI)
> 35 associated with severe OSAS (AHI > 30); aged 18-65

years; and non-smokers or those who have quit smoking for
at least 3 months. Exclusion criteria included kidney and/
or liver conditions that would make LCKD unsuitable (cre-
atinine levels >1.8 mg/dL or liver enzyme levels [glutamic
pyruvic transaminase or glutamic oxaloacetic transaminase]
less than three times over the upper normal threshold);
psychological problems that would make CPAP treatment
problematic; and patients with obesity >60 BMI. The study
protocol was approved by the University Ethical Commit-
tee (0199138/2018) and was registered on ClinicalTrials.
gov (NCT03791242). All procedures performed in this study
were in accordance with the ethical standards of the institu-
tional and/or national research committee and with the 1964
Declaration of Helsinki and its later amendments. Informed
written consent was obtained from each participant after
being informed about the purpose and nature of the study.

Polysomnography and Randomization

A 12-channel diagnostic polysomnography (in a sleep labo-
ratory for a full night) was used to assess the AHI score in
all patients. Patients with a polysomnogram that showed an
AHI >30 were randomly assigned to a study group. In con-
sideration of the small sample size, block randomization
was used to achieve a balance in the allocation of patients
to treatment arms and to increase the probability that each
arm contained an equal number of patients [24]. The 70
patients who met the inclusion criteria were randomized

Patients with severe OSAS scheduled for bariatric surgery between 2019 and 2021
n=303 (192 M, 111 F)

|

Patients who met the
inclusion criteria and
accepted to join the
study

n=82 (49 M, 33 F)

|

RANDOMIZATION

CPAP Group CPAP+LCKD Group
n=41 (24 M, 17 F) n=41 (25 M, 16 F)

l

Patients who were
excluded

N=1221 (143 M, 78 F)

Main Reasons

« Eating often out for work (n= 121; 54.7%)

« Financial constraints to regularly buy products included in the diet (n=38; 17.2%)
* Smokers (n=42; 19%)

« creatinine levels >1.8 mg/dL or liver enzyme levels (n=11; 5%)

« psychological problems that would make CPAP treatment problematic (n=9; 4.1%)
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OSAS = Obstructive Sleep Apnea Syndrome; CPAP = Continuous Positive Airway Pressure; M = Male; F = Female; LCKD = Low Calorie Ketogenic Diet; PSG = Polysomnography

Fig. 1 Numbers of patients who were included, randomly assigned to a study group, and included in the analysis
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into two groups: the CPAP group and the CPAP+LCKD
group. The CPAP group comprised 36 patients with obesity
(14 Females [F], 22 Males [M]) and severe OSAS suitable
for BS who underwent 4 weeks of CPAP (these patients
were not prescribed a change in eating habits) accord-
ing to the standard. The CPAP+LCKD group comprised
34 patients with morbid obesity (12 F, 22 M) and severe
OSAS suitable for BS who underwent 4 weeks of CPAP
and an LCKD.

Interventions

In the CPAP and CPAP+LKCD groups, participants under-
went an overnight in-laboratory sleep study to allow for the
individual calibration of the CPAP therapy. Nightly CPAP
therapy was provided thereafter through a fixed-pressure
or auto-adjusting CPAP device. Adherence to CPAP ther-
apy was monitored weekly by means of a wireless router
attached to the CPAP device. Participants in the CPAP and
CPAP+LCKD groups had individual weekly counseling ses-
sions. In the CPAP+LCKD group, the goal for caloric intake
was set at 1200 kcal/day.

Development of the LCKD

Before starting the LCKD, candidates were counseled indi-
vidually about the diet that they would be expected to fol-
low for 4 weeks. To ensure that all 34 patients that were
included consumed a similar diet, we developed two LCKD
meal plans, plan 1 (days 1-14) and plan 2 (days 15-28),
and assigned individual foods a specific quantity using a
free online keto diet application (https://www.eatthismuch.
com). Each ketogenic food plan (from 1150 to 1250 kcal/
day) consisted of 4% carbohydrates, 71% fats, and 25% pro-
teins. Supplement composition (Ketocompleat, MVMedical
Solutions, Serravalle, Repubblica San Marino) is reported
in Table 1. Ketocompleat is included on the register of food
supplements of the Italian Minister of Health (code num-
ber 94721) and, due to its carbohydrate-free formulation,
may be associated with a low-carbohydrate ketogenic diet
[19]. The diet plans and the Ketocompleat supplement were
kindly provided free of charge to all trial participants by
MVMedical Solutions, which had no role in designing trial
and patient enrollment in the different participating sites or
in processing any trial-related data.

Study Assessment and Endpoints

An assessment was performed at baseline and 4 weeks
after the initiation of the therapy in both study groups. The
primary endpoint was to assess the clinical advantage in
combining two preoperative strategies (CPAP+LCKD) vs
CPAP alone, for the reduction of the AHI score. Secondary
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Table 1 Composition of the supplement administered during the
course of the study (Ketocompleat, MVMedical Solution, Serravalle,
San Marino)

Element Daily value (40 g) RDA*
Soy Protein 33.31 gr -
Vitamin A 0.483 mg 60,38%
Vitamin B1 0.496 mg 45,09%
Vitamin B2 0.833 mg 59,50%
Vitamin B3 8.33 mg 52,06%
Vitamin B5 1.28 mg 21,33%
Vitamin B6 0.92 mg 65,71%
Biotin 0.028 mg 56%
Vitamin B12 0.007 mg 280%
Folic acid 0.222 mg 111%
Vitamin C 83.28 mg 104,10%
Vitamin D3 0.011 mg 222%
Vitamin E 12.65 mg 105,42%
Vitamin K1 11.1 mg 14,80%
Iron 5.5 mg 39,29%
Copper 0.08 mg 8%
Magnesium 399 mg 10,64%
Selenium 0.015 mg 27,27%
Manganese 0.19 mg 9,50%
Chromium 0.003 mg 7,50%
Calcium 116.76 mg 14,60%
Zinc 8.74 mg 87,40%
Inulin 1.38 ¢ -
Phaseolamin 111g -
Fructo-oligo-saccharides 1.11g -
Lactobacillus plantarum 2.24 mld -
Lactobacillus acidophilus 2.2 mld -
Lactobacillus rhamnosus 2.2 mld -
Bifidobacterium longum 2.24 mld -
Saccharomyces boulardi 4.48 mld -

Recommended Dietary Allowance

endpoints included changes in HTN, DLP, IR, and CRP
levels in patients with obesity and severe OSAS who are
scheduled for BS.

Anthropometric Evaluation of the Study Population
and Blood Tests

In all patients, BW (kg) and height (cm) were determined
under standard conditions (fasting state in light street clothes
with shoes and any other heavy items removed). Height
was measured using a mechanical measuring tape. BW
was assessed by using medical weighing scales (capacity
250 Kg). BW evaluation was done at baseline and repeated
weekly during the 4-week follow-up. Blood tests included
glycemic profile parameters (glucose, insulin, and HOMA
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index), lipid profile (total cholesterol, high-density lipopro-
tein [HDL], low-density lipoprotein [LDL], and triglycer-
ides), and ketonemia. All blood analyses were performed
in an approved laboratory with internal and external quality
controls using the reagents provided bythe manufacturer and
following the manufacturer’s instructions. Data were com-
pared with accepted clinical cutoff values.

Statistical Analysis

The possible clinical advantage of the combination of the
two preoperative strategies (CPAP+LCKD) compared to
preoperative CPAP treatment in reducing the surgical risk
in morbidly obese OSAS patients were directly compared
by using the paired sample t-test for continuous variables
for comparison within groups and the Mann—Whitney
test for comparison between CPAP and CPAP+LCKD
groups. Block randomization was performed using free
online GraphPad Quick Calcs Software (https://www.
graphpad.com/quickcalcs/randomizel/). Data are reported

as mean =+ standard deviation (SD). A p <0.05 was con-
sidered statistically significant. Furthermore, any p value
less than 0.0001 was conventionally stated as p <0.001.
GraphPad Prism for Windows (Version 9.1.2p) was used
for statistics.

Results
Impact of CPAP or CPAP and LCKD on AHI

The study included 70 subjects (16 females and 44 males)
with a mean age of 42 (+13.7) years. Mean initial BW and
BMI of participants are reported in Table 2.

Concerning the primary endpoint, we observed a signifi-
cant improvement in the AHI score in both groups (CPAP,
p=0.0023; CPAP+LCKD, p=0.0272, Table 2). However, we
did not observe any advantage in combining CPAP+LCKD
compared with CPAP alone (p=0.863, Fig. 2A).

Table 2 Patient’s clinical

. Clinical parameters Groups Baseline Follow-up p
parameters at baseline and (4 weeks)
after treatments (CPAP or
CPAP+LCKD, 4 weeks). Data Body weight CPAP 132.7 +23 131.6 +22.3 0.816
are reported :;ﬁejg'oi;ta“d”d CPAP+LCKD  143.6+236  1297+237  0.0052%
was considered statistically BMI CPAP 476 £5.9 47257 0.756
significant CPAP+LCKD 50.1+5.9 453+6.5 <0.001*
AHI score CPAP 63.3 +21 479 +20 0.0023
CPAP+LCKD 62.7+224 50.4 +£22.7 0.0272*
CRP (mg/L) CPAP 595+59 6.36 + 6.0 0.855
CPAP+LCKD 6.12 +5.96 2.66 +2.57 0.0161*
Blood pressure (systolic, nmHg) CPAP 1342 +10.4 130 +9.7 0.0721
CPAP+LCKD 142.8 + 13.3 133+ 119 0.0008*
Blood pressure (diastolic, mmHg) CPAP 87 +11.6 82+9.5 0.0623
CPAP+LCKD 85.4 +£8.38 78.7+6.43 0.0007*
Insulin (mcU/mL) CPAP 11 +£7.04 104 +6.9 0.696
CPAP+LCKD 11.8 +6.3 10.6 +£5.6 0.422
HOMA Index CPAP 267+ 1.71 2.46 + 1.66 0.430
CPAP+LCKD 3.46 +2.66 276 +2.14 0.181
Cholesterol (mg/dL) CPAP 196.1 +32.9 180.8 +33.0 0.153
CPAP+LCKD 200.1 +30.1 1804 +35.2 0.0183*
HDL (mg/dL) CPAP 46.4 +10.3 473 +9.8 0.612
CPAP+LCKD 48.3 +9.41 48.8 +10.4 0.910
LDL (mg/dL) CPAP 128 +30.2 1129 + 349 0.139
CPAP+LCKD 127.4 + 26.8 107.1 £ 37.1 0.0198*
Triglycerides (mg/dL) CPAP 151.6 + 62.5 129.7 £ 62.2 0.0985
CPAP+LCKD 191 +£41.7 130 +79 <0.001*
Ketonemia (mmol/L) CPAP 0.246 +0.32 0.240 +0.20 0.410
CPAP+LCKD 0.299 + 0.41 0.893 + 1.22 0.0002*

CPAP continuous positive airway pressure, CPAP+LCKD continuous positive airway pressure + low calo-
ries ketogenic diet, AHI apnea—hypopnea index, CRP C-reactive protein, HOMA Index homeostasis model
assessment, HDL high-density lipoprotein, LDL low-density lipoprotein
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Fig.2. CPAP vs CPAP+LCKD on the AHI score (a), CRP levels (b), systolic and diastolic blood pressure (c and d, respectively), total choles-

terol (e), HDL (f), LDL (g), triglycerides (h), and HOMA index (i)

Impact of CPAP or CPAP+LCKD on CRP Levels
and Blood Pressure

As shown in Table 1, patients who received CPAP alone
did not show any significant improvements in CRP levels
(p=0.855) or systolic and diastolic blood pressure (p=0.0721
and 0.0623, respectively). On the contrary, patients who fol-
lowed the CPAP+LCKD had significantly lower CRP levels
and a significant improvement in systolic and diastolic blood
pressure after 4 weeks (p=0.0161 vs baseline; p= 0.0008
vs baseline; p=0.0007 vs baseline, 155 respectively). We
observed a further advantage in combining CPAP+LCKD
compared with CPAP alone on CRP levels (p=0.0329,
Fig. 2b), whereas we did not observe any further advan-
tage on systolic and diastolic blood pressure (p=0.267 and
p=0.138, respectively, Fig. 2c and d).

Impact of CPAP and CPAP+LCKD on BW, BMI, Lipid
Profile, and IR

As expected, we observed a significant improvement in BW
and BMI only in the CPAP4+LCKD group (CPAP: BW and
BMI p=0.816 and p=0.756, respectively; CPAP+LCKD:
BW and BMI, p=0.0052 and p<0.001, respectively)
(Table 2).

In the CPAP group, we did not observe any significant
improvement in lipid profile and IR (Total cholesterol,
p=0.153; HDL, p=0612; LDL, p=0.139; Triglycerides,
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p=0.0985; HOMA Index, p=0.430, respectively, Table 2)
at the end of the treatment, whereas, in the CPAP+LCKD
group, we observed a significant reduction in serum
cholesterol, LDL, and triglyceride levels (p=0.0183,
p=0.0198, and p<0.001, respectively), whereas no sig-
nificant difference was found in HDL levels (p=0.910)
(Table 2). Furthermore, in CPAP+LCKD vs CPAP alone,
we observed a greater but not significant decrease in
HOMA index (—20% vs —7.4%, p=0.181). Moreover, no
significant incremental effects were detected in combining
CPAP+LCKD compared with CPAP alone on lipid profile
and IR (Fig. 2E-I).

Adherence in Following the LCKD and Side Effects

Ketone analysis was performed to assess the adherence
of the CPAP+LCKD group in following the prescribed
diet. Measurements were done at baseline and repeated
at 4-week follow-up. As shown in Table 2, in the CPAP
group, we did not observe any significant change in
ketonemia levels (p=0.410), whereas in the CPAP+LCKD
group, we observed a significant increase of ketonemia at
the end of the treatment (p=0.0002, Table 2). Furthermore,
in the CPAP+LCKD group, ketonemia was highly corre-
lated with total percentage weight reduction at diet com-
pletion (r=0.61, p< 0.001). No side effects were reported.
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Discussion

The results of the present pilot study found that CPAP
combined with LCKD-induced WL did not have a signifi-
cant incremental effect on AHI score, HTN, DLP, and IR
after 4 weeks, but there was a positive impact on chronic
inflammatory condition in the population with obesity by
lowering CRP levels. Concerning the primary endpoint
of the study (AHI score), we found that an improvement
in the AHI score of 24% and 24.4% occurred in the CPAP
and CPAP+LCKD groups, respectively, after 4 weeks.
Furthermore, while we did not observe an improvement
in the BW of the CPAP group (these patients were not
prescribed a change in eating habits) at the end of the
treatment, a reduction of —10.7% was found in the BW of
the CPAP+LCKD group. Peppard et al. report that even
modest reductions in BW are associated with changes in
OSAS, with a 10% reduction in BW predicting an approxi-
mative change of 26 to 32% in the AHI index [9].

Concerning CRP levels, Chrinos et al. found that in
adults with obesity and OSAS, CPAP combined with a
WL intervention did not reduce CRP levels more than
intervention with CPAP alone [25]. Indeed, although we
did not observe significant improvements in CRP levels
in patients who received CPAP alone, patients who fol-
lowed the CPAP and LCKD showed a significantly lower
CRP level at 4 weeks. Possible explanations could be the
different dietary compositions used and/or the WL levels.
Chrinos et al. observed that in the CPAP combined with
a WL intervention group, the dietary composition was
aligned with recommendations from the National Choles-
terol Education Program (NCEP), and the decline in BW
was 7.0 kg in 24 weeks.

In the NCEP diet, the percentages of calories from fat,
carbohydrate, and protein are 30%, 55%, and 15% [26],
respectively, whereas the LCKD we used in this study con-
sisted of 4% carbohydrates, 71% fats, and 25% proteins.
Although it has been well-documented that WL improves
inflammation [27, 28], there is little understanding or
agreement on the role of carbohydrate restriction or macro-
nutrient composition on inflammation. Some evidence
indicates that higher-fat diets are associated with higher
serum inflammatory markers [29] and higher protein diets
may be beneficial to inflammation [30], although data in
this area is very limited. In agreement with the present
study, consuming a hypocaloric high fat low-carbohydrate
diet for 12 weeks has been reported to lower CRP. On the
other hand, other studies have reported that WL, but not
macronutrient content, improves systemic inflammation
[31-34]. Herein, we report a decrease in BW of 10.7% in
4 weeks of LCKD. Taken together, our data indicate that
LCKD-induced WL improves CRP levels because of its

composition and the capacity to determine an effective and
rapid WL. Furthermore, in accordance with the Chrinos
et al. study, we found no discernible decline in BW in the
CPAP group.

In this study, and in previous studies, WL significantly
reduced HTN and IR, whereas CPAP therapy did not have a
significant effect [35, 36]. CPAP alone for 4 weeks did not
improve DLP; this finding is consistent with the results of
other studies, which showed no significant changes in total
cholesterol levels after CPAP therapy [37, 38]. Systolic and
diastolic blood pressure significantly decreased only in the
CPAP+LCKD group. This was in contrast with the study
by Chrinos et al., who reported decreased blood pressure in
patients with obesity treated with CPAP [25]. However, data
regarding the improvements in blood pressure in patients
with obesity and OSAS and treated with CPAP therapy are
limited [39-41].

Furthermore, our findings suggest that both OSAS and
obesity have an independent causal relation to HTN. We also
found that CPAP therapy combined with a WL intervention
had an incremental effect on IR when compared with CPAP
intervention alone (—20% vs—7.8%), but no significant
incremental effects were detected for combination therapy
in accordance with a previous study [25].

We acknowledge some methodological limitations in our
study. First, we did not include a sham CPAP intervention.
However, both sham CPAP and the absence of treatment for
OSAS are considered to be adequate controls for an active
CPAP intervention [25, 42]. Nevertheless, considering that
control conditions are vital to the scientific integrity of clini-
cal trials and may differ depending on the specific trial, due to
the complexity of ethical issues, consultation with the insti-
tutional review board and an ethicist should be considered
during the design phase of CPAP clinical trials. Second, in
the CPAP-LCKD group, we were not able to directly measure
adherence in following the prescribed diet by a validated ques-
tionnaire, such as the 3-day estimated food record and the 72-h
recall [43—45]. However, the significant WL associated with
the significant increase of blood ketonemia at the end of the
treatment (p<0.001, Table 2) may be considered an indirect
index of adherence. Furthermore, in both study groups, we
were not able to directly measure the health-related quality
of life. Finally, our findings cannot be extended to the popu-
lation with mild and moderate OSAS because of our exclu-
sion criteria. Thereafter, although the data on the reduction of
CRP levels is a very interesting finding, our sample of patients
is made up of almost 37% women and CRP is a marker of
non-specific inflammation possibly linked with endogenous
estradiol [46]. Therefore, the complex link between estradiol
and inflammation may influence the result. However, at the
beginning of the study, we did not consider in the exclusion
criteria confounding factors such as sex, the presence of men-
struation or menopause, and hormone replacement therapy as
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it was not among the end points of the research. Moreover, we
retain that further researches may necessitate to understand
the complex estradiol-inflammation link, as one may act as
an important confounder, mediator, or moderator of the other.
In any case, accordingly to our finding, a recent paper by Wu
et al. has demonstrated that in their study sample, made up
of 61% males and 39% females; similar in percentage to our
group of patients, obesity is associated with the levels of CRP
independently of OSAS severity and sex [47]. Finally, the long
period of recruitment is a consequence of COVID-19, which
determined a worldwide stop of bariatric surgical programs
during the first wave (March—-May 2020) and partially during
the second wave (October 2020-January 2021). The initial
study draft involved three more bariatric centers and a large
cohort. However, national and regional restrictions during the
pandemic in Italy limited the participating centers.

Conclusions

The results of this pilot study may suggest that CPAP com-
bined with LCKD-induced WL did not have a significant
incremental effect on AHI score, HTN, DLP, and IR, whereas
it has a positive impact in lowering CRP levels. However, our
data show that an LCKD-induced WL intervention is effective
in improving HTN, DLP, IR, and inflammation, in patients
with severe obesity and OSAS scheduled for BS. Further and
larger randomized clinical trials are needed to confirm these
preliminary data.
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