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GRAPHICAL ABSTRACT

RESET-PKD: A pilot trial on short-term ketogenic interventions
in autosomal dominant polycystic kidney disease

y 0 2 Ketogenic dietary interventions (KDI) have beneficial
Background . — - effects in animal models of polycystic kidney disease.

RESET-PKD aimed to collect data on KDls in humans.

Methods Results
n=10 ADPKD patients with
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Short-term ketogenic interventions potently induce ketogenesis and are feasible for ADPKD patients in

Conclusion daily life. We observed a decrease in TLV due to changes in the non-cystic fraction. Changes in TKV were
not detected and may require longer-term interventions.
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KEY LEARNING POINTS

What is already known about this subject?

mediated by ketosis.

dominant PKD (ADPKD).
What this study adds?

imaging-based kidney and liver volumetry.
in ADPKD.

kidney volume is not affected.

What impact this may have on practice or policy?

« Ketogenic dietary interventions (KDIs) have been shown to be effective in several animal models of polycystic kidney
disease (PKD), inhibiting cyst growth, fibrosis and PKD-associated signaling pathways. These beneficial effects were

o Recent retrospective work has pointed towards beneficial effects of dietary interventions in patients with autosomal

o In RESET-PKD, 10 ADPKD patients with rapid disease progression performed a 3-day water fast or a 14-day ketogenic
diet and were examined biochemically, using patient-reported outcome questionnaires and through magnetic resonance

o RESET-PKD provides clear evidence of patient-reported feasibility, including a detailed analysis of ketogenesis of two KDIs

o Short-term KDIs have an impact on total liver volume (TLV), probably due to emptying of liver glycogen stores, while total

o This study provides first prospective in-human data with monitored ketosis concerning feasibility, efficacy and safety of
ketogenic dietary interventions in ADPKD, and can now serve as the foundation for larger randomized trials.
o The effects on TLV should be further studied in patients with severe polycystic liver disease.

ABSTRACT

Background. Ketogenic dietary interventions (KDI) have been
shown to be effective in animal models of polycystic kidney
disease (PKD), but data from clinical trials are lacking.
Methods. Ten autosomal dominant PKD (ADPKD) patients
with rapid disease progression were enrolled at visit V1 and
initially maintained a carbohydrate-rich diet. At V2, patients
entered one of the two KDI arms: a 3-day water fast (WF)
or a 14-day ketogenic diet (KD). At V3, they resumed their
normal diet for 3-6 weeks until V4. At each visit, magnetic
resonance imaging kidney and liver volumetry was performed.
Ketone bodies were evaluated to assess metabolic efficacy and
questionnaires were used to determine feasibility.

Results. All participants [KD n = 5, WF n = 5; age
39.8 £ 11.6 years; estimated glomerular filtration rate
82 4+ 23.5 mL/min/1.73 m?; total kidney volume (TKV)
2224 £ 1156 mL] were classified as Mayo Class 1C-1E.
Acetone levels in breath and beta-hydroxybutyrate (BHB)
blood levels increased in both study arms (V1 to V2 average
acetone: 2.7 £ 1.2 p.p.m.,, V2 to V3: 22.8 £ 11.9 p.p.m,
P = .0006; V1 to V2 average BHB: 0.22 £+ 0.08 mmol/L, V2
to V3: 1.88 £ 0.93 mmol/L, P = .0008). Nine of 10 patients
reached a ketogenic state and 9/10 evaluated KDIs as feasible.
TKV did not change during this trial. However, we found
a significant impact on total liver volume (ATLV V2 to
V3: —7.7%, P = .01), mediated by changes in its non-cystic
fraction.

Conclusions. RESET-PKD demonstrates that short-term
KDIs potently induce ketogenesis and are feasible for ADPKD
patients in daily life. While TLV quickly changed upon the
onset of ketogenesis, changes in TKV may require longer-term
interventions.
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INTRODUCTION

There is increasing evidence that alterations in the energy
metabolism of cyst lining cells—especially increased glucose
dependency and defects in fatty acid oxidation—may underlie
the pathogenesis of autosomal dominant polycystic kidney
disease (ADPKD) [1-3]. Dietary interventions have been
shown to be surprisingly effective in several polycystic kidney
disease (PKD) animal models, where they lead to a strong
decrease in cyst growth [4, 5]. The positive effects of mild
food reduction were most likely mediated by ketosis, as a
ketogenic state—regardless of whether it was induced by
a time-restricted diet, a ketogenic diet (KD) or a short-
term water fast (WF)—resulted in significantly inhibited cyst
growth, fibrosis and PKD-associated signaling pathways in
different animal models, even when the state of ketosis was
only induced for a short period of time [6].

Ketogenic dietary interventions (KDI) are high-fat, low-
carbohydrate (CHO) and moderate-protein diets which mimic
a fasting state [7]. KDIs have been used as an effective
tool for the treatment of obesity and childhood epilepsy
and could potentially be beneficial in several other diseases
[8, 9]. A recent retrospective case series indicated safety,
feasibility and positive effects of KDIs in patients with ADPKD
for the first time [10]. Most recently, the results of a 1-
year behavioral weight loss study in obese ADPKD patients
supported therapeutic feasibility of weight loss interventions
and hinted towards possible positive effects such as slowing
of kidney growth [11]. However, no trials investigating the

S. Oehm et al.

¥20g Jequisydeg gg uo 3senb Aq zG/G#89/£291/2/8€/0101e/HpuU/WwOod dno-dlwapede//:sd)y Woij papeojumoq



N

Ketogenic diet (14 days)
n=5

Visit 1 Visit 2

Proof of Principle Trial
- prospective, non-randomized, non-blinded -
Enrollment: 11 ADPKD

1 screen failure
10 participants enrolled

Intention-to-treat analysis (n=10):
TKV — feasibility — ketogenic efficacy

N

Water fasting (3 days)
n=>5

Visit 3 Visit 4

Interval |
2-4 weeks
carbohydrate-rich diet

Interval i
Ketogenic intervention:
(A) 3-day water fasting or
(B) 14-day ketogenic diet

Interval lll
3-6 weeks
carbohydrate-rich diet

MRI MRI
Volumetry Volumetry

MRI MRI
Volumetry Volumetry

Figure 1: Five ADPKD patients were enrolled in each study arm. Interval 1: patients adhered to their normal CHO-rich diet for 2-4 weeks.
Interval 2: patients underwent one of the two KDIs. Interval 3: patients returned to their normal CHO-rich eating habits for 3-6 weeks. Acetone
measurements in breath, BHB in capillary blood and urinary ketone bodies concentration were measured regularly. MRI-based volumetry was
performed at visits. Safety: blood and urine tests were performed at all visits.

effects of ketosis per se in patients with ADPKD have been
performed. Therefore, this proof-of-principle trial aimed to
provide prospectively collected data on the short-term effects
of KDIs in ADPKD patients.

MATERIALS AND METHODS
Study design and participants

This trial was designed and conducted as a non-
randomized, non-blinded, single-center study at the
University Hospital Cologne. Approval was obtained from
the institutional review board of the University Hospital
Cologne. ADPKD patients aged 18-60 years with an estimated
glomerular filtration rate (eGFR) >45 mL/min/1.73 m?
and rapidly progressing disease defined as the presence
of at least one of the following criteria were enrolled
after having obtained written informed consent: Mayo
Class 1C-1E, truncating PKDI mutation, early onset of
hypertension (before 35 years of age), early onset of urological
complications (before 35 years of age), historical eGFR decline
>2.5 mL/min/1.73 m?/year or a PROPKD score >6. Main
exclusion criteria were current tolvaptan therapy, body mass
index (BMI) <18 or >35 kg/m?, diabetes mellitus, alcohol
addiction, vegan or vegetarian lifestyle, known circumstances
prohibiting the use of a ketogenic diet {e.g. liver damage
[AST/ALT >3x upper limit norm (ULN), AP >6x ULN,

RESET-PKD: ketogenic diets in ADPKD

bilirubin >3 mg/dL], pyruvate carboxylase deficiency, defects
of gluconeogenesis, defects of ketolysis/ketoneogenesis,
hyperinsulinism, defects of fatty acid oxidation}, allergies
and intolerances to components of a KD, eating disorders,
participation in a weight loss program or taking weight loss
promoting medication in the last 6 months, KD for more than
1 month in the last 12 months, chronic renal replacement
therapy, previous kidney transplantation, pregnancy or
contraindications to magnetic resonance imaging (MRI) scans.
Patients were recruited from the German AD(H)PKD cohort
(ClinicalTrials.gov Identifier: NCT02497521) or through the
patients’ advocacy organization “Familidre Zystennieren e.V.”
If assessed eligible at the screening visit by medical history,
physical examination and laboratory parameters, participants
were enrolled after having obtained written informed consent.
The study was conducted in accordance with the Declaration
of Helsinki and the good clinical practice guidelines by the
International Conference on Harmonization. The study is
registered on www.clinicaltrials.gov (NCT04472624). The
study protocol will be provided upon request.

Study structure: visits and intervals

Four study visits (V1-V4) were conducted as part of
the study (Fig. 1). Each visit included blood and urine
tests, bioimpedance measurements, measurements of
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anthropometric parameters, measurements of ketosis in
fingerstick blood, urine and breath, and an MRI abdomen for
kidney and liver volumetry. Between V1 and V2 (Interval 1,
I1), patients continued to eat according to their usual dietary
habits, i.e. a high-CHO diet, for a minimum of 13 and a
maximum of 28 days. After V2, the KDI was started within
7 days and the KDI was finished by V3 (Interval 2, 12). Patients
could choose whether they wanted to achieve the ketogenic
metabolic state by WF for 3 days or by a KD for 14 days. V3
was conducted after a maximum of 72 h upon termination
of the diet. Between V3 and V4 (Interval 3, 13), participants
switched back to their standard ad libitum diet for a minimum
of 20 and a maximum of 43 days.

During I1 and I3, patients measured the extent of ketosis
in breath, urine and fingertip blood at least three times, while
in I2, during the KDIs, ketosis measurements were performed
twice a day (in the morning before breakfast and in the evening
before going to bed). Patients were provided with a diet diary
for daily documentation of hunger, well-being and (although
discouraged) potential additional foods consumed as well as
results of the daily ketosis measurements. After completion
of the KDIs, a dedicated questionnaire (Supplementary data,
Table S5) was used to assess feasibility and tolerability of the
KDlIs.

Dietary interventions

Patients in the WF study arm limited oral intake to ad
libitum amount of water and a low-salt broth once a day for
a period of 3 days; in the KD study arm, patients consumed a
very high-fat, low-CHO diet for a period of 14 days according
to individual dietary plans. KD was based on a fat:protein:CHO
ratio of 10:4:1 (in grams) and calorie requirements were
calculated individually for each patient with the Mifflin-
St. Jeor equation [12]. Ten percent of the fat calories were
provided as medium-chain triglycerides (for example MCT
oil). Patients were supplied with the required food items.
Patients in the KD group were advised to consume at least
20 kcal/kg body weight, but preferably 25 kcal/kg body weight
daily. In addition, regular phone calls ascertained patients’
well-being and monitored adherence to the protocol. Patients
in the KD arm were instructed to refrain from additional intake
of non-ketogenic foods during the intervention. Both groups
of patients received ketogenic snacks in case they desired
food in between scheduled meals or experienced undesired
symptoms during WE, respectively. Patients were advised to
eat blueberries in case of blood beta-hydroxybutyrate (BHB)
levels >3.5 mmol/L or breath acetone levels > 40 p.p.m. and/or
malaise or symptoms of ketosis (e.g. brain fog, “keto flu”).

Study assessments

Baseline demographic and clinical data including co-
morbidities and medication were assessed at the screening
visit. Anthropometric data (body weight, waist circumference,
height, body composition) were recorded at all study visits.
Vital parameters (blood pressure, heart rate) were assessed at
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each study visit. Acetone concentrations were measured using
a portable breath analyzer (ACE KETOSCAN mini, ACE In-
struments, 83395 Freilassing, Germany). BHB measurements
in fingerstick blood were performed with a portable ketone
meter (GlucoMen areo 2 K, Berlin-Chemie AG, 12489 Berlin,
Germany). Urine ketones were measured using urine dipsticks
(Ketostix, Ascensia Diabetes Care Deutschland GmbH, 51377
Leverkusen, Germany). The MRIs were performed by the in-
house Department of Radiology on a 1.5-T system (Ingenia,
Philips Healthcare, Best, The Netherlands). For assessment
of total kidney volume (TKV) and total liver volume (TLV),
kidney and liver boundaries of each patient were manually
traced in axial T2 SPIR scans by a radiologist using Intellispace
Discovery (Philips, Best, The Netherlands). The renal hilum
was excluded from the kidney outline while the gallbladder
and the main portal vein were excluded from the liver outline.
A second reader was employed to additionally segment the
kidneys and liver of each patient to estimate inter-reader
variability in TKV and TLV. Both readers were blinded to
patient information and previous tracing results.

To evaluate cyst fraction in both organs, the T2 map was
overlayed with each volume. Using Intellispace Discovery,
each voxel within each volume was classified in either cystic
or non-cystic depending on a cut-off value of 250 ms. This
cut-off appeared to sufficiently differentiate tissue depending
on its water content in a previous study [13] and allows to
approximate cyst fraction.

The T1 mDIXON sequence which is included in our
research protocol facilitates the assessment of fat content of
liver tissue using chemical shift imaging. This allowed to check
for potential fatty liver disease such as non-alcoholic fatty liver
disease (NAFLD). Additionally, morphologic sequences were
used to find potential fibrotic or cirrhotic changes of liver
tissue.

Clinical chemistry measurements on blood and urine
samples were performed by the in-house central laboratory
(University Hospital Cologne). Body composition was evalu-
ated using a Tanita BC 418 MA scale (Tanita Europe BV, 1101
BE Amsterdam, The Netherlands).

Outcomes

RESET-PKD (NCT044726249) was designed as a pilot trial
analyzing pre-defined exploratory endpoints on feasibility and
safety of short-term KDIs as well as their impact on TKV and
TLV. Regarding TKV, we focused on the relative change in
TKV between V2 and V3 (assessed using MRI volumetry).
This analysis was complemented by the absolute and relative
differences of TKV/height-adjusted TKV between study visits
(i.e. V1 vs V2, V1 vs V3, V1 vs V4, V2 vs V3, V2 vs V4, V3
vs V4); the same timepoints were compared regarding TLV,
anthropometric parameters (weight, height, body composi-
tion, BMI, waist circumference) and blood pressure. To allow
for the detection of potential safety signals a panel of blood
and urine values including kidney function, lipids and liver
values were examined (Supplementary data, Tables S1 and S2),
and feeling of hunger, discomforts and problems with general
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well-being were analyzed from the diet diary (Supplementary
data, Table S2). The biochemical efficacy of the KDIs was
assessed as follows: absolute and relative differences in self-
measurements of ketosis parameters (at least three measure-
ments in I1, at least twice daily, fasting in the morning
and before bedtime in the evening in 12, at least three
measurements in I3). Most investigators agree that normal
values for BHB on standard Western diets are 0.1-0.5 mmol/L
[14, 15]. A non-linear relationship between acetone in breath
and BHB in plasma has been described in adults [16].
Therefore, we defined the cutoffs for the metabolic endpoints
as follows: for the KD group: acetone level >10 p.p.m. or a BHB
level >0.8 mmol/L in >75% of home measurements (excluding
the first 3 days of KD); WF group: acetone level >10 p.p.m. or
a BHB level >0.8 mmol/L in >75% of home measurements,
or alternatively, a ketogenic state (BHB level >0.8 mmol/L
or acetone level >10 p.p.m.) in at least one measurement in
either method on 2/3 days during the WE Feasibility was
assessed using a questionnaire that contained 17 questions
directly related to the KDI. Patients could rate each question
on a scale from —4 to +4 with —4 representing low and +4
high feasibility (Supplementary data, Fig. S6 and Table S5). An
average score of >0 was required to consider the KDI feasible.
Both the metabolic endpoint and the feasibility endpoint had to
be reached to meet the combined feasibility endpoint. The self-
reported feeling of hunger was recorded regularly (I1 and I3:
once each as total value for the entire interval, I2: daily) in the
study diary and linked to numbers from 1 (not hungry at all)
to 4 (very hungry). Stool, urine and blood samples were frozen
for future analyses after patients had given specific informed
consent for biobanking.

Statistical analyses

Unless otherwise stated, paired two-tailed -tests were used
for the statistical analyses, and error bars represent standard
deviations. The P-values given refer to tests comparing
measurements at V2 and V3, i.e. at the start and end of the
intervention interval, unless other comparisons are explicitly
mentioned. Statistical testing was not adjusted for multiple
comparisons considering the exploratory nature of this study;
therefore, the results should be interpreted as exploratory.

RESULTS

RESET-PKD enrolled 10 ADPKD patients with indicators of
rapid progression in two KDI arms (KD and WF). Out of
11 patients screened, 10 patients were enrolled, one patient
did not meet the inclusion criteria due to BMI >35 kg/m?
(Fig. 1). The mean age of patients was 39.8 + 11.6 years
while mean eGFR was 82.2 & 23.5 mL/min/1.73 m?; 80% of
all patients included were male. All patients were in Mayo
Classes 1C, 1D or 1E. Mean TKV was 2224 + 1156 mL without
significant differences between the groups. 90% of patients
reported urological symptoms (60% before the age of 35 years).
All patients were diagnosed with arterial hypertension at the
time of inclusion (70% before the age of 35 years). Mean BMI
was 25.5 & 2.3 kg/m? with no significant differences between
the two study groups (P = .5426). All patients completed

RESET-PKD: ketogenic diets in ADPKD

the study. Notably, therapy with tolvaptan was an exclusion
criterion to avoid its effects as a confounder in small subgroups.
All participants had been offered tolvaptan but had rejected
this therapy due to concerns regarding polyuria. Baseline
characteristics are shown in Table 1.

Total kidney volume

Neither KDI resulted in differences in TKV (Fig. 2,
Supplementary data, Fig. S1). One patient showed a TKV
reduction upon KD by 258 mL (8.38%) and a return to the
baseline volume at the final study visit and this reduction
was confirmed by a second reader (Supplementary data, Table
S6). This patient was consistently ketogenic after Day 3 of the
KD (22/22 measurements) and showed the highest in-group
acetone levels (mean: 34.3 p.p.m., peak: 82 p.p.m.; mean rest of
KD group: 16.1 p.p.m., peak rest of KD group: 49 p.p.m.).

Total liver volume

Sixty percent of patients had more than 10 liver cysts
at baseline while no patient showed radiological evidence
of NAFLD (Supplementary data, Table S7). TLV decreased
significantly from V2 to V3 in all 10 participants (P = .0067)
and the WF group (P = .0116), but not in the KD group
(P = .2012). We also found a significant difference in ATLV
comparing the change in I1 and 12 in all 10 participants
(P = .0114, Fig. 3). This reduction again reached statistical
significance for the WF group (P = .0251) but not for the
KD group (P = .1616). Volumetries of a second blinded
reader showed very good agreement between the two readings
(Supplementary data, Fig. S5) and reproduced the statistically
significant findings (Supplementary data, Table S6). All but one
patient who reached efficient ketosis experienced a reduction
of TLV at the end of the KDI. No significant differences in liver
cyst volume (KD P = .3345, WF P = .1845) or cyst fraction
were found after the KDIs (KD P = .2545, WF P = .1854).
However, we found a significant reduction in liver parenchyma
in the WF group (P = .0123) while the trend to lower values in
the KD group did not reach statistical significance (P = .144,
Supplementary data, Fig. S7, and Tables S8 and S9). The switch
back to the CHO-rich ad libitum diet was accompanied by
a rebound in TLV (Fig. 3). The ratio of TLV/BW decreased
significantly after the KDIs in the whole study cohort and the
WF group but was not significantly changed in the KD group
(all: P =.0482, V2/V3: KD P = .6351, V2/V3: WE P = .0453;
Supplementary data, Fig. S8).

Effects on body weight and blood pressure

Both KDIs induced a significant weight loss
(Supplementary data, Fig. S2). Loss of body water and loss of
fat mass contributed equally (Supplementary data, Table S4).
Blood pressure values did not show any significant changes
(Supplementary data, Table S4). However, two patients in the
KD group reported lower blood pressure values in their home
measurements. In one of those patients, antihypertensive
medication had to be paused upon the start of the ketogenic
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Table 1: Patient demographics and clinical characteristics. Baseline characteristics of the study cohort and subgroups.

Characteristics All

n 10

Men, n (%) 8 (80)

Age (years) 39.8 £ 11.6
eGFR (mL/min/1.73 m?) 82.2+235
TKV (mL) 2224 4 1156
Mayo Class 1C, n (%) 4 (40)

Mayo Class 1D, n (%) 5 (50)

Mayo Class 1E, n (%) 1(10)
CKD1, n (%) 4 (40)
CKD2, 1 (%) 5 (50)
CKD3a, 1 (%) 1(10)

BMI (kg/m?) 255+23
Weight (kg) 844+ 12.6
Urological symptoms, # (%) 9 (90)
Urological symptoms <35 years, 1 (%) 6 (60)
Arterial hypertension, #n (%) 10 (100)
Arterial hypertension <35 years, n (%) 7 (70)
Positive family history, 7 (%) 8 (80)
Serum glucose V1 (mg/dL) 83+£6.9
BHB I1 (mmol/L)? 0.22 £ 0.08
Serum uric acid V1 (mg/dL) 62+13
Serum total cholesterol V1 (mg/dL) 176.3 + 26.5
Systolic blood pressure at V1 (mmHg) 130.6 + 12.7

KD WF

5 5

3 (60) 5 (100)

40.6 + 13.4 39.0 £ 11.0
84.8 +£21.7 79.6 £ 27.4
1752 + 893 2696 + 1286
3 (60) 1(20)

2 (40) 3 (60)

0 (0) 1(20)

3 (60) 1 (20)

1(20) 4 (80)

1(20) 0(0)
251428 26+ 1.9
78.1 £ 122 90.7 £ 10.5
5 (100) 4(80)

3 (60) 3 (60)
5(100) 5(100)

3 (60) 4(80)

4 (80) 4 (80)

85+ 6.9 81+7

0.17 £ 0.08 0.28 £ 0.15
60+14 64+14
181.2 +33.7 1714+ 19.6
136.8 £ 4.1 1244+ 158

Data are given as mean =& SD unless otherwise indicated.
2 Average values for I1 between V1 and V2 are shown.
CKD = chronic kidney disease.

diet due to orthostasis. All anthropometric parameters are
provided in Supplementary data, Table S4.

Biochemical efficacy as a readout of adherence

KDIs induced a significant increase in acetone and BHB
levels during the KDIs in both groups (Fig. 4). Glucose levels
showed a significant drop only in the WF group after the KDI
(Supplementary data, Table S1, all: P = .0111, KD: P = .4929,
WE: P =.0003).

Self-reported feasibility

Five of five patients in the KD group rated KDIs as feasible
with an average score per question of 0.39 points. In the
WEF group, 1/5 patients reached a score below the feasibility
threshold (score: —0.58), while the other four participants
reached an average score of 0.75. In total, 90% of patients
reached the pre-defined feasibility threshold (Fig. 5A). The
individual components of the feasibility questionnaire are
provided in Supplementary data, Table S5 while the individual
score for each question can be found in Supplementary data,
Fig. Se.

The KD group showed no significant changes in feeling
of hunger levels (I1 vs I12: P = .7592), while the WF group
showed a significant increase in hunger (I1 vs I2: P = .0299),
which was most pronounced on Day 1 of the intervention
(Supplementary data, Fig. S4). Except for predefined rationed
doses of blueberries, and an extra salt broth consumed once by
a KD group patient, no intake of additional food was reported.
Sixty percent of patients in the KD group said they would like

1628

to incorporate aspects of the KD into their future eating habits,
and 100% in the WF group could see themselves fasting again
in the future.

Combined feasibility endpoint

Actual feasibility is only assured if patient-reported fea-
sibility is reached in the setting of actual efficient keto-
genesis. Five of five patients (WF) and 4/5 patients (KD)
reached the pre-defined metabolic endpoint (Fig. 5B). One
patient in the KD group did not reach ketosis. In total,
90% of patients reached the metabolic endpoint and/or the
self-reported feasibility endpoint while 80% of all patients
reached both the metabolic endpoint and rated KDIs as
feasible (Fig. 5C).

Safety and general changes in lab values

All lab values and safety-relevant symptoms are sum-
marized in Supplementary data, Tables S1-S3. Only mild
changes in lab values were recorded. Briefly, to report the
most relevant findings reaching statistical significance, a mild
decrease in pCO, and HCO>~ could be observed in the WF
group. Serum bilirubin and AP levels showed a significant
mild increase only upon WE. Cholesterol and low-density
lipoprotein-cholesterol (LDL-C) increased significantly only
in the KD group (KD: V2/V3 total cholesterol P = .0151,
V2/V3 LDL-C: P = .0287; WEF: total cholesterol: P = .1022,
LDL-c: P = .0522) while high-density lipoprotein-cholesterol
was not altered significantly (Table 2). Cholesterol and LDL-
C returned to baseline after switching back to a high-CHO
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Figure 2: TKV of patients was monitored at all visits (V1-V4). TKV is shown for (A) all patients, (B) the KD group and (C) the WF group. Red
line indicates mean. V2 to V3: interval from start to end of KDIs. All: ATKV V1 to V2: +0.75%, SEM: 0.52%, ATKV V2 to V3: —1.06%, SEM
1.1%, ATKV V3 to V4: +3.28%, SEM 1.13%, TKV V2 to V3 P = .3765. KD: ATKV V1 to V2: +1.47%: SEM: 0.69%, ATKV V2 to V3: —1.88%,
SEM: 1.87%, ATKV V3 to V4: +5.54%, SEM: 1.25%, TKV V2 to V3 P = .3605. WF: ATKV V1 to V2: 4+0.03%, SEM: 0.69%, ATKV V2 to V3:
—0.23%, SEM: 1.28%, ATKV V3 to V4: +1.02%, SEM: 1.30%, TKV V2 to V3 P = .9893. SEM: standard error of the mean.

diet. Insulin-like growth factor 1 values decreased significantly
only in the WF group. We observed a significant increase in
uric acid levels in both groups (uric acid V2/V3 all: P = .0003,
KD: P = .0289, WE: P = .0115; Table 2), but no gout attacks
or symptomatic kidney stones. Two patients reported self-
limited palpitations. One of them had previously experienced
cardiac arrhythmias on a standard high-CHO diet as well
and patient history suggested an atrioventricular nodal reentry
tachycardia. Three of 10 patients consumed blueberries after
reaching a BHB value >3.5 mmol/L a total of four times,
consistently resulting in the intended slight reductions in
ketosis.

DISCUSSION

RESET-PKD is the first prospective interventional trial to
combine exploratory analyses of metabolic efficacy (ketone
bodies), feasibility and efficacy (TKV/TLV) of short-term
controlled ketogenic metabolism in patients with ADPKD.

RESET-PKD: ketogenic diets in ADPKD

Following the promising data on the beneficial effects of ketosis
in PKD animal models [4-6], the present study was designed to
include patients who could benefit most, i.e. rapid progressors.
Although the inclusion criteria were defined inclusively, so
that patients with individual clinical criteria of rapid disease
progression could have been included, all patients fulfilled the
Mayo classification criterion as primary reason for inclusion
(i.e. 100% in classes 1C/1D/1E).

Short-term KDIs did not show an acute effect on TKV
in either arm. Indeed, dietary interventions in small animals
are expected to result in earlier responses than in humans.
Interestingly, one patient in the KD group showed a TKV
reduction by 8.4% after KD with a return to baseline at
the final study visit. This patient was consistently ketogenic
throughout the KD and reached peak values for the KD group
in acetone measurements. A recent study on intermittent
fasting and caloric restriction (CR) in obese ADPKD patients
showed positive effects with reduction of body weight and
reduction of adipose lipid stores correlating with slowed
kidney growth [11]. However, the study did not measure
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Figure 3: TLV. TLV was monitored at all visits by MRI. (A) TLV values for all patients at visits. V2 to V3 all P = .0067. (B) TLV values for KD
group. V2 to V3 KD P = .2012. (C) TLV values for the WF group. V2 to V3 WF P = 0.0116. (D) TLV differences of the different intervals are
shown. The intervals correspond to the periods between the two surrounding visits, for example, I1 between V1 and V2. ATLV V1 to V2:
+2.9%, SEM: 1.4%, ATLV V2 to V3: —7.7%, SEM 2.4%%, ATLV V3 to V4: +9.3%, SEM 2.9%; I1 to 12 all: P = .0114, 12 to I3 all: P = .0036. (E)
TLV interval differences for KD group are shown. I1 to I2 KD P = .1616, 12 to I3 KD P = .0834. (F) TLV interval differences for WF group are

shown. I1 to I2 WF P = .0251, 12 to I3 WF P = .0125.

ketone bodies and considering the type of intervention
efficient ketosis is not expected. CR without limiting CHO
intake hardly induces ketosis and in intermittent fasting
a single daily CHO-containing meal interrupts ketogenesis.
In studies examining non-ADPKD patients, similar dietary
regimens only intermittently lead to very low levels of ketosis
[17, 18]. Nevertheless, it is indeed possible that low ketone
body levels potentially reached may have contributed to their
findings. Whether longer-lasting KDIs have beneficial effects
on TKV should be further investigated in larger studies. A
randomized controlled clinical trial on this topic (KETO-
ADPKD, NCT04680780) is currently ongoing and another
study has been announced [19]. TLV measurements showed a
significant decrease in 8/10 patients. However, after returning
to a CHO-rich diet, there was a clear-cut, prompt rebound.
Glucose restriction as in ketosis results in a depletion of
liver glycogen stores [20]. Considering that we only found
significant changes in the non-cystic liver parenchyma this is
likely to be the reason for the reversible TLV changes. In non-
ADPKD patients, reductions in liver volume due to low-calorie
diets have been widely described and are commonly exploited
in bariatric surgery [21, 22]. However, a final conclusion
on this topic and the effects of KDIs on cystic and non-
cystic liver parenchyma in ADPKD will require analyses of
larger cohorts and longer-term intervention in patients with
severe polycystic liver disease (PLD), also considering the fact
that our study included a high proportion of patients with a
very low liver cyst fraction. Consequently, it is worth further
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investment in this regard taking into account the complete
lack of efficient therapeutic options for PLD. Rebounds of
TLV have also been described after discontinuation of disease-
modifying drug therapy with somatostatin analogues in
PLD [23].

Hunger occurred significantly more often in the WF group,
while an increased feeling of fullness was occasionally reported
in the KD group. Two patients reported self-limited palpita-
tions. Ketogenic diets can lead to prolonged QT time with an
increased risk of cardiac arrhythmias [24, 25]. Under ketosis,
regular electrocardiogram checks should be considered for
patients at risk. Apart from this, no safety-relevant physical
complaints, in particular no gout attacks, no kidney stones and
no hypoglycemia, were observed. We observed a statistically
significant increase in total cholesterol and LDL-C in the KD
group and an almost statistically significant increase of LDL-
C in the WF group. It is known that KDs and WF can lead
to at least transient increases in LDL-C and total cholesterol,
most likely through depletion of adipose lipid stores and—
for KD—additionally increased intake of fatty acids [26-30].
While cholesterol levels normalize after cessation of fasting,
ketogenic diets have historically shown inconsistent effects on
cholesterol and LDL-C levels [27, 31, 32]. However, potential
increases in total cholesterol and LDL-C may normalize on
longer-term ketogenic diets [33, 34]. KDs are known to have
several beneficial effects on cardiovascular disease (CVD)
risk, such as improvements in body weight, insulin resis-
tance, blood pressure, HbAlc levels or inflammatory markers

S. Oehm et al.
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Figure 4: Metabolic endpoints of KD group (A and B) and WF group (C and D). Self-measurements of finger-stick BHB (A, C) and acetone
levels in breath (B, D) are shown. Daily mean values are shown (separate morning and evening values are provided in Supplementary data, Fig.
S3). The red line represents the mean. The dotted grey line (A-D) is set at a cutoff of 10 p.p.m. for breath acetone and 0.8 mmol/L BHB,
respectively. For one patient in the WF group, no BHB measurements are available in I1 because he accidentally measured glucose values
instead. The visit measurements (see Supplementary data, Table S1) show significant increases in BHB and acetone levels in both groups from
V2 to V3. Mean I1 to 12 P-values acetone: all P = .0006, KD P = .0210, WF P = .0224. Mean 11 to 12 P-values BHB: all P = .0008, KD

P =.0091, WF P = .0604. PPM = parts per million.

[35-39]. Besides, the increase in LDL-C is mainly due to
large LDL particles, not the more atherogenic small dense
LDL particles [40]. However, elevated LDL-C levels are a
clearly defined cardiovascular risk factor in clinical practice,
regardless of their subtyping, and chronic kidney disease
is a state of increased cardiovascular risk in general [41].
Consequently, prospective long-term studies are needed to
draw a definitive conclusion on the effects of a prolonged
ketogenic diet on cardiovascular risk in ADPKD patients.

Furthermore, there was a significant increase in uric acid
resulting in a hyperuricemia in both groups after the KDIs.
Increases in uric acid under ketogenic metabolism and fasting
have already been described multiple times [42, 43]. One
of the reasons for hyperuricemia is competition between
BHB and uric acid for the same kidney transport sites
[44]. Uric acid levels returned to baseline after resumption
of a CHO-rich diet in both groups, while no gout attacks
or kidney stones were observed. Whether the increase in
uric acid is clinically meaningful will require larger longer-
term trials. Patients at risk should be monitored during
KDIs and appropriate measures, e.g. prescription of citrate,
may be considered.

We also detected a significant increase in serum bilirubin
levels in our WF group (all men). Such increases upon fasting
are known [45, 46] and considered not to be clinically relevant.

RESET-PKD: ketogenic diets in ADPKD

The KDIs led to a significant weight loss and a reduction
in body fat that persisted even after returning to a CHO-
rich diet. Beneficial effects of KDIs, such as improved body
weight and anti-inflammatory effects, have been discussed to
outweigh the possible adverse effects on CVD risk associated
with cholesterol increases [36-39] and have a protective role in
NAFLD [47]. Regarding ADPKD, a recent study indicated that
weight reduction in overweight patients may slow the rate of
kidney growth compared with historical data and obesity has
been shown to be associated with disease progression [11, 48].
Previously reported effects of KDIs on blood pressure were not
observed in our trial which may be a consequence of the short
period. However, blood pressure medication had to be stopped
in one patient due to a symptomatic blood pressure decrease
upon starting KD.

In total, 80% of all patients reached the combined fea-
sibility and metabolic endpoint. This is in line with recent
studies indicating good feasibility of KDIs in ADPKD patients
[10, 49]. Besides, Hopp et al. recently reported good feasibility
in their 1-year weight-loss trial in ADPKD patients [11]. Some
side effects of KDs, like the “keto flu,” occur mainly in the
beginning. Therefore, the feasibility of KDs might be even
better with longer intake and adaptation to the diet. Taken
together there appears to be general good acceptance of dietary
interventions among ADPKD patients.
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Figure 5: Patient-reported feasibility of the KDIs. (A) Average feasibility score for individual patients, assessed with a self-designed feasibility
questionnaire. Patients scored 17 questions focusing on feasibility from —4 (very negative) to +4 (very positive). Feasibility was defined as an
average score per question >0. Nine of 10 of patients rated KDIs as feasible. (B) Percentage of measurements in the ketogenic range for
individual patients in home measurements are shown. The metabolic endpoint was defined as: for the KD group acetone level >10 p.p.m. or a
BHB level >0.8 mmol/L in >75% of home measurements (excluding the first 3 days of KD);—WF group: acetone level >10 p.p.m. or a BHB
level >0.8 mmol/L in >75% of home measurements, or alternatively, a ketogenic state (BHB level >0.8 mmol/L or acetone level >10 p.p.m.) in
at least one measurement in either method on 2/3 days during the WF). Five of 5 patients in the WF group and 4/5 patients in the KD group
reached the metabolic endpoint. The only patient who did not reach the metabolic endpoint is represented by the yellow dot. (C) Combined
feasibility endpoint: 8/10 patients reached the metabolic endpoint and rated KDIs as feasible.

This study has several limitations: most importantly, the
small number of participants needs to be considered when
interpreting the results of statistical testing. Second, there was
a gender imbalance, with 80% of participants being male,
which limits the comparability of our data. The KDIs were
of short duration. Whether longer-term KDIs thus have a
more significant effect, e.g. on TKV, remains unclear. The BHB
and acetone cutofts were based on a limited amount of data.
The aim of the present study was (i) to investigate dietary
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interventions that can be accessible for a wide community
which would not be possible if aiming for deep ketosis and (ii)
stay clearly in the ketogenic range. Most investigators agree that
normal BHB values are between 0.1 and 0.5 mmol/L [14, 15].
Since we were not aiming for deep ketosis, we therefore defined
the ketosis range from a BHB value of 0.8 mmol/L, which is
significantly above these values and should roughly correspond
to an acetone level of 10 p.p.m. [16]. Also, the manufacturer
recommendations indicate a target ketosis range between

S. Oehm et al.
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10 and 40 p.p.m. with the cutoff to ketosis indicated as low as
5 p.p-m. acetone in breath [50].

In conclusion, in our proof-of-principle trial, short-term
KDIs in ADPKD are safe, feasible and triggered ketosis effec-
tively but did not show an acute impact on TKV. Larger studies
are required to further investigate the potential beneficial
effects of KDIs in ADPKD.

SUPPLEMENTARY DATA

Supplementary data are available at ndt online.
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