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Abstract
Purpose The objective of this study was to test a low-carbohydrate diet (LCD) plus walking to reduce androgen deprivation
therapy (ADT)-induced metabolic disturbances.
Materials and methods This randomized multi-center trial of prostate cancer (PCa) patients initiating ADT was designed to
compare an LCD (≤20g carbohydrate/day) plus walking (≥30 min for ≥5 days/week) intervention vs. control advised to
maintain usual diet and exercise patterns. Primary outcome was change in insulin resistance by homeostatic model
assessment at 6 months. To detect 20% reduction in insulin resistance, 100 men were required. The study was stopped early
after randomizing 42 men due to slow accrual. Secondary outcomes included weight, body composition, lipids, and prostate-
specific antigen (PSA). Changes from baseline were compared between arms using rank-sum tests.
Results At 6 months, LCD/walking reduced insulin resistance by 4% vs. 36% increase in control (p= 0.13). At 3 months,
vs. control, LCD/walking arm significantly lost weight (7.8kg; p<0.001), improved insulin resistance (↑36%; p= 0.015),
hemoglobin A1c (↓3.3%; p= 0.01), high-density lipoprotein (HDL) (↑13%; p= 0.004), and triglyceride (↓37%; p= 0.036).
At 6 months, weight loss (10.6kg; p<0.001) and HDL (↑27%; p= 0.003) remained significant. LCD/walking preserved total
body bone mineral count (p= 0.025), reduced fat mass (p= 0.002), lean mass (p= 0.036), and percent body fat (p= 0.004).
There were no differences in PSA. Limitations include the effect of LCD, weight loss vs. walking instruction are indis-
tinguishable, and small sample size.
Conclusions In an underpowered study, LCD/walking did not improve insulin sensitivity at 6 months. Given most secondary
outcomes were improved at 3 months with some remaining improved at 6 months and a secondary analysis showed that
LCD/walking reduced insulin resistance over the study, supporting future larger studies of LCD/walking intervention to
reduce ADT-induced disturbances.
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Introduction

Androgen deprivation therapy (ADT) is a common and
effective therapy for advanced and metastatic prostate
cancer (PCa) [1, 2], but with metabolic disturbances
including impaired glucose tolerance, insulin resistance, and
weight gain, putting men at increased risk for diabetes and
possibly cardiovascular (CV) death [3]. ADT-induced dis-
turbances are compounded by the fact that men receiving
ADT have a high baseline prevalence of CV risk factors [4].
Among non-diabetic men beginning ADT, within 12 weeks,
whole-body insulin sensitivity index decreased by 11.0 ±
8% (p= 0.04), insulin resistance by homeostatic model
assessment (HOMA, an estimation of insulin resistance
based on fasting glucose and insulin concentrations)
increased by 12.9 ± 5.8% (p= 0.02), and plasma insulin
increased by 26 ± 9% (p= 0.04) [5]. This translates to a
40% increased diabetes risk [6], and worsening glucose
control among diabetics on ADT [7]. Even when given for a
limited time, such as adjuvant to radiotherapy, diabetes risk
increases [8].

Beyond increasing diabetes risk, ADT promotes
increased fat mass, elevated triglyceride and low-density
lipoprotein (LDL) cholesterol [5], decreased libido, impo-
tence, fatigue, osteoporosis, hot flushes, and loss of muscle
mass. New treatments to prevent these sequelae are despe-
rately needed.

The low-carbohydrate diet (LCD), which limits car-
bohydrate intake, results in dramatic weight loss and
reductions in serum insulin, LDL, and triglycerides [9].
Thus, an LCD appears to favorably modulate many
pathways that are unfavorably modified by ADT. We
hypothesized that an LCD would prevent insulin resis-
tance and other ADT-associated disturbances. In addition,
exercise may also benefit PCa management [10]. We
conducted a 6-month randomized clinical trial (RCT)
among men initiating ADT comparing an LCD plus
walking vs. a control arm.

Materials and methods

Study design

After obtaining institutional review board approval at each
site (Duke University, Durham Veterans Affairs Medical
Center [VAMC], and Greater Los Angeles VAMC), we
conducted a multi-center phase II RCT of LCD plus
walking advice vs. a control arm. Each participant signed a
written consent. After confirming eligibility, participants
completed a baseline visit and were randomized 1:1 to
receive the intervention or control for 6 months. Rando-
mization was conducted by permutated block design,

stratified by center, and whether the participant received
concurrent radiation for PCa. Data collection occurred at
baseline, 3 months, and 6 months post randomization.

Intervention

LCD/walking arm was instructed by a dietitian to limit
carbohydrate intake to ≤20g/day [11] and to walk ≥30 min/
day for ≥5 days/week. Participants were provided a list of
low-carbohydrate foods to choose from (e.g., greens, lean
meat, and seafood) and a list of moderate/high carbohydrate
foods to limit (e.g., bread, pasta, legumes, and starchy
vegetables). Grains and starchy vegetables are high in car-
bohydrates (e.g., 1 slice of bread contains about 12g car-
bohydrate); thus, these food items are on the limit list.
Sample menus and recipes were also provided. No other
limits were given. Participants were coached by the dietitian
in person or by phone weekly for months 0–3 and biweekly
for months 4–6. During coaching, study dietitian answered
questions and problem-solved with participants to help with
diet adherence. Diet was assessed by 3-day food records
[12] at each visit and analyzed by the Food Processor
software (ESHA, version 10.14, Salem OR, USA). Parti-
cipants were asked to measure urinary ketone weekly using
provided ketone strips (Ketostix, Bayer Healthcare, Lever-
kusen, Germany). Control participants were asked to
maintain usual dietary and exercise patterns.

Study participants

Key eligibility included men initiating ADT (LHRH-ago-
nist, LHRH-antagonist, or orchiectomy) for PCa with an
anticipated duration of ≥6 months, body mass index (BMI)
≥24kg/m2, and phone access for calls. Key exclusion criteria
included symptomatic metastatic disease, medication-
controlled diabetes, medications that interfere with insulin,
already consuming an LCD, being vegetarian/vegan, or
hemoglobin A1c (HbA1c) >7%.

Sample size and recruitment

Assuming the standard deviation of the change in HOMA
from baseline to 6 months is 30% [5], with a sample size
of 100 participants (50/group) completing the study, there
was 91% power to detect a clinically meaningful ≥20%
difference between arms for change in HOMA using a
two-sided t test (α= 0.05). According to a large RCT
of lifestyle intervention vs. control for diabetes preven-
tion, lifestyle intervention decreased HOMA insulin
resistance by 28% (from baseline to 12 months), which
translated into a 58% reduction in diabetes risk [13].
Therefore, we chose 20% change in HOMA as a clinically
meaningful cutoff.
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Data collection and analysis

At each visit, weight (without shoes and in light clothing)
and height were measured, fasting blood collected, and
adverse events assessed. Adverse events were rated as mild,
moderate, or severe based on pre-determined study defini-
tions. Body composition including total fat body mass
(FBM), fat percent, lean body mass (LBM), bone mineral
content (BMC, the amount of bone mineral), and bone
mineral density (BMD, the ratio of BMC over measured
bone area) was measured using DEXA (Lunar DPX Duo®,
GE Healthcare) at baseline and 6 months. Fasting blood was
analyzed for insulin, glucose, prostate-specific antigen
(PSA), lipids, and high-sensitivity C-reactive protein
(hsCRP). PSA, glucose, and lipids were measured by
commercial laboratories (LabCorp for Duke and Durham
VAMC; Greater LA VAMC clinical lab for Greater LA
VAMC). Insulin was measured in an electro-
chemiluminescent immunoassay using an SI-2400 imager
and assay kits from Meso Scale Discovery (Rockville, MD,
USA) by Duke Immunoassay Laboratory. HOMA was
calculated using the approximation (glucose ×insulin)/22.5.

Physical activity was measured by the Godin–Leisure
questionnaire [14] and exercise capacity by a 6-min walk
test. Quality of life was also assessed with the SF-36
questionnaire, which provided data to be calculated into a
Global Health Composite Score [15]. The leading investi-
gator (SJF) was blinded to the randomization and not
involved in data collection.

Statistical analysis

Intervention adherence was assessed by comparing dietary
intakes with the rank-sum test at each visit. The primary
outcome was percent change in HOMA at 6 months
between arms, which was tested using the rank-sum test
(though power calculations were based upon t test, data
were not normally distributed and thus a rank-sum test was
used). Secondary outcomes included changes in anthropo-
metric and various health measures from baseline to 3 and
6 months, which were compared using a rank-sum test . In a
secondary analysis, change in HOMA over the three study
visits among all men randomized was tested using a linear
mixed model with an interaction term and main effects for

Fig. 1 Study consort diagram
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treatment, study visit, and a random effect for participant.
With the exception of the secondary analyses using a linear
mixed model, which used all randomized men, all other
analyses were limited to men who finished the study with
available HOMA data at all three study visits.

Statistical analyses were completed using Stata 13.1
(Stata Corp., College Station, TX, USA). Two-sided p < 0.05
was considered statistically significant.

Results

Enrollment

Due to slow accrual and budget constraints, recruitment
was discontinued after 45 participants were enrolled.
Precise measurements of why accrual was slow were not
captured; however, our anecdotal experience is that given
the baseline visit needed to occur prior to starting ADT
and then collect dietary data over a week prior to ADT,
many men were unwilling to delay ADT to enroll on the
study. Lack of interest in the diet was lesser of a concern
but did occur.

Among 45 men enrolled, 42 were randomized (N= 20 to
LCD, N=22 to control) (Fig. 1). Following randomization, 40
participants completed baseline visits (N= 19 LCD, N= 21
control) and 37 completed the 3-month visit (N= 17 LCD,
N= 20 control). In total, 14 LCD participants completed the
6-month visit, of which 11 had complete data including blood
at baseline and 6 months. Twenty control participants com-
pleted the 6-month visit, of which 18 had complete data
including blood at baseline and 6 months. Dropout was 6 in
the LCD arm (6/20= 30%) vs. 2 in the control (2/22= 9%),
p= 0.12 (Fisher’s exact)

Participant population

Participants who completed the 6-month visit were similar
between arms at baseline (Table 1). When the 11 rando-
mized men who did not complete all study data collection
were included in the comparison, baseline characteristics
were still balanced between arms (not shown).

Dietary intakes

At baseline, both arms consumed similar amounts of car-
bohydrate, fat, protein, and calories (Table 2). At both 3 and
6 months, LCD/walking participants consumed less carbo-
hydrates (p<0.01) but greater protein (p<0.05) vs. controls,
while fat and caloric intake remained similar between arms.
Carbohydrate intake reduced from 227.3 to 74.4 g/day at
3 months and remained constant at 78.9g/day at 6 months in
the LCD/walking arm.

Primary outcome

At 6 months, the LCD/walking arm decreased HOMA by
4% vs. 36% increase in the controls (p= 0.13) (Table 3).
Thus, there was no difference in the primary outcome. In a
secondary analysis, there was a significant interaction
between treatment and visit in predicting HOMA among all
randomized participants (LCD/walking plus controls, n=
40), indicating that the LCD/walking led to significant
changes in HOMA across the three time points of the study
(Fig. 2, p= 0.006).

Secondary outcome: glucose metabolism

At 3 months, HOMA decreased in the LCD/walking vs.
controls (median change: −19 vs. 7%, p= 0.015). All

Table 1 Baseline patient characteristic among patients who completed
6-month visit

LCD (N= 11) Control (N= 18)

Age (years) 66 (61, 76) 66 (56, 70)

Race

White 8 (73%) 10 (56%)

Black 3 (27%) 7 (39%)

Asian 0 1 (5%)

Site

Site 1 2 (18%) 5 (28%)

Site 2 9 (82%) 11 (61%)

Site 3 0 (0%) 2 (11%)

Weight (kg) 98.0 (84.1, 111.7) 86.8 (78.4, 95.7)

BMI (kg/m2) 28.9 (27.5, 38.7) 29.1 (27.0, 32.0)

HOMA score 1.89 (1.01, 2.47) 1.96 (1.20, 3.29)

Glucose (mg/dl) 96 (89, 104) 93 (88, 103)

Insulin (pg/ml) 256 (160, 347) 282 (180, 493)

HbA1c (%) 6.1 (5.8, 6.2) 5.8 (5.4, 6.1)

Cholesterol (mg/dl) 160 (140, 208) 206 (186, 220)

LDL (mg/dl) 108 (94, 131) 139 (115, 151)

HDL (mg/dl) 44 (39, 57) 43 (38, 52)

Triglycerides (mg/dl) 78 (53, 109) 108 (70, 141)

PSA (ng/ml) 20.8 (7.6, 45.6) 18.8 (5.5, 46.5)

HsCRP (mg/l) 0.3 (0.03, 0.6) 0.5 (0.3, 1.3)

MET hours 11 (4, 46) 15 (0, 36)

Six-min walk test (ft) 445 (418, 475) 450 (400, 480)

Global health composite score 4 (4, 7) 5 (4, 7)

Cells display median (25th percentile, 75th percentile) or count
(percentage)

LCD low-carbohydrate diet, BMI body mass index, HOMA homeo-
static model assessment, HbA1c hemoglobin A1c, LDL low-density
lipoprotein, HDL high-density lipoprotein, PSA prostate-specific
antigen, HsCRP high-sensitivity C-reactive protein, MET metabolic
equivalents
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glycemic markers including fasting glucose, insulin, and
HbA1c increased in the controls but decreased in
LCD/walking (p < 0.05 for all comparisons between arms
except fasting glucose, Table 3). While similar trends were
seen at 6 months, no marker was significantly different
between arms.

Secondary outcome: anthropometric measures

At 3 months, median weight loss in LCD/walking
participants was 7.5 vs. 0.3 kg gain for controls (Table 3).
At 6 months, median weight loss in LCD/walking
increased to 9.3 kg vs. median 1.3 kg gain in controls.
LCD/walking participants reduced BMI by 7.4% at
3 months and 9% at 6 months, whereas controls increased
0.5% and 1.4%, respectively. The weight and BMI
changes at both visits were significantly different between
arms (all p < 0.001).

Secondary outcome: lipid metabolism and
inflammatory measures

At both visits, there was no significant difference in the per-
cent changes between arms in total, LDL, and non-HDL
cholesterols. In contrast, HDL increased significantly more in
the LCD/walking vs. controls at both 3 months (p= 0.004)
and 6 months (p= 0.003). Triglycerides showed an opposite
direction of percent change with significant decreases in LCD/

walking at 3 months (p= 0.036) and non-significant trends
toward lower levels at 6 months (p= 0.086). The percent
changes in PSA and HsCRP were not significantly different
between arms at both visits.

Secondary outcome: body composition and exercise
measures

At 6 months, the LCD/walking arm maintained total
body BMC (0.14%) vs. controls who lost BMC (−2.32%)
(p= 0.025) (Table 4). Median percent total BMD
change at 6 months did not differ between arms, but
the controls tended to decrease more (−1.12% vs.
−0.13%, p= 0.064). The LCD/walking arm also
had greater median percent decrease in FBM (−16.18%;
p= 0.002), LBM (−7.31%; p= 0.036), and percent
body fat (−8.35%; p= 0.004) vs. controls, which
gained both FBM (10.99%) and percent body fat
(10.43%). LCD/walking arm increased physical activity
significantly only at 3 months. The exercise capacity
measured by 6-min walk was not different between arms
at any visit.

Secondary outcome: adverse events

Participants in both arms reported adverse events of varying
degree of severity. During months 0–3, the LCD/walking
arm reported 13 mild and 5 moderate events vs. 1 mild and

Table 2 Dietary intake among
patients by treatment arm

LCD (N= 14) Control (N= 12) p value between arms

N Median (IQR) N Median (IQR)

Carbohydrates (g)

Baseline 13 227.3 (150.6–389.9) 10 181.7 (173.8–256.0)

3 months 14 74.4 (51.4–106.4) 10 198.3 (162.9–251.8) 0.005

6 months 12 78.9 (56.8–102.8) 12 191.6 (160.7–263.8) 0.004

Fat (g)

Baseline 13 89.6 (64.1–101.5) 10 62.7 (53.7–102.8)

3 months 14 94.0 (73.8–103.5) 10 82.1 (73.9–89.2) 0.46

6 months 12 85.9 (69.5–106.0) 12 73.6 (41.7–85.1) 0.19

Protein (g)

Baseline 13 96.0 (74.0–127.7) 10 79.6 (52.7–86.6)

3 months 14 113.1 (94.5–153.0) 10 80.7 (73.7–84.8) 0.008

6 montha 12 115.8 (84.0–146.5) 12 73.7 (57.8–99.6) 0.021

Calories (kcal)

Baseline 13 2212.2 (1850.2–2615.6) 10 1728.1(1481.8–2553.7)

3 months 14 1699.9 (1376.7–2179.1) 10 1764.7 (1590.1–1951.1) 0.46

6 months 12 1698.3 (1428.4–1958.3) 12 1633.0 (1403.8–2303.5) 0.88

Cells display median (25th percentile, 75th percentile)

p value for between-arms comparisons was calculated by Wilcoxon's rank-sum test

LCD low-carbohydrate diet, IQR interquartile range
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1 moderate in controls. Most adverse events in the LCD/
walking arm were fatigue, constipation, and headaches.
During months 4–6, there were no differences in events

reported by arm (4 mild in LCD/walking; 3 mild and 4
moderate in controls). There were no severe adverse events
reported.

Table 3 Absolute change in weight, and percent changes in BMI, glucose metabolism markers, lipids, PSA, and HsCRP from baseline to 3 and
6 months among those who completed the study

LCD (N= 11) Control (N= 18) p value between arms

Weight (kg)

Baseline to 3 months −7.5 (−10.9, −6.4) 0.3 (−1.2, 2.0) <0.001

Baseline to 6 months −9.3 (−13.7, −6.1) 1.3 (−0.6, 3.4) <0.001

BMI (%)

Baseline to 3 months −7.4 (−9.3, −5.6) 0.5 (−1.8, 2.8) <0.001

Baseline to 6 months −9.0 (−11.7, −3.4) 1.4 (−0.01, 4.1) <0.001

HOMA (%)

Baseline to 3 months −19 (−54, −1) 7 (−11, 55) 0.015

Baseline to 6 months −4 (−36, 32) 36 (−10, 86) 0.127

Glucose (%)

Baseline to 3 months −2.7 (−9, 2.1) 2.7 (−5.1, 9.9) 0.18

Baseline to 6 months 1.5 (−2.0, 6.5) 2.3 (−3.5, 9.0) 0.89

Insulin (%)

Baseline to 3 months −16.9 (−42.6, −3.2) 7.0 (−9.6, 49.7) 0.012

Baseline to 6 months 7.8 (−35.2, 29.1) 26.2 (−1.2, 80.7) 0.11

HbA1c (%)

Baseline to 3 months −1.6 (−3.2, 1.7) 1.7 (0, 3.7) 0.010

Baseline to 6 months −3.3 (−5.4, 0) −1.7 (−3.2, 3.4) 0.11

Cholesterol (%)

Baseline to 3 months 1.4 (−1.6, 19.1) −1.0 (−8.1, 1.9) 0.093

Baseline to 6 months 7.7 (3.7, 26.3) 2.0 (−6.1, 14.1) 0.18

LDL (%)

Baseline to 3 months −1.0 (−8.5, 14.8) −5.0 (−15.7, −1.0) 0.069

Baseline to 6 months 1.22 (−3.60, 18.3) −2.0 (−10.7, 13.9) 0.26

HDL (%)

Baseline to 3 months 25.0 (16.6, 40.0) 11.8 (−3.8, 20.9) 0.004

Baseline to 6 months 36.3 (22.8, 47.1) 9.3 (4.0, 27.0) 0.003

Non-HDL cholesterol (%)

Baseline to 3 months −6.8 (−9.8, 14.7) −8.3 (−15.7, 2.8) 0.21

Baseline to 6 months −0.7 (−13.1, 26.6) 0 (−13.4, 14.8) 0.67

Triglycerides (%)

Baseline to 3 months −23.6 (−46.7, 0) 13.3 (−19.9, 33.6) 0.036

Baseline to 6 months −22.0 (−40.4, −17.2) 4.7 (−23.3, 36.3) 0.086

PSA (%)

Baseline to 3 months −97 (−98, −95) −98 (−99, −94) 0.281

Baseline to 6 months −99 (−99.6, −89) −99 (−99.8, −98) 0.369

HsCRP (%)

Baseline to 3 months −27.2 (−55.6, 71.0) −11.3 (−41.1, 28.1) 0.70

Baseline to 6 months −41.3 (−54.2, 0) −15.6 (−48.9, 9.4) 0.28

Cells display median (25th percentile, 75th percentile) or count (percentage)

p values for between-arms comparisons by rank-sum test

LCD low-carbohydrate diet, BMI body mass index, HOMA homeostatic model assessment, HbA1c hemoglobin A1c, LDL low-density lipoprotein,
HDL high-density lipoprotein, PSA prostate-specific antigen, HsCRP high-sensitivity C-reactive protein, MET metabolic equivalents
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Discussion

Within the context of an underpowered RCT that closed
early, we found that an LCD plus walking intervention did
not improve insulin sensitivity after ADT at 6 months.
However, there were significant improvements in many
secondary outcomes at 3 months (weight loss, insulin sen-
sitivity, HDL, and triglyceride) with some maintained up to
6 months (weight loss, increased HDL, and preserved bone
mineral status). In contrast, the control arm showed several
common ADT disturbances including weight gain,
increased insulin resistance, loss of BMC and LBM, and
increased FBM and fat percentage. Our findings support
previous research that ADT adversely impacts various CV
risk factors and bone status [16–18]. Despite the negative
primary outcome, given the underpowered nature of the
study and the many positive secondary outcomes including
the secondary finding that the intervention significantly
reduced insulin resistance over the study, our data support
further study of an LCD/walking intervention to mitigate
the adverse ADT effects.

As the control participants were asked to maintain their
usual dietary and exercise patterns and they experienced
well-known ADT side effects, they served as a true control
group to test whether a lifestyle intervention can mitigate
the metabolic disturbances of ADT. Within this context, the
LCD/walking intervention was effective in weight loss and
the improvement in insulin sensitivity was significant at
3 months. Even though weight loss continued into 6 months
in LCD/walking and the carbohydrate restriction stayed
consistent, insulin resistance (HOMA) and other glycemic
markers (fasting glucose, insulin) all showed a reversed
trend such that insulin resistance (the primary outcome) was
not significant at 6 months. This finding suggests that the
initial improvement in insulin sensitivity (reduction in
insulin resistance) at 3 months may have been contributed

by separate mechanisms from the impact of weight loss and/
or carbohydrate restriction or adaptations of the mechanism
reversed the trend in the glycemic markers after the first
3 months. We are not aware of any lifestyle intervention in
PCa patients that led to similar temporary changes that later
returned to baseline. However, similar reversal pattern was
recently reported in adiponectin and triglyceride levels of a
weight loss trial of women without cancer [19]. These data
support further study to test whether an LCD/walking
intervention can effectively reverse the ADT disturbances
on glycemic markers and diabetes risk long term [19, 20].
Previous research also suggested that ADT may worsen
glycemic metabolism through the increase in subcutaneous
vs. visceral fat [21], which differs from the common char-
acteristics of metabolic syndrome [22]. Future studies are
needed to understand the mechanisms of how ADT affects
glycemic markers and the degree to which an LCD/walking
can prevent these effects long term.

The impact of ADT on lipids has been mixed in previous
studies. Some studies showed ADT increased total, LDL,
and HDL cholesterol [21, 23–25], while others found ADT
had no impact on HDL [26, 27] or decreased it [28] and the
impact may depend on ADT duration [29]. In our small
study, ADT did not impact total, LDL, or non-HDL cho-
lesterol. However, the LCD/walking intervention increased
HDL significantly more at both visits and reduced trigly-
ceride significantly more at 3 months vs. controls. Previous
studies also showed that ADT increased triglyceride sig-
nificantly [21, 30, 31]. The benefit of the LCD/walking on
triglyceride may be contributed by the weight loss in con-
junction with carbohydrate restriction. Thus, our interven-
tion was effective in improving two separate risk factors for
metabolic syndrome (HDL and triglyceride), which is
common among PCa patients.

As expected, the control arm in our study showed a
reduction in BMC and LBM, and increased FBM. The
LCD/walking was effective in preserving bone status and
reducing FBM. Even though LCD/walking lost more LBM
than the controls, this is likely a reflection of the greater
weight loss in the LCD/walking arm, a common finding
with weight loss [32]. However, a systematic review
showed that diet-induced weight loss reduces muscle mass
without adversely affecting muscle strength [33]. Further,
weight loss improves global physical function likely due to
reduced fat mass. Future studies of LCD should include
measurement of muscle strength. Very few studies included
both dietary and exercise intervention among PCa patients
undergoing ADT. A supervised 3-month exercise program
preserved appendicular lean mass and reduced fat mass, but
had no impact on BMD [34]. Another 6 months intervention
combining metformin, a low glycemic dietary advice, and
aerobic exercise improved abdominal girth and weight, but
did not improve insulin sensitivity and lipid metabolism

Fig. 2 Change in homeostatic model assessment (HOMA) over the
study among all randomized participants
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[35]. Bone density was not measured in this study. A recent
meta-analysis of 14 studies (N= 1135) concluded that
exercise improved muscle strength, FBM, and BMI, but had
no impact on BMD and cardiometabolic markers [36].

Thus, it is promising that our intervention negated adverse
effects of ADT from multiple areas including glycemic
markers, insulin resistance, HDL, triglycerides, body com-
position, and bone density despite the improvement in

Table 4 Comparison of DEXA, physical activity, and exercise capacity measurements by treatment arm

LCD (N= 11) Control (N= 18) p value between
arms

Total body BMD, (g/cm2)

Baseline 1.26 (1.20, 1.29) 1.21 (1.12, 1.26)

6 months 1.25 (1.19, 1.30) 1.19 (1.10, 1.26)

% Change baseline to
6 months

−0.13 (−1.23, 2.05) −1.12 (−2.40, −0.20) 0.064

Total body BMC (g)

Baseline 3045 (2715, 3301) 2850 (2599, 3385)

6 months 2992 (2840, 3285) 2779 (2556, 3297)

% Change baseline to
6 months

0.14 (−2.08, 1.79) −2.32 (−3.61, −0.70) 0.025

Fat body mass (g)

Baseline 32,269 (20,513, 40,210) 25,286 (20,244, 33,132)

6 months 24,044 (17,698, 30,672) 28,287 (21,718, 31,255)

% Change baseline to
6 months

−16.18 (−25.14, −3.11) 10.99 (3.89, 16.75) 0.002

Lean body mass (g)

Baseline 61,036 (58,802, 71,036) 55,892 (53,754, 62,190)

6 months 58,904 (53,604, 64,457) 55,445 (49,533, 58,863)

% Change baseline to
6 months

−7.31 (−9.85, −4.09) −2.67 (−5.99, −1.17) 0.036

Percent body fat (%)

Baseline 28.3 (25.0, 36.6) 30.5 (26.4, 34.0)

6 months 26.6 (24.1, 34.3) 32.3 (29.6, 35.8)

% Change baseline to
6 months

−8.35 (−12.66, 2.96) 10.43 (2.17, 14.98) 0.004

MET

Baseline 11 (7, 26) 14 (1, 34)

3 months 26 (20, 45) 4 (0, 19)

6 months 19 (19, 32) 16 (2, 39)

Change baseline to
3 months

11.7 (8.3, 19.0) 0 (−5.0, 5.0) 0.013

Change baseline to
6 months

7.2 (2.1, 10.4) 1.0 (−1.6, 18.8) 0.46

Six-min walk test (min)

Baseline 445 (418, 475) 450 (400, 480)

3 months 463 (425, 482) 466 (425, 503)

6 months 460 (425, 545) 450 (420, 494)

Change baseline to
3 months

20 (−14, 26) 34 (6, 80) 0.13

Change baseline to
6 months

17 (5, 42) 20 (0, 50) 0.86

Cells display median (25th percentile, 75th percentile)

p value of between-arms comparisons calculated by rank-sum test

DEXA dual-energy x-ray absorptiometry, LCD low-carbohydrate diet, BMD bone mineral density, BMC bone mineral content, MET metabolic
equivalents
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insulin resistance and glycemic markers was only for
3 months. In particular, as noted most physical activity trials
have shown no effect on bone content. Thus, it is unlikely
that our walking advice prevented bone loss but most likely
due to the weight loss from the LCD, though the underlying
mechanisms are unknown.

Overall, our study confirmed the adverse metabolic
effects of ADT and supports a careful screening for risk for
diabetes and CVD prior to initiating ADT. Our study had
limitations. First, the study was discontinued early due to
slow accrual and budget constraint so that 45 of 100 tar-
geted was enrolled. As noted, the exact reasons for low
accrual are unknown. Some patients refused to participate in
the study because they consider dietary intervention as an
additional burden despite the potential benefit. On the other
hand, some refused to participate because of the possibility
of being randomized to the control group. Transportation to
clinical site due to distance was also a barrier for some.
Future studies incorporating strategies such as delayed
intervention and home visit for data collection may mitigate
the barriers and improve recruitment. The underpowered
sample size likely contributed to our overall negative find-
ings. Indeed, the intervention resulted in greater improve-
ments (40%) in insulin resistance than initially estimated
(20%), though results were not statistically significant. As
such, we cannot conclude that a larger study would have
been positive—this remains to be tested. Nonetheless,
despite the decreased power, many secondary outcomes
were positive. Further, we cannot distinguish the effect of
LCD from the walking advice or from weight loss.
Nevertheless, prior studies of exercise alone (not just
walking advice) have shown no improvements in bone
content or insulin [34–36], and thus we speculate that most
of the benefits are due to the diet, weight loss, or combi-
nation. The carbohydrate intake of the LCD/walking parti-
cipants was not as compliant as the study intended of ≤20 g/
day. The level of carbohydrate intake was feasible and not
restricted, yet with promising benefits. Whether a greater
compliance would result in even greater benefits remains to
be tested. Though dropout was numerically higher in the
LCD/walking arm, this was not significant. Moreover,
adverse events, while mainly mild to moderate and pre-
dominantly limited to the first 3 months, were greater in the
intervention arm. Collectively, this suggests that the LCD
may not fit for all participants and personalization of the
intervention may lead to greater adherence and efficacy.

Conclusions

In an underpowered study, an LCD plus walking interven-
tion did not improve insulin sensitivity at 6 months for men
starting ADT. However, the intervention improved many

secondary outcomes—especially at 3 months—and a sec-
ondary analysis indicated that the intervention reduced
insulin resistance significantly over the study supporting
future studies to explore new feasibility strategies,
mechanistic pathways of the changes in markers, and with
larger sample sizes to test whether LCD can mitigate the
metabolic disturbances of ADT.
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