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A B S T R A C T

Context: Weight loss is known to improve health, however the influence of variability in body weight around the
overall trajectory on these outcomes is unknown. Few studies have measured body weight frequently enough to
accurately estimate the variability component.
Objective: To investigate the association of 12-month weight variability and concurrent weight change with
changes in health markers and body composition.
Methods: This study was a secondary analysis of the NoHoW trial, a 2 � 2 factorial randomised controlled trial
promoting evidence-based behaviour change for weight loss maintenance. Outcome measurements related to
cardiometabolic health and body composition were taken at 0, 6 and 12 months. Participants were provided with
Wi-Fi connected smart scales (Fitbit Aria 2) and asked to self-weigh regularly over this period. Associations of
weight variability and weight change with change in outcomes were investigated using multiple linear regression
with multiple levels of adjustment in 955 participants.
Results: Twelve models were generated for each health marker. Associations between weight variability and
changes in health markers were inconsistent between models and showed no evidence of a consistent relationship,
with all effects explaining <1% of the outcome, and most 0%. Weight loss was consistently associated with
improvements in health and body composition, with the greatest effects seen in percent body fat
(R2 ¼ 10.4–11.1%) followed by changes in diastolic (4.2–4.7%) and systolic (3–4%) blood pressure.
Conclusion: Over 12-months, weight variability was not consistently associated with any measure of car-
diometabolic health or body composition, however weight loss consistently improved all outcomes.
Trial registration number: ISRCTN88405328.
1. Introduction

Cardiometabolic health is closely associated with obesity, with
increased BMI increasing the risk of co-morbidities such as type 2 dia-
betes and cardiovascular disease [1]. Increasing obesity prevalence
worldwide has coincided with quadrupled type 2 diabetes diagnoses in
the past 30 years, which is expected to rise over 10% of the world's total
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population by 2045 [2]. As little as 5% weight loss can significantly
decrease the risk of obesity-related disease through reductions in blood
pressure and improved blood lipid levels and glucoregulation [3].

An individual's body weight can be defined longitudinally by both the
overall trend and associated variability around that trend (e.g. an indi-
vidual gaining weight may do so in a very stable or variable manner). In
the past few years, a series of prospective studies have reported direct
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associations between high body weight variability (BWV) and increased
risk of cardiovascular disease [4,5], type 2 diabetes incidence [6,7], and
mortality [8,9] including results frommeta-analyses [10,11] and samples
of over 6 million individuals [12]. However, some studies have shown
null effects or even beneficial effects of BWV on disease andmortality risk
[13–15]. The mechanisms linking BWV to detrimental health outcomes
are unclear, though cross-sectional studies suggest associations between
greater BWV and elevated blood pressure [16], haemoglobin A1c
(HbA1c) [13] or reduced high density lipoprotein cholesterol (HDL-C)
[17]. Furthermore, large rebounds in cardiometabolic health markers
following weight regain have also been reported [18]. The physiological
pathways relating BWV to these potential cardiometabolic responses are
largely unexplored.

Increased frequency in the measurement of body weight may facili-
tate more valid estimation of BWV. When aligned with repeated mea-
sures of cardiometabolic health these estimates may enable more
appropriate investigation of the relationship between BWV and health.
However, until recently such data has not been available in research
environments. In a recent pan-European multi-centre weight loss main-
tenance intervention (the NoHoW trial [19]) we collected frequent body
weight measurements over 12 months from a large sample of individuals
provided with smart scales, and took measures of cardiometabolic health
and body composition at 0, 6 and 12 months. The aim of the present
study was to investigate the combined associations of 12-month weight
variability with concurrent changes in health markers and body
composition over 12 months, adjusted for weight change. We hypoth-
esised that greater BWV would be associated with adverse concurrent
changes to health and body composition.

2. Methods

2.1. Study design

The NoHoW trial was a 2 � 2 factorial randomised controlled trial
testing the efficacy of a digital toolkit for promoting evidence-based
behaviour change for weight loss maintenance. It was delivered in
three centres located in the United Kingdom (Leeds), Denmark (Copen-
hagen), and Portugal (Lisbon). A detailed description of the trial can be
found elsewhere [19]. Participants were randomised into 4 arms upon
entry to the trial ((1) active control, (2) self-regulation and motivation,
(3) contextual behavioural emotion regulation and (4) self-regulation,
motivation and emotion regulation (i.e. arms 2 and 3 combined)). For
the present analysis we pooled trial arms.

All participants were provided with a Fitbit Aria body weight smart
scale (Fitbit Inc, San Francisco, CA, USA) and a Fitbit Charge 2 activity
monitor (Fitbit Inc, San Francisco, CA, USA). Participants were instructed
to weigh themselves at least twice per week. Outcome measures were
made at 0, 6 and 12 months. The trial is registered with the ISRCTN
registry (ISRCTN88405328). The NoHoW study received funding from
the European Union's Horizon 2020 research and innovation programme
(grant agreement number: 643309). Ethical approval was granted by
local institutional ethics committees at the Universities of Leeds
(17–0082; 27-Feb-2017), Lisbon (17/2016; 20-Feb-2017) and the Capi-
tal Region of Denmark (H-16030495; 8-Mar-2017).

2.2. Participants

Details of enrolled participants can be found in full elsewhere [19].
Participants provided informed consent before participation. Briefly,
individuals were eligible if they were aged 18 years or older, had veri-
fication of �5% weight loss in the 12 months prior to recruitment
(excluding surgical weight loss) and had a BMI of �25 kg/m2 prior to
weight loss. For inclusion in the present analysis, participants had to have
�20 weight measurements over 12 months to generate estimates of
weight variability, as determined by our recent validation study [20].
955 individuals had available data for all outcome variables, minimum
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physical activity (PA) data and covariates. A sub-sample was generated
which had available DXA measurements (n ¼ 439). A participant flow
diagram is shown in Supplementary Fig. 1.
2.3. Body weight

All participants were provided with a Fitbit Aria scale which shows
excellent agreement with a calibrated research grade SECA 704s [21].
Data collected from the device was synchronised to a personal Fitbit
account which participants could access on their electronic device and
data from each personal account was regularly updated to the NoHoW
data hub. Data was collected from the scales for up to 2 years, though
only the first 12 months were analysed due to temporal proximity to
health markers (measured at 0,6 and 12months). Scale use was described
in Fig. 1; 1A shows average scale use per week and frequency of data
availability by day of the week and month of the year is summarized in
Fig. 1B and C respectively.
2.4. Cardiometabolic health markers

Systolic and diastolic BP and resting heart rate (RHR) were recorded
every 6 months by a Microlife BP A2 blood pressure monitor after resting
in a sitting position for 10 min. Three readings were taken and the
average values were used. Blood lipids (total cholesterol, low-density
lipoprotein cholesterol (LDL-C), HDL-C and triglycerides) were
measured at 0 and 12months by a fasting capillary blood sample using an
Alere AfinionTMAS100 Analyser. Similarly, fasting blood samples for the
analysis of HbA1c were taken at 0 and 12 months and analysed using the
Alere AfinionTM AS100 Analyser.
2.5. Body composition

Body composition was estimated at 0, 6 and 12 months by bio-
impedance analysis (BIA) using the ImpediMed SFB7 multifrequency
bio-impedance analyser in all three centres following the manufacturer's
instructions and by dual-energy X-ray absorptiometry (DXA) at two
centres: Portugal (Hologic Explorer-W, Waltham, USA) and Denmark
(Norland XR-800, Swissray, USA). Estimates of body composition bio-
electrical impedance were transformed using Moissl equations [22].
Percent body fat was calculated by dividing fat (kg) by body weight (kg)
andmultiplying by 100. A tapemeasure was used to record the hip (at the
maximum circumference over the buttocks) and waist (under the midline
of the participant's armpit) circumference to the nearest centimetre. The
waist–hip ratio (WHR) was calculated by dividing hip and waist
circumference.
2.6. Physical activity

The Fitbit Charge 2 is a wrist-worn activity monitor which estimates
PA metrics based on data obtained from incorporated sensors. Minute-
level data was synced via the Fitbit mobile application to Fitbit servers
and to the NoHoW data hub. Step counts were used as the primary
measure of PA due to greater reliability than other measures such as
energy expenditure [23,24]. The first four weeks of physical activity data
were removed as the novelty of receiving a new self-monitoring device
(and initial problems with set up) is shown to produce sporadic increases
in physical activity. Steps were aggregated to two-week averages. Par-
ticipants were required to have valid data for at least the first 9 months,
during which at least 12 valid weeks (6 two-week blocks) were required.
This was deemed enough data to estimate initial and change in PA. Initial
and change in PA were estimated by generating a regression between
time and average steps, whereby the intercept acted as initial PA, and the
beta coefficient as the change in PA. Full explanation of data processing
for PA data is given in Supplementary material 1.



Fig. 1. A. Average scale use in all participants (n ¼ 955) for each week of the trial with standard error bars. B. completeness of data per day of the week relative to the
total amount of data possible for the given day. C. shows completeness of data per month of the year relative the amount of data possible for the given year.
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2.7. Body weight variability

Body weight variability was estimated using three previously used
methods: root mean square error (RMSE) and coefficient of variation
(CV) derived from linear trends [14,25–29] and mean absolute succes-
sive weight variability (MASWV) [4,7,30]. We devised a method to
overcome the limitations of these approaches (including assumption of
linearity in weight trajectory) which we termed the non-linear mean
deviation (NLMD) method. All BWV measures are described and illus-
trated in full in Supplementary material 2. RMSE was estimated by taking
the mean square of the relative residual error in the linear relationship
between weight and time. The CV was calculated by dividing the mean
weight by the standard deviation of the weight. MASWV was calculated
by taking the absolute mean of the relative change in successive body
weights. The NLMD was calculated by first fitting a locally estimated
scatterplot smoothing (LOESS) regression to the body weight data which
acts as a smoother. The fit of the regression was then subtracted from the
observed body weight and the relative mean deviation from the
non-linear trend was calculated.

2.8. Statistical analysis

Body weight data from scales was screened for outliers based on
limits of physiological plausibile weight change (Supplementary
Table 2). All key variables were assessed for normality via visual in-
spection of QQ plots and histograms and any variable deemed non-
parametric were log transformed. Characteristics of the population at
baseline were described by mean and standard deviation in the whole
group and by sex due to known differences in physiological variables
(particularly body composition) between sexes. Differences between
sexes were tested using student t-tests and chi-squared tests. Correlations
between key variables (including baseline and change scores) were
evaluated and reported in full (supplementary file 2). To test the main
hypotheses (that greater BWV would be associated with adverse con-
current changes to health and body composition), a pre-post approach
was used employing a multiple linear regression with the post-score as
the outcome and pre-score as a covariate, a method which is generally
preferred to regression against the change-score [31]. All continuous
variables were standardised by taking the mean and standard deviation
3

of all variables, subtracting the mean and dividing by the standard de-
viation. Weight change (%) was calculated as the difference between
weight at baseline and 12-months and converted to percent.

Three regression models were generated to test the primary hypoth-
eses. First, model 1 included only the baseline outcome value, weight
change (%) and BWV as covariates; second, model 2 included the same
variables as model 1 and in addition age, sex, BMI and lastly model 3
included the same variables as model 2 plus initial and change in PA
(steps) (due to the known confounding effect on PA on the relationship
between weight, health and body composition). Each model was run for
all four BWV metrics. We ran the models in a separate sub-sample for
those with data available for body composition measured by DXA
(n ¼ 439) and full details are provided in Supplementary material 3. We
probed for interactions between weight change and BWV estimates but
found no significant associations therefore left these out of all models. All
p-values within models were adjusted for multiple comparisons using the
Bonferroni-Holt method. Model results are given in Supplementary
Tables 2 and 3 which summarise the associations of weight change and
BWV on outcome variables using standardised β-coefficients, standard
errors and p-values. In order to compare the effect size of BWV estimates
and weight change on health outcomes, we calculated the change in the
adjusted R2 value of the model when the variable of interest (BWV es-
timate or weight change) was added to the model (which was complete
except this variable); these values are summarized in Supplementary
Figs. 4–5. As a sensitivity analysis, we separated the analysis into expo-
sure and follow-up periods, full detailed can be viewed in Supplementary
material 4. Significant associations were observed at p < 0.05. All ana-
lyses were conducted in R (version 3.5.1).

3. Results

Baseline characteristics are presented in Table 1. A total of 955 (653
women) met the criteria for inclusion. The group had a mean weight loss
of 11.8 (�5.1) % in the 12-months prior to recruitment. On average,
participants were aged 45.3 (�11.5) years, overweight (BMI ¼ 29.4
(�5.0) kg/m2) and achieved above number of recommended steps per
day [32] (mean steps ¼ 10,833 (�3469)) around baseline (after
removing the first 4 weeks). Average values for all health measures were
within normal range (i.e. not hypertensive, hyperglycaemic or



Table 1
Participant characteristics.

Variable All
(n ¼ 955)

Male
(n ¼ 302)

Female
(n ¼ 653)

P-value

Centre (%) <0.001
Denmark 354 (37.1) 63 (20.9) 291 (44.6)
Portugal 310 (32.5) 175 (57.9) 135 (20.7)
UK 291 (30.5) 64 (21.2) 227 (34.8)

Age (years) 45.29 (11.5) 43.54
(10.81)

46.10
(11.81)

0.001

BMI (kg/m2) 29.43 (5.08) 29.10 (4.44) 29.57 (5.35) 0.184
Previous weight loss
(%)

11.8 (5.5) 11.2 (5.1) 12.1 (5.6) <0.001

Weight (kg) 84.2 (16.5) 91.27 (15.7) 80.88 (15.8) <0.001
Initial steps 10,816

(3493.7)
11,584
(3842.0)

10,461
(3262.8)

<0.001

Number of body weight
measurements

158 (89) 160 (90) 157 (89) <0.001

SBP (mmHg) 122.17
(14.76)

127.39
(13.64)

119.75
(14.64)

<0.001

DBP (mmHg) 76.54 (8.86) 80.08 (8.61) 74.91 (8.50) <0.001
HR (bpm) 65.43

(10.30)
62.28
(10.20)

66.88
(10.03)

<0.001

Cholesterol (mmol/L) 4.90 (1.01) 4.78 (0.91) 4.96 (1.06) 0.01
LDL-C (mmol/L) 2.77 (0.85) 2.80 (0.75) 2.75 (0.90) 0.416
HDL-C (mmol/L) 1.58 (0.41) 1.42 (0.33) 1.65 (0.41) <0.001
Triglycerides (mmol/L) 1.21 (0.68) 1.22 (0.71) 1.21 (0.67) 0.806
HbA1c (%) 5.17 (0.34) 5.20 (0.31) 5.15 (0.35) 0.039
Fat free mass (kg) 51.8 (9.6) 61.83 (7.80) 47.11 (6.22) <0.001
Fat mass (kg) 51.77 (9.62) 29.44

(10.94)
33.76
(12.04)

<0.001

Body fat (%) 37.79 (8.62) 31.45 (7.28) 40.73 (7.55) <0.001
Hip (cm) 109.13

(10.76)
106.09
(8.21)

110.53
(11.49)

<0.001

Waist (cm) 93.91
(13.71)

99.22
(13.07)

91.45
(13.30)

<0.001

WHR 0.86 (0.09) 0.93 (0.08) 0.83 (0.07) <0.001

Abbreviations: SBP, systolic blood pressure; DBP, diastolic blood pressure; HR,
heart rate; LDL-C, low-density lipoprotein cholesterol; HDL-C, high-density li-
poprotein cholesterol.
Baseline characteristics reported as mean and standard deviation unless stated
otherwise. P-values denote results of student t-tests for continuous variables and
chi-squared tests for categorical variables between sexes.
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hyperlipidaemic [33]). Over 12 months, weight change was on
average þ0.56 (6.6) % (ranging from �30.8% to þ36.3%); SBP and DBP
decreased by 1.7 (10.6) and 0.3 (6.8) mmHg respectively and RHR
increased by 1.3 (8.5) bpm. Total cholesterol increased by 0.19 (0.66)
mmol/L; LDL-C decreased by a 0.05 (0.66) mmol/L; HDL-C increased by
0.15 (0.30) mmol/L; triglycerides increased by 0.21 (0.81) mmol/L and
HbA1c increased by 0.09 (0.20) %. Body fat measured by BIA decreased
by 0.50 (5.0) %. Waist and hip circumferences were 93.9 (13.7) and
109.1 (10.8) cm respectively, resulting in an averageWHR of 0.86 (0.09).
Over 12 months, participants weighed themselves on average 159 (89)
times, the frequency of which decreased over the 12-month period
(Fig. 1).

Tables 2–3 provides results from regression models 1–3. In all models
and after inclusion of BWV by all methods, 12months percent weight loss
was consistently changes in the direction of improved health, with direct
associations observed between weight change and changes in SBP
(p < 0.001 for all), DBP (p < 0.001 for all), RHR (p < 0.001 for all), total
cholesterol (p < 0.05 for all); LDL-C (p < 0.001 for all); triglycerides
(p < 0.001 for all), HbA1c (p < 0.001 for all) and an inverse association
with changes in HDL-C (p < 0.05 for all). Weight loss was also associated
with reduced percent body fat (p< 0.001 for all) andWHR (p< 0.001 for
all). The variance explained (R2 change) by addition of weight change to
multivariate models was greatest for changes in percent body fat
(10.4–11.1%) followed by changes in DBP (4.2–4.7%), SBP (3–4%), RHR
(2–2.4%), triglycerides (1.8–2.4%), HbA1c (1.4–1.6%), WHR
(1.6–1.9%), HDL-C (0.3–0.4%), total cholesterol (0.2–0.3%), and lastly
LDL-C (0.1–0.2%).
4

Associations between BWV and changes in health markers varied by
the method used (summary illustrations in Supplementary Figs. 4–5). No
significant associations were observed between any measure of BWV and
DBP, RHR, HDL-C or percent body fat. A significant inverse association
was seen between NLMD and SBP for model 1 (β¼�3.4 (1.5), p¼ 0.026)
but for no other methods or models. Significant, direct associations were
observed for LDL-C between some methods of BWV and in some models,
though results were generally inconsistent. Similarly, some analyses
showed significance for triglycerides and HbA1c, though results varied
between methods and models and in direction and magnitude. One sig-
nificant association was observed between BWV (by NLMD) and WHR,
though this association was not present for any other models. The
greatest variance was explained in the relationship between RMSE and
change in LDL-C (1%), with all other relationships explaining <0.9% of
the variance in outcomes and most at approximately 0%.

Baseline characteristics of the DXA sub-sample and associated model
results are provided in Supplementary material 3. Results of the linear
models can be viewed in Supplementary Table 3. The 439 individuals in
this sub sample gained on average 0.9 (6.2) % body weight, accompanied
by a 0.06 (4.7) % increase in body fat. Weight change was directly
associated with change in body fat (p < 0.001 for all analyses) which
explained between 9 and 11% of the variance. Significant, inverse as-
sociations between BWV (by CV and RMSE) and body fat (by DXA) were
observed in all models (p < 0.05 for all), though these explained <0.5%
of the change in body fat. No associations were observed for other
measures of BWV.

4. Discussion

Despite the conclusions of a series of recent observational studies
implicating BWV as a potential risk factor for cardiometabolic disease
and mortality, the physiological mechanisms remain unclear. This was
the first study to examine short-term associations of combined high-
precision BWV estimates and weight change with concurrent changes
in markers of cardiometabolic disease and body composition. We found
that weight loss across 12 months was consistently associated with im-
provements in all indices of health and reduced percent body fat (as
measured by both BIA and DXA). Associations between 12-month BWV
and changes in cardiometabolic health markers were weak and incon-
sistent between models. We observed associations between BWV (by
RMSE and CV) and change in percent body fat (by DXA) which were
significant in all models but explained nomore than 0.5% of the observed
effect. In our sensitivity analysis (see Supplementary material 4) which
employed a longitudinal structure by temporal separation of exposure
and outcome, the results of the primary analysis were supported.

The associations between weight loss and improvements in health
markers are well-supported by results from observational studies [34,
35], clinical trials [3,36] and meta-analyses [37]. By standardising
regression coefficients, we were able to directly compare the slope of
each relationship (in addition to variance explained). Following adjust-
ment, the strongest associations with 12-month weight change were seen
for changes in SBP and percent body fat, followed by DBP and heart rate.
Associations with changes in blood lipids and HbA1c were minor,
consistent with previous research showing that body weight is more
closely related to blood pressure than lipids [3,38], potentially because
blood lipids are more strongly influenced by diet or exercise [39]. To
adjust for the potentially confounding effect of PA we added initial and
change in steps recorded from the Fitbit Charge 2.

We found that the associations between BWV and health outcomes
were inconsistent betweenmodels and did not explain greater than 1% of
the variance in responses. This is inconsistent with previous evidence
suggested a detrimental role of BWV. For example, a previous study
showed significant associations between greater self-reported history of
weight cycling history and lower HDL-C in 485 women, however
observed no associations on blood pressure, glucose and other blood
lipids [17]. In a similar study, self-reported weight cycling history in 121
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women was associated with increased waist circumference, resting
metabolic rate (per kg) and adiponectin, however no impact on the
metabolic risk factors measured in the present study [40]. In another
study, self-reported weight cycling increased the risk of hypertension
after 2 years [41], similar results reported by a recent study which re-
ported this effect was mediated by increased visceral adipose tissue [16].
We found no associations between any measure of BWV and body
composition or WHR, as proposed suggested previously [42,43]. Results
from an analysis of 3632 Framingham health study participants showed
increased in risk of becoming metabolically unhealthy (67%); getting
type 2 diabetes (58%) and getting hypertension (74%) in those defined as
having high BWV compared to stable body weight [44]. However, in-
dividuals with high BWV were also 163% more likely to have obesity.
Further physiological evidence comes from a string of recent animal
studies exposing mice to weight cycling which have shown detrimental
effects on glucose [45] and insulin [46] levels, inflammatory markers
[47] and hepatic steatosis [48]. These studies have the advantage of
being able to accurately manipulate body weight, though physiological
effects cannot necessarily be extrapolated to humans.

This study has several strengths. We estimated BWV using frequent
measures of body weight (~3 times per week) over 12 months which
attenuates the potential error associated with infrequent measurements
used to estimate BWV in previous studies. Multiple methods of calcu-
lating BWV were employed due to heterogeneity in the statistical ap-
proaches used in previous studies. We devised a new method of
calculating BWV based on critical evaluation of present methods, termed
NLMD, which aimed to overcome the assumption of linearity associated
with previous methods. We collected weight data using Wi-Fi-connected
devices, overcoming the biases associated with self-reported data.

The present study has limitations. First, the sample were recent
weight losers (mean ¼ 11.8%) and therefore had experienced recent
health improvements which may limit subsequent responses. This is
supported by the observation that our sample had a mean BMI of 29.4 kg/
m2 at baseline yet all health measures were, on average, within a healthy
range. It has been hypothesised that BWV is a risk factor for disease
specifically in clinically unhealthy populations [34,49] and therefore
effects may be limited in this group. The BWV observed in the present
group aiming to maintain weight loss may not be representative of the
general population. Next, the sample was comprised mostly of in-
dividuals with overweight and obesity, though it is hypothesised that
BWV has greater effect on health and body composition in lean in-
dividuals [42]. The exposures and outcomes were measured concurrently
(over the same time period) and therefore causality cannot be inferred.
To address this, we added a sensitivity analysis with a longitudinal
structure (investigating the effect of 0–6 month BWV and weight change
on subsequent changes in outcome variables), though results did not
differ. Lastly, measurements were only made over 12 months, though
many longitudinal studies showing detrimental effects of BWV occur over
several years.

To conclude, we found little evidence to support the hypothesis that
BWV has any substantial association with changes in risk factors for
cardiometabolic disease or body composition over a 12-month mea-
surement period in a sample who had recently lost ~11% body weight,
though weight loss was consistently associated with health benefits as
expected. With the recent uptake of smart scales in research trials, long-
term studies must be conducted which track body weight frequently and
examine effects on both hard outcomes and their associated physiological
mechanisms. Together, these steps may help increase our understanding
of the relationships between BWV and health.
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