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Abstract

Background: Resistance training (RT) is an effective intervention for glycemic control and cardiometabolic health in
individuals with type 2 diabetes (T2D). However, the use of RT in individuals at risk for T2D to prevent or delay the
onset of T2D, and RT program characteristics that are most effective are still unknown. The purpose of this review is
to determine the effects of RT on cardiometabolic risk factors in those at risk for T2D and to examine RT program
characteristics associated with intervention effectiveness.

Methods: PubMed, Cochrane, Web of Science, and Embase databases were systematically searched for published
controlled trials that compared cardiometabolic outcomes in adults with cardiometabolic risk for those that
underwent an RT intervention with those that did not. A systematic review and meta-analysis was conducted to
determine the effect of RT on glycosylated hemoglobin (HbA1c), fasting plasma glucose (FPG), body fat percentage
(BF%), total cholesterol (TC), high-density lipoprotein (HDL), low-density lipoprotein (LDL), and triglycerides (TG).
Additional analyses examined effects of intervention duration and dietary intervention on FPG and TG.

Results: Fourteen trials with 668 participants were included. For RT compared to controls, the standardized mean
difference (SMD) was —1.064 for HbA1c (95% confidence interval [Cl] —1.802 to —0.327; p=0.005), —0.99 for FPG (95% Cl
—1.798 to —0.183; p=0.016), —0.933 for TC (95% Cl —1.66 to —0.206; p=0.012), —0.840 for BF% (95% CI —1.429 to —0.251;
p=0.005), —=0.693 for HDL (95% CI —1.230 to —0.156; p=0.011), —1.03 for LDL (95% CI —2.03 to —0.050; p=0.039), and
—0.705 for TG (95% Cl —1.132 to —0.279; p=0.001).

Conclusions: RT is beneficial for improving glycemic control, BF%, and blood lipids in those at risk for diabetes. The
addition of a dietary component did not result in larger reductions in FPG and TG than RT alone.
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Key Points

e Resistance training (RT) is effective for improving
glycemic control and blood lipid profiles in adults at
risk for type 2 diabetes (T2D) and could serve as an
effective intervention to prevent or delay the onset
of T2D.

e Free weight and resistance band training at
intensities above 60% one-repetition maximum are
effective for improving glycemic control and blood
lipid profiles in adults at risk for T2D.

e A dietary component combined with RT is not
more effective for glycemic control than RT alone in
adults at risk for T2D.

Introduction

Type 2 diabetes (T2D) affects over 400 million people
worldwide [1], accounts for around 90% of all cases of dia-
betes [2], and has an estimated annual global cost of 1.3
trillion dollars [3]. This disease is linked to premature
mortality and significant morbidity, primarily a result of
hyperglycemia-induced cardiovascular disease (CVD) and
microvascular complications including neuropathy, ne-
phropathy, and retinopathy [4]. Prediabetes is a condition
defined as elevated blood glucose (BG) levels below the
level considered to be T2D and impacted over 352.1 mil-
lion people worldwide in 2017 [5]. This condition often
leads to metabolic syndrome, a state characterized by in-
sulin resistance, abdominal obesity, hypertension, and
dyslipidemia [6]. Metabolic syndrome and prediabetes in-
crease the risk for developing chronic diseases such as
T2D and CVD, as 5-10% of those with prediabetes pro-
gress to T2D annually [6]. Treatment strategies, such as
lifestyle modifications, that address abnormal metabolic
risk factors, such as glycosylated hemoglobin (HbAlc),
fasting plasma glucose (FPG), and blood lipids, can reduce
rates of progression to T2D [7, 8].

Intensive glycemic control has shown reductions in
hyperglycemia-induced microvascular complications in
T2D [9]. The gold standard for assessing glycemic con-
trol is HbAlc [10], a reliable estimate of long-term gly-
cemic control that indicates mean plasma glucose levels
over the previous 3 to 4months and is not susceptible to
diurnal variations in BG levels [11, 12]. Prediabetes and
T2D can be assessed through HbAlc, FPG, 2-h plasma
glucose values, or 75-g oral glucose tolerance tests [13].

Blood lipid values such as total cholesterol (TC), low-
density lipoprotein (LDL) cholesterol, high-density lipo-
protein (HDL) cholesterol, and triglycerides (TG) are
relevant to cardiovascular health in prediabetes [14].
Controlling cholesterol levels can decrease morbidity
and mortality rates in individuals with prediabetes, as in-
creased cholesterol levels are evident in individuals with
prediabetes compared to individuals with normal glucose
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tolerance [15, 16]. Medical recommendations to utilize
cholesterol-lowering medications (i.e., statins) for indi-
viduals with diabetes to control LDL levels are based on
accelerated rates of atherosclerosis and subsequent cor-
onary artery disease [17, 18]. This signifies the import-
ance of blood lipid management in individuals with
elevated BG levels.

Preventative medicine warrants the need for lifestyle
modifications such as regular exercise to prevent the risk
of developing these diseases [19]. Exercise can reduce in-
sulin resistance and improve glycemic control and blood
lipid profiles in those with and without T2D [20-23].
Thus, incorporating sustainable exercise modalities that
improve cardiometabolic risk factors can improve health
outcomes. The impact of aerobic training (AT) on health
outcomes is well researched [24]. Resistance training
(RT) has gained popularity for its impact on improving
body composition and muscular strength and, more re-
cently, for its role in health and disease [25]. These ben-
efits include improved glycemic control, blood lipid
profiles, and bone mineral density in healthy populations
[25]. Research has supported the combined benefits of
AT and RT to improve glycemic control and cardiomet-
abolic health in T2D [26]. Research has also demon-
strated that RT can improve cardiometabolic outcomes,
such as increased insulin sensitivity and improved gly-
cemic control, blood lipid profiles, and blood pressure
(BP) in T2D [27-33]. RT is an effective intervention to
manage T2D and offers a valid alternative to AT, which
can be more difficult to perform in individuals with cer-
tain comorbidities associated with T2D, such as obesity,
osteoarthritis, peripheral vascular disease, and other
physical disabilities [33, 34]. However, the onset of T2D
can occur 4 to 7 years before clinical diagnosis, a time
period in which the hyperglycemia-associated complica-
tions of T2D can manifest [35]. Therefore, data support-
ing the implementation of RT at an earlier stage of
prediabetes or metabolic syndrome before the onset of
T2D could offset years of costs and complications. In
addition, although both AT and RT increase insulin sen-
sitivity, RT may offer an added benefit of an increase in
skeletal muscle glucose disposal area [36].

Given that RT can reduce HbAlc, LDL, TG, and BP,
and increase insulin sensitivity and HDL in T2D [27-
32], the potential for RT to independently reduce the
risk of T2D and CVD at an earlier stage should be fur-
ther explored. To our knowledge, no existing review or
meta-analysis has examined the effects of RT alone on
cardiometabolic health in adults at risk for T2D. A
meta-analysis conducted by Strasser et al. examined
changes in cardiometabolic outcomes in those with
metabolic syndrome and T2D and found decreased
HbAlc levels [37]. However, 11 of the 13 studies in-
cluded exclusively T2D participants, only 40 of the 513
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participants across those studies had metabolic syn-
drome or prediabetes, and they were analyzed together
with T2D participants. Given that Strasser et al.’s review
was conducted 10 years ago and participants with meta-
bolic syndrome and T2D were combined in analyses, a
recent systematic review and meta-analysis investigating
the effects of RT in those at risk for T2D is needed.
Consequently, this is the first review to quantitatively as-
sess the impact of RT exclusively in individuals at risk
for T2D.

The purpose of this systematic review and meta-
analysis was to determine the effects of RT on cardio-
metabolic risk factors in adults at risk for T2D. In
addition, for this information to be implemented in daily
practice for clinicians to utilize, this research also exam-
ined which characteristics of RT programs are correlated
with improved cardiometabolic outcomes.

Methods

Protocol and Registration

This systematic review and meta-analysis was conducted
using Preferred Reporting Items for Systematic Reviews
and Meta-Analysis guidelines [38] and registered with
PROSPERO (Registration ID CRD42019122217), an inter-
national prospective registry for systematic reviews [39].

Eligibility Criteria

The criteria for inclusion of studies were as follows: (1)
published randomized or nonrandomized controlled trials;
(2) participants were adults over the age of 18 years; (3)
participants were individuals with prediabetes or at risk
for diabetes (e.g., insulin resistant or metabolic syndrome),
but did not have diabetes; (4) the trial consisted of a group
that participated in RT as an isolated intervention com-
pared to a control group (CG); (5) trials with dietary inter-
ventions were included if the same dietary intervention
was applied to the RT and CG; (6) the trial reported data
for primary or secondary measurements of interest; and
(7) the study had to be published in English, or reliably
translatable using online processing [40].

Information Sources and Search Strategy

To identify studies that examined the impact of RT
on cardiometabolic outcomes in individuals with in-
creased cardiometabolic risk, an electronic literature
search was conducted on PubMed, Embase, Web of
Science, and Cochrane databases from inception to
December 2019 with no date restriction. Keywords
and medical subject heading (MeSH) terms related to
prediabetic states and RT were entered into the data-
bases to identify studies that fit the criteria. The
complete search strategy is reported (see Electronic
Supplementary Material File 1).
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Study Selection, Data Collection, and Data Items

To determine eligibility criteria, the titles and abstracts
were screened independently by two reviewers, and dis-
agreements were resolved by consensus or a separate re-
viewer. Of the relevant studies, full texts were screened by
the same two reviewers, and disagreements were resolved
by consensus or a separate reviewer. Data extraction and
quality assessment were conducted independently by two
reviewers, and disagreements were resolved by a separate
reviewer. Data were extracted from each individual study
on the following study characteristics: participant demo-
graphics, RT intervention characteristics, pre- and post-
intervention means, and standard deviations for outcome
variables, study design, duration, year of publication, ad-
verse events, criteria for prediabetes classification,
presence of dietary interventions, data for risk for bias as-
sessment, and number of dropouts.

Risk of Bias

The risk of bias of included studies was assessed inde-
pendently by two reviewers using the Cochrane Risk of
Bias tool [41], and disagreements were resolved by a
third reviewer. Publication bias was assessed by Egger’s
asymmetry test [42].

Summary Measures and Statistical Analyses

Primary measurements of interest were HbAlc, FPG,
HDL, TG, waist circumference (WC), systolic blood
pressure (SBP), and diastolic blood pressure (DBP).
Secondary measurements of interest were body fat %
(BF%), body mass index (BMI), fasting insulin, TC,
LDL, and HOMA-IR, which is a measure of insulin
resistance. If intention-to-treat analyses were reported
in the studies, then those data were extracted from
those studies [43, 44]. A meta-analysis was conducted
to determine changes in adiposity, glycemic control,
insulin resistance, blood lipids/lipoproteins, and BP
following RT interventions. Meta-analyses were exe-
cuted using Comprehensive Meta-Analysis (Biostat, V
2.2.064, Englewood, NJ, USA). Pooled data using a
random-effects model were used to investigate differ-
ences between intervention and CG. Differences in
means were calculated for each study, and a summary
of overall difference in means recorded for each out-
come measure. The p-value was set at < 0.05.

Additional Analyses

For variables with sufficient numbers of included
studies, and with high levels of heterogeneity, a fur-
ther moderator analysis was performed using a mixed
effects model.
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Records identified through database searching
(n=3453)
1269 PubMed
566 Cochrane Library
764 Web of Science
854 EMBASE

Records after duplicates removed
(n=2288)

Records screened
(n=2288)

v

Full-text articles assessed for eligibility
(n=100)

v

Studies included in qualitative synthesis
(n=15)

l

Studies included in quantitative synthesis (meta-
analysis)
(n=14)

Fig. 1 Flow chart for selection of studies for systematic review

> syndrome criteria

Records excluded

(n=2188)

646 not clinical trials

184 non-human subjects

98 non-adult participants

1206 did not meet prediabetes or metabolic
syndrome criteria

13 had additional comorbidities

41 did not contain isolated RT

Full-text articles excluded, with reasons
(n=86)
12 did not meet prediabetes or metabolic

5 improper study design

7 single bout interventions

10 conference abstracts

15 no isolated RT intervention

18 non-relevant outcome measurements
19 no control group

Results

Study Selection and Study Characteristics

The selection process for the studies included in this
analysis is outlined in Fig. 1. From the 3453 references
obtained from the electronic literature search, 1165 du-
plicates were removed. Of the remaining 2288 studies,
2188 were excluded by title and abstract. The full text of
the remaining 100 studies was reviewed for potential in-
clusion. There were 15 articles that met the inclusion
criteria, of which two used the same study participants
[45, 46]. Ultimately, 14 trials with 668 participants at risk
for T2D were included in this analysis.

Study Characteristics
The characteristics of the 14 eligible studies are summa-
rized in Table 1.

All 14 studies were randomized [40, 43-55] or non-
randomized controlled trials [56] published between
2008 and 2019. Thirteen studies were published in

English [43-56] and one in Spanish [40]. The exercise
interventions were conducted in health centers [40, 49],
clinics [43-56], performance labs [48, 51, 52], training/
fitness centers [45, 46], research centers [53, 54], and
universities [55]. One study reported data values in me-
dians and ranges [43] which were converted into mean
and standard deviations using a conversion method [57].
Another study reported transformed means and stand-
ard deviations, and these values were back transformed
[44]. Only two studies reported intention-to-treat ana-
lyses [43, 44].

Participant Characteristics

The final analysis included 668 participants, adults aged
>18 years. One study included only males [45, 46], three
had only females [40, 49, 54], and the rest consisted of
males and females [43, 44, 47, 48, 50-53, 55, 56]. To
meet the criteria for at risk for T2D, participants met
the criteria for metabolic syndrome in four studies [48,



Page 5 of 15

(2021) 7:38

Qadir et al. Sports Medicine - Open

ainssaid poojq D1j0IsAS dgs ‘Xapul ssew
Apoq g ‘utaoidodi] Ausuap-ybiy 7gH ‘uivroidodi| Alsuap-mo| g7 ‘|0193s3j0yd [e301 ) ‘95026 ewse|d Bunsey D44 ‘uiqojboway palejAsodA|b 3 ygH ‘Bululel) aduelsisal [y ‘|0Ju0d NOD ‘parodal Jou YN

L1'8 + 90¢9=14

14 Yyum (£00°0=d) Od4T UN v s1eqeIpRld 95/ F LE09=NOD SE=1Y SE=NOD euyd [€v] e 39 e
14 Yum Amo.ov& @czmio_ |0J21s9|0Y> 6'S ¥ 1665=1Y4
d9S IWg '(L00'0>d) d1YqHT pue sanisusuadAynuy 4 s1eqeIipald  €8'S F €£09=NOD 78=1Y €8=NOD euyD [i] ‘[e 30 ueng
152J31Ul JO SWODINO S F rls=1y
ur ssbueyd Juedyiubls oN UN 4l SWIOIPUAS DljOgRIBN €€ F LT1S=NOD 61=14 ZL=NOD lizeig [95] '[e 39 eAlIS-LIN |
(14 8 'NOD )
‘Bunemol pidi| 9/ F 605=14
14 yum OMT pue aAlsusUadAynuy 4l SWOIPUAS DljogeIRI COL F €/v=NOD LL=14 LLI=NOD  AemioN [G] '[e 19 ploAsualS
1S2J21Ul JO SSWO0DINO 79 F €96=1Y
ur sabueyd Juedyiubis oN 4N 4 25UeIR|0} 9500N|6 pasledw] §9 F T'E5=NOD 0l=14 9=NOD VSN (7S] "|e 13 snolepy
159J91Ul JO SBWO0DINO S1030B} QUIOIPUAS DI|OGRISW 7 / F 09=14
ur sabueyd juedyiubis oN 4N €€ pue ssoon|b Bunsey paseduw) L F 09=NOD ¥1=14 81=NOD puejui4 [€S] "|e 1o 1abepy
uolleispe4 solegeld
159J91Ul JO SBWODINO “UIWIOHIdW pue ‘Buliamol |euOlIeUIRIU| DY} 03 Bulpiodde / F 1S=14
u) sabueyd uedyiubis oN 101215302 ‘sanlsusUadAynuY oI} $10108J Sl Dljoge1alN €€/ F LTLS=NOD SI=1Y ¥1=NOD eljensny [zS] " 12 Jabuina]
uolleispe4 selegeld
1Sala1ul U_O Sou021N0 .EC\:OUEWE pue dth\SO_ |euoneul=1ul oyl 01 @C__U\_Ouum '’/ F919=1Y4
ul mGOCmr_u Hcmu_u__cm_m ON |0421S9|0Yd> ;mwzmcwtwa\fzc/\ 0ol S1010e] XSl dljogels|N ]G F €75=NOD Sl=14 SL=NOD eljjeisny T.ﬂ ‘e lo _m.mc_?wj
(14 9%EE 'NOD %0€)
1S9J21Ul JO SSWO0DINO anIsuauadAynuy (14 %ce uonenbal S9-0p=1Y4 [o] |e 12 Inelousp
ut sabueyd Juedyiubls oN 'NOD %5¢) butsmol pidr 4l 350on|6 paliedu| L F #5=NOD 9e=14 0r=NOD puejul4 ‘ISP '|e 19 Zeunyioy
1S2J21ul JO SeWO0DIN0 0/-8l=1Y
ur sabueyd Juedyiubls oN uN vT elwspdiisig 0/-81=NOD 07=14 0Z=NOD VSN [05] '[e 33 uewynH
LLEF Loy =1Y
14 yum (S00>d) d1vgHT 4N 4l SWIOIPUAS DIIOgRIBN  LLE F /F9P=NOD 07=1Y4 0Z=NOD 3IuD [6v] e 19 zopueld
(14 9%€T 'NOD %61)
1S9J91Ul JO SBWODINO Buamoy [01215310YD (14 %8E €F 16=1Y
ur sabuetp Juedylubis oN 'NOD %) aasusuedAynuy 8 SUWI0IPUAS DIjogeIs| ¥ F 15=NOD Y1=14 91=NOD VSN [8¥] e 12 adue|leAs]
14 Yam (100'0>d)
1aHd pue (€00=0d) oL (1000>d) §/-55=14
1a7 DL (L000>d) D4 D1YaHT (14 9 'NOD €) bunemoy pidr 9% s919qeIpald G/=55=NOD LE=1Y SE=NOD euyD [£¥] e 3o teg
€6 F 6€€=1Y
14 Yum (L10'0=d) Ddd YI-VWOHT UN 4! 9s0oN|6 pR1eAdld  tLL F L'0Y =NOD 8=14 £1=NOD 3IuD [ov] ‘[e 30 ZaleAly
sbuipuiy suonedips (s)@am) uoneing eLI3D Y SI d1joqeId|y aby  sjuedpinued jo saquiny Anuno> Apnis

sonsiedRIRYD APNiS | dlqel



Qadir et al. Sports Medicine - Open (2021) 7:38

49, 55, 56], impaired FPG or glucose tolerance in six
studies [43-47, 53, 54], elevated BG (>100 mg/dL) in
one study [40], dyslipidemia in one study [50], and >two
metabolic risk factors according to the International Dia-
betes Federation in two studies [51, 52].

RT Intervention Characteristics
The RT protocols of the individual studies are reported
in Table 2.

The trials ranged from 8 to 96 weeks in duration,
with frequencies of two to four sessions per week.
With the exception of one trial [53], the exercise in-
terventions in the remaining trials were supervised
[40, 43-56]. With the exception of one study [54], all
interventions using free weights, machines, or resist-
ance bands incorporated multi-joint upper and lower
extremity exercises. Of the seven studies for which
total weekly number of sets could be calculated, four
performed >52 sets [48, 49, 51, 52], and three per-
formed <52 sets [40, 50, 55]. The compliance rates
ranged from 67 to 100%.

Risk of Bias Within and Across Studies

The risk of bias for included studies is summarized in
Electronic Supplementary Material File 2. The method
of randomization was described in six studies [43, 44,
47, 48, 55, 56]. Outcome assessors were blinded in two
studies [47, 48]. One study had a dropout rate of greater
than 20% in the RT group [45, 46]. There was no evi-
dence of significant publication bias for HbAlc (¢=1.232
95% confidence interval (CI) -9.035 to 23.446; p=0.143),
FPG (t=1.234, 95% CI -5.149 to 16.401; p=0.128), TC
(£=0.429, 95% CI -15.509 to 11.273; p=0.342), BF% (t=
0.788, 95% CI -13.111 to 18.989; p=0.257), BMI (t=
2.249, 95% CI -1.396 to 8.119; p=0.055), insulin (¢=
0.695, 95% CI -13.512 to 8.105; p=0.263), HOMA IR (¢=
0.614, 95% CI -31.267 to 23.453; p=0.301), HDL (¢=
1.146 95% CI -4.771 to 11.478; p=0.158), LDL (¢=0.094,
95% CI -31.447 to 33.360; p=0.466), TG (¢=0.219, 95%
CI -6.885 to 5.756; p=0.417), SBP (¢=0.775, 95% CI
-13.995 to 24.832; p=0.241), or DBP (¢=0.691, 95% CI
-8.282 to 13.772; p=0.264). There was evidence of pos-
sible publication bias for WC (¢=5.249, 95% CI 3.291 to
10.680; p=0.003). P-values were reported for the 1-tailed
test.

Syntheses of Results

Summary of Effect Sizes of RT

Figure 2 shows the forest plot overall for the outcome
variables. Individual forest plots for each outcome vari-
able are included in Electronic Supplementary Material
File 3. For RT compared to controls, significant differ-
ences were found for HbAlc (p=0.005), FPG (p=0.016),
TC (p=0.012), BF% (p=0.005), HDL (p=0.011), LDL (p=
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0.039), and TG (p=0.001). No changes in BMI (p=0.081),
HOMA-IR (p=0.064), SBP (p=0.146), DBP (p=0.061),
fasting insulin (p=0.058), or WC (p=0.080) were found.
The mean reduction for HbAlc, when assessed using
mean difference, was 0.29% (95% CI -0.433 to -0.152;
p=0.001).

Summary of RT Characteristics

A subsequent moderator analysis comparing the effect
of RT with and without a dietary component on TG and
FPG was undertaken using a mixed effects analysis. The
results are depicted in the forest plots in Figs. 3 and 4.
For FPG, there was no evidence that the addition of
a dietary component increased the effectiveness of RT (p
= 0.275). Similarly, for TG, there was also no difference
in the effect size of studies with and without a dietary
component (p = 0.388). When comparing intervention
duration to the effect of the intervention on FPG and
TG, there was no relationship between duration and the
study effect size. Insufficient data reporting precluded
further analyses of the effects of intervention characteris-
tics on outcome variables.

Discussion

This systematic review and meta-analysis evaluated the
effectiveness of RT on cardiometabolic outcomes in in-
dividuals with increased cardiometabolic risk. The find-
ings support the use of RT to prevent the onset of T2D.
Improvements in glycemic control, adiposity, and blood
lipids were evident. The addition of a dietary component
to RT was not more effective in reducing FPG than RT
alone, and intervention duration had no effect on FPG
or TG.

RT and Glycemic Control

This meta-analysis showed significant reductions in
HbAlc and FPG in individuals with increased metabolic
risk undergoing RT interventions alone compared to a
CG, demonstrating the potential of RT to improve gly-
cemic control and prevent hyperglycemia-associated
complications. These results are consistent with a num-
ber of previous reports of RT decreasing HbAlc in those
with T2D [27, 37, 58]. Given that greater reductions in
HbAlc are seen in those with higher baseline HbAlc
levels [59], the higher baseline HbAlc levels in previous
reviews utilizing T2D populations would be expected to
allow more scope for larger decreases in HbAlc. Com-
paratively, it was previously unknown if significant de-
creases in HbAlc would be seen in populations at risk
for T2D, given their lower baseline HbAlc levels. The
results of the present review demonstrate a significant
improvement in glycemic control, despite lower baseline
HbAlc values, suggesting that the incorporation of RT
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Table 2 Resistance training protocol characteristics
Study Intensity  Repetitions Sets per Exercises Modality Rest Frequency Design Dietary
(% of TRM per set (#)  exercise (elastic intervals  of training component
unless (#) bands, (sessions
otherwise machines, per week)
indicated) free
weights,
body
weight)
Alvarez 1 min to NR 3 Squat, biceps flexion and Free weights 120 s 2 Control,  No
et al. [40] failure extension, ankle flexion and between AT, RT,
extension, shoulder flexion sets AT+RT
and extension, elbow flexion
and extension.
Dai et al. 60-80% NR NR Leg press, leg extension, Elastic bands NR 3 Control, Yes
[47] chest press, pull downs, AT, RT,
rowing, shoulder press AT+RT
Devallance  60-85% 8-12 3 Leg press, chest press, lat Machines NR 3 Control, No
et al. [48] pull down, leg curl, shoulder RT.
press, leg extension. healthy
and MetS
Flandez NR 10-15 3-4 Horizontal chest press on Free weights 30 s active 3-4 Control, No
et al. [49] fitball, biceps curl, horizontal  (circuit) rest RT (FW),
French press on fitball, between RT
military press sitting on exercises. (bands)
fitball, vertical rowing, 60s
inclined rowing, reverse fly, between
front lunge, lateral lunge, circuits
half squat
Huffman NR 8-12 3 sets Upper and lower body Machines NR 3 CON, RT, No
et al. [50] per day  exercises AT (3
groups of
varying
intensity),
AT/RT
Korkmaz 50-85% NR NR Leg press, bench press, leg Machines NR 3 CON, RT, No
et al. [45]; extension, lateral pull-down,  and free walking
Venojarvi leg flexion, shoulder flexion, — weights
et al. [46] explosive leg squats, squat
jumps, calf jumps, heel raises,
pushups, abdominal flexion,
back extension
Levinger 40-85% 8-20 2-3 Chest press, leg press, lateral  NR NR 3 CON, RT. No
etal. [51] pull-down, triceps push- (high-
down, knee extension, and low-
seated row, biceps curl, ab- risk factor
dominal curl group for
each)
Levinger 40-85% 8-20 2-3 Chest press, leg press, lateral  NR NR 3 CON, RT.  No
et al. [52] pull-down, triceps push- (high-
down, knee extension, and low-
seated row, biceps curl, ab- risk factor
dominal curl group for
each)
Mager 60-70% 10-16 1-2 NR NR NR 2-4 CON, RT, No
et al. [53] AT,
weight
reduction
Marcus Somewhat NR NR Eccentric ergometer Ergometer NR 3 CON,RT  Yes
et al. [54] hard (RPE)
Stensvold  80% 8-12 3 Low row, bench press, hack  NR NR 3 CON, AT, No
et al. [55] lift. Lateral raise, triceps RT, AT+RT

pulldown, biceps curl, low
row, plank.
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Table 2 Resistance training protocol characteristics (Continued)
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Study Intensity  Repetitions Sets per Exercises Modality Rest Frequency Design Dietary
(% of TRM per set (#)  exercise (elastic intervals  of training component
unless (#) bands, (sessions
otherwise machines, per week)
indicated) free

weights,
body
weight)
Turri-Silva ~ 30-100%  2-20 1-2 Leg press, leg curl machine,  Machines 40-90s 3 CON,RT  No
et al. [56] extensor machine (leg). (CRT), RT
Biceps, triceps, pectoral, back (FRT)
(all machines)
Yuan et al.  60% 10-15 NR Leg press, leg extension, Bungee cord NR 3 CON, AT,  Yes
[44] chest press, pull down, row, RT
calf raise, leg curl, shoulder
press, straight arm forwards/
backwards, leg rotation
right/left, crunch
Yan et al. 60% 10-15 NR Leg press, leg extension, Bungee cord NR 3 CON, AT, Yes
[43] chest press, pull down, row, RT

calf raise, leg curl, shoulder
press, straight arm forwards/
backwards, leg rotation

right/left, crunch

NR not reported, CON control, RT resistance training, AT aerobic training, CRT conventional resistance training, FRT functional resistance training, FW free weights,

MetS metabolic syndrome, RPE ratings of perceived exertion

early after an “at risk” diagnosis may serve as an effective
strategy to prevent the progression to T2D.

Of the three studies [44, 47, 49] in the present review
that decreased HbAlc, one [49] utilized a circuit training
protocol with free weights, consisting of ten consecutive
exercises with 30 s of active recovery (e.g., jogging or
mobility work) between exercises and 60 s of rest

between circuits for a total of three to four circuits. Due
to the aerobic aspect of circuit training [60], increased
aerobic capacity could have impacted the results of this
study, which may be reflected in the post-intervention 6-
min walk distance increase among RT participants.
However, these participants also demonstrated post-
intervention increases in maximal voluntary isometric

Outcome No. Studies SMD Lower Bound Upper Bound
Waist Circumference 6 -422 -.894 .05 L]
Body Fat % 4 -.840 -1.429 -251 ]
BMI 5 421 -.893 0.051 ]
HbAlc 6 -1.064 -1.802 -327 =
FPG 9 -99 -1.798 -183 ]
Insulin 6 -.879 -1.786 029 L]
HOMA IR 4 -1.019 2.1 061 =
TC 6 -933 -1.66 -206 ]
HDL 6 -.693 -1.23 -156 ]
LDL 5 -1.03 2,03 -.050 ]
TG 8 -705 -1.132 -279 ]
SBP 6 -.907 2.131 0317 ]
DBP 6 -.834 -1.706 038 ]
*Z‘.O - I‘.S *} 0 *(‘)5 O.‘S
Fig. 2 Forest plot for the outcome variables. Black squares with horizontal lines indicate the standardized mean difference (SMD) and 95%
confidence interval between the intervention and control groups for outcome variables
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p
L4 L4 L4
Meta Analysis of Plasma Triglycerides
Group by Study name Statistics for each study Std diff in means and 95% CI
DI
Std diff Lower Upper
in means limit limit p-Value
No DeVallance (2016) [47] -1.500 -2312 -0.688  0.000 —_—
No Huffman (2014) [55] -0.371 -0.996 0.254 0.244 ——
No Korkmaz (2018) [48]; Venojarvi (2013) [49] 2,000 -2.551 -1449  0.000 ——
No Stensvold (2010) [53] -0.181 -1.019 0.656 0.672 —
No Levinger (2008) [54] 0233 -0964 0498 0532 —l——
No 0872 -1.665 -0.079  0.031 <t
Yes Dai (2019) [45] -0.406 -0.894  0.083 0.103 ——r
Yes Yuan (2019) [44] 20.628 -0940 -0315  0.000 L
Yes Yan (2019) [43] 0.333 -0.805 0.139  0.167 ——
Yes 0.508 -0.738 -0279  0.000 &
Overall <0.537 -0.757 -0316  0.000 <&
-3.00 -1.50 0.00 1.50 3.00
Reduced TG Increased TG
Fig. 3 Moderator analysis on TG to compare studies which included a dietary component versus those that did not. Black-filled squares represent
the mean and 95% confidence interval for individual studies. Open squares represent pooled mean and 95% confidence interval for subgroups.
Filled diamond represents mean and 95% confidence interval for all pooled results

strength of the upper and lower limbs. Given that com-
bined AT and RT has shown improvements in cardio-
metabolic outcomes [26], both the strength and aerobic
aspects of this training protocol could have contributed
to decreased HbA1lc levels.

There are multiple potential mechanisms by which RT
can improve glycemic control. The pathogenesis of im-
paired glucose regulation and eventually T2D is largely
influenced by insulin resistance, with decreased insulin-
stimulated glucose uptake in tissues resulting in elevated

BG levels [61]. One potential mechanism involves skel-
etal muscle providing significant glucose uptake via glu-
cose transporters [62] such as glucose transporter type 4
(GLUT4), which performs insulin-stimulated glucose up-
take [63]. RT can increase the protein content of
GLUT4, and increased muscle mass can enhance glucose
uptake [64]. Therefore, characteristics of RT programs
that enhance muscular hypertrophy may improve gly-
cemic control. However, single bouts of RT have also
shown decreased glucose levels in T2D [65], suggesting

~N

L4 L4
Meta Analysis of Fasting Plasma Glucose

Group by Study name Statistics for each study Std diff in means and 95% CI
DI

Std diff Lower Upper

in means limit limit p-Value
No Alvarez (2012) [40] -1.094 2034 -0.153  0.023 —I—|
No DeVallance (2016) [47] 0.000 -0.717 0717  1.000
No Korkmaz (2018) [48]; Venojarvi (2013) [49] -1.000 -1.478 -0.522  0.000 -
No Stensvold (2010) [53] 20258 -1.097 0.582  0.548 ——
No Levinger (2008) [54] 0541 -1283 0200  0.152 —
No -0.600 -1.024 -0.176 0.006 ’
Yes Dai (2019) [45] -1.877 -2457 -1297  0.000 ——
Yes Marcus (2009) [52] 0255 -1271 0761  0.622 ——
Yes Yuan (2019) [44] 3308 -3.777 -2.838  0.000 -
Yes Yan (2019) [43] 0381 -0.853 0.092 0.114 -+
Yes -1.479  -3.001  0.043 0.057
Overall -0.663 -1.071 -0.255 0.001 -

-4.00 -2.00 0.00 2.00 4.00
Reduced FPG Increased FPG

Fig. 4 Moderator analysis on FPG to compare studies which included a dietary component versus those that did not. Black-filled squares
represent the mean and 95% confidence interval for individual studies. Open squares represent pooled mean and 95% confidence interval for
subgroups. Filled diamond represents mean and 95% confidence interval for all pooled results
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certain aspects of RT improve glycemic control inde-
pendent of muscular hypertrophy.

An indirect mechanism by which RT can improve gly-
cemic control is through increased basal metabolic rate,
which aids in fat loss [66]. Decreased levels of adipose
tissue can increase insulin sensitivity, as obesity is a con-
tributing factor to peripheral insulin resistance and sub-
sequent elevated BG levels [67, 68]. The present analysis
showed significant decreases in BF% (p=0.005). However,
only one study that demonstrated a decrease in HbAlc
or FPG reported changes in BF% [40]. Thus, whether the
changes in glycemic control were the result of changes
in adiposity could not be determined. No significant
changes in BMI were found in this analysis, which could
be due to increased muscle mass offsetting changes in
BMI from fat loss [69]. The use of RT to reduce fat mass
and visceral adipose tissue has been reported in meta-
bolic syndrome and obesity [37, 70]. Given that abdom-
inal obesity/WC is a component of metabolic syndrome,
decreasing abdominal obesity through RT could de-
crease metabolic risk. However, the present analysis
showed no change in WC (p=0.080).

RT and Blood Lipids

RT resulted in significant decreases in TC, LDL, and TG,
and a significant increase in HDL levels. The results of the
present analysis are in contrast to a previous review, which
showed no significant differences in TC, LDL, TG, and
HDL after RT in metabolic syndrome and T2D [37]. One
reason for this difference could be differences in baseline
values and participant characteristics. A majority of the
participants from the previous review had T2D [37]. An-
other contribution to this difference could be that six [40,
45-49, 51] of the nine studies [40, 43, 45-51, 55] in the
present review that assessed blood lipids used cholesterol-
lowering drugs in some participants. The participants of
the study [47] that showed significant changes in all blood
lipid parameters (TC, LDL, TG, and HDL) had six individ-
uals in the RT group and three individuals in the CG con-
sistently utilizing lipid-lowering drugs (statins and
ezetimibe). However, this study also concluded that medi-
cation use did not vary significantly between groups [47].
Therefore, RT in combination with pharmacologic ther-
apy may be effective for blood lipid management in indi-
viduals at risk for T2D. However, without knowing how
much medication use influenced the change, these results
are inconclusive. Also, this same study was 96 weeks in
duration [47]. The previous review included two studies
lasting longer than a year that reported blood lipid values,
and one reported significant increases in HDL, and signifi-
cant decreases in LDL and TG [37]. It is possible, there-
fore, that longer interventions are required to achieve
meaningful improvements in lipid profiles. However, con-
trolled trials of 6 and 14 weeks have shown benefits of RT
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in LDL and TG in healthy adults, so duration of interven-
tion may not be the determining factor [71, 72]. Regarding
the use of RT in improving lipid profile, a separate meta-
analysis found significant changes in TC, LDL, and TG
following RT in healthy adults [73]. However, further
studies in populations with increased metabolic risk are
required to quantify the benefits of RT on blood lipids in
populations at risk for T2D. Based on the current litera-
ture and the findings of the present analysis, it appears
that, at minimum, in combination with other lifestyle
modifications, RT can be beneficial for improving blood
lipid profiles and subsequent risk of coronary artery dis-
ease in adults with increased cardiometabolic risk.

RT and BP

The lack of change in SBP in the present review is in
contrast to a previous review that showed a significant
reduction in SBP in those with metabolic syndrome [74].
However, three of the seven studies in the previous re-
view included T2D populations, one utilized a combined
AT and RT intervention, and two incorporated weight
loss into the interventions. The combination of the sig-
nificant impact of weight loss on BP [75], AT on BP
[76], and higher rates of elevated BP in T2D populations
at baseline [77] allowing for greater decreases in BP [78]
could have all contributed to this difference. Significant
reductions in SBP have also been shown in individuals
with prehypertension, hypertension, and normal BP [79,
80]. The lack of significant change in SBP in the present
review could be due to the fact that every study [40, 43,
45, 46, 48, 52, 55] that reported changes in SBP had
lower baseline SBP in the RT group compared to the
control, allowing for less overall decrease [78]. In
addition, differences in antihypertensive drug use be-
tween the control and RT group could have influenced
results, as six studies [44—46, 48, 51, 52, 55] used antihy-
pertensive drugs in both the control and RT groups.

RT and Insulin

The non-significant changes in insulin levels can possibly
be explained by the pathophysiology and progression of
an insulin-resistant state. There is a compensatory in-
crease in insulin secretion before glucose abnormalities
develop in T2D [81]. Since the studies in the present re-
view only included participants at risk for T2D, these indi-
viduals may still be in the stages of a compensatory
increase in insulin secretion, or they may have had a lack
of elevated insulin levels at baseline.

RT Program Characteristics

The moderator analysis on dietary intervention sug-
gested that studies including dietary components did not
result in significantly lower reduction in TG or FPG
than those that did not. However, of the four studies
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that reported dietary interventions in the CG and RT
group [43, 44, 47, 54], one asked participants to follow a
weight maintenance diet with specific macronutrient ra-
tios after a session with a dietitian [47], one provided a
diet handout and only recorded the same diet 3 days
prior to pretraining testing and posttraining testing [54],
and two studies reported strict dietary interventions with
individualized meal plans to meet macronutrient ratios
and all food intake recorded [43, 44]. It is possible that
more strict control of diet could impact these results.
The results of the meta-regression on duration of exer-
cise affecting FPG and TG did not show a greater effect
with longer studies. Taken together, these findings sug-
gest that the effect of RT is greater than dietary advice
or duration. However, there were fewer long-term stud-
ies, as only five [43, 44, 47, 50, 53] of the 14 studies [40,
43-49, 51-56] were longer than 12 weeks. Also, the
most significant decreases in FPG and TG may be seen
earlier in interventions, with the level of decrease attenu-
ating over time and reaching a plateau [82, 83]. More in-
formation is needed on the interaction between RT,
dietary interventions, and intervention duration.

There were not enough studies reporting exercise in-
tensity to conduct a meta-regression on the impact of
training intensity on glycemic outcomes. Of the three
studies [44, 47, 49] in the present review that decreased
HbAlc, two [44, 47] reported intensity in terms of one-
repetition maximum (1-RM), utilizing a minimum inten-
sity of 60% 1-RM, and one study [49] reported intensity
in terms of the OMNI-Resistance Exercise Scale
(OMNI-RES), using a range of 7-9, interchangeable with
a rating of perceived exertion (RPE) of 15-18 on Borg’s
RPE scale of 6-20 [84]. Two studies reported repetitions
per set and utilized 10-15 repetitions per set [44, 49]. A
previous meta-analysis reported greater decreases in
HbAlc in T2D in those undergoing higher intensity RT
compared to lower intensity RT, but acknowledged
those changes were possibly impacted by different base-
line HbAlc levels [58]. Additionally, another meta-
analysis demonstrated that higher intensity (75-100%
1RM) RT in T2D produced greater decreases in HbAlc
than lower intensity (20-75% 1RM) RT [85]. The results

Page 11 of 15

of the present analysis provide qualified support for
these previous findings, given that studies reporting de-
creased HbAlc all utilized intensities of 60% 1-RM or
greater, and thus the recommendation for incorporation
of higher load training in individuals with prediabetes.

It is important to note that recent studies have sug-
gested similar potential for hypertrophy from lower load
training, as low as 30% of 1-RM, in healthy populations
[86]. However, lower load training requires training sig-
nificantly closer to repetition failure compared to higher
load training to induce comparable levels of hypertrophy
[86]. Further studies are needed that examine training to
failure with lower intensities in those with impaired glu-
cose regulation in order for recommendations of inten-
sities below 60% 1-RM to be implemented in this
population. The summary for RT recommendations for
individuals at metabolic risk is reported in Table 3.

These recommendations were based on the findings of
the present analysis, previous reviews, and the joint
statement by the American College of Sports Medicine
and American Diabetes Association on RT in T2D [88].
The 2016 resistance training guidelines of the American
Diabetes Association advised RT 2 to 3 days per week, at
10-15 repetitions per set for beginners and progressing
to eight to ten repetitions per set in individuals with
T2D [89]. Based on the present results and estimates of
repetitions per set based on intensity, a range of 10-15
repetitions may be effective for improving glycemic con-
trol in individuals at risk for T2D, with multi-joint exer-
cises prescribed at the lower end and single-joint
exercises at the higher end of the range. The suggestion
of higher vs. lower end of this range can be personalized
towards individual needs. Lower loads may be preferred
in elderly populations, leading to increased adherence
[90]. Lower loads may also be preferred in those with or
recovering from injuries, as they are associated with de-
creased training-related injuries compared to higher
loads [91]. In addition, the recommendation for repeti-
tions and intensity should be specific to exercise modal-
ity or selection. For example, utilizing higher repetitions
with resistance bands may be more appropriate, due to
the increased requirements of stability and ancillary

Table 3 Summary of recommendations for RT in adults at risk for T2D

Component Guidelines

Intensity and
repetitions
failure) [49, 83, 87].

Exercise modality
control and lipid profile.

Exercise selection

A range of 10-15 repetitions at intensities above 60% 1-RM may reduce HbA1c levels [44, 47, 49] and improve lipid profile
[44]. All sets should be performed with an RPE of 15-18 according to Borg's RPE scale (within one to three repetitions from

Resistance band [44, 47] and free weight [49] training are both RT modalities that are effective for improving glycemic

Multi-joint (e.g., leg press, bench press, lat pulldown, row, shoulder press) and single joint (e.g., leg extension, biceps curl,

triceps pushdown) exercises are acceptable, with the majority of exercises being multi-joint exercises.

Frequency

A minimum of three sessions per week should be performed.

RT resistance training, RPE ratings of perceived exertion
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muscular involvement of resistance bands [92-94].
Given that the studies [44, 47, 49] showing significant
decreases in HbAlc or FPG utilized both free weights
[47] and resistance bands [44, 47, 49], the recommenda-
tion for RT modality should be based on what is sustain-
able or feasible for individual needs, as long as sufficient
tension and muscular fatigue are reached. RT with ma-
chines has also shown improved glycemic control in
T2D [95, 96]. However, of the four studies in the present
review that only used machines [48, 50, 54, 56], two did
not measure outcomes of glycemic control [50, 56], and
one only performed a knee extensor exercise [54]. The
study in the present review that only performed a knee
extensor exercise was the only study that did not incorp-
orate multiple muscle groups and required participants
to apply force with their feet to slow the backward rotat-
ing pedals of an ergometer to create eccentric muscle
contractions of the lower extremity extensors [54]. This
same study showed no decrease in FPG. Each set should
meet an RPE of 15-18 according to Borg’s RPE scale
which equates to training within one to three repetitions
from failure [49, 84, 87]. Further studies specifying RT
program characteristics in metabolic risk are needed to
more specifically quantify these recommendations.

Limitations

There are some limitations to this review that need to
be acknowledged. One study included one participant
with type 1 diabetes in the CG and one participant with
type 1 diabetes in the training group [51], and one study
included a single participant with T2D in the training
group [52]. We elected to include the studies since the
overall sample size was 15 in each group and the effect
on the main outcome due to this addition was likely
minimal. Nevertheless, future work should seek to en-
sure that the study cohorts meet the inclusion criteria
without exception. Participants in seven studies [44—48,
51, 52, 55] were using various BP and lipid-lowering
medications in the control and RT group, which could
have impacted results. Future studies should strive to
control for medication usage to ensure that changes in
the variables of interest are due to the resistance training
intervention independent of pharmaceutical effects. The
methods of randomization were not described in eight
[40, 45, 46, 49-54] studies, contributing towards poten-
tial bias. One study had a dropout rate of 26.5% in the
RT group and 17.5% in the CG, potentially influencing
intervention response [45, 46]. There was evidence of
possible publication bias for WC (p=0.003); however,
there were only four studies in this comparison, so add-
itional studies in the future are required for confirmation
of this finding. Additionally, the reporting of RT inter-
vention characteristics was variable, as factors such as
rest time, modality, volume, effort, and changes in
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strength and cardiorespiratory fitness were not reported
in several studies, and differences in training effort could
have impacted results. Future studies should aim to
quantify all aspects of RT interventions such as volume,
intensity, and rest times so that a meta-regression can
be conducted on these values. While HOMA-IR (p=
0.064) [40, 43-46, 55], DBP (p=0.061) [40, 43-46, 48,
55], BMI (p=0.081) [40, 43, 44, 53, 55], and fasting insu-
lin (p=0.058) [40, 43-46, 53, 54] had p-values close to
0.05, the lack of statistical significance may have been
due to a lack of studies and/or lower sample sizes in the
studies that investigated these variables. More studies
should investigate the effects of resistance training on
HOMA-IR, BP, and BMI, and ensure that sample sizes
are sufficient for detecting a significant change. Finally,
dietary intervention was not well controlled as only two
[43, 44] of the four studies [43, 44, 47, 54] reporting
dietary interventions mentioned strict dietary monitor-
ing. Future studies incorporating diet should apply more
controlled protocols so that the impact of dietary inter-
vention can be more accurately determined.

Conclusions

RT can reduce HbAlc and FPG in individuals at risk for
developing T2D. Thus, RT may be an effective interven-
tion for delaying or preventing the onset of T2D and can
be recommended by clinicians to those at risk for T2D
to improve cardiometabolic outcomes. Although the
findings also suggest that RT may improve blood lipid
profiles, and that a dietary component combined with
RT did not result in larger reductions in FPG and TG
than RT alone, more studies in the future are needed to
confirm these findings.
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