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LAY ABSTRACT
Metabolically healthy obesity is defined as a cohort of 
obese individuals with relatively low risks of cardiovascu-
lar and metabolic diseases. It remains unclear whether 
metabolically healthy obesity confers protection from 
cardiometabolic risks in individuals with spinal cord inju-
ry. This study investigated the association of insulin re-
sistance, systemic low-grade inflammation, and markers 
of subclinical atherosclerosis with metabolically healthy 
obesity individuals with spinal cord injury. Our novel fin-
dings show that metabolically healthy obesity individuals 
with spinal cord injury were not at an increased risk for 
insulin resistance or systemic low-grade inflammation, 
supporting the possibility that metabolically healthy obe-
sity exists in individuals with spinal cord injury.

Objective: Despite preserved metabolic function, 
metabolically healthy obesity may increase the risk 
of subclinical atherosclerosis. Given the high preva-
lence of cardiometabolic diseases in individuals with 
spinal cord injury, the aim of this study was to in-
vestigate the association of insulin resistance, sys-
temic low-grade inflammation, and markers of sub-
clinical atherosclerosis with metabolically healthy 
obesity in individuals with spinal cord injury.
Methods: Insulin resistance index (HOMA-IR), high-
sensitivity C-reactive protein, carotid artery intima-
media thickness and carotid-femoral pulse wave ve-
locity were measured in individuals with spinal cord 
injury classified with metabolically healthy obesity 
(n = 12), metabolically unhealthy obesity (n = 8), or 
metabolically healthy normal-weight (n = 18). Meta-
bolically healthy obesity was defined as spinal cord 
injury-specific cut-off of body mass index ≥ 22 kg/
m2 with < 3 metabolic abnormalities.
Results: There were no differences in HOMA-IR or 
high-sensitivity C-reactive protein in metabolically 
healthy obesity compared with metabolically heal-
thy normal-weight (p > 0.05). Pulse wave velocity 
was higher in metabolically healthy obesity than 
in metabolically healthy normal-weight (p ≤ 0.05), 
but lower than in metabolically unhealthy obesity 
(p ≤ 0.05). Metabolically healthy obesity had similar 
carotid artery intima-media thickness vs metaboli-
cally healthy normal-weight (p > 0.05), but lower ca-
rotid artery intima-media thickness compared with 
metabolically unhealthy obesity (p ≤ 0.05).
Conclusion: Despite a somewhat preserved metabo-
lic and inflammatory status, individuals with spinal 
cord injury with metabolically healthy obesity pre-
sent with an intermediate subclinical atherosclerotic 
phenotype, as evidenced by increased aortic stiff-
ness but not carotid thickness. 
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Although obesity is generally associated with an 
increased risk of cardiometabolic diseases, there 

is substantial heterogeneity in cardiovascular disease 
(CVD) morbidity and mortality across the obesity 
spectrum. Approximately 10–25% of the obese popula-
tion do not experience metabolic disturbances, and this 
obesity phenotype is referred to as metabolically heal-
thy obesity (MHO) (1). Despite increased body mass 
index (BMI), individuals with MHO have favourable 
blood lipid and glucose profiles, lower blood pressure, 
preserved insulin sensitivity and low inflammatory 
markers compared with metabolically unhealthy obe-
sity (MUO) (2, 3). Whether MHO confers protection 
from CVD remains controversial. While some studies 
note similar CVD mortality between those considered 
MHO and those considered metabolically healthy nor-
mal weight (MHNW), others suggest that CVD risk is 
higher in MHO and that this obesity subtype is not a 
benign condition (4–7). Indeed, evidence is emerging 
that MHO is associated with subclinical atherosclerosis 
(e.g. endothelial dysfunction, increased aortic stiffness, 
increased carotid intima-media thickness and increased 
coronary artery calcification) (3, 8, 9).

The prevalence of obesity in individuals with SCI 
varies from 40% to 66% and remains higher than in the 
able-bodied population (10–12). The high prevalence 
of obesity among individuals with SCI is associated 

http://crossmark.crossref.org/dialog/?doi=10.2340/16501977-2351&domain=pdf
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614 E. S. Yoon et al.

with an increased risk of CVD and type 2 diabetes (11, 
13, 14). To date, no studies have explored MHO in SCI 
(15). A better understanding of obesity phenotypes, 
particularly within SCI as it relates to risk of CVD, is 
needed to better guide risk prediction/management and 
subsequent clinical care. The purpose of the present 
study was to examine the association of MHO with 
cardiometabolic disease risk in SCI. To this end, we 
assessed insulin resistance, systemic low-grade inflam-
mation and markers of subclinical atherosclerosis in in-
dividuals with SCI across varying obesity phenotypes. 

MATERIAL AND METHODS

This study included 40 individuals with SCI (mean age 41 
(standard deviation 8) years, male 60%) at the cervical (n = 3), 
thoracic (n = 30) and lumbar (n = 7) neurological levels. The mean 
duration of SCI was 15 ± 10 years. According to the American 
Spinal Injury Association (ASIA) impairment scale, 27 partici-
pants with SCI were grade A, 5 were grade B, and 8 were grade 
C. Of the included participants 62.5% had a complete injury 
and 37.5% had an incomplete injury. None of the participants 
had an abnormal electrocardiogram or coronary artery disease 
(previously diagnosed by a physician). All participants abstained 
from caffeine and exercise on the testing day and were at least 
8-h postprandial upon arrival to the laboratory for testing. Writ-
ten informed consent was obtained from all participants, and all 
procedures conducted in the present study were in accordance 
with ethical standards and the Declaration of Helsinki. The study 
protocol was approved by the Institutional Review Board (IRB) 
Committee of the University of Seoul (IRB number 2016-02). 

Body weight was obtained by self-report (kg) and height was 
measured using a tape measure in the supine position (cm). BMI 
was calculated as weight (kg) divided by height (m) squared. 
Waist circumference (cm) was measured using a standard tape 
measure at the level of the umbilicus; the mean of 2 measure-
ments was used. Information on physical activity was obtained 
by self-report using the Korean version of the Physical Activity 
Scale for Individuals with Physical Disabilities (16). 

Blood pressure (BP) was measured in the seated position fol-
lowing at least 5 min of quiet rest using an automated BP monitor 
(Dinamap PRO 100, Milwaukee, WI, USA). Hypertension was 
defined as systolic and/or diastolic blood pressure ≥ 140/90 
mmHg, diagnosed hypertension by a physician, and/or the use of 
antihypertensive medications. Blood samples were collected in 
the morning following an overnight fast. Total cholesterol (TC) 
and high-density lipoprotein cholesterol (HDL) were measured 
using an enzymatic colorimetric test. Glucose and triglycerides 
(TG) were analysed using GPO-PAP methods and hexokinase 

method, respectively. Low-density lipoprotein cholesterol (LDL) 
was calculated using the Friedewald formula. High-sensitivity 
C-reactive protein (hsCRP) was measured using a CRP (II) Latex 
X2 turbidimetric method (Hitachi Corporation, Tokyo, Japan). 
Fasting insulin levels were determined by an enzyme immunoas-
say (Boehringer Manheim Immunodiagnostics, Mumbai, India). 
Inter- and intra-assay coefficients of variation were < 6% for all 
blood variables. Insulin resistance was assessed according to 
the homeostasis model assessment of insulin resistance index 
(HOMA-IR). The HOMA-IR was calculated as the product of 
the fasting blood glucose and the insulin levels: [fasting blood 
glucose (mg/dl) × insulin (μU/ml)]/405.

Aortic stiffness was measured as carotid-femoral pulse wave 
velocity (PWV) using applanation tonometry (SphygmoCor; 
Atcor Medical, Sydney, Australia) according to current recom-
mendations (17). Applanation tonometry measurements of PWV 
are reliable in individuals with SCI (18, 19). The distance bet-
ween the super-sternal notch and the carotid pulse-site, as well 
as the distance between the super-sternal notch and the femoral 
pulse-site, were measured using a standard tape measure. These 
distances were subtracted to determine the carotid – femoral 
PWV path length. The equation used to determine PWV was: Δ 
distance (m)/Δ time (s), where change in time is the difference 
between carotid and femoral pressure waves (obtained from 
simultaneous ECG R-wave gating). 

Carotid artery ultrasound imaging was performed using a 
high-resolution B-mode ultrasound system (ACUSON X 300; 
Siemens, Mountain View, CA, USA). The intima media thick-
ness (IMT) was defined as the distance from the leading edge 
of the lumen-intima interface to the leading edge of the media-
adventitia interface of the far wall of the carotid artery. All mea-
surements were made at end diastole according to ECG gating. 
The carotid IMT of the common carotid artery was determined 
from a semi-automated measurement obtained 2-cm proximal to 
the carotid bifurcation. The value for carotid IMT was defined 
as the mean of the IMT. A reproducibility (i.e. intraclass correla-
tion coefficient; ICC) of 0.99 was achieved within technicians. 

Obesity was defined as BMI ≥ 22 kg/m2 based on SCI-specific 
BMI cut-off values (20, 21). Being metabolically unhealthy was 
defined as participants having ≥ 2 of the following risk factors: 
waist girth > 90 cm, BP > 130/85 mmHg, HDL < 40 mg/dl, TG 
> 150 mg/dl, and glucose > 100 mg/dl. Participants were divided 
into 4 groups based on cross-classifications of BMI and metabo-
lic health status using the ATP-III criteria (22) as metabolically 
healthy normal weight (MHNW, < 2 metabolic abnormalities 
with BMI < 22 kg/m2), metabolically unhealthy normal weight 
(MUNW, ≥ 2 metabolic abnormalities with BMI < 22 kg/m2), 
metabolically healthy obese (MHO, < 2 metabolic abnormalities 
with BMI ≥ 22 kg/m2), and metabolically unhealthy obese (MUO, 
≥ 2 metabolic abnormalities with BMI ≥ 22 kg/m2). 

Data are presented as mean with standard deviation (SD) and 
as proportions for categorical variables. For group comparisons 

Fig. 1. Comparison of: (a) carotid femoral pulse wave velocity (PWV); (b) carotid intima media thickness (IMT); (c) homeostasis model assessment 
for insulin resistance (HOMA-IR); and (d) high-sensitivity C-reactive protein (hsCRP) according to metabolically obese phenotypes. 

www.medicaljournals.se/jrm
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615Metabolically healthy obesity and subclinical atherosclerosis

by obesity phenotypes, variables were assessed using an analysis 
of variance (ANOVA) with LSD (Least Significant Differences) 
post hoc and χ2 tests for continuous and categorical variables, 
respectively. There were only 2 participants categorized as 
MUNW and, as such, were excluded from data analyses. Univa-
riate associations between lesion level and cardiometabolic risk 
was assessed with Pearson correlation. Statistical significance 
was set at p ≤ 0.05, and analyses were conducted using the SPSS 
22.0 (SPSS, Armonk, NY, USA). 

RESULTS

The characteristics of the participants are shown in 
Table I. Table II shows the characteristics of partici-
pants stratified by metabolic health status and BMI. 
Thirty percent (n = 12) of obese individuals with SCI 
were classified as MHO. In general, MUO had a poorer 
cardiovascular risk profile than MHNW: higher SBP, 
DBP, TG, glucose, HOMA-IR, hsCRP, PWV and ca-
rotid IMT (p ≤ 0.05). HOMA-IR was lower in MHO 
compared with MUO (p ≤ 0.05) and did not differ bet-
ween MHO and MHNW (p > 0.05). hsCRP was similar 
between MHO and MHNW (p > 0.05) as well as bet-
ween MHO and MUO (p > 0.05). cfPWV was higher in 
MHO compared with MHNW (p ≤0.05) and lower than 
MUO (p ≤0.05). CIMT was lower in MHO compared 
with MUO (p ≤ 0.05) and similar to MHNW (p > 0.05) 
(Fig. 1). There was a positive correlation between level 
of injury and HDL (r = 0.320, p = 0.044). There was a 
negative correlation between level of injury and waist 
circumference (r = –0.390, p = 0.017). Level of injury 
was not associated with any other cardiometabolic risk 
factor. There was no difference in level of injury across 
different MHO groups (p > 0.05). 

DISCUSSION

MHO individuals with SCI were not found to be at 
increased risk of insulin resistance or systemic low-
grade inflammation, supporting the possibility that 
metabolically healthy obesity exists in individuals with 
SCI. To our knowledge, this is the first study to examine 
subclinical atherosclerotic risk within different obesity 
phenotypes in SCI. Our findings are in agreement with 
those previously reported in the able-bodied population 
and note that, when compared with MHNW, MHO 
have increased aortic stiffness, but comparable carotid 
intima-media thickening. When compared with MUO, 
MHO subjects have lower aortic stiffness and lower 
carotid intima-media thickening. These findings suggest 
that, although MHO SCI may not be at risk for meta-
bolic disturbances, they present with an intermediate 
subclinical atherosclerotic risk profile. 

The current study found that approximately 30% of 
obese individuals with SCI were classified as MHO, 

defined using a SCI-specific BMI cut-off value ≥ 22 
kg/m2 and having ≥ 2 cardiometabolic risk factors. The 
prevalence rate of MHO in our cohort of individuals 
with SCI is similar to that reported in previous studies 
in an able-bodied population (1). Individuals with 
MHO SCI presented with lower traditional CVD risk 
factor burden compared with MUO SCI and similar 
CVD risk factor burden as MHNW SCI and this is si-
milar to previous reports in the able-bodied population. 
Compared with MHNW SCI, MHO SCI had similar 
triglycerides, fasting glucose, and blood pressure. 
Interestingly, MHO SCI also had similar HOMA-IR 
and hsCRP compared with MHNW SCI, suggesting 
preserved metabolic function and lower systemic 

Table I. Characteristics of participants (n = 40)

Variable

Male, n (%)   24 (60)
Age, years, mean (SD)   41 (8)
Smoking, n (%)
   No
   Yes

  22 (55)
  18 (45)

Drinking, n (%)
   No
   Yes (≥ 2/week)

  30 (75.0)
    8 (20.0)

Diabetes, n (%)     2 (5.0)
Hypertension, n (%)     4 (10.0)
Dyslipidaemia, n (%)     1 (2.5)
Medications, n (%)
   Anti-hypertensive
   Hypoglycaemic
   Lipid-lowering
   Pain
   Bladder
   Skeletal muscle relaxants

    4 (10.0)
    2 (5.0)
    1 (2.5)
    4 (10.0)
  11 (27.5)
    4 (10.0)

SCI duration, years, mean (SD)   14.59 (10.23)
Neurological level, n (%)
   Cervical
   Thoracic
   Lumbar

    3 (7.5)
  30 (75.0)
    7 (17.5)

Completeness of injury, n (%)
   Complete
   Incomplete

  25 (62.5)
  15 (37.5)

ASI, n (%)
   A
   B
   C

  27 (67.5)
    5 (12.5)
    8 (20.0)

Sleep time, h/day, mean (SD)     6.89 (1.11)
BMI, kg/m2, mean (SD)   22.56 (3.59)
Waist circumference, cm, mean (SD)   92.66 (12.58)
Systolic blood pressure, mmHg, mean (SD) 115.78 (11.62)
Diastolic blood pressure, mmHg, mean (SD)   75.78 (10.83)
Heart rate, bpm, mean (SD)   68.73 (8.78)
Carotid femoral pulse wave velocity, m/s, mean (SD)     8.90 (1.66)
Carotid intima media thickness, mm, mean (SD)     0.49 (0.11)
Triglyceride, mg/l, mean (SD) 125.48 (56.42)
High-density lipoprotein-cholesterol, mg/l, mean (SD)   51.05 (13.86)
Low-density lipoprotein-cholesterol, mg/l, mean (SD) 121.20 (33.12)
Total cholesterol, mg/l, mean (SD) 187.28 (32.04)
Glucose, mg/l, mean (SD)   91.05 (15.26)
Insulin, μIU/ml, mean (SD)     7.86 (6.13)
Homeostasis model assessment for insulin resistance, mean 
(SD)     1.85 (1.70)
High-sensitivity C-reactive protein, mg/l, mean (SD)     3.19 (5.27)
Handgrip strength, kg/BMI, mean (SD)     1.7 (0.5)
Physical activity, MET-h/day, mean (SD)   17.82 (12.08)

SCI: spinal cord injury; SD: standard deviation; BMI: body mass index.

J Rehabil Med 50, 2018
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inflammatory status. This finding is particularly poig-
nant, given that these factors are related in individuals 
with SCI (23, 24) and have been linked to increased 
risk for type 2 diabetes and CVD in SCI (13). Addi-
tional studies are needed to explore the prevalence of 
MHO SCI in larger cohorts and potential mechanisms 
contributing to preserved metabolic status.

It has been suggested that assessment of subclinical 
atherosclerosis may offer novel insight into risk for 
CVD above and beyond traditional CVD risk factors, 
as these measures capture actual disease progression 
and vascular target organ damage. Carotid intima-media 
thickness and indices of arterial stiffness, surrogate 
markers of subclinical atherosclerosis, are associated 
with increased risk of cardiovascular disease mortality 
in able-bodied populations even after considering tradi-
tional CVD risk factors (17). Individuals with SCI have 
greater subclinical atherosclerotic burden than their 
able-bodied peers (25, 26) and SCI itself may accelerate 
vascular aging (27). Although it is uncertain whether 
this increased subclinical atherosclerosis is associated 
with an increased risk of CVD and mortality in person 
with SCI, these biomarkers have nonetheless been sug-
gested to be important for risk prediction in SCI (28). 

In able-bodied individuals, MHO is associated with 
various measures of subclinical atherosclerotic risk 
including: reduced endothelial function as measured 
by digital reactive hyperaemia index (29), increased 
arterial stiffness as assessed via brachial-ankle PWV 
(3), higher carotid IMT assessed from ultrasonography 
(8), and increased coronary artery calcium as measu-
red by computed tomography (30). Previous studies 
have suggested that MHO may attenuate risk for CVD 
mortality, although a recent meta-analysis disputes 
earlier findings (5, 7, 31). With a longer duration of 
follow-up (10 years) it appears that longer exposure to 
obesity, even in the presence of preserved metabolic 
function, increases risk of CVD mortality (5, 7, 31). 
It is possible that the elevated risk of CVD mortality 
in the absence of metabolic dysfunction may be rela-
ted to the presence of subclinical atherosclerosis and 
underlying vascular dysfunction. That is, metabolic 
health may not be synonymous with vascular health 
in the setting of obesity. 

In the present study, it was noted that MHO had 
increased aortic stiffness compared with MHNW and 
lower aortic stiffness compared with MUO, suggesting 
an intermediate CVD risk phenotype. Interestingly, 

Table II. Characteristics of participants stratified by metabolic health status and body mass index (BMI) (n = 38) 

Variable
MHNW
(n=18)

MHO
(n=12)

MUO
(n=8) p-value

Male, n (%) 7 (38.9) 9 (75.0) 6 (75.0) 0.079
Age, years, mean (SD) 38.8 (7.2) 39.5 (5.0) 49.4 (7.7)a,b 0.002
Current smoker, n (%) 7 (38.9) 7 (58.3) 2 (25.0) 0.311
Drinking, ≥ 2 times/week, n (%) 1 (5.9) 5 (45.5) 2 (25.0) 0.047
Diabetes, n (%) 0 (0.0) 0 (0.0) 2 (25.0) 0.019
Hypertension, n (%) 0 (0.0) 0 (0.0) 4 (50.0) < 0.001
SCI duration, years, mean (SD) 15.3 (9.4) 12.1 (6.7) 19.6 (16.2) 0.316
Neurological level, n (%) 0.582
   Cervical 2 (11.1) 0 (0.0) 0 (0.0)
   Thoracic 13 (72.2) 9 (75.0) 7 (87.5)
   Lumbar 3 (16.7) 3 (25.0) 1 (12.5)
Completeness of injury 0.387
   Incomplete, n (%) 9 (50.0) 3 (25.0) 3 (37.5)
   Complete, n (%) 9 (50.0) 9 (75.0) 5 (62.5)
Sleep time, h/day, mean (SD) 6.9 (1.3) 6.7 (0.9) 6.9 (1.1) 0.891
BMI, kg/m2, mean (SD) 19.6 (1.3) 25.0 (3.2)a 25.9 (2.4)a < 0.001
Waist circumference, cm, mean (SD) 83.1 (8.8) 99.6 (11.9)a 100.4 (8.0)a < 0.001
Systolic blood pressure, mmHg, mean (SD) 109.9 (10.0) 115.3 (6.4) 128.6 (12.7)a,b < 0.001
Diastolic blood pressure, mmHg, mean (SD) 71.6 (10.0) 75.3 (8.6) 84.9 (12.2)a,b 0.014
Heart rate, bpm, mean (SD) 65.6 (7.2) 71.4 (9.9) 69.6 (9.1) 0.185
Carotid femoral pulse wave velocity, m/s, mean (SD) 8.0 (1.3) 9.1 (1.4)a 10.6 (1.3)a,b < 0.001
Carotid intima media thickness, mm, mean (SD) 0.5 (1.0) 0.5 (0.1) 0.6 (0.1)a,b 0.009
Triglyceride, mg/l, mean (SD) 181.6 (26.8) 185.8 (26.2) 204.1 (49.6) 0.269
High-density lipoprotein-cholesterol, mg/l, mean (SD) 56.7 (11.6) 51.0 (12.5) 43.2 (15.5)a 0.056
Low-density lipoprotein-cholesterol, mg/l, mean (SD) 112.9 (27.6) 121.6 (30.5) 138.8 (47.5) 0.205
Triglyceride, mg/l, mean (SD) 99.5 (36.4) 117.5 (34.7) 171.1 (73.6)a,b 0.003
Glucose, mg/l, mean (SD) 83.7 (8.1) 91.4 (9.6) 108.3 (22.5)a,b < 0.001
Insulin, uU/ml, mean (SD) 5.5 (2.7) 6.8 (3.8) 12.4 (9.8)a,b 0.013
HOMA-IR, mean (SD) 1.2 (0.7) 1.5 (0.91) 3.4 (2.9)a,b 0.003
log_hsCRP (mg/l) 0.5 (0.5) 0.8 (0.5) 1.0 (0.5)a 0.026
Handgrip strength (kg/BMI) 1.7 (0.5) 1.7 (0.4) 1.8 (0.5) 0.814
PAS (MET-h/day) 15.8 (8.4) 16.8 (16.0) 24.8 (12.0) 0.205

a< 0.05 vs metabolically healthy normal weight (MHNW), b< 0.05 vs metabolically healthy obesity (MHO).
BMI: body mass index; HOMA-IR: homeostasis model assessment for insulin resistance; PAS: physical activity score; SD: standard deviation; SCI: spinal cord 
injury; PAS: physical activity score; MET-h: metabolic equivalent-hour; MHNW: metabolically healthy normal weight; MHO: metabolically healthy obesity; MUO, 
metabolically unhealthy obesity.

www.medicaljournals.se/jrm
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617Metabolically healthy obesity and subclinical atherosclerosis

MHO had similar carotid IMT as MHNW and lower 
carotid IMT than MUO. Aortic stiffness and carotid 
IMT provide unique insight into subclinical atheros-
clerotic risk (32). Increased carotid IMT is a reflection 
of change in vascular structure marked by vascular 
smooth muscle hypertrophy/hyperplasia, lipid deposi-
tion and plaque formation. In contrast, the stiffening of 
arteries is caused by both changes in vascular structure 
(i.e. calcification, elastin fatigue and fracture, and col-
lagen deposition) and changes in vascular function 
(i.e. autonomic tone, nitric oxide bioavailability). 
Although vascular stiffening and thickening often 
co-exist, vascular stiffening can occur in the absence 
of thickening (33). Thus, it is possible that MHO in 
SCI may lead to vascular functional changes prior to 
vascular structural changes, manifesting as increased 
aortic stiffness without changes in carotid thickness. 

Mechanisms driving vascular stiffening appear to be 
independent of and/or weakly associated with traditio-
nal CVD risk factors, such as: lipids, presence of type 
2 diabetes, glucose, smoking and BMI (34). In the SCI 
population Miyatani et al. (35) has noted that metabolic 
status (lipids, glucose, glycated haemoglobin) and in-
flammation (CRP) do not predict aortic stiffness. Thus, 
it is possible that changes in arterial stiffness in MHO 
SCI may not be related to traditional CVD risk factor 
burden, metabolic status and/or inflammatory status. 
Although MHO SCI are metabolically “healthy” with 
an overall lower traditional CVD risk factor burden, 
they may still have underlying vascular dysfunction. 
An increase in aortic PWV of 1 m/s may confer a 15% 
increased risk for CVD events (36), thus the differences 
in PWV noted herein between MHO and MHNW are 
still clinically relevant. 

Limitations
This study has additional methodological limitations. 
Given the cross-sectional design, causality cannot be 
determined. Sample size for this examination is re-
latively small. In addition, it is possible that residual 
factors not assessed in this study (e.g. socioeconomic 
status and dietary practices) may influence findings. 
The operational definition of and criteria used to cha-
racterize MHO are debated (37). Moreover, there is no 
current definition of MHO for SCI. We defined MHO 
using previous criteria in able-bodied individuals with 
the exception of using SCI-adjusted BMI cut-points. 
Additional studies are needed to test the validity and 
reliability of the present definition of MHO within SCI. 
In addition, additional studies are needed to clarify 
whether MHO SCI, as operationally defined herein, 
is associated with incident type 2 diabetes and CVD 
in individuals with SCI. Finally, we used the BMI cut-

off from body height measured in the supine position 
and self-reported body weight, which may lead to a 
suboptimal BMI assessment in individuals with SCI. 

It should be noted that MHNW was associated with 
substantially lower CVD risk in SCI, assessed via tradi-
tional (lipids, glucose) and novel risk factors (HOMA-
IR, hsCRP, PWV and carotid IMT). Thus, maintaining 
a healthy weight/body habitus should remain a main 
therapeutic strategy for mitigating CVD risk in SCI. 

Conclusion

These results demonstrate that MHO SCI individuals 
have similar insulin sensitivity and systemic low-grade 
inflammation as MHNW SCI. Despite seemingly 
preserved metabolic function, MHO SCI present with 
increased aortic stiffness, a measure of subclinical 
atherosclerosis and CVD risk. Additional studies are 
needed to further explore the prevalence of MHO in 
SCI and further characterize the MHO phenotype as 
it relates to future cardiometabolic risk. 

ACKNOWLEDGEMENTS
This work was supported by the Ministry of Education of the 
Republic of Korea and the National Research Foundation of 
Korea (NRF-2015S1A5A2A03049838).

The authors have no conflicts of interest to declare.

REFERENCES
1.	Phillips CM. Metabolically healthy obesity across the life 

course: epidemiology, determinants, and implications. Ann 
N Y Acad Sci 2017; 1391: 85–100.

2.	Primeau V, Coderre L, Karelis AD, Brochu M, Lavoie ME, 
Messier V, et al. Characterizing the profile of obese patients 
who are metabolically healthy. Int J Obes (Lond) 2011; 
35: 971–981.

3.	Yoo HJ, Hwang SY, Hong HC, Choi HY, Seo JA, Kim SG, et al. 
Association of metabolically abnormal but normal weight 
(MANW) and metabolically healthy but obese (MHO) indi-
viduals with arterial stiffness and carotid atherosclerosis. 
Atherosclerosis 2014; 234: 218–223.

4.	Cao ZK, Huang Y, Yu HJ, Yuan S, Tang BW, Li QX, et al. 
Association between obesity phenotypes and incident 
hypertension among Chinese adults: a prospective cohort 
study. Public Health 2017; 149: 65–70.

5.	Eckel N, Meidtner K, Kalle-Uhlmann T, Stefan N, Schulze 
MB. Metabolically healthy obesity and cardiovascular 
events: a systematic review and meta-analysis. Eur J Prev 
Cardiol 2016; 23: 956–966.

6.	Kim NH, Seo JA, Cho H, Seo JH, Yu JH, Yoo HJ, et al. 
Risk of the development of diabetes and cardiovascular 
disease in metabolically healthy obese people: the Korean 
Genome and Epidemiology Study. Medicine (Baltimore) 
2016; 95: e3384.

7.	Kramer CK, Zinman B, Retnakaran R. Are metabolically 
healthy overweight and obesity benign conditions?: a 
systematic review and meta-analysis. Ann Intern Med 
2013; 159: 758–769.

8.	Jae SY, Franklin B, Choi YH, Fernhall B. Metabolically 

J Rehabil Med 50, 2018



JR
M

JR
M

Jo
ur

na
l o

f 
R

eh
ab

ili
ta

ti
on

 M
ed

ic
in

e
JR

M
Jo

ur
na

l o
f 
R

eh
ab

ili
ta

ti
on

 M
ed

ic
in

e

618 E. S. Yoon et al.

healthy obesity and carotid intima-media thickness: ef-
fects of cardiorespiratory fitness. Mayo Clin Proc 2015; 
90: 1217–1224.

9.	Kim TJ, Shin HY, Chang Y, Kang M, Jee J, Choi YH, et al. 
Metabolically healthy obesity and the risk for subclinical 
atherosclerosis. Atherosclerosis 2017; 262: 191–197.

10.	Gupta N, White KT, Sandford PR. Body mass index in 
spinal cord injury – a retrospective study. Spinal Cord 
2006; 44: 92–94.

11.	Kressler J, Cowan RE, Bigford GE, Nash MS. Reducing 
cardiometabolic disease in spinal cord injury. Phys Med 
Rehabil Clin N Am 2014; 25: 573–604, viii.

12.	Oh MK, Jang H, Kim YI, Jo B, Kim Y, Park JH, et al. Dif-
ferences in obesity rates between people with and without 
disabilities and the association of disability and obesity: a 
nationwide population study in South Korea. J Prev Med 
Public Health 2012; 45: 211–218.

13.	Cragg JJ, Noonan VK, Dvorak M, Krassioukov A, Mancini 
GB, Borisoff JF. Spinal cord injury and type 2 diabetes: 
results from a population health survey. Neurology 2013; 
81: 1864–1868.

14.	Cragg JJ, Noonan VK, Krassioukov A, Borisoff J. Cardiovas-
cular disease and spinal cord injury: results from a national 
population health survey. Neurology 2013; 81: 723–728.

15.	Myers J, Lee M, Kiratli J. Cardiovascular disease in spinal 
cord injury: an overview of prevalence, risk, evaluation, and 
management. Am J Phys Med Rehabil 2007; 86: 142–152.

16.	Washburn RA, Zhu W, McAuley E, Frogley M, Figoni SF. 
The physical activity scale for individuals with physical 
disabilities: development and evaluation. Arch Phys Med 
Rehabil 2002; 83: 193–200.

17.	Townsend RR, Wilkinson IB, Schiffrin EL, Avolio AP, Chirinos 
JA, Cockcroft JR, et al. Recommendations for improving 
and standardizing vascular research on arterial stiffness: a 
scientific statement from the American Heart Association. 
Hypertension 2015; 66: 698–722.

18.	Miyatani M, Masani K, Moore C, Szeto M, Oh P, Craven C. 
Test-retest reliability of pulse wave velocity in individuals 
with chronic spinal cord injury. J Spinal Cord Med 2012; 
35: 400–405.

19.	Currie KD, Hubli M, Krassioukov AV. Applanation tonome-
try: a reliable technique to assess aortic pulse wave velo-
city in spinal cord injury. Spinal Cord 2014; 52: 272–275.

20.	Laughton GE, Buchholz AC, Martin Ginis KA, Goy RE. Lowe-
ring body mass index cutoffs better identifies obese persons 
with spinal cord injury. Spinal Cord 2009; 47: 757–762.

21.	Yarar-Fisher C, Chen Y, Jackson AB, Hunter GR. Body mass 
index underestimates adiposity in women with spinal cord 
injury. Obesity (Silver Spring) 2013; 21: 1223–1225.

22.	Grundy SM, Cleeman JI, Merz CN, Brewer HB, Jr, Clark LT, 
Hunninghake DB, et al. Implications of recent clinical trials 
for the National Cholesterol Education Program Adult Treat-
ment Panel III guidelines. Circulation 2004; 110: 227–239.

23.	Huang CC, Liu CW, Weng MC, Chen TW, Huang MH. As-
sociation of C-reactive protein and insulin resistance in 

patients with chronic spinal cord injury. J Rehabil Med 
2008; 40: 819–822.

24.	Lee MY, Myers J, Hayes A, Madan S, Froelicher VF, Perkash 
I, et al. C-reactive protein, metabolic syndrome, and 
insulin resistance in individuals with spinal cord injury. J 
Spinal Cord Med 2005; 28: 20–25.

25.	Miyatani M, Masani K, Oh PI, Miyachi M, Popovic MR, 
Craven BC. Pulse wave velocity for assessment of arterial 
stiffness among people with spinal cord injury: a pilot 
study. J Spinal Cord Med 2009; 32: 72–78.

26.	Matos-Souza JR, Pithon KR, Ozahata TM, Gemignani T, 
Cliquet A, Jr, Nadruz W, Jr. Carotid intima-media thickness 
is increased in patients with spinal cord injury independent 
of traditional cardiovascular risk factors. Atherosclerosis 
2009; 202: 29–31.

27.	Wu HM, Chu BY, Hsu CC, Wang CW, Wong AM, Huang SC. 
Accelerated arterial stiffening change in early years of spi-
nal cord injury. Am J Phys Med Rehabil 2017; 96: 120–123.

28.	Stoner L, Credeur D, Dolbow DR, Gater DR. Vascular health 
toolbox for spinal cord injury: recommendations for clinical 
practice. Atherosclerosis 2015; 243: 373–382.

29.	Brant LC, Wang N, Ojeda FM, LaValley M, Barreto SM, 
Benjamin EJ, et al. Relations of metabolically healthy and 
unhealthy obesity to digital vascular function in three 
community-based cohorts: a meta-analysis. J Am Heart 
Assoc 2017; 6. pii: e004199.

30.	Chang Y, Kim BK, Yun KE, Cho J, Zhang Y, Rampal S, et al. 
Metabolically-healthy obesity and coronary artery calcifica-
tion. J Am Coll Cardiol 2014; 63: 2679–2686.

31.	Zheng R, Zhou D, Zhu Y. The long-term prognosis of cardio-
vascular disease and all-cause mortality for metabolically 
healthy obesity: a systematic review and meta-analysis. 
J Epidemiol Community Health 2016; 70: 1024–1031.

32.	Mackey RH, Venkitachalam L, Sutton-Tyrrell K. Calcifica-
tions, arterial stiffness and atherosclerosis. Adv Cardiol 
2007; 44: 234–244.

33.	Wilkinson IB, McEniery CM, Cockcroft JR. Arteriosclerosis 
and atherosclerosis: guilty by association. Hypertension 
2009; 54: 1213–1215.

34.	Cecelja M, Chowienczyk P. Dissociation of aortic pulse wave 
velocity with risk factors for cardiovascular disease other 
than hypertension: a systematic review. Hypertension 
2009; 54: 1328–1336.

35.	Miyatani M, Alavinia SM, Szeto M, Moore C, Craven BC. 
Association between abnormal arterial stiffness and car-
diovascular risk factors in people with chronic spinal cord 
injury. Eur J Prev Cardiol 2017; 24: 552–558.

36.	Vlachopoulos C, Aznaouridis K, Stefanadis C. Prediction of 
cardiovascular events and all-cause mortality with arterial 
stiffness: a systematic review and meta-analysis. J Am 
Coll Cardiol 2010; 55: 1318–1327.

37.	Rey-Lopez JP, de Rezende LF, Pastor-Valero M, Tess BH. The 
prevalence of metabolically healthy obesity: a systematic 
review and critical evaluation of the definitions used. Obes 
Rev 2014; 15: 781–790.

www.medicaljournals.se/jrm


